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assembly

’ '.) Check for updates ‘

Cite this: Nanoscale, 2020, 12, 11297

Nanoparticle dimers composed of different metals or metal oxides, as well as different shapes and sizes,
are of wide interest for applications ranging from nanoplasmonic sensing to nanooptics to biomedical
engineering. Shaped nanoparticles, like triangles and nanorods, can be particularly useful in applications
due to the strong localized plasmonic hot-spot that forms at the tips or corners. By placing catalytic, but
traditionally weakly- or non-plasmonic nanoparticles, such as metal oxides and metals like palladium, in
these hot-spots, an enhanced function for sensing, photocatalysis or optical use is predicted. Here, we
present an electrostatic colloidal assembly strategy for nanoparticles, incorporating different sizes, shapes
and metal or metal oxide compositions into heterodimers with smaller gaps than are achievable using
nanofabrication techniques. This versatile method is demonstrated on 14 combinations, including a
variety of shaped gold nanoparticles as well as palladium, iron oxide, and titanium oxide nanoparticles.
These colloidal nanoparticles are stabilized with traditional surfactants, such as citrate, CTAB, PVP and
oleic acid/oleylamines, indicating the wide applicability of our approach. Heterodimers of gold and palla-
dium are further analyzed using cathodoluminescence to demonstrate the tunability of these “plasmonic
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molecules”. Since systematically altering the absorption and emission of the plasmonic nanoparticles
dimers is crucial to extending their functionality, and small gap sizes produce the strongest hot-spots, this
method indicates that the electrostatic approach to heterodimer assembly can be useful in creating new

rsc.li/nanoscale nanoparticle dimers for many applications.
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1. Introduction

Nanoparticles (NPs) have been a topic of significant interest
since the beginning of the 19™ century, when Faraday began
to investigate the optical properties of metal nanoparticles.'
These studies led to the discovery that certain metal NPs
exhibit unique optical properties, specifically the scattering
and absorption of light ranging from the ultraviolet (UV)® to
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the near-infrared (IR), including visible light.> This phenom-
enon results when the NP is of comparable size, or smaller
than, the wavelength of an incident light which excites the
conduction electrons into a predictable resonance. This loca-
lized surface plasmon resonance (LSPR) oscillation leads to
unique scattering properties for each NP, dependent on the
size, shape, composition and surrounding environment of the
individual NPs.*”” Furthermore, the LSPR generates enhanced
electromagnetic fields (E-fields) around the NP, which can be
further enhanced and isolated through the presence of corners
or tips on shaped NPs.>® When several NPs are in close proxi-
mity, typically with gaps on the order of a few nanometres
(nm), the LSPR can concentrate the E-field in this gap between
the NP surfaces with a distance-dependent magnitude that
also depends on the surrounding media and the composition
of the NPs themselves.'®'* This behaviour has been used in
applications ranging from LSPR-enhanced sensing'®'* to
molecular electronics'>™” to biomedical labelling.'®*

In addition to the interesting optical properties, many
metallic and semiconducting NPs can also be used in more
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traditional applications, such as catalysis (e.g. palladium and
platinum),>*** cell labelling in magnetic resonance techniques
(e.g. iron),** or gas storage (H, storage in metal hydrides).>>>°
These potential applications are promising to investigate but
also introduce some potential difficulties, as many of the cata-
lytically or magnetically active NPs do not support sharp or sig-
nificant LSPR modes. One method to counter this challenge is
to take advantage of the coupling phenomenon in plasmonic
materials, allowing for the combination of plasmonic NPs
(sensing NPs) with catalytic or magnetic NPs (active NPs).
Coupling of the sensing and active NPs is primarily accom-
plished through proximity of the NPs, necessitating structures
with increasingly small gap sizes to fully attain the ideal
coupled LSPR. Once achieved, this coupling greatly increases
the applications of plasmonic systems,*”° since it allows for
optical monitoring of the active NP through changes to the
plasmon of the sensing NP. One example is the use of a gold
(Au) NP plasmon to monitor the shifts in the environment due
to the adsorption of gas in the adjacent palladium (Pd)
nanoparticle.”*"?

Since the combination of multiple NPs of different sizes,
shapes, or materials is an important aspect to engineering
new applications, the assembly of NPs into discrete, well-
defined units, such as dimers, is a key topic. Assembly of
NPs into dimeric and trimeric units has been achieved
through a variety of generalized methods, including through
electrostatics®>™° or molecular linkers,*® such as DNA?"?7"*!
or organic molecules.">**** While many of these techniques
are applicable to the formation of heterodimers, with two
different NPs, much of the currently published work focuses
on the assembly of homodimers, combining NPs of nearly
equivalent size, shape and materials. The assembly of hetero-
dimers has been studied for a few specific cases. Vallée et al.''
assembled Au NPs and core-shell Ag@SiO, NPs using the
electrostatic force between the positively charged core-shell
NPs and negatively charged Au NPs. Chen et al.** assembled
Au and TiO, NPs with the help of a Langmuir Blodgett trough
to create Janus particles. Other approaches used for hetero-
dimer assembly include the use of nanoscopic phase separ-
ation of different metals to form dimers,* the use of coordi-
nation chemistry to link nanoparticles through various
molecules,’®™*® the use of solid supports during synthesis,*’
and the use of electron beam lithography®® but many of these
methods are designed for specific combinations of NPs or
require significant experimental steps or costs.”" There is not
yet a general approach to the formation of heterodimers, like
the methods mentioned above for the formation of homodi-
mers, especially for dimers with the small gaps necessary for
broader application purposes.

Many of the current applications of assembled homo- or
heterodimers rely on specific plasmonic resonances that
overlap with the desired function. This necessitates an ability
to measure and control the coupled LSPR in dimeric struc-
tures. One method for measuring the LSPR with high spatial
resolution is cathodoluminescence (CL), which is a technique
that raster-scans an electron beam across the specimen using
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a scanning or transmission electron microscope (SEM or TEM,
respectively) and measures the resulting optical emission from
the spatially localized electromagnetic excitation of the
sample, simultaneously with the structure of the sample.”>*
This method has been extensively utilized for measurements
of local doping in semiconductors®>>® and the distribution of
materials in geological samples,””®® but recent work has also
extended the use of CL to measure the optical properties of
nanostructured materials.*>>"®"  For plasmonic materials,
hyperspectral CL in the SEM can be employed to map the excit-
ability of LSPRs at high spatial resolution and has been used
to characterize the mode distribution in coupled nano-
structures grown chemically and assembled electrostatically,*
fabricated using electron beam lithography,®® or milled into
surfaces and membranes using ion beams.®**! When com-
pared to optical microscopy, CL reveals significantly more
detailed information about the LSPR, particularly in coupled
structures, where multiple LSPRs may overlap in a normal
optical spectrum. Additionally, the localized excitation in CL
can also be used to measure the angular distribution of the
emitted light to further understand the nature of the occurring
optically active LSPR modes.®>®¢

Here we present an extensive investigation into the applica-
bility of an electrostatic-based dimerization method that
creates heterodimeric structures with small gaps. Additionally,
we identify a variety of potential stabilizers, including metallic
nanoparticle stabilizers, like hexadecyltrimethylammonium
bromide (CTAB), hexadecyltrimethylammonium chloride
(CTAC), polyvinylpyrrolidone (PVP), or sodium methanethio-
late (MesNa), as well as semiconductor nanoparticle stabil-
izers, like oleic acid/oleylamine. By including oleic acid/oleyla-
mine, we are, for the first time with this electostatic method,
able to successfully combine colloidal metal NPs with colloidal
metal oxide NPs. This is achieved through the intercalation of
CTAB in the oleic acid/olelyamine structure, allowing for the
typically hydrophobic metal oxide NPs to be phase-transferred
to aqueous solution. When in aqueous solution, these NPs can
now form heterodimeric structures via our electrostatic
approach. This is an interesting development, because it
allows us to exploit the hydrophobic colloidal metal oxide NPs,
such as iron(m) oxide (Fe,O3) or titanium oxide (TiO,), which
are typically synthesized at high temperatures in an oleic acid/
oleylamine solution.®””*® Using this approach, it is also poss-
ible to dimerize NPs with well-defined composition and
crystallinity at potentially sub-nanometre distances, which was
not previously achievable with traditional nanofabrication
techniques.

Finally, we analyse certain heterodimeric structures using
CL to examine the formation of hybrid plasmons in strongly
coupled heterodimers. The characterization of these hybrid
plasmons is a crucial development, as they allow for the inves-
tigation of non-traditional plasmon modes. Additionally, the
use of the CL technique allows for the tracking of the plasmon
modes across an individual heterodimer, showing the change
of the plasmons at the intersection of the two NPs and in the
gap between them. This demonstrates the usefulness of the CL

This journal is © The Royal Society of Chemistry 2020
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technique as well as the potential tunability of the heterodi-
meric structures due to a broad variety of potential coupled
LSPRs.

2. Experimental
2.1 Materials

All starting materials, unless mentioned below and including
spherical gold (NPs, nominal diameter 100 nm, DLS diameter
90 nm), were purchased from Sigma-Aldrich and were used as
received. Hexadecyltrimethylammonium chloride (CTAC,
>95.0%) was purchased from TCI and used without further
purification. Au nanostars were purchased from Dianova
(NITgold Nanostar, 40 nm).

All experiments were done with MilliQ water (18 MQ cm)
provided from a Milli-Q Advantage A10 water purification
system from Merck.

2.2 Nanoparticle synthesis and assembly

Pd, Au and Fe,O;3 nanoparticles of different sizes and shapes
were synthesized with procedures adapted from those pre-
viously described in the literature.”®”® Some particles, such as
Fe,O; and TiO, NPs were further modified, which is described
below. All particles were used fresh, since sedimentation was
occasionally observed after several hours. However, re-dis-
persion of these sedimented solutions led to colloidal solu-
tions, where no reshaping or ripening was revealed by TEM
inspection. TEM images, concentrations, zeta potentials and
hydrodynamic radii are included in the electronic supplemen-
tary materials (ESI, S1 and S37).

Assembly of NP heterodimers exploits the electrostatic
interactions between NPs with opposite surface charges in
order to synthesize material- or shape- selected NP heterodi-
mers, as depicted schematically in Fig. 1. Combining NPs with
oppositely charged surfaces typically results in large aggrega-
tions due to the electrostatic attractions, so the aggregation
process must be carefully controlled to produce the highest
possible yield of heterodimers. To assess the charge and stabi-
lity of each NP and adjust the ratios accordingly, we monitored

® G
>

@®charged NPs: CTAB/C (oleic acid/oleylamine)

Heterodimers using different sizes of:
@ Au cube © Au spherical

@ Au rod © Pd cube

@ Fe,O,cube OAu star

charged NPs: citrate/MesNa, PVP
Ocharg @ TiO, rhombic

Fig. 1 Schematic of the electrostatic assembly to form heterodimeric
nanoparticles. Positively charged NPs were stabilized in hexadecyltri-
methylammonium bromide/chloride (CTAB/C), while negatively charged
NPs were stabilized with citrate/sodium methanethiolate (MesNa) or
polyvinylpyrrolidone (PVP). Many colloidal NPs, including Au, Pd and
metal oxides such as Fe,O3 or TiO,, can be used.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Schematic of the intercalation of hexadecyltrimethylammonium
bromide (CTAB, green) into the oleic acid (red)/olelyamine (blue) layer of
the metal oxide NPs. Photos show before (left) and after (right) images
of the intercalation of the CTAB into the oleic acid/oleylamine stabiliz-
ation layer. Fe,Oz NPs are originally stable in chloroform (lower phase)
but transfer to the aqueous phase (upper phase) during the procedure.

the surface charge of the NPs via zeta potential measurements
(ESI, S1.5 and S27). NPs were mixed to effectively balance the
concentrations (ESI, Table S1-1.7), resulting in solutions that
were stable up to a few hours, but were typically used immedi-
ately for characterization with TEM and SEM. After the hetero-
dimers were dried on the TEM or SEM supports, they main-
tained stability for at least one year, which is common for sup-
ported or dried NPs, dimers or clusters.’

In order to incorporate colloidal metal oxide NPs, which are
often synthesized in solvents other than water, with hydro-
phobic stabilizers, such as oleic acid/olelyamine, we estab-
lished a method of intercalating CTAB into the oleic acid/oley-
lamine layer on the oxide NPs. This intercalation resulted in
hydrophilic, water soluble, metal oxide NPs (Fig. 2). This
method was applied to both Fe,O; and TiO, NPs and resulted
in colloidal NP solutions that were successfully transferred to
the water phase.

2.3 Characterization of heterodimers

NP heterodimers were characterized with TEM to determine
the yield of the various combinations presented in Table 1.
TEM samples were prepared by drop-casting heterodimer solu-
tions on copper TEM grids with carbon membranes, and the
droplets were immediately allowed to spread and subsequently
dry. The samples containing Au rods were placed on holey-
carbon TEM grids. This allowed a better separation of the
rods.

Further characterization was carried out using cathodolu-
minescence (CL) to obtain detailed information about the
LSPR peaks for selected heterodimers. Samples were prepared
by drop-casting NP heterodimer solutions on a 200 nm silicon
nitride film on a silicon substrate. The experiments were per-
formed on the “as-synthesized” NPs, both with and without 30
s plasma cleaning using a mixture of oxygen and hydrogen
gas, before the CL measurements, to reduce the effect of sur-
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Table 1 Overview of electrostatically assembled heterodimers synthesized in this article

Particle A Particle B Yield

NP Shape Size (nm) Stabilizer NP Shape Size (nm) Stabilizer Dimer (%)
1 Au Triangle 63 CTAB Au Sphere 30 MesNa/citrate 30
2 Au Rod 120 CTAB Au Sphere 30 MesNa/citrate 22
3 TiO, Rhombic 22 Oleic acid/CTAB Au Sphere 30 MesNa/citrate 22
4 Au Triangle 63 CTAB Au Sphere 60 MesNa/citrate 25
5 Fe, 03 Cube 25 Oleic acid/CTAB Au Sphere 60 MesNa/citrate 18
6 Au Rod 120 CTAB Au Sphere 60 MesNa/citrate 28
7 Au Triangle 63 CTAB Au Sphere 95 MesNa/citrate 28
8 Pd Cube 25 CTAB Au Sphere 95 MesNa/citrate 27
9 Pd Cube 80 CTAB Au Sphere 95 MesNa/citrate 30
10 Au Cube 55 CTAC Au Sphere 95 MesNa/citrate 24
11 Au Rod 120 CTAB Pd Cube 7.5 PVP 15
12 Au Triangle 63 CTAB Pd Cube 7.5 pPVP 18
13 Au Rod 120 CTAB Au Star 40 PVP 23
14 Au Triangle 63 CTAB Au Star 40 PVP 27
factants and other potential contaminations. No major differ- A) B) c)
ence in the optical properties was observed between the two
cases. A detailed explanation of the measurement parameters .
and data handling, as well as additional CL measurements, \‘
are included in the ESI (S6).7

D) E) F)

3. Results and discussion

3.1 Electrostatic assembly of oppositely charged
nanoparticles

Our goal is to develop a broad, simple method to combine a
variety of NPs of specific shapes or material
compositions.

Typically, we observed that the concentration of the stabil-
izer molecules around the NPs must be reduced for dimeriza-
tion to occur but needs to remain high enough to maintain
stable colloidal solutions. Since the dimerization is sensitive
to these concentrations, zeta potential measurements are used
to monitor the effective salt and stabilizer concentrations. It is
possible to adjust the zeta potential after initial synthesis (ESI,
Fig. S2-1: S2-4f) through centrifugal washing or adding an
oppositely charged stabilizer. For example, a solution of CTAB-
stabilized Au triangles (positively charged) can be stabilized by
adding a counter NP solution with a high concentration of
citrate stabilizer (negatively charged).

Following the successful transfer of metal oxide NPs to the
water phase, as outlined in the Experimental section above, we
are able to present 14 different electrostatically combined NPs
to form a variety of heterodimers, with differing sizes, shapes
and NP compositions (Table 1). Fig. 3 shows transmission elec-
tron microscope (TEM) images of heterodimers composed of a
metal or metal oxide NP stabilized by CTAB or CTAB interca-
lated into oleic acid/oleylamine and an Au sphere stabilized by
MesNa/citrate. The positively charged metal NPs stabilized by
CTAB are Au triangles (Fig. 3A, D and G), Au nanorods (Fig. 3B
and E) or Pd nanocubes (Fig. 3H and I). The positively
charged, metal oxide NPs stabilized through the intercalation
of CTAB into oleic acid/oleylamine are TiO, rhombic NPs

sizes,

N300 | Nanoscale, 2020, 12, 11297-11305
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Fig. 3 TEM images of nanoparticle heterodimers prepared by electro-
static assembly, listed as positively charged NP and negatively charged
NP, respectively. All scale bars are 50 nm. (A) Au triangle, 63 nm and Au
sphere, 30 nm. (B) Au rod, 120 nm and Au sphere, 30 nm. (C) TiO,
rhombic, 22 nm and Au sphere, 30 nm. (D) Au triangle, 63 nm and Au
sphere, 60 nm. (E) Au rod, 120 nm and Au sphere, 60 nm. (F) Fe,Oz
cube, 25 nm and Au sphere, 60 nm. (G) Au triangle, 63 nm and Au
sphere, 95 nm. (H) Pd cube, 25 nm and Au sphere, 95 nm. (I) Pd cube,
80 nm and Au sphere, 95 nm.

(Fig. 3C) and Fe,O; nanocubes (Fig. 3F). The negatively
charged Au “spheres” stabilized by MesNa/citrate are pre-
sented in 3 different diameters, 30 nm (Fig. 3A-C), 60 nm
(Fig. 3D-F) and 95 nm (Fig. 3G-I). We chose to analyse one of
these structures, the Pd cubes with the largest Au spheres,
with energy-dispersive X-ray spectroscopy (EDS) in a TEM, a
technique that allows for the identification of elements in a
sample. As shown in Fig. 4A, the Au and Pd are isolated to the
respective NPs, indicating an effective method of forming

This journal is © The Royal Society of Chemistry 2020
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A)

Fig. 4 (A) EDS mapping of Pd cube, 80 nm and Au sphere, 95 nm. Blue
represents Au and green represents Pd. (B)-(F) TEM images of nano-
particle heterodimers prepared by electrostatic assembly with alternate
stabilizers, listed as positively charged NP and negatively charged NP,
respectively. All scale bars are 50 nm. (B) Au rod, 120 nm and Pd cube,
7.5 nm. (C) Au triangle, 63 nm and Pd cube, 7.5 nm. (D) Au cube, 55 nm
and Au sphere, 95 nm. (E) Au rod, 120 nm and Au star, 40 nm. (F) Au tri-
angle, 63 nm and Au star, 40 nm.

heterodimers without introducing significant elemental
overlap. The sizes and shapes represent a small portion of
CTAB-stabilized NPs syntheses reported in the literature, but it
encompasses a broad range of features that can affect the for-
mation of larger nanostructures, including the presence of tips
or corners (Au triangles, Pd cubes) and the presence of large
size variation (small Au nanospheres to large Au nanorods).
Additionally, we demonstrate the versatility of our electrostatic
techniques across a variety of compositions, including Au, Pd
and metal oxides. Small gap sizes are a common feature
throughout these heterodimers, indicating the potential for
strongly coupled LSPRs in all of these structures.

Other synthesized heterodimers are presented in Fig. 4.
These structures indicate the versatility of the electrostatic
technique across multiple stabilizing surfactants, polymers
and molecules. First, we used the Au nanorods and nanotrian-
gles stabilized by CTAB and dimerized those with PVP-stabil-
ized Pd cubes (Fig. 4B and C). Additionally, we replaced CTAB
with CTAC for Au nanocubes (Fig. 4D), while continuing to
dimerize with the MesNa/citrate stabilized Au nanospheres.
Finally, we also combined the CTAB-stabilized Au nanorods
and nanotriangles with PVP-stabilized Au stars (Fig. 4E and F).

As shown in Table 1, we also evaluated the yield of dimers
for each combination, with optimal results ranging from 15%
(#11, Au nanorods/Pd nanocubes) to 30% (#1, Au nanotrian-
gles/Au spheres and #9, Pd nanocubes/Au spheres), with an
average yield of 24% across the entire series. This yield is com-
parable with previous heterodimer syntheses used for single
particle/dimer studies of both resonance and catalysis.””°

In order to identify potential improvements to the yield, we
analysed the entire yield of the dimerization process, revealing
several structures other than the expected heterodimers,
mainly smaller clusters of trimeric NPs or single NPs. We

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 TEM analysis of yield for heterodimers. (A)—(C) Au rods, 120 nm
and Au stars, 40 nm, showing a dimer (A), a larger cluster (B) and an
overview of the sample (C). D) Yield for Au rod-Au star sample is 64%
individual NPs, 23% dimers and 13% larger clusters, up to 4 NPs. (E)-(G)
Au triangles, 63 nm and Au stars, 40 nm, showing a dimer (E), a larger
cluster (F), and an overview of the sample (G). H) Yield for the Au tri-
angle- Au star sample is 51% individual NPs, 27% dimers and 22% larger
clusters. Scale bars are 50 nm for (A) and (B) and (E) and (F) and 300 nm
for (C) and (G).

chose to optimize the assembly conditions to minimize the
larger clusters or aggregates, since small aggregations in NP
samples can result in the formation of much larger aggrega-
tions, while single NPs will not contribute any significant com-
plications to the solution. Optimization routes included
adjusting the salt, stabilizer and NP concentrations, as out-
lined in the experimental methods in the ESI (ESI, S17). We
carefully analysed two samples after optimization, PVP-stabil-
ized Au stars combined with either CTAB-stabilized Au rods
(Fig. 5A-D) or CTAB-stabilized Au triangles (Fig. 5E-H). Yields
of 23% and 27% dimers are obtained for the stars/rods
(Fig. 5A) and stars/triangles (Fig. 5E), respectively. This optim-
ization results in single NP yields at 64% and 51%, and cluster
yields of 13% and 22% (Fig. 5D and H). The maximum size of
the analysed clusters was limited to 4 NPs (Fig. 5B and F), dis-
counting some larger aggregations that remained in solution
and were observed on some TEM grids. Overall views of the
typical TEM samples are shown in Fig. 5C and G and ESI
Fig. S4-1.1

Additional optimization of the yield of dimers could be
obtained through the incorporation of a filtering step immedi-
ately following synthesis. A variety of filtration possibilities for
NP clusters have been investigated previously, including the
use of gel electrophoresis to separate NP cluster based on size,
shape and surface charge,®® the use of cell sorting equipment
to filter the NPs and clusters based on weight,®' and the use of
encapsulation and centrifugation.*®

Careful statistical analysis was performed on all NP hetero-
dimer combinations reported in the paper, resulting in the
yields presented in Fig. 5D and H and Table 1. These yields
resulted from TEM analysis of more than 3000 NPs from the
different experiments (see ESI, S5t). These statistics allow us
to compare the dimer yield of a variety of heterodimers, which
indicates that those heterodimers composed of NPs of similar

Nanoscale, 2020, 12, 1297-11305 | 11301
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sizes produce higher yields of dimers than those with signifi-
cant size differences. For example, the heterodimers with the
smallest NPs, like Fe,O; cubes (25 nm) or Pd cubes (7.5 nm)
had the lowest yields (15%, 18%, 18%). Although this is a
general trend, it is not a conclusive trend, since some combi-
nations with small NPs, like the Pd cubes (25 nm) and Au
spheres (95 nm), still had higher yields (27%). Additional ana-
lysis was performed to determine the geometries of the hetero-
dimers, specifically whether the sharp corners, or short edges
of rods, were aligning in any dimer formations. This alignment
of the sharpest areas of each NP is important since we expect
the strongest plasmonic enhancement in an individual NP to
be near the sharp corners, and when these corners are aligned
in dimers, it is expected to increase the enhancement associ-
ated with the gap. For this method, there were occasional
structures that aligned at the corners (Fig. 3A, D, G, 4B, C, D
and G), but these were not in the majority throughout the
samples (ESI, Table S5.1%).

3.2 Hybridized localized surface plasmon resonance of
heterodimers

Due to the tunability of the LSPRs associated with the fine
scale material structure of plasmonic particles, it is important
to correlate structure to properties in a systematic way.
Therefore, in the last part of this work, we investigate the
optical properties of the heterodimer assemblies. Dimers con-
sisting of a gold sphere and a palladium cube were used to
illustrate the tunability of the heterodimeric system. The
optical properties of individual heterodimers were investigated
using energy and angle-resolved cathodoluminescence (AR-CL)
in a SEM. This allowed the energy and directivity of light,
locally excited by an electron beam (e-beam), to be measured
and correlated with the NP structure.*®

Representative CL measurements can be seen in Fig. 6,
where each spectrum is well described by two main spectral
peaks (analysis methods in ESIt). The size of the investigated
Au NP spheres varied between 90 and 110 nm in diameter and
the side length of the measured Pd cubes was approximately
85 nm. For a single Pd cube, AR-CL measurements revealed
that the two spectral peaks in Fig. 6A both had toroidal emis-
sion patterns characteristic of dipoles (ESI, Fig. S6.2%).%%°°
Similar observations of two peaks have been made for silver
cubes®>®® suggesting that the occurrence of two dipole emis-
sion peaks is likely due to the asymmetric dielectric environ-
ment surrounding the NP from the presence of a substrate,
creating a degeneracy in the dipole modes on the top and
bottom of the cubes. For the single Au NPs, in Fig. 6B and C
and S6.3,T the low energy peak for the small sphere has an
emission pattern characteristic of a vertical dipole, whereas
the low energy emission peak for the larger sphere, which
occurs at slightly lower energy, has a higher emission directiv-
ity and thus shows evidence of higher-order modes (magnetic
dipole, electric quadrupole - see S6.37), in-line with increased
retardation effects across the NP as its size increases.>®® The
asymmetry in the AR-CL pattern reflects the asymmetry of the
dipole due to the off-axis excitation point. The effect of this is
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Fig. 6 SEM images, cathodoluminescence (CL) spectra of single NPs
and heterodimers and AR-CL measurements. The position of the elec-
tron beam during CL emission measurements is indicated by the crosses
in the SEM image. The frame of the AR-CL images is colour coded
according to the colours of the crosses and the spectra. The AR-CL data
are shown for the 1.77-2.07 eV energy interval. The AR-CL measure-
ments are presented as polar plots with polar angle ¢ (green) and azi-
muthal angle ¢ (white). All scale bars are 50 nm. (A) Pd cube, 85 nm. (B)
Small Au sphere, 90 nm. (C) Large Au sphere, 110 nm. (D) Heterodimer
of Pd cube and small Au sphere. (E) Heterodimer of Pd cube and large
Au sphere.

to beam light away from the point of electron beam exci-
tation.®® The high energy peak for both of the single Au NPs
show emission patterns characteristic of a combination of
dipole emission and electron transitions (see $6.47).

When a gold sphere and a palladium cube form a heterodi-
mer, as shown in Fig. 6D and E, each spectrum is still well
described by two spectral peaks but the relative intensity of the
two spectral peaks now changes depending on the position of
the e-beam. For example, the amplitude of the low energy peak
for the single NPs and the smaller heterodimer is higher than
the high energy peak at every e-beam position, which is not
the case for the larger heterodimer. AR-CL measurements
from the low energy emission peak of the heterodimers (ESI,
Fig. S6.5 and S6.67) further reveal that both the small and
large heterodimer show patterns consistent with an admixture

This journal is © The Royal Society of Chemistry 2020
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of multiple LSPR modes. The smaller heterodimer has clearer
higher-order emission lobes compared with the emission from
the large heterodimer which seems to be dominated by the
dipole emission of the large sphere, no matter where the
system is excited. The difference between the two heterodimers
can therefore be understood by the spectral overlap for the
LSPRs in the individual NPs.* The low energy emission peak
from the single Pd cube is similar in energy with the low
energy peak for the small Au sphere, but overlaps with the
larger Au sphere. Since plasmonic hybridization is highly
dependent on the overlap between LSPR modes for the individ-
ual NPs, the radiant dipole modes on the Pd cube and the
small Au sphere are therefore likely to hybridize. For the het-
erodimer with a larger Au sphere, the dipolar mode on the Pd
cube is more likely to hybridize with low-radiance, higher
order LSPRs on the Au sphere. This explains the decreased
optical emission and increased similarity of the optical emis-
sion of the large heterodimer with that of a single Au sphere.
Another explanation for the difference in optical properties
between the two heterodimers could be that a considerable
amount of the emission of the large heterodimer is shifted
outside the investigated spectral region.?**> However, consid-
ering that the emission directivity in the low energy region for
the larger heterodimer is similar to that of a single dipole,
such an explanation is unlikely. In summary, the spectral and
angle-resolved CL show that the distance between the NPs is
short enough to get a considerable LSPR hybridization in
these heterodimers, and that controlling the size of the indi-
vidual NPs enables a significant tuning of the resulting optical
properties, as desired for a variety of practical applications.

4. Conclusion

In this work, we demonstrated the broad applicability of
the electrostatic assembly method for NP heterodimers.
Expanding to include a large variety of molecular and poly-
meric stabilizers, we were able to successfully combine a
variety of NPs featuring different shapes, sizes and compo-
sitions, including semiconducting NPs like Fe,O; and TiO,,
into dimeric structures with small gaps, ideal for LSPR hybrid-
ization. The semiconducting NPs were incorporated by initially
intercalating CTAB into the oleic acid/oleylamine stabilizing
layer on the NPs, decreasing the hydrophobicity of the NPs
and allowing transfer to the water phase for an increased inter-
action area between the semiconducting NPs and the second
NPs. We achieved an average dimer yield of 24% for 14 vari-
ations on the heterodimers and showed applicability for NPs
from 7.5-120 nm. We included a variety of structures ranging
from traditional spherical or rod-like NPs to more interesting
triangles, cubes and stars. There exist some limitations to this
method, namely that the yield remains lower than is necessary
for upscaled applications and that the electrostatic assembly
does not provide significant flexibility in the separation of the
NPs, limiting the tunability of the resonance for an individual
combination. This tunability is alternatively achieved through
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large variety of potential combinations, which is now limited
only by the availability of colloidally stable shaped metal or
metal oxide NPs.

Finally, we used CL as a proof-of-principle to demonstrate
the tunability of the hybridized LSPRs for the heterodimers.
These results show that by controlling the size or composition
of the NPs, it is possible to adjust the overlapping plasmonic
modes to provide a wide range of potential emission spectra
and directionality. This tunability, especially combined with
the access to the strongest hot spots in these small gaps, is
increasingly important for the applications of NPs to encom-
pass a wide variety of topics, from optical sensors to bio-
medical targeting.
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