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1. Introduction

Photothermal reshaping and cavity formation in
silica-coated gold nanorods using nanosecond
pulsed lasers
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The aspect ratio of Au nanorods can be precisely engineered using near-infrared nanosecond-pulsed
laser irradiation, which enables ultrafast, confined energy deposition inaccessible under continuous-
wave irradiation. In this study, we demonstrate a novel method for reshaping Au nanorods encapsulated
within thin (<10 nm) silica shells. By leveraging the silica shell as a rigid nanocrucible, nanosecond laser
irradiation induces rapid, end-selective shortening of the Au nanorod core, creating terminal cavities of a
controllable size. Transmission electron microscopy confirms that while hexadecyltrimethylammonium
bromide-coated Au nanorods convert into spherical and ¢-shaped nanoparticles, the silica shell
constrains the laser induced reshaping process, preserving the rod-like morphology while systematically
reducing the aspect ratio. Consequently, the distinct longitudinal and transverse plasmon resonances are
retained post-irradiation. The reshaping can be precisely controlled by adjusting laser fluence, resulting
in a fine-tuned aspect ratio and a significantly narrowed longitudinal resonance, an outcome typically
associated with femtosecond laser systems. 4D Scanning transmission electron microscopy reveals that
the Au nanorods transform from single crystal to polycrystalline structures upon irradiation, providing
direct evidence that nanosecond pulsed irradiation induces complete Au core melting and rapid
recrystallization within the shell — with multiple nucleation sites. Despite the polycrystalline structure the
resonance peak was narrower than that of the starting nanorod. This method for fabricating Au nanor-
ods with integrated cavities within the offers significant potential for applications in triggered drug deliv-
ery, biosensing, and photoacoustic imaging.

elevates the electron temperature, which then dissipates via
non-radiative pathways—chiefly electron-phonon and pho-

Au nanorods (AuNRs) are intensively investigated for applica-
tions in medical imaging and therapeutic applications, princi-
pally because of their strong, tunable, longitudinal surface
plasmon resonance (LSPR) in the near-infrared (NIR)
range. Having an LSPR band in the NIR region enables
AuNRs to be an effective material for analytical,””” photo-
functional,® " diagnostic,'"> and biomedical photoacoustic
applications.™?® Irradiating AuNRs at their LSPR dramatically
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non-phonon coupling—producing heat and causing a rapid
rise in the AuNR internal temperature.'® It has been reported
that the light-to-heat energy conversion can be up to 100%
under particular conditions, such as when the absorption
cross-section dominates over the scattering cross-section
(Oabs > Uscat)-M The scattering cross-section of Au nanoparticles
scales with D°, whereas the absorption cross-section scales with
D’, where D is the particle diameter. Below D ~ 50 nm Au
nanoparticles behave as pure absorbers, because their scattering
cross-section is negligible compared to the absorption, while
around D ~ 100 nm the cross-sections are comparable and above
this scattering is the dominant effect.*>*

Rapid heating of the AuNRs induced by a pulsed laser can
cause AuNRs to undergo reshaping, which leads to a reduction
in aspect ratio (AR) and resulting in a blueshift or even loss of
the LSPR band.""” This reshaping behavior is influenced by
several factors such as the starting AR, the surfactant types,
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coating, the surrounding medium (water or organic), the laser
types (femtosecond, nanosecond, or continuous wave), and the
laser intensity.”'>'® When the heating rate is greater than
cooling rate of AuNR lattice, there can be sufficient energy for
surface atoms to break free and transition to a liquid state or, in
more extreme cases, melting of whole AuNR can occur.'>'®
While reduction of a material’s size is known to reduce the
melting point, Ty, this is most pronounced when the nano-
particle approaches a few nanometers, therefore, for the major-
ity of reported AuNRs studied, the melting point of Au is close
to the bulk value."®"® However, reshaping does not require the
melting temperature of the AuNR to be reached, it only requires
that the surface atoms are sufficiently mobile. This phenom-
enon has been simulated for silver nanoparticles and AuNRs
where there is a critical temperature, Ts, above which the
'surface’ of a nanoparticle can effectively melt and become
liquid-like below the melting point, Ty, of the material."®>*
Recent in situ studies have provided significant insight into the
thermal reshaping of acicular Au nanoparticles, demonstrating
that at moderate temperatures, the process is governed by a
slow, two-step surface diffusion of Au atoms from the tips to the
body.>® When Ts < T < Ty, the surface atoms are mobile and
reshaping will occur to minimize the Gibbs free energy of the
particle. This also implies that higher AR AuNRs will be less
thermodynamically stable and may undergo faster reshaping.
The type of excitation source employed (pulse and width) is
important for the photothermal reshaping.*®' Link et al
reported that nanosecond-pulsed laser sources the caused AuNR
fragmentation at high fluences (>4 ] em™>), while at lower
fluences the AuNRs where quickly melted into nanospheres.'®
At a lower fluence of 0.64 J cm 2, nanosecond-pulsed laser
sources reportedly produced partial melting resulting in AuUNRSs
with bent and twisted shapes. Low fluence nanosecond-pulsed
lasers do not seem to cause surface-type melting, while
femtosecond-pulsed lasers can lead to shorter AR AuNRs.*® Link
et al. reported that the threshold fluence for complete melting is
nearly two orders of magnitude lower for femtosecond laser
pulses compared with nanosecond laser pulses.'” Laser reshap-
ing blueshifts the AuNR LSPR peak and significantly impacts the
efficacy of AuNRs for photothermal conversion (or photoacoustic
contrast) as the peak AuNR absorbance rapidly moves away from
the incident laser wavelength.”** Therefore, to understand and
control the degree of laser-induced reshaping is an important
step in realizing AuNRs for many laser-based applications.
Experimental studies show that organic coatings, such as
CTAB, can have an impact on the reducing or modifying the
nature of the reshaping.”® Furthermore, inorganic coatings
such as silica are widely used to enhance the photothermal
stability of AuNRs by a post-synthesis modification, and this
remains an active area of research. For instance, slow thermal
annealing has been used to tune the LSPR of both CTAB-
stabilized and silica-shelled AuNRs by physically reshaping the
core.”® However, this process relies on equilibrium heating,
which differs fundamentally from the rapid, non-equilibrium
conditions induced by high-fluence laser pulses. In another
study, Au nanoworms where synthesized and coated in silica
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and exposed to a nanosecond pulsed laser.”” This exposure
resulted in a blue-shift in the LSPR that was dependent on the
fluence. While the blueshift suggests a reduction in aspect ratio
(e.g., similar to the AuNRs), the mechanism and morphology of
the Au nanoworms was not fully investigated.”” Khanadeev
et al. showed increased photostability of Au nanorods that are
coated in silica to nanosecond pulsed laser irradiation.?® Shells
of increasing thickness (e.g. from 24 to 57 nm) were found to
enhance photostability.

The potential to harness nanosecond-pulsed laser-induced
morphological changes of the AuNRs within thin protective
shells remains largely unexplored. The aim of our work is to
address this gap by providing a detailed investigation into how
nanosecond-pulsed laser excitation can be used to controllably
reshape CTAB-stabilized AuNRs encapsulated in a thin silica
shell. By pinpointing the laser conditions that transform the
rod-like core into a more spherical shape, we demonstrate a
novel, physical method for engineering hybrid nanostructures
with well-defined internal cavities. This laser-based approach
presents a compelling alternative to established fabrication
routes for such ’void-space’ structures, which often rely on
complex chemical steps like the selective oxidation of sacrificial
layers.>®" The ability to create these voids on-demand could
unlock unique applications for these materials as nanoreactors,
advanced drug delivery vehicles, or highly sensitive plasmonic
Sensors.

2. Materials and methods

2.1. Materials

Gold(m) chloride trihydrate (520918), hexadecyltrimethylammo-
nium bromide (CTAB, H6269), sodium oleate (233978), sodium
borohydride (452882) and tetraethyl orthosilicate (TEOS, 78-10-4)
were purchased from Sigma-Aldrich. Silver nitrate (11414), hydro-
chloric acid (12.1 M, UN1789) and ethanol (E/0650DF/17) were
purchased from Fisher Scientific. Ascorbic acid (A15613) was
purchased from Alfa Aesar. Methanol (20847) was purchased from
VWR. All chemicals were used as received without any additional
purification. Deionized water was supplied using a Milli-Q system
(resistivity of 18.2 MQ cm).

2.2. AuNR synthesis

Aqua regia was used to clean glassware. The AuNRs were
synthesized using seedless synthesis method that was developed
by Roach et al®**?® to obtain AuNRs with AR of ~4.0, the
following conditions were applied. First, an aqueous binary
surfactant solution consisting of 4 mL of CTAB solution
(40 mM), 1.25 mL of sodium oleate solution (12.5 mM) and
4.75 mL of water was prepared. This was followed by the addition
of 10 mL of gold(m) chloride trihydrate solution (1 mM), 480 pL
of silver nitrate solution (4 mM), 100 pL hydrochloric acid
(11.8 M), 150 pL ascorbic acid solution (85.8 mM). The orange
color disappeared after the addition of the ascorbic acid, result-
ing from the reduction of Au®" to Au'. Finally, 15 uL of freshly
prepared ice-cold sodium borohydride solution (10 mM) was
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injected rapidly into the mixture. The reaction was maintained at
30 °C for 4 h to allow the reaction to complete. The color of the
solution turned to a reddish-brown color. The resulting AuNR
suspension was centrifuged at 17000 x g for 30 min. The
precipitate was isolated and then resuspended in 10 mL water
and stored at room temperature and in the dark. These samples
are referred to as AUNRsS@CTAB for short, despite the surface
composition being a mixture of CTAB and sodium oleate.

2.3. Coating the AuNRs with Silica

A modified version of the method described by Ashrafi et al.
was used to encapsulate the AuNRs in silica.>® To remove any
aggregated AuNRs, 10 mL of the cleaned AuNR suspension
(at 50 pg mL ") were centrifuged at 500 x g for 3 min and the
supernatant is collected. Then 20 pL of 0.1 M NaOH solution
was added to AuNR suspension to adjust the pH to 10. The
solution was left for 30 min while being gently stirred. A
methanol solution of TEOS 20% (v/v) was prepared. Three
injections of the TEOS solution, separated by 30 min intervals
were added to the AuNR suspension (30 pL TEOS solution per
1 mL of AuNR suspension). The reaction was maintained at a
temperature of (27 £+ 1) °C, left continuously stirred for 3 days.
The silica-coated AuNRs (AuNRs@SiO,) were centrifuged multi-
ple times (8000 x g, 10 min) and resuspended in 10 mL of
deionized water and kept in the dark at room temperature.
These samples are referred to as AuNRs@SiO, from hereon.
The porosity of the SiO, shells was estimated spectroscopically
(see Section S1 in the SI).*

2.4. Finite element method (FEM) simulations

The optical responses of the AuNRs were simulated using
COMSOL’s radio frequency module. Calculations were per-
formed in the frequency domain in the scattered field formula-
tion using the PARDISO direct solver. Refractive index values
for Au were taken from Johnson and Christy.*® Particles were
simulated embedded in a medium of water (n = 1.33) sur-
rounded by a perfectly matched layer. The AuNRs were modeled
as a cylinder capped by ellipsoidal hemispheres of indepen-
dently tunable geometry. The silica shell (n = 1.45) was mod-
elled as a larger cylinder capped by ellipsoidal hemispheres.
The geometry was chosen to create a shell of constant thick-
ness. A cavity was included in the interior of some of the
structures. o,,s was calculated through a volume integral of
the resistive heat losses inside the particle, Q. Oscac Was
calculated through a surface integral of the Poynting vector at
the particle surface. For ’'angular-averaged’ spectra and field
maps the polarization of the light was oriented at an angle of
cos '(1/4/3) ~ 54.7° from the long axis of the AuNR. This angle
corresponds to the well-known ’magic angle’, defined by the
condition cos® 6 = 1/3. At this angle, second-rank tensor (dipo-
lar) interactions are averaged in the same way as for a full
orientational average, which ensures that the relative weighting
of longitudinal and transverse dipole contributions matches
the true angular average. This follows directly from the stan-
dard treatment of dipolar anisotropy.*’
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For the simulation of heat generation COMSOL’s Heat
Transfer module in the time domain was used as second-
simulation step following the optical simulation. An optical
simulation was run at the wavelength and intensity of the laser
at peak pulse power and the calculated Q,;, for these conditions
was used a heat source. Hence, this simulation assumes that
the laser has an infinitely narrow spectral bandwidth. This is
not a major inaccuracy due to the spectral linewidth of a laser
being significantly narrower than the typical AuNR LSPR peak.
To give the corresponding time profile for Q,,, it then was
multiplied through by a normalized Gaussian pulse of form,

1(0) = iﬁexp{ —41n 2([;2”))2} (1)

where w is the pulse width and ¢, is the pulse center. Providing
a heating pulse which is Gaussian in time and the correct peak
intensity. Temperature distributions were then be recovered
from point probes along a single axis. Simulations were ended
before a significant amount of the generated heat could leave
the simulated region. The upper time limit over which these
calculated temperature distributions will be physical is given by
the thermal diffusion time, 7y, = r?/a, where r is the shortest
distance between the particle and the boundary of the simula-
tion and « is the thermal diffusivity (« = 1.43 x 10°" m”> s~ for
water). It should be noted that there are number of limitations
to these simulations. Phase changes were not accounted for,
and the corresponding changes in the thermal and optical
properties entailed by these. The simulations also assume an
ultranarrow width to the spectrum of the illumination source.

2.5. Characterization

2.5.1. UV-vis-NIR extinction spectroscopy. The UV-vis-NIR
extinction spectra in this study were recorded using an Agilent
Cary 5000 UV-vis-NIR extinction spectrometer. Quartz crystal
cuvettes were used for all solution-based samples (Lpae, = 1 cm).
All measurements were performed at room temperature
(~21°C).

2.5.2. Transmission electron microscopy. The size and
shape of the AuNRs were investigated using TEM of the
synthesized AuNRs, using an FEI Tecnai TF20 microscope with
an acceleration voltage of 200 kV. The samples were prepared
by drying 2 pL of AuNR dispersion on TEM grids. The end-cap
geometry of the AuNR is defined by:

_2a

=D

@)
where a is the longitudinal semi-axis of the ellipsoid defining
the tip, and D is the AuNR diameter as recommended in
reference.*® AR is defined by L/D, where L is the total length
of the AuNR.

2.5.3. Scanning transmission electron microscopy. Scan-
ning transmission electron microscopy (STEM) was used for
measuring the AuNR morphology and structures. The STEM
images were obtained using a Tescan Tensor microscope
operated at an acceleration voltage of 100 kV. The samples
were prepared by depositing 15 pL of the AuNRs@SiO,

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00240d

Open Access Article. Published on 02 March 2026. Downloaded on 5/9/2026 3:07:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

suspension on to a 400-mesh carbon-coated copper grid and
left to dry. Data acquisition and data processing were carried
out using the Tensor Explore software. The diffraction patterns
were collected with a beam current of 250 pA and a convergence
semi-angle of 2 mrad; the diffraction pattern field of view was
80 mrad. Structure files (fcc Au from the Crystallography Open
Database, ID 1545302)*° were used to generate templates for
matching to the acquired diffraction patterns.

2.6. Nanosecond-pulsed laser irradiation of AuNR samples

The nanosecond-pulsed laser irradiation of AuNRs@CTAB
and AuNRs@SiO, aqueous dispersions, at concentrations of
50 pug mL ™', was investigated using a tunable optical para-
metric oscillator laser system (Vibrant, OPOTEK, Inc.) at a
wavelength of 850 nm (unless stated otherwise). The beam
had a pulse width of 7 ns, a repetition frequency of 10 Hz, and
a beam diameter of ~6 mm. A quartz cuvette was filled with
the aqueous dispersion of the AuNRs@CTAB and AuNRs@-
SiO, particles, which was then continuously stirred with a
magnetic bar during pulsed laser irradiation for various
exposure times (typically 5 min). The starting temperatures
of the aqueous solutions were room temperature (~21 °C).

3. Results

3.1. Characterization of the AuUNRs@SiO, nanoparticles

The optical and morphological properties of the as-synthesized,
CTAB-stabilized AuNRs (AuNR@CTAB) were characterized prior
to silica coating. UV-vis-NIR extinction spectroscopy revealed
two distinct absorption bands (Fig. 1a): a transverse surface
plasmon resonance (TSPR) at 511 nm and a LSPR at 830 nm,
confirming the anisotropic shape. TEM analysis (Fig. 1b) cor-
roborated this, showing rod-shaped particles with an average
length of (47 £+ 9) nm, a diameter of (12 £+ 2) nm, and a
corresponding AR of (3.9 + 0.8) (N = 100, see Fig. S2 in the SI).
Successful encapsulation of these AuNRs within a uniform
silica shell was confirmed by TEM (Fig. 1c), which showed a
mean shell thickness of (6.8 + 0.2) nm. The optical signature of
this coating process was a predictable redshift of the LSPR peak
to (836 + 1) nm. This shift is the expected consequence of
increasing the local refractive index at the Au-dielectric inter-
face upon silica deposition, as reported elsewhere.> The LSPR
peak was also slightly broadened, with the full-width half-
maximum (FWHM) increasing from 174 to 204 nm. The coating
caused the TSPR peak to be shifted by only 2 nm. These final
hybrid particles are hereafter referred to as AUNRs@SiO,.

3.2. Nanosecond-pulsed laser irradiation of AuNRs and
AuNRs@SiO,

To investigate the effect of the silica shell on photothermal
reshaping, AuNRs@CTAB and AuNRs@SiO, solutions were
irradiated using a nanosecond-pulsed laser (4 = 850 nm) at
fluences of 20 and 10 mJ cm 2. The resulting morphological
changes were monitored in real-time by observing the evolution
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Fig. 1 (a) UV-vis-NIR extinction spectra of AuNRs@CTAB (black) and
AuNRs@SiO, (grey). TEM micrographs of (b) AuNRs@CTAB and (c)
AuNRs@SiO, samples. All scale bars are 25 nm.

of the LSPR and TSPR bands, which are highly sensitive to the
AR.

AuNRs@CTAB. Upon irradiation at 20 m] cm™?, the
uncoated AuUNRs@CTAB exhibited a rapid and total transfor-
mation (Fig. 2a). Within 30 s, the longitudinal LSPR band at
832 nm was completely extinguished. Concurrently, the TSPR
band intensified and redshifted from 511 nm to 522 nm. This
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00240d

Open Access Article. Published on 02 March 2026. Downloaded on 5/9/2026 3:07:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper
0.3 AAUNR@CTAB: 20 mj cm~? 0.20 JAUNRS@Si0z: 20 mj cm 2 ®| —— 0min
5 s ' —— 0.5 min
5 021 B —— 1min
= £ = 3 min
a5 017 fn —— 5 min
_ —— 6 min
001 T . T —— T T T . T T 7 min
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000 ___ 19 min
0.3 AUNR@CTAB: 10 mj cm™* ©1 50 JAUNRS@SIO;: 10 m) cm~ (d)
c [ .
2 0.2 2 0.15 1
e e
z £ 0.10
g 017 &
0.05
0.0

600 700 800 900 1000

Wavelength /nm

400 500

Fig. 2 UV-vis-NIR extinction spectra of the two AuNR samples before and
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after pulsed laser irradiation (up to 10 min), with a wavelength of 850 nm. The

pulsed laser, with a fluence of 20 mJ cm™2 irradiated solutions containing (a) AUNRs@CTAB and (b) AuUNRs@SiO,» nanoparticles. A lower laser fluence of
10 mJ cm ™2 was used to irradiate (c) AUNRs@CTAB and (d) AuNRs@SiO, samples.

spectral signature—the disappearance of the LSPR band and
the emergence of a single plasmon band characteristic of the
AuNRs melting and reshaping into nanospheres. Nearly iden-
tical spectral changes were observed at the lower fluence of
10 mJ cm ™2 (Fig. 2¢), indicating that the energy threshold for
complete melting was surpassed in both cases.

AuNRs@Si0,. In contrast, the reshaping of the AuNRs@SiO,
appear to have had their Au cores physically constrained by the
silica shell. When irradiated at 20 mJ cm > (Fig. 2b), the
original LSPR band at 830 nm rapidly decreased in magnitude
but, crucially, did not disappear entirely. Instead, a new,
distinct LSPR band emerged at a blue-shifted wavelength of
~654 nm, which continued to blueshift to ~611 nm with
prolonged exposure. This behavior signifies a transformation
from the initial high AR nanorods into a population of shorter,
lower AR rods confined within the rigid silica shell. The TSPR
band showed only a minor increase in magnitude and a slight
redshift (513 nm to 517 nm), further supporting that the
particles remained anisotropic. A weaker peak centered around
830 nm persisted suggesting that a small fraction of the AuNRs
have maintained their AR.

At the lower fluence of 10 mJ ecm™? (Fig. 2d), the AUNRs@-
SiO, followed a similar reshaping pathway but with less slightly
less strength. The new LSPR band appeared at a slightly longer
wavelength (665 nm) with its final position was also less blue
shifted (621 nm), suggesting that the degree of reshaping is
fluence-dependent.

TEM (Fig. 3a-c) was used to examine the form and morpho-
logical changes of the AUNRs@CTAB after 0 min, 1 min, and
5 min of nanosecond-pulsed laser exposure (850 nm, 20 mJ cm™ ).
After 1 min of pulsed laser irradiation, the AUNRsS@CTAB notice-
ably transition from a nanorod morphology to spherical, ellipsoi-
dal, or “¢” shapes (Fig. 3b), consistent with previous reports.'>
Spherical and ¢-shaped AuNRs were the most frequently found
particles, with yields of 35% and 32%, respectively (N = 100).

7608 | Phys. Chem. Chem. Phys., 2026, 28, 7604-7616

Approximately, 18% of the AuNRs retained their original shapes
after pulsed laser irradiation. The remaining 14% of the particles
were lower AR AuNRs. The remaining AuNRs had AR; ,in =2 £ 1
and e; min = 1.4 £ 0.4 after 1 min of exposure; and AR i = 1.3 £ 0.6
and esyin = 1.3 £ 0.4 after 5 min of exposure.

The morphological evolution of the AuNRs@SiO, particles
under laser irradiation (850 nm, 20 mJ cm™?) was also char-
acterized by TEM (Fig. 3d-f). In contrast to the uncoated
particles, the silica shell maintained the Au core with an
anisotropic shape. The shell acted as a rigid nanoscale crucible,
confining the AuNR reshaping process. A key consequence of
this confined reshaping is the creation of a void within the
shell. As the AuNR core melted and contracted to a lower AR, it
pulled away from the silica wall, resulting in a distinct cavity,
typically at one end (~92%), but occasionally at both ends of
the metallic core. After 5 min of irradiation most of the intact
core-shell particles exhibited a well-defined single internal
cavity. The reshaping process produced a heterogeneous popu-
lation of Au core morphologies (Fig. 3f), e.g., 57% of the cores
retained a rod-like shape (though with a lower AR), 30%
adopted a distinct dumbbell-like morphology, and the remain-
ing 13% were irregular. This reshaping was also accompanied
by a change in the end-cap geometry, with the tips of the cores
transitioning from a nearly hemispherical shape to a more
pointed, prolate form (e > 1). A small fraction of particles
appeared unaffected by the laser, and in some instances, the
silica shell was observed to have fractured, leaving an
empty shell.

Statistical analysis of the TEM images provides quantitative
insight into the different reshaping mechanisms for the
AuNRs@SiO, and AuNRs@CTAB (Fig. 4). For the AuNRs@
CTAB, the size distributions confirm a rapid and complete
melting into near-spherical particles. Before irradiation, the
length, diameter, and AR distributions were relatively narrow
(Fig. 4a-c). After just 1 min of laser exposure, the length

This journal is © the Owner Societies 2026
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Fig. 3 TEM images of AUNRs before and after nanosecond-pulsed laser irradiation ({ = 850 nm) with a fluence of 20 mJ cm~2. AUNRs@CTAB samples
irradiated for (a) O min, (b) 1 min, and (c) 5 min. AuNRs@SiO, samples irradiated for (d) O min, (e) 1 min, and (f) 5 min. The scale bars represent 25 nm.
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. The histograms of the AuNR core diameters, D (a) and (d); lengths, L (b) and (e); and AR (c) and (f) for O min (blue), 1 min (orange), and 5 min
(green). The dashed lines are the corresponding lines of best fit to Weibull distribution functions (N > 100).
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distribution shifts dramatically to shorter values while the
diameter distribution broadens and shifts to larger values. This
collapse results in a population with a mean AR of ~2. Con-
tinued exposure to 5 min appears to reduce the AR further to
slightly narrow these final distributions, suggesting the system
settles into a more uniform, thermodynamically stable state.

In contrast, the AuNRs@SiO, samples show a distinctly
different reshaping pathway that is physically constrained by
the shell. After 1 min of irradiation at 20 mJ cm™ 2, the AR
distribution is clearly bimodal: it contains a population of un-
transformed rods retaining their original AR (~ 3.9), alongside
a new population of reshaped AuNRs with a mean AR of
2.2 £+ 0.6. With continued exposure for 5 min, the initial
population was fully depleted, resulting in a single, narrower
distribution centered at a final mean AR of 2.2 + 0.3 (Fig. 4f).
The end-cap geometry of the rod before irradiation the caps are
slightly oblate-hemispherical (e < 1), but after 5 min irradia-
tion it shifts to a slightly prolate hemispherical (e > 1).
Crucially, the reduction in AR was found to be fluence-
dependent. A separate sample irradiated at a lower fluence of
10 mJ cm™? followed the same pathway, but the extent of
reshaping was less pronounced. After 5 min, the final mean
AR was 2.8, significantly higher than the 2.2 achieved at the
higher fluence (Fig. S3 in the SI). This demonstrates that within
the silica shell, the final morphology of the Au core is not only
controlled but is also tunable by adjusting the incident laser
power. Interestingly, the analysis also revealed subtle changes
in the silica shell’s morphology after five min of irradiation at
20 mJ cm 2. The hybrid nanoparticles total mean length and
mean width slightly increased from 57 nm and 22 nm to 60 nm
and 26 nm, respectively. However, the shell thickness was
observed to decrease slightly by 1.2 nm (Table 1), this could
be possibly explained by condensation of the silica shell
because of the photothermal heat generation, although this
requires further characterization to be stated definitively. The
main parameters are summarized in Table 1.

Nanosecond-pulsed laser irradiation of AuNRs@SiO, nano-
particles induces a controlled reshaping of the Au core within
the silica shell, rather than fragmentation or disintegration.
This conclusion is supported by basic volumetric calculations,
detailed elemental mapping and scanning transmission elec-
tron microscopy (STEM) image analysis (see Sections S4 & S5 in
the SI, respectively). Based on the analyses provided, laser
irradiation of AuUNRs@SiO, nanoparticles induces a controlled
reshaping of the Au core within the silica shell, rather than

Table1 The mean dimensions of AUNRs@CTAB and AuNRs@SiO, samples before and after nanosecond-pulsed laser exposure (850 nm, 20 mJ cm™

View Article Online
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fragmentation or disintegration. This conclusion is supported
by detailed elemental mapping, TEM image analysis, and
volumetric calculations. Evidence against fragmentation comes
from a volumetric analysis of the Au cores before and after laser
exposure. By applying thresholding techniques and contour
fitting algorithms to TEM images, the 2D shapes of hundreds of
AuNR cores were converted into binary images and extrapolated
into 3D volumes. The mean volume of the Au cores was found
to be approximately the same before and after irradiation at
20 mJ em ™2, a result consistent with a process of melting and
recrystallization contained within the silica shell (Fig. S4 in
the SI).

This finding was further corroborated by elemental map-
ping. Energy-dispersive X-ray (EDX) spectroscopic maps of the
AuNRs@SiO, structures show no evidence of Au dispersion or
fragmentation outside of the Au core region after 5 min of laser
irradiation (Fig. S5 in the SI). The EDX maps provide insight
into the behavior of the CTAB surfactant layer. Before irradia-
tion (Fig. S6 in the SI), signals for N and Br overlap with the Au,
consistent with the presence of CTAB. Following irradiation,
the Br signal becomes weaker and is only present in the region
of reshaped Au core, suggesting a possible partial removal or
degradation of the CTAB, though this cannot be definitively
confirmed from the EDX data alone.

While the Au cores remain intact, they undergo significant
morphological changes. To systematically categorize the
diverse shapes produced by the reshaping process, the binary
images derived from TEM analysis were processed using an
unsupervised 16-layer hierarchical clustering model. This com-
putational approach successfully classified the post-irradiation
morphologies into four primary types (Fig. S7 in the SI): (a)
nanorods: particles that retained their general rod shape, albeit
often with a lower AR; (b) irregular rods: elongated particles
that lost their uniform cylindrical shape; (c) ovoids: particles
that collapsed into more spherical or egg-like shapes; and
(d) dumbbell-like: particles exhibiting a distinct, pinched-in
center.

3.2. Simulation of AuNRs@SiO, extinction spectra

In Fig. 5a, FEM simulated spectra are shown for the AuNRs in
Fig. 1 (also Fig. S8 in the SI), before and after photothermal
reshaping by a 5 mJ cm™? laser pulse. The respective AUNR@-
SiO, dimensions used were (L = 55 nm, D = 14.5 nm, e; = e, = 0.6)
before and (L = 48 nm, D = 17 nm, e; = 0.6, e, = 0.92) after
reshaping, with a silica thickness of ¢ = 6 nm. After reshaping, the

?)

as determined from analysis of TEM images and UV-vis-NIR spectroscopy. All values are given in the form (mean + standard deviation)

Exposure End-cap Silica
Sample time (min) L (nm) D (nm) AR factor, e thickness (nm) LSPR (nm) TSPR (nm)
AuNRs@CTAB 0 47 £ 9 12 +3 3.9+ 0.6 0.8 £ 0.2 — 832 £ 2 511
AuNRs@CTAB 1 26 £ 12 16 £6 2+1 1.1 £ 0.3 — — 522
AuNRs@CTAB 5 22+ 6 18t6 1.4 £ 0.7 1.1 £ 0.3 — — 522
AuNRs@SiO, 0 50 + 11 14 +3 3.9+0.8 0.8 £ 0.1 6.8+ 14 836 £ 2 513
AuNRs@SiO, 1 36 £ 10 14 £ 4 3+1 1.0 £ 0.2 5.5 £ 0.9 624 + 2 516
AuNRs@SiO, 5 35+ 8 16 £ 4 2.2 +0.3 1.3 £ 0.2 5.6 £1.1 611 £ 2 517
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Fig. 5 Finite element modelling simulations of the electromagnetic and thermal responses of an AUNR@SIO, before and after reshaping. The respective
dimensions used were (L =55 nm, d =14.5nm,e; = e, =0.6) and (L =48 nm, D =17 nm, e; = 0.6, e; = 0.92) before and after reshaping respectively with a
silica thickness, t = 6 nm. (a) Simulated absorbance spectra of AUNRs@SIO, particles (angular-average). The dashed lines are the spectra of the AUNR
cores without a SiO, coating. Electric field enhancement maps (E/Eo) for (b) an original AUNR@SIO, at 4 = 836 nm and (c) a reshaped AuNR@SIO; at
4 = 705 nm under longitudinal excitation. The scale bar for (b) and (c) is 25 nm. (d) Temperature of the AuNR core of both AUNR@SIO, particles
illuminated by a 5 mJ cm~2, 850 nm, 7 ns laser pulse centered on t = 10 ns as a function of time under longitudinal excitation. The profile of the laser pulse
is shown as the shaded area. The full temperature distribution curves around the particle are given in Fig. S10 and S12 in the SI. (e) Temperature map of the
original AUNR@SIO; at t = 11 ns (1 ns after the peak of the laser pulse). (f) Temperature map of the reshaped AuNR@SIO; at t = 11 ns. The scale bar for

(e) and (f) is 25 nm.

geometry of the core AuNR was assumed to asymmetric with
different end cap geometries (e; = 0.79 in contact with the SiO,
and e, = 1.14 inside the cavity, e.g., more prolate). The values of
0aps are the angular-averaged values. For the untreated sample,
the predicted LSPR peak was at 836 nm (oaps = 4505 nmz),
which closely matches the observed experimental LSPR band
peak wavelength in Fig. la. By comparison, the reshaped
geometry with an internal cavity (7 nm in length) had a
predicted LSPR peak at 708 nm (c.ps = 3848.7 nm?) this
compares less favorably with the observed experimental LSPR
peak wavelength of 610 nm. The electric field enhancement at
the LSPR peak wavelength for each geometry is shown in Fig. 5b
and c. The field enhancement of the original AUNR@SiO, is
almost entirely restricted to within the silica shell coating the
AuNRs, whereas in the reshaped case there is high field
enhancement close to the AuNR tip inside the formed cavity.
The calculations here predict a strong local field enhancement,
|E/Eo| ~ 55, within the cavity of the AuNR@SIO, particle,
enabling plasmonic enhancement of Raman scattering. Hence,
molecules located within the cavity could be directly measured
through Raman spectroscopy.

This journal is © the Owner Societies 2026

In addition to the optical simulations, computational mod-
elling of the heat generated by a single laser pulse was also
performed (Fig. 5d-f and Fig. S9-S17 in the SI). In these
models, the laser polarization was aligned perfectly to the
longitudinal axis of the AuNRs (i.e. the most efficient illumina-
tion configuration). This was assumed to be the most relevant
scenario because, for all practical purposes, all AuNRs will
experience pulses with close alignment to the light polarization
multiple times. The short tumbling time of the particles
(tr ~ 1 ps), compared to the period of the laser pulse
(= 100 ms), and the short width of the pulses (r, = 7 ns)
particles will essentially be illuminated at a random angle
during each pulse. Over 3000 pulses, there is a near certainty
that the AuNR will be aligned to the polarization of the light
source multiple times.

It can be seen in the electromagnetic simulations that there
is precipitous drop in o, at the laser wavelength (850 nm) after
reshaping from 2929 nm? to 58 nm?, a 98% reduction, which
reduces photothermal heat generation to comparatively very
low levels. This can be seen in the simulations of the resulting
heat generation. The original AuNR@SiO, particle upon
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illumination by a pulse with characteristics: 7, = 7 ns,
850 nm, and fluence = 5 mJ cm > generates a peak
temperature increase of AT = 352 °C, 1 ns after the peak of
the laser pulse. Strong temperature gradients are generated for
around 11 ns (the pulse is centered on 10 ns) before rapidly
dissipating over the following 40 ns of the simulation (Fig. S10
and S17 in the SI). By comparison, the reshaped AuNR@SiO,
particle only generates a peak temperature increases of
AT = 7 °C (i.e. ~98% less, consistent with the drop in g,ps).
The temperatures achieved by the reshaped AuUNR@SiO, parti-
cle are unlikely to result in any further morphological changes.
By comparison, the temperatures achieved by the original
AuNR@SiO, are hot enough to decompose organics. The high-
est predicted temperature increase at the silica-water interface
is AT =286 °C, which is close to the known threshold for bubble
cavitation (0.8Tcs,0 ~ 300 °C),"’ given the ambient tempera-
ture of 20 °C. Hence, for higher pulse fluences we might expect
consistent generation of cavitation events.

In addition, simulations were performed of the geometries
seen in Fig. 3 which were exposed to a high pulse fluence of
20 mJ cm ™2 (Fig. $13-S17 in the SI). Similar trends can be seen
with a ~99% drop in g, at 850 nm after reshaping. The LSPR
of the original AUNR@SiO, (810 nm) is worse matched to the
laser wavelength that in the previous case o,ps (850 nm) =
747 nm” (vs. 2929 nm® previously), hence despite a fourfold
increase in laser pulse fluence, the peak temperature is roughly
the same. After reshaping the heat generation at 850 nm would
not be expected to induce any further changes in morphology.

Pl

A=

3.4. Controlled reshaping via off-resonance excitation

To achieve more precise control over the reshaping process, the
effects of off-resonance laser excitation was investigated. For
this experiment, the AuNRs@SiO, were synthesized with a
slightly lower AR to give a LSPR of ~800 nm. These particles
were then irradiated with a nanosecond-pulsed laser at a fixed
wavelength of 850 nm—intentionally above the LSPR peak—for
a duration of 5 min (i.e., 3000 pulses), at different fluences.
Fig. 6a shows the UV-vis-NIR extinction spectrum, demonstrat-
ing a highly controllable, fluence-dependent reshaping of the
Au cores. Before irradiation the LSPR maxima was at 800 nm
and had a FWHM of 164 nm. Pulsed laser irradiation for 5 min
resulted in a blueshift of the maxima which increased with
increasing laser fluence. The experiment was repeated with a
fresh AuNRs@SiO, sample, and the combined results are
summarized in Fig. 6b. The LSPR band blueshifts and the
FWHM values were found to decreased as a function of fluence
(Fig. 6b). This confirms that by operating in an off-resonance
regime, the final AR of the encapsulated NRs can be precisely
tuned in a “dose-dependent” manner. The LSPR band becomes
slightly spectrally narrower after irradiation which is caused by
spectral hole burning. However, the TSPR peak is weakened,
which indicates that the AuNRs are not converted into spheres
and that some damping of the TSPR band occurs due to
diameter heterogeneity, and enhanced surface scattering from
the roughness.
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Fig. 6 The UV-vis-NIR extinction spectrum (a) of the AUNRs@SiO, sam-
ples before (solid blue line) and after 5 min of irradiation at a fluence of 20,
10, 5, and 2 mJ cm~2 which are represented by orange, green, red, and
purple curves, respectively. The vertical dashed line indicates the wave-
length of the nanosecond pulsed laser source (850 nm). The spectra have
been normalized to the extinction at 400 nm. (b) The LSPR maxima (black
squares and diamonds) and the LSPR full-width-half-maximum (red tri-
angles) of two independent experiments are plotted against laser fluence.
The black dot-dashed line is a line of best fit to an exponential decay
function. The red dash-dot line is a line of best fit through these FWHM
data with an exponential decay function.

STEM images of the AuNRs exposed to 5 mJ cm >

(4 = 850 nm) results in similar reshaping as the irradiation
closer to the plasmon maxima, but with a smaller cavity (Fig. 7).
The AuNRs are reshaped and many of the cores can be
characterized as dumbbell shaped within the silica shell. There
are some of the Au core nanorods that no longer have shells.
Quantitative analysis of the post-irradiation size distribu-
tions provides further insight into the off-resonance reshaping
mechanism (Fig. 8). As expected, the TEM data show a clear
decrease in the mean length (Fig. 8a) and a corresponding
increase in the mean diameter (Fig. 8b) of the Au cores. This
geometric shift resulted in a population with a lower average
AR. The TEM size analysis does not show evidence of AR
distribution narrowing. The end cap geometry does shifts from
an oblate hemispherical cap to almost spherical (e = 0.7 to
e = 0.9), with a narrower distribution (Fig. S18 in the SI). To
directly probe the crystallographic changes induced by pulsed
laser irradiation, a STEM capable of spatially mapping electron
diffraction patterns was used to characterize AuNR samples
(4D-STEM). The resulting diffraction patterns were indexed to

This journal is © the Owner Societies 2026
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Fig. 7 High-resolution (a) and low-resolution (b) brightfield STEM images
of the AUNRs@SiO; particles after 5 min of 5 mJ cm~2 nanosecond-pulsed
laser irradiation using a wavelength of 850 nm.

the fcc crystal structure of Au and visualized using inverse pole
figure (IPF) maps to reveal the orientations of the crystal
individual AuNRs (Fig. 9). Before irradiation, the AuNRs@CTAB
were confirmed to be single crystals (Fig. 9a-d). The IPF maps
show a uniform color across each individual AuNR, indicating
that the entire particle is oriented along a single crystallo-
graphic zone axis, consistent with a defect-free, monocrystal-
line structure.

In contrast, after 5 min of irradiation at 5 mJ cm™2, both
AuNRs@CTAB and AuNRs@SiO, samples became polycrystal-
line. The IPF maps for these samples reveal multiple crystal
orientations within a single particle, visualized by multiple
color domains (Fig. 9g-m). This confirms that laser-induced
heating causes complete melting and recrystallization of the Au
core. The AuNRs@CTAB particles reshaped into more spherical
forms (consistent with Fig. 3c) and exhibited large grain
boundaries characteristic of a polycrystalline nanomaterial
(Fig. 9f and h). The AuNRs@SiO, samples preserved their
rod-like morphology, though the cores developed significant
internal defects, including twin boundaries (Fig. 9j-1). This
confirms that the Au cores of the AuNRs@SiO, particles have
melted and recrystallized with multiple nucleating sites, which
occur in different locations of each core.

This journal is © the Owner Societies 2026
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Fig. 8 Histograms of the AuNR core geometry of the shorter AR
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of pulsed irradiation with a fluence of 5 mJ cm™2 (. = 850 nm). The
histograms of the AuUNR core diameters, D (a); lengths, L (b); and aspect
ratios, AR (c). The dashed lines are the corresponding fits to Weibull
distribution functions (N > 100).

4. Discussion

The binary surfactant method successfully produced AuNRs
with a LSPR peak in the near-infrared and a TSPR peak at
511 nm, consistent with previous work.*>** The AuNRs exhib-
ited approximately hemispherical end-caps. This cap geometry
is known to influence the LSPR peak position but has a
negligible effect on its FWHM.***"*> Coating the AuNRs with
a silica shell induced a slight redshift in both the LSPR and
TSPR peaks, which is attributed to the increased refractive
index of the medium immediately surrounding the Au core.
The silica shells were uniform, following the rod-like shape of
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Fig. 9 Crystallographic analysis of AuNRs before and after laser-induced reshaping using 4D-STEM. Brightfield STEM images are paired with
corresponding crystal orientation maps. The colors in the maps represent the out-of-plane (z-axis) crystallographic orientation, derived from electron
diffraction patterns and indexed according to the fcc Au Inverse Pole Figure (IPF) key shown in (e). (a)—(d) Two representative images of AUNRs@CTAB
nanorods before irradiation. The uniform color in the orientation maps (b) and (d) confirms their initial monocrystalline structure. (e) The reference IPF
color key for fcc Au. (f)—(i) AUNRs@CTAB particles after 5 min of irradiation at 5 mJ cm™2 (4 = 850 nm). The particles have reshaped, and the orientation
maps (g) and (i) reveal multiple color domains, indicating a transformation to a polycrystalline state. (j) and (k) High-magnification of a single AUNRs@SiO,
particle after irradiation and showing the development of polycrystalline domains. () and (m) A lower-magnification overview of multiple irradiated
AuNRs@SiO, particles. The orientation map (m), corresponding to the boxed region in (l), confirms that all the reshaped cores have become

polycrystalline.

the core with a mean thickness of 6.8 nm and an average
porosity of ~43%. The presence of a CTAB layer on the Au
surface, confirmed by EDX, was found to be essential for
maintaining colloidal stability during the silica growth process.

Upon irradiation with a nanosecond-pulsed laser tuned to
the LSPR, the shelled (AuNRs@8SiO,) and unshelled (AuNRs@C-
TAB) particles exhibited distinctly different reshaping beha-
viors. During laser exposure, the LSPR of the unshelled
AuNRs@CTAB was rapidly extinguished, accompanied by a
corresponding increase in the TSPR band. This spectral change
is consistent with the observed morphological transformation
into spherical and ¢-shaped nanoparticles.”® In contrast, the
AuNRs@SiO, samples underwent a more controlled transfor-
mation. The LSPR peak blue-shifted from ~830 nm to
~620 nm, indicating a decrease in the AR of the AuNR core.
Crucially, the TSPR band did not increase in magnitude,
confirming that the formation of spheres was suppressed by
the shell. The incomplete disappearance of the original 830 nm
peak suggests that the silica shell can, in some cases, effectively
protect the AuNRs from major reshaping.

The observed reshaping is best explained by the complete
melting of the Au core, followed by recrystallization. While
simulations on smaller particles show a size-dependent shape
transition temperature (7;) before reaching complete melting,
extrapolating these findings suggests a T around 1000 K for the
large particles used here, i.e. ~300 K below the bulk melting
temperature.>! Under the high-energy conditions of nanosecond

7614 | Phys. Chem. Chem. Phys., 2026, 28, 7604-7616

laser pulses, complete melting within the shell is the dominant
mechanism. When there is no shell present, the AuNRs become
spherical, ellipsoidal, or ¢-shaped. However, the presence of a
shell confines the liquid Au and preserves a nanorod shape,
albeit a reduced AR with irregular polycrystalline morphology.
Importantly, once the LSPR of the core blueshifts past the laser
wavelength, absorption ceases, and the reshaping is arrested.
This process significantly narrows the FWHM of the LSPR band
by ~60%. This optical finding aligns with reports of laser-
induced monodispersity in unshelled AuNRs."®

The silica shell acts as a “nanocrucible” confining the
molten Au and preventing it from collapsing into a sphere.
This confinement often leads to the formation of a distinct
dumbbell-like morphology, as the molten Au minimizes its
Gibbs free energy by reducing its contact with the non-
wetting silica surface (contact angle, 6, > 130°) and beading
up at the ends.** This dumbbell shape is the inverse of the
¢-shape formed when unshelled AuNRs are irradiated.

A critical question is whether the shell provides sufficient
volume for the core to decrease its AR and increase its width.
TEM analysis confirms that the Au volume is conserved with no
evidence of fragmentation. The necessary extra space is likely
created by three possible processes: (1) localized etching of the
porous silica shell (possible by superheated water’?) (2), ther-
mal decomposition of the ~ 3.2 nm thick organic CTAB-oleate
layer,* or (3) the silica shell becomes denser during the
heating.

This journal is © the Owner Societies 2026
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The 4D-STEM analysis provides definitive evidence for the
proposed mechanism. The AuNR cores transition from a mono-
crystalline state before irradiation to a highly polycrystalline
state afterward, exhibiting numerous grain boundaries and
twin defects. This confirms that the reshaping process involves
a full melt-solidification cycle, where rapid heat dissipation
during cooling prevents the formation of a perfect single
crystal.

Finally, the reduction in the core AR reliably creates a
nanocavity between the Au core and the silica shell, typically
at one end of the rod. The size of this cavity can be controlled by
adjusting laser fluence or irradiating at a wavelength above the
LSPR. Compared to chemical etching methods, this laser-
driven approach is a simple, rapid, and reproducible technique
for fabricating nanocontainers.***!

5. Conclusion

In conclusion, this study demonstrates a novel and straightfor-
ward method to controllably reshape AuNRs within a silica
shell using nanosecond pulsed laser irradiation. This process
reduces the core AR while preserving the overall rod-like
morphology, creating a predictable nanocavity at one end.
Unlike unshelled AuNRs which collapse into spheres, the
confined cores retain their two characteristic plasmon bands,
albeit with a significant blueshift LSPR. The 4D-STEM analysis
provided definitive evidence for the underlying mechanism: the
AuNRs undergo a monocrystalline-to-polycrystalline transfor-
mation, confirming that the core melts and rapidly recrystal-
lizes within its shell. The melting and recrystallisation causes
increased roughness and shape heterogeneity. This laser-driven
technique offers a rapid route to fabricating AuNRs@SiO,
nanocontainers. Future work should focus on scaling this
method and exploring its potential in applications such as
targeted drug delivery and nanoreactors.
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