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The plasmonic properties of gold nanoparticles (AuNPs), such as color tunability, electric field generation,
hot carrier generation, and localized heating, are significantly enhanced in the nanogaps between AuNPs.
Therefore, the creation and control of nanogaps are key to developing advanced plasmonic nano-
materials. Most AUNP nanoassemblies, including dimers, trimers, and core—satellites, have a single type of
nanogap within the assembly. In this study, we construct core—satellite—satellite (CSS) hierarchical, fractal-like
nanostructures featuring two types of nanogaps, namely first generation nanogaps (Gapl) between the core
and first satellite (Satl) AUNPs and second generation nanogaps (Gap2) between Satl and second satellite
(Sat2) AuNPs. The sequential and alternating immersion of glass slides in different-sized AuNPs and linkers
forms CSS with perfect yield. The UV-vis spectroscopy, combined with charge density distribution calcu-
lations, reveals the nature of the plasmon coupling between the AuNPs that constitute CSS nanoassemblies.
The plasmon coupling can be tuned by independently varying Gapl and Gap2. Furthermore, we explore the
electric field amplification in Gapl and Gap2 by comparing the surface-enhanced Raman scattering signal
intensity selectively from each nanogap. This new type of nanostructure provides a great flexibility to control
and enhance the plasmonic properties of noble metal nanoparticles.
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Introduction

Noble metal nanoparticles are versatile materials with a wide
variety of applications."™ Most representative properties of
noble metal nanoparticles, such as bright visible colors, elec-
tric field generation around the nanoparticles, highly energetic
charge carrier generation, and localized heating, originate
from the collective oscillation of conduction electrons in the
nanoparticles, called plasmons.’ Such plasmonic properties
are used in sensors,®° imaging,'*"? surface-enhanced spec-
troscopy,'® photocatalysis,"*® and nanoscale heating.*>°*
The nanogaps between nanoparticles significantly strength-
ens the plasmonic properties. The color of nanoparticles is

Department of Chemistry, Chung-Ang University, 84 Heukseok-ro, Dongjak-gu, Seoul
06974, Korea. E-mail: sangwoon@cau.ac.kr

TElectronic supplementary information (ESI) available: Detailed experimental
and simulation methods, characterization data of the AuNPs used in the experi-
ments, a gallery of SEM images of the CSS that were prepared using various
linker combinations, a comparison between the perfect radiant coupling mode
and Di-Di-Di coupling mode, data that shows the difference in the binding
forces between electrostatic interaction and covalent bonding, a comparison of
the SERS intensity between ABT and C8DT, calculated scattering spectra and
electric field distribution of CS and CSS at resonance wavelengths (PDF). See
DOI: https://doi.org/10.1039/d2nr04621k

This journal is © The Royal Society of Chemistry 2022

tunable across the visible wavelength region as the nanogap
distance varies.”>” The electric field is more intensified in
nanogaps through the capacitive effect,”®*® which is respon-
sible for surface-enhanced Raman scattering (SERS).'*3%3!
Nanogaps promote the generation of hot charge carriers,
thereby enabling a reaction that is unfeasible without the
nanoparticles.***® Plasmonic heating further increases the
temperature in the nanogaps.”***” Thus, nanogaps play a
crucial role in plasmonics. Accordingly, creating and control-
ling nanogaps is one of the main themes in this research field.

One of the best approaches for creating nanogaps is the for-
mation of nanoparticle assemblies. When nanoparticles are
brought together, nanogaps are naturally formed between the
nanoparticles. Various nanoassembly structures have been
developed. We categorize the assemblies according to the
nanoparticle type (namely, component) that comprises the
assembly. For similar-sized spherical nanoparticles (one-com-
ponent systems), the easily conceivable structures include
dimers,*®*™® trimers,*>*’>* tetramers,”* oligomers,>® and
their geometric isomers as the number of constituent nano-
particles increases. For two different-sized nanoparticles (two-
component systems), the assemblies evolve from
heterodimers®®® to core-satellite (“CS”) structures, where
central core nanoparticles are surrounded by smaller satellite
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nanoparticles.”’”* The controlled high-yield assembly of any
one- or two-component nanoparticles is challenging. Thus, the
experimental realization and its outcome would be truly a
great accomplishment. However, in these nanoassemblies only
one type of nanogap exists regardless of the number of consti-
tutive nanoparticles, limiting the degrees of freedom that can
be explored. For example, two nanogaps have identical charac-
teristics in trimers because the same type of nanoparticle
defines each nanogap. The nanogaps in CS nanoassemblies
are simply multiples of heterodimers.

This study aims to realize nanogaps with two different
characteristics in one nanoassembly unit. The combination of
these nanogaps diversifies the plasmonic properties.
Additional plasmon coupling from secondary nanogaps is
expected to expand the optical resonance and consequently,
enables color tuning in a wider range. Furthermore, a compari-
son of the two different nanogaps for amplifying electric fields
will provide a valuable guideline for designing sensitive SERS
materials. The contribution of additional nanogaps to hot
carrier generation efficiency or local heating remains to be
explored.

Here, we construct three-component hierarchical nano-
assembly structures where two generations of assemblies are
sequentially established to form their own nanogaps. More
specifically, large-size gold nanoparticles (“Core” AuNPs) are
adsorbed on a glass slide. Then, mid-sized AuNPs are attached
to the Core (first generation satellites, “Sat1”). Finally, other
smaller-sized AuNPs decorate each Satl AuNP (second gene-
ration satellites, “Sat2”), completing the core-satellite-satellite
(“CSS™) nanoassemblies. We also investigate the plasmon
coupling and electric field interactions within the CSS
nanoassemblies.

Results and discussion
Assembly method

We adopted the sequential adsorption method on glass slides
to assemble nanoparticles (Fig. 1).*® The experimental details
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are provided in the ESI.{ Briefly, we prepared citrate-stabilized
AuNPs with three different sizes (70 + 8, 32 + 4, and 20 + 2 nm)
for use as the Core, Satl, and Sat2 nanoparticles, respectively
(Fig. S17). The assembly proceeds as follows: (1) glass slides
(25 x 13 mm?) are thoroughly cleaned and amine-functiona-
lized using (3-aminopropyl)trimethoxysilane (APTMS); (2) the
amine-coated glass slide is immersed in the 70 nm AuNP solu-
tion (23 pM, 5 mL) for 5 h to anchor the Core AuNPs onto the
glass slide; (3) after washing, the AuNP/glass slide is immersed
in a NaOH solution (50 mM, 5 mL) for 5 h to remove the free
APTMS on the glass slide. This so-called masked desilaniza-
tion prohibits other citrate-capped AuNPs, such as Satl and
Sat2, from adsorbing on the glass slide in later steps;*® (4) the
Core/glass slide is then immersed in an ethanol solution of
“Linker1” molecules (1 mM, 5 mL) for 1 h to attach the linkers
to the Core AuNP surfaces in a self-assembled monolayer
(SAM) formation.”” This step uses dithiol or aminothiol mole-
cules, including 1,8-octanedithiol (C8DT), 1,4-benzenedi-
methanethiol (BDMT), and 4-aminobenzenethiol (ABT); (5)
immersion in a citrate-capped Satl AuNP solution (32 nm, 214
pM, 5 mL) for 6 h forms CS nanoassemblies on the glass slide;
(6) another immersion step in a “Linker2” solution (1 mM,
5 mL) for 1 h replaces the weakly bound citrates on the Satl
AuNPs with Linker2 molecules; and (7) subsequent immersion
into a solution of 20 nm Sat2 AuNPs (710 pM, 5 mL) for 4 h
completes the formation of CSS nanoassemblies. Notably,
without the masked desilanization process (step (3)), Satl and
Sat2 AuNPs would adsorb onto the amine-coated glass slides,
thereby lowering the yield of the CS or CSS nanoassemblies.

Structural and optical characteristics

Fig. 2 shows the structural and optical properties of the pre-
pared CSS nanoassemblies. The representative scanning elec-
tron microscopy (SEM) image in Fig. 2a shows the successful
assembly of CSS hierarchical nanostructures. Addtional SEM
images of the CSS nanoassemblies with various linkers are
available in Fig. S2. The images show that our assembly
method is extremely reproducible. No individual or partly
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Fig. 1 Stepwise assembly scheme for CSS. (1) A clean glass slide is amine-coated using APTMS. (2) Citrate-stabilized Core AuNPs (70 nm) adsorb on
the glass slide through electrostatic interactions. (3) Unbound amines on the glass slide are removed by NaOH (masked desilanization process). (4)
Dithiol or aminothiol linkers (Linkerl) replace citrates on the Core AuNP and functionalize the surface with thiol or amine. (5) Citrate-capped Satl
AuNPs (32 nm) attach to the Linkerl on the Core AuNP to form a CS nanoassembly. (6) Linker2 molecules bind to the Satl AuNP surfaces, displacing
the citrates. (7) Citrate-capped Sat2 AuNPs (20 nm) adsorb on the Linker2, completing the formation of CSS.
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Fig. 2 Structural and optical characteristics of CSS nanoassemblies. (a) Representative SEM image (inset: a magnified view) of CSS nanoassemblies
with C8DT as linkers. (b) Photographic images and (c) UV-vis spectra of the Core, CS, and CSS with C8DT as linkers.

assembled AuNPs are observed, indicating that all the nano-
particles prepared on the glass slides are CSS nanoassemblies
(perfect yield). Analysis of the SEM images (N = 68) indicates
that, on average, eight CSS nanoassemblies are formed within
a 1 um? area. Thus, each glass slide produces 4.3 = 0.5 fmol of
CSS nanoassemblies. The number density of CSS nanoassem-
blies can be controlled by the immersion time of glass slides
in a Core AuNP solution and/or the concentration of the AuNP
soluiton in Step (2). A close inspection of the individual CSS
structures reveals that each Core AuNP houses 5-7 Satl AuNPs,
and each Satl AuNP is decorated by three Sat2 AuNPs. The
number of satellite AuNPs is determined by the interplay
between the available space into which the AuNPs can fit and
the electrostatic repulsion between the approaching AuNPs
that are all negatively charged. The large difference in size
between the Core (70 nm) and Satl (32 nm) allows more Satl
AuNPs to attach to the Core than Sat2 AuNPs (20 nm) to Satl
AuNPs (32 nm).

Fig. 2b displays the colors of the Core AuNP, CS, and CSS
nanoassemblies prepared on glass slides. The glass slide con-
taining the Core AuNPs exhibits a red color, but its color
changes to purple and blue when Satl and Sat2 AuNPs,
respectively, are added sequentially. The optical response in
Fig. 2c is consistent with the observed color change. An extinc-
tion peak is visible at 544 nm in the UV-vis spectrum for the
Core AuNPs (70 nm), rendering the adsorbed glass slide red.
This peak is attributed to the well-known localized surface
plasmon resonance (LSPR) of AuNPs.>”® An additional peak
appears at 709 nm for the CS nanoassemblies where the Core
and Satl AuNPs are connected by the C8DT molecules (gap
distance, d = 1.3 nm).®" For the CSS nanoassemblies, three
peaks are observed. The shortest wavelength peak remains in
the same position as that of the Core or CS AuNPs (4 =
545 nm), while the two long wavelength peaks (4 = 680 and
761 nm) appear to be split from the 709 nm peak of the CS
(Fig. 2¢).

To assign these peaks and determine the origin of the
plasmon coupling in these complex assembly structures, we
conducted finite-difference time-domain (FDTD) simulations.
We constructed a symmetric CSS structure for the calculations

This journal is © The Royal Society of Chemistry 2022

(Fig. 3a). Four Satl AuNPs (32 nm) are placed along the Core
(70 nm) meridian. Two additional Satl AuNPs are positioned
at the equator at an azimuthal angle of +90° from the meridian
to complete the CS structure. For the CSS, three Sat2 AuNPs
(20 nm) are attached to each Satl AuNP. All gap distances are
set to 1.3 nm. A plane wave propagates from the top with a
polarization parallel to the meridian.

Fig. 3b shows the calculated optical responses of the Core,
CS, and CSS. Although the detailed peak positions differ
slightly from those in the experiments, the overall features are
fully consistent. A single peak appears at 551 nm for the Core.
An additional peak is observed at 657 nm for the CS nano-
assembly, whereas the other peak remains largely at the same
position (547 nm) as that of the Core. For the CSS nano-
assembly, the 657 nm peak is split into two peaks at 622 and
704 nm.

We calculated the charge density distribution at each reso-
nance wavelength. Fig. 3¢ presents a cross-sectional view of the
charge distribution along the meridian. The plasmon coupling
for the CS or CSS nanoassemblies obeys the plasmon hybridiz-
ation model developed by Nordlander and coworkers.”*”> The
dipole plasmon modes of the Core and Satl AuNPs interact
with each other to form a stabilized dipole-dipole plasmon
coupling mode (“Di-Di” in Fig. 3). This mode corresponds to
the radiant mode proposed by Kuttner and coworkers.”®”®
Large Core AuNPs interact with light more strongly than the
small Satl AuNPs do. Consequently, the plasmon induced on
the Core governs the plasmons on the satellites. A large
plasmon dipole mode on the Core AuNP aligns the dipole plas-
mons of the small Satl AuNPs in the radial direction. On the
high-energy side, a weakly interacting, and thus less-stabilized
coupling mode forms. Instead of the global dipole plasmon
mode on the Core AuNP, the surface charges become localized
and interact with the quadrupole plasmon modes of Satl
AuNPs (“Local-Quad” coupling mode).

A similar pattern is observed for CSS nanoassemblies. The
most stable plasmon coupling mode originates from the
dipole-dipole interactions between the Core, Satl, and Sat2
AuNPs (“Di-Di-Di” coupling mode). However, the coupling is
not perfectly radial from the Core to Sat2. In this mode, the

Nanoscale, 2022, 14,17003-17012 | 177005
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Fig. 3 Calculated optical responses of the Core, CS, and CSS nanoassemblies. (a) The CSS structure used in the calculations. k and Eg refer to the
propagation and polarization of the plane wave that interacts with the CSS. (b) Calculated extinction spectra and (c) cross-sectional view of the
charge density distribution at the resonance wavelengths for the Core, CS, and CSS. The plasmon coupling modes assigned from the charge density
distribution are labeled at the corresponding energy levels. Dipole, quadrupole, and hexapole plasmon modes are abbreviated as Di, Quad, and Hex,
respectively. Localized charge density interactions with their counterparts are designated as Local.

strong dipole plasmon of the Core AuNP influences the charge
distribution of Satl and Sat2 at larger distances. Such a long-
range interaction rotates the dipole plasmon of Satl and Sat2
slightly from the radial direction such that the far-side charges
compensate for the plasmon dipole of the Core (Fig. S37).

Local charge interactions play a more important role in
coupling at higher energies. At 622 nm, the more polarizable
quadrupole plasmon modes of Satl and Sat2 begin to interact
with the dipole plasmon mode of the Core AuNP (“Di-Quad-
Quad” coupling mode). Thus, Di-Di-Di and Di-Quad-Quad are
the branches of the Di-Di mode of CS as Sat2 AuNPs are
added, supporting our interpretation that the two long-wave-
length peaks for CSS are the ones that split from the dipolar
plasmon coupling peak of CS in the UV-vis spectra.

The Local-Quad mode of the CS evolves into higher-degree
multipole interactions in CSS structures. Our calculations
show that the interaction of the localized charge distribution
of the Core with the hexapole plasmon mode of Satl and quad-
rupole plasmon mode of Sat2 creates a “Local-Hex-Quad”
coupling mode (541 nm) whose energy is similar to the Local-
Quad mode of CS (547 nm) and the dipole plasmon mode of
the Core AuNP (551 nm).

17006 | Nanoscale, 2022, 14,17003-17012

Having found the origin of the peaks in the UV-vis spectra
of CSS, we explored how these couplings change depending on
the nanogap characteristics. We prepared a set of CSS nanoas-
semblies that comprise the same Core, Satl, and Sat2 AuNPs,
but are linked by four different combinations of C8DT and
ABT linkers. Fig. 4 shows the UV-vis spectra of these CSS
nanoassemblies with (Linker1-Linker2) where Linkerl and
Linker2 define the nanogap between Core and Satl and
between Sat1 and Sat2, respectively.

The three resonance peaks are consistently observed for all
CSS nanoassemblies with different linkers, but the peak
widths and positions vary, reflecting the difference in the
coupling strengths between the AuNPs. The extinction spec-
trum of the CSS with the (C8DT-C8DT) linker combination
exhibits three well-resolved peaks at 545, 680, and 761 nm,
which are assigned to the Local-Hex-Quad, Di-Quad-Quad,
and Di-Di-Di coupling modes, respectively (blue line). Notably,
the latter two peaks of the CSS at 680 and 761 nm are split
from the peak at 709 nm of the CS that is assigned to the Di-
Di mode (dark blue line). When Linker2 uses ABT, instead of
C8DT, similar split peaks are apparent but are significantly
broadened (cyan line). The broadening is due to the electro-

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 UV-vis spectra of CSS with different combinations of linkers.
Linkerl and Linker2 refer to the molecules used to connect Core and
Satl, and Satl and Sat2, respectively. For all CSS, the same types of Core
(70 nm), Satl (32 nm), and Sat2 (20 nm) AuNPs were used. The UV-vis
spectra of CS with ABT or C8DT are included for comparison. The
spectra are offset for clarity.

static binding between the ABT linkers and citrates on Sat2
AuNPs. The electrostatic binding between the terminal
ammonium group of ABT and carboxylates on citrate is weaker
than the covalent bonding between C8DT and Sat2 where the
thiol group of C8DT displaces citrates on the Sat2 AuNPs and
forms an Au-S bond (Fig. S4t). Consequently, the nanogaps
using ABT are less solidly defined than those formed by
covalent bonding. The resulting variations in the nanogaps
lead to broader coupling bands for the ABT than that for the
C8DT linkers. Moreover, the Di-Di-Di coupling mode is more
red-shifted when ABT is used as Linker2, indicating that the
coupling between Satl and Sat2 is stronger across the nanogap
formed by ABT. The molecular height of the ABT SAMs
(0.9 nm) is shorter than that of C8DT SAMs (1.3 nm), which
might cause stronger plasmon coupling.®!

These features consistently appear whenever citrate-capped
AuNPs are connected by ABT. The Di-Di coupling peak of the
CS nanoassemblies connected by ABT (red line) is broader
than that of the CS nanoassemblies connected by C8DT (dark
blue line) in Fig. 4. When C8DT is used to attach Sat2 AuNPs
to the CS with ABT, the Di-Di mode at 705 nm is split into two
resolved peaks at 657 and 742 nm (magenta line).
Comparatively, when ABT is used as Linker2 (orange line), the
coupling peaks of CSS broaden and redshift. This study
demonstrates that the two independently adjustable nanogaps
within CSS nanoassemblies enable a control of the optical
resonances in a wide wavelength range.

Electric field characteristics

Nanogaps play a major role in amplifying electric fields
induced by plasmons. As two hierarchical nanogaps exist in
CSS nanoassemblies, it is of great interest to compare electric
fields between the first generation nanogaps (“Gap1”, between

This journal is © The Royal Society of Chemistry 2022
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Core and Satl) and second generation nanogaps (“Gap2”,
between Satl and Sat2). SERS enables us to tackle this
problem because it arises from a near-field effect that reflects
the intensity of the electric fields in the nanogaps.

We prepared CS and CSS nanoassemblies on glass slides
using a combination of ABT and C8DT linkers. To correlate the
number of nanoassemblies and SERS intensities, we placed a
finder grid (hole size = 420 x 420 um?, bar width = 80 um,
50 mesh) on a glass slide and obtained the SERS spectra from
the center area of a specific grid square cell using a Raman
microscope (dex = 785 nm, laser spot size = 10 pum, Fig. 5a,
middle panel). The ABT molecules were used as SERS probes.
The Raman scattering cross-section of the other linker (i.e.,
C8DT) in the CSS nanoassemblies is so small, as compared to
that of ABT, that only ABT vibrational peaks are observed in
the SERS spectra even if both ABT and C8DT are used as
linkers (Fig. S51). This allows us to measure the electric field
intensity at selected nanogaps. We compared the SERS inten-
sity of ABT at 1586 cm™" (v vibrational mode) when the ABT
molecules were in the nanogaps of CS and CSS (Fig. 5a, left
panel). Notably, the number of nanoassembly particles is
another contributing factor to the SERS intensity. To account
for this, we acquired the SEM images from the same grid area
where we measured SERS (Fig. 5a right panel), calculated the
particle density, and divided the SERS peak intensity at
1586 cm™' by the number of nanoassembly particles within
the laser spot size. We obtained the SERS peak intensity per
nanoassembly particle from five different grid positions as
described above and repeated the experiments on four or five
separately prepared samples. Fig. 5b presents the average peak
intensity per nanoassembly particle with one standard devi-
ation as an error bar from these measurements.

The measured SERS intensity reflects the electric field
intensity in Gap1 and Gap2, induced by plasmon excitation in
the CSS nanoassembly. The results presented in Fig. 5b indi-
cate that the Core AuNPs alone do not produce SERS signals,
confirming that SERS is indeed a nanogap effect. SERS begins
to occur as Satl AuNPs adsorb on the core AuNPs through the
ABT linkers, thus consequently positioning ABT in the nano-
gaps between the Core and Satl AuNPs. The SERS intensity of
a CS nanoassembly corresponds to 24. Interestingly, when Sat2
AuNPs are attached while the ABT molecules remain in Gapl,
the SERS signal intensity per nanoassembly particle increases
from 24 to 33 (38% increase). In other words, the SERS inten-
sity of CSS is stronger than that of CS even if the ABT mole-
cules experience the same nanogap environment between the
Core and Satl. This is presumably due to the increase in the
scattering cross-section as the overall nanoassembly system
size increases from 136 to 179 nm (32% increase).

For identical CSS structures, when the SERS probe mole-
cules are in Gap2, the SERS intensity decreases by half com-
pared to that when the molecules are in Gap1 (16 against 33).
This finding indicates that the size of the AuNPs that define
the nanogaps is important for enhancing the Raman signal.
Finally, when the SERS probe molecules are in both Gap1 and
Gap2, the overall SERS signal intensity is the same as the SERS

Nanoscale, 2022, 14,17003-17012 | 177007
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Fig. 5 Experimental measurements of electric fields from nanogaps (Gapl and/or Gap2) using the SERS of ABT. (a) Schematic experimental setup
for measuring the SERS intensity per nanoparticle (middle panel). The nanoassemblies are prepared on glass slides on which a finder grid is placed.
Raman spectra of the SERS probe molecules (ABT) are acquired from one of the finder grid cells using a Raman microscope with a Raman excitation
laser at 785 nm (left panel). The number of nanoassemblies probed by SERS is measured using SEM from the same cell of the finder grid (right
panel). (b) SERS intensity per particle when the ABT SERS probe molecules are on the Core AuNP without satellite AUNPs, in the Gap1 of CS and CSS,
in the Gap2 of CSS, and in both the Gap1 and Gap2 of CSS.

signal intensity from Gapl alone, suggesting that the We compared our experimental results with the calcu-
electric field intensity of Gapl dominates that of the entire lations. Fig. 6a shows a cross-sectional view of the electric field
system. distribution of the Core, CS, and CSS nanoparticles induced by
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Fig. 6 Calculated electric field intensities at the nanogaps. (a) 2D cross-sectional view of the 3D electric field distribution along the meridian of the
nanoparticles, induced by a 785 nm light with propagation (k) and polarization (Eo) indicated in the figure. The numbers refer to the magnitude of
the electric fields, compared to that of incident electric fields (|E|/|Eo|) at each nanogap. (b) Comparison of the electric field enhancement at the
nanogaps of the Core, CS, and CSS nanoassemblies. The sizes of the AuNPs are identical to those used in the experiments. The nanogaps are set as
1.3 nm, mimicking the C8DT linkers.
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light at 785 nm propagating from the top with polarization,
labeled E,. For comparison of the electric fields between
Gap1 and Gap2, we used the same gap distance, 1.3 nm, for
both nanogaps. The numbers in the figure represent the mag-
nitude of the induced electric field compared to that of the
incident electric field (|E|/|Eo|) at each nanogap. Note that the
fourth power of the ratio determines the SERS enhancement
factor.*?

The general trend in the calculated electric field enhance-
ment for each nanoassembly structure is consistent with our
observation of the SERS signal intensity. The electric field
around the single Core AuNP is weakly enhanced, yielding a
|E|/|Eo| of only 6. Such a weak electric field enhancement on
an individual AuNP agrees with our experimental observation
in Fig. 5. The electric field is significantly enhanced only in
the nanogaps. Upon the adsorption of Satl AuNPs (i.e., CS
nanoassembly), the electric field enhancement at the same
position considerably increases from 6 to 73 (Fig. 6a(ii)).

Interestingly, the molecule in the nanogap between Core
and Satl experiences a significantly greater electric field in the
CSS than in the CS. Fig. 6 shows that the electric field in Gap1
increases from 73 to 120 (64% increase) or 48 to 73 (52%
increase) as Sat2 AuNPs attach to Satl. The presence of Sat2
AuNPs seems to enhance the electric field in the area where
Sat2 is not directly associated. This calculation result correlates
with the experiments. The SERS signal intensity from Gap1
increases from 24 to 33 as Sat2 AuNPs attach to Sat1 (Fig. 5).

Further calculations reveal that this effect is attributed to
the excitation intensity that is used to induce electric fields. As
the excitation wavelengths are closer to the plasmon resonance
of nanoparticles, a stronger electric field is induced. At
785 nm, CSS has a larger scattering cross-section (1.25 x 107
m?) than CS (0.41 x 107" m?) (Fig. S61). Consequently, an
overall stronger electric field is induced in CSS than in CS, as
shown in Fig. 6. In contrast, excitation of the CS and CSS at
their resonance wavelengths results in a higher electric field
intensity for CS (|Emax|/|Eo| = 243) than for CSS (|Emax|/|Eo| =
192), which is consistent with the larger scattering cross-
section of CS than that of CSS at each resonance wavelength
(Fig. S67).

Finally, we compared the electric field enhancement
between Gap1 and Gap2 within the same CSS. The calculations
show that the electric field at Gap2 is weaker than that at Gap1
(95 against 120 or 40 against 73). This is also qualitatively con-
sistent with the gap-selective SERS measurement results pre-
sented in Fig. 5. The SERS intensity in CSS at Gap2 is weaker
than that at Gap1 in CSS (16 against 33).

The electric field intensity at each nanogap in CSS ranges
from 40 to 120; the largest enhancement is observed at Gap1l
when the Core and Satl AuNPs are aligned in the polarization
direction of the light. Our experimental results suggest that
such an electric field enhancement dominates the SERS
signal. The contribution from the other nanogaps is small or
negligible. Our study provides a method for the assembly of
hierarchical plasmonic nanostructures and a guide for the
smart design of SERS probe materials.

This journal is © The Royal Society of Chemistry 2022
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Conclusions

We successfully constructed CSS hierarchical nanoassembly
structures. The sequential assembly of 70, 32, and 20 nm
AuNPs on glass slides using ABT, C8DT, or BDMT linkers leads
to the formation of CSS nanoassemblies with ultrahigh purity.
Each CSS nanoassembly consists of 5-7 Satl AuNPs surround-
ing a Core AuNP, and each Satl is covered with three Sat2
AuNPs. UV-vis spectra show the evolution of the plasmon
coupling peaks as Satl and Sat2 AuNPs are added to the Core
AuNP. CS displays a plasmon coupling mode peak (~710 nm)
in the longer wavelength region in addition to the peak
(~540 nm) near the typical LSPR band of individual AuNPs.
The long wavelength peak splits into two peaks at ~680 and
~760 nm upon the formation of CSS. Charge density distri-
bution calculations reveal that the three peaks in the CSS
nanoassembly are assigned to the Di-Di-Di, Di-Quad-Quad,
and Local-Hex-Quad coupling modes from right to left in the
spectrum. The peak widths are related to the variations in the
nanogap distances, which are determined by the binding
characteristics between the linker and AuNP surfaces. The
plasmon-induced electric field amplification at Gapl and
Gap2 is measured using SERS by positioning the ABT mole-
cules in the desired nanogaps. SERS signals cannot be
observed without the nanogaps. The SERS signal intensity
from Gap1, between the Core and Satl AuNPs in the CS
nanoassemblies, increases by 38% upon adsorption of Sat2
AuNPs. The Raman enhancement from Gap2 is approximately
half of that from Gapl. Positioning the Raman probe mole-
cules in both Gapl and Gap2 yields a SERS signal intensity
which is approximately the same as that when the molecules
are only in Gap1. The electric field intensity calculated using
the FDTD method is consistent with our experimental obser-
vations. This new type of nanostructure provides more flexi-
bility to control and enhance the plasmonic properties of
noble metal nanoparticles.
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