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4
Controlled synthesis of gold

nanorod dimers with end-to-end
configurations

End-to-end gold nanorod dimers provide unique plasmonic hotspots with extremely large
near-field enhancements in the gaps. Thereby they are beneficial in a wide range of appli-
cations, such as enhancing the emissions from ultra-weak emitters. For practical purposes,
synthesis of gold nanorod dimers with high yield, especially on the substrates, is essential.
Here, we demonstrate two controllable strategies to synthesize gold nanorod dimers based
on the self-assembly of gold nanorods, either in bulk solution or on the surface of a glass
substrate directly. Both methods can give a high yield of gold nanorod dimers, yet, assem-
bling them directly on the substrate provides more flexibility in controlling the shape and
size of each nanorod within the dimer.
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4. Controlled synthesis of gold nanorod dimers with end-to-end configurations

4.1. Introduction

Plasmonic coupling between metallic nanoparticles can strengthen the near-field enhance-
ment inside the interparticle gaps[1–10], as well as the local density of photon states[6,
11–15], compared to individual nanoparticles. As a consequence, metal nanoparticle ag-
gregates can be applied to enhance ultra-weak signals, such as two-photon-excited (TPE)
fluorescence[16]. These TPE fluorescence signals are normally too weak to be detected at
single-molecule level, particularly when single nanoparticles are used. Nanoparticle dimers
provide single plasmonic hotspots without reducing the overall fluorescence enhancements.
Therefore nanoparticle dimer structures can be considered as the best plasmon-coupling sys-
tems for single-molecule fluorescence enhancement in the sense that, i) they provide single
sites for fluorescence enhancements, and ii) the photoluminescence background from the
nanoparticles can be reduced compared to multimer aggregates.

Among all the metal nanoparticles, chemically synthesised gold nanorods (GNRs) with
elongated shape have proven to be the excellent building blocks for constructing plasmonic
dimers. Compared to spherical nanoparticles, the anisotropy of the GNRs gives rise to
much richer flexibility in tailoring the optical responses of the dimer structures. GNRs
support two surface plasmon modes along their transversal and longitudinal axes[17, 18].
The longitudinal plasmon resonance can be tuned from visible to the near-infrared region
by varying the aspect ratio[17, 19, 20]. While two GNRs are placed adjacent to each other,
the plasmon resonance can be further adjusted by the interparticle gap and by the relative
orientation[21–24]. End-to-endGNRdimers are of particular interest as they produce higher
near-field enhancement than other configurations as a result of the stronger coupling between
the longitudinal modes. Preparation of end-to-end GNR dimers with high yield, especially
on the substrate, is therefore beneficial for various plasmon-mediated applications[24, 25].
With this aim, various approaches have been developed to link the GNRs in an end-to-end
fashion.

DNA origami templates can be used to assemble individual GNRs into well-defined
nanoarchitectures[22, 26–28], including the end-to-end dimer[29–31], yet this approach re-
quires harsh treatments to both the GNR suspensions and the DNA templates. A more
straightforward approach is to link GNRs directly in an end-to-end fashion through elec-
trostactic attraction[32, 33] or through covalent binding viamolecular linkers[34–36]. Chem-
ically synthesised GNRs are highly anisotropic in surface reactivity due to their anisotropic
crystal structures, hence allow site-specific functionalization on the surfaces. For cetyltrimethy-
lammonium bromide (CTAB) stabilized GNRs, for instance, the tips are more accessible to
dithiol groups as the results of smaller population of CTAB[37, 38], which thus can trigger
the end-to-end self-assembly of GNRs in the suspension[17]. For most cases, the dithiol
ligands can serve not only as linkers, but also as spacers that separate the GNRs. Hence,
dithiol ligands with different molecular sizes can be used to control the interparticle gaps of
GNR assemblies[34, 39–41]. Despite the facilitation of end-to-end connections, controlled
synthesis of GNR dimers with high yield in bulk suspension remains challenging because
lack controls to stop the dimers from randomly growing into chain-like morphologies in the
suspensions[34–36, 39–43].

Here, we have applied two strategies to synthesize end-to-end GNR dimers with the aid
of biotinylated streptavidin as molecular linkers. Firstly, we illustrate the assembly in a bulk
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suspension of GNRs in the presence of the biotinylated streptavidin. The biotinylated strep-
tavidin can bind specifically to the tips of the GNRs in the presence of the surfactant CTAB,
hence ensuring the end-to-end assemblies of the GNRs. The assembly was monitored by
recording the extinction spectra of the assembly suspension over time, and a drop of this
suspension was later deposited and dried between two glass slides. Secondly, we performed
the GNR dimer assembly directly on glass slides. We first immobilized single nanorods on
a clean glass slide, and functionalized them with the biotinylated streptavidin specifically
on the tips of the each GNR. The molecular linkers functionalized on the immobilized gold
nanorods have the chance of adsorbing a second GNR in the solution, hence forming dimer
structures. During the assembly, based on the bottom-up flipped strategy, we can separate
the inevitable multimer aggregates in the suspensions. Thereby we can get purified end-to-
end GNR dimer structures on glass.

4.2. Materials and Method

4.2.1. Materials

The following chemicals and materials were used for the synthesis of the GNR dimers: Un-
conjugated streptavidin (SNN1001, invitrogen), N-[6-(biotinamido)hexyl]-3’-(2’-pyridyldithio)
propionamide (EZ-linkHPDP-biotin; Pierce), tris(2-carboxyethyl)phosphine) (TCEP, Pierce),
Cetyltrimethylammonium bromide (CTAB), CTAB-stabilized Gold nanorods with plasmon
resonance of 700 nm (NA-40-700, OD-50, Nanoseedz), Glass slides (Menzel-Gläser, φ =
25 mm).

4.2.2. Methods

Figure 4.1 schematically illustrates the two assembly strategies we applied for the synthesis
of gold nanorod dimers: (a) assembly in solution, which we can call bulk-assembly process;
and (b) step-wise assembly on the surface of the substrate. The processes can be briefly
described as follows.

Preparation of the molecular linkers.
A biotin disulfide solution (20 µM), EZ-link HPDP-biotin, was pretreated with a reducing
agent solution, TCEP (tris(2-carboxyethyl)phosphine), with a 1:10 biotin/TCEP ratio. This
reaction was allowed at room temperature for 15 min to break the disulfide bonds in the
HPDP-biotin molecules. This process can be verified by monitoring the extinction peak at
343 nm [44](see figure S4.1b in Supporting Information). The mixture solution was added
to the streptavidin solution (1 µM) in phosphate-buffered saline solution (PBS, pH=7.4),
with a ratio of 4:1 for biotin/streptavidin. The incubation lasted for 45 min to allow the
binding of streptavidin with at least two biotins. The excess of unbound biotin disulfide and
TCEP was removed by centrifugation in centrifugal filter devices (Ultra-0.5 10K, Amicon).
The residue was dispersed in 100 µL deionized (DI) water.
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4. Controlled synthesis of gold nanorod dimers with end-to-end configurations

Figure 4.1: Assembly schemes for two synthesis approaches of gold nanorod dimers. Blue arrows illustrate the
step-wise assembly approach where two GNRs of the dimer are immobilized sequentially on the glass surface, by
spin-coating and by molecular linking, respectively. Grey arrows show the bulk-assembly approach.
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(a) Step-wise assembly of GNRs on the glass surface.
Step 1. Immobilized GNRs on the glass side: Individual GNRs were immobilized onto
a clean glass slide by spin-coating a suspension of CTAB-stabilized GNRs. These isolated
GNRs can be viewed as the "first" GNRs of the dimers. After spin-coating, UV/Ozone clean-
ing was performed to remove the CTAB around GNRs’ surfaces to ensure proper sticking
of these GNRs on the glass surface. The slide was immersed in a CTAB solution (1 mM)
for about 30 min. This step created a bilayer of CTAB that covered the sides of the GNRs
more compactly, leaving the tips exposed and accessible to the thiolated molecular linkers.
Step 2. Tip-specific functionalization of theGNRs: TheCTAB solutionwas replacedwith
the pretreated biotinylated streptavidin solution (∼ 200 nM). In the presence of ∼ 1 mM
CTAB, the thiolated linkers can bind specifically at the tip of the GNRs. The tip-specific
binding reaction was allowed to proceed for 90 min, and afterward the slide was cleaned
gently with DI water to remove any reactant residues on the surface.
Step 3. Synthesis of GNR dimers on the glass surface: The glass slide was then flipped
and immersed in GNR colloid in an upside-downmanner for 12 hours, with the surface con-
taining tip-functionalized GNRs facing the bottom of the sample chamber (see the scheme
in figure 4.1). This upside-down strategy can significantly reduce the deposition of GNR
monomers or aggregated multimers onto the substrate under the influence of gravity. The
thiol-functionalized GNRs on the glass slide provided binding sites for the GNRs, and had
the chances to "adsorb" the second GNR to form a GNR dimer through gold-thiol bonds.
This step-wise assembly approach allows us to construct high-purity gold nanorod dimers
on the substrate, and provides the flexibility of adjusting the shapes or sizes of each particle
in the dimers.

(b) Assembly of GNRs in bulk suspension.
The assembly of GNRs can also be performed in the bulk suspension. Briefly, a commer-
cially available GNR suspension (NA-40-700, OD-50, Nanoseedz) was diluted to the con-
centration according to its optical density (OD) of∼ 0.3. The GNR suspension had plasmon
absorption at 700 nm, and the average diameter of the GNRs was 40 nm. 40 µL of the pre-
treated biotin-streptavidin solution were added into 500 µL as-prepared GNR solution to
trigger the end-to-end assembly of the GNRs. The assembly of GNRs was monitored by
recording the extinction spectrum of the solution with a Cary 50 UV-Vis spectrometer (Var-
ian Inc. Agilent Technology, USA) every 2 min. After the extinction peak of the longitudinal
plasmonic modes dropped by about 1/4, the GNR assemblies can be immobilized onto the
glass slides through the following two strategies:
i) Deposition of the GNR assemblies between two glass slides. A small amount of the
GNR assembly solution (∼ 10 µL) was deposited onto a clean cover glass slide, and was
immediately covered with a second glass slide. The capillary action between the two slides
squeezed the assembled solution and formed a thin layer. This strategy helps stop further
assembly of GNR, and deposit the GNR assemblies uniformly on the surfaces of the glass
slides. After deposition, the two slides were separated by immersing them in clean water.
ii) Drop-coating deposition of the GNR assemblies. As a comparison, a traditional drop-
coating approach of depositing the GNR assemblies was also examined in this study. Briefly,
a small drop of GNR assembly solution was deposited on a clean glass slide, and blown dry
gently with nitrogen gas.
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Removing of the organic molecules around GNRs.
We performed UV/Ozone cleaning to remove all the organic molecules around the deposited
GNRs to ensure the proper sticking of the GNRs on the glass surface, and to create free gaps
between the GNRs of the assemblies.

4.3. Results and discussion

Figure 4.2: Bulk assembly experiment. (a) Spectral change during the assembly process. (b) Percentage decrease
in the peak value of spectra as time progresses. The orange shaded area shown in (a) is used to calculate the
normalized values. Inset: the resonance wavelenths of the transverse (blue) and longitudinal (orange) plasmon
modes. (c) SEM image of typical gold nanorod dimers on glass slide deposited by using “two-slide” strategy. (d)
The statistics percentages of end-to-end dimers (green), single GNRs (red), side-by-side dimers (blue), and clusters
(orange). The statistics was done by counting 90 nanoparticles.

We begin our discussion with the assembly process of GNRs in the bulk suspension.
As is well known, the formation of nanoparticle aggregates, or nanoparticle assemblies, can
be characterized by the change of their plasmon resonances compared to single particles.
The assembly process in bulk solution can be visualized by the evolution of the visible-
near-infrared (vis-NIR) extinction spectra of the GNR suspension mixed with the linkers.
Specifically, the elongated GNRs can be assembled side-by-side, end-to-side, or end-to-end,
depending on the binding sites of the molecular linkers on the surface of each GNR. In the
bulk-assembly experiments, the formation of these assemblies can be probed by monitoring
the absorption bands corresponding to the transverse or longitudinal SPR of the GNRs: the
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side-by-side and the end-to-side assemblies will induce a red-shift to the initial transverse
SPR band of single GNRs, while the end-to-end assemblies will give rise to a red-shift of
the longitudinal SPR band. The red-shifts of the plasmon modes depend on the sizes of the
individual GNRs and on the gaps between them. Considering the interparticle gap of about
5 nm, determined by the size of streptavidin[39], and the average sizes 40 nm × 97 nm of
the GNRs, we expect a red-shift of about 100 nm for the longitudinal SPR of the end-to-end
and a red-shift of about 30 nm for the transverse SPR of the side-by-side dimer, compared
to the modes of single GNRs (see figure S4.2 in Supporting Information).

Figure 4.2a shows the evolution of the vis-NIR extinction spectra of the GNR suspension
after the addition of the pretreated dithiolated streptavidin-biotin compounds. The spectra
were acquired every 2 min at room temperature. After adding the molecular linkers, the
extinction peak, corresponding to longitudinal SPR band of isolated GNRs, decreases grad-
ually in intensity without shift of its spectral position, while the red-side shoulder became
broader, indicating the formation of the end-to-end assemblies of GNRs in the solution. Af-
ter certain time, we observed a small tail at the longer-wavelength side of the longitudinal
plasmon band, which could be assigned to the increased content of the end-to-end GNR
chains over time. From the spectra, we conclude that the fraction of the longer chain as-
semblies (e.g. the assemblies with more than three GNRs) in the solution is low, as the
extinction at the end of the longer-wavelength tail is relatively small compared to the ex-
tinction at the red-side shoulder at the wavelength of around 800 nm (which corresponds
to the SPR of end-to-end dimer from simulations, see figure S4.2). The ratio of short-chain
assemblies (e.g. GNR dimers) can be further controlled by adjusting the assembly time and
the stoichiometric ratio between GNR and the molecular linker.

From figure 4.2a, we didn’t observe any noticeable change in the shape of the transverse
SPR band except for a reduction of the intensity, which indicated that the GNRs assembled
in the side-by-side configuration were rare in the solution. Here, the facilitation of end-to-
end GNR assembly can be attributed to the rigid structure of the streptavidin and of the
streptavidin-biotin complexes. The relative large size of streptavidin makes it more difficult
for the short thiol-end groups of the compounds to bind with the gold surfaces on the sides
of the GNRs, which are coated with a CTAB layer, favoring the binding of the linkers to the
GNR’s tips, where the CTAB density is lower. We therefore propose that the pre-treatments
of the molecular linkers mentioned earlier make them more robust to assemble the GNRs
into end-to-end configurations. This statement can be confirmed by a control experiment,
where we added the solutions of streptavidin, biotin and TCEP into the GNR suspension
simultaneously to trigger the GNR assembly, instead of using the pre-treated solution that
contained only the streptavidin-biotin compounds. Figure S4.3 shows the time-dependent
extinction spectra of GNRs after the addition of the mixture of streptavidin, HPDP-biotin
and TCEP, with the stoichiometric ratio of 1 : 4 : 8. As shown in the plot, the transverse SPR
bandwas red-shifted slightly as time evolved, accompanied by an increase of the extinction at
the dip of the spectra between the two SPR peaks. Hence it was evident that the GNRs could
also be assembled side-by-side in the presence of free thiolated biotin and unconjugated
streptavidin. Additionally, the assembly rate was faster than the assembly process with only
streptavidin-biotin compouds. More controlled experiments were performed using: i) biotin
and TCEP, ii) streptavidin and TCEP and iii) streptavidin-biotin linker molecules. As is
shown in figure 4.3, we see that biotin-only or streptavidin-only yields negligible spectral
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4. Controlled synthesis of gold nanorod dimers with end-to-end configurations

change as time goes, compared to the case with streptavidin-biotin linker molecules.

Figure 4.3: Control experiments: (a) Schematic showing the different linker molecules used for the experiment.
(b, c d) Time evolution of the extinction spectra when the linker is only biotin and TCEP (b), only streptavidin and
TCEP (c), and when the linker molecule is biotin-streptavidin and TCEP (d). The TCEP concentration for (b) and
(c) was 100 µM. The spectra were acquired every 10 min for 2 hours.

The GNR assemblies were examined via SEM measurements after deposition onto a
clean glass slide. We applied the two-slide-sandwich strategy mentioned in the method sec-
tion to deposit the GNR assemblies onto the glass slides. Compared to other methods, such
as the drop-coating or spin-coating deposition approaches, our strategy is very simple, yet,
very effective in the distribution of the assemblies on the glass surface, and can maintain
the configurations of the assemblies during the deposition process. A typical SEM image of
GNR dimers with well-defined end-to-end configuration is shown in figures 4.2c. More im-
ages taken from the same sample (see figure S4.5, S4.6 and S4.7 in Supporting Information)
indicate that our approaches are very efficient in preparing end-to-end GNR dimers in the
substrate. As shown in figures 4.2d., we obtained a ratio of 47% for the end-to-end dimers
from the total count of 90 particles. More comparisons of different deposition approaches
can be found in the Supporting Information.

So far we have discussed the bulk assembly approach to synthesize the end-to-end GNR
dimers inGNR suspension. Our result shows that suitable treatments of the thiolated streptavidin-
biotin complex facilitate the assembly of the GNRs into end-to-end configurations, which
had earlier been proved by K. K. Caswell et al.[39]. Yet assembly of GNRs in bulk sus-
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pension normally ends up with long chains of GNRs, and the separation of the GNR dimers
from the monomers and multimers could be an issue to prepare the sample with GNR dimers
on the substrate with high yields.

Inspired by the extraordinarily high affinity of streptavidn for biotin and by the chemical
stability of the complex, we developed a step-wise assembly approach to synthesize GNR
dimers directly on a glass surface. Briefly, the first GNR of the dimer was first immobilized
on the glass surface, and later combined with the second GNR through the thiol-gold bond
with the aid of the thiolated streptavidin-biotin compound functionalized at the tip of the
first GNR. Similar step-wise assembly approach had been reported to create gold nanopar-
ticle dimer with high yield by using the alkanedithiol (SH(CH2)nSH) or double-stranded
DNA as the molecular linkers[45–48]. So far, however, this strategy has only be exploited to
the assembly of spherical gold nanoparticles with small sizes (∼ 20 nm), and special func-
tionalizations of the glass surface were needed. Here, we show that the step-wise assembly
method can also be applied to fabricate GNR dimers on the substrate. By using the flipped
upside-down strategy shown in figure 4.1, where the targeted GNRs were in the solution
below the glass surface with tip-functionalized GNRs, we can prevent precipitation of the
monomers or sedimentation of the inevitable aggregated multimers on the substrate, hence
seletively bind dimer structures onto the glass surface.

Figure 4.4 shows a representative SEM image of the GNR dimers assembled using the
step-wise upside-down approach. As shown in the SEM image, we got 8 GNR dimers with
end-to-end configurations (noted with the green dashed circles) out of the 15 nanoparticles
in the area. Meanwhile, we also see 3 particles with GNRs aggregated in the side-by-side
configurations. Interestingly, we don’t see any end-to-end assemblies in this area with more
than three GNRs in the arrangement, which confirms that our method is effective in the
fabrication of end-to-end GNR assemblies of short chains (in principle 3 GNRs at most).

Several factors could affect the efficiency of the fabrication of end-to-end dimers on the
substrate by using our step-wise upside-down strategy: i) the number of the active binding
sites for the targeted GNRs at the tips of the individual GNRs on the glass; ii) the denat-
uration of the dithiolated streptavidin-biotin complex during the assembly process; iii) the
surface conditions of the glass, such as the surface roughness or the surface charge of the
glass, which may influence the sticking of the second GNRs on the glass surface; iv) after
taking away the glass from the GNR suspension after the assembly, there might also be some
GNR suspension left on the glass surface, which might stick on the glass or even aggregate
into clusters during the drying process.

We examined the SEM images in 12 different areas recorded on three different sam-
ples (including the area shown in figure 4.4) using the same method of step-wise assembly.
Shown in figure S4.8 and figure S4.9, we see that the ratios of end-to-end GNR dimers can be
very different in different areas. The non-uniform distribution of GNR dimers on the glass
surface might be due to the non-uniform surface conditions of the glasses, which might af-
fect the tip functionalization of each GNR, or might affect the binding efficiency of the linker
with the second GNR. The random distribution of the GNR residues on the glass surface
after the assembly might also affect the ratio of GNR dimer in different areas, as they will
add more single GNRs on the surface. Nonetheless, we got a total of 50 end-to-end GNR
dimers out of the 140 particles in all areas, which yields a ratio of 36% for end-to-end GNR
dimers, as can be seen in figure 4.5 (green bar).
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Figure 4.4: SEM image of the assembly sample prepared by using the step-wise assembly method. We see a total
of 8 end-to-end GNR dimers out of 15 nanoparticles (green dashed circles) in this area. The blue and red circles
represent the side-by-side assemblies and single GNRs, respectively. Below shows the zoomed in configurations
of the assemblies.
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Figure 4.5: Yields of the nanoparticles with different configurations. The statistics was done by counting 140
nanoparticles from different areas of three samples, all of which were prepared by using the step-wise assembly
approach.

4.4. Conclusions

In conclusion, we have demonstrated two different approaches for the fabrication of end-
to-end GNR dimers based on the self-assembly of GNRs. Our results showed that pre-
conjugation of streptavidin with thiolated-biotin as molecular linkers will facilitate GNR
assembly into end-to-end dimers in the suspension. In this work, we illustrated a simple
but very efficient way of depositing the GNR assemblies onto glass slide by sandwiching a
small amount of GNR assembly between two glass slides. This approach helps us to deposit
the GNR assemblies uniformly onto the glass slides, and maintain the configurations of the
GNR assemblies during the deposition process.

We further developed a step-wise assembly method to synthesize GNR dimers directly
on the glass. In this method, the two GNRs of the dimer were immobilized sequentially
on the glass surface. Briefly, the first GNR of the dimer was immobilized by spin-coating,
and adsorbed the second GNR in the suspension with the aid of the molecular linker. By
applying a simple upside-down flipping strategy, where the targeted GNRs were in the solu-
tion below the glass surface with tip-functionalized GNRs, we ended up with a high yield of
end-to-end GNR dimers. Our step-wise assembly method can be readily applied to different
nanoparticles, providing the flexibility of controlling the shapes, sizes or materials of each
nanoparticle in the assembly.
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S4.1. Supporting information

GNR assembly in bulk suspension.

Figure S4.1: (a) Cleavage of the disulfide bond in HPDP-biotin molecule by the reducing agent TCEP. (b) Spectral
evolution for HPDP-biotin at the concentration of 40 µM after the addition of 40 µM TCEP. The disulfide-bond
cleavage of HPDP-biotin molecules is verified by monitoring the release of pyridine-2-thione, which has a maxi-
mum absorption at 343 nm. The spectra were acquired every 2 min. (b) Time evolution for the percentage of the
peak at 343 nm.
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Figure S4.2: Simulated extinction spectra for GNR of different morphologies. (a) The extinction spectra excited
transversely for a single GNR (blue), a side-by-side GNR dimer (orange), and a side-by-side trimer(green). (b) The
extinction spectra excited longitudinally for a single GNR (blue), a end-to-end GNR dimer (orange), and a end-to-
end trimer(green). Each GNRwas modeled as a spherically capped clinder with the shape of 40 nm×97 nm. The
interparticle gap was set as 5 nm. The simulations were performed by using boundary element method[49, 50].The
dielectric permitivity for gold was taken from Johnson and Christy[51], and the refractive index of ambient medium
was taken as 1.33.

Figure S4.3: (a) Spectral evolution for GNRs in the presence of the HPDP-biotin, streptavidn, and TCEP. The
assembly was triggered by adding the mixture without centrifugal filtering. (b) Time evolution of the pectcentage
of the longitudinal plasmon peaks (orange line with dots), and the pectcentage of the dips (green line with dots) in
the special window indicated by the green shadow in (a). The spectra were acquired every 2 min.
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Drop-coating deposition of the GNR assemblies

Figure S4.4: SEM images of GNR assemblies on a glass slide. The assemblywas triggered by adding the dithiolated
streptavidin-biotin compounds to the GNR suspension. The assemblies were deposited onto the glass slide by drop-
coasting.
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Deposition of the GNR assemblies between two cover slides

Figure S4.5: SEM images of GNR assemblies on a glass slide. The assemblywas triggered by adding the dithiolated
streptavidin-biotin compounds to the GNR suspension. The assemblies were deposited onto the glass slides and
dried between two cover slides. The assemblies of different morphologies are highlighted by the colored circles:
end-to-end GNR-dimer: green, single GNR: red, side-by-side GNR dimer: blue, and clusters: orange.

4

85



4. Controlled synthesis of gold nanorod dimers with end-to-end configurations

Figure S4.6: SEM images of GNR assemblies on the same glass slide as figure S4.5. The assemblies of different
morphologies are highlighted by the colored circles: end-to-end GNR-dimer: green, single GNR: red, side-by-side
GNR dimer: blue, and clusters: orange.
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Figure S4.7: SEM images of GNR assemblies on the same glass slide as figure S4.5. (a-h) These SEM images are
of different areas from the same sample. The assemblies of different morphologies are highlighted by the colored
circles: end-to-end GNR-dimer: green, single GNR: red, side-by-side GNR dimer: blue, and clusters: orange.

4

87



4. Controlled synthesis of gold nanorod dimers with end-to-end configurations

Step-wise assembly of GNRs on the glass surface.

Figure S4.8: SEM images of GNR assemblies on a glass slide. The sample was prepared using the step-wise
assembly method. (a-f) These SEM images are of different areas from the same sample. The assemblies of different
morphologies are highlighted by the colored circles: end-to-end GNR-dimer: green, single GNR: red, side-by-side
GNR dimer: blue, and clusters: orange.
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Figure S4.9: SEM images from two different samples prepared by using the step-wise assembly method. (a, c, e)
Assemblies of different areas from the first sample. (b, d, f) SEM images from the second sample. The assemblies
of different morphologies are highlighted by the colored circles: end-to-end GNR-dimer: green, single GNR: red,
side-by-side GNR dimer: blue, and clusters: orange.
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