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ABSTRACT The assembly of noble metal nanoparticles is an appealing means
to control the plasmonic properties of nanostructures. Dimers are particularly
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interesting because they are a model system that can provide fundamental
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insights into the interactions between nanoparticles in close proximity. Here, we

report a highly efficient and facile assembly method for dimers and other forms of
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assemblies. Gold nanoparticles (AuNPs) adsorbed on aminosilanized glass surfaces Quantuin Regime
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protect the silanes underneath the nanoparticles from hydrolysis. This masked

desilanization allows us to prepare AuNP homodimers on glass slides with

remarkably high yield (~90%). The interparticle distance and, accordingly, the surface plasmon coupling are readily tuned at the molecular level
using self-assembled monolayers of alkanedithiols. As the interparticle distance is reduced, the resonance surface plasmon coupling progressively redshifts,
following the classical electromagnetic model. When the interparticle distance enters the subnanometer regime, however, the resonance band begins to
blueshift and significantly broadens. The comparison of our observations with theoretical studies reveals that quantum tunneling effects play a significant
role in the plasmonic response of AuNP dimers in the subnanometer gap region. The assembly method based on the masked desilanization is extendable to

the formation of various other forms of nanoassemblies and, thus, will further our understanding of plasmonic interactions in nanoassemblies.
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urface plasmon resonance (SPR) is

the defining property of noble metal

nanoparticles.' Excitation of collective
oscillations of the conduction electrons
(called surface plasmons) at the resonance
wavelength leads to significant light scat-
tering, the generation of local electromag-
netic fields around the nanoparticles, and
localized heat release by the nanoparticles.?
These properties facilitate a wide variety of
applications involving noble metal nano-
particles including chemosensing,® biologi-
cal imaging,* solar energy conversion,® and
cancer cell treatment.® Therefore, the pro-
duction and control of the SPRis at the heart
of plasmonics.

The SPR can be controlled by modifying
individual nanoparticles. The resonance
wavelength varies with the size, shape,
materials, and local environment of the
nanoparticles.” Therefore, the synthesis of
nanoparticles with different structures or
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compositions leads to the changes in the
resonance wavelength. An alternative to
cumbersome synthetic procedures is to
use preformed nanoparticles as building
blocks and assemble them into a new
structure.® When the nanoparticles are in
close proximity, the individual surface plas-
mons can couple, leading to a shift in the
optical response.’ Surface plasmon cou-
pling sensitively depends on the way the
nanoparticles are assembled. Therefore, var-
iations in the assembly parameters (inter-
particle distance, configuration, the number
of nanoparticles, etc.) and permutations in
the constituent nanoparticles (size, shape,
materials, etc.) allow one to finely tune the
resonance wavelength. Furthermore, nano-
assemblies act as excellent nanoantennas for
plasmonics studies because the electromag-
netic fields generated by the surface plas-
mons are highly focused at interstitial sites."®
Therefore, the abundant nanogaps present
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in nanoassemblies provide hot spots for many near-
field enhancement effects such as surface-enhanced
Raman scattering, surface-enhanced fluorescence, and
plasmonic photocatalytic activities.>'" '3

Controlling the resonance wavelength using nano-
particle assemblies requires a fundamental under-
standing of surface plasmon coupling. Many experi-
mental observations have indicated that when surface
plasmons are coupled, a new band appears at a longer
wavelength than the SPR band of isolated nano-
particles."*™"® The surface plasmon coupling band
further redshifts as the interaction among the nano-
particles strengthens. This phenomenon is explained
in the framework of classical electrodynamics. In a
simple but intuitive surface plasmon hybridization
model, interactions between nanoparticles create a
new hybridized bonding mode, similar to a bonding
orbital in molecular orbital theory.2%?' This resonance
is redshifted with respect to the SPR mode of indivi-
dual nanoparticles. When two particles interact more
strongly as the interparticle distance decreases, the
bonding mode is lowered in energy and, thus, the
resonance wavelength further redshifts. The quantita-
tive relationship between the redshift of the surface
plasmon coupling band and the interparticle distance
yields a plasmon ruler equation that allows one to
measure interparticle distances from optical spectra
with great accuracy.'®'722724

This simple classical electrodynamics model, how-
ever, breaks down as the interparticle distance enters
the subnanometer regime. Theoretical studies by
Nordlander and co-workers revealed that tunneling
effects begin to disturb the interaction between the
surface plasmons when the interparticle distance is
below 1 nm.*>?® Their quantum mechanical calcula-
tions showed that the gradual redshift of the plasmon
coupling band with decreasing interparticle distance
transitions to a blueshift as quantum effects begin to
dominate the interaction. Despite theoretical predic-
tions and commonly accepted notions, experimental
evidence for these quantum effects in coupled nano-
particles has rarely been presented.”” —*°

For comparison with quantum calculations, plasmon
coupling must be measured on dimers as a function of
the interparticle distance. However, it is challenging to
prepare nanoparticle dimers with controllable inter-
particle distances down to the subnanometer range in
high yield. Top-down methods, such as electron beam
lithography, produce arrays of well-controlled nano-
disc dimers, but with the interparticle distance usually
limited to >2 nm due to electron dispersion.'® Bottom-
up approaches using molecular linkers are better
suited to finely controlling the interparticle distance.
In this process, however, stoichiometric mixing of
nanoparticles functionalized with linkers inevitably
leads to a mixture of assemblies with undesired multi-
mers and unlinked monomers.'®*' 3> The required
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postassembly separation process using electrophor-
esis or density-gradient centrifugation significantly
lowers the overall yield of the dimers and often
destabilizes the product. The spatially selective func-
tionalization of nanoparticles permits more controlled
assembly.>*~*" However, the interparticle distance is
mostly longer than 2 nm because DNA hybridization or
amide bond formation used to connect nanoparticles
requires a certain length for the linkers.

Recently, we developed a new assembly method to
prepare core—satellite nanoassembly structures with
near 100% vyield.*> The core-to-satellite interparticle
distance was controlled at the molecular level down to
~0.7 nm using self-assembled monolayers (SAMs) of
alkanedithiols. The combination of the ultrahigh purity
of the assemblies and the tunable interparticle dis-
tance allowed us to measure the surface plasmon
coupling as a function of the interparticle distance. In
particular, we discovered strong evidence of quantum
effects in the Ag core—Au satellite assemblies with gap
distances less than 1 nm.?® However, direct compar-
ison with quantum mechanical calculations was un-
feasible due to the large size and complexity of the
assembly structure. Therefore, a new assembly method
for dimers with controllable interparticle distances is
highly desired.

In this article, we report a new assembly method that
prepares dimers with ~90% vyield. The realization of
high-purity dimers with tunable interparticle distances
inspired us to measure quantum effects at subnano-
meter interparticle distances. This paper presents
three research outcomes. We first report our observa-
tion of a novel phenomenon that we named masked
desilanization, which provides a solid foundation for
the newly developed assembly method. Next, we
describe the procedure and the important results of
the new assembly method for homodimers. We also
demonstrate that this method is not limited to the
assembly of homodimers, but is highly extendable to
the assembly of other forms of clusters. Finally, we
discuss the quantum effects observed in the optical
response of the dimers with subnanometer inter-
particle distances.

RESULTS AND DISCUSSION

Observation of Masked Desilanization. Our new assem-
bly method is based on building up nanoparticles one
after another on a solid support. The key element in
this process is masked desilanization. Figure 1 outlines
the general desilanization and the newly observed
masked desilanization. Desilanization generally in-
volves the hydrolysis of the siloxane bond under basic
conditions, which has been used to effectively re-
move organosilane thin films from glass surfaces
(Figure 1a).**** We find that the binding of gold nano-
particles (AuNPs) significantly hinders the hydrolysis of
the silanes beneath the AuNPs (Figure 1b). The AuNPs
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Figure 1. Schematic illustrations of (a) general desilaniza-
tion and (b) masked desilanization. Aminosilane layers
(green lines) are removed by basic hydrolysis. The adsorbed
AuNPs (yellow circles) hinder the hydrolysis of the under-
lying silanes.
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Figure 2. Extent of desilanization of glass slides, as probed
by the adsorption of AuNPs. (a) Experimental scheme: as
longer reaction time with NaOH (desilanization time) is
allowed, more aminosilanes are removed and thus less
AuNPs adsorb. (b) Representative SEM images of the AuUNPs
adsorbed on the aminosilanized glass slides that have
reacted with NaOH (1 mM) for 0, 1.5, and 3 h. (c) Changes
in the number of adsorbed AuNPs in randomly selected
areas (1.73 um x 2.56 um) with increasing desilanization
reaction time.

therefore serve as a masking agent for the desilaniza-
tion reaction.

We measure the (masked) desilanization of glass
surfaces through the adsorption and desorption of
AuNPs. Citrate-capped AuNPs adsorb well on aminosi-
lanized glass surfaces via electrostatic interactions.*>¢
Therefore, the extent of desilanization can be mea-
sured by monitoring the change in the number of
AuNPs adsorbing on the glass surface after the reac-
tion. First, we prepare aminosilanized glass slides
using (3-aminopropyl)trimethoxysilane (APTMS) and
let them react with NaOH (1 mM) for periods of time
ranging from 0 to 3 h (Figure 2a). The glass slides are
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Figure 3. Desilanization of aminosilanized glass slides with
AuNPs adsorbed on the surface. (a) SEM images of the AuNP
(25 nm)-adsorbed glass slides as they react with NaOH
(1 mM) for 0, 1.7, and 2.5 h. (b) SEM images of the AUNP
(25 nm)-adsorbed glass slides as they are allowed to adsorb
the second AuNPs (15 nm) after the desilanization reaction
for 0, 1.7, and 2.5 h. (c) A plot of the number of AuNPs in
randomly selected areas (1.73 um x 2.56 um) from (a) and
(b). The scale bars in the main and inset images are 250 and
100 nm, respectively.

then immersed in solutions of AuNPs (diameter =25 +
2 nm) for adsorption. The scanning electron micro-
scopy (SEM) images in Figure 2b clearly show that
initially the AuNPs adsorb well on the amine-coated
glass slides (0 h). As the amine-coated glass slides are
treated with NaOH for longer periods of time, the
desilanization reaction leaves less aminosilanes on
the glass surfaces, leading to the adsorption of fewer
amounts of AUNPs. The aminosilane layer is completely
removed after 3 h of NaOH treatment, and thus, no
AuNPs adsorb on the glass slide (Figure 2c).

The rate of surface desilanization is significantly
affected by the presence of AuNPs on the surfaces.
For this investigation, we adsorb citrate-capped AuNPs
(25 & 2 nm, referred to as the first AUNPs here) on the
aminosilanized glass surfaces prior to the desilaniza-
tion reaction. The AuNP-adsorbed glass slides are then
reacted with NaOH (1 mM) for different periods of time
ranging from 0 to 12 h (Figure 3). As the hydroxides
cleave the siloxane bonds between the aminosilanes
and the glass surfaces, the AuNPs desorb together with
the aminosilanes from the glass surfaces. Contrary to
our expectation that all AuNPs would desorb in 3 h,
as observed for the bare aminosilanized surfaces in
Figure 2, the AuNPs remain adsorbed for up to 6 h of
reaction time (Figure 3a and the red line in Figure 3c).

VOL.8 = NO.8 = 8554-8563 = 2014 @%{Q}

WWwWW.acsnano.org

8556



1) 2 ® ®

APTMS 1st AUNP 114 )11
Glass e Glass —_—
1% viv 100 pM
30 min 3h 3,
waon 170
5h
»? “ ® @
an AuNP DIth\Ol 27
Glass Glass
8 h 1 h

Figure 4. A scheme for stepwise dimer assembly using
masked desilanization. (1) Amine coating of glass slides
using APTMS, (2) adsorption of the first AuNPs, (3) masked
desilanization with NaOH, (4) thiol-functionalization of the
first AuNPs, (5) preferential adsorption of the second AuNPs
onto the first AuNPs, forming dimers.

This result implies that the aminosilanes under the
AuNPs are hydrolyzed by NaOH much more slowly
than are free-standing silanes. To examine the state of
the free-standing aminosilanes, uncovered by the first
AuNPs, we immerse the resulting glass slides in a
solution of AuNPs, referred to as the second AuNPs
here, with a different size (15 & 1 nm) from the first
AuNPs. The number of the adsorbed second AuNPs
decreases with the desilanization reaction time and
finally reaches zero after 2.5 h of the reaction, confirm-
ing that the aminosilanes unprotected by the first
AuNPs follow the normal kinetics of the desilanization
reaction (Figure 3b and the blue line in Figure 3c).
These observations strongly suggest that the AuNPs
bound to the aminosilanes on the glass surfaces
protect the underlying silanes from desilanization
and therefore serve as masks. The citrate-capped
AuNPs presumably hinder hydroxides from approach-
ing the silanes immediately underneath the AuNPs due
to electrostatic or steric effects.

Assembly of Dimers Using Masked Desilanization. The
masked desilanization procedure allows us to pre-
pare homodimers of nanoparticles with a high yield.
The idea is that the masked desilanization removes all
the aminosilanes from the glass surface except where
AuNPs are adsorbed. Then, the subsequently added
AuNPs would not adsorb on the glass surface and
interact only with the preadsorbed AuNPs if they are
appropriately surface-functionalized, leading to the ex-
clusive formation of AuNP dimers without monomers.

Figure 4 illustrates the assembly scheme for the
homodimers of nanoparticles. A detailed description of
the assembly method is provided in the Methods
section. Briefly, the glass slides are thoroughly cleaned
and amine-coated using APTMS (step 1). The citrate-
capped first AUNPs (25 & 2 nm) are adsorbed on the
glass slides (step 2). We refer to the AuNPs as the first
and second AuNPs according to the order in which
they are added to the system. The masked desilaniza-
tion removes the aminosilane layer unprotected by the
first AUNPs from the glass surface (step 3). Then, the
surfaces of the first AuNPs are modified with thiols
using alkanedithiol linkers to enable the attachment of
the second AuNPs in the ensuing step (step 4). Finally,
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Figure 5. Structural and optical properties of the dimers
linked by 1,8-octanedithiol. A representative SEM image of
the assemblies formed on a glass slide. (b) A TEM image of
the particles desorbed from the glass slide by sonication. (c)
Statistics of the assemblies formed on glass slides, mea-
sured from the SEM images of five different glass slides
(total 607 particles). (d) UV—vis spectrum of dimers (blue
curve). For comparison, a UV—vis spectrum of monomers is
included (red curve).

the second AuNPs, which are identical to the first
AuNPs, are adsorbed onto the first AuNPs via the
formation of Au—S bonds (step 5). In this step, the
second AuNPs do not adsorb on the glass surface due
to the absence of the amine functionality following
desilanization, leading to a high yield of dimers. The
formation of dimers is easily monitored by the visible
color change of the glass slide from red to blue arising
from the strong plasmon coupling (vide infra). After the
final step, the dimers on the glass slides are subjected
to SEM and UV—vis spectroscopy for structural and
plasmonic investigation. Ultrasonication desorbs the
AuNP dimers from the glass slides and prepares the
dispersed dimers in solutions (see the Methods for
details). An aliquot of the solution is sampled for trans-
mission electron microscopy (TEM) measurements.

Figure 5 clearly shows that homodimers of AuNPs
are prepared with exceptional purity. Dimers are pre-
dominantly observed in the SEM images of the result-
ing glass slides (Figure 5a). Without the masked
desilanization step, a mixture of monomers and dimers
is obtained (Supporting Information, Figure S1). Note
that the particles that look like monomers in Figure 5a
are in fact top views of two stacked particles. These on-
top dimers are readily distinguished from monomers
by their brighter contrast (Supporting Information,
Figure S2). Close inspection of the SEM images also re-
veals that the dimers are formed on glass slides in vari-
ous orientations (Supporting Information, Figure S3).
TEM images of the dispersed particles also confirm the
exclusive formation of dimers (Figure 5b).

We measure the yield from the SEM images of five
different glass slides (Figure 5c). Dimers constitute
94 + 2% of the total 607 particles counted from the
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Figure 6. SEM images and UV—vis spectra of various forms of nanoassemblies prepared by the masked desilanization: (a) Au
(22 nm)—Au (50 nm) dimers, (b) Ag (18 nm)—Au (25 nm) dimers, (c) Au (50 nm)—Au (12 nm) core—satellite assemblies, and (d)
Au (50 nm)—Au (32 nm) clusters. The red curves indicate the UV—vis spectra of the corresponding nanoassemblies. The
asterisks mark the plasmon coupling bands. For comparison, the UV—vis spectra of isolated nanoparticles are included with

their intensities normalized to the component bands in the assembly spectra (green and blue curves).

images. From the yield and the measured number
of the adsorbed first AuNPs, we determine the total
number of dimers prepared on one glass slide (25 mm x
12 mm) to be 3 x 10" (Supporting Information).
Monomers and multimers (larger than tetramers) are
rarely observed. Trimers, apparently formed by a sec-
ond AuNP bridging two of the first AuNPs in the
immediate vicinity, constitute 4 + 2% of the total
particles. The population distribution of the assemblies
changes with the concentration of the second AuNP
solution. The proportion of trimers increases when
we use more concentrated solutions for the second
AuNPs in step 5 of the assembly process (Supporting
Information, Figure S5). The yield for the dimer also
varies with the linkers used in the assembly (Supporting
Information, Figure S6). However, slight variations in the
yield did not influence the ensemble-averaged proper-
ties of dimers (Supporting Information, Figure S7).
Figure 5d presents the optical property of the di-
mers prepared by the masked desilanization method.
The UV—vis extinction spectrum of the dimers linked
by 1,8-octanedithiol exhibits two distinct bands,
one at 526 nm and the other at 626 nm. The 526 nm
band is assigned to the transverse coupling of the
surface plasmons in the dimers because it has the
same band position as the SPR band of the monomers
from step 3 of the assembly process, but with a band
intensity almost twice as large. The new band at
626 nm, which is significantly red-shifted from the
SPR wavelength of the isolated AuNPs, is most likely
due to the longitudinal coupling of the surface
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plasmons.3® This band is, therefore, sensitive to the
strength of the interaction and the interparticle gap
distance (vide infra).

Versatility of the New Assembly Method. Our assembly
method allows us to modify each step with great
flexibility, making it a versatile assembly technique
extendable to the preparation of other forms of as-
semblies beyond homodimers. Using various combi-
nations of nanoparticles with different sizes (12, 22, 32,
and 50 nm) and materials (Au and Ag), we successfully
prepared size-asymmetric AuNP dimers, Ag—Au het-
erodimers, core—satellite nanoassemblies, and clusters
composed of a few nanoparticles with comparable
sizes (Figure 6). The UV—vis spectrum of each assembly
shows the distinctive plasmon coupling band, marked
by an asterisk. Further analysis of the spectra will be
published separately.

The interparticle distance can also be readily tuned
by using different linkers in step 4 of the assembly pro-
cess. The alkanedithiol SAMs formed on the surfaces of
the first AuNPs define the interparticle distance be-
tween the nanoparticles in the dimers.*” Therefore, the
use of different lengths of alkanedithiols enables the
interparticle distance to be finely tuned. Alternatively,
other chemical or biological linkers can be used to
extend the range of the interparticle distance.

Plasmon Coupling of Dimers with Subnanometer Interparticle
Distances. The controllable interparticle distance and
ultrahigh purity of the dimers allows us to explore
plasmon coupling at the ensemble level as the two
nanoparticles approach within the subnanometer
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Figure 7. Evolution of the plasmon coupling in AuNP dimers as the interparticle distance is reduced to the subnanometer
regime. (a) Averaged UV—vis spectra of AUNP dimers linked by alkanedithiol, SH(CH,),SH (abbreviated as Cn), based on 10
experiments. The gray lines represent one standard deviation. (b) Decomposition of the UV—vis spectra of the AuNP dimers
using Gaussian functions. The purple curves indicate the reproduced spectra from the best fit between 490 and 900 nm. The
red and blue dots mark the peak wavelengths of the major Gaussian components. The UV—vis spectra of the dimers with C4 to
C2 linkers have an extra Gaussian component in the near IR region, although the intensity is very small (brown curve). (c) A
plot of the resonance wavelengths of the plasmon coupling bands (red and blue dots in (b)) as a function of the interparticle
distance. The gray curve is the best fit to an exponential function, representing the classical electromagnetic model for
plasmon coupling. The vertical dotted line marks an interparticle distance of 1 nm, where quantum plasmon coupling appears
to begin. (d) Plots of the intensity (filled squares) and width (open squares) of the longitudinal plasmon coupling band (red

curve in (b)) as a function of the interparticle distance.

range. We changed the interparticle distance from 0.7
to 1.6 nm by using a series of alkanedithiol linkers,
SH(CH,),SH (n = 2—10; abbreviated as Cn hereafter).
Figure 7a shows the optical response of the resulting
dimers. For each linker, we acquired UV—vis spectra
from 10 independently prepared samples, normalized
the intensity with respect to the intensity of the
526 nm band, and averaged them. The gray lines in
Figure 7a represent one standard deviation. The most
noticeable spectral change as the shorter linker is
used (from C10 to C5) is the redshift in the long-
itudinal surface plasmon coupling band (from 618 to
654 nm). This redshift is consistent with previous
theoretical and experimental results.'*~2* As the in-
terparticle distance decreases, the interaction be-
tween the two nanoparticles strengthens, lowering
the bonding dipole plasmon mode. The continuing
redshift of the plasmon coupling band with de-
creasing interparticle distance, however, drastically
changes when the interparticle gap narrows to within
1 nm. The UV—vis spectra of the AuNP dimers linked
by C4, C3, and C2 significantly broaden such that
the surface plasmon coupling band is no longer
distinguishable.

CHA ET AL.

To reveal the underlying features, we decomposed
the spectra with Gaussian functions (see the Methods
for details). The UV—vis spectra of the AuNP dimers
with C10 to C5 linkers are fitted with two Gaussian
functions, each representing the transverse (blue
curve) and longitudinal (red curve) plasmon coupling
band (Figure 7b). The UV—vis spectra of the C4- to
C2-linked dimers are fitted with three Gaussians to
make the fitting converge properly, resulting in an
extra component in the near IR region with a very
small intensity (brown curve) in addition to the two
major Gaussian components (blue and red curves). The
evolution of the major components in Figure 7b clearly
shows that the longitudinal coupling band gradually
redshifts as the linker shortens from C10 to C5 and
suddenly broadens for C4—C2, reflecting the overall
spectral features.

We plotted the changes in the plasmon coupling
bands as a function of the interparticle distance in
Figure 7c,d for further analysis. The interparticle dis-
tance was calculated based on the SAM structures of
alkanedithiol using density functional theory (DFT).*24
We note that it is extremely difficult to measure such
short interparticle distances reliably using high-resolution
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TEM due to the structural deformation caused by
repeated exposure to the electron beam (Supporting
Information, Figure $8).**~>! Figure 7c shows that the
resonance wavelength (Ages) of the longitudinal plas-
mon coupling band redshifts as the interparticle
distance decreases down to ~1 nm, whereas the
transverse plasmon coupling band is largely indepen-
dent of the interparticle distance. The redshift fits well
to an exponential function (or a power function),
consistent with the classical electrodynamics model
(gray line).">?>72432 Near ~1 nm (marked by the ver-
tical dotted line), however, the shift begins to deviate
from the classical model. The redshift lessens and
switches over to a blueshift as the interparticle gap
further narrows. The band intensity and the width also
abruptly change at ~1 nm (Figure 7d). The intensity of
the plasmon coupling band continually diminishes
until the interparticle distance reaches ~1 nm, at which
the width of the band significantly increases.

Those spectral features that we observed strongly
indicate that quantum effects play a significant role in
the optical response of AuNP dimers with subnan-
ometer interparticle distances. Quantum mechanical
calculations by Nordlander and co-workers revealed
that electron tunneling between the nanoparticles
leads to two important effects.>>?® One is that the
plasmon coupling band redshifts by smaller amounts
than is predicted by classical electromagnetic theory
and with diminished intensity. The electron tunneling
across the junction effectively screens the plasmonic
interactions. The reduced electromagnetic interactions
between the two nanoparticles then lead to a smaller
hybridization and thus a smaller redshift and intensity
of the plasmon coupling band. The other is that elec-
tron tunneling creates new modes, denoted as charge
transfer plasmons (CTPs). The lowest energy CTP mode
usually appears in the IR region, particularly when the
nanoparticles are in contact. Higher-order CTP modes
have shorter resonance wavelengths. Notably, a sec-
ond CTP mode (CTP’) appears at a slightly shorter
wavelength of the bonding dipolar plasmon coupling
band in the quantum regime.?*??° The CTP’ band
then gains its intensity and blueshifts as the interpar-
ticle distance is reduced. The CTP’ band is also sig-
nificantly broader than the classical plasmon coupling
band due to the dissipation of the electron current
across the high resistance region at the junction.?

The observed spectral patterns in Figure 7 conform
to the theoretical description of the signatures aris-
ing from the quantum effects. We observed that the
plasmon coupling band gradually decreases in inten-
sity as the two nanoparticles approach the tunneling
regime (C10—C5 in Figure 7b). A new band then
appears at a blueshifted wavelength with a signifi-
cantly broadened bandwidth with respect to the plas-
mon coupling band (C4 in Figure 7b). This new band,
attributed to the CTP’ mode, then blueshifts as the
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interparticle distance decreases in the quantum re-
gime (C4—C2 in Figure 7b,c). These results consistently
indicate that the quantum plasmon resonances occur
in the AuNP dimers. Our ensemble measurements also
agree with previous single-particle level measure-
ments using atomic force microscopy (AFM) and elec-
tron energy loss spectroscopy (EELS).?”*° Baumberg
and co-workers similarly observed a transition in the
coupling band from a redshift to a blueshift as quan-
tum tunneling began to dominate the plasmon inter-
actions across subnanometer cavities.”” For a silver
nanoparticle dimer with its interparticle distance
dynamically controlled by the irradiation of the elec-
tron beam in a scanning TEM (STEM), Dionne and co-
workers observed the CTP’ band at separations below
~0.5 nm.*®

Comparison with previous theoretical and experi-
mental studies confirms that quantum effects do influ-
ence the plasmonic response of AuNP dimers in the
subnanometer interparticle distance regime. A few
spectral features of the dimers in the quantum cou-
pling regime, such as the anomalous band position of
the C2-linked dimers and the long wavelength com-
ponent, albeit small, in the spectra of the C3- and
C4-linked dimers, remain elusive at this stage. As
Nordlander and co-workers indicated, the energy and
width of the CTP resonance depend sensitively on the
details of the quantum coupling such as the touching
profile and the electron density at the junction.? A fine
balance between the conductance at the junction (that
leads to blueshifts) and the electron density from the
local structure of metal nanoparticles (that leads to
redshifts) could cause the deviation between theory
and experiment. Another possibility is that the lowest
energy CTP mode has been blueshifted from the IR
region as the interparticle distance decreases in the
quantum regime and might appear as the resonance
band of the C2-linked dimers. Although feasible,
however, this requires a significantly large shift of the
lowest energy CTP. Further comparative studies with
quantum mechanical calculations on the specific di-
mer systems used in this experiment will provide a
more complete understanding of the observed spectra
and quantum plasmon coupling.

Another intriguing issue is at which distance the
quantum plasmon resonances begin to occur. Our
experimental results suggest that electron tunneling
begins to influence the plasmon resonances at an
interparticle distance of ~1 nm for the AuNP dimers.
In contrast, Duan et al. report that no quantum effect
has been observed down to the gap size of ~0.5 nm in
the nanoprism pairs fabricated by the state-of-the-art
lithography.>® It is possible that our DFT calculations
based on the SAM structures of alkanedithiols consis-
tently overestimate the interparticle distances, which
would shift the onset distance for the quantum plas-
mon resonances to a longer distance than the true
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value.*? On the other hand, one should also consider
that the AuNPs in our experiments are connected by
molecular linkers. A recent study by Tan et al. reveals
that the presence of the molecules with the favorable
electronic structures for tunneling extends the onset
gap distance for the quantum effects to ~1.3 nm.>°
These results indicate that the electronic structures of
the bridging molecules as well as the shape and the
area of the junctions play an important role in quantum
tunneling between the plasmonic resonators. Explora-
tion of the through-bond tunneling effect on the
optical resonance spectra of the AuNP dimers using
aromatic dithiol linkers is currently in progress in our
laboratory.

CONCLUSIONS

We developed a highly efficient and facile assembly
method for the preparation of dimers and other forms

METHODS

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

Preparation and Characterization of Nanoparticles. We adopted the
Turkevich and the seeded growth method to prepare citrate-
capped AuNPs with diameters of 12, 15, 22, 25, 32, and
50 nm.>**> The seed AuNPs (14.9 & 1.3 nm), synthesized by
the reduction of Au>™ with citrate, were grown to the desired
sizes by adding appropriate amounts of growth solutions
(HAuCl, and sodium citrate) and adjusting the reaction time.
The detailed reaction conditions for each AuNP are listed in the
Supporting Information and in a previous publication.*> AgNPs
(18 nm) were purchased from Ted Pella, Inc. The sizes of the
nanoparticles were measured using TEM (JEOL JEM-2100F).
Characterization data for each AuNP are summarized in the
Supporting Information (Table S1).

Aminosilanization of Glass Slides. Glass slides were coated with
amine groups through silanization to enable the adsorption
of citrate-capped AuNPs.*>>%>7 Glass slides (25 mm x 12 mm,
Marienfeld, Germany) were cleaned in a 15% RBS detergent
solution at 90 °C and treated with a solution of HCl and
methanol (1:1 v/v) for 30 min. After a drying step in an oven
at 100 °C for 3 h, the glass slides were immersed in an ethanol
solution of APTMS (1% v/v) for 30 min for aminosilanization. The
aminosilanization of the glass surfaces was completed by wash-
ing with ethanol, sonicating in ethanol for 5 min, and drying in
an oven at 120 °C for 3 h.

Adsorption of AuNPs on Amine-Coated Glass Slides. AUNPs were
adsorbed on glass slides by immersing the aminosilanized glass
slides in an aqueous solution of citrate-capped AuNPs.*>>%>7
The initially transparent glass slides turned red upon the
adsorption of the AuNPs. The density of the adsorbed AuNPs
on the glass slide depended on the concentration of AuNPs
and the immersion time. We probed the adsorbed AuNPs on the
glass slides using SEM (Hitachi S-4300, S-4800, or Carl Zeiss
Supra 55).

Desilanization of Glass Slides Using NaOH. The aminosilane layers
on the glass slides were removed by a desilanization reaction in
which the silanes were hydrolyzed under basic conditions.*>*
For the reaction, the aminosilanized glass slides were immersed
in solutions of NaOH. The extent of desilanization critically de-
pends on the reaction time and the concentration of NaOH. We
measured the extent of desilanization by probing the number of
AuNPs that adsorbed to the glass slides after the desilanization
reaction using SEM. To explore the effect of the reaction time,

CHA ET AL.

of nanoassemblies. The AuNPs adsorbed on silanized
glass slides served as masking agents for desilaniza-
tion. This masked desilanization allowed us to prepare
AuNP dimers on glass slides in a controlled fashion
with remarkably high yields (~90%). The resulting
AuNP dimers exhibited strong surface plasmon cou-
pling, which redshifted in energy with decreasing
interparticle distances. When the interparticle distance
was reduced to the subnanometer range, the plasmon
coupling band began to blueshift and drastically broad-
ened, suggesting that quantum tunneling significantly
influenced the plasmon coupling in this distance re-
gime. Our new assembly method is widely applicable to
the production of many forms of nanoassemblies,
through which it will contribute to the fundamental
understanding of plasmonic interactions between
nanoparticles in close proximity and thereby advance
the applications of plasmonic nanoassemblies.

we immersed the aminosilanized glass slides in 1 mL of NaOH
solution for periods of time ranging from 0 to 4 h. After washing
with deionized water, we then placed the glass slides in a
solution of AuNPs (650 pM, 5 mL) for 4 h. SEM measurements
of the number of adsorbed AuNPs in randomly selected areas
(1.73 um x 256 um) revealed the extent of desilanization
(Figure 2). We also explored the effect of the concentration of
NaOH (Supporting Information, Figure S10).

Masked Desilanization. We found that the AuNPs adsorbed on
the aminosilanized glass slides protected the silanes under-
neath the particles from the desilanization reaction. We pre-
pared aminosilanized glass slides and adsorbed AuNPs
(25 nm) using the procedure described above. Then, the AuNP-
adsorbed glass slides were immersed in a NaOH solution (1 mM,
5 mL) for 0—12 h. The removal of the silanes under the AuNPs
was measured using SEM by examining desorption of the
AuNPs (Figure 3a). The extent of desilanization in unprotected
areas was measured by adsorbing the second AuNPs (15 nm,
2.5 nM, 5 mL) for 4 h. The number of second AuNPs adsorbed
on the glass slides was measured in randomly selected areas
(1.73 um x 2.56 um) using SEM (Figure 3b).

Dimer Assembly. Dimers were assembled on glass slides in the
following steps. Between each step, the glass slides were
washed with the solvent used in the prior step and then rinsed
with a solvent to be used in the ensuing step. Step 1: Silaniza-
tion. Glass slides were amine-coated through silanization with
APTMS. Cleaned glass slides were immersed in an ethanol
solution of APTMS (1% v/v, 5 mL) for 30 min, rinsed with ethanol
by sonication for 5 min, and dried in an oven at 120 °C for 3 h.
Step 2: Adsorption of the first AuNPs. The first AuNPs (25 nm)
were adsorbed on the amine-coated glass slides. Incubation of
the amine-coated glass slides in the AuNP solution (100 pM,
5mL) for 3 h led to the adsorption of the AuNPs. Step 3: Masked
desilanization. All amine functional groups were removed
from the glass surface except for those binding the first AUNPs.
The AuNP-adsorbed glass slides were placed in a NaOH solution
(1 mM, 5 mL) for 5 h. Step 4: Thiol-functionalization of the
first AuNPs. To attach the second AuNPs in step 5, the surfaces
of the first AuNPs were modified with thiols. The AuNP-
adsorbed glass slides from step 3 were immersed in a 1,8-
octanedithiol solution in ethanol (1 mM, 5 mL) for 1 h. Step 5:
Adsorption of the second AuNPs. The citrate-capped second
AuNPs (25 nm) bound to the thiol-functionalized first AuNPs,
forming dimers on the glass slide. Note that the second AuNPs
did not adsorb on the glass slides because the amine functional
groups had been removed from the glass surface in step 3. The glass
slides were immersed in the AuNP solution (150 pM, 5 mL) for 8 h.
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The above steps were used to prepare dimers on the glass
slides. To prepare dimers dispersed in solution, we imparted
additional electrostatic stability to the dimers by coating the
dimer surface with carboxylate-terminated SAMs. The dimer-
formed glass slides were immersed in 11-mercaptoundecanoic
acid (MUA) in EtOH (1 mM, 5 mL) for 1 h. After washing with
ethanol, we sonicated the slides in ethanol containing MUA
(10 uM, 5 mL) for 30 s to desorb the dimers into the solution.

To measure the surface plasmon coupling as a function of
interparticle distance, we assembled dimers with a series of
alkanedithiols, from C2 to C10, in step 4. The resulting dimers on
glass slides were subjected to UV—vis spectroscopy. The glass
slides were immersed in ethanol during the measurements to
avoid the aggregation of particles from the drying effect.

Fitting of a Spectrum with Gaussian Functions. The UV—vis spectra
for the dimers with C4 to C2 linkers, although no obvious
resolvable peaks are found, clearly have the structures such as
shoulders and humps. We attempted to resolve those structures
by fitting them with Gaussian functions and thereby derive
useful information. We performed the fitting using Igor Pro (ver.
6.3.2.3). The fitting range was set at 490—900 nm to exclude the
continuum interband transition of AuNPs in the UV region. All
other fitting parameters, such as the position, width, and ampli-
tude of a Gaussian function, were allowed to run free to fit the
spectra the best. We made sure that the fitting converged
properly and yielded consistent results for slightly different initial
guesses. We tried to reproduce the overall spectra by fitting them
with the minimum possible number of Gaussian functions.
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