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controllable and stable one-dimensional (1D) self-assembly in aqueous phase
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AuNBPs toward end-to-end configurations. Controlled CTAB desorption selec-
tively exposes the {111} tip sites, enabling ligand-assisted interactions that favor
anisotropic chain growth. Subsequent CTAB re-passivation enables kinetic stabi-
lization of the assemblies, allowing chain elongation to be terminated at selected
stages and yielding plasmonic nanochains with good long-term structural stabil-
ity. Together, this synergistic combination of interfacial regulation, coordination-
assisted interactions, and kinetic stabilization provides a versatile framework
for constructing stable near-infrared plasmonic architectures and offers general
design principles for manipulating collective optical modes in anisotropic nano-
structure assemblies.
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Introduction subwavelength scales [1, 2]. Such superstructures show
tremendous potential in nanophotonics [3], sensing
Self-assembled superstructures of metal nanoparti-  [4, 5], catalysis [6, 7], and biomedicine [8, 9]. Among

cles have emerged as a frontier research direction in ~ various nanoscale building blocks, anisotropic gold
nanotechnology due to their capability to manipu- nanorods (AuNRs) and gold nanobipyramids (AuN-
late optical, electrical, and magnetic properties at  BPs) are considered ideal materials for constructing
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functional plasmonic superstructures owing to their
morphology-dependent localized surface plasmon
resonance (LSPR) characteristics and high spectral
tunability [10-12].

1D chain-like structures have attracted consider-
able attention because they can delocalize collective
plasmonic modes along the chain axis through strong
near-field coupling between nanoparticles [13]. This
coupling effect can efficiently redshift the LSPR peak
into the near-infrared region and generate intense
local electric field enhancement at particle gaps (i.e.,
“hot spots”) [14], which is crucial for applications in
plasmonic waveguides [15], surface-enhanced Raman
scattering (SERS) detection [16], and photothermal
therapy [17].

Achieving end-to-end directional assembly of ani-
sotropic nanoparticles represents a core challenge in
constructing ordered 1D superstructures, even in light
of recent advances in the controlled self-assembly of
shape-anisotropic gold nanocrystals into diverse
superstructures [18-20]. Current assembly strate-
gies include coordination chemistry [21-25], tem-
plate-guided methods [26], polymer region-selective
adsorption [27], and external electric field induction
[28-31]. However, many existing approaches either
rely on complex surface functionalization steps [32]
or are limited to non-aqueous systems [33], restricting
their universality. Moreover, precise control of assem-
bly kinetics and ensuring long-term structural stability
of assemblies in aqueous environments remain critical
issues in this field [34].

Recently, competitive adsorption strategies based
on surfactants and functional ligands have pro-
vided new insights for addressing these challenges
[35]. This approach enables facet-selective assembly
through fine interfacial chemistry modulation [36]. For
instance, linear chromophores such as BODIPY deriva-
tives have been used to specifically bind AuNR:s tips,
inducing stable end-to-end assembly and imparting
excellent photothermal properties [37]. Additionally,
controlling self-assembly of silica-coated nanocrystal
networks through ligand-depletion-induced gelation
can yield structurally stable assemblies [38].

Although 1D assembly of AuNRs has been well
established, AuNBPs offer unique advantages for plas-
monic applications [39]. AuNBPs possess sharper tips,
stronger electromagnetic field enhancement capabil-
ity, and narrower LSPR linewidth [40], demonstrating
great potential in constructing macroscopic superlat-
tices [41] and photothermal conversion [42]. However,
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AuNBPs are typically stabilized by cetyltrimethylam-
monium bromide (CTAB), and their highly reactive
{111} facets at the tips, while facilitating reactions, also
lead to poor colloidal stability [43]. This inherent insta-
bility makes controllable, terminable, and long-term
stable 1D self-assembly of AuNBPs in aqueous phase
extremely challenging, hindering the full exploitation
of their superior optical properties.

In this study, we propose a synergistic strategy
utilizing CTAB-regulated interfacial accessibility
together with coordination-assisted interactions
involving 4,4"-bipyridine (4,4'-BPy) to bias the assem-
bly toward end-to-end chain formation. By precisely
regulating CTAB concentration, the accessibility of
AuNBPs tips is modulated, allowing 4,4"-BPy to par-
ticipate in pathway-selective assembly rather than
acting as a sole driving linker. Using time-resolved
spectroscopy, TEM tracking, and finite difference time
domain (FDTD) simulations, we elucidate the kinetic
pathway and the emergence of collective plasmonic
coupling during chain formation. A central advance of
this work is the introduction of a CTAB re-passivation
step that enables kinetic stabilization of the assemblies,
allowing the assembly process to be actively termi-
nated at selected stages while preserving the resulting
chain structures. This integrated framework provides
a versatile and generalizable route for constructing
stable near-infrared plasmonic architectures through
interfacial regulation, coordination-assisted interac-
tions, and kinetic stabilization.

Results and discussion
Self-assembly of gold nanobipyramids

Gold nanobipyramids (AuNBPs) exhibit remarkable
electromagnetic enhancement effects due to their high-
curvature tip structures, offering unique advantages in
plasmonic coupling studies. Compared to blunt-ended
gold nanorods, AuNBPs possess sharper tips, stronger
electric field confinement, higher refractive index sen-
sitivity, and narrower bandwidth of LSPR. These fea-
tures enable tunable LSPR modes in the 600-1100 nm
range. The AuNBPs synthesized via seed-mediated
growth in this study show uniform morphology with
average dimensions of 90.3 +4.5 nm in length and
30.1£1.8 nm in width, displaying a characteristic
LSPR peak at 777 nm (Fig. S1).
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The overall experimental strategy for assembling
AuNBPs into one-dimensional structures is illustrated
in Fig. 1. In a typical procedure, CTAB-stabilized AuN-
BPs were mixed with 4,4'-BPy at controlled concen-
trations to trigger directional particle association in
aqueous solution. Upon introduction of 4,4'-BPy, the
pyridyl groups can interact with accessible gold sites
near the AuNBPs tips through coordination-assisted
interactions, thereby biasing particle association
toward end-to-end configurations. The assembly was
allowed to proceed for predefined time intervals so
that intermediate structures at different stages could
be captured. By quenching the reaction at selected
time points, we monitored the structural evolution
from isolated AuNBPs to tip-linked dimers and subse-
quently elongated chains. Following this time-depend-
ent assembly workflow, the resulting architectures
were examined by TEM to visualize their morpho-
logical progression throughout the assembly process.

To elucidate the assembly kinetics, the time-
dependent evolution of AuNBPs chains under ref-
erence standard conditions (CTAB 10 pM, 4,4'-BPy
1 mM) was systematically monitored using a rapid
quenching-silica encapsulation protocol, ensuring
faithful preservation of transient intermediates. Time-
resolved TEM imaging combined with quantitative
particle statistics (Figs. 2a—b and S2) reveals a well-
defined assembly progression. At 0 min, the dispersion
contains predominantly monodisperse AuNBPs, with
the monomer fraction exceeding 85% (Fig. S2a). After
5 min, the monomer population decreases markedly
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and dimers become the major species (~ 45%), accom-
panied by the appearance of a small number of trimers
(Fig. 52b), confirming the onset of 4,4'-BPy-mediated
tip coordination. By 15 min, medium-length chains
emerge as the dominant intermediates, and the mul-
timer fraction surpasses that of dimers (Figs. 2a and
S2c), signaling a transition into a rapid chain-growth
regime. At 30 min, extended chains comprising sev-
eral AuNBPs dominate the system (Fig. S3), with mul-
timer fractions above 70% and chain length approach-
ing saturation (Fig. S2d). This continuous shift from
monomers to progressively longer assemblies reflects
a stepwise polymerization-like kinetic behavior.
Higher-magnification TEM imaging (Fig. 2c-h)
reveals that the resulting structures deviate from
an idealized, perfectly linear “tip-to-tip” geometry.
Instead, AuNBPs consistently adopt a subtly “stag-
gered end-to-end stacking” configuration character-
ized by a slight lateral displacement between neigh-
boring particles. Such an arrangement emerges from
the interplay of ligand accessibility, steric modula-
tion, and interparticle energetics. The highly curved
AuNBPs tips provide preferred sites for 4,4'-BPy
coordination, yet the minimal effective contact area
at the very apex makes a perfectly axial connection
less favorable. A slight offset helps relieve steric con-
gestion originating from CTAB molecules residing
near the tip regions, while the dynamic adsorption
behavior of CTAB occasionally exposes coordination-
permissive sites on facets adjacent to the tips. At the
same time, the staggered geometry enhances van
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Figure 1 Schematic illustration of CTAB-regulated, coordination-assisted one-dimensional assembly of AuNBPs mediated by 4,4'-BPy.

@ Springer



11240

Figure 2 a TEM image of AuNBPs after 15 min assembly under
CTAB (10 pM) and 4,4'-BPy (1 mM) conditions, followed by
SiO, coating; b Percentage statistics of monomers, dimers, and

der Waals interactions by enlarging the interparticle
contact area without compromising Au-N coordina-
tion. As these effects converge, the assembly evolves
toward a configuration dominated by directional tip
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multimers at different assembly times (0, 5, 15, 30 min); and ¢-h
TEM images of SiO,-coated linear structures from monomer to
hexamer.

coordination but subtly adjusted by steric and ener-
getic considerations. The resulting chain-like archi-
tectures thus embody a kinetically accessible balance
between directional interactions and configurational
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flexibility. Taken together, the coexistence of finite
interparticle gaps and near-contact configurations
observed in Fig. S3 suggests that the assembly is gov-
erned by multiple concurrent interactions.

Time-dependent study: CTAB—4,4'-BPy system

Building upon morphological analyses, in situ time-
resolved UV-Vis-NIR spectroscopy was employed
to track the optical signatures and kinetic behavior
of AuNBPs chain formation in the CTAB—4,4'-BPy
system.

The spectral evolution under reference standard
conditions (Fig. 3a) closely parallels the structural
development revealed by TEM. In the early period
(0-5 min), the longitudinal LSPR peak of isolated
AuNBPs at 777 nm undergoes a slight redshift accom-
panied by a decrease in intensity, indicating the forma-
tion of plasmonically coupled dimers, consistent with
the early intermediates observed in Fig. 52b. As the
reaction proceeds (5-15 min), a broad absorption fea-
ture emerges and intensifies in the 800-1100 nm range.
This newly developed band corresponds to longitudi-
nal collective plasmonic modes associated with multi-
particle end-to-end coupling, matching the appearance
of medium-length chains at 15 min (Fig. S2c). At later
times (15-40 min), absorption beyond 1000 nm con-
tinues to increase and gradually levels off, reflecting
the saturation of chain extension and the dominance
of long-chain structures at 30 min (Fig. S2d). To fur-
ther verify that the optical signatures are preserved
during the quenching process, assemblies arrested at
different time points by CTAB addition were subse-
quently encapsulated with silica. As shown in Fig. 54,
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the extinction spectra recorded before and after silica
encapsulation exhibit a uniform redshift of the longitu-
dinal LSPR peak without noticeable peak broadening
or line shape distortion, indicating that the underlying
one-dimensional assembly structures are preserved.

It should be noted that the spectral evolution
observed during the assembly process does not cor-
respond to a simple redshift of a single longitudinal
plasmon mode. Instead, the extinction spectra reflect
an ensemble-averaged response from coexisting AuN-
BPs monomers, dimers, and chains with different
lengths and non-ideal geometries. As assembly pro-
ceeds, the depletion of isolated AuNBPs leads to an
apparent damping of the original longitudinal LSPR
peak at ~777 nm, while a broad near-infrared band
gradually develops due to collective plasmonic cou-
pling in multi-particle chains. Moreover, the slight lat-
eral offsets and staggered end-to-end configurations
frequently observed in TEM images further broaden
the plasmonic response and suppress the emergence
of a single sharp resonance. Consequently, the opti-
cal signature of the system manifests as a redistribu-
tion of spectral intensity toward longer wavelengths
rather than a distinct peak shift, which is commonly
observed in ensemble plasmonic coupling of aniso-
tropic nanoparticle assemblies.

To quantify assembly kinetics, the decay of the mon-
omeric LSPR at 777 nm was monitored, and —In(A,/
A,) was plotted as a function of time to extract the
initial linear regime. The resulting slope k was taken
as the apparent assembly rate constant (Figs. 3b—c and
55-56).

CTAB concentration strongly modulates the kinetic
behavior (Fig. 3b). When CTAB exceeds 12 uM, the
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Figure 3 a Time-evolution of extinction spectra of assembly
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spectra remain nearly unchanged, indicating that
densely packed CTAB bilayers significantly sup-
press chain formation by limiting the accessibility of
sites that are favorable for coordination near the tip
regions. As CTAB decreases to 8-10 uM, mild red-
shift and weak coupling features appear, suggesting
partial ligand desorption and gradual exposure of tip
sites. Further reduction to 6-8 uM markedly acceler-
ates assembly, leading to rapid intensification of the
near-infrared coupling band. These trends illustrate
the regulatory role of CTAB in controlling the acces-
sibility of coordination sites.

The influence of 4,4"-BPy concentration is similarly
pronounced (Fig. 3c). Under fixed CTAB (10 uM),
increasing 4,4'-BPy from 0.2 to 1.6 mM progres-
sively enhances assembly rates. At low 4,4'-BPy lev-
els (£0.4 mM), coordination-assisted interactions are
insufficient to promote pronounced plasmonic cou-
pling, resulting in weak near-infrared features. Mod-
erate concentrations (0.6-1.0 mM) efficiently activate
chain growth and yield rapid development of the col-
lective plasmonic band. At higher concentrations, the
coupling band broadens and reaches saturation more
rapidly due to accelerated assembly kinetics; as the
assembly approaches saturation, the overall extinction
intensity decreases, reflecting enhanced aggregation.

Self-assembly mechanism

As illustrated in Fig. 4, the self-assembly of AuNBPs
is governed by a local and kinetic form of competitive

Figure 4 Schematic illustra-
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adsorption between CTAB and 4,4'-BPy at surface
sites with different local geometries. In CTAB-stabi-
lized systems, the {100}/{110} side facets are densely
passivated by interdigitated CTAB chains. The {111}
tips, owing to their high curvature, remain the most
accessible regions for ligand-mediated interactions,
as the local packing density of surfactant molecules
is reduced at these sites [44]. Under CTAB-rich con-
ditions (upper pathway in Fig. 4), a complete CTAB
bilayer forms over the entire surface, including full tip
passivation. This steric barrier prevents ligand access
to the gold surface, thereby suppressing ligand-medi-
ated adsorption or coordination-assisted interactions
and maintaining a monodisperse dispersion. Accord-
ingly, no plasmon-coupling features appear in the
near-infrared region, consistent with the absence of
tip-to-tip interactions.

When the CTAB concentration becomes insuffi-
cient to maintain full tip coverage (lower pathway in
Fig. 4), adsorption equilibrium shifts and partial des-
orption occur preferentially at the {111} tips, placing
the AuNBPs dispersion into a metastable regime [34]
that permits kinetically accessible particle associa-
tion. The exposed sites can be transiently accessed by
adsorbed 4,4'-BPy, whose bidentate structure enables
weak, orientation-dependent coordination or adsorp-
tion interactions between adjacent AuNBPs [45] and
biases the assembly pathway toward end-to-end con-
figurations, without excluding nonlinear association
pathways. Importantly, under these controlled CTAB
conditions, the lateral {100}/{110} facets remain largely
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passivated, which suppresses extensive side-to-side
association despite the presence of 4,4"-BPy. Previous
spectroscopic studies on pyridine adsorption at Au
surfaces have shown that nitrogen lone-pair donation
can give rise to o-type Au—-N coordination under suit-
able interfacial conditions [46]; in the present colloi-
dal system, however, such coordination is expected
to be localized, reversible, and dynamically regulated
by surfactant coverage and interparticle geometry,
rather than forming a rigid or permanent molecular
bridge. Accordingly, Fig. 4 schematically illustrates a
coordination-assisted interaction motif at accessible
tip regions, rather than a fixed bonding configuration.
Within this metastable regime, CTAB depletion pro-
vides a necessary background condition for particle
association, whereas 4,4'-BPy regulates the assembly
pathway and kinetics under a given CTAB concentra-
tion. The dependence of assembly rate, chain length
evolution, and final morphology on the 4,4'-BPy con-
centration cannot be explained by CTAB depletion
alone, indicating the cooperative involvement of elec-
trostatic interactions, van der Waals attraction, sur-
factant reorganization, and localized, reversible coor-
dination-assisted interactions. The assembled chains
frequently exhibit finite interparticle gaps and slight
lateral offsets in TEM images, reflecting the dynamic
and non-ideal nature of the assembly process gov-
erned by competing interfacial interactions.

After chains form, reintroduction of excess CTAB
rapidly reconstructs the dense bilayer around each
particle, blocking further ligand-mediated associa-
tion and effectively arresting further chain growth in
a kinetically stabilized state. Stability tests (Fig. S7)

Figure 5 a Geometric
models and b corresponding
FDTD-simulated extinction
spectra of AuNBPs assem-
blies with different chain
lengths (n=1-6) at a bending
angle of 30°.
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show that although minor blueshifts and intensity
decreases are observed over one month, no progres-
sive spectral evolution or features indicative of further
assembly or structural reorganization occur. The SERS
measurements (Fig. S8) further indicated the involve-
ment of 4,4"-BPy in the interfacial processes accom-
panying assembly, as only the assembled samples
exhibited clear bipyridine vibrational signatures (e.g.,
1015, 1297, and 1610 cm ™). The appearance of these
characteristic bands indicates that 4,4'-BPy participates
in the interfacial processes accompanying assembly
and plays a role in regulating nanoparticle association.

FDTD simulation of plasmonic chains

To investigate the plasmonic coupling behavior of
AuNBPs assemblies, FDTD simulations were per-
formed using geometric parameters obtained from
TEM analysis. Individual particles were modeled as
back-to-back bicones, and two representative classes
of superstructures were constructed to capture the
dominant coupling motifs observed experimentally.
The first class involved linear chains with controlled
bending, where chain lengths were set to n=1-6 and
bending angles adjusted to 0°, 30°, 60°, 90°, and 120°,
as shown in Figs. 5 and 59-512. These models were
used to establish the intrinsic dependence of longitu-
dinal plasmon coupling on chain length and bending
geometry. The second class involved laterally stag-
gered or partially overlapped chains. In Fig. 6, the
overlap degree was fixed at 11.11% with chain lengths
of n=2-5, while simulations with higher overlap
degrees of 50% and 100% are presented in Figs. 513
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Figure 6 a Geometric
models and b corresponding
FDTD-simulated extinction
spectra of AuNBPs assem-
blies with different chain
lengths (n=2-5) at 11.11%
lateral overlap.

and S14. These configurations were introduced to rep-
resent the structural variability frequently observed in
TEM images and to examine how lateral misalignment
modifies the plasmonic response. For all configura-
tions, the interparticle spacing was fixed at 1 nm as a
representative nanoscale separation, consistent with
experimentally observed interparticle spacings. Illu-
mination was polarized along the particle long axis,
matching the excitation configuration in Fig. 5a.

The simulations of linear end-to-end chains estab-
lish a baseline for understanding the intrinsic plas-
monic coupling behavior of AuNBPs assemblies. As
qualitatively depicted in Fig. 5b, the longitudinal LSPR
exhibits a monotonic dependence on chain length and
undergoes a continuous redshift as additional parti-
cles are incorporated. This trend reflects the gradual
extension of the near-field coupling pathway and the
increasing hybridization of plasmon modes along the
chain axis, which together give rise to more delocal-
ized collective oscillations. The results in Figs. 59-512
further indicate that this chain length-dependent
redshift is preserved across a series of discretely
defined bending angles (0°, 30°, 60°, 90°, and 120°),
demonstrating that chain length remains the primary
determinant of the plasmonic response in these lin-
ear configurations. Accordingly, these linear-chain
simulations serve as a reference framework against
which more structurally complex and experimentally
relevant assemblies can be compared.

In addition to idealized linear chains, the experi-
mentally observed AuNBPs assemblies frequently
exhibit laterally staggered and partially overlapped
configurations, as illustrated by the representative
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models and simulated extinction spectra shown in
Fig. 6, which constitute a second representative class
of plasmonic coupling geometries. In Fig. 6, the lateral
overlap between adjacent AuNBPs is fixed at 11.11%,
while the chain length is varied from n =2-5, allowing
the influence of chain length on plasmonic coupling
to be examined under a representative staggered con-
figuration. Although the simulated extinction spectra
are normalized, comparison of peak positions indi-
cates that most staggered configurations exhibit cou-
pling-induced spectral shifts toward lower energies
compared with the single-particle response, reflecting
enhanced plasmonic hybridization. However, the pre-
cise peak locations depend sensitively on the overlap
extent and local arrangement of adjacent particles,
and the resulting extinction spectra do not follow a
simple monotonic progression with increasing chain
length. At a moderate overlap degree (50% overlap,
Fig. 513), the staggered chains generally exhibit a sys-
tematic redshift relative to isolated particles, consist-
ent with strengthened interparticle coupling, while the
resonance peaks remain relatively well defined and do
not show pronounced spectral broadening. In contrast,
for highly overlapped configurations (100% overlap,
Fig. 514), lateral coupling can dominate over longitu-
dinal interactions, leading to non-monotonic spectral
evolution and, in some cases, blueshifted resonances,
accompanied by increased mode competition.

The simulation results underscore that the experi-
mental spectra cannot be quantitatively reproduced
by any single structural model. In the assembly solu-
tions, a distribution of chain lengths inevitably coex-
ists with multiple non-ideal geometries, whose relative
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populations are not experimentally accessible. Con-
sequently, the measured near-infrared response rep-
resents an ensemble-averaged spectrum arising from
many coexisting configurations. The chain length
dependence illustrated in Fig. 5, together with the
representative staggered-chain simulations shown
in Fig. 6 and the broader set of simulated geometries
provided in Figs. 59-514, supports the interpretation
that the experimentally observed near-infrared band
broadening originates from the superposition of
plasmonic modes associated with chains of different
lengths and varying degrees of misalignment. Accord-
ingly, the FDTD results are intended to elucidate
plasmonic coupling trends for representative chain
geometries, rather than to quantitatively reproduce
the ensemble-averaged experimental spectra.

Conclusions

In summary, we have constructed an aqueous assem-
bly system for AuNBPs regulated by CTAB-modulated
interfacial barriers together with coordination-assisted
interactions involving 4,4'-BPy that bias particle asso-
ciation toward end-to-end configurations, achiev-
ing controllable, terminable, and structurally stable
self-assembly of AuNBPs chain structures. Through
combined time-resolved TEM and in situ spectro-
scopic analysis, we have clarified the complete kinetic
pathway of AuNBPs from tip activation, dimer for-
mation, rapid chain elongation to chain length satu-
ration. Results indicate that local CTAB desorption is
the crucial step for exposing coordination-accessible
sites, while the bipyridine structure of 4,4'-BPy modu-
lates the assembly pathway and kinetics rather than
acting as a single dominant chemical driving force
for 1D chain construction. FDTD simulations further
reveal that the chain length-dependent longitudinal
plasmonic and geometry-dependent coupling behav-
ior are consistent with experimental spectra, with bent
segments and laterally misaligned chains also exhib-
iting distinct optical coupling behavior. In addition,
reintroduction of CTAB at high concentration ena-
bles kinetic stabilization of the assembled structures
at selected time points, yielding chain morphologies
with excellent long-term stability that largely main-
tain their overall spectral characteristics at room tem-
perature. SERS measurements provide spectroscopic
evidence for the participation of ligand-assisted and
coordination-mediated interactions during assembly.
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These results collectively establish a clear self-assem-
bly framework: Interfacial adsorption regulation
determines tip accessibility, coordination-assisted
interactions guide pathway-selective chain growth,
and subsequent CTAB re-passivation enables kinetic
stabilization of the assemblies. This study not only
deepens the understanding of AuNBPs interfacial
chemistry and self-assembly mechanisms but also
provides a generalizable framework for constructing
stable near-infrared plasmonic chain structures, laying
a solid foundation for future exploration of applica-
tions in nanophotonics, photothermal effects, SERS,
and field-enhanced catalysis.

Experimental section
Materials

All chemicals were of analytical grade and used
without further purification. Cetyltrimethylam-
monium bromide (CTAB, >99.0%), L-ascorbic
acid (AA, >99.99%), chloroauric acid (HAuCl,),
hydrochloric acid (37.0 wt% aqueous solution),
and 4,4'-bipyridine (4,4'-BPy) (298.0%) were
purchased from Macklin; cetyltrimethylammo-
nium chloride (CTAC, >99.0%), sodium borohy-
dride (NaBH,, 2 98.0%), sodium citrate dihydrate
(5C, 299.0%), silver nitrate (AgNO;, >99.8%), and
benzyldimethylhexadecylammonium chloride
(HDBAC, 295.0%) were obtained from Aladdin.
Ultrapure water (18.2 MQ-cm, Milli-Q system) was
used throughout all experiments. All glassware for
AuNBPs synthesis was cleaned with freshly prepared
aqua regia (HCI/HNO;, 3:1 v/v), rinsed thoroughly
with ultrapure water, and dried at 60 °C prior to use.

Synthesis of gold nanobipyramids

AuNBPs were synthesized using a seed-mediated
growth method. Briefly, an ice-cold NaBH, solution
(0.025 M, 0.25 mL) was rapidly injected into a mixture
of HAuCl, (0.01 M, 0.25 mL), sodium citrate (0.01 M,
5.0 mL), and CTAC (0.1 M, 5.0 mL) under vigorous stir-
ring, followed by continuous stirring for 2 min to form
gold seeds. The seed solution was then transferred to
an 80 °C water bath and slowly stirred for 90 min,
during which the solution color gradually changed
from brown to red, indicating seed formation. Sub-
sequently, the seed solution (0.1 mL) was added to a
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growth solution (composition: CTAB 0.1 M, 20.0 mL;
HAuCl, 0.01 M, 1.0 mL; AgNO; 0.01 M, 0.2 mL; HCl
1.0 M, 0.4 mL; and AA 0.1 M, 0.16 mL), gently mixed
by inversion for 10 s, and left undisturbed at 30 °C
overnight to complete AuNBPs growth.

The as-synthesized AuNBPs were purified via a
two-step centrifugation process to remove byproducts
and unreacted precursors. The reaction mixture was
first centrifuged at 9000 rpm for 10 min, the super-
natant was discarded, and the pellet was redispersed
in CTAB solution (1.5 mM, 6.0 mL). Then, HDBAC
solution (0.5 M, 14.0 mL) was added and incubated
at 30 °C for 24 h to selectively precipitate AuNBPs.
After removing the purple supernatant, CTAB solu-
tion (1.5 mM, 5.0 mL) was added, and the particles
were resuspended by sonication for 1 min. This puri-
fication procedure was repeated twice to completely
remove residual HDBAC. Finally, the purified AuN-
BPs were dispersed in CTAB solution (1.5 mM, 1.0 mL)
and stored at 4 °C in the dark.

1D chain-like self-assembly of AuNBPs

For a typical assembly experiment, a defined volume
of 4,4’-BPy solution (5.0 mM) and a CTAB solution
were mixed with deionized water to give a total vol-
ume of 2.0 mL. Depending on the target final CTAB
concentration, CTAB stock solutions with different
concentrations (10.0 uM or 0.5 mM) were used. Sub-
sequently, 8.0 uL of the AuNBPs stock dispersion (sta-
bilized in 1.5 mM CTAB) was added, and the contri-
bution of residual CTAB from the AuNBPs stock was
included when calculating the overall CTAB concen-
tration after mixing. The reaction proceeded at room
temperature under gentle stirring (300 rpm). At the
selected time point, 2.0 mL of 3.0 mM CTAB solution
was introduced to re-passivate the particle surfaces,
thereby suppressing further ligand-mediated associa-
tion and kinetically stabilizing the assembly state.
The effective concentration of AuNBPs in
the assembly solution was estimated from the
UV-Vis-NIR extinction spectrum rather than from
the initial gold precursor concentration, due to par-
ticle loss during synthesis and purification. The ini-
tial longitudinal LSPR peak intensity of the disper-
sion was approximately OD = 0.4 at ~ 777 nm (optical
path length =1 cm). Following established treat-
ments that relate the extinction cross section of ani-
sotropic gold nanostructures to optical density [47],
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the particle concentration was estimated to be on the
order of ~ 0.05 nM.

Silica coating of assemblies

To facilitate reliable observation of the solution-
assembled structures after kinetic stabilization by
excess CTAB, AuNBPs assemblies were subsequently
coated with SiO, as a post-assembly treatment. Briefly,
4 mL of assembly solution was stirred at 800 rpm, and
NaOH solution (0.1 M, 0.04 mL) and TEOS methanol
solution (12.0 puL, 20 vol%) were sequentially added.
Additional equal aliquots of TEOS solution were
added at 1 h intervals, repeated twice. After contin-
uous stirring for 24 h, the solution was centrifuged
at 9000 rpm for 10 min and washed twice each with
water and methanol. The final 5iO,-coated AuNBPs
assemblies were dispersed in 1 mL methanol.

Characterization

Extinction spectra were recorded using a Shimadzu
UV-1900i spectrophotometer with a 10 mm path
length over the range of 400-1100 nm. TEM images
were acquired on a Hitachi HT-7700 transmission elec-
tron microscope at an acceleration voltage of 100 kV.
Particle size and assembly statistics were performed
using Image] software, with at least 100 particles
counted per sample to ensure statistical significance.

SERS performance testing of assemblies

SERS measurements were conducted using a Horiba
LabRAM HR Evolution confocal Raman spectrometer.
Silicon substrates were cleaned sequentially by sonica-
tion in acetone and ethanol and then dried. For experi-
mental groups, 10 uL. of AuNBPs solution (containing
10 uM CTAB and 1 mM 4,4'-BPy) assembled for 15 min
was drop-cast onto the substrate, while control groups
received an equal volume of 1 mM 4,4'-BPy solution.
Measurements were performed after air-drying using
the following parameters: 50 x objective, ~1 um laser
spot diameter, 1% laser power, 10 s integration time,
150 g/mm grating, single acquisition.

FDTD simulations
The FDTD method is an explicit time-marching algo-

rithm used to solve Maxwell’s curl equations on a
discretized spatial grid. The FDTD simulations were
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carried out with a commercial software, FDTD Solu-
tions (Lumerical, Ansys). A light pulse in the wave-
length range of 400-1100 nm was launched into a
simulation domain (box) containing AuNBPs assem-
blies to simulate a propagating plane light wave inter-
acting with the nanostructures. The structures were
surrounded by a virtual boundary (Perfectly Matched
Layer, PML) with an appropriate size. A non-uniform
mesh was applied, with the interparticle gap regions
refined to 2 nm and other areas set to a lower density.
The sizes of the AuNBPs were taken from their aver-
age values and constructed using a bicone geometry.
The refractive indices of the surrounding air and water
were set to be 1.00 and 1.33, respectively.
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Figure S2. TEM images of SiO,-coated assemblies after (a) 0 min, (b) 5 min, (c¢) 15 min, and (d) 30 min

assembly under CTAB (10 uM) and 4,4'-bipyridine (1 mM).
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Figure S3. (a—d) TEM images of long chains of assembled AuNBPs with different morphologies.
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Figure S4. UV—vis—NIR spectra of AuNBPs assemblies arrested by CTAB addition at different assembly
time points and after subsequent SiO, encapsulation, demonstrating preservation of the longitudinal

LSPR features.
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Figure S5. (a—e) Time-dependent UV—vis—NIR spectrum of assembly solutions at different CTAB
concentrations with fixed 4,4'-bipyridine (1 mM); (f) Corresponding kinetic scatter plots of the assembly

process.
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Figure S6. (a—g) Time-dependent UV—vis—NIR spectra of assembly solutions at different 4,4'-bipyridine
concentrations with fixed CTAB concentration (10 uM); (h) Corresponding kinetic scatter plots of the

assembly process.
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Figure S7. Stability test of AuNBPs assembly solutions after termination by CTAB addition at different
time points under CTAB (10 uM) and 4,4'-bipyridine (1 mM): (a—d) UV—-vis—NIR spectra recorded
immediately after termination and after one month. Minor blue shifts and intensity decreases are observed

over time, while no progressive spectral evolution or features associated with further assembly are

detected.
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Figure S8. Raman spectra comparison between AuNBPs assembled for 15 min under CTAB (10 uM) and

4,4'-bipyridine (1 mM) and pure 4,4'-bipyridine (1 mM).
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FDTD simulation models and geometric definitions
The FDTD simulation framework and general numerical settings follow the methodology described in
Section 4.7 of the main text. To facilitate reproducibility and clarify the construction of the simulation
geometries, additional details on the assembly models and their geometric definitions are provided here.
Two representative classes of AuNBPs assembly models were constructed for the FDTD simulations,
based on the dominant structural motifs observed in TEM images. The first class corresponds to idealized
end-to-end assemblies, in which individual AuNBPs were arranged in a tip-to-tip configuration along a
common longitudinal axis. In these models, the particles were aligned coaxially with a fixed interparticle
separation of 1 nm, chosen as a representative nanoscale spacing consistent with experimentally observed
interparticle separations in TEM images. Chain lengths ranging from n = 2 to 6 were considered.

For the idealized tip-to-tip chain models, the degree of bending was quantitatively defined by the
angle between the longitudinal axes of two adjacent AuNBPs. A bending angle of 0° corresponds to a
perfectly linear chain, while larger angles indicate increasing curvature. To systematically examine the
influence of chain curvature on the optical response, bending angles of 30°, 60°, 90°, and 120° were
investigated, as schematically indicated by the arrows in Figure 5 and Figures S9-S12. These discrete
angles span the range of chain curvature observed experimentally while maintaining well-defined and
reproducible geometries.

The second class of models represents laterally staggered and partially overlapped assemblies,
which are frequently observed in the experimental samples. In these configurations, adjacent AuNBPs
were laterally displaced to introduce a controlled overlap between the slanted facets, while maintaining
a fixed minimum interparticle separation of 1 nm at the nearest contact points. In the main text (Figure
6), the lateral overlap was fixed at 11.11% and the chain length was varied from n =2 to 5 to examine
chain-length effects under a representative staggered configuration. The influence of increasing overlap
was further explored in the Supporting Information, where overlap degrees of 50% and 100% were
considered (Figures S13 and S14).

For all simulated configurations, the AuNBPs were modeled as back-to-back bicones using the
average particle dimensions extracted from TEM analysis. The surrounding media and excitation

conditions were identical to those described in Section 4.7 of the main text.
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Figure S9. (a) Geometric models and (b) corresponding FDTD-simulated extinction spectrum of

AuNBPs assemblies with different chain lengths (n = 1-6) at a bending angle of 0°.
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Figure S10. (a) Geometric models and (b) corresponding FDTD-simulated extinction spectra of AuNBPs

assemblies with different chain lengths (n = 1-6) at a bending angle of 60°.
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Figure S11. (a) Geometric models and (b) corresponding FDTD-simulated extinction spectra of AuNBPs

assemblies with different chain lengths (n = 1-6) at a bending angle of 90°.
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Figure S12. (a) Geometric models and (b) corresponding FDTD-simulated extinction spectra of AuNBPs

assemblies with different chain lengths (n = 1-6) at a bending angle of 120°.
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Figure S13. (a) Geometric models and (b) corresponding FDTD-simulated extinction spectra of AuNBPs

assemblies with different chain lengths (n = 2—-5) at 50.0% lateral overlap.
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Figure S14. (a) Geometric models and (b) corresponding FDTD-simulated extinction spectra of AuNBPs

assemblies with different chain lengths (n = 2-5) at 100.0% lateral overlap.
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