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The synergistic optical, electronic, and chemical properties of metal nanoparticles present in close proxi-
mity have potential applications in energy, medicine, and sustainability. Fundamental studies and appli-
cation development based on spontaneous self-assembly of one-dimensional (1D) chains of metal nano-
particles without external organization agencies have been pursued for over four decades. The spon-
taneous formation of 1D chains in a solution of stabilized spherical nanoparticles may be driven by the
emergence of local anisotropy due to dipolar interaction, representing a trapped non-equilibrium state.
Here, the kinetics of this broken symmetry in the "directed” self-assembly of spherical particles is studied
to form a 1D chain. The 1D chain assembly of 10 nm Au particles that had been stabilized by electrostatic
repulsion is initiated by adding a small amount of divalent cation salt. A phenomenological model is pre-
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sented to explain the transition state controlling the kinetics of the 1D self-assembly. Experimental and
simulation studies were combined to measure the kinetics of the chain growth over time which revealed
a sharp transition between two growth processes that were analogous to addition and condensation
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Introduction

Exotic properties are exhibited by one-dimensional (1D) chains
of spherical metal nanoparticles assembled in close proximity
of a few nanometres due to the synergy of the individual
optical and electronic behaviour of their localized surface
plasmon resonance (LSPR)' and Coulomb blockade (CB),>*
respectively. Optically, the light is squeezed below the diffrac-
tion limit in small gaps between nanoparticles” to form a
plasmonic waveguide,® where enhancement of several orders
of magnitude in the optical electric field can lead to sensitive
optoelectronic devices.””® In addition, the plasmonic “hot-elec-
tron” generation and transport in the chain enhances photoca-
talysis for a variety of reactions.'®? Electronically, multiple
electron tunnelling junctions in the chain lead to a conduction
gap at room temperature,">'* which is otherwise observed at
cryogenic temperatures for a single particle.">'® The room
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temperature conduction gap in 1D chains is leveraged to build
a highly sensitive all-metal “living transistor” that is gated by
the cell’s membrane potential to measure biochemical activity
in real-time.’”'® Such 1D chains have some unique features
compared to the 2D structures. For example, the excitation
wavelength linewidth for LSPR of the 1D chain is significantly
sharper than that of the 2D array."® Additionally, the conduc-
tion gap in the 1D chain occurs at a significantly higher temp-
erature than in the 2D chain.***!

The intuitive approach to breaking the symmetry to form
1D chains of spherical nanoparticles is to invoke an external
driver. There is a plethora of approaches based on magnetic,
electrical and flow fields** and molecular templates**™’ to
assemble 1D chains of metal nanoparticles in close proximity.
A more subtle approach is to tailor the local inter-particle
interaction of spherical metal particles to coax them to self-
assemble in 1D chains. Local small-distance interactions are
especially significant in the self-assembly of nanoparticles
below about 25 nm.>® The local interaction-driven approach is
deceptively simple and was documented well even decades ago
in studies on the aggregation of metal nanoparticles (soot)
forming large networks of 1D chains.?**° Typically, a uniform
negative charge appears on the surface of spherical metal
nanoparticles during synthesis (for stabilization and size
control)** which is “neutralized” to reduce electrostatic repul-
sion, causing clustering.*® If the amount of neutralization is
relatively small, the local interaction becomes anisotropic due

This journal is © The Royal Society of Chemistry 2025
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to non-uniform charge distribution leading to 1D chains due
to dipolar interaction. A dipole can also be produced by metal-
S bond,** which is a pervasive approach to stabilize the nano-
particles of Novel metals by capping them with -SH containing
oligomeric hydrophobic or hydrophilic compounds.®® A con-
sistent Derjaguin-Landau-Verwey-Overbeek (DLVO) model
that accounts for the dipolar interaction due to patchiness and
metal-S bond explains the emergence of 1D self-assembly; it
shows that electrostatic repulsion is reduced by increasing ion
strength because the particles prefer to attach at the end of the
growing chain, juxtaposing to the side of the chain.** The
surface ligand approach is quite general to control the 1D
linear chain shape and branching.*> For completeness,
polymer-mediated anisotropic assembly is also a successful
approach;®® however, the particles are too far to synergize the
optical and electronic properties of individual nanoparticles.

The aggregation process of 1D nanoparticle chains forming
large networks was of great interest decades ago because such
structures contained fractal objects that grew as diffusion-
limited aggregates;*° these structures had characteristic optical
properties due to LSPR coupling between adjacent
particles.’”*® Structurally, by simulation, two growth processes
have been identified. First, by adding one particle at a time to
the chain (ie., “addition”);** seconds, aggregation of larger
chains to form bigger clusters (i.e., “condensation”).* In both
cases the structure has a fractal geometry, however, the latter
product was more open with a smaller fractal dimension of
~1.35 versus ~1.67 in the 2D space, respectively.’>*® Image
analysis of the electron percolation pathway on the deposited
chain network (in 2D) in this study is shown to involve a
fractal structure of dimension ~1.88,*' which is consistent
with a fractal dimension of ~1.8 at the percolation threshold.*?
However, in the abovementioned simulation structural studies,
the time of formation is arbitrary.

Here, we report the growth kinetics of the 1D chains and
their clusters in real-time. In this study, we create local an-
isotropy during self-assembly by “neutralizing” the negative
charge on citrate-capped 10 nm Au particles by adding a small
amount of divalent cation salt, which initiates the clustering
process. By controlling the amounts of cations, a highly stable
growth of 1D chains over a couple of days is obtained. We
track the growth of this chain by a shift in the plasmon absorp-
tion band in the UV-Vis spectrum due to plasmonic waveguid-
ing. By correlating the spectrum to the average length of the
1D chain using electromagnetic simulation, we obtain the
growth as a function of time. Remarkably, both the addition
and condensation regimes are distinctly identified.

Experiment and simulation methods
Gold nanoparticles synthesis

Tetrachloroauric(m) acid (HAuCl,, 99%), sodium citrate, tannic
acid, and potassium carbonate (K,CO;) were purchased from
Sigma Aldrich. The 10 nm citrate-stabilized negatively charged
Au nanoparticles were synthesized using the reverse Turkevich
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method.?" All apparatuses were washed in aqua regia and then
rinsed with deionized water. A mixture of 150 mL of 2.2 mM
sodium citrate, 1 mL of 150 mM K,CO; and 1 mL of 2.5 mM
tannic acid was heated until it boiled in a round bottom flask,
which was connected to a reflux condenser. Once boiling was
achieved, 1 mL of 25 mM HAuCl, was quickly injected into the
solution, while stirring vigorously. The boiling solution was
continuously stirred until it turned wine-red. Once cooled
down, the solution was stored in a 4 °C refrigerator for further
use. According to stoichiometry, the estimated molar concen-
tration of particles was 3.2 x 10" particle per cm®.

Fabrication of 1D gold nanoparticle chains

Aqueous solutions of 5 mM concentration of cadmium per-
chlorate (Cd(ClO,),), cadmium nitrate (Cd(NO3),), and
cadmium chloride (CdCl,), respectively, were prepared. For
each salt, a specific volume was added dropwise to 1 mL of the
nanoparticle suspension under continuous stirring. The
volume of salt added was carefully adjusted to ensure the for-
mation of stable nanoparticle chains for at least 2 days. The
specific amounts of each salt added are mentioned in the text
for different studies. The solution was then left in the shaker
for 15 to 18 hours to allow the formation of 1D chains. The
change in colour from wine-red to purple-blue indicated the
formation of the 1D chain.

UV-Vis spectroscopy

The UV-Vis absorbance spectrum of the nanoparticle suspen-
sion was measured in a polystyrene cuvette of 1 cm” square
cross-section using 1 mL of solution. The absorbance spectra
were measured using an Ocean Optics Model QE65000 spectro-
meter with an Ocean Optics HL-2000 halogen light source.

Scanning electron microscopy (SEM) for imaging

SEM images were acquired using a Helios 660 SEM at magnifi-
cations ranging from 65k to 150k, with electron energy of
5 keV and 10 keV and beam current of 0.2 nA. To prepare a
sample for SEM, a silica chip was first cleaned with oxygen
plasma at 80 W and 100 mTorr for 2 min, as well as spin-
coated at 3000 RPM for 1 min using 1 mg mL™" aqueous solu-
tion of poly (allyl amine hydrogen chloride) (PAH); lastly, the
chip was washed vigorously with deionized water to remove
excess polymer. About 40 pL of Au nanoparticle suspension
was sampled at different time points and diluted in 460 pL of
deionized water. The chains from diluted suspension were de-
posited onto the chip by centrifugation'* (Universal Hettich
320) at 3500 RPM (2013 g) for 10 min. After deposition, the
chip was rinsed with water and air-dried before SEM imaging.

Simulation

To evaluate the optical properties of Au nanoparticle chains,
we performed numerical modelling using COMSOL
Multiphysics 6. A physical 3D model of a box containing
spherically shaped Au nanoparticles. The surrounding
material was designed as depicted in ESI, section 3, Fig. S4.7
To emulate the experimental geometry, most part of the block
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04770b

Open Access Article. Published on 16 January 2025. Downloaded on 7/28/2025 6:20:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

was filled with water (n = 1.33). Au particles were positioned in
the center of the box and surrounded by the refractive index of
salt to emulate the electrical double layer (EDL). The complex
relative permittivity function for Au was obtained from the lit-
erature.”® For the chains with finite lengths, we used perfectly
matched layer (PML) boundary conditions to mimic an open
and non-reflecting domain (ESI, section 3, Fig. S4(a)t). For the
infinite-length chain, the periodic boundary conditions were
defined along the chain axis (ESI, section 3, Fig. S4(b)t). To
calculate the absorbance spectra, the incident (Source) and the
receiving (Detector) components were located at opposite sides
of the nanoparticle structure.

Here, the COMSOL module electromagnetic waves and the
frequency domain were used for the simulations. An incident
electric field that was polarized along the x-axis was incident
on the Au nanoparticles chain, and absorbance was calculated
at the detector port. The incident field was uniformly distribu-
ted, ensuring consistent E-field exposure across the entire
chain length for precise interaction with the nanoparticle
chains. For the E-field enhancement, the volume maximum
function was used from post-processing to calculate the E-field
in the close proximity of gold particles. Final E-field enhance-
ment was evaluated using: \/E,% + E,? + E;%/E;, where E,, E,,
and E, are the local electric fields in x-, y-, and z-directions,
respectively, and E; is the incident optical electric field.

Results and discussion

Upon the addition of 290 pL of 5 mM Cd(NOj;), solution to
1 mL of 10 nm Au particle suspension with ~3.2 x 10'* par-
ticles per cm®, a second localized surface plasmon resonance
(LSPR) peak begins to appear (Fig. 1(a)). The second LSPR
band was correlated to the formation of 1D chains as pre-
viously shown by transmission electron microscopy (TEM)"?
and scanning electron microscopy (SEM).'* The solution was
placed on a shaker to ensure good mixing during the process.
Following a procedure described by others for 1D chain self-
assembly,** the LSPR band for a single nanoparticle was sub-
tracted to obtain the second peak arising from 1D chains
(Fig. 1(b)). (The details of the procedure are described in the
ESI, section 1, Fig. S1 and S2.}) The monotonic redshift of the
LSPR peak, A1 spr (in Fig. 1(b)), is due to a well-known plasmon
coupling reaction between adjacent particles as the chain
becomes longer. Importantly, note that the peak reaches a
stable wavelength, where A;spr, stable = 604 nm at ~30 h. After a
longer duration (i.e., 68 h), the invariant stable peak, Agspg,
stable, begins to diminish, indicating precipitation.
Importantly, the redshifted band is a single Gaussian peak
with a self-similar shape as evident from the linear relation-
ship between the area of the peak versus its height (Fig. 1(b),
inset). Thus, during growth, the overall distribution of the
number of particles per chain, i.e., N, remains unchanged. The
redshift and its stability at 604 nm is quantitatively attributed
to chain growth as shown by the simulation below (Fig. 5).
Changing the anion does not have any significant effect on the
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stable LSPR band (Fig. 1(c)). Also, the A;spr, stable iS less red-
shifted for a smaller amount of salt added, which indicates
incomplete growth (Fig. 1(d); not shown, but too much salt
will precipitate the particles without chain formation). Thus,
for this study, the optimum concentration of Cd(NO;), was
added, i.e., 1.1 mM (i.e., 290 pL of 5 mM Cd(NO;), in 1 mL Au
nanoparticle suspension).

To qualitatively explain the observations, a simple (mechan-
istic) phenomenological model is considered (Fig. 2): (i) on
adding the salt, the cations (i.e., Cd*" for this study) condense
on the Au nanoparticle’s diffuse electrical double layer (EDL).
The monovalent Na' (from synthesis) and background anions
in the EDL are not shown. (ii) As two particles collide due to
thermal motion, electrostatic interaction distorts the diffuse
EDL, which induces a dipole, x. (iii) The dipolar interaction
leads to binding, followed by rearrangement of the overlapping
diffuse EDL of the particles. (iv) The next particle then collides
with the doublet, leading to the formation of a triplet. Owing
to dipolar interaction due to induced polarization, the par-
ticles prefer to be added at the ends, rather than the middle,**
leading to a 1D chain that continues to grow, analogous to
addition “polymerization” (not shown further in Fig. 2).

The following inference can be made from the model: (a)
the role of the added anion is not significant; this is consistent
with the observation in Fig. 1(c). (b) An ionic bridge of the
added (multivalent) cation “glues” the particles together. This
was shown explicitly by reacting the chains with H,S (or Na,S)
to form a CdS nano-cement that exhibits electroluminescence,*®
which was also imaged by high-resolution TEM for Zn>*-
mediated 1D chains.*® (c) If the salt added was below a certain
threshold, the amount was not enough for chains to grow
sufficiently, which lowered the Argpr, saple as observed in
Fig. 1(d). (d) As the local environment of the particles in the 1D
chains is same (except at the ends), it is reasonable to expect the
interparticle spacing, i.e., s, due to the ion bridge in the 1D
chain is constant. (€) Consistent with the DLVO analysis,** the
rearrangement of the EDL on binding will be energetically
costly for inter-chain binding of “small” chains, thus the growth
will primarily be analogous to addition “polymerization”. (f)
However, as the chain length increases, the capacitance of the
EDL ~ N will also increase, leading to lower activation energy for
rearrangement (~e*/N, where e is a charge of the electron). As a
result, beyond a certain N, chain-chain binding can also occur,
analogous to condensation “polymerization”.

According to the above model, the activation barrier dictat-
ing the kinetics of the growth of the 1D chain is the energy
penalty to rearrange the EDL to form a bond, ie., the tran-
sition state is the superposition of EDL upon collision (Fig. 2).
The chain growth for small N should favour “addition” and as
chains grow longer, “condensation” should commence,
leading to more complex topologies, such as branching. From
this rather simplistic phenomenological model and SEM
images discussed below (Fig. 3), a transition from addition to
condensation polymerization is expected. To find this possible
transition, the redshift in UV-Vis peak over time, i.e., t, needs
to be related to (N), to obtain (N)(¢).

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The effect of adding Cd(NOs), to a suspension of 10 nm Au nanoparticles. (a) UV-Vis absorbance spectra as a function of time. The A spr red-
shifts as time increases and the suspension reaches a stable state; A spr, stable at 604 nm after 15 h. The absorbance decreases, but A spr, stable
remains unchanged after 68 h. Inset: Nanoparticle suspension changes color from wine-red to blue after 15 h. (b) Single Au nanoparticles-sub-
tracted UV-Vis absorbance spectra. Inset: Linear relationship between the deconvoluted peak area and peak intensity of the subtracted spectra,
fitted with equation y = —12.93 + 198.9x with R? = 0.995. (c) The effect of the type of anions on the UV-Vis absorbance spectra of nanoparticle sus-
pension under stable states. (d) The effect of salt concentration on the UV-Vis absorbance spectra of nanoparticle suspension under a stable state.

The occurrence of chain growth phenomena in solution
can indirectly be visualized by rapid deposition of the chains
at different ¢. This is performed by centrifuge deposition of the
chains suspended in the solution onto a Si wafer that is modi-
fied with positively charged poly(allyl amine hydrochloride)
(PAH)."* The SEM imaging shows chain growth over time
(Fig. 3). In the centrifuge, the angular velocity creates a free-
energy gradient that leads to the separation of chains from the
suspension, followed by deposition by centrifugal force.'* It is
clear that 1D chains are formed. However, from the appear-
ance of the clusters, it is difficult to discern if the chains are
branched or simply entangled because of their enhanced den-
sification and phase separation due to centrifugation just
before deposition. However, it is apparent that the chain
seems to cluster after 7 h as compared to 4 h; and the cluster-
ing progressively grows past 15 h; especially after 20 h, the

This journal is © The Royal Society of Chemistry 2025

clusters are large enough that their numbers (per solution
volume) begin to decrease (see ESI, section 2, Fig. S31 for mag-
nified views). At 50 h, the clusters appear significantly large,
indicating the limited stability of the suspension. Qualitatively,
there seems to be a growth spurt past 7 h and between 15 h
and 20 h the clustering is large enough so that the number of
clusters begins to reduce. Qualitatively, there seems to be a
growth spurt between ¢ = 7 h and 20 h with a concomitant
decrease in the number of clusters. Thus, there appear to be
two regimes of self-assembly.

Next, we simulate the UV-Vis spectrum to quantitatively
relate the observations regarding chain growth in Fig. 1 and 2.
For the simulations, a linearly polarized (LP) electromagnetic
wave is incident on the 1D-chain of Au nanoparticles with an
E-field parallel to the chain axis. The incident light is uni-
formly distributed over the entire chain length. In the simu-

Nanoscale, 2025, 17, 5012-5020 | 5015
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Fig. 2 The mechanism of 1D chain self-assembly. (i) Stabilized nano-
particles with diffuse EDL. (ii) Upon thermal collision, their diffuse EDL
deforms leading to an induced dipole moment, p, that causes attraction
(i.e., clustering). (iii) The EDL is rearranged to engulf the new structure to
form a bond. (iv) It is energetically more favorable for the third particle
to bind at the edge. The 1D self-assembly of chains by addition of par-
ticles at the ends continues, which is analogous to a “polymerization”
process.

View Article Online

Nanoscale

lation, we incrementally increased the number of Au nano-
particles in the chain to mimic chain growth and study the
evolution of the A;spr @s an increase in N. The material para-
meters were adjusted as discussed below. The details of the
method are in the Experimental section (see Simulation). For a
single particle, to obtain the A;spg band at 515 nm for the syn-
thesized 10 nm Au particle, the effective refractive index of the
media, n, was 1.42 (ESI, section 4, Fig. S5t). The higher refrac-
tive index compared to 1.33 for pure water is due to the high
ionic strength in the EDL, typically in the 1 M range, that dic-
tates the boundary conditions at the particle/media interface.
The broader experimental band is attributed to the dispersity
in size and shape of the particles.

Upon the formation of the doublet, the gap s determines
the extent of the inter-particle LSPR coupling. The heat map of
the E-field, which is defined as the amplitude of the local
optical field, relative to the incident light, intensifies as the s
decreases due to stronger inter-particle coupling (Fig. 4(a)). As
the calculations are performed with the polarized light in the
horizontal direction (ESI, section 3, Fig. S4t), the E-field
enhancement is observed only at 0° and 180°. For the near-

Fig. 3 SEM images of the self-assembly of 10 nm Au particles at different periods after adding Cd®* salt. SEM images were taken at (a) 2 h, (b) 3 h,

()4 h,(d)7h, (e) 10 h, (f) 15 h, (g) 20 h, (h) 30 h, and (i) 50 h.
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Fig. 4 Electromagnetic simulation of E-field defined as local electric
field relative to incident field. (a) Heat map of E-field for different inter-
particle distances, s. (b) The maximum E-field in the gap, E (ie.,
enhancement in the hot spot) for a doublet as a function of their separ-
ation distance, s, decreases as inverse square law (1/s%). For the simu-
lation in (a) and (b), index of the media, n = 1.33.

surface effect, within a few nm, the curvature effects can be
neglected, leading to the expected decay of maximum E-field
as 1/s> (Fig. 4(b)). For s above 3 nm, the coupling is weak as
apparent both from the heat map and 1/s*> dependence.
Notably, as our simulation is based on classical electromag-
netic, an E-field enhancement below s ~ 1 nm is not very rea-
listic due to strong quantum mechanical effects.

To model the 1D chain, three parameters must be deter-
mined: N, n, and s. The s was estimated by the conduction
behaviour through a monolayer of the network of the chains,
i.e., nanoparticle necklace network (N*) deposited between the
two electrodes. Quantitative image analysis that maps the per-
colation path topology of N°'* as well as the electrical
measurement of electron tunnelling mediated conduction,
showed that s is slightly below 3 nm to explain the observed
non-Ohmic behavior'' and gating properties.*® Considering
the ~0.5 nm-thick hydrated perchlorate layer on each particle
and the EDL of 2-3 layers in the compensating bridge of the
hydrated cations, a reasonable assumption of s = 2.4 nm was
made for the ion bridge.

For s = 2.4 nm, as N increases, the A;gpr redshifts, as
expected, and stabilizes as N — oo to Aispr, stable (Fig. 5). To
model N = o0, periodic boundary conditions, along the chain
growth direction, were applied. These periodic boundaries
effectively replicate the conditions of an unending Au nano-
particle chain, which ensures that the E-field solution repeats
along the chain axis without any discontinuity. The details of
the method are in the Experimental section (see Simulation).
Finally, n = 1.73 was chosen, therefore, A;spr, stable = 604 NM
was consistent with the observation (Fig. 1(b)). The n = 1.73
was determined by an “n-sweep” at fixed s = 2.4 nm and N = o
to obtain Ayspr, stable = 604 nm (ESI, section 5, Fig. S6(a)t). The
change in the values of n as s was reduced from 2.4 nm to
2 nm was only —2.89% (ESI, section 5, Fig. S6(b)1). To further
confirm that the value of s was reasonable, an “s-sweep” was
performed at n = 1.73 to observe that A;spr, stable changed only
by 604 + 1.5 nm as s changed from 2.3 nm to 2.5 nm (ESI,
section 5, Fig. S7t). Thus, the n = 1.73 and s = 2.4 nm reason-

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Simulated UV-Vis absorbance spectra of Au nanoparticle chains
at n = 1.73 and s = 2.4 nm. Increasing the number of particles in the
chain, N from 2 to oo, the absorption spectra strengthens and exhibits a
redshift in A spr. The A spr stabilizes at A, spr stable = 604 nm for N ~ 8.
However, the absorbance continues to increase beyond N = 8.

ably models the 1D chains bridged by Cd>" ion bridge. The sig-
nificantly larger effective refractive index of the medium of n =
1.73 for chains, compared to 1.42 for synthesized nano-
particles, is attributed to the large polarizability of Cd*>* (due
to larger electron screening) as compared to Na'.

To quantify the kinetics, the experimental A;gpgr(t)
(Fig. 1(b)) must be related to simulated A;spr(N) (Fig. 5). The
total absorbance is ~N, and the absorbance cross-section per
chain for longer chain is more (see ESI, Fig. S8,} discussed
below). Thus, Apspr(?) is dominated by the longest chains, i.e.,
the front-end of the growth. Thus, Ay spr(t) and Apspr(N) corre-
spondence will track the growth of the longest chains.
Furthermore, as noted above, the chain distribution remains
invariant (from Fig. 1(b) inset), thus, the effect of branching is
insignificant. From the experimental (Fig. 1(b)) and simulation
(Fig. 5) results, the change in A;gpr as a function of ¢ and N,
respectively, was determined (Fig. 6). For example, we chose
Aispr = 590 nm and determined the corresponding ¢ (from
experiment) and N (from simulation) in Fig. 6 to obtain the
kinetics curve, (N) as a function of ¢, i.e., (N(t)) (Fig. 7).

There are clearly two distinct regimes in the kinetics curve
(Fig. 7). The first regime is slower growth that is primarily attrib-
uted to “addition polymerization”, where each particle is added
at the end of the chain. As every chain is a growth center, the
process continues until most of the particles are consumed.
Also, the longer chains will grow slower because of lower mobi-
lity, leading to smaller collision rates. Thus, the size distribution
should be limited by diffusion. A growth spurt occurs beyond N
~ 7 (at ¢t ~ 535 min). In this second regime, condensation
polymerization occurs when two long chains join to form a
longer chain. Although the geometric growth is rapid, the col-
lision rate is lower. As a result, the rate increases significantly by
two-fold. The SEM image (Fig. 3) qualitatively captures the
growth process with significantly fewer individual particles,
however, the transition is not apparent (see ESI, section 2,

Nanoscale, 2025,17, 5012-5020 | 5017
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Fig. 7 Kinetics of the self-assembly of 1D Au nanoparticle chain. From
the experimental A spr(t) and simulated A spr(N), the kinetics of chain
growth (N)(t) exhibits two distinct regimes: 0.0077 min™* (slow) and
0.0166 min™* (fast).

Fig. 83t for magnified SEM images). It is nevertheless clear that
at some point beyond 7 h, clustering of larger chains occurs.
Lastly, we estimate the number of clusters, Ng(t), as the
chain grows over time. Specifically, the expected decrease in
Nc is due to chain-chain clustering. For a fixed experimental
set-up, Iy ~ Ncoaps, Where, I, is absorbance and o, is the
absorption cross-section. From the simulation, the absorption
Ccross-section, o,ps,(N) of a chain of length N at A;spg can be cal-
culated (ESI, section 6, Fig. S8(a)t). The absorbance at A;spr
measured by UV-Vis spectroscopy (Fig. 1(b)) is Ia(t) (ESI,
section 6, Fig. S8(b)t). Since the shape of the respective peaks
remains unchanged, the peak height is sufficient to estimate
the ratio, I/o.ps ~ Nc. Similar to the kinetics curve (Fig. 7), the
IA(N) tracks the average chain length, (N). Thus, for a given
time, t,, (i) the N(¢,) was calculated from Fig. 7; subsequently,
(ii) for the N(¢,), the corresponding c.ps,(N(2o)) and IA(t,) were
obtained from ESI, Fig. S8(a) and S8(b),} respectively. This
finally led to (iii) Ng(to) = Ia(to)/Gabs,(N(to)) (Fig. 7). The Ng(t)

5018 | Nanoscale, 2025, 17, 5012-5020
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Fig. 8 Normalized number of Au nanoparticle clusters as a function of
time. The normalized number of clusters (~/a/c,ps) increases in the slow
regime and commences to reduce in the fast regime.

shows that the number of clusters, N;, commence to reduce
beyond ~10° min (Fig. 8). The reduction in N is qualitatively
consistent with results presented in Fig. 3, where between 15 h
and 20 h, the chains noticeably condense to form significantly
larger clusters with fewer Nc.

Conclusions

In summary, the growth kinetics of a one-dimensional chain
of 10 nm Au nanoparticle in “close proximity” was studied.
Based on the experimental observations, simulations, and
modelling, the particle-particle contact distance, i.e. (close)
proximity was defined as less than 3 nm. Directed self-assem-
bly in the solution was mediated by Cd*" ions. The growth
process was tracked in real-time by the redshift in the local
surface plasmon resonance (LSPR) spectrum measured by UV-
vis spectroscopy. The growth of the 1D self-assembly was con-
firmed by rapid deposition of the chains at different time

This journal is © The Royal Society of Chemistry 2025
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points by centrifuge, followed by SEM imaging. Relating the
experimentally measured redshift to electromagnetic simu-
lation, the growth of average chain length, (N), was obtained
as a function of time. It is important to highlight that to relate
observed and simulated spectrum, robust determination of n
and s is needed to estimate growth, N from experimental
Arspr(t) shift. This was possible by the occurrence of A;spg,
stable that is independent of N and bounds on s because the
clusters are conducting. The growth kinetics, (N(t)), showed
two sharply defined regimes. The initial slow and later fast
growth rate regimes are attributed to addition and conden-
sation processes, respectively. A simple model is described
showing the transition state that explains the emergence of
broken symmetry to obtain 1D chains of 10 nm spherical par-
ticles and the two growth regimes. Although Cd** has been
studied before,**%** it is used as a model ion for the kinetics
study. Other ions, such as Ca**,!*4146 fe3* 17:18:20 apnd 7n>* 2°
have been shown to form similar chains and may exhibit
similar kinetic behaviour. The understanding of the growth
kinetics will potentially lead to approaches to engineer a 2D
array of 1D nanoparticle chains for diverse applications by
leveraging their electronic and optical properties.
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