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End-to-end linked nanorod dimer nanogap antennas exhibit superior plasmonic enhancement compared
to monomers due to the coupling of localized surface plasmon resonances (LSPR) of individual nanorods.
However, controlling the assembly to stop at the dimer stage is challenging. Here, we report a pH-con-
trolled synthesis of Au nanorod dimer nanogap antennas in an aqueous solution using 1,4-dithiothreitol
(DTT) as a linker. Neutral to acidic pH (4.0 to 7.0) favors dimer formation, while higher pH decreases
dimer yield, stopping completely at pH 11.0. The reaction can also be halted in neutral and acidic solutions
by abruptly increasing the pH to 11.0 or higher. At basic pH, both thiol groups of DTT deprotonate and
acquire a negative charge, causing both thiolate ends to adsorb onto the positively charged cetyltri-
methylammonium bromide (CTAB) micellar layer on the transverse surface of the Au nanorod, preventing
dimer formation. TEM images confirm nanorod dimers, showing a good conversion yield (~80%) from
monomers to dimers. Overall, out of all the DTT induced NR assemblies, 70% are found to be dimers. The
majority of these dimers (>90%) are end-to-end linked dimers, with a gap distance of ~1 nm, exhibiting
exceptional stability and remaining intact for over two weeks. FDTD simulations demonstrate a significant
enhancement of the light E field in the nanogap, ~80 times higher than in a homogeneous water environ-
ment and 11 times higher than in nanorod monomers. Simulations also show that E field enhancement
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varies with the angular separation of monomeric nanorods, being highest for end-to-end dimers (180°)
and lower for side-to-side dimers (0°). Overall, we present an inexpensive method to design and control
nanorod dimer nanogap antennas in aqueous solution, useful for plasmon-enhanced spectroscopic
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1. Introduction

Controlling and manipulating light at the nanoscale, far below
the diffraction limit, opens up new opportunities. These
include developing optical methods for detecting molecules
beyond the diffraction barrier, designing high-resolution bio-
sensing and chemical sensing assays that can lower the limit
of detection (LOD) for target analytes, biomedicine, catalysis
and creating optical circuits that can harvest, modulate, and
reemit light at the nanoscale.”>*'*"'® This control and
manipulation of light at the nanoscale, beyond the diffraction
limit, is made possible through the coupling of light with the
localized surface plasmon resonance (LSPR) of plasmonic
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applications such as biosensing, chemical sensing, and biomedical devices.

nanostructures, such as those made of gold (Au), silver (Ag),
and aluminum (Al). This interaction leads to a significant
enhancement of the electric field (E-field) in the vicinity of the
plasmonic nanostructures, known as a hot spot. When an
emitter is placed in the hot spot, the enhanced light-matter
interaction results in an emission signal that is several orders
of magnitude higher compared to the absence of plasmonic
nanostructures.>'’>° This enhances the spatial and temporal
resolution of existing spectroscopy and microscopy techniques
(e.g., Raman and fluorescence), allowing the study of biological
and chemical processes at timescales not accessible with con-
ventional spectroscopy techniques.'®?"** Key to these appli-
cations is the generation of intense electromagnetic hotspots
near the metal nanostructures. It has been observed that an
assembly of two or more metal nanoparticles (NPs) in close
proximity generates intense electromagnetic hotspots in the
nanogap, with electric field enhancements 2-3 orders of mag-
nitude higher compared to isolated metal NPs.>*® This is due
to the coupling of the LSPR of the individual metal NPs in the
assembled structure, creating a hybrid plasmon mode®” that
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results in huge near-field light enhancement and an increase
in the local density of optical states (LDOS) in the gap of these
nanostructures.>***?° An assembly of anisotropic metal NPs
exhibits even superior plasmonic enhancement compared to
their isotropic counterparts due to sharp tips that lead to
tighter confinement of light and more intense electromagnetic
hotspots.>*®?°3> Among these anisotropic NP assemblies,
nanorod (NR) assemblies are the most popular. This is
because NRs can be easily prepared in large quantities in a
reproducible manner using wet chemical synthesis, and their
LSPR band can be tuned to the desired wavelength by simply
changing the aspect ratio.**” Khatua and colleagues observed
over 10 000-fold enhancements in the fluorescence of a single
molecule for an end-to-end assembly of an Au NR network.>®
Lu et al. observed a 10%-fold enhancement in two-photon
excited fluorescence of a single ATTO 610 dye in the gap of a
dimer NR.*° Zhang et al. found a 470-fold increase in single-
molecule fluorescence in the 6.1 nm gap of a dimer NR.*
Therefore, NR dimers remain very attractive materials for plas-
monic-enhanced spectroscopic applications.

There are generally two methods used to fabricate assem-
blies of metal nanostructures: top-down lithography and
bottom-up wet chemical synthesis. Top-down techniques, such
as focused ion beam (FIB) and electron lithography, create
nanostructures with precise size, shape, and gap distances at
high resolution and reproducibility.”® However, these methods
are extremely costly and result in polycrystalline nano-
structures, causing plasmonic losses at grain boundaries.*’ In
contrast, bottom-up wet chemical synthesis has made signifi-
cant progress over the past two decades in fabricating aniso-
tropic metal nanostructures with high reproducibility.**** This
method is inexpensive and can be used in any experimental
lab. It also produces single-crystalline nanomaterials with
superior plasmonic properties compared to those formed by
top-down lithography. Various groups have developed different
strategies to prepare end-to-end assemblies of Au nanorods
(NRs) using wet chemical synthesis. For example, Jain et al.
used a seed-mediated growth approach to anisotropically grow
dimerized Au nanoseeds into end-to-end Au NRs.** Murphy
and co-workers employed biotin-streptavidin interactions to
create highly ordered arrays of end-to-end Au NRs.*’ The
Thomas group utilized alkane dithiol in acetonitrile to syn-
thesize end-to-end Au NR assemblies, where the dithiol binds
specifically to the NR tips due to the lower density of CTAB in
these regions.’®*” Liu et al. used dithiol polyethylene glycol
(HS-PEG-SH) to create both end-to-end and side-by-side assem-
blies of Au nanorods (NRs).*® They found that at lower concen-
trations, HS-PEG-SH favors end-to-end assembly, while at
higher concentrations; it promotes side-by-side assembly.
Hemant et al. have prepared a pm long end to end assembly of
Au NRs using a linear diamino derivative of BODIPY as a
linker.** Complementary oligonucleotide hybridization has
also been used to synthesize end-to-end NR assemblies.*’
Although these studies achieved high yields for end-to-end NR
assemblies, they lacked control to stop the assembly reaction
at the dimer stage. While DNA origami can create NR dimers
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with precise gap distances, this method is tedious and
expensive.>’™?

Recent efforts have focused on stopping the assembly reac-
tion at the dimer stage through more affordable routes. Lu
et al. employed a physical technique where the reaction solu-
tion was deposited between two glass slides, allowing the
excess NRs to drain away, thus stopping the assembly reac-
tion.>* However, this method lacks chemical control over the
assembly reaction. Nepal et al. prepared a highly stable side-to-
side linked Au NR dimer in an ethanol-water mixture by modu-
lating directional interactions through the depletion and reas-
sembly of the CTAB bilayer on the sides of the Au NRs.>
However, the plasmonic enhancement in the side-to-side
linked NR dimer is much lower compared to the end-to-end
linked dimer.’® Lecaque and colleagues utilized hydrogen
bonding between the carboxylate group and the protonated
amine group of two distinct cysteines to form an end-to-end
assembly of Au NRs, which could be halted at the dimer stage
by adding AgNO;.>” The NR dimers prepared using this
method remained stable for only 24 hours. The same group
also used the bifunctional coupling agent trans-1,2-bis
(4-pyridyl) ethylene (BPE) to link the ends of Au nanorods. The
reaction was stopped at the dimer stage with AgNO;, and the
dimers were encapsulated in mesoporous silica for long term
stability.>®>° Stewart et al. tethered thiolated polystyrene to the
ends of gold nanorods (Au NRs) to promote end-to-end assem-
bly through hydrophobic interactions.®® They used phospholi-
pid encapsulation to halt the assembly at the dimer stage and
to provide stability to the NR dimer. The use of an encapsula-
tion layer around the NR, however, may limit access to the elec-
tromagnetic hotspot, as the plasmonic near field decays expo-
nentially from the surface of the NRs.®! This could hinder plas-
monic-enhanced spectroscopic applications. Therefore, it is
important to prepare a solution-stable, end-to-end linked Au
nanorod dimer without an encapsulation layer. Recently,
Khatua and colleagues used the pH-sensitive properties of poly
(acrylic acid) (PAA) to halt the Au NR assembly at the dimer
stage in acetonitrile.®>® They used PAA-coated Au NRs and
1,6-hexane dithiol as a linker. The reaction was stopped by
increasing the pH with DABCO, deprotonating the PAA’s
COOH groups, which made the NRs negatively, charged and
prevented further binding. This method achieved almost 60%
dimer yield, with dimers remaining stable for about seven days
after adding high concentrations of DABCO. However, since
1,6-hexane dithiol is not soluble in aqueous medium, this
method is not suitable for biological applications requiring
NR dimers in aqueous solutions. Additionally, PAA-coated Au
NRs tend to aggregate in acetonitrile due to poor solubility.
Therefore, an alternative strategy is needed to prepare Au NR
dimers in aqueous medium.

We have used 1,4-dithiothreitol (DTT) to prepare end-to-end
dimers with a gap distance of ~1 nm in aqueous solution.
Previously, Tsai et al. employed DTT to link spherical Au nano-
particles, forming clusters in water.®* They further stabilized
the DTT-conjugated nanoparticles by attaching thiolated poly-
ethylene glycol (PEG-SH), which prevented further aggregation

This journal is © The Royal Society of Chemistry 2024
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through steric repulsion. However, no anisotropic nano-
particles, such as NRs, were linked end-to-end, and no in situ
control was applied to stop the reaction at the dimer stage. In
the present study, DTT is used to link the two Au NRs to
prepare an end to end dimer. The reaction can be easily con-
trolled by adjusting the pH. Dimer formation is more favorable
at acidic and neutral pH but becomes less favorable as pH
increases, stopping completely at pH > 11.0. The reaction can
also be halted at neutral and acidic pH by rapidly increasing the
PH to 11.0. At high pH (>11.0), both SH groups of DTT deproto-
nate and acquire a negative charge, adsorbing onto the posi-
tively charged cetyl trimethyl ammonium bromide (CTAB)
micellar layer on the transverse surface of the Au NRs, making
them unavailable to bind with another NR. We found that the
nanorods prepared using this method, are stable for over two
weeks. Finite-difference time-domain (FDTD) simulations reveal
a significant enhancement of the electric field at the gap of the
dimer nanorod. Additional FDTD simulations indicate that the
electric field enhancement is maximum in a linear end-to-end
dimer configuration and lowest in a side-to-side dimer configur-
ation. Overall, we have developed a cost-effective strategy to
prepare Au NR dimers in aqueous solution, which will be useful
for various plasmon-enhanced spectroscopic applications,
including biochemical sensing and photovoltaic devices.

2. Experimental section

2.1. Materials

Chloroauric acid trihydrate (HAuCl,-3H,0), cetyltrimethyl-
ammonium bromide (CTAB), r-ascorbic acid, silver nitrate
(AgNO:3), 1,4 dithiothreitol (DTT), hydrochloric acid (HC1), pot-
assium hydroxide (KOH), acetic acid were all purchased from
Sigma Aldrich (Merck) and were used as received. MilliQ water
was used in all the experiments.

2.2. Preparation of Au nanorods (NRs)

Au nanorods were prepared using the seed-mediated growth
approach.****%” First, Au nanoseeds were prepared in an
aqueous solution by reducing HAuCl, (25 pL of 50 mM
HAuCl,) in CTAB (4.7 mL, 0.1 M) using a freshly prepared ice-
cold solution of NaBH, (300 pL, 10 mM) under vigorous stir-
ring at 30 °C for 2 minutes. The solution color changed from
yellow to brown within 30 s confirming the formation of the
Au nanoseed. Next, the Au nanoseed solution was aged at
30 °C for 1 h. After then, the Au nanoseeds were anisotropi-
cally grown into nanorods (NRs) in a growth medium contain-
ing HAuCl,, CTAB, HCl, and ascorbic acid at 30 °C. To prepare
this growth solution, 190 pL of 1 M HCI and 100 pL of 50 mM
HAuCl, were added to 10 mL of 0.1 M CTAB solution and
stirred gently for 5 minutes. The final pH of the solution was
1.8. Then, 120 pL of 10 mM AgNO; was added under mild stir-
ring. After that, 100 uL of 100 mM ascorbic acid was mixed in,
turning the solution from yellow to colorless, indicating the
reduction of Au®* to Au'". Finally, 24 pL of the aged Au nano-
seed solution was added, and the mixture was left undisturbed
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overnight (~12 h). The solution turned deep red, indicating
the formation of Au NRs. To remove excess CTAB, the Au NR
solution was centrifuged at 10000 rpm, and the NRs were
redispersed in Milli-Q water for storage and further use.

2.3. Preparation of end to end linked Au nanorods (NRs)

End to end linked Au NRs were prepared by linking the Au NR
monomers using the linker 1,4-dithiothreitol (DTT). DTT has
two thiol (-SH) groups which provides two anchoring motif to
bind with two monomeric Au NRs. The assembly reaction was
performed in aqueous medium at different pH (4 to 11). To
obtain the desired pH, necessary concentration of acetic acid
and KOH were added into the reaction mixture. For all the
measurements the optical density of the Au NR solution was
fixed at 0.3 to 0.4. First, a 600 pL aqueous solution of the Au
NR monomer was taken in a cuvette (volume-700 pL, path
length 0.2 cm, Starna) and to this 30 pL of 50 mM DTT was
added and the solution was mixed properly. The progress of
the reaction was monitored in a UV-Vis-NIR spectrophotometer
(Lambda 1050+, PerkinElmer) as a function of time at different
time interval. The decrease of the LSPR band of the Au NRs
and the appearance of a new band at NIR (>950 nm) indicates
the formation of end to end linked Au NRs. The reaction can
be stopped at the dimer stage before the isosbestic point is
lost by a sudden increase of pH of the medium. To increase
the pH of the medium from 4.0 to 11.0, ~1.5 pL of 5 M KOH
was added into the reaction mixture and mixed thoroughly.

2.4. Transmission electron microscopy (TEM)

TEM measurements were conducted at two different locations.
At the Central Research Facilities, IIT Delhi, Sonipat campus, a
200 kV high-resolution transmission electron microscope
(JEM-ARM200F NEOARM) was used. Additionally, TEM images
were obtained at the Central Research Facilities, MNIT Jaipur,
using a 200 kV Tecnai G2 20 S-TWIN (FEI) microscope. The
TEM samples were prepared by drop-casting the sample onto
carbon-coated copper grids with a 400 mesh size.

2.5. Zeta potential measurements

Zeta potential measurements were conducted on a Litesizer-
500 (Anton Paar) using a univette low volume cuvette (60 pL).
The measurements were conducted in water at different pH at
25 °C.

2.6. Absorption spectroscopy measurements

Absorption spectra of Au NRs were conducted in a UV-Vis-NIR
spectrophotometer (Lambda 1050+, PerkinElmer) -cuvette
(volume-700 pL, path length 0.2 cm, Starna). The optical
density of Au NRs was kept at 0.3-0.4 by dilution. The absorp-
tion spectra are taken at different time intervals to monitor the
progress of the end to end assembly reaction. All the measure-
ments were conducted at 25 °C.

2.7. Finite difference time domain (FDTD) simulation

FDTD simulations were conducted on a commercial software
Ansys Lumerical. Two different meshes were used: a 1 nm
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mesh surrounding the dimers, as well as a 0.5 nm mesh near
the gaps. Total Field Scattered Field (TFSF) illuminates the NR
dimers as a planar source at 1030 nm, with polarisation along
the x-axis. The NR dimers are made of gold, by taking the
complex refractive index from Johnson & Christy into account,
in suspension in the water medium. The geometry of each NR
monomer is defined as a cylinder with two half-spheres ends,
which gives results closer to the reality as well as allowing NR
dimers to rotate while keeping a constant gap size. The length
and diameter of each NR monomer are 45 nm and 15 nm
respectively. The maps of electric field enhancements were
obtained by normalizing the electric field in the presence of
Au NRs with respect to the electric field in absence of any Au
NRs. To compare the values of electric field enhancements
between angles, a 2D square monitor (z normal) is placed in
the gap, with side equal to the gap size. We compare the mean
value of electric field enhancements in the monitor, to limit
numerical artefacts influence.

2.8. Scanning tunnelling electron microscopy (STEM)
imaging measurements

STEM images were acquired using an FEI Apreo S LoVac scan-
ning electron microscope. The samples were prepared by drop-
casting Au NRs onto a carbon-coated copper grid with a
400-mesh size and air-dried overnight.

(A)
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3. Results and discussion

3.1.
(NRs)

PH controlled end to end assembly of Au nanorods

The end-to-end assembly of Au nanorods (NRs) is prepared
using the linker 1,4-dithiothreitol (DTT) in an aqueous solu-
tion, as detailed in the Experimental section. DTT has two
thiol (-SH) groups, which can bind to two Au NRs to form end-
to-end linked Au NR dimers (Fig. 1A). The TEM images of Au
NR monomers are shown in Fig. S1 (ESI).f The Au NRs have
dimensions of 40 + 5 nm in length and 15 + 5 nm in width.
DTT binds to the tip region of the Au NRs due to the low
density of CTAB in this area (Fig. 1A). The assembly reaction is
monitored over time by recording the absorption spectra at
different time intervals. The absorption spectra of Au NRs as a
function of time at pH 4.0 are provided in Fig. 1B. We observed
that the optical density of the Au NRs at the localized surface
plasmon resonance (LSPR) wavelength decreases with increas-
ing time, coinciding with the appearance of a new band at 4 >
940 nm, indicating the formation of Au NR dimers. An isosbes-
tic point appears at 912 nm. The new band in the near-infrared
(NIR, 4 > 940 nm) region arises due to the coupling of the
LSPR of the individual monomeric Au NRs, resulting in the
formation of a hybrid plasmon mode, which is lower in energy
than the individual Au NRs and thus red-shifted compared to
the LSPR band.?*?%°%%5 After 150 minutes, the isosbestic
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Fig. 1 Preparation and characterization of Au NR dimer. (A) Schematic presentation of the Au NR dimer preparation from the Au NR monomer
using the 1,4-dithiothreitol (DTT) as a linker in aqueous medium. (B) Absorption spectra as a function of time which monitor the progress of the
dimer reaction over time in aqueous medium at pH 4.0. (C) Transmission electron microscopy (TEM) image of an Au NR dimer with a gap size

~1 nm.
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point is lost (Fig. S2, ESI),T and the assembly reaction leads to
the formation of higher-order multimeric structures, such as
trimers and tetramers (Fig. S3, ESIt). To further confirm that
the linkage between the NRs is due to DTT, we record the
absorption spectra of Au NRs over time at pH 4.0 without DTT
(Fig. S4, ESIf). We observe no changes in the absorption
spectra, indicating that DTT is essential for linking the NRs.
The TEM samples for imaging the Au NR dimers are prepared
by drop-casting the reaction solution onto carbon-coated Cu
grids and drying them before the isosbestic point is lost. The
TEM images confirmed the formation of end-to-end linked Au
NR dimers (Fig. 1C).

Next, we have investigated the pH sensitivity of the assem-
bly reaction. The absorption spectra with time for the assem-
bly reactions at different pH are shown in Fig. 2. Necessary
amount of acetic acid and KOH is added into the aqueous
solution of Au NRs to obtain the desired pH. We found that
the deceases in the absorbance at LSPR and rise in absorbance
at NIR (4 > 900 nm) with time is more prominent for neutral
and acidic pH (Fig. 2A and B) and as the pH increases this
decrease at LSPR and rise at NIR decreases considerably
(Fig. 2C) and at pH 11.0, there is hardly any change in the
absorption spectra with time (Fig. 2D). The results indicate
that the assembly reaction is more prominent at neutral and
acidic pH and the reaction yield decreases with increasing pH
and at pH 11.0 the reaction completely stops. Next, we have
determined the amplitude and rate of the end to end assembly
reaction of the Au NRs at different pH to obtain more insights
into the influence of pH on the assembly reaction. Normalized
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plot of the absorbance at LSPR of the Au NRs as a function of
time at different pH is shown in Fig. 3A. These plots are fitted
to a monoexponential function, A = A, + R exp(—kx), where, A is
the absorbance at any given time ¢, A, is the residual absor-
bance i.e. when the reaction gets saturated, R is the amplitude
of the reaction and £ is the rate constant. The plot of ampli-
tude and rate constant of the reaction is provided in Fig. 3B
and C, respectively. The amplitude of the reaction decreases
from 64% at pH 4.0 to 33% at pH 7.0, 22% at pH 9.0, and 8%
at pH 11.0. The rate constant, k of the reaction remain more or
less same at 0.01 min~" from pH 4.0 to 9.0 but decreases dras-
tically to 0.002 min~" at pH 11.0. However, the small decrease
in the absorbance at LSPR of the Au NRs observed at pH 11.0
(Fig. 3C) is possibly not due to the assembly reaction as no rise
is observed at the NIR range and this is most probably arises
due to surface reconstruction and adsorption of negatively
charged DTT on the positively charged CTAB layer on the trans-
verse surface of the Au NRs. From these results it is quite
evident that the end to end assembly reaction of the Au NRs is
sensitive to pH and hence, can be controlled by adjusting pH
of the aqueous solution.

3.2 pH jump experiment and mechanism behind the pH
sensitivity of the end to end assembly reaction

We also aimed to control the reaction to stop at the dimer
stage in situ, preventing progression to higher-order clusters
(e.g., trimers, tetramers, polymers, etc.). To achieve this, we
performed a pH jump study where the pH of the reaction
medium was suddenly increased by adding the necessary
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Fig. 2 pH sensitivity of the end to end assembly of the Au NRs. Absorption spectra at different times after the addition of DTT monitoring the pro-
gress of the reaction at (A) pH 4.0, (B) pH 7.0, (C) pH 9.0, and (D) pH 11.0 respectively. With increasing pH the extent of the reaction decreases and at

pH 11.0 the reaction completely stops.
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Fig. 3 Amplitude and rate of the assembly reaction as a function of pH. (A) Plot of normalized absorbance at LSPR of the Au NRs as a function of
time in aqueous solution for different pH. Here, symbols are the data and line is the monoexponential fit to the data. Plot of amplitude (B) and rate

constant (C) of the assembly reaction as a function of pH.

amount of KOH during the course of the reaction. This stops
the reaction at the dimer stage. Fig. 4A shows the absorption
spectra of the Au NRs in the assembly reaction obtained from
the pH jump experiment. We started the assembly reaction in
an aqueous medium at pH 4, and then, before the isosbestic
point was lost, at 50 minutes, we added KOH to increase the
pH from 4 to 11. From the absorption spectra, we can see that
before adding KOH, the absorbance of the Au NRs at LSPR
gradually decreases from 0.28 to 0.22. However, after adding
KOH, the absorbance remains more or less constant at 0.22
(Fig. 4A). We plotted the absorbance value as a function of
time to determine the rate constant before and after the
addition of KOH (Fig. 4B). The rate constant before adding
KOH was found to be 0.0090 + 0.0015 min™", and after adding
KOH, it was 0.0020 * 0.0005 min~" (Fig. 4C). Therefore, the
results clearly show that we can control the end-to-end assem-
bly of the Au NRs by increasing the pH of the reaction
medium. After KOH addition, the NR dimers remain stable for
at least two weeks, with minimal changes in the absorption
spectra (Fig. S5A, ESIT). STEM images confirm that most of the
structures remain as NR dimers after two weeks (Fig. S5B,
ESIT).

Next, we aimed to understand the mechanism behind the
PpH sensitivity of the end-to-end linked Au NRs assembly reac-
tion. To do this, we first conducted zeta potential measure-
ments to determine the surface charge of the Au NRs at
different pH levels. Fig. 5A shows the results of these measure-
ments. The zeta potential value decreases from +59.86 mV at

22416 | Nanoscale, 2024, 16, 22411-22422

pH 4.0 to +30.32 mV at pH 11.0, but it remains positive even at
basic pH, indicating that the Au NRs surface charge is still
positive at higher pH levels. After determining the surface
charge of the Au NRs, we focused on understanding the behav-
ior of DTT at different pH levels. DTT has two thiol groups,
with its first and second pK, values being 8.9 and 10.3, respect-
ively.®® At pH 8.9, 50% of the DTT has one thiol group deproto-
nated, making it monoanionic. At pH 10.3, 50% of DTT has
both thiol (-SH) groups deprotonated, making it dianionic
(Fig. 5B). The surface of the Au NRs, particularly at the trans-
verse surface, is positive due to the high density of the posi-
tively charged CTAB micellar layer. At pH 11, when DTT
becomes dianionic, both thiolate (S7) ends of the DTT bind to
the CTAB micellar layer on the transverse surface of the Au
NRs, preventing it from binding with another Au NR, thus
stopping the reaction (Fig. 5D). At pH 9, most of the DTT is in
monoanionic form, and it adsorbs onto the CTAB-rich trans-
verse surface through electrostatic interaction. However, it is
unlikely for the remaining neutral -SH group of the monoanio-
nic DTT to bind with another NR due to the strong electro-
static repulsion from the CTAB micellar layer (Fig. S6, ESIt).
This results in a lower reaction yield for the Au NR assembly
reaction at pH 9.0 due to the lower population of neutral DTT
molecules. At pH 4.0 and 7.0, DTT is in neutral form with two
available -SH groups, which can bind to two Au NRs at the tip
regions and facilitate end-to-end linking of the Au NRs
(Fig. 5C). As the pH increases, more DTT becomes negatively
charged and binds to the positively charged CTAB micellar

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Results of the pH jump experiment. (A) Absorption spectra of the Au NRs at different times obtained in the pH jump experiment. At
50 minutes during the course of the reaction desired amount of KOH is added in the reaction medium to increase the pH from 4 to 11. (B) Plot of
absorbance at Aax as a function of time. The time when KOH is added is shown by the arrow. (C) Bar plot showing the rate constant, k values before

and after the addition of KOH.

layer on the transverse surface, gradually decreasing the extent
of the reaction. At pH 11, nearly the entire population of DTT
becomes dianionic, readily adsorbing onto the transverse
surface of Au NRs rich with the positively charged CTAB micel-
lar layer, making it unavailable to bind with other NRs and
stopping the reaction. Therefore, the acid-base chemistry of
DTT provides an easy and elegant approach to control the end-
to-end linking of the Au NRs at the dimer stage.

3.3. Conversion yield of monomer to nanoaggregates and
dimer counts

After investigating the absorbance data at different pH, we
focused on obtaining the overall conversion yield of the
monomer to assembled structures. The TEM images of the
end-to-end assembly of the Au NRs are shown in Fig. 6A and
B. These images clearly show the formation of the Au NR
assemblies, including dimers, trimers, and clusters. The gap
distance between the NRs in the NR assembly, determined to
be 0.7 to 1.0 nm, is very close to the molecular length of DTT
(Fig. S7, ESIf). The conversion yield of monomers to
assembled structures was calculated by determining the ratio
of monomer units forming dimers/clusters to free monomer
units. We found that almost 80% of the Au NR monomers con-

This journal is © The Royal Society of Chemistry 2024

verted into assembled structures (dimers, trimers, and clus-
ters). We also counted the total number of dimers, trimers,
and clusters from a pool of 200 nanoparticles. The occurrence
histogram is shown in Fig. 6C. We observed that 46% of these
particles are dimers, 13% are tetramers/clusters, and 5% are
trimers. This gives a total of 128 assembled particles, of which
92 are dimers; meaning 71.9% of the assembled structures are
dimers.

Due to the flexibility of the DTT linker, the Au NR dimers
exhibit a range of angular distributions between the com-
ponent Au NR monomers (Fig. 6B). The statistical distribution
of the angle between the Au NRs in the dimer structures is
shown in Fig. 6D. The most probable angle between the Au
NRs in the dimers ranges from 60° to 120°. Most of the dimers
are formed by end-to-end linking of the Au NRs, and only 7%
of the dimers are formed via side-to-side coupling (6 = 0°).
Thus, this method not only allows us to obtain a high yield of
dimers over other assembled structures, but also ensures a
high yield of end-to-end coupling between the Au NRs.

3.4. FDTD simulation studies

FDTD simulations were performed to analyse the electric field
enhancement due to plasmonic resonance of Au NR dimers.

Nanoscale, 2024, 16, 22411-22422 | 22417
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The maps of electric field enhancements in the vicinity of the
NR dimers (45 nm in length and 15 nm in diameter) with gap
sizes varying from 1 nm to 20 nm are shown in Fig. 7A-E. It
turns out that smaller gap sizes lead to higher electric field
enhancements in the gap following with an exponential decay
of the electric field as a function of gap size (Fig. 7F). The NR
dimers with 1 nm gap size shows 11 fold higher electric field
enhancement than the case with NR monomer (the inset of
Fig. 7F) while around 80 times higher electric field enhance-
ment than the case without NRs in a homogeneous aqueous
environment. When the gap between the two arms of the
nanorod dimers is smaller, the coupling of the plasmons is
stronger. This results in a higher local density of optical
states (LDOS) and greater electric field enhancement in the
gap of the nanorod dimer. As the gap between the nanorods
(NRs) increases, the plasmon coupling weakens, leading to
lower LDOS and less electric field enhancement in the gap.
When the gap between the two arms of the NRs is 15 nm or
more, the plasmon coupling nearly disappears, and
the NR dimer behaves like an isolated gold nanorod
(Fig. 7D-F).>-67:68

The simulations also predict the maps of electric field
enhancements when the angular separation of monomeric

22418 | Nanoscale, 2024, 16, 22411-22422

NRs is varying. In our simulation, the inter-rod angle refers to
the angle formed by the longitudinal axes of the two arms of
the NR dimer (inset Fig. 6D). We fixed the orientation of one
NR monomer (one arm of the NR dimer) always parallel to the
direction of light polarization i.e. along the x axis, while the
orientation of the other NR monomer is varying to vary the
inter-rod angle. The angle of side-to-side dimers in Fig. 8A is
defined as 0°. The second arm of the NR dimer opens gradu-
ally while the distance of gaps is always kept 1 nm (Fig. 8A-E)
until the end-to-end dimer with the angle of 180° is reached. It
turns out that the electric field enhancement increases with
increasing angles from 0° to 180° (Fig. 8F) which is consistent
with the literature reports.>® At an inter-rod angle of 60°, the
electric field enhancement is more than 30 times higher than
without NRs. According to the angular distribution of NR
dimers from TEM in Fig. 6D; most dimers have angles greater
than 60°. This suggests that, using our synthetic approach, we
can produce NR dimers that enhance the electric field in the
gap at least 30 times higher than in homogeneous water
without nanostructures. Moreover, dimers with angles greater
than 100° show a 60-fold increase in electric field enhance-
ment (Fig. 8C), reaching a maximum at a 180° angle where the
enhancement is ~80 times higher than the homogeneous

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Structural characterization of the Au NR dimers. (A) Transmission electron microscopy (TEM) image showing the assembly of Au NRs at
lower magnification (200 nm scale). Red circles indicate dimers, blue circles indicate trimers, and violet circles indicate tetramers/clusters. (B) Higher
magnification TEM images of individual Au NR dimers. (C) Bar plots showing the percentage distribution of different particles: monomers, dimers,
trimers, and tetramers/clusters. A total of 200 particles were analyzed. (D) Bar plot showing the angular distribution of the two Au NRs in the Au NR

dimers. A total of 92 dimers were analyzed.

water reference (Fig. 8E). So, overall we have high quality NR
dimers that will give us electric field enhancement in the gap
30 times higher or more which will be very useful for plasmo-
nic enhanced spectroscopic applications.

The angular variation of the electric field enhancement can
be explained by the strength of the longitudinal bonding and
antibonding plasmon modes of the Au NR dimer as a function
of inter-rod angle. Shao et al. have shown that as the inter-rod
angle increases, the longitudinal bonding mode becomes
stronger while the antibonding mode weakens.’® At an inter-
rod angle of 180°, the LSPR of the NR dimers is exclusively due
to the bonding plasmon mode, and the antibonding mode dis-

This journal is © The Royal Society of Chemistry 2024

appears (Fig. S8, ESIT). For side-to-side linked dimers, i.e., at
an angle of 0°, the longitudinal bonding mode becomes dark,
and the LSPR of the NR dimer is dominated by the longitudi-
nal antibonding mode (Fig. S8, ESIf). It is also known from
the literature that when the NR dimers are excited resonantly
at the bonding plasmon mode, light electric field enhance-
ment is observed in the gap region.’®®> However, when excited
at the antibonding plasmon mode, no electric field enhance-
ment is observed in the gap.’® Therefore, as the angle between
the arms of the NRs increases, the antibonding mode
weakens, and the bonding mode strengthens, leading to an
increasing enhancement of the light electric field.

Nanoscale, 2024, 16, 22411-22422 | 22419
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4. Conclusions

We have developed an easy and inexpensive method to syn-
thesize end-to-end linked Au nanorod (NR) dimers in aqueous
solution using 1,4-dithiothreitol (DTT) as a linker. The acid-
base chemistry of DTT controls the assembly reaction, halting
it at the dimer stage. At neutral and acidic pH, DTT is neutral
and contains two thiol (-SH) groups, which anchor to two Au
NRs, facilitating end-to-end coupling. At basic pH (pH > 11.0),
both -SH groups of DTT deprotonate, making DTT dianionic.
This dianionic DTT readily adsorbs onto the transverse surface

22420 | Nanoscale, 2024, 16, 22411-22422

of Au NRs, which is rich with positively charged CTAB micellar
layers, preventing further binding with other NRs and stopping
the reaction. We found that overall, 70% of the assembled
structures are dimers, and over 90% of these are end-to-end
linked with a gap distance of ~1 nm. These NR dimers exhibit
exceptional stability, remaining intact for over two weeks.
Finite difference time domain (FDTD) simulations show that
the electric field enhancement in the gap region of these NR
dimers is ~80 times higher than in a homogeneous water
reference and 11 times higher than in Au NR monomers.
Overall, we present a simple and cost-effective method to

This journal is © The Royal Society of Chemistry 2024
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prepare and control Au NR dimers with a gap distance of
~1 nm, which exhibit strong electric field enhancement in the
gap region. This method will be useful in various applications
such as high-resolution biosensing, chemical sensing, and
photovoltaic devices.
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