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Inorganic nanocrystal (NC) superstructures, which exhibit
unique collective properties that are different to those of both
the individual NCs and bulk materials, are of much scientific
and technological interest.'™ For noble-metal NCs, the
collective oscillation of free electrons, that is, the so-called
plasmon resonance in the superstructures, provides a feasible
way to realize light concentration and manipulation on a
small scale.!’! Such plasmon resonance gives rise to many
potential applications of noble-metal NC superstructures in
different fields, for example, optical waveguides,” superlens-
ing,® photon detection,”! and surface-enhanced Raman
scattering (SERS). Among these applications, the SERS
effect based on noble-metal NC superstructures is of partic-
ular interest because of its extraordinary advantages in the
highly sensitive detection of trace chemical or biological
species.%11]

The SERS effect originates from the dramatic amplifica-
tion of electromagnetic fields in the NC superstructures.
When the superstructures are irradiated at the wavelength
that couples with the plasmon resonance of the inner NCs, the
junction regions among the adjacent NCs function as
“hotspots” and the local electromagnetic fields in the super-
structure are amplified.'? As a result, the Raman scattering
of the detected species located at these junctions will be
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remarkably enhanced. Evidently, the intensity of SERS in the
superstructures is determined not only by the type, shape, and
size of the single NC units, but also by the inter-NC distance
and arrangement pattern. Although many reports have shown
that the 1D, 2D, and 3D assemblies of noble-metal NCs can be
used as efficient substrates for SERS,!"®! the corresponding
studies on the NC superstructures are rare because of the
difficulties in synthesis of monodispersed NCs that have
different shapes, as well as the controlled organization of NCs
on a large scale. In order to understand and maximize the
SERS effect, large-scale NC superstructures with controllable
morphologies are highly desirable. Herein we report how
three types of Au NCs with identical sizes but different shapes
can be used as building blocks to prepare superstructures on
several different substrates. We demonstrate that both the
structures and morphologies of the superstructures are highly
dependent on the shapes of the NC units, and furthermore,
that these superstructures exhibit obvious differences in their
SERS properties. Both the formation mechanism and the
SERS properties of the different Au NC superstructures are
explored in detail.

The seed-mediated growth method was used to synthesize
single-crystalline rhombic dodecahedral (RD), octahedral,
and cubic Au NCs by manipulating the growth kinetics of the
NCs (see the Experimental Section). As reported in our
previous study, RD, octahedral, and cubic AuNCs are
bounded by twelve (110) planes, eight (111) planes, and six
(100) planes, respectively."¥ The three types of Au NCs, with
an average size of around 70 nm, have well-defined shapes
and good monodispersity (Figure S1 in the Supporting
Information). Such Au NCs with highly uniform sizes and
shapes guarantee the reproducibility of subsequent self-
assembly processes.

2D and 3D superstructures of Au NCs were fabricated by
a vertical deposition self-assembly method,'” which is a
conventional technique for the formation of photonic crystals
that are composed of colloidal particles (see the Experimental
Section)."®!"! Interestingly, when the concentration of the
NGCs is fixed at 0.5 nM, most of the RD NCs (more than 99 %)
are spontaneously and closely packed into well-defined
multilayers of face-centered-cubic (fcc) structures on silicon
substrates (Figure 1); each layer is a triangle and the edge
length of each layer gradually decreases as the thickness
increases (Figure 1b). Generally, the sizes of the 3D triangu-
lar superstructures vary from 1 pm to 6 pm, and each RD NC
in every superstructure has the same spatial orientation with a
threefold symmetry axis vertical to the substrate (Fig-
ure 1c,d). Therefore, the RD NCs tend to assemble into a
close-packed fcc superstructure, in which each RD NC in the

SWILEY g

ONLINE LIBRARY

gewandte

memaionaledtion . CHEMMIE

1593


http://dx.doi.org/10.1002/anie.201005493

Communications

1594

bottom layer
second layer
third layer

9) F
third layer

! / second layer
' bottom layer

Figure 1. SEM and schematic images of self-assembled RD Au NCs on
silicon substrates. a) Full SEM image showing many triangular super-
structures; b) single triangular superstructure; c) magnified image of a
triangular superstructure; d) arrangement of Au NCs (top view); e) top
view of the self-assembly pattern showing three different layers in the
fcc close-packed arrays; f) side view of the superstructure when tilting
the sample stage by 60°; g) side view of the self-assembly pattern
showing that the RD NCs in the bottom layer are in contact with the
substrate through one vertex.

medium layers is surrounded by twelve adjacent RD NCs
through (110) plane contacting (six NCs are located in the
same layer, and the adjacent upper and lower layers each
contain three NCs); one vertex of the RD NCs in the bottom
layer are in contact with the substrate (Figure 1f,g and
Figure S2 in the Supporting Information). AFM character-
ization further confirms the close-packed pattern of the
RD NC superstructures (see Figure S3 in the Supporting
Information). For comparison, the assembly behavior of
octahedral and cubic Au NCs (both 0.5 nm) are different and
a 2D monolayer is formed in which one plane is in direct
contact with the silicon substrates (Figure 2a,b). As a result,
the vertices of octahedral NCs point to the face centers of the
adjacent NCs within the monolayer (Figure 2c), while the
cubic NCs are close-packed through face—face interactions
(Figure 2d). When the concentration of the NCs is increased
to approximately 5 nM, both octahedral and cubic Au NCs
assemble into multilayered superstructures without well-
defined profiles (Figure S4 and S5 in the Supporting Infor-
mation), and the arrangements of NCs in the 3D super-
structures are similar to those in the 2D monolayer.

The two main reasons for the self-assembly of different
concentrations of differently shaped Au NCs into superstruc-
tures with different structures and morphologies are the
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Figure 2. SEM and schematic images of superstructures self-assem-
bled by octahedral and cubic Au NCs. a) Octahedral Au NCs; b) cubic
Au NCs; self-assembly behavior for c) octahedral and d) cubic Au NCs.

critical concentration of the Au NCs and the inter-NC van der
Waals interactions. The formation of the superstructures is
highly dependent on the critical concentration of the Au NCs
(Scheme S1 in the Supporting Information). As the solvent
evaporates, the AuNCs reach a critical concentration, self-
assemble on the three-phase-contact line (the interface of
vapor, substrate, and AuNCs solution), and finally form
superstructures. When the RD Au NCs are at a low super-
saturated concentration, contact with the substrate through
one plane is the most stable way of deposition (Figure 3b,d).
However, as the concentration of the NCs increases, the
RD Au NCs spontaneously change their adsorption pattern
from lying (contact with substrate through one plane) to
standing (contact with the substrate through one vertex), and
form the multilayered structures. In these structures, RD NCs
are in contact with the adjacent 12 NCs through face—face
contacts, and thus maximize the inter-NC Van der Waals force
interactions (Figure 1c-g). Compared with the RD NCs
monolayer that contains single-face contacts, the inter-NC
attractions in the multilayer are remarkably high, which is
sufficiently large to compensate for the energy required for
the configuration changes (from lying to standing) of NCs in
the bottom layer of the superstructures. On the contrary, such

500nm

Figure 3. Intermediate state of RD Au NCs on the silicon substrate
during the self-assembly process. a) Full SEM image; b) RD NCs that
contact the substrates with one plane at low concentrations; c) change
in the assembly pattern of the RD NCs in the multilayered super-
structures; d) schematic image of the RD NCs lying on the substrate
at low concentrations.
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a change of arrangement methods is not energetically
favorable for both cubic and octahedral NCs. For
example, cubic NCs in the monolayer have four faces
that are in contact with adjacent NCs and one face
that lies on the substrates (Figure 2b,d), which is
quite a stable state. No extra face—face interaction
can be obtained for the octahedral NCs, even if the
adsorption pattern on the substrates changes from
lying to standing. Therefore, both cubic and octahe-
dral NCs tend to assemble into 2D monolayers at
relatively low concentrations (0.5 nM). As the con-
centration of the NC solution increases (to 5 nm), the
number of NCs per unit volume also greatly increases
and easily results in formation of the multilayered
superstructure of cubic and octahedral Au NCs
(Figures S4 and S5 in the Supporting Information).
RD Au NCs in the triangular superstructures organ-
ize into an fcc lattice with a packing density of almost
100% in Euclidean 3D space; this arrangement is
believed to be the densest possible packing of equal
spheres in ordinary space.'¥ We have also observed
that the arrangement of NCs in the superstructures is
mainly dependent on the interactions between NCs
rather than the properties of the substrates. This
observation is confirmed by self-assembly experi-
ments of different shaped Au NCs on glass substrates,
and three similar types of superstructures are
observed (Figure S6 in the Supporting Information).

Interestingly, the superstructures fabricated from
different shaped Au NCs exhibit different collective
optical properties and unique SERS effects. p-Mer-
captoaniline (pMA), which is a nonresonant mole-
cule, is used as the model analyte (see details

concentrations (0.5 nm).
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in the
Experimental Section)."” pMA can self-assemble through
strong Au-S interactions on the Au surfaces, and is therefore
commonly used in the SERS evaluation of Au nanostructures.
The characteristic scattering peaks of pMA can be clearly
observed for all three types of AuNC superstructures at
excitation wavelengths of both 633 nm and 785 nm (Fig-
ure 4a,b and Figures S7-S10. SERS enhancement factor for
of all the 2D and 3D superstructures are calculated; see
details in Part SIV in the Supporting Information). The
enhancement factors of RD, octahedral, and cubic NC
superstructures that have similar numbers of layers (typically
4-6 layers) are 1.0x 107, 0.8 x 107, and 0.7 x 107, respectively,
and the SERS effect of RD superstructures is the strongest
among those signals. Given that the multilayered super-
structures adsorb similar amounts of pMA molecules, it can
be concluded that the influence of the electromagnetic field is
the main factor for the SERS enhancement. Compared with
the multilayers of cubic and octahedral NCs (Figure S4 and S5
in the Supporting Information), the RD NCs in the super-
structures more easily form long-range ordered arrangements
and well-defined profiles (Figure 1). Therefore, the antenna
effect is stronger and more hotspots are generated, thus
resulting in the higher SERS intensity in the RD NC super-
structures,”2' which are therefore better SERS substrates as
these NCs form multilayered superstructures at much lower
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Figure 4. SERS spectra and corresponding mappings of superstructures assem-
bled from RD Au NCs. a) SERS spectra of pMA at different locations in RD NC
superstructures (excitation with 633 nm laser); b) SERS spectra of pMA at
different locations in RD NC superstructures (excitation with 785 nm laser;
corner: black, edge: red, center: blue); c,d) SERS mappings obtained at the
characteristic Raman shift of pMA under excitation with 633 nm laser; e, f) SERS
mappings obtained at the characteristic Raman shift of pMA under excitation
with 785 nm laser. The assignments of the peak positions for pMA in (a) and (b)
are given in Table S2 (see the Supporting Information).

Furthermore, the SERS effects in each type of NC
superstructure are quite distinct. Both SERS spectra (Fig-
ure 4a,b) and the corresponding mapping (Figure 4c—f) of
RD NC superstructures show unique and strong anisotropy,
and the Raman scattering intensities at the corners and edges
are clearly higher than those in the center. For example, the
SERS intensities of both the corners and the edges are around
2.0 times higher than those of the central part under
excitation at 633 nm (Figure 4a), while the difference of the
SERS intensities is about 1.4 times under excitation at 785 nm
(Figure 4b). In contrast, the SERS effect is homogenously
distributed in both 2D and 3D superstructures of cubic and
octahedral Au NCs, and their spatial anisotropy is not clearly
discerned (Figures S7-S10 in the Supporting Information).

To investigate why the triangular superstructures of
RD NCs exhibit this unique SERS effect and reveal the
origin of anisotropy in the SERS effect, dark-field scattering
spectra of NC superstructures were recorded (Figure S11 in
the Supporting Information). The optical scattering at the
corners and edges in the 3D multilayers of RD NCs for the
broad region of 500-900 nm is remarkably stronger than in
the central parts, whereas the scattering spectra are identical
at different positions for both 2D superstructures of cubic and
octahedral NCs. The strong optical scattering at the corners
and edges of the triangular multilayer of RD NCs mainly
results from significant electromagnetic amplification at these
positions, which has been explored as the antenna effect in
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previous studies on both individual NCs and NC assem-
blies.?*%l However, 2D and 3D superstructures of cubic and
octahedral NCs do not have well-defined contours, so the
spatial anisotropy is not evident. Quantitatively, the inten-
sities of the optical scattering of both the corners and the
edges in the RD NC superstructures is around 1.7 times and
1.5 times higher than those of the central parts at 633 nm and
785 nm, respectively (Figure S11 in the Supporting Informa-
tion; dotted lines), which correspond to the anisotropic
enhancement factors of the SERS signals. This observation
is consistent with the fact that the SERS effect in the NC
superstructures mainly originates from inelastic scattering of
photons among the Au NC units.

In conclusion, monodispersed Au NCs self-assemble into
2D or 3D superstructures, the structure and morphology of
which are dependent on the NC shapes. The self-assembly
mechanisms have been investigated in detail. Among the
different types of 2D or 3D Au NC superstructures, the 3D
triangular multilayer exhibits high SERS sensitivity as it has
more hotspots and a stronger antenna effect. Furthermore,
the SERS intensities at the corners and edges are larger than
those in the center of superstructures. The spatial anisotropy
is ascribed to strong optical scattering at the corners and
edges of the NC superstructures. This work paves the way for
the large-scale fabrication of geometrically controllable NC
superstructures by rationalizing the interactions between the
building blocks, and these designed nanostructures with
unique optical properties have many potential applications
in the field of chemical or biological sensors and imaging.["*!

Experimental Section

Single-crystalline Au NCs with different shapes were synthesized
through a two-step seed-mediated growth by following a previously
reported procedure!™ with minor modifications. Cetyltrimethylam-
monium bromide (CTAB)-capped Au seeds, N-hexadecylpyridinium
chloride (CPC)-capped Au seeds, CTAB-capped Au nanorods, and
RD Au nanocrystals were prepared according to previously reported
procedures.'*?! Octahedral and cubic Au NCs were synthesized
under the conditions summarized in Table S1 (see the Supporting
Information). The synthesis of the three types of polyhedral Au NCs
was terminated by centrifugation (8000 rpm, 5 min); the upper
solution was removed and the sample was re-dispersed in 10 mm
CPC solution for storage.

2D arrays and 3D superstructures of the AuNCs at different
concentrations were formed by the vertical deposition method!" on
Si(111) wafers, Si(100) wafers, or glass cover slides at 60°C and 80 %
humidity. This technique was the same by which photonic crystals
were formed through self-assembly of colloidal particles."™'”! To
realize the self-assembly of the nanocrystals, a solution of CPC-
capped Au NCs was injected into a 96-pore tissue culture plate with
the substrates inserted vertically into each pore. The plates were left
in a climatic chamber until the solution evaporated completely. The
drying process took about 40 h. Different concentrations of CPC
solutions ranging from 1 mm to 100 mm were used, and 10 mm was
found to be the optimal concentration. At least 5 parallel samples
were employed for each batch, and repetitive experiments were
conducted. All substrates were cut into the same size and shape to
maintain the conformity of all the experiments.

SERS was carried out with Renishaw inVia microscope. A HeNe
laser (633 nm) and a diode laser (785 nm) were used as the light
source for the excitation. A solution of pMA in ethanol (1.76 x 10~*m)
was dropped onto the superstructures on substrates.
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Dark-field scattering spectra were obtained with the combination
of white light and a dark-field condenser lens in a Leica microscope in
a confocal Raman spectroscope system (Renishaw inVia) through an
objective 50 x with the numerical aperture of 0.75, which was the
same objective for the SERS detection.”!

AFM characterization was conducted on an atomic force micro-
scope in the tapping mode (SPA 300). Dynamic light scattering (DLS)
measurements for size and zeta-potential detection were obtained
with a Malvern NanoZS. SEM measurements were performed on a
Hitachi S4800 scanning electron microscope at 10.0 kV.
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