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The assembly of anisotropic nanomaterials into ordered structures is challenging. Nevertheless, such self-
assembled systems are known to have novel physicochemical properties and the presence of a chromo-
phore within the nanoparticle ensemble can enhance the optical properties through plasmon—molecule
electronic coupling. Here, we report the end-to-end assembly of gold nanorods into micrometer-long
chains using a linear diamino BODIPY derivative. The preferential binding affinity of the amino group and
the steric bulkiness of BODIPY directed the longitudinal assembly of gold nanorods. As a result of the
linear assembly, the BODIPY chromophores positioned themselves in the plasmonic hotspots, which
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resulted in efficient plasmon—molecule coupling, thereby imparting photothermal properties to the
assembled nanorods. This work thus demonstrates a new approach for the linear assembly of gold nano-
rods resulting in a plasmon—molecule coupled system, and the synergy between self-assembly and elec-
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Introduction

Self-assembled ordered structures of metal nanospecies, par-
ticularly those of gold nanomaterials, have attracted tremen-
dous attention in various research fields."® Nanomaterial
assemblies hold significant appeal for fundamental scientific
exploration and practical applications, as they facilitate the
direct connection between minute nanoscale entities and the
broader macroscopic world. These organized nanostructures
have immense potential in therapeutic sensors,” "
catalysis,">'* and optoelectronic device applications including
photonic wave-guiding’® and optical switching.'® The charac-
teristics of these nanoparticle assemblies are intricately inter-
twined not only with the size and geometry of the constituent
nanoparticles but also with the spatial organization of these
building blocks. As a result, the field of nanoscience is on a
quest to develop innovative methods for assembling nano-
materials into functional devices.'” Besides applications, such
investigations aid in understanding the fundamental concepts
of self-assembly. Further, electronic coupling between the plas-
mons of adjacent nanoparticles results in a strong enhance-
ment of the local electric field in the gap between nanoparticle
assemblies, known as plasmonic hotspots. This enhancement
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tronic coupling resulted in an efficient system having potential biomedical applications.

in turn enables the amplification of phenomena such as
Raman scattering, multiphoton excitation, and non-linear
spectroscopies of the adsorbed molecules.'®2°

Gold nanorods are extensively studied on account of their
shape anisotropy, controllable aspect ratio, and unique optical
properties in both visible and near-infrared regions.>'”>* The
anisotropic shape allows nanorods to be assembled via two
orientational modes: “side-by-side” and “end-to-end”. End-to-
end assembly of gold nanorods has been accomplished
through different protocols such as usage of bridging
motifs,>»*> change in the physical properties of the
medium, coordination bond formation,***' non-covalent
interactions,*’ and protein-ligand interactions.*®**° These
techniques typically require extensive nanoparticle functionali-
zation, employ non-aqueous media, and are associated with
high expenses.’****® Moreover, one must be cautious as
uncontrolled aggregation is often observed during the self-
assembly and such systems have limited practical applications.

As metal nanoparticles are placed in close proximity, their
plasmonic resonances couple with each other resulting in sig-
nificant changes in their optical properties.’®** The shape,
size, and inter-particle gap are the decisive factors determining
the coupling and the resultant variation in the optical pro-
perties of the plasmon-coupled systems. Furthermore, integrat-
ing organic chromophores with metal nanomaterials can lead
to functional nanomaterials with versatile properties.***> The
chromophores can influence the physicochemical properties
of nanomaterials through plasmon-molecule electronic coup-
ling wherein the plasmonic resonance degenerates with mole-
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cular resonance. In plasmon-molecule coupled systems, the
properties of the nanomaterials and the chromophores are
mutually modified, resulting in new materials with unique
characteristics distinct from the nanoparticle or the
chromophore.*®*”

Herein, we demonstrate a hitherto unknown approach to
assembling gold nanorods into end-to-end linked,
micrometer-long chains using a rigid, linear organic molecule
belonging to the BODIPY family. The linear chains were
observed to be robust under a variety of conditions. Our
results show that the preferential binding affinity of the amino
group to the ends of gold nanorods aided the assembly, and
the bulkiness of the organic ligand and the electrostatic repul-
sion between the positively charged surfactants on the lateral
surface were decisive in driving the assembly in one dimen-
sion. Further, it was observed that the longitudinal plasmon
band of gold nanorods coupled with the electronic transitions
in BODIPY thereby imparting efficient photothermal pro-
perties to the assembled nanorods. Thus, by employing a
linear chromophore having complementary optical properties
of gold nanorods, we demonstrate a novel methodology for the
self-assembly of gold nanorods. The uniqueness of this
approach is the synergy between self-assembly process and the
ensuing electronic interaction which promoted each other
leading to the remarkable photophysical properties that were
absent in the individual components.

Results and discussion
Self-assembly of gold nanorods

Cetyltrimethylammonium bromide (CTAB) protected gold
nanorods (AuNRs) were synthesized using a seed-mediated
growth method®®*® and characterized using high-resolution
transmission electron microscopy (HR-TEM) which revealed
dimensions of 9.8 x 42.5 nm with an aspect ratio of 4.3 + 0.5
(Fig. S1, ESIt). The UV-Vis absorption spectrum of AuNRs
showed two peaks at 514 and 679 nm, corresponding to the
transverse and longitudinal localized surface plasmon reso-
nance bands, respectively. It is well-known that surfactants
have a strong affinity towards the {100} and {110} crystal
planes on the lateral sides of the gold nanorods.”® As {111}
facets have the closest packed structures of gold atoms and
low surface energy compared to the lateral sides, the ends are
more active for binding and conjugating external moieties.>® It
is also known that the amino group has a high affinity to gold
nanostructures through soft-soft interactions or dative
covalent bond formation.*> On the basis of these facts, we
hypothesized that a rigid, linear molecule functionalized with
amino groups on both ends would serve as a bridge aiding the
linear assembly of gold nanorods (Fig. 1a). To test this hypoth-
esis, we synthesized the BODIPY molecules 1-3 >°~>* (Fig. 1b)
and studied their interaction with AuNRs. As the electronic
states of the BODIPY chromophore are known to strongly
couple with the LSPR of gold nanoparticles,”> > apart from
inducing a linear assembly of AuNRs, the diaminoBODIPYs
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Fig.1 (a) Schematic representation of the BODIPY-induced end-to-
end assembly of gold nanorods (AuNRs) and (b) the chemical structure
of the BODIPY molecules used in the study.

could be expected to couple electronically with AuNRs thereby
leading to unique photophysical properties. The absorption
spectra of BODIPY molecules 1-3, their aggregates and AuNRs
are shown in Fig. S2.f The overlap between the longitudinal
surface plasmon resonance band of AuNRs and the absorption
of 1 indicates the plausibility of plasmon-molecule coupling
between them.

To study the self-assembly of AuNRs in the presence of
molecules 1-3, AuNRs were suspended in water and treated
with 1-3. As shown in Fig. 2a, the consecutive addition of 1 in
acetone to a solution of AuNRs in water resulted in a gradual
red shift in the UV-Vis absorption peak at 710 nm corres-
ponding to the longitudinal plasmon band of AuNRs.
Moreover, adding 1 led to a decrease in the absorbance and
broadening of the peak. Upon adding 10 pM of 1, we observed
a red shift of ~50 nm along with an 11% decrease in absorp-
tion maximum. On the other hand, adding 2 or 3 resulted in
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Fig. 2 Changes in the extinction spectrum of AuNRs (20 pg mL™) with
the addition of (a—c) 1-3, respectively in water. [1-3], (i—iv) 0-10 pM,
respectively.
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minor changes in the absorbance of AuNRs (Fig. 2b and c).
Although an increase in absorbance in the region of the trans-
verse plasmon resonance band was observed upon adding 2,
this has been attributed to the absorption of 2.

The red shift of the longitudinal band of AuNRs in the pres-
ence of 1 has been attributed to an end-to-end assembly of
AuNRs. This is in accordance with prior reports wherein batho-
chromic shifts were observed for assembled nanorods through
plasmon-plasmon coupling.”® The linear assembly of AuNRs
was then visualized using high-resolution transmission elec-
tron microscopy (HR-TEM), which showed the formation of
micrometer-long chains of end-to-end assembled AuNRs in
the presence of 1 (Fig. 3a-c). On the other hand, in the pres-
ence of 2 and 3, HR-TEM revealed random and lateral aggre-
gates of AuNRs, respectively (Fig. 3d-f). It is inferred that the
amine groups in BODIPY preferentially bind to the terminal
ends of AuNRs as compared to the lateral sides, thereby indu-
cing the end-to-end assembly.

The gap between two nanorods in the end-to-end
assembled AuNRs was measured as ~2.6 nm (Fig. S3t), which
matches the sum of the theoretical length of 1 and two amine-
gold bonds.®” Subsequently, the atomic composition within
the gap of the end-to-end assembled AuNRs was determined
through EDX analysis. While we observed a notable decrease
in the gold composition, all elements present in molecule 1
were detected within the gap (Fig. S4 and S5t). These experi-
ments, thus, establised the presence of 1 within the gap.
Further, we estimated the number of molecules present in the
gap between two nanorods using the dimensions of the gold
nanorods and the BODIPY molecule. Our calculations showed
that approximately 196 BODIPY molecules were present at
each junction between two AuNRs.

Mechanism of self-assembly

The driving force for the linear self-assembly of AuNRs could
be one or a combination of the following: (i) the preferential
binding affinity of the amino groups to the terminal ends of
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Fig. 3 High-resolution transmission electron micrographs of the (a—c)
end-to-end, (d) random and (e and f) lateral aggregates of AuNRs
induced by (a—c) 1, (d) 2 and (e and f) 3.
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the nanorods, or (ii) the steric features of the BODIPYs that
favours their binding at the terminal or lateral ends of the
nanorods, or (iii) plasmon-molecule interactions between
BODIPY and gold. It was intriguing that among the two
diamino BODIPYs (1 and 3), only 1 induced the linear self-
assembly whereas adding 3 resulted in lateral assembly. To
understand the difference, we looked into the geometry of
these compounds. It has been reported that sterically bulky
surfactants induce linear assembly of gold nanorods.*® On a
similar note, we assume that molecule 1 having the sterically
bulky mesityl group at the meso-position of the BODIPY prefer-
entially binds to the terminal ends of AuNRs resulting in the
end-to-end assembly. On the other hand, molecule 3, which is
devoid of steric hindrance, binds to the lateral surface of the
AuNRs wherein they could be stabilized through n-n stacking
interactions.

Next, we studied the interaction between AuNRs and the
protonated form of molecule 1 (denoted as 1H). It is well
established that surfactants and protonated amines having cat-
ionic groups bind to the gold surfaces through electrostatic
interactions between the cationic groups and the anionic sites
on the gold surface.”®*® When a solution of 1H was added to
an aqueous solution of AuNRs, we observed a bathochromic
shift of 30 nm in the longitudinal LSPR peak of AuNRs
(Fig. S67). Further, TEM analysis of a mixture of AuNRs and
1H revealed linear chains of end-to-end assembled AuNRs
(Fig. S71). These observations were in tune with literature
reports of binding interactions between cationic groups and
gold and thus, we infer that the protonated BODIPY 1H is
capable of binding to gold nanorods and induce the assembly
of AuNRs. We further observed that the fluorescence of 1H was
completely quenched in the presence of AuNRs (Fig. S87). The
quenching of fluorescence of a chromophore in the proximity
of a metal surface often serves as a primary indicator of
plasmon-molecule coupling through surface plasmon-induced
resonance energy transfer.*>>* On the basis of these experi-
ments, it was concluded that the rigid, linear and sterically
bulky geometry of 1 was crucial for the linear self-assembly of
AuNRs. Further, the placement of the BODIPY chromophore in
the gap between nanorods resulted in plasmon-molecule
coupling which, as discussed in the later sections, has a sig-
nificant role in deciding the photophysical properties of the
self-assembled AuNRs.

Stability of self-assembled nanorods

Owing to the plasmonic interactions and the presence of
BODIPY, the end-to-end self-assembled AuNRs exhibited
absorption in the NIR region. However, the stability of the
end-to-end assembled AuNRs could be detrimental to their
applications. Thus, we evaluated the stability of the end-to-end
assembled AuNRs using a competitive ligand. Thiol groups are
known to have greater affinity towards gold surfaces and 1,6-
hexane-dithiol (HDT) has been reported to induce longitudinal
assembly of gold nanorods.”> We thus titrated a solution of
HDT in acetone with the end-to-end assembled AuNRs. As
shown in Fig. S9,T no significant changes were observed in the
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longitudinal LSPR peak of the end-to-end assembled AuNRs,
thereby indicating the stability of the linear AuNRs arrays.
Further, TEM showed that the end-to-end assembled AuNRs
remained intact in the presence of HDT (Fig. S10%), thereby
highlighting the strong interactions between 1 and AuNRs.
This experiment further proved that the hydrophobic inter-
actions between the linear aromatic molecules of 1 played a
key role in stabilizing the end-to-end assembled AuNRs as
compared to the HDT molecules having a higher affinity thiol
group.

We also studied the stability of the self-assembled AuNRs
in the presence of an external stimulus such as HCIl. It was
observed that adding HCIl to a solution of the end-to-end
assembled AuNRs resulted in a minor blue shift in the longi-
tudinal LSPR peak maximum (A4, 10 nm) along with the for-
mation of a new peak at ~580 nm (Fig. S11}). Further, TEM
analysis showed that the end-to-end assembled AuNRs
remained fairly undisturbed after adding HCI. It is known that
the removal of capping agents from the gold surface can result
in changes in the absorption maximum owing to the altera-
tions in the refractive index of the medium surrounding the
gold surface.®® We infer that the addition of HCI resulted in
the protonation of CTAB which led to their displacement from
the surface of gold thereby leading to a blue shift in the LSPR
peak maximum. This inference was supported by TEM images,
which revealed an aggregated mass in the background which
could be attributed to the displaced CTAB (Fig. S127). It is thus
inferred that the end-to-end assembly of AuNRs is a stable
process and the assembled nanorods showed remarkable
stability even in the presence of a competitive ligand and exter-
nal stimuli. Further, the new peak at ~580 nm could be
assigned to the formation of protonated BODIPY 1H upon the
addition of HCI (Fig. S137).

The close proximity of gold nanorods generates a strong
electromagnetic field in the gap between the nanorods, com-
monly referred to as plasmonic hot spots. The presence of a
chromophore in the hotspots results in a significant enhance-
ment in the intensity of the Raman scattering of the chromo-
phore and this phenomenon, known as the surface-enhanced
Raman scattering (SERS), has emerged as a highly sensitive
methodology in sensing.®® We performed Raman scattering
measurements of 1 in the absence and presence of AuNRs
(Fig. 4) as a confirmation for the placement of 1 in the hot-
spots generated as a result of the end-to-end assembly of
AuNRs. The Raman scattering profile for molecule 1 at a con-
centration of 1 mM exhibited peaks at 940, 1580, and
1620 cm™" corresponding to the symmetric C-C (C-CH3), aro-
matic C=C and C-N (C-NH,) stretching, respectively.®>
However, at a concentration of 10 pM, which was employed for
the self-assembly of AuNRs, we did not observe any Raman
signal for molecule 1. Next, we recorded the Raman scattering
of the end-to-end assembled AuNRs (containing molecule 1
(10 pM) and AuNRs) wherein peaks were observed at 940, 1580
and 1620 cm™' thereby substantiating the presence of mole-
cule 1 in the hot spots generated as a result of the end-to-end
assembly of AuNRs. Further, the SERS enhancement factor of
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Fig. 4 Raman spectra of (a) 1 (1 mM) in the absence of AuNRs, (b) 1
(10 pM) in the absence of AuNRs, and (c) 1 (10 pM) in the presence of
AuNRs in water.

molecule 1 in the presence of AuNRs was found to be 1.09 x
10° which is similar to the enhancement factors reported for
chromophores in the vicinity of gold nanostructures.®®> We
further studied changes in the Raman scattering of molecules
2 and 3 in the presence of AuNRs. We did not observe any sig-
nificant enhancement in the Raman signals (Fig. S147),
thereby supporting our hypothesis that these compounds do
not bind in the hot spots.

Investigation of photothermal properties

Photothermal conversion relies on the generation of heat by a
photosensitizer upon irradiation using light.**”®” Owing to
efficient absorption of NIR light, AuNRs have been recognized
as potential photothermal agents.”® As the end-to-end
assembled AuNRs exhibited NIR absorption, we were inter-
ested in investigating their photothermal properties. An
aqueous solution of the assembled AuNRs was irradiated with
a 750 nm laser and the change in temperature was monitored
at different time intervals using a thermal imaging camera. As
presented in Fig. 5a, we observed an increase of 4.2 °C per
minute of irradiation and after 6 minutes the temperature of
the solution increased from 28 to 53 °C. The increase in temp-
erature as a result of irradiation was linearly fitted to derive
the thermal time constant (z) and was used to determine the
photothermal conversion efficiency () (Fig. S157). A maximum
photothermal conversion efficiency of 70% was obtained at a
laser power of 0.526 W which is better than that reported for
surfactant functionalized gold nanorods and other metal
nanocrystals.®® Under similar experimental conditions, we
then tested the photothermal effect for the individual com-
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Fig. 5 (a) Increase in temperature of an aqueous solution of end-to-
end assembled AuNRs (20 ug mL™) upon irradiation using a 750 nm
laser at different laser powers and (b) the corresponding photographs
showing the increase in temperature obtained using a FLIR pro-thermal
imaging camera. (c) The increase in temperature of the end-to-end
assembled AuNRs upon laser irradiation (0.52 W) followed by a decrease
in temperature upon turning off the laser. (d) Photothermal heating and
cooling cycles of the end-to-end assembled AuNRs upon laser
irradiation (0.49 W).

ponents, i.e., AuNRs and 1. While the rise in temperature with
molecule 1 was negligible, AuNRs showed a temperature rise
of 5 °C for the same duration of irradiation (Fig. S167) and the
corresponding photothermal
obtained as 20%.

An ideal photothermal agent should be stable at elevated
temperatures and the process should be reversible so as to

conversion efficiency was

allow its repeated usage. To test this, we monitored the absor-
bance of the end-to-end assembled AuNRs over a range of
temperatures. We did not observe significant changes in
absorption maxima of assembled AuNRs as the temperature
increased from 25 to 55 °C (Fig. S177), thereby confirming
their structural integrity and stability at higher temperatures.
Next, we investigated the photothermal efficiency of the end-
to-end assembled AuNRs at different laser power intensities.
We observed that the increase in temperature was proportional
to the laser power (Fig. 5b), thereby implying the regulation of
the generated heat by modulating the laser power.
Furthermore, the photothermal effect was observed to be a
reversible process upon turning off the irradiation source
(Fig. 5¢). The photothermal heating and cooling curves of end-
to-end assembled AuNRs were monitored over ten cycles to
assess the stability and durability of their photothermal con-
version properties (Fig. 5d). The results showed that the
AuNRs maintained their photothermal heating and cooling
capabilities consistently across multiple cycles, indicating a
high degree of stability. These experiments indicate that the
end-to-end assembled AuNRs could function as a controlled
photothermal agent for multiple cycles.
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Conclusions

In summary, we demonstrated a simple one-step method to
produce a linear chain of end-to-end assembled gold nano-
rods. Our results show that the diamino-functionalized
organic chromophore, 1, effectively interacted with the longi-
tudinal ends of gold nanorods and drove their linear assembly.
The steric bulkiness of the functionalized BODIPY chromo-
phore was crucial in promoting the longitudinal assembly. The
placement of the chromophore in the plasmonic hot spots -
generated as a result of the linear assembly - led to strong elec-
tronic coupling between AuNRs and 1, and endowed photo-
thermal properties to the self-assembled system. This work
thus establishes a unique design strategy wherein the synergy
between self-assembly and electronic coupling resulted in
superior physicochemical properties, and could serve as a plat-
form for designing novel inorganic-organic nanohybrids for
diverse photonic and biomedical applications. This work,
thus, not only emphasizes the importance of nanomaterial
design and optimization but also underscores the promising
role of gold nanorods in advancing targeted cancer treatments
with improved efficacy and reduced side effects.
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