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Abstract

We performed single particle deformation experiments on silica-coated gold nanorods
under femtosecond illumination. Changes in the particle shape were analyzed by elec-
tron microscopy and associated changes in the plasmon resonance by electron energy
loss spectroscopy. Silica-coated rods were found to be more stable compared to un-
coated rods but could still be deformed via an intermediate bullet-like shape for silica
shell thicknesses of 14nm. Changes in the size ratio of the rods after fs-illumination
resulted in blue-shifting of the longitudinal plasmon resonances. Two-dimensional spa-
tial mapping of the plasmon resonances revealed that the flat side of the bullet-like
particles showed a less pronounced longitudinal plasmonic electric field enhancement.

These findings were confirmed by finite-difference time-domain (FDTD) simulations.



Furthermore, at higher laser fluences size reduction of the particles was found, also for

particles that were not completely deformed yet.
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Introduction

Gold nanorods (NRs) have attracted much scientific attention due to their unique optical

5

and photothermal properties!™. These result in a wide range of applications in various
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fields, such as photoacoustic imaging®7, catalysis®, drug delivery?, (bio)sensing , optical

14-17 18,19

recording and data storage and hyperthermic cancer treatment therapy in medicine
Several of these applications can even be combined using the same particles, like imaging
and photothermal therapy?° or image-guided drug delivery and hyperthermia?!, which makes
gold nanorods even more versatile.

Localized surface plasmon resonances (LSPR) which are accompanied by efficient inter-
actions of light with these nanoparticles which include strong local field enhancement of the
particle tips lie at the core of many of those applications. Gold nanorods exhibit two distinct
plasmon resonances, a transverse and a longitudinal one, because of their anisotropic shape
and reduced symmetry compared to gold nanospheres. The transverse resonance, having a
wavelength of approximately 520 nm, is the same as for spherical gold nanoparticles, whereas
the longitudinal surface plasmon resonance depends strongly on the length to diameter as-
pect ratio of the nanorods. Therefore, it can be tuned to span the visible and near-infrared
parts of the spectrum by changing the aspect ratio of the nanorods?? 4.

When exciting the longitudinal plasmon resonance with an high energy and short nanosec-

ond (ns) or femtosecond (fs) laser pulse the photon energy is absorbed by the electrons with

subsequent electron-phonon scattering resulting in the heating of the particle. This electron-



phonon scattering takes on the order of 1-4 picosecond (ps) for gold nanoparticles®®. The
heat is then released to the surrounding medium by diffusion, a process for which the time-
scale strongly depends on the properties and geometry of the surrounding medium?®. It is
well established that gold nanorods undergo an aspect ratio reduction, up to a complete de-
formation into a crystalline nanosphere or even fragmentation, after absorption of sufficient
photons?™ %, Furthermore, gold NRs can be deformed by thermal heating?®’3!. The rate of
heating and cooling and the final temperature of the particles are of crucial importance to
the deformation mechanism and path followed. Petrova and coworkers inferred from their
measurements that NRs that were deformed by fs-laser excitation did not show structural
changes below 700°C although the same particles already completely deformed at 250°C

when heated in an oven?3?

. These findings were attributed to the rods not staying hot for
long enough during pulsed laser irradiation. Indicating, as mentioned, that thermal diffusion
plays an important role.

Most work so far aimed at understanding the light and heat induced deformation of Au
nanorods was performed on large ensembles of these nanoparticles. Link et al. studied the
dependence of the deformation on the laser pulse width and found that significantly less
pulse energy is needed to deform and melt the particles when using fs-pulses compared to

ns-pulses 229,

This was explained by competitive cooling during the pulse duration of a
ns-pulse. At high laser fluences fragmentation was observed. In related work the same group
measured a threshold energy of about 60fJ to melt single nanorods with an average length
and width of 44 nm and 11 nm, respectively, by fs laser pulses in aqueous solution??.
Zijlstra et al. showed that much information can be gained by performing single-particle
measurements and thereby removing much of the heterogeneities of the sample®*. They
used white light scattering spectroscopy and scanning electron microscopy to study the
laser-induced melting of single gold nanorods. They measured a melting energy of 260 fJ

for nanorods with an average size of 92 x 30 nm and inferred from their measurements that

nanorods with larger aspect ratio are thermodynamically less stable as they were found to



deform more easily. Taylor et al. studied the reshaping behavior of individual nanorods under
fs-laser illumination by scanning electron microscopy?®®. They concluded that the reshaping
process is driven by curvature-induced surface diffusion of Au atoms over the nanorod surface
and that the stability of the rods decreases with increasing aspect ratio.

From these results it has become clear that correlating single-particle reshaping exper-
iments with high-resolution electron microscopy and spectroscopy can reveal new insights
into the atomistic mechanisms behind light induced particle deformations. In our paper we
show additionally that if both single particle spectroscopy and single particle imaging can be
combined on the same particle before and after deformation local shape and size effects can
be connected to specific local plasmonic properties instead of to properties that are averaged
over all particles. Examples of such properties are the flattening of the Au nanorods on
only one side and a reduction in particle volume for some particles. Electron energy-loss
spectroscopy (EELS) has recently proven to be a good technique for imaging local plasmonic
properties of metallic nanoparticles. It has become possible to perform a local mapping of
the plasmon resonances of single metal nanoparticles of various different shapes at a high
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resolution in energy and space , additionally coupling of resonances of particles that are

near each other has been analyzed as well 337,

It is well known that coatings surrounding gold nanorods can greatly influence the de-
formation behavior. Such coatings are often used to increase the colloidal stability of Au
nanoparticles in solution as these metals are characterized by large Hamaker constants and
thus large van der Waals attractions inducing aggregation. So far, mainly heat-induced par-
ticle deformation experiments were conducted to understand the influence of coatings on the

43,44

deformation of gold nanorods . It was shown for instance that a thin carbon layer can

drastically increase the thermal stability of a Au nanorod*®. Silica is an important coating
since it can enhance the thermal, mechanical and colloidal stability. Furthermore, it can
be made mesoporous and thus the particle’s surface is still available for catalytic reactions

8,46-48

and/or for sensing applications and additionally drugs can be efficiently transported



due to a large surface area in the mesoporous shell?!.

Surprisingly, however, little effort has been made to study the heat-induced deformation
behaviour of silica coated gold nanorods. Recently, it was shown that the thermal stability
for oven heated rods can be drastically enhanced by a mesoporous silica-coating®®. Under
illumination of ns-pulses mesoporous silica-coated gold nanorods were shown to be more sta-
ble as well®®®!. Also, for photoacoustic imaging silica-coated gold nanorods are promising
candidates since coating the Au nanorods with silica improved the imaging properties®?°3.
Finally, for cancer treatment therapies silica-coating of gold nanorods enhanced the perfor-
mance. Zhang et al. showed that chemotherapeutic drug release was significantly improved
and that hyperthermia is also possible for coated nanorods?!.

Looking at the many possible application improvements of silica-coated gold nanorods,
fundamental research on how such layers influence the deformation properties is needed.
Single-particle measurements can help to unravel on a microscopic level the deformation pro-
cess and the influence of a silica shell. As far as we know, these are the first single-particle
deformation experiments of silica-coated gold nanorods under illumination of fs-laser pulses.
The experiments were analysed by transmission electron microscopy (TEM) and EELS. Our

method allows for specifically deforming single particles in 3D assemblies®® which can lead

to new applications like the modification of metallo-dielectric photonic crystals.

Results and discussion

It is well known that the position of the plasmon peak depends on the surrounding medium 255,

Thus, in order to optimally excite the gold nanorods at their longitudinal plasmon resonance
in our confocal setup the refractive index change from ethanol to glycerol needs to be taken
into account. In glycerol the longitudinal plasmon peak is red-shifted by about 30 nm to
860 nm (Figure S1) with respect to ethanol. For the deformation experiments the excitation

was therefore fixed at 860 nm but the power was varied. The laser power is directly con-
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Figure 1: a) illustrates the schematic experimental setup and shows typical TEM images of
Au NRs before and after deformation. b) shows the average aspect ratio after an applied
laser power. The change in aspect ratio was averaged over about 100 particles. The initial
average aspect ratio of the rods were 3.4 + 0.5 coated with a 14nm thick silica shell.

293256 and thus the degree of deformation

nected to the temperature the particle is heated to
strongly depends on the applied laser power.

For different laser powers the aspect ratio and shape of the same particles before and
after laser irradiation were determined by TEM. By averaging over several particles for each
applied laser power a general dependence on the degree of deformation was determined.
Such an average is helpful to compare our measurements with previous studies. A typical
outcome for different laser powers is shown in Figure 1b where the average aspect ratio of
three different areas on the same TEM grid of silica coated gold nanorods illuminated at
three different values of the laser power was averaged over about 100 particles. At the lowest
fluence of 5.3mJ/cm? the average aspect ratio decreased to about 3.0. With increasing
fluence the average aspect ratio was further reduced to about 2.6 for 8.1 mJ/cm? and to 1.6
for 10.6 mJ/cm?. The laser power that we used is generally much lower than Chen et al.
reported when using ns-laser pulses to deform silica-coated gold nanorods where changes in

the absorption spectrum only occured at 20 mJ/cm? for 34nm x 9nm sized rods with a 20 nm

thick silica shell®. This relates to the fact that fs-heating is more efficient than ns-heating as



the total energy from the laser pulse can be transferred to the crystal before lattice cooling
takes place. For uncoated gold nanorods Link et al. also reported that fs-heating requires
less laser power compared to ns-heating?®?. In our experiment many more laser pulses were
supplied than needed for deformation as gold nanorods with an average size of 92nmx 30 nm
but without a rigid shell could be even deformed by single fs-laser pulses with the degree
of deformation being dependent on the fluence®*. As we see a dependence on the provided
fluence the deformation process must be self-limiting in the sense that the laser light is not
efficiently absorbed anymore once the aspect ratio drops below a certain value shifting the
plasmon resonance out of the wavelength range of the laser excitation pulse. For example, at
5.3mJ/cm? the average aspect ratio dropped to 3.0 leading to a longitudinal plasmon shift
of about 25 nm (details Figure S1) which will thus be shifted out of the excitation pulse.
The curve in Figure 1b follows a similar trend as measurements from Zijlstra et al*. They
performed single particle deformation experiments on gold nanorods without silica coating
but embedded in a PVA film. For particles with an aspect ratio of 3 (92nm x 30nm) they

2 and complete melting at 1.85mJ/cm?.

found partial melting to start around 1.3mJ/cm
From that they calculated a melting energy of Q,,.; = 260fJ which is 15% higher than
following thermodynamic considerations where they calculated @), to be 2251f] according

to

Qmelt - pV [Cp (Tmelt - TO) + AHfus] (1)

where p is the density of gold, V' the Au volume of the nanorod, ¢, the specific heat capacity
of gold, T},¢;x the melting temperature of gold, Tj the ambient temperature and AHy,s the
heat of fusion for gold. The authors attributed the higher stability in experiments to the
viscoelasticity of the PVA polymer matrix surrounding the particles, which hinders surface-
driven migration, and to heat dissipation.

The energy Qs that is absorbed by a particle with an absorption cross section o,;s under



a laser fluence F' is calculated by using

Qabs = UabsF- (2)

The absorption cross section for a gold rod is available as an analytical expression from

Mie-Gans theory for a spheroidal shape3?:

2mV. 372 3 (1/1312) c
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(3)

Oabs =

where €; and €5 are the real and imaginary part of the dielectric constant of gold, respectively,

and €, is the dielectric constant of the medium. The depolarization factors P; are given by

pa= () e (52) 1) @

Py = Po = (5)

where e = \/1 — 1/(L/W)? is the eccentricity and L/W is the aspect ratio of the rod.
However, calculating a reliable absorption cross section is difficult since the analytical
Mie-Gans theory, which is only available for particles with an ellipsoidal shape, does not
accurately model experimental nanorods as not only the aspect ratio alone influences the
extinction spectra but also end-cap geometries and the volume of the rods®”. Prescott et
al. showed that by adjusting the depolarization factors, reasonable results for the plas-
mon excitation wavelengths can be obtained (Figure S1). However, for obtaining absorption
intensities experimental data are so far quantitatively more reliable. Zijlstra et al. mea-
sured experimental scattering cross sections for single gold nanorods with an average size
of 5.8-10*nm? and calculated the according absorption cross section by multiplying by the
intensity ratio3?. Using their values and using a correction factor of 1.7 to account for the

volume difference we can estimate Qups by Qups = F - 11.3 - 107 em~2. However, this rep-



resents the absorbed energy when the particle is oriented along the polarization of the laser
beam. If the particle is oriented perpendicular it will absorb almost no energy. Our particles
are randomly distributed with respect to the polarization and will thus only absorb about
1/2 of that energy. For the experimentally applied fluences of 5.3 mJ/cm?, 8.1 mJ/cm? and
10.6mJ/cm? the particles thus absorb approximately 300 fJ, 460fJ and 600fJ on average.
The required melting energy calculated by equation 1 is 380fJ for our rods. Thus, for the
highest applied laser fluence (where particles are still not all completely deformed to a spher-
ical shape) the particles absorb about 55% more energy than required for melting which is
a lot more than the 15% that Zijlstra et al measured for uncoated rods in PVA.

The increased stability is probably due to two reasons. First, heat diffusion is faster
for silica-coated gold nanoparticles compared to particles without a silica shell. Hu et al.
measured a decrease in the characteristic heat dissipation time constant after coating spher-
ical gold nanoparticles with a thin silica shell in water compared to uncoated particles in
water?. The characteristic heat dissipation time depends on the size of the particle and the
thermal properties of the surroundings (details in SI). Hu et al. measured a time constant
of 55 ps for a spherical gold particle with a thin silica shell in water. Taking different sizes
and thermal properties of the solvent into account we roughly estimate a characteristic heat
dissipation time of about 500 ps for our system (SI). The same estimation leads to a time
constant of about 2000 ps for the particles in3*. Thus, heat gets dissipated faster away for
our system. However, it was shown that structural transformations occur on fast time scales
as well. Plech et al. inferred from their measurements that complete melting of 100 nm sized
spherical particles in water (which is comparable in volume to our rods) occured within
100 ps (their time resolution limit)%®. Link et al. concluded from pump-probe absorption
measurements that melting of micelle-capped gold nanorods in solution takes 30-35ps®®.
Their nanorods were about 25 to 50 times smaller than ours. Thus, from literature it can be

estimated that structural transformations for sizes of our rods can happen between 35 ps and

100 ps. Thus, heat dissipation is probably not the main reason for the increased stability.



Another influence of the silica shell is its rigidity which hinders the migration of surface
atoms and in addition hinders a shape change which does not fit in the original shell diameter.
External oven heating measurements performed by Gergely-Filop and coworkers confirmed
that*® as well as measurements performed in our group®. In their work heat diffusion does
not play a role due to the long time scales involved. For an aspect ratio of 3.4 (30 nm Xx
9nm, 15nm mesoporous silica shell) particles deformed to an almost spherical shape after
heating at 700°C for one hour. In comparison, uncoated nanorods with an aspect ratio of 3.3
(73nm x 22nm) already completely deformed to spherical particles after heating at 250°C

for one hour?3?.

Thus, the silica-coated nanorods were stable to almost three times higher
temperatures despite the significantly smaller volume and thus smaller surface to volume
ratio. Therefore, it is likely that the enhanced stability for our rods is mostly influenced by
the hindrance of surface atom movement and the confinement effects of the silica shell that
has to deform to accommodate thicker rods.

The different absorbed energies are not only reflected in the changed aspect ratio but
also in the shape of the resulting particles both with respect to the geometry of the gold core
and silica shell. Figure 2 shows the same particles before (upper row) and after (bottom
row) deformation where particles in different columns absorbed different energies (increasing
from left to right). The corresponding aspect ratio changes are summarized in table 1.

The amount of energy each single particle absorbs can vary strongly since it depends
on the exact position of the particle with respect to the laser beam. Since the laser beam
is scanned over the sample some particles will end up right in the middle of the beam and
thus absorb more energy as particles that are away from the middle. The z-position of the
particle also plays an important role here. The substrates are not perfectly flat and different
particles will experience small differences in z-position. Since the laser beam goes through
an objective with a high numerical aperture different z-positions experience different powers.
The intensity variation is expressed in the point spread function of the microscope used and

has recently been measured for this system!. For example, for 17 pJ pulse energy the fluence

10



a) b) 9) d)

before deformation

\ ’~§

— —
' particle 2 ’ ‘
r— particle 1 - [ y %

Figure 2: Comparison of the same particles before (upper row) and after (bottom row)
deformation for average fluences of a) 5.3mJ/cm? and b)-d) 10.6 mJ/cm? (with differently
absorbed energies, see text for clarification). The different columns show different stages of
deformation. The absorbed energy increases hereby from left to right. The aspect ratios
before and after deformation are summarized in table 1. EELS measurements presented in
Figure 3 were performed on the exact same particles marked with the name particle 1 to 3.
All scale bars are 50 nm.

is 5.3mJ/cm? in the focal plane and drops to 4.0mJ/cm? for a z-position 240 nm below or
above the focal plane (details in SI) changing z might not have a significant influence since
the particles already absorbed energy and consequently their longitudinal plasmon resonance
shifted out of the excitation wavelength of the laser. Although the sample was scanned in
a small 3D stack (starting from the 2D focal plane determined in reflection mode) Another
important factor that influences the amount of absorbed energy is the orientation of the NR
with respect to the laser polarization. Particles that are aligned with the polarization will
absorb more energy than particles that are not aligned®. Additionally, the polydispersity
of the sample will influence the absorption behaviour. If the longitudinal peak position of
one particle does not optimally match the excitation wavelength it will absorb less energy.
The above mentioned points are reflected in the relatively large error bars, obtained from
the standard deviation, observed in Figure 1. Hence, calculating a temperature that can be

ascribed to a single particle is difficult and will be inaccurate, also because heat accumulation
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Table 1: Aspect ratios before and after deformation for the particles from Figure 2 going
from left to right.

a) | b) | ¢ |d)
3613013229
before deformation | 4.3 | 3.0 | 3.5 | 2.9
3.0 3.2
30116113 1.0
after deformation | 3.6 20| 1.6 1.0
2.2 1.0

in the dispersion medium can play a role for high-repetition laser systems. Zijlstra et al.
showed that the threshold to deform and damage particles increases with higher numerical
aperture objectives®?. This was explained by the larger surface to volume ratio resulting
in better heat dissipation for smaller focal spots. In our setup heat accumulation might
not play a major role since we have a highest numerical aperture and thus a large surface to
volume ratio of the focal spot. Furthermore, since the focal spot is small only single particles
or at most three particles will be in the focal spot which has a diameter of 320nm in the
focal plane for our settings and thus merging of the single heat baths was a minor issue.

Due to the considerations above, it cannot be determined which precise energy each
single particle in Figure 2 absorbed but the amount of absorbed energy clearly increases
from the left column to the right column since the deformation is enhanced. It can be
seen that the particles deform from a rod-shape via an intermediate bullet-shape to a final
spherical shape. Particles in column (a) only deformed slightly and adopt a rod shape which
is shorter and wider than the original particles. Since the shell is mesoporous it can most
likely densify without changing its overall shape too much. But also, if forced, shape changes
are more easily possible compared to a solid shell without internal pores. This is supported
by the observation that the mesoporosity is reduced after deformation. The shape in the
first column is mainly observed for the lowest used laser fluence of 5.3 mJ/cm?.

Particles in columns (b)-(d) were irradiated with an average fluence of 10.6 mJ/cm? but

different absorbed energies following the discussion above. The larger deformations could
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only be achieved by deforming the silica as well to make enough room for the larger width
of the gold particle. Thus, the significantly reduced porosity of the shell did not give enough
space for the gold particle to deform. The observed intermediate gold shapes as in column
(b) and (c¢) were bullet-shaped. There is still room between the gold rod and the silica shell
at the flat end of the particle. It is remarkable that in no case we observed a change in rod
shape on both ends of the Au particles which remained flush with the silica shell on one
end. An intermediate shape has not been so clearly and abundantly observed so far and
as mentioned it is interesting that only one end was found to flatten and detach from the
silica shell. Some groups reported intermediate ¢-shapes although this was mainly observed
for ns-pulses and particles without a solid shell>?°. Chon et al. reported an intermediate
dumbbell-like structure®? after fs-laser pulse illumination for initial rods with an aspect ratio
of 4, a silica-shell thickness of 35 nm and a smaller volume than our rods (no exact volume
was provided but from the TEM image it can be estimated to be 15 times smaller than our
volume). They argued that the structure occurred since the melting started at both tips
of the rods and stopped before a transformation to a spherical shape was completed. The
exact intermediate shape most likely depends on the surface-to-volume ratio, shell thickness
or initial aspect ratio of the rod as well. Research to get more insight in what is important for
what shape change is ongoing and the focus of a next paper. In case of complete deformation
to a spherical gold particle (column d)) the silica is also completely deformed and was found
to remarkably still enclose the spherical gold particles.

The changes in aspect ratio were accompanied by a change of the longitudinal plasmon
resonance which we measured by EELS. First, we measured particles before laser irradiation
which is shown in Figure 3a. The upper left image in Figure 3a is the dark field image of
the particles including two colored markers for the spots where the spectra were extracted
that are shown in the upper right Figure of 3a. The spectrum recorded at the blue position
shows a strong resonance at 1.55eV (800 nm) which is the longitudinal plasmon resonance.

The spectrum which was recorded at the red spot shows a peak at 2.4eV (520 nm) which

13
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Figure 3: EELS measurements of undeformed (a), partially deformed (b),(c) and completely
deformed nanorods (d). The same particles which are shown in Figure 2 are presented here.
The longitudinal plasmon resonance is blue-shifted with higher degree of deformation. The
plasmon maps show the longitudinal and transverse character. All scale bars are 50 nm.

corresponds to the excitation of the transverse plasmon resonance. Comparing these mea-
surements to the measured extinction spectrum in solution (Figure S1) one can see that the
plasmon peak positions measured by EELS are blue-shifted. These shifts can be explained by
the different dielectric media as the EELS measurements were performed in vacuum. When
inserting a dielectric constant of vacuum, the same longitudinal peak position is obtained
(Figure S1). The two resonance energies were mapped locally which resulted in the two lower
images of Figure 3a. The longitudinal and transverse characters can be clearly identified and
36,37,39

agree with previous EELS measurements of gold nanorods

The EELS measurements of the deformed particles were taken and plotted in the same

14



way as described above for the undeformed ones. Figure 3b shows the measurement of
the deformed particle which is marked as particle 1 in Figure 2. The longitudinal plasmon
resonance was found to be blue-shifted to 1.8 eV (690 nm) which corresponds to the observed
decrease in aspect ratio with respect to the undeformed particles which exhibited a resonance
at 1.55eV (800nm). The transverse plasmon resonance stayed at 2.4 eV. The plasmon maps
for both energies still show a clear longitudinal and transverse character which is preserved
after deformation. It can furthermore be seen that the flatter side of the rod exhibits a
less pronounced signal than the tip-shaped end of the rod. This is in agreement with the
lightning rod effect and is reproduced by FDTD simulations presented in Figure S3 where
the longitudinal resonance (signal at 694nm) is depicted. As in the experiments it exhibits
a stronger local field enhancement at the round tip of the rod and a less enhanced one at
the flat end. Due to the sharp corners in the simulations the two corners at the flat side
also show strong local field enhancements. For the experimental rod these corners were more
rounded and not as sharp and thus no such strong enhancements were observed at these
corners.

The EELS measurement results for particle 2 of Figure 2 are shown in Figure 3c. The
longitudinal plasmon resonance was shifted to 2.25eV (551 nm) and starts to overlap with
the transverse one. The plasmon maps still exhibit a longitudinal and transverse character
but the spatial extent of both resonances cannot be as nicely resolved as for 4a and b due
to the limited energy and spatial resolution. As observed for the particles in Figure 3b the
flatter end of the rods have a less pronounced plasmonic field enhancement than the rounded
tip of the rods. This difference, however, is less pronounced in Figure 3¢ due to the overlap
of the longitudinal and transverse resonances which makes it more difficult to separate the
two signals for this smaller aspect ratio. As expected, for a complete deformation into a
nanosphere only one plasmon resonance at 2.4eV (520 nm) was observed. As is quite clear
from the excitation maps this resonance is spread out over the whole particle.

Our methodology allows us to not only observe changes in the particles aspect ratio and

15
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Figure 4: Au volume loss at higher fluences. a) and b) show particles that reduced in size
after being illuminated with a fluence of 10.6 mJ/cm?. For a fluence of 13.8mJ/cm? most
particles disappear (c). b) and c) furthermore show examples of cluster formation which
increases with increasing fluence.

shape but also to make estimates of the volumes before and after deformation. We estimated
the volume from the 2D shape and sizes that we measure from the TEM images. It needs
to be mentioned that an exact volume determination is only possible in 3D. 3D tomography
has been done on gold nanorods and makes it possible to determine the exact volume®%.
For undeformed rods the known geometry was used to determine the volume. For deformed
particles the volume could be estimated assuming that due to the 3D confinement of the
silica shell the particles deforms similarly in the third dimension.

With higher laser intensities a fraction of the particles was found to lose part of their
volume during the laser deformation. Up to a fluence of 8.1 mJ/cm? the particles did not

show any volume changes. Thus, volume changes roughly started to occur for a small

percentage of particles for absorbed energies above the melting threshold. We hereby allow
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a + 15% discrepancy for the volume due to uncertainties which occur when measuring the
diameter and length of the nanorod from TEM images and from small irregularities in shape
of the deformed particles. At higher pulse energies many particles were found to be reduced
in size. For instance, for the measurement presented in Figure 1b about one third of the

2. Those particles were

particles suffered from a size reduction for a fluence of 10.6 mJ/cm
not included in the analysis since a volume loss can influence the aspect ratio change. Again
it needs to be stressed that this is only a rough estimate since we calculate the volume
based on a 2D projection. Examples of particles that underwent more severe size reductions
are shown in Figure 4a. The same four particles before and after deformation are shown.
All particles completely deformed to a spherical shape. However, all volumes dropped to
less than one third of the volumes of the original rods, based on the 2D projection. At
higher laser fluences more and more particles underwent a size reduction up to a point
where all particles lost volume. A size reduction and laser ablation of gold nanoparticles

64766 " also for fs-pulse irradiation where they

upon laser irradiation is well known in literature
used micelle-stabilized rods with a volume 26 times smaller than ours?®. Those experiments
were performed at higher fluences (about 200J/cm?), though, despite the smaller volume.
Thus, the size reduction needs to be taken into account for photothermal applications as we
found it to also happen for increasing percentages of particles at lower fluences despite the
mesoporous silica coating. Such effects would be hard to detect without our single particle
analysis where the same particles are observed before and after deformation.

Particles that were reduced in size were often accompanied by the presence of small gold
droplets on the surface of the TEM grid which can be seen in Figure 2 already. This strength-
ens the point made by calculating the volumes of the particles from the 2D projections that
the particles lose volume. It should be stressed that these small particles are most likely not
present in the Au NR solution as the TEM images before deformation prove. We verified that
the droplets are gold by high-resolution TEM (Figure S4). The volume of clusters found on

the grid was found to increase for higher fluences, not neccessarily in the number of clusters
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but rather in their size. Figure 4b and ¢ show an example of the clusters seen for fluences
of 10.6 mJ/cm? and 13.8 mJ/cm?, respectively. What is also clear from Figure 4c is that at
higher fluences (higher than 10.6 mJ/cm?) many particles completely disappeared. The gold
particle was completely gone and only part of the silica shell still remained. It does not nec-
cessarily mean that the particle was heated above the boiling temperature of gold (around
3100 K). Fragmentation can happen at temperatures below the melting point even®’. At
high temperatures the silica shell can also break and release the gold*’. Thus, the main
part of the gold fragments was probably lifted to the surrounding glycerol with a subsequent
transport away from the illuminated spot by Brownian motion and/or thermophoresis, as
otherwise a lot more material would have been deposited around the remaining silica shell.

In principle, the mesopores of the silica shell are big enough to allow material transport.
Thus, it seems that a lot of gold penetrated the shell through the mesopores and was de-
posited around the particle or transported away in the surrounding liquid. To check whether
that could be the case we coated a small part of the sample with a more dense Stoeber silica
shell on top of the mesoporous shell closing off the pores and resulting in a total shell thick-
ness of about 19 nm. Thus, close to the rod the shell was more mesoporous than at the outer
part of the shell. We observed that small gold fragments ended up inside the shell (Figure
S5), even before a significant volume reduction took place. The clusters did not neccessarily
penetrate through the shell as a whole but they could also be in forms of ions and later on
forming clusters in the surrounding solution and finally precipitating after drying.

In conclusion, we performed single particle deformation experiments on silica-coated gold
nanorods under fs-illumination analyzing both shape and plasmon resonances by electron mi-
croscopy. Silica-coated rods were found to be more stable compared to uncoated rods and
deform via an intermediate bullet-like shape where one end of the rod was found to detach
from the mesoporous silica shell and become flatter than the other end which remained at-
tached to the silica shell. These morphological changes were also reflected in the plasmonic

properties, which were confirmed by FDTD calculations taking the observed shape as input.
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A less pronounced longitudinal resonance and thus local field enhancement was measured
and calculated at the flatter side. Furthermore, size reduction of the particles was observed,
also for a certain percentage of particles that were not completely deformed yet and at rela-
tively low fluences. Our measurements pave the way towards understanding the deformation
behaviour of single gold nanorods under a mesoporous silica shell constraint and are there-
fore of importance for all the applications where a shell enhances properties, also specifically
for our future project in which we want to tailor the plasmonic resonances of single particles

in 3D photonic assemblies in similar ways as a DVD disk can be written in a 2D fashion.

Methods

Gold nanorods were synthesized following the method of Ye et al.®®

. The average aspect
ratio and volume of the rods were 3.4 + 0.5 and (9.9 + 0.4)- 10*nm?, respectively. The
rods were then coated with a 14nm thick mesoporous silica shell following the method of
Gorelikov and Matsuura®. The coated particles were stored in ethanol. Shell thickness and
particle sizes and the polydispersity were determined by analyzing TEM images of about
330 particles.

In order to achieve local single particle laser-induced heating a Leica SP8 confocal setup
(63x/1.4 oil-immersion confocal Leica objective) equipped with both, a Coherent chameleon
IT Ti:Sapphire laser (80 MHz repetition rate, 140fs pulse length) and a fiber-based white
light laser, was used. For the laser-induced deformations, a drop of the particle dispersion
was dropcasted on a TEM finder grid. TEM images of all particles in a spot of about 12 um
x 12 pm were taken with a TECNAI12 electron microscope. The grid was then placed on a
microscopy slide. Subsequently, glycerol was put on top of the grid to reduce the scattering
of the silica (refractive index of 1.45), while also being close to the index of the immersion

oil and glass (refractive index of 1.51). This sample system was then closed with a 0.1 mm

thick cover glass. The white light laser at the 480 nm laser line was used in reflection mode
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to find back the spot which was looked at by the TEM before and to focus onto the right
z-plane. For the laser-induced heating a thin 3D stack with 2D planes of 11.5 ym x 11.5 um
was scanned by the Ti:Sapphire laser at 860 nm with a pixel size of 22.6nm x 22.6 nm and
a pixel dwell time of 1.2 us (400 Hz scanning speed). The simulated axial and longitudinal
point spread functions for this specific setup can be found in the supporting information.
After illumination the glycerol was removed by drying the TEM grid in vacuum overnight.
The particles of the same spot were imaged in the TEM afterwards. This enabled us to study
the heat-induced deformation on a single particle level and to analyze the same particles be-
fore and after deformation. The method is illustrated in Figure 1a. The time-averaged laser
power was measured by a Thorlabs PM200 powermeter using a Thorlabs S170C microscope
slide power sensor.

EELS measurements were performed on a monochromated aberration-corrected micro-
scope operated at 120kV. Using a monochromator, an energy resolution of 150 meV was
obtained as measured by the width at half maximum of the zero loss peak. For the acquisi-
tion of the plasmon maps, a pixel size of 1.3nm is used with a spectrum collection time of
0.03 s.In order to analyze the recorded EELS data cubes, a power law background subtraction
was performed using Digital Micrograph 2.3.0. Plasmon maps are then obtained using an
energy selecting window that is positioned at the desired energy losses corresponding to the
different plasmon modes. The FDTD simulations were performed with the software FDTD
solutions 8.12.590 from Lumerical Solutions. We used the dimensions as measured by TEM

after deformation for particle 1 in Figure 2b and a mesh size of 0.5 nm.
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