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oble metal nanoparticles have unique

optical properties that can be utilized

in a wide variety of applications.'
Enormously large absorption or scattering
of light by the nanoparticles allows them to
be used as contrast imaging agents or
colorimetric sensing materials.> > Excita-
tion of the nanoparticles generates intense
electromagnetic fields localized around the
particles, which lead to various near-field
enhancement effects such as surface-
enhanced Raman scattering (SERS).5~® Loca-
lized heating by the excitation of targeted
metal nanoparticles is used to treat cancer
cells with great selectivity.>* All these optical
properties of metal nanoparticles arise from
surface plasmon resonance (SPR), the reso-
nant interaction of light with the collective
oscillation of conduction electrons in the
metal nanoparticles.” Therefore, the genera-
tion and control of SPR is one of the key
elements for advancing the applications of
metal nanoparticles.

SPR is controlled by the size, shape, com-
position, and local environment of the
nanoparticles.” Another appealing way to
tune SPR is to form an assembly of nano-
particles. The presence of other nanoparti-
cles in close proximity couples the surface
plasmons and produces new hybridized
modes, which appear shifted from the orig-
inal SPR frequency.'®"" The surface plas-
mon coupling varies with what types of
nanoparticles are assembled and how they
are arranged relative to each other. There-
fore, the infinite fine-tuning of the SPR in a
wide range of wavelengths is possible using
assemblies of nanoparticles. Additionally,
the interstitial sites in assemblies provide
hot spots for plasmonic enhancement
effects.’?

Although many top-down and bottom-
up methods have been developed to make
nanoassemblies, assembling nanoparticles
into well-defined and easily modifiable
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The assembly of noble metal nanoparticles offers an appealing means to control and enhance the
plasmonic properties of nanostructures. However, making nanoassemblies with easily modifiable
gap distances with high efficiency has been challenging. Here, we report a novel strategy to
assemble gold nanoparticles (AuNPs) into Janus-type asymmetric core—satellite nanostructures.
Markedly different desorption efficiency between large and small AuNPs in ethanol allows us to
prepare the asymmetric core—satellite nanoassemblies in a dispersed colloidal state with near
100% purity. The resulting nanoassemblies have well-defined structures in which a core AuNP
(51 nm) is covered by an average of 13 - 3 satellite AuNPs (13 nm) with part of the core surfaces
left unoccupied. Strong surface plasmon coupling is observed from these nanoassemblies as a result
of the dose proximity between the core and the satellites, which appears significantly red-shifted
from the surface plasmon resonance frequencies of the constituting nanoparticles. The dependence
of the surface plasmon coupling on a gap distance of less than 3 nm is systematically investigated
by varying the length of the alkanedithiol linkers. The asymmetric core—satellite nanoassemblies
also serve as an excellent surface-enhanced Raman scattering substrate with an enhancement
factor of ~10°. Finally, we demonstrate that the presented assembly method is extendible to the
preparation of compositionally heterogeneous core—satellite nanoassemblies.

KEYWORDS: noble metal nanoparticle - controlled assembly - core—satellite
nanoassembly - surface plasmon coupling - surface-enhanced Raman scattering -
desorption of nanoparticles

structures with a high yield remains challeng-
ing. Top-down lithography techniques are
limited to the fabrication of a small number  *Address correspondence to
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ods are better suited to preparing three-
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the mixing of nanoparticles functionalized with connect-
ing ligands such as DNAs and multithiols in solution.'®~%
Although this method is highly scalable, it always yields
mixtures of the assemblies and unlinked nanoparticles
and thus requires postassembly separation processes
such as electrophoresis'® and differential centrifuga-
tion.'822% The harsh conditions used in those separation
processes (eg., high salt concentrations,'®** nonpolar
organic solvents,?® and high-viscosity reagents)?’-?®
cause the nanoassemblies to be unstable and to aggre-
gate unless they are protected by additional polymer'®
or silica shells.?® More importantly, it is difficult to achieve
well-defined and controllable interparticle gaps, which
govern the optical properties of the nanoassemblies.
When DNA linkers are used, the interparticle dis-
tances are controllable, but they are relatively long
because of the required number of DNA bases for
hybridization and the presence of alkyl spacers for
tethering.2?° 3! Interparticle distances in assemblies
using multithiols are poorly defined and difficult to
vary.?® Therefore, despite its importance, correlating
plasmonic properties with detailed structures of the
assemblies, particularly at short interparticle dis-
tances, has been elusive.

Here, we report a highly efficient new assembly
method for constructing well-defined core—satellite
nanostructures with the core-to-satellite distances
controlled on a molecular scale. Following the descrip-
tion of the assembly principle, the structural and
plasmonic properties of the produced asymmetric
core—satellite gold nanoparticle (AuNP) assemblies
are discussed. In particular, the coupling of surface
plasmons between the core and the satellite is system-
atically investigated for a range of unprecedentedly
short interparticle distances (d < 3 nm). The SERS
activity of the nanoassembilies is also explored. Finally,
we demonstrate the extension of the assembly meth-
od to compositionally heterogeneous core—satellite
nanostructures.

RESULTS AND DISCUSSION

Selective Desorption of Nanoparticles. Our assembly
strategy is based on the observation of markedly
different desorption propensities of AUNPs, depending
on the size of the nanoparticles and the solvent into
which the nanoparticles are desorbed. Citrate-stabi-
lized AuNPs with diameters of 13 £ 1 and 51 & 6 nm
adsorb well onto the amine-functionalized glass sub-
strates (12 mm x 25 mm), as shown in Figure 1aand b.3%3
The color of the glass substrates turns red after their
immersion in the AuNP solutions for 24 h. The red color
arises from the SPR of AuNPs at ~520 nm, indicating that
the AuNPs are uniformly distributed on the surfaces of
the glass substrate, which is confirmed by the scanning
electron microscopy (SEM) measurements. The more
vivid red color of the substrate with 51 nm AuNPs is
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Figure 1. Different desorption efficiencies between the 13
and 51 nm AuNPs from glass substrates into ethanol.
Photographic and SEM images of the glass substrates with
(@) 13 nm and (b) 51 nm AuNPs adsorbed. (c, d) Photo-
graphic and SEM images of each substrate after sonication
in ethanol at 2.4 W for 2 min.

due to the larger extinction coefficients of AuNPs with
increasing sizes.

Each substrate was then placed in 5 mL of an
ethanol solution and subjected to sonication at 2.4 W
for 2 min.3* Figure 1c and d show strikingly different
results for the two different sizes of AuNPs. The large
AuNPs (51 nm) were completely desorbed, making the
glass substrate appear transparent (Figure 1d). In
marked contrast, the small AuNPs (13 nm) remained
adsorbed.

We quantified the desorption efficiency by measur-
ing the amounts of the AuNPs on the substrates before
and after sonication using inductively coupled plasma
mass spectrometry (ICP-MS). The results indicate that
95 £ 6% of the initially adsorbed 13 nm AuNPs remains
on the glass substrate after sonication in ethanol (thus,
5% desorption efficiency), whereas only 2.0 &+ 0.1% of
the 51 nm AuNPs remains on the surface (98% desorp-
tion efficiency), shown in Figure 2b.

We found that generally larger AuNPs desorb better
from the amine-functionalized glass substrates upon
sonication. As the size of the AuNPs increases from
7 nm to 47 nm, the desorption efficiency in water
increases from 7% to 97% (Figure 2a). The desorption
efficiency also depends on the solvent into which the
nanoparticles are desorbed (Figure 2b). AuNPs tend to
desorb more readily in more highly dielectric solvents.
The desorption efficiency of AuNPs increases as the
solvent changes from hexane (¢, = 2) to water (&, = 80)
for both 13 and 51 nm AuNPs.3® These results indicate
that both kinetic and electrostatic factors play impor-
tant roles in the desorption of nanoparticles. Although
further in-depth investigation is necessary, this study
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Figure 2. Dependence of desorption efficiencies of AuNPs
on (a) the sizes of nanoparticles and (b) the solvents into
which the nanoparticles are desorbed. The amounts of
AuNPs on the glass substrate were measured using ICP-
MS before and after sonication. The error bars indicate one
standard deviation from three separate experiments.

clearly shows that a legitimate choice of the sonication
conditions (solvent, power, time, etc.) should enable
the exclusive separation of coadsorbed nanoparticles
into a dispersed and an immobilized phase according
to their sizes.

Highly Efficient Assembly of Gold Nanoparticles into Janus-
Type Asymmetric Core—Satellite Nanoclusters. The markedly
different desorption efficiencies in ethanol between
the 13 and 51 nm AuNPs allow us to prepare core—
satellite nanoassembly structures with 100% purity.
Figure 3 presents the stepwise assembly process. A
detailed procedure is provided in the Methods and the
Supporting Information. Briefly, (1) the surface of a glass
substrate (12 mm x 25 mm) is functionalized with amine
using (3-aminopropyl)trimethoxysilane (APTMS).3>** (2)
Then, the citrate-capped 51 nm AuNPs are adsorbed onto
the amine-coated glass substrate by immersing the glass
substrate in an aqueous AuNP solution (27 pM, 5 mL) for
12 h. Upon adsorption of the 51 nm AuNPs, the glass
substrate turns red (Figure 3a). The SEM image in
Figure 3b confirms that the AuNPs are well adsorbed
on the glass substrate. (3) The surfaces of the 51 nm
AuNPs are modified with thiols (—SH) to allow them to
interact with the 13 nm AuNPs, which will subsequently
be added. Immersion of the AuNP-covered glass sub-
strate from the previous step in a 1 mM ethanol solution
of alkanedithiol, 1,10-decanedithiol (DDT) in this exam-
ple, for 12 h leads to the formation of self-assembled
monolayers (SAMs) of alkanedithiol on the AuNPs sur-
faces, as illustrated in the blown-up figure3*® The
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formation of DDT SAMs on the AuNPs does not disturb
the adsorption of AuNPs on the glass substrate (Figure 3c
and d). (4) Core—satellite nanoassemblies are formed on
the glass substrate when the substrate from step 3 is
immersed ina 13 nm AuNP solution (4.1 nM, 5 mL) for 3 h.
The 13 nm AuNPs interact with the thiols on the 51 nm
AuNPs and the amine on the glass substrate. The SEM
image of the resulting substrate shows that the 13 nm
AuNPs cover the surfaces of both the 51 nm AuNPs and
glass substrate (Figure 3f). The color of the substrate
changes from red to dark blue as the core—satellite
nanoassemblies are formed (Figure 3e). This color change
is due to the coupling of surface plasmons between
the core and satellite AuNPs, closely interconnected by
DDT linkers (vide infra). Strong surface plasmon coupling
shifts the extinction to a longer wavelength, making the
substrate appear blue. (5) Finally, sonication of the sub-
strate in ethanol preferentially desorbs the core—satellite
nanoassemblies from the glass substrate into the ethanol.
The SEM image of the substrate after sonication clearly
shows the empty spots left from the desorption of the
core—satellite nanoassemblies (Figure 3h). The SEM im-
age also shows that the 13 nm AuNPs initially adsorbed
onto the glass substrate in step 4 remain adsorbed during
the course of sonication, indicating that only core—
satellite assembly structures have been released into
ethanol. The color of the substrate returns to a pinkish-
red after sonication because of the remaining 13 nm
AuNPs on the substrates (Figure 3g).

The number of core—satellite nanoassemblies pro-
duced from one glass slide is typically 2 x 10'° or 6 pM
in 5 mL of ethanol, measured by the decrease in the
extinction of the 51 nm AuNP solution in step 2 of the
assembly procedure (Supporting Information). The
scale-up of the production of the nanoassemblies is
feasible by using multiple glass slides or magnetic silica
particles (Supporting Information).

Properties of the Prepared Core—Satellite Nanoassemblies.
The optical and structural properties of the prepared
core—satellite nanoassemblies are shown in Figure 4.
The solution of the core—satellite nanoassemblies
appears blue compared with the red color of the 51
and 13 nm AuNP solutions (Figure 4a). The UV—vis
spectrum of the assemblies in Figure 4b shows a strong
extinction at 624 nm, significantly red-shifted from the
SPR bands of the individual 51 and 13 nm AuNPs at 532
and 522 nm, respectively. We attribute this new band
to the surface plasmon coupling between the core and
the satellite because its spectral position changes with
the length of the linker molecules connecting the
satellites to the core, as discussed in the next section.
A close interparticle distance (e.g., ~1.6 nm for DDT
SAMs)3?~*! strongly couples the surface plasmons of
the 51 and 13 nm AuNPs, creating a new red-shifted
hybridized surface plasmon mode.'®"

We investigated the structural properties of the
assembly using transmission electron microscopy
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Figure 3. Stepwise assembly process for asymmetric core—satellite nanoassemblies using selective desorption: (1) surface-
functionalization of a glass substrate with an amine using APTMS, (2) adsorption of 51 nm AuNPs onto the glass substrate, (3)
thiol-functionalization of the 51 nm AuNPs by the formation of alkanedithiol SAMs (close-up), (4) adsorption of the 13 nm
AuNPs onto the 51 nm AuNP-covered glass substrate, and (5) selective desorption of the core—satellite nanoassemblies from
the glass substrate into ethanol by sonication. (a—h) Photographic and SEM images of the substrates after each step.
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Figure 4. Optical and structural properties of the asymmetric
core—satellite nanoassemblies. (a) Visual color, (b) UV—vis
spectrum, (c) TEM image, and (d) DLS data. The corresponding
properties of the individual 51 and 13 nm AuNPs are shown for
comparison. The arrows in (c) indicate the unoccupied areas of
the cores, highlighting the asymmetric features of the pre-
pared core—satellite nanoassemblies.
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(TEM), SEM, and dynamic light scattering (DLS). The
TEM images in Figure 4c show the unique features of
the Janus-type asymmetric core—satellite nanoassem-
blies. The assembly consists of a 51 nm AuNP at the
core and 13 nm AuNPs surrounding the core. A closer
inspection of the assembly structure reveals that the
satellite AuNPs partially distribute on the core sphere.
Part of the core AuNP surface is left vacant, indicated by
the arrows in Figure 4c, which results from the adsorp-
tion of the 13 nm AuNPs on the 51 nm AuNPs
immobilized on the glass substrate. The interaction of
the 13 nm AuNPs with the lower hemisphere of the
core 51 nm AuNPs sitting on the substrate is hindered.
The asymmetry of the satellite distribution confirms
that our assembly scheme using the selective desorp-
tion works. In addition, it offers the opportunity to
explore directional surface plasmon coupling on these
complex nanoassemblies and to fabricate multifunc-
tional Janus (two-faced) nanostructures by filling the
vacant area with other forms (size, shape, and
materials) of nanoparticles.

The average number of satellites per core AuNP was
determined to be 13 + 3 from 160 nanoassemblies,
when DDT was used as a linker. The surface coverage of
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Figure 5. Control of the number of satellites. (a) Represen-
tative TEM images of the asymmetric core—satellite nanoas-
semblies obtained after different immersion times of the
core-attached substrates in the satellite AuUNP solution in
step 4 of the assembly process. (b) Plot of the number of
satellites per core as a function of the immersion time. Each
data point is an average of 80—100 nanoassemblies; the
error bars represent one standard deviation. The plot is best
fitted to an exponential function, indicated by the red line.

the core was controlled by changing the immersion
time of the core-attached substrate in the satellite
AuNP solution in step 4 of the assembly process. Figure 5
shows that the number of satellites per core increases
with the immersion time. The increase is best fitted to
an exponential function with an apparent rate constant
of 3.8 x 1072 min~', suggesting that the adsorption of
the 13 nm AuNPs on the thiol-functionalized 51 nm
AuNPs follows pseudo-first-order Langmuir adsorption
kinetics.*?

In addition to the unique structural features, our
assembly scheme provides an ultrahigh purity of nano-
assemblies. While we observed hundreds of asym-
metric core—satellite nanoassemblies using TEM, we
did not find a single free 13 nm AuNP. The DLS
measurements also indicate that all particles in the
solution are core—satellite nanoassemblies with an
average hydrodynamic diameter (Dy) of 108 nm
(Figure 4d). No population was found at a hydrody-
namic diameter of 17 nm, which is the size of free
13 nm AuNPs. The ultrahigh purity is achieved by the
exclusive desorption of the nanoassemblies into ethanol
with all the small AuNPs remaining adsorbed on the
substrate. As a result, the asymmetric core—satellite
nanoassemblies can be used as prepared, without any
postassembly purification processes typically required in
most bottom-up assembly methods.'®~%
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Figure 6. Changes in the surface plasmon coupling of the
asymmetric core—satellite nanoassemblies with the gap
distance between the core and the satellites. (a) UV—vis
spectra of the asymmetric core—satellite AUNP assemblies
with the core and satellites linked by a series of alkane-
dithiols from 1,2-ethanedithiol (C2) to 1,16-hexadecane-
dithiol (C16). The dotted and dashed lines indicate the
SPR band positions of the 13 and 51 nm AuNPs, respec-
tively. The asterisks mark the surface plasmon coupling
band of the nanoassemblies. (b) Plot of the surface plasmon
coupling wavelengths as a function of the core-to-satellite
gap distances (open-dot circles). An exponential fit yields an
empirical core—satellite surface plasmon ruler equation in
the strong coupling regime (red line).

Distance-Dependent Surface Plasmon Coupling. This facile
bulk preparation of structurally well-defined core—
satellite nanoassemblies in near 100% purity en-
ables a systematic study of surface plasmon coupling
between the nanoparticles in close proximity. We used
a series of alkanedithiol linkers ranging in length from
1,2-ethanedithiol (C2) to 1,16-hexadecanedithiol (C16)
to assemble the 13 and 51 nm AuNPs into the asym-
metric core—satellite nanostructures. The UV—vis
spectra of these assemblies show that the surface
plasmon coupling band (asterisks in Figure 6a) pro-
gressively red-shifts as the shorter dithiol linkers are
used. This result suggests that the surface plasmon
coupling becomes stronger as the interparticle gap
between the core and the satellites decreases, consis-
tent with the general trend of the surface plasmon
coupling of dimers.">~'® For a more quantitative anal-
ysis, we plotted the wavelengths of the surface plas-
mon coupling bands as a function of the gap distance
between the core and the satellite (Figure 6b). Each
data point is an average of 10 separate experiments;
the error bars represent one standard deviation. The
interparticle gap distances were calculated from the
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structures of the dithiol SAMs (Supporting Information).
The red-shift of the surface plasmon coupling band
(Aspc) with the decreasing gap distance (d) is best fitted
to an exponential function, yielding an empirical core—
satellite surface plasmon ruler equation in the strong
coupling regime:

Aspc = 251 exp(—1.00d) + 568 (ford < 3 nm) (1)

Notably, the surface plasmon coupling wavelength
for the gap distance corresponding to the C2 linker is
anomalously outside of the fit. We attribute this anom-
aly to the bilayer formation of C2 on the core AuNP
surfaces via a disulfide bond (Au—SC,H,S—SC,H,SH),
which has been previously reported.”* The length of
the disulfide form of C2 is comparable with the length
of C6. Therefore, the surface plasmon coupling band of
C2 appears at a wavelength close to that of C6,
validating our surface plasmon ruler equation. When
we do not allow a long enough time for C2 to form a
bilayer on the core AuNP surfaces, the surface plasmon
coupling band appears at a much longer wavelength
(701 nm), reflecting the stronger coupling due to the
shorter interparticle distance (Supporting Information,
Figure S9b). This wavelength falls right on the fitting
curve at the interparticle distance corresponding to the
monolayer of C2 (Supporting Information, Figure S9c).
This result suggests that it is the bilayer formation of C2
that extends the interparticle distance and thus shifts
the surface plasmon coupling band from the expected
position. Unlike C2, longer alkanedithiols form stable
monolayers, and the formation of bilayers, if it occurs,
takes much longer (Supporting Information, Figure
Sga).36—38,43,44

Another possibility for the anomalous spectral re-
sponse of the C2-linked nanoassemblies is quantum
effects. Theoretical studies by Nordlander and co-
workers revealed that the interactions between the
two nanoparticles evolve from the classical regime to
the crossover regime and finally to the conductive
regime, as the interparticle gap decreases.”® In the
classical regime, the surface plasmon coupling red-
shifts with decreasing interparticle distance, as classical
electromagnetic theory describes. In the crossover
regime, electron tunneling weakens the electromag-
netic coupling between the nanoparticles, leading to a
less pronounced red-shift of the surface plasmon
coupling band. When the two nanoparticles are nearly
touching, the junction between the nanoparticles
becomes mostly conductive, and a new charge transfer
plasmon (CTP) mode appears, which spectrally inten-
sifies and blue-shifts as the interparticle distance
decreases.

Therefore, theory predicts that the red-shift of the
surface plasmon coupling with decreasing interparticle
distance converges in the crossover regime and
evolves into a blue-shift in the conductive regime

YOON ET AL.
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Figure 7. SERS activity of the asymmetric core—satellite
nanoassembilies. (a) lllustration of the SERS in the hot spot
of the asymmetric core—satellite nanoassemblies, in which
a mixed SAM of 1,10-decanedithiol (DDT) and benzyl mer-
captan (BM) is formed as a result of the use of a mixture
solution (DDT:BM = 4:1) in step 3 of the assembly process.
(b) Identical UV—vis spectra of the DDT-linked and mixed-
SAM-linked core—satellite nanoassemblies. The dotted line
marks the wavelength used for Raman excitation (633 nm).
(c) SERS spectrum of BM from the asymmetric core—satellite
nanoassemblies. For comparison, the normal Raman spec-
trum of BM in a 0.1 M solution is included.

when quantum effects occur. This is certainly not the
case in the spectral response of our core—satellite
nanoassemblies. Figure 6b shows that the red-shift of
the surface plasmon coupling band with decreasing
interparticle distance fits the exponential function well
without any sign of the alleviating red-shift until the
sudden blue-shift at d = ~0.7 nm, corresponding to the
interparticle distance of C2. We do not see any features
that could be attributed to the transition from the
classical regime to the crossover regime or from the
crossover regime to the conductive regime. Therefore,
we believe that the quantum effects do not come into
play over these distances.

Our observation is also consistent with recent ex-
perimental findings by Duan et al.*® Through electron
energy loss spectroscopy studies and simulations, they
found that the interactions between two nanoprisms
separated by 0.5 nm are still well described by classical
electromagnetic theory. Therefore, the bilayer forma-
tion of C2 provides a more plausible explanation for the
anomalous spectral response of C2-linked nanoassem-
blies than the quantum effects at this stage.

Surface-Enhanced Raman Scattering Activity of the Asym-
metric Core—Satellite Nanoassemblies. The asymmetric core—
satellite nanoassemblies are an ideal material for SERS
because of the abundant presence of hot spots be-
tween the core and the satellites in a single unit.®'? We
measured the SERS activity of the assembly using
benzyl mercaptan (BM) as a SERS probe. A mixture of
DDT and BM in a 4:1 ratio in step 3 of the assembly
process leads to the formation of a mixed SAM in the
hot spot (Figure 7a). The UV—vis spectrum of the
resulting core—satellite nanoassemblies perfectly
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Figure 8. Representative TEM images and UV—vis spectra
of various combinations of core—satellite nanoassemblies.
(a) Au core—Au satellite, (b) Ag core—Au satellite, (c) Au
core—Ag satellite, and (d) Ag core—Ag satellite. The dia-
meters of the core and the satellite nanoparticles are 50 and
13 nm, respectively.

matches that of the assemblies made by DDT alone,
suggesting that the gap distance between the core
and the satellite is determined by the long DDT
molecules (Figure 7b). We obtained the Raman spec-
trum from the assemblies at 633 nm (Figure 7c). A
comparison with the normal Raman spectrum of BM
(0.1 M) shows that the Raman signal from the BM
molecules in the hot spot of the core—satellite nano-
assemblies is indeed enhanced significantly. From the
estimated number of BM molecules in the hot spots of
the assemblies, the enhancement factor is calculated
to be 2 x 10° for 1002 cm ™' (Supporting Information).
The SERS signal from DDT was not observed, probably
due to the inherently low Raman scattering cross
section of alkyl chains.

Extension of the Assembly Method to Various Other Combina-
tions of Core—Satellites. Our assembly method can be
extended to the assembly of any citrate-stabilized
nanoparticles with distinct size differences. Citrate-
capping of the nanoparticles is required for adsorption
onto the amine-coated substrates (step 2), desorption
from the substrates by ultrasonication (step 5), and
facile displacement by dithiols on the core surfaces

(step 3). In this regard, assemblies of different shapes
and compositions of nanoparticles into core—satellite
structures are conceivably feasible. Here, we provide
an example of the assembly of compositionally hetero-
geneous core—satellite nanostructures. Figure 8 shows
the representative TEM images of the asymmetric
core—satellite nanoassemblies made from combina-
tions of gold (50 nm, 13 nm) and silver (50 nm, 13 nm)
nanoparticles. The UV—vis spectra show the surface
plasmon coupling between the cores and satellites of
each material, spaced by DDT linkers. The surface
plasmon couplings of these heterogeneous nano-
assemblies, particularly for interparticle distances with-
in 1 nm, are an immensely interesting subject due to
quantum effects from both experimental and theore-
tical perspectives.*>*” Detailed analyses of these near-
field couplings are beyond the scope of this paper and
will be presented in a separate publication. At this
stage, the results presented in Figure 8 exemplify the
versatility of our assembly scheme, which can be
widely used to make novel assembly structures with
finely tunable plasmonic properties.

CONCLUSION

In summary, we have developed a novel method
that produces ultrapure asymmetric core—satellite
nanoassemblies in a colloidal state. This method is
based on the markedly different desorption efficiency
of nanoparticles, depending on the size and the sol-
vent. The produced assemblies have unique structural
features where a core AuNP (51 nm) is decorated by an
average of 13 + 3 satellite AUNPs (13 nm) with part of
the core surfaces left unoccupied. Strong surface plas-
mon coupling was observed from these asymmetric
core—satellite nanoassemblies due to the close proxi-
mity between the core and the satellites, which ap-
pears significantly red-shifted from the SPR band of the
constituting nanoparticles. The dependence of the
surface plasmon coupling on the gap distance be-
tween the core and the satellites was systematically
investigated by varying the length of the alkanedithiol
linkers. As the length of the alkanedithiol linkers de-
creased from 1,16-hexadecanedithiol to 1,2-ethane-
dithiol, the surface plasmon coupling band gradually
red-shifted, indicating the strengthening of the surface
plasmon coupling. From an exponential fit, we derived
a surface plasmon ruler equation for the core—satellite
nanoassemblies that relates the surface plasmon cou-
pling wavelengths to the interparticle distance be-
tween the core and the satellite. The asymmetric
core—satellite nanoassemblies also serve as an excel-
lent SERS substrate with an enhancement factor of 2 x
10°% Our assembly method was extendible to the
preparation of other combinations of core—satellite
nanostructures. We demonstrated that the assembly
of compositionally heterogeneous core—satellite
nanoassemblies is feasible using gold and silver
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nanoparticles. We believe that this new method is
widely applicable to the assembly of other combina-
tions of nanoparticles with different shapes, sizes,

METHODS

Materials. All chemicals used for the synthesis and assembly
of nanoparticles were purchased and used without further
purification. The list of compounds and their purity is available
in the Supporting Information.

Synthesis of Nanoparticles. AuNPs with a diameter of 13 nm
were synthesized using the Turkevich citrate reduction
method.*® The TEM characterization revealed that the AuNPs
have a diameter of 12.6 & 0.8 nm (Supporting Information). All
the other AuNPs used for the assembly of core—satellite
structures and for the study of the size-dependent desorption
efficiencies were synthesized by the seeded growth method.*
We modified the previously reported method to prepare 7.4, 18,
22,32,47,and 51 nm AuNPs. The detailed reaction conditions
and characterization results are summarized in the Supporting
Information. AgNPs (12.7 £ 2.7 nm) used as satellites were
synthesized by the reduction of AgNO; with citrate in the
presence of very small amounts of NaBH,. Large AgNPs
(50 nm) used for the cores were purchased from Ted Pella.

Preparation of Asymmetric Core—Satellite Nanoassemblies of AuNPs.
A glass slide (25 mm x 12 mm, Marienfeld, Germany) was
cleaned by sonication in a 15% RBS detergent solution at 90 °C
for 5 min, repeatedly washed with deionized water, and then
immersed in a 1:1 (v/v) mixture solution of methanol and HCl for
30 min.3%*3 After being rinsed with water, the glass substrate
was dried in an oven at 100 °C for 6 h. Step 1: To functionalize
the surfaces of the glass substrate with an amine, the cleaned
glass substrate was immersed in 1% ethanol solution of APTMS
for 30 min? The amine coating of the glass surfaces was
completed by washing with ethanol, sonicating for 3 min, and
drying in an oven for 2.5 h. Step 2: The core AuNPs were
adsorbed onto the amine-functionalized surfaces of the glass
substrates by immersing the substrate in a 5 mL solution of
51 nm AuNPs (27 pM) for 12 h. The unbound AuNPs were
removed by washing with water three times and then rinsing
with ethanol. It is critical to always keep the AuNP-adsorbed
substrate in solution during the washing and rinsing process.
The AuNPs tend to aggregate when the AuNP-adsorbed sub-
strate is dried.*”%*" The drying effect is evident from the
comparison of the UV—vis spectra taken with the sample
immersed in solution with those of the dried sample
(Supporting Information, Figure S10). To prevent aggregation
by the drying effect, when we washed and rinsed the AuNP-
adsorbed substrate after each step, we placed the substrate in
copious amounts of solvent, gently shook the solution, poured
the solvent out, always with some left so that the AuNP-
adsorbed substrate remained in solution, and poured in large
amounts of solvent again and repeated the washing process.
Step 3: The surfaces of the adsorbed core AuNPs were function-
alized with thiol groups to attach the satellite AuNPs. Imme-
rsion of the core-adsorbed glass substrates in an alkanedithiol/
ethanol solution (1 mM, 5 mL) for 12 h resulted in the formation
of alkanedithiol SAMs on the surfaces of the core AuNPs36~38
Step 4: The small 13 nm AuNPs were attached to the thiol-
functionalized core AuNPs on the substrate by immersing the
core-AuNP/substrate in the 13 nm AuNP solution (4.1 nM, 5 mL)
for 3 h. Step 5: After washing and rinsing with water and
ethanol, the glass substrate, now covered with the core—
satellite nanoassemblies, was placed in 5 mL of ethanol
(99.9%) and sonicated for 30 s at 2.4 W using an ultrasonic
cleaner (Branson, B2510-DTH).3* Upon sonication, the core—
satellite nanoassemblies preferentially desorbed from the sub-
strates into the ethanol, while the 13 nm AuNPs that were
adsorbed directly on the glass substrate remained. Removing
the glass substrate from the solution finalized the preparation
of the core—satellite nanoparticle assemblies dispersed in
ethanol.
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and compositions, opening new avenues for the
fabrication of nanoassemblies with novel properties
and new applications.

Characterization. To characterize the nanoparticles and nano-
assemblies on the glass substrate and in the solutions, we used
TEM (JEOL, JEM-2100F), SEM (Hitachi, S-5500 and S-4800),
UV—vis spectroscopy (PerkinElmer, Lambda 25), DLS (Malvern
Instruments, Zetasizer Nano ZS), and ICP-MS (Agilent, 7500cx).

Measurements of Desorption Efficiencies. The desorption effi-
ciency of the AuNPs from the amine-coated glass substrates
by sonication was quantified by ICP-MS. Multiple sets of the
AuNP-adsorbed glass slides were prepared under the same
conditions using the procedure described above. The amount
of AuNPs adsorbed on a slide was measured by dissolving the
AuNPs in 10 mL of a diluted aqua regia solution for 1 h and
measuring the amount of gold atoms in the solution using an
ICP mass spectrometer. Another set of AuNP-adsorbed glass
slides was subjected to sonication at 24 W for 2 min for
desorption. Then, the amount of remaining AuNPs on the slide
was measured by the same method mentioned above. The ratio
of the amount of AuNPs measured after sonication to that
before sonication represents the inverse of the desorption
efficiency. This experiment was repeated three to four times
to ensure the accuracy and reproducibility of the results.

SERS Measurements. The asymmetric core—satellite nano-
assemblies were prepared using a mixture of DDT and BM in
ethanol (DDT:BM = 4:1) in step 3 of the assembly process. A
small volume (0.7 mL) of the prepared assembly solution was
then transferred to a quartz cuvette and subjected to UV—vis
and Raman spectroscopy. The Raman spectra were obtained
using a home-built Raman microscope, based on an inverted
microscope (Olympus 1X-71). The 633 nm light from a He—Ne
laser (Melles Griot, 25LHP828-230) was focused onto the sample
through a 5x objective at 3.7 mW. Raman scattering was
collected by the same objective and transmitted to a spectro-
meter (Princeton Instruments, SpectraPro 2300i). The total
exposure time was 600 s for each spectrum.
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