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ABSTRACT

Gold nanostars display exceptional field enhancement properties and tunable resonant
modes that can be leveraged to create effective imaging tags or phototherapeutic agents, or to
design novel hot-electron based photocatalysts. From a fundamental standpoint, they represent
important tunable platforms to study the dependence of hot carrier energy and dynamics on
plasmon band intensity and position. Toward the realization of these platforms, holistic approaches

taking into account both theory and experiments to study the fundamental behavior of these



particles are needed. Arguably, the intrinsic difficulties underlying this goal stem from the inability
to rationally design and effectively synthesize nanoparticles that are sufficiently monodispersed to
be employed for corroborations of the theoretical results without the need of single particle
experiments. Herein, we report on our concerted computational and experimental effort to design,
synthesize, and explain the origin and morphology-dependence of the plasmon modes of a novel
gold nanostar system, with an approach that builds upon the well-known plasmon hybridization
model. We have synthesized monodispersed samples of gold nanostars with finely tunable
morphology employing seed-mediated colloidal protocols, and experimentally observed narrow
and spectrally resolved harmonics of the primary surface plasmon resonance mode both at the
single particle level (via electron energy loss spectroscopy) and in ensemble (by UV-Vis and ATR-
FTIR spectroscopies). Computational results on complex anisotropic gold nanostructures are
validated experimentally on samples prepared colloidally, underscoring their importance as ideal
testbeds for the study of structure-property relationships in colloidal nanostructures of high

structural complexity.

MAIN TEXT

Gold nanostars have shown to possess plasmonic properties with the potential to enable
technological breakthroughs in various fields, such as imaging®, sensing? and catalysis®.
Importantly, their limited cytotoxicity* promises to enable their use in vitro and in vivo. However,
despite the wealth of applied work® ® 7, very limited fundamental research has been carried out on
these particles, both from the experimental and theoretical standpoints® ®1°. As a result, published
research cannot be evaluated comparatively, and, therefore, implemented at the industrial scale for
technologically relevant applications. Thus, in an effort to rationally take advantage of the

outstanding field enhancement properties of these particles, there is an important need to carry out



fundamental-level research that holistically hinges on both computational predictions and
experimental verifications.

In 2007, Nordlander and coworkers proposed a theoretical framework to describe the
localized surface plasmon resonances (LSPR) of gold nanostars!®. In this model, known as the
plasmon hybridization model*?, they suggested that the LSPR bands observed in the visible-near
infrared (vis-NIR) can be described as hybrid resonances of those pertaining to the spherical core
and the individual protruding spikes, leading to bright and dark modes. They also showed that the
position of the multipolar modes depends on the length and sharpness of the spikes, and their
relative orientation with respect to the polarization of the incoming field, with longer and sharper
spikes displaying more red-shifted resonances'!. Since these seminal discoveries however, very
limited theoretical work has appeared that focused on gold nanostars, despite the substantial
ongoing experimental efforts.

Arguably, one of the reasons hampering the push for fundamental understanding is the lack
of synthetic protocols that ensure sufficient monodispersity and batch-to-batch reproducibility.
This limited sample monodispersity leads to substantially broadened LSPR bands that cannot be
used to unequivocally correlate morphology features to relevant plasmon modes. As a
consequence, experimental results have not been able to fully support the theoretical endeavors.
Gold nanorods and nanowires have been successfully utilized for many years to study localized
and propagating plasmons as well as to demonstrate the concept of wave-particle duality®. Despite
the unquestioned importance of these studies and the impressive improvements in the synthetic
protocols to achieve monodispersed nanorod with high tunability®*, including post-synthetic
manipulations®, the 1D morphology of nanorods and nanowires does not provide sufficient

degrees of freedom for the generation and observation of unique patterns of plasmon interactions,



such as those possible when spherical cores couple to sharp spikes protruding at various relative
orientations. They, therefore, represent ideal cases of a more general 3D model. Hence, the
necessity of developing novel protocols for the rational synthesis of anisotropic plasmonic
nanostructures remains an unmet need and, still, a long standing goal. Over the years, scientists
have developed various methods for the synthesis of these particles, both seeded and non seed-
mediated, either employing surfactants or not!® . So far however, even though substantial
improvements have been reported in several protocols!® °, reproducibility and monodispersity do
not meet the necessary quality levels.

In this work we report on a combined theoretical and experimental effort to provide an in-
depth fundamental understanding of the plasmonic properties of gold nanostars, which attempts to
extend the framework developed through the plasmon hybridization model to a more generalized
system. We show how we were able to successfully establish a causal relationship between the
morphology of the particles and their measured plasmonic behavior. Theoretically, we demonstrate
the presence of an intense fundamental mode in the short wave infrared (SWIR) regime and its
higher harmonics at higher energy. Synthetically, we report a new protocol that displays
extraordinary monodispersity and reproducibility. The unbiased agreement between experimental
and computational results, both at the single-particle level and in ensemble, proves the validity of
our model and confirms the monodispersity of our synthetic approach. We believe that this work
will provide a much needed impulse for the implementation of these nanostars in technologically-
relevant applications and possibly for the development of scale-up strategies relevant to industrial-

level synthesis.



RESULTS AND DISCUSSION

By employing 3D finite element simulations via the Comsol Multiphysics software, we
have implemented a theoretical framework to study the plasmonic properties of gold nanostars in
which core and spikes are considered as inseparable units, all contributing to the number, position,
and intensity of the resulting LSPR modes (see Methods section for details). Our method, while
verifying and reproducing the results by Nordlander!! for nanostars characterized by numerous
short spikes protruding from the spherical core (typically obtained employing surfactant-free
seeded protocols), departs partially from it. More specifically, it has evidenced additional
plasmonic properties in nanostars characterized by few, long, high aspect ratio spikes, such as the
onset and disappearance of resonances when the spikes interact at angles other than 180 degrees.
Our frequency domain simulations also indicate that bulk plasmons appear to be generated as
image charges inside the spikes owing to their limited thickness. Interestingly, our model has
shown that the core appears to affect the position of the resonant modes, thus acting as an electron
reservoir and interfering, as a consequence, with the charge distribution along the spikes. This
prediction has been confirmed via single particle electron energy loss (EELS) experiments. By
modeling nanostars with spike lengths increasing between 70 and 100 nm, we have observed an
intense resonance band at wavelengths longer than 1000 nm, that can be assigned to the first
harmonic of the propagating interface charge waves. Higher order harmonics (i.e. second and
third) can be identified that resonate between 600 and 1000 nm, with spacing between the three
that depends on the slant length of the conical spike. Importantly, our model predicts a linear
dependence between the position of the harmonic modes and the spike length, a correlation that
was confirmed experimentally via Vis-NIR-SWIR spectrophotometry and ATR-FTIR

spectroscopy. These results are promising in that they lay the foundations for the rational design



of colloidal nanostructures with plasmonic properties that can be tailored for specific applications

and reproduced synthetically with high monodispersity and reproducibility.
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Figure 1. Transmission electron micrographs and UV-Vis spectra of gold nanostar samples
obtained by increasing the amount of AgNOs between 5 and 40 UM as described in the Methods
section. The resulting UV-Vis spectra are characterized by a prominent LSPR mode that shifts
between 672 nm (at 10 uM AgNOs concentration) and 917 nm (at 40 uM AgNO3 concentration)
and can be described as the second harmonic of the primary dipolar mode, which resonates above
1100 nm and thus cannot be observed in these spectra. For the 5 uM AgNOs3 concentration case,
the observed prominent band is the first harmonic mode, which in this case appears at higher
energies because of the shorter spike length obtained at this AGQNO3 concentration. It is important
to observe how the morphology of the nanostars, and of the spikes in particular, changes in close
correlation to the amount of AgNOs added. Scale bars at 20 nm.

In order to determine the accuracy of the model and corroborate the theoretical predictions,
we hypothesized that a synthetic protocol was needed that could provide nanostars with 1) a limited
number of spikes, 2) tunable spike length, 3) high monodispersity, and 4) consistent batch-to-batch
reproducibility. So far, such a detailed synthetic protocol ensuring that all these requirements

would be met simultaneously has not been reported. Leveraging and optimizing a synthetic



protocol in which the concerted action of Triton X, ascorbic acid, and silver nitrate leads to gold
nanostars characterized by LSPR bands that can be tuned through the addition of increasing
amounts of AgNOs (see Figure 1)%, we have been able to synthesize highly monodispersed 6-

branched gold nanostar samples with enhanced batch-to-batch reproducibility and tunable spike
morphology. In particular, the high sample monodispersity (vide infra), coupled to the tunability
enabled by our synthesis, represent an excellent opportunity to employ these particles to
corroborate the predictions of our model. The detailed synthetic procedures and growth
mechanisms, including the dependence between the concentration of AgNOs and the spike length
are the focus of a more specialized manuscript soon to be published. The possibility to bridge the
gap between theory and experiment with a truly 3D model that does not make constraining
structural assumptions, promises to lead to a complete understanding of structure-plasmonic
property relationships in these complex nanomaterials. We have investigated in depth the size and
shape dependence of the plasmon resonances for the synthesized 6-branched nanostars, reporting
in Figure 2 the results for particles with spike lengths between 70 nm and 100 nm. Size and shape
can be tuned by rationally varying the relative concentrations of AgNOs, ascorbic acid, Triton X,
and seeds, as well as reaction time reaction time (Figure S1). Furthermore, detailed dimensional
analysis over samples larger than 100 particles revealed extraordinary monodispersity (both within
and among batches), with maximum standard deviations of +4%, as reported in the representative
histograms in Figure 2 (i-1). Analysis of nanostar morphology has also shown that, although some
of the nanostars possess five or seven spikes, the majority of them are characterized by six
branches, hence the chosen nomenclature. More detailed TEM tomographic reconstruction is
current undergoing to obtain additional details on this observation, including the correlation

between the number of spikes and that of the twin defects present on the initial seeds.
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Figure 2. Representative transmission electron microscopy (TEM) micrographs of 6-branched
gold nanostars in the order of increasing spike length (a, c, e, and g). These syntheses lead to
monodispersed samples in high yield, as evidenced in the TEM micrographs (b, d, f, and h).
Statistical analysis of the spike length distribution of 6-branched gold nanostars was obtained
by measuring the length of 150 spikes from different areas on the TEM grid for each sample.
Spike length analysis: i) Mean: 70 nm; Standard deviation: 3 nm, j) Mean: 81 nm; Standard
deviation: 3 nm, k) Mean: 91 nm; Standard deviation: 4 nm, and 1) Mean: 99 nm; Standard
deviation: 4 nm.
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Figure 3. Experimental and theoretical spectra of 6-spike nanostars of a) 70, b) 80, ¢) 90 and
d) 100 nm spike lengths. €) Long range theoretical and experimental spectra of 90 nm radius 6-
spike nanostars. E-field norm (calculated via Eq. 5 in Methods section) maps of the first,
second, and third harmonic modes at 1865 nm, 930 nm, and 730 nm, respectively. Spectra
normalization was carried out with respect to the photon energy of each wavelength compared
to the photon energy at 400 nm. FWHM for first and second harmonic are 242 nm and 65 nm,
respectively, for the calculated spectra, and 500 nm and 190 nm, respectively, for the
experimental ones. f) Linear dependence (actual fits) between the harmonic modes resonant
maxima (1,2 and 3) and the nanostar spike lengths. Note the decreasing slope as we move
towards higher harmonics and the very good matching between theoretical (T) predictions and
experimental (E) results.



To deepen our understanding of the plasmon resonance-morphology relationship, we
synthesized samples with spike lengths of 70 nm, 80 nm, 90 nm, and 100 nm and compared the
optical spectra collected spectrophotometrically in ensemble averaged experiments with the results
of our calculations (Figure 3). We have compared the vis-NIR spectra with the absorption cross
section spectra obtained through our model (Figure 3 a-d); in particular, the very good agreement
between the position and normalized intensity of the bands modeled and measured (Figure 3e)
confirms the validity of our model. The experimental validation, both at the single particle level
and in ensemble, suggests that plasmonic resonances in gold nanostars should be interpreted as
harmonics of the main LSPR mode. When nanostars with shorter and thicker spikes are studied,
the higher harmonics, being less intense and more closely spaced compared to the case of nanostars
with high aspect ratio spikes, seemingly disappear giving rise to the well-known broad LSPR bands
observed for surfactant free gold nanostars?! 22, In reality they become simply enveloped within
the more intense fundamental mode. Inter-spike coupling, common in the case of multi-spike
nanostars (again observed in surfactant free gold nanostar syntheses) also causes them to slightly
blue shift, further broadening the LSPR band. Our study, proposing a more generalized approach
to the interpretation of LSPR bands in gold nanostars, predicts very well the position of the
harmonics based on the detailed morphology of the nanostar in exam. The core diameter, the
length, and the sharpness of the spikes, along with the tip morphology (Figure S2), dictate the
position and distance between the harmonics. The relative position of the bands governs the linear
relationship reported in Figure 3f, and follows a simplified rule in agreement with antenna theory
(Figure 3f)?3. In the long range 400-1950 nm spectrum in Figure 3e we report both the Vis-NIR-
SWIR spectrum and the calculated normalized absorption cross section of a 90 nm nanostar, along

with three E-field maps highlighting the spatial distribution of the field at the position of the



maxima for the three observed harmonics. The very good agreement between position and
intensity modeled and experimentally measured provides a solid experimental proof of the validity
of our model, which is further supported by the FTIR and EELS results presented onwards.
Interestingly, our model suggests that the first harmonic mode, in addition to displaying
substantially higher intensity compared to its higher harmonics, appears to extend in space much
farther from the surface than the other two, which could be leveraged in techniques such as surface
enhanced Raman scattering (SERS) where E-field enhancements are lead to higher signal intensity
and assay sensitivity.

In Figure 4, we present the ATR-FTIR spectra of highly concentrated aqueous solutions
of gold nanostars with spike lengths spanning between 70 nm and 100 nm. The full spectral range,
700-7500cm’, is reported in Figure S3. In the 4000 — 6500 cm™ spectral range, we observe the
peak maxima for the first harmonic to be centered at ~5700 cm™, 5180 cm™, 4930 cm, and 4830
cm for the 70, 80, 90, and 100 nm respectively. The peak positions of the four different samples
fit nicely the E-field norm introduced by the theorectical predictions and the Vis-NIR-SWIR
spectroscopy measurements. A noticeable shift in the observed first harmonic peaks can be
attributed to interparticle coupling effects (Figure S4), since the FTIR measurements took place
in concentrated solutions as compared to the Vis-NIR spectrophotometric measurements.

Interestingly, the observed center of each peak appears to be linearly dependent on the
average size of the gold nanostars in solution, demonstrating the strong dependence of this
plasmonic mode on the length of the spike, as described in the previous section and plotted in
Figure 4d and 4e. The results obtained from the ATR-FTIR spectra further underscore the ability

and reliability of the developed protocol for the synthesis of colloidal nanostars with plasmonic
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Figure 4. FTIR spectra collected on nanostars with 70 nm, 80 nm, 90 nm, and 100 nm spike
lengths. Normalization carried out with respect to the area under the curve of each spectrum (a).
Spectrum of a suspension of nanostars with 90 nm spike length deconvoluted with Gauss function
(b). Theoretical absorption cross section spectra of 1) a single 90 nm nanostar, 2) two nanostars
with their in-plane spikes kept parallel at 50 nm distance, 3) two nanostars aligned tip-to-tip at 50
nm, along with the average of these three spectra shown in red (c and f). Linear fitting of the
observed FTIR peak maxima shows a strong interdependence between the first harmonic
resonances and the spike length experimentally (d) and theoretically (e).

properties that can be rationally tailored for specific applications. It is worth mentioning here that
contrary to the well defined, Gaussian-type predicted peaks by the model, in our ATR-FTIR
spectra the first harmonic appears to be a convolution of more than one contributions in the overall
spectral envelope. To address this, all the spectra were deconvoluted using Gauss functions based
on the Levenberg—Marquardt algorithm as shown elsewhere?* 2 26.27_ The deconvoluted spectra
show two or three major peaks separated by approximately 800 cm™™.

To further investigate the latter, in Figure 4b and 4c we report the comparison between the
deconvoluted ATR-FTIR spectrum and the calculated absorption cross section for 90 nm-spike

nanostars. The distinct peaks in ATR-FTIR can be attributed to the same plasmonic mode under



different geometrical configurations (Figure 4f). Theoretical results (Figure 4c and 4f) show that
changing the distance as well as the configuration between two adjacent nanostars can both blue
shift and red shift the plasmonic mode. The theoretical treatment to nanostar coupling aims to
outline the importance of considering multiple geometric configurations between randomly
dispersed adjacent nanostars at high concentrations when interpreting the experimental results. We
have investigated three of these numerous possible configurations and report the shifts of the first

harmonic with respect to the distance between nanostars (Figure S4).

To further confirm the theoretical predictions, we performed EELS studies to evaluate the
plasmonic response of the gold nanostars at the single particle level. While single particle
scattering data could be in first principle proposed to assess the plasmonic response, the presence
of the substrates, coupling anisotropically to the nanostars, would have further complicated the
experimental response, and was therefore not deemed accurate to assess the LSPR bands in this
particular study. Figure 5 exhibits EELS spectra acquired on a 6-spike nanostar with the electron
beam probing the nanostructure in non-intersecting and intersecting geometries. Since the plasmon
coupling between spikes is very weak due to their large physical separation®®, one can in principle
analyze their plasmonic behavior considering an isolated spike coupled to the star core. This
approach allows us to probe a single spike and then repeat the process for the other spikes of the
stars. We obtained the same findings for all of the spikes, as illustrated in Figure 5 (left side—spike
1; right side—spike 2). Note that the spectra can exhibit up to two resonances associated with the
first (670 meV) and second (1360 meV) harmonic excitations, depending on the beam location.
The resonance energies are similar to those found by optical techniques (UV-Vis-NIR and ATR-
FTIR, Figures 3 and 4 respectively) and match well the theoretical findings. When the electron

beam is located in regions near/within the tip (position 1, 3) the excitation of the first harmonic



dominates the EELS spectra. This is expected due to the dipolar configuration of that mode in rod-
like structures?®, which is highly efficiently excited in the non-intersecting configuration (position
1). It is also important to note that there is a slight shift to lower energies of the characteristic
resonance of the first harmonic, as we move along the axis of the spike (position 3), as explained
onwards. We also probed the middle regions of the spikes producing an additional excitation at

around 1290 meV, which corresponds to the excitation of the second harmonic. A blue-shift trend

can be observed for the resonances excited, as we move from the middle regions of the spikes to
their extremities and to the aloof mode. When the beam intersects with the spikes it disturbs the
local charge distribution, thus creating a damping of the spike modes, which results in a red shift,
notable in the case of the first harmonic as the beam moves from the aloof mode to the inner part

of the spikes.
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Figure 5. EELS spectra collected at the positions depicted in the STEM micrograph presented
in the middle. Up to two resonances associated with the first (670 meV) and second (1360 meV)
harmonic excitations can be observed, with slight energy shifts that depend on the proximity to
the core of the position probed by the electron beam.

CONCLUSIONS
In conclusion, the 6-branched nanostars reported herein offer the first example of highly

anisotropic, colloidally-synthesized plasmonic material in which the optical properties of the



nanostructure can be predicted theoretically and observed experimentally owing to the
extraordinary monodispersity and reproducibility of the synthetic protocols. While other non-
spherical nanoparticles (e.g. nanorods) have been synthesized with high degree of monodispersity
and synthetic control, the morphology of the particles shown herein is substantially more complex
to achieve. In-depth multi-technique characterization has shown that the peak positions of the
plasmonic resonances linearly depend on the length of the spikes, with slight variations originating
from the specific tip- and spike-morphologies. The proposed theoretical model has predicted a
strong plasmonic mode, along with its higher order eigenmodes, in excellent detail. EELS data,
collected on isolated spikes, have confirmed the influence of the electrons of the core on the
spectral position of the various harmonics; in addition, they have underscored the importance of
taking into consideration the effect of the electron beam in intersecting probing geometries. From
the single particle level to the highly interacting ensemble, the agreement between theory and
experiment advocates for the need of a combined approach towards a rational and effective
evolution of plasmonic materials and methods. The high monodispersity and batch-to-batch
reproducibility of the samples, ensured by our synthetic protocol, suggest that these 6-branched
nanostars might be ideal testbeds for the experimental validation of plasmonics theory. The model
has also suggested the presence of bulk image charges within the tips, that couple with the surface
charges owing to the reduced thickness of the spikes. In addition, it appears to indicate that
propagating polaritons, traveling along the high aspect ratio nanostar spikes, might coexist and
interact with the highly localized modes at the tips. Ongoing studies in our lab are further

investigating these observations and will be the focus of future publications.



METHODS
Modeling

Using a linearly polarized (LP) incident light source, as seen in Equation 1, with an electric
field of amplitude 1 VV/m, we simulated the optical properties of nanostars using a model developed

in the RF Module of COMSOL Multiphysics 5.0.
1) E = e Jkoz g

The simulations were based on numerical solutions of a time-averaged Laplacian, seen in

Equation 2, employing the widely used Finite Element Method.

2 VXi(VXE)— koz(g,.——)E=0

wWEp

The geometry was built on three concentric domains. A fully absorbing spherical layer, usually
reffered to as perfectly matched layer (PML), a layer assigned the dielectric properties of water,
from Hale and Querry®, and a core domain including the various nanostar models assigned the
dielectric properties of gold from the Lorentz—Drude model by Johnson and Christy®!. The relative
permeability pr was taken to be 1 in all geometry domains without loss of generality. The angular

frequency o was calculated from the input wavelength values.

The nanostar models were also developed in Comsol Multiphysics using mostly a spherical

core, eccentric conical spikes with hemispherical, oblate, and prolate hemiellipsoidal tips. The



volume and surface areas of these models are defined by Equations 3 and 4 with i being the

number of spikes, varying from 1 to 6 in this work.

V=2ra® + 55, (ZnRE + Ry + 1) + 2 — Z(a—Ja? = R?) [3R} +

®3) 3
(a - a> = RD)"]}
4 A = 4ma? Z{Zna (a — |a? RI-_Z} i {n (i + Ry) (R —7)% + /% 4 an,-_z}

i=1 i=1

Furthermore, a is the radius of the spherical core, R is the base radius of a spike, r is the radius of
the hemispherical tip of a spike, and h is the distance between R and r. Note that these equations
describe only the cases of nanostars with hemispherical tips.

The various nanostar models were built to match the shapes and complexity of nanostars
synthesized experimentally, and characterized via transmission electron microscopy (TEM), as
described below. Herein, for sake of completeness, we compared the results collected via
simulations to both those obtained on individual nanostars via electron energy loss spectroscopy
(EELS) and to the ensemble averaged ones derived from the large-number statistical analysis of
nanostar suspensions. Importantly, the excellent sample monodispersity and batch-to-batch
reproducibility achievable with the synthetic protocol described herein, allow us, for the first time,
to exactly match the plasmonic resonances observed experimentally to those calculated
computationally, thus enabling us to identify new resonant and coupling modes in these

nanoparticles.

The layered geometry was meshed employing randomly distributed tetrahedra, whose size

was kept between 0.1 and 2 nm within the NS domain and at less than 4 nm in the surrounding



medium domain. Numerical solutions of Equation 2 were accomplished through an iterative
method in which the difference between individual solutions in the constituent tetrahedral elements
is minimized within a tolerance of 10°. The whole procedure is based on convergence of the
individual solutions within the above tolerance.

From the solution of Equation 2, we provide plots of the normalized scattered electric field.
Three dimensional plots of the electric field norm (Equation 5) on the surface of the various
nanostars along with two dimensional slice plots of the electric field norm are presented. 2D slice
plots are fundamental to study, at the same time, surface and bulk plasmon modes in these

nanoparticles.

(5) |E| = \/Exz +E,* +E,°

In parallel, we calculate the absorption, scattering, and extinction cross sections, as defined by

Equations 6 and 7.

w bs Wsca
(6) Oaps = 5 = =
abs Pine sca Pinc

() Ocxt = Ogps T Osca

The absorption and scattering cross sections are defined by the energy rates absorbed and scattered
by the nanostar volume and surface area, defined in Equations 8 and 9 respectively, and divided

by the incident irradiance, given by Equation 10:



(8) W, = %ﬂ‘j [ Re[(0E + jwD) -E*]| + jwB) -H']| dxdydz (W)
XYZ
©) W, = #[E x H"] -ndS (W)
_ 1 2
(10) Pinc - 2_Z|3|E0|

where Zo is the impedance of free space and Eo is the amplitude of the incident electric field, 1

V/m as seen in Equation 1.

Additionally, given the extinction cross section, we calculate the shape- and concentration-
dependent extinction coefficient by multiplying the extinction cross section with the number

density of nanostars as seen in Equation 11:

(11) Edep = Oext N

Similarly, the absorption coefficient is given by Equation 12.

(12) a = Ogpsh

This is a concentration dependent quantity, since it contains the number density of nanostars n. In
this work, it is compared to the experimental absorption coefficient, obtained from the measured
absorbance from Equation 15. We deduce Equation 15 by combining Equation 13, the Beer-

Lambert law and the definition of absorption coefficient Equation 14, where Abs is the



experimentally measured absorbance, | and lp the incident and transmitted light intensities, z the
light path length through the cuvette holding the agqueous NS suspensions, and aexp the

experimental absorption coefficient.

I
(13) Abs = longO
(14) I =1, e~ %exp?
(15) aexp _ In(10)Abs

V4

The relationships described above allow us to directly compare the calculated absorption cross
section spectra to the UV-Vis-NIR absorption spectra obtained experimentally, as in detail

described in our previous work®.

Instrumentation.

UV-Vis-NIR Spectrophotometry. Absorption spectra were recorded on a Thermo Scientific
Evolution 300 UV-Vis spectrophotometer using a quartz cuvette with 1 cm path. A Cary Series
UV-Vis-NIR Spectrophotometer (Cary 5000 UV-Vis-NIR) was used to collect the UV-Vis-NIR

spectra. 1 mm quartz cuvette was used with double beam mode to get the UV-Vis-NIR spectrum.



Transmission Electron Microscopy. Nanoparticle morphology was determined using a Topcon
002B transmission electron microscope depositing the nanoparticle suspension on Ted Pella Inc.

PELCO TEM grids.

ATR-FTIR Spectroscopy. A Thermo Fisher iS50 FTIR spectrometer equipped with a deuterated,
L-alanine-doped triglycine sulfate (DLaTGS) detector, and a Golden Gate single-reflection
diamond ATR was used for all spectroscopic studies. The instrument was equipped with a purge
gas of dehumidified air (Parker-Balston 75-45) to remove water vapor. The resolution of the
instrument was set at 4 cm™ for the whole set of measurements and the number of scans varied
from 16 to 32. For each measurement, ~100uml of the gold nanostar aqueous solution were placed
on the ATR crystal and left there for 5mins to settle. The spectra were collected at 25°C by using

air as reference background.

Electron Energy Loss Spectroscopy. Experimental conditions of high-beam current probes were
used, typically attained with a condenser-lens setting, favoring higher beam current over spatial
resolution. The spatial resolution was kept between 1.5A and 2.0A. The EELS spectrometer
entrance aperture subtends a 20-mrad (2.5A™%) half-angle at 60kV. The EELS spectra were
acquired in the aloof and intersecting geometries over 500 ms and 1s, respectively. A custom-made
monochromator was employed to achieve 60 meV energy resolution. Plasma cleaning and mild
heat treatment at 75°C for six hours were employed to pretreat the sample to eliminate the

surfactant layer and avoid carbon contamination under the electron beam.



Nanostar Synthesis

Materials. Gold (111) chloride trihydrate (HAuCl4e3H20), silver nitrate (AgNO3; 99.995%), L(+)-
ascorbic acid, sodium borohydride (NaBHs), and TritonX-100 were purchased from Sigma-
Aldrich. All these chemicals were used without further purification. Ultrapure MilliQ water (18.2

MQecm) was used in all syntheses. All glassware was aqua regia cleaned before each synthesis.

Synthesis of 6 Branched Gold Nanostars. 6-branched gold nanostars were synthesized following
a modified seed-mediated method first developed by Taglietti and coworkers®. Briefly, the seed
solution was prepared by adding 0.6 ml of a fresh, ice-cold 0.01 M NaBHa solution to a mixture
containing 0.1 ml of 25 mM HAuCI4 and 10 ml of 0.15 M Triton X. After addition of NaBHa the
solution turned immediately from pale yellow to orange-red. The mixture was stirred for 2 minutes,
and aged for 10 minutes at 4 °C before use. The growth solution was prepared by adding 40 pL of
0.788 M ascorbic acid to a solution containing 0.4 ml of 25 mM HAuUCI4, and 20 ml of 0.15 M of
Triton-X. A variable amount of AgNOz solution was added to the growth solution to obtain a
precise spike length: for instance, 45, 50, 60, and 100 pM AgNOs were used for the synthesis of
the 80, 70, 90, and 100 nm spike length respectively. After that, a variable amount of seeds were
added to the growth solution. Specifically, nanostars with 70 nm spike length were synthesized by
addition of 24 pL (14 L for the other three spike lengths) seed solutions to the growth solution.
The color of the solution turned from colorless to green after addition of the seeds, with the color
becoming more intense after 5 minutes. The solution was gently stirred at room temperature for

12 hours. The conical spike morphology with spherical tip was obtained when 25 pM AgNO, were

added to the growth solution, and the reaction time was 10 minutes. The rod morphology was

obtained when 15 uM AgNO, was added to the growth solution, and the reaction time was 10



minutes. The solution was purified via centrifugation at 4,000 g for 10 min and redispersed with 5
ml of Ultrapure MilliQ water (18.2 MQecm).

Spike Length Measurement of Gold Nanoparticles. The core diameter, spike length, and aspect
ratio of nanostars were measured by ImageJ software. The spike length was measured from the
center of the core to the tip of the spike. We have measured 150 spikes for each different type

nanostar to generate the reported statistics.
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