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Rod-sphere cluster irradiation with femtosecond
laser pulses: Cut and paste at the nanoscale



Experimental methods

Spherical Au NPs with an approximate diameter of 15.5+3 nm were synthesized via the Turkevich reduction
method [1]. They were subsequently coated with BSA via a ligand-exchange process [2]. 49 mL of a 0.1 M
HAuCl, solution were heated to boiling under stirring; then, 2 mL of a 1 wt% citrate solution were added under
stirring. The yellow solution immediately turned colorless and then the color slowly changed to greyish-blue and
then wine red. After the color change was completed the heating was stopped. Cetylammoniumbromide (CTAB)-
stabilized Au nanorods were synthesized using a process that we have described elsewhere [3—5]. They had a
length of 63+7 nm, a diameter of 20+4 nm and an aspect ratio of 3.2+0.7.
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Figure S1. Schematic representation of (a) synthesis of Au rod-sphere nanoclusters and (b) welding of those
nanoclusters by irradiation with fs laser pulses.

The core-satellite nanoclusters were obtained by adapting the protein-assisted assembly approach developed
by Chanana et al. [6]. First, 5.5 mL of a BSA-citrate solution (1 mg/mL) was added to the nanoparticle dispersion
and incubated overnight. Afterwards, the nanoparticle dispersion was purified to remove the excess of BSA by
at least four cycles of centrifugation and redispersion (mini centrifuge 10500 rpm, 30 — 40 minutes). At the same
time the nanoparticles were concentrated approximately 100-times. The nanoparticles were then redispersed,
washed and stored in Milli-Q water at pH ~11. Next, rod-sphere nanoclusters were synthesized by adding the Au
NRs to an excess of concentrated and purified BSA-coated Au spheres (Fig. Sla). Before addition, the Au NR
dispersions were diluted ten times in Milli-Q water, to obtain a very low CTAC concentration (0.2 mM). After
the synthesis the excess of spheres was removed by centrifugation.

In order to study the effects of laser irradiation over rod-sphere assemblies, suitable systems (assemblies
with the plasmon band located around 800 nm) were irradiated with a Ti-sapphire NIR fs laser (wavelength 800
nm, pulse duration 50 fs, and repetition rate 1 kHz). The colloidal dispersions, all with similar optical density
(~0.4) at 800 nm, were irradiated during 12 minutes, using laser fluences of 0.5, 1, 2, 4 and 6 J/m’. Furthermore,
we also performed an additional irradiation for 1 hour at the two lower fluences (0.5 and 1 J/mz).

The optical properties of all colloidal dispersions (core rods, satellite particles and assemblies, before and
after irradiation) were studied with UV-Vis spectroscopy. Spectra were acquired at room temperature with a
Genesys 10S spectrophotometer in a wavelength range from 250 to 1100 nm. The shape and composition of all
the nanostructures was investigated by transmission electron microscopy (TEM), using a JEM 1400 PLUS
microscope with an accelerating voltage of 80 kV. For imaging, a 4 uL droplet of highly-concentrated NP
dispersions was put on carbon-coated mesh copper grids and dried in air at room temperature. TEM images were
used to determine the size distribution and morphology of the core and satellite nanoparticles as well as the
composition of the nanoclusters.



Optical response of nanorod-nanosphere clusters

The optical response of nanorod-nanosphere cluster is studied by finite-differences in the time-domain
(FDTD) using the free software computer code MEEP [7]. A detailed description of the FDTD method can be
reviewed elsewhere [8,9].

Simulated geometries

The as synthesized and the irradiated structures exhibit diverse configurations, with the surrounding spheres
at the tips and, also, along the length of the nanorod. To study these complex structures, several ideal
configurations, represented and summarized in Figure S2 and Table S1, respectively, are considered. The
simplest structures were simulated first: a NR with a NS next to each tip. Then, lateral NSs are added to the NR,
equally distributed along its longitudinal axis to generate more complicated structures.
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Figure S2: Simulated geometries for unirradiated (left) and irradiated (right) configurations with different number of
nanospheres around the nanorod. The geometrical parameters are indicated in the figure: length of NR (L), width of NR
(D+), diameter of the external NS (D,), distance between the external NS and the NR (p), distance between external NS
(s) and diameter of junction (w).

NR + 8NS

Structure L1 D1 D2 S P w
(nm) (nm) (nm) (nm) (nm) (nm)
Unirradiated NR +2NS 62.5 20.0 15.5 - 3 -
NR + 4NS 62.5 20.0 15.5 - 3 -
NR + 6NS 62.5 20.0 15.5 10.5 3 -
NR + 8NS 62.5 20.0 15.5 4 3 -
Irradiated NR + 2NS 62.5 20.0 15.5 - 0 10
NR + 4NS 62.5 20.0 15.5 - 0 10
NR + 6NS 62.5 20.0 15.5 10.5 0 10
NR + 8NS 62.5 20.0 15.5 4 0 10

Table S1: Dimension of the configurations described in Figure S2.



The NR is constructed as a hemispherically capped cylinder with a length (Z;) of 62.5 nm and a width of
(Dy) of 20 nm and the diameter of the external (D,) spheres is 15.5 nm. These values are applied for all the
structures. The distance between the external NS and the NR (p) is 3 nm for the unirradiated structures and 0 for
the irradiated structures. The gap between the lateral external spheres (s) is 10.5 and 4 nm for the configurations
with 6 and 8 spheres, respectively. The junction between the external NS and the NR for the irradiated structures
in simplified as a cylinder width a diameter (w) of 10 nm. Table 1 summarized the simulated structures.

Computational cell

The computational cell size is (4D;+8p+8D;)x(4D;+8p+8D,)x(4D;+8p+8D;) nm’ with a spatial resolution
of 0.5 nm. The cell is surrounded by perfectly matched layers (PML, represented by the diagonal lined area in
Figure 2) with a thickness of D; to absorb the scattered waves. The structure is placed at the center of the
simulation box, with the lateral NS placed in the XY plane. A broadband Gaussian source is placed at the top of
the cell and the EM wave propagated along the Z direction. The fields are allowed to evolve, and the simulation
is terminated once |E|2/ |Emax|2 decays down to 10" at the bottom of the cell in the Z direction. The refractive index
of the surrounding medium was fixed at 1.395 to account the presence of the protein coating [10]. The permittivity
function of gold is modelled using a Drude term and five Lorentzians [11].

Figure S3: Schematic representation of the simulation cell used in the FDTD simulations. The surrounding area
represents the perfectly matched layers, used to absorb the scattered waves. The dashed blue lines represent the areas
where the integral of the Poynting vector is applied to calculate the incident, absorbed and scattered power. The
simulation was performed for parallel polarized light, propagating along the Z direction. The external NSs are placed in
the XY plane. The simulation is terminated once the electric fields have decayed sufficiently.

The optical response in the far field is analyzed by means of the optical extinction efficiency factor (Qe)-
The value of Q. is calculated from the extinction cross section (C.,;) and the cross-sectional area of the structure
projected onto a plane perpendicular to the incident light (4) using the following equation [12]:

Cex
Qext = A - (2)

The extinction cross section represents the rate at which the incident radiation, [, is attenuated by the
structure and, in a non-absorbing medium, it is calculated as the sum of the absorption (C,,) and scattering (Cs,)
cross sections [12]:

— WapstWsca

Cext = Cabs + Csca - ;7 (3)
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In equation 3, W, and W, are the absorbed and scattered power by the structure, respectively. The values
of W, and W, are calculated as the integral of the Poynting vector of the Fourier-transformed electric and



magnetic fields at each frequency (@) over a closed area around the structure (this area is represented as the blue
dashed line around the particle in Figure S3) to obtain a full spectrum in a single simulation [7]:

W(w)= E)‘tﬁ‘Ew xH dS ).

For calculating 7;,., the same expression is applied but only for an area perpendicular to the direction of
propagation of the wave in an empty simulation cell, i.e., without the structure. The simulation is performed
thrice to calculate the incident, absorbed and scattered power in each run.

Finally, the near-field response is evaluated by means of the field enhancement, |[E|/|E,|. Each component of
the complex electric field (E,, E,and E.) is stored at each time step and every point of the space in the simulation
cell. Once the fields, which are of the form of E = E(x, y, z, #), have been accumulated over the full simulation
time, they are Fourier-transformed to obtain a full spectrum of the electric fields in the frequency domain,
E =E(x, y, z, w), for all the space considered in the simulation cell. This calculation is performed twice: with the
structure to obtain scattered fields, |E| and without the structure to obtain the incident fields, |Eg|, to normalize
the previous result.

A typical result of these calculations is shown in Figure S4, to illustrate the split of the main plasmon band,
due to the plasmonic modes that appear in the new structure.
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Figure S4: (a) Simulated efficiencies calculated for a nanorod surrounded by eight satellite spheres. The color maps
represent the near-field distribution of the electric field at the wavelengths of (b) 975 nm and (c) 1205 nm.

Thermal calculation

The thermal cooling of the gold nanoparticle and nearby spheres has been calculated with a continuum model
based on finite elements. The axisymmetric geometry with vertical symmetry represents one nanoparticle (rod)
and two spheres close to each end of the rod (Figure S5). Nanoparticle and spheres are into a finite domain, which
represents the water or the vacuum in different scenarios. The thermal properties for gold and water were taken
from Ekici et al. [13]. The initial conditions are the temperature of the rod, sphere and water. The adiabatic
conditions on the axisymmetric and symmetric edges are complemented with a fixed temperature on the external
edges of the water domain at 300 K. The discretized model with heat transfer elements has been solved with an
implicit solver under quasi-static conditions. Two main scenarios are distinguished: one model with the rod and
sphere separated 2 nm; and the other one where rod and sphere are touching each other (the radius of the contact
area is 1 nm). In both cases the initial temperature of the rod and sphere were 1915 K and 703 K, respectively.
When rod and sphere are separated 2 nm, the temperature of both decreases until room temperature in a
characteristic time of 1 ns. When the sphere is touching the rod, the high thermal conductivity of the metal
equilibrates the initial temperatures at 1420 K in just 20 ps, then the cooling of the metal reaches the room
temperature in the range of nanoseconds.
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Figure S5: Schematic representation of the simulation cell used in the Finite Elements simulations.
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