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Hierarchically Organized Nanoparticle Mesostructure Arrays
Formed through Hydrothermal Self-Assembly
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We report a new self-assembly pathway that leads to supported and hierarchically organized gold
nanoparticle mesostructure arrays on solid substrates such as glass slide, thermal oxide, photopolymer
film, and mica. Using the nanoparticle micelle as a building block, hierarchical gold nanoparticle
mesostructure arrays were prepared by a hydrothermal nucleation and growth process through self-assembly
of nanoparticle micelles and organosilicates under basic conditions. Depending on the substrates used,
the shape, order, and orientation of the gold nanoparticle mesostructure during nucleation and growth
exhibit distinct features. Transmission electron microscopy and X-ray diffraction results revealed that
gold nanoparticles were organized as a face-centered cubic mesostructure with precisely controlled
interparticle spacing. Optical characterization usingtiNé spectroscopy shows a characteristic surface
plasmon resonance band resulted from the ordered nanoparticle arrays. This method provides new means
for colloidal self-assembly and for the fabrication of platforms for surface enhanced Raman scattering-
based sensors and electric and optical nanodevices with enhanced thermal, chemical, and mechanical
robustness.

Introduction in the synthesis of hierarchically ordered nanoparticle/

_ ) ) ) polymer macrostructures through interfacially driven self-
Synthesis of hierarchically structured materials holds both assembly of polymers with metal and semiconductor
fundamental and practical importance in optical, electronic, nanoparticleds~18 However, it has been recently suggested

and magnetic devicésf catalysis and sorptiohoptical  tnat it is desirable to synthesize ordered nanoparticle arrays
elements, and sensord? Prior fabrication efforts include  jhsige inorganic matrixes that provide thermal, chemical, and

bic_)rr1_ime4tic,9—ll self-similar;? soft lithography:® and rapid  mechanical robustness needed for enhanced device perfor-
printing'* methods. Recently, more progress has been maden,ance3 1920 Earlier efforts have focused on encapsulation

of metal nanoparticles inside sol—gel matrixes through
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Scheme 1. Formation of the Water-Soluble Nanoparticle Micelle and Preparation of Hierarchical Nanoparticle Mesostructure
Arrays through Hydrothermal Self-Assembly of Water-Soluble Nanoparticle Micelle Building Blocks with Organosilicatet

—

Surfactants/lipids Organosilicate
_— P
100°C, 0-3hrs
a. Nanoparticles b. Nanoparticle micelle .

Oekiing blocw nanoparticle mesostructure

a(a) Organic monolayer capped, hydrophobic gold nanopatrticles. (b) Nanoparticle micelle building blocks are formed through evaporation-driven transfer
of hydrophobic nanoparticles into the interior of surfactant/lipid micelles in an interfacially mediated oil-in-water microemulsion process. (c) Hierarchical
nanoparticle mesostructure arrays are formed via a hydrothermal self-assembly process.

infiltration of precursor solutions followed by chemical or based sensotrsand electric and optical nanodevices with
electrochemical reduction or direct infiltration of nano- enhanced thermal, chemical, and mechanical robusth&ss.
particles?*~28 Several disadvantages for the above methods

include the following: First, the nanoparticle arrays inside Experimental Section

the final materials exhibit poorly defined or less-ordered _ ) )

structure. This is problematic for the fundamental studies of Al materials were ordered through Aldrich without further
charge transport to get reproducible results. Second, thePurifications. _ _

methods have less control over particle sizes and loading. Sample Preparation.Gold nanoparticles were prepared accord-
Third, it is difficult for the above methods to precisely control "9 10 the method reported by Brust et*alusing dodecanethiol

. . . - . 2 (1-DT) as a stabilizing ligand. Before precipitation of 1-DT-stablized
interparticle spacing that is essential for achieving new

hvsical . lting lina b iah gold nanoparticles, toluene was first evaporated af@Qunder
physical properties resulting from coupling between neigh- \,.,ym. The resulting waxy black product was then heat treated

boring nanoparticle3?**Finally, as a result of the uncon- 4t 140°C for 0.5 h. This heat treatment process enables Oswald
nected pore channel or dead pore within the porous materialsripening and allows reorganization in nanoparticle size, leading to
that causes transport problems during infiltration, the result- much narrower nanoparticle size distribution7¢), which is

ing materials exhibited vacant areas that were not completelyessential to form ordered nanoparticle crystal arrays. Gold nano-
filled with nanoparticles or nanowires. particle micelles were synthesized according to previous W&rks

A total of 0.1 g of sodium hydroxide was added to 9 mL of gold

Here we report a new self-assembly pathway that Ieadsnanoparticle micelle aqueous solution followed by adding 0.28 g

to supp_qrted hierarchically ordered gold naOOpamCIe/ f bis(triethoxylsilyl)ethane (BTEE) in a 20 mL vial. After the
organosilicate mesostructure arrays on a glass slide, thermagomtion was stirred fol h atroom temperature, glass slides or
oxide, a photopolymer film, and mica. Using the nanoparticle fresh-peeled mica were placed vertically inside these vials. After
micelle as a building block, hierarchically ordered nano- they were sealed, the vials were placed vertically inside an oven at
particle mesostructure arrays were prepared by a hydro-100°C for 0—3 h. The slides were then taken out and rinsed by
thermal nucleation and growth process through self-assemblydeionized water and dried.
of nanoparticle micelles and organosilicates under basic Characterizations. The X-ray diffraction (XRD) spectra were
conditions. Gold nanoparticles were organized as a face-recorded on a Siemens D500 diffractometer using Ni-filtered Cu
centered cubic (fcc) mesostructure with precisely controlled Ka radiation with = 1.54 A in 6—26 (20 = 1—10°) scan mode
interparticle spacing. Depending on the substrates used, thé!sing a step size ranging from 002nd dwell time of 2 s.
shape, order, and orientation of mesostructures duringTransmission_ electron r_nicro§copy (TEM) i_mages were taken at
nucleation and growth exhibit distinct features. The surface JEOL 2010 high-resolution microscope equipped with Gatan slow
plasmon resonance in the visible region resulting from the scan (':harge-coupled. device camera qnd operated at 200 I.<eV.
. .~ .Scanning electron microscopy (SEM) images were taken using
ordered gold nanoparticle arrays suggests the potential

L . Hitachi 5200 microscope.
applications for surface enhanced Raman scattering (SERS)-

Results and Discussion
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Figure 2. SEM micrographs of samples at different growth times. Results
suggest that hierarchical nanoparticle mesostructure arrays are formed
Figure 1. Representative SEM and TEM micrographs of hierarchical through a h_eterogeneous n_ucleation and growth process on glass slides.
nanoparticle mesostructure arrays on glass slides. (A) Sample was prepare&®) At 10 min, ~0.3um particles were observed. (B) At 20 min, crystals
on an amorphous glass slide using BTEE as the precursor under basicVith triangular shape were observed. (C, D) At 40 min, a single subunit
conditions at 100°C for 60 min. (B) A magnified SEM image of (A) and some intermediate hierarchical structures have been formed.

showing that the hierarchical mesostructure consists of three to five subunits.

The inset shows a cross-sectional image of a main unit of the hierarchical arrays of the nanoparticle mesostructures grown on glass

mesostructure indicating that the crystal height-B um. Representative slides. They are fairly uniform in shape and size (“ﬂlﬁ
TEM images from [110] orientation (C) and [100] orientation (D). Inset in '

part C shows the selected area electron diffraction pattern from the image Figure_lA) With_We“'def?ned external topology. The hi_gh'
in part C and suggests the three-dimensionally ordered features. resolution SEM image (Figure 1B) shows that each individual

main unit exhibits flowerlike hierarchical structure, which
mesostructures. In the first step, the nanoparticle micellesconsists of three to five subunits with hexagonal shape and
were synthesized through a surfactant encapsulationsize of ~7 um. A cross-sectional view of the main unit
proces3* 3% using 1-DT capped gold nanoparticles and (Figure 1B, inset) shows a height of about®. The TEM
cetyltrimethylammonium bromide (CTAB; Scheme 1a). image (Figure 1C,D) and low-angle XRD patterns (Figure
Briefly, a monodisperse, DT-capped gold nanoparticle 4) reveal that the gold nanoparticles self-assemble as a fcc
chloroform solution was added to a CTAB aqueous solution mesostructure inside the BTEE matrix. Figure 1C,D shows
to form an oil-in-water microemulsion under vigorous representative TEM images of [110] and [100] orientations
stirring. The highly volatile chloroform was then removed of the nanoparticle mesostructure along with its correspond-
by heating at~40 °C for ~10 min. Evaporation of the  ing selected area electron diffraction pattern. The TEM
chloroform induces transfer of DT-capped, hydrophobic gold images are consistent with a unit cell fL0.6 nm and a
nanoparticles into the hydrophobic core of surfactant micelles uniform, minimum interparticle spacing o3 nm.
through van der Waals interactions between the interdigitated To study the formation mechanism, samples at different
alkane chains of DT and CTAB, forming water-soluble gold growth times were examined by SEM (Figure 2) and XRD
nanoparticle micelles. The second step involves the nucle-patterns (Figure 3). Figure 2A—D shows hierarchical meso-
ation and growth of nanoparticle mesostructure arrays in astructures after growth for 10, 20, 30, and 40 min. After the
hydrothermal self-assembly process (Scheme 1b). BTEE wasinitial 10 min, the macroscopic seed sites (sizé.5 um)
chosen as the precursor for its preferential self-assembly withhad just begun to form with no recognizable shape. In the
the micellar interface and formation of well-controlled XRD (Figure 3A), the appearance of a small hump between
external topology?** In a typical synthesis, BTEE and 2 and 3 suggests that, at this stage, the nanoparticles have
sodium hydroxide are mixed with a nanoparticle micelle started to self-assemble, exhibiting short range order. After
aqueous solution in a small vial (see Experimental Section). 20 min, the seeds begin to grow into a triangle shape with
After 1 h of stirring at room temperature, a substrate such size between 0.5 andim. On the XRD patterns, two peaks
as a microscope slide, thermal oxide coated silicon wafer, are observed at low angle corresponding to cubic symmetry.
or fresh-peeled mica slide was vertically placed inside the The first sharp peak is attributed to the (111) reflection, and
small vial. The vials were then sealed and placed inside anthe second broad hump can be assigned to (220) and/or (311).
oven at 100°C for crystal growth. Between 30 and 40 min, hexagon-shaped subunits with a
Well-shaped and oriented nanoparticle mesostructuresize of 7um are developed. They are rather uniform in shape
arrays began to grow over several hours. These largeand size. Some of them have merged into hierarchical
nanoparticle mesostructures covered the whole substratestructures. XRD shows that the fcc mesophase began to form
Figure 1 shows a typical SEM micrograph of large area as evidenced by the emergence of (311) and (222) peaks.
After 60 min, the hierarchical mesostructures have com-
(34) Inagaki, S.; Guan, S.; Ohsuna, T.; Terasaki,Nature 2002, 416 ple_tEIy developed, eaCh_Of which COhSi_StS of three to five
(6878), 304—307. uniformly merged subunits. The XRD (Figure 3A, curve e)
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amorphous glasses, other substrates such as mica, thermal

B oxide coated silicon wafer, and photo-curable polymer films
have been successfully used to grow hierarchical nanoparticle
.g u’l mesostructures. In a controlled experiment, fresh-peeled mica
3
3 Figure 4 shows a typical SEM image of the large nanopatrticle

mesostructures formed on a mica surface. As with those

\ c was used instead of glass, resulting in a distinct crystal shape.
: grown on glass, they are fairly uniform in shape and size

@ (~12um) but possess circular rather than flowerlike topology
5 oz st e s Tl and have only one single unit instead of several merged
S Two Theta (degree) subunits. Another remarkable difference is that the orientated
c mesostructure began to form at 30 min on mica, earlier than
t on amorphous glass. This could be due to the fact that mica

2 c has a crystalline surface with hexagonal patterns that

§ b promotes preferential growth along (111) planes. Similar to
Q the case of amorphous glass, the XRD patterns (Figure 3B,
a curves b and c) show enhanced reflections of the (111) and
© 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 (222) planes suggesting the (111) planes of nanoparticle cubic
Two Theta (degree) Two Theta (degree) mesostructure are parallel to the substrate. It is noteworthy

Figure 3. (A) Low angle XRD patterns of hierarchical nanoparticle ~that prior work in self-assembly of silica and surfactants
mesostructure arrays on the glass slide growre{efor 10, 20, 30, 40, and indicated that only a one-dimensional hexagonal mesophase
60 min, respectively. The primary peaks for sample e can be assigned a i

the (111), (211), (220), and (222) reflections of cubic mesostructure with SW.aS formed. It Wa$ proposed that S.urfaCtants forr_n hem.l rod
lattice constana = 109.1 A. (B) XRD patterns of hierarchical nanoparticle ~ Micelles on the mica surface, leading to a one-dimensional
mesostructure arrays on mica grown— for 10, 30, and 60 min, surfactant/silica mesopha%eln the current system, nano-
respectively. (C) XRD patterns of powder samples precipitated in solutions ; ; i

at (a—c) 40, 60, and 120 min, respectively. These patterns show much Iesspau’tl‘.:Ie micelles are prEf(.)rmed na homo.ger:eous aqueo,l,JS
order in comparison with those from the hierarchical nanoparticle meso- Solution. Self-assembly with BTEE starts with “hard sphere
structures. The samples were prepared usignm gold nanoparticles, nanoparticle micelle building blocks instead of “soft” pure
CTAB surfactant, and sodium hydroxide. surfactant micelles or liquid crystals. Thus, the cubic
mesophase is preferentially formed.

Following growths longer than 40 min, precipitate was
observed in the bottom of the vial. To further explore the
formation mechanism, we filtered the growth solution and
performed XRD studies on the powders. Figure 3C shows
the XRD patterns from the precipitated powders after growth
for 40, 60, and 120 min. The irregular patterns suggest much
less organized nanoparticle/BTEE arrays. This unambigu-
ously establishes that the hierarchical nanoparticle meso-
structures are grown from the solution rather than deposited
via precipitation. Any gold nanoparticle agglomeration
occurring during growth could be expected to have signifi-
cant impact on the self-assembly process. A -tiNs
spectrometer was used to measure the wavelength of the

_ _ ) , T ~ characteristic surface plasmon resonance, providing a mea-
Figure 4. Representative SEM micrograph of hierarchical nanoparticle sure of the size dispersity of gold nanoparticle micelles in
mesostructure arrays grown on a freshly peeled mica surface using BTEE . . : .
as the precursor under basic conditions at 1G0for 60 min. Inset: a the solution during the growth process: relative to the
magnified SEM image showing an individual mesostructure crystal. original DT capped gold nanopatrticles, the gold surface

_ plasmon band exhibited no shift, both for as-prepared
suggests that the fcc gold nanoparticle mesostructure has beegg|utions and after growth for 40, 60, and 120 min (see
fully established by the full appearance of (111), (220), (311), supporting Information, Figure S1). This suggests that the
and (222) reflections. The enhanced intensity from the XRD gold nanoparticle micelles remain monodisperse during
reflections of (111) and (222) during the crystal growth growth and thus that the formation of the mesophase crystals
course (after 40 min) suggests an orientated growth with a5 initiated from nanoparticle micelle building blocks.
(111) planes parallel to the substrate. This is consistent with  The optical properties of the hierarchical nanoparticle
the shape changes from triangular to hexagonal shape duringnesostructures have been characterized using UV—visible
the growth phase. _ _ spectroscopy. Figure 5 shows the YVis spectra of the

Substrate surface properties strongly influence the nucle-hierarchical gold nanoparticle mesostructures on glass and
ation and growth of inorganic materiéfsin addition to  DT-stabilized gold nanoparticles in chloroform. Both samples

(35) Aizenberg, J.; Black, A. J.; Whitesides, G. Nature1999 398(6727), (36) Yang, H.; Kuperman, A.; Coombs, N.; MamicheAfara, S.; Ozin, G.
495. A. Nature 1996, 379 (6567), 703.



3038 Chem. Mater., Vol. 18, No. 13, 2006 Wright et al.

Conclusion

We have demonstrated for the first time a new hydro-
thermal self-assembly process to synthesize hierarchical
b nanoparticle mesostructures. Results suggest that the forma-
tion of such crystals is a nucleation and growth process
initiated by self-assembly of nanoparticle micelle building
blocks and organo-bridged silane BTEE. The nanopatrticles
were organized as a cubic mesostructure inside the inorganic

a framework that allows high-temperature processing. The ease
: : : : of synthesis of semiconductor and magnetic nanoparticle
400 ~ 500 600 700 800 micelle$!32 makes it possible to extend this process to
Wavelength(nm) synthesize hierarchically ordered semiconductor or magnetic
Figure 5. UV-—vis spectra of (a) as-prepared DT-capped gold nanoparticles nanoparticle mesostructures. We expect that by using a
in chloroform and (b) hierarchical nanoparticle mesostructure arrays on the . . . .
glass slide. variety of optical-, electro-, and magnetic-active organo-
bridged silanes as framework, we will be able to synthesize
exhibit an absorbance at519 nm that corresponds to the  multifunctional mesophase crystals with novel collective
gold surface plasmon resonance band. By comparison, Wephysical propertied Ultimately, the ordered mesostructure
observed no difference in the positions and peak widths of grrays are ideal platforms for fabrication of SERS-based

the plasmon resonance band from the hierarchical goldsensors and charge-transfer-based electronic and optical
nanoparticle mesostructures and the DT-stabilized gold jeyicest 637

nanoparticles in chloroform, which implies that gold nano-

particles remain monodisperse inside the BTEE matrix
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