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We demonstrate novel strategy to create the three-dimen-
sional networks of the gold nanoparticle from organic crystals
decorated by the gold nanoparticles via slow removal of the
crystals by sublimation.

Utilities of organic crystals as interfaces have attracted
growing interest to prepare novel functional composite materials
with metal nanoparticles. Moore and co-workers reported inor-
ganic microcrystals coated by gold nanoparticles to develop a
new method for the composite materials by crystal lattice medi-
ated self-assemblies (CLAMS).! More recently, we demonstrat-
ed that the specific crystal faces of the micro- and millimeter
hexagonal crystals of 1-cystine were decorated by the gold
nanoparticles.” Thus, as one of the potential applications of the
crystals decorated gold nanoparticles, we attempted to construct
the three-dimensional (3D) interconnected network structures
consisting of the gold nanoparticles from them.>* Our approach
was removal of the substrate crystals by sublimation after
coating by the gold nanoparticles. Gentle removal of the organic
crystal should develop in situ the 3D network of the nanoparti-
cles from the two-dimensional (2D) ones on the crystal surfaces.
To our best knowledge, this is the first report to describe
preparation of 3D network structures via sublimation to yield
aerogel-like matter that have potential applications such as
catalysis, sensors, and nanometer electrochemical device com-
ponents.5

Ferrocene (1) was used as the first candidate of organic
crystals as volatile substrates (Scheme 1). The prismatic orange
crystals of 1 were prepared by recrystallization from decane.
Then, they were immersed in the solution of the various gold
nanoparticles for 2 h. In the case of the cationic gold nanoparti-
cles (average diameter; 13.5nm) modified by 2-aminoethane-
thiol,® the crystals were slightly colorized with purple, after
washing by dipping in distilled water repeatedly. However, the
solutions of other commercially available citrate-modified gold
nanoparticles (BB international, average diameter; 19.9 nm)
provided no apparent color changes of the crystal faces.
Moreover, by contrast with the selective decoration of the I-cys-
tine crystals,2 all the surfaces of 1 were colorized, which could
be confirmed by naked eyes. Thus, the adhesion to the hydropho-
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Scheme 1. Molecular structures of volatile organic crystals.

Figure 1. (a) SEM images of the fibrous gold nanoparticles cre-
ated from 1. (b) SEM image (left) and Au elemental mapping
(right) of fibrous gold nanoparticles created from 1.

bic crystal surfaces of 1 was attributed not to electrostatic inter-
action between the crystals and nanoparticles but to nonspecific
deposition of 2-aminoethanethiol-modified gold nanoparticles
that had higher aggregation abilities.® This was also confirmed
by successful deposition of the 2-aminoethanthiol-modified gold
nanoparticles onto hydrophobic HOPG under the same protocol.
Other gold nanoparticles did not deposit on both the crystal
surfaces of 1 and HOPG.

Then, they were placed on a SEM grid and evacuated in
vacuum (1 mmHg) for 6 h at room temperature. On SEM images,
as shown in Figure 1, a fibrous network structure was observed.
The network was constructed mostly by single fibers or bundles
of a few fibers. The length of the fibers was more than one
hundred micrometers. The single fiber was composed of one-di-
mensional (1D) interconnected nanoparticles with the diameters
of ca. 20 nm. This size of the particles was consistent with those
of the starting gold nanoparticles. TEM observations also indi-
cated formation of necklace-like 1D assemblies of nanoparticles.
In order to clarify the composition of the fibrous network, we
examined the network in the rectangle zone by EDX analysis.
The peaks observed in the elemental analysis spectrum were
assigned as gold for 2.120keV and carbon for 0.277 keV. No
peaks from iron (6.403, 7.057, and 7.110keV) were detected
at all. Consequently, one can conclude that the resulting fibrous
structure was composed of mainly from gold and carbon, and the
crystals of ferrocene (1) were completely removed from the
composite materials with the gold nanoparticles. Moreover, the
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Figure 2. SEM images of the fibrous gold nanoparticles from
(a) 2, (b) 3, (c) 4, and (d) 5.

element mapping also indicated that the fibrous network struc-
tures were composed of carbon and gold. It is clear, therefore,
that 3D network structures of gold nanoparticles were prepared
by the coating onto the ferrocene single crystals followed by
sublimation of the substrate crystals.

In order to clarify generality of this method, we tried to use
the following volatile crystals; naphthalene (2), camphor (3),
1,4-dichlorobenzene (4), and coumarin (5). All these compounds
were decorated only by the 2-aminoethanethiol-modified gold
nanoparticles, when they were immersed under the same
conditions. After removal of the organic crystals in vacuum,
the fibrous network was observed by SEM as shown in
Figure 2. They all had the similar network structures. In the case
of coumarin, the fibers had the larger diameters due to bundles of
the 1D arrays of the gold nanoparticles, and the bundled fibers
were extended longer than others. The slight change in the
network structures was caused by the difference of the shapes
and the sizes of the substrate crystals and amount of the gold
nanoparticles onto the crystal faces.

Finally, the proposed scheme for formation of the gold
nanoparticles 3D network is discussed. The first step is the
decoration of the crystal surfaces by the gold nanoparticles as
the 2D aggregate of the gold nanoparticles. Since several at-
tempts to observe the surfaces of the intermediate decorated
crystals by SEM were found to be unsuccessful owing to rela-
tively rapid sublimation of the substrate crystals, we cannot dis-
cuss the structures of the aggregated gold nanoparticles on the
substrate crystals, either the 2D network that observed on other
substrates by capillary force during drying processes or random-
ly distributed discrete small aggregates similar to the surface of
the l-cystine crystals decorated by gold nanoparticles reported
previously. Then, the organic substrates are gently removed by
sublimation. Shrinkage of the substrate accompanies cross-link-
ing of the 2D networks on each face or development of 3D net-
work by assemblying the nanoparticles on the surface, due to the
capillary force between the gold nanoparticles and the substrate
crystal. The resulting supramolecular structure is quite similar to
the microstructures of the aerogels of the metal and semimetal
oxide prepared by freeze-drying or supercritical drying.>* Our
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attempts by freeze-drying of aqueous gold nanoparticle solutions
failed to prepare the similar 3D network, because rapid deposi-
tion of the gold nanoparticles into black, large, closely packed
aggregates was observed by cooling. Thus, the easy operation
under the mild condition without any special equipment is ad-
vantage of our process to prepare the aerogel-like fibrous net-
work structures interconnecting metal nanoparticles. Various
other micro- and nanoparticles should be applicable to decora-
tion of the volatile organic crystals.

In conclusion, we here report the preparation of the novel
3D fibrous network consisting of gold nanoparticles by decora-
tion of volatile organic crystals and removal of the substrate
crystals by sublimation. The resulting 3D network features 1D
arrays of the bulk nanoparticles, and they should access to fab-
ricate 3D networks of nanowires.> Applications of this method
to other nanoparticles provide us to create new three-dimension-
al networks consisting of interconnetcted networks of nano-
meter-scale solid building blocks, by controlling the surface of
the organic crystals are under current investigation.

Financial support for this research was provided by the
Grand-in-Aid (B) and (S) from the Ministry of Education,
Culture, Sports, Science and Technology of Japan (MEXT) for
K. S. and S. S. respectively. A part of this work was supported
by the 21st Century COE Program (MEXT), “Functional
Innovation of Molecular Informatics” for Y. F. and S. S. We
thank Ms. M. Watanabe for EDX measurement.

References and Notes

1 M. Murugesan, D. Cunningham, J.-L. Martinez-Albertos, R. M.
Vreelj, B. D. Moore, Chem. Commun. 2005, 2677.

2 Y. Fujiki, N. Tokunaga, S. Shinkai, K. Sada, Angew. Chem., Int.
Ed. 2006, 45, 4764.

3 M. Kimura, S. Kobayashi, T. Kuroda, K. Hanabusa, H. Shirai,
Adv. Mater. 2004, 16, 335; M. Zhu, X. Wang, K. Naka, X.
Zhou, Y. Chujo, J. Macromol. Sci., Pure Appl. Chem. 2002,
43, 1301.

4 a) G. Schmid, Chem. Rev. 1992, 92, 1709. b) S. Link, M. A.
El-Sayed, Int. Rev. Phys. Chem. 2000, 19, 409. c) A. N.
Shipway, E. Katz, 1. Willner, ChemPhysChem 2000, 1, 18.
d) T. Teranishi, C. R. Chim. 2003, 6, 979. ¢) M.-C. Daniel, D.
Astruc, Chem. Rev. 2004, 104, 293. f) C. A. Mirkin, R. L.
Letsinger, R. C. Mucic, J. J. Storhoff, Nature 1996, 382, 607.
g) A. P. Alivisatos, K. P. Johnsson, X. Peng, T. E. Wilson,
C. J. Loweth, M. P. Bruchez, Jr., P. G. Schultz, Nature
1996, 382, 609. h) A. K. Boal, F. Ilhan, J. E. DeRouchey, T.
Thurn-Albrecht, T. P. Russell, V. M. Rotello, Nature 2000,
404, 746.

5 a)N. Hiising, U. Schubert, Angew. Chem., Int. Ed. 1998, 37,22;
M. L. Anderson, R. M. Stroud, D. R. Rolison, Nano Lett. 2002,
2, 235. b) J. Kuhn, F. Schwertfeger, M. C. Arduini-Schuster,
J. Fricke, U. Schubert, J. Non-Cryst. Solids 1995, 186, 184;
G. C. Ruben, L. W. Hrubesh, T. M. Tillotson, J. Non-Cryst.
Solids 1995, 186, 209. ¢) R. A. Caruso, M. Antonietti, M.
Giersig, H.-P. Hentze, J. Jia, Chem. Mater. 2001, 13, 1114;
V. Stengl, S. Bakardjieva, J. Subrt, L. Szatmary, Microporous
Mesoporous Mater. 2006, 91, 1. d) J. L. Mohanan, S. L. Brock,
J. Non-Cryst. Solids 2004, 350, 1; J. L. Mohanan, 1. U.
Arachchige, S. L. Brock, Science 2005, 307, 397; 1. U.
Arachchige, S. L. Brock, J. Am. Chem. Soc. 2006, 128, 7964.

6 T. Niidome, K. Nakashima, H. Takahashi, Y. Niidome, Chem.
Commun. 2004, 1978.

Published on the web (Advance View) March 31, 2007; doi:10.1246/c1.2007.608



