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ABSTRACT Nanostructured particles containing noble metals can have highly tunable
localized surface plasmon resonances and are therefore of particular interest for numerous

applications. Nanoshells comprising a dielectric core and gold or silver shell are a widely \

researched systems because of the strong dependence of their optical properties on the ratio of

core diameter to shell thickness. Although seeded-growth procedures have been developed to

produce these particles, the many reported studies show significant variation in the nanoshell

morphologies and hence optical properties. In order to establish processes that reproducibly
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gold shell on
SiO, core

synthesize nanoshells with high optical quality, it is necessary to develop techniques that monitor changes at the core particle surface during shell growth.

For that purpose, we have carried out in situ nonlinear second-harmonic scattering (SHS) and linear vis—NIR extinction spectroscopy simultaneously during

the seeded growth of gold nanoshells on silica core particles. Qur SHS measurements show a striking variation in the nonlinear optical properties of the

growing gold nanoshells. In comparison with linear optical measurements and with scanning electron microscopy (SEM) images made of gold nanoshells

produced with varying shell completenesses, the SHS signal was observed to reach a peak intensity at a stage prior to shell closure. We attribute this high

sensitivity of the SHS signal to the incomplete nanoshell surface morphology to the generation and subsequent degeneration of regions of electric field

enhancement at gaps between isolated gold islands, which grow and coalesce. This conclusion is corroborated by finite-difference time-domain simulations

of incomplete nanoshells. We suggest that the in situ analytical approach demonstrated here offers significant promise for future activities regarding the

in-process optimization of the morphology and optical properties of metal nanoshells and other nanostructured plasmonic particles.
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nanostructured particles

here is currently considerable interest

in the synthesis and application of

particles with tunable optical proper-
ties based on the localized surface plasmon
resonance (LSPR)."~'° In particular, core—
shell as well as hollow structures comprising
gold or silver are intensively studied be-
cause of their highly structure-dependent
resonances making them relevant for a range
of photonic, optoelectronic, and biomedical
applications.'' ¢ Following the original work
of Halas and co-workers to realize gold'” and
silver'® nanoshells through seeded growth
strategies, numerous reports on synthetic
improvements,'® structure—property relation-
ships,?® and possible applications of such par-
ticles have been published."**' While syn-
thetic metal nanoshells can have very striking
optical properties, bearing close resemblance
to the result of Lorenz—Mie simulations for
perfectly spherical core—shell structures,'”
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a large spread in the quality of results can
be elucidated by careful analysis of the
literature.'™2® This is unsurprising since
the typical synthesis of metal nanoshells
comprises a multistep procedure including
a core particle functionalization step, a seed
nanoparticles adsorption step, and a seed
nanoparticles ripening step. While the first
two steps can lead to poor quality shells due
to incomplete functionalization or seed ad-
sorption, respectively, the latter step, being
an electroless heterogeneous crystal growth
reaction, is already known to be quite sensi-
tive to various parameters including the age
of the precursors and the type of reducing
agent.'®? Nevertheless, to the best of our
knowledge there have been no reported
studies of the nanoshell growth step in situ
and in real time using one or more tech-
niques. Such an investigation would be of
great importance since it would provide a
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means to elucidate the influence of the process param-
eters on the intermediate structures formed and iden-
tify how these can go on to grow into complete nano-
shells with high optical quality.

Microscopic methods such as transmission electron
microscopy (TEM),%”%® scanning electron microscopy
(SEM),?*2° and atomic force microscopy (AFM)*' allow
direct investigations of surface nanostructures with
high spatial resolution. Additionally, methods such as
photoelectron emission microscopy (PEEM)3? are able
to identify geometries with desired plasmonic proper-
ties. While these techniques can easily contribute to a
characterization of surface structures ex situ,"**° in situ
information is not readily attainable as shells are formed
in aqueous suspension. Small angle X-ray scattering
(SAXS) and small angle neutron scattering (SANS) can
give information about particle size, shape, and surface
structures.>*** While the in situ seeded growth of single
phase gold particles has been successfully studied by
SAXS,* the necessary increment in model complexity in
order to represent the growth of many gold islands on a
core particle surface is currently prohibitive.

Because of the striking optical properties of metal
nanoshells, considerable effort has already been made
to compare electrodynamic simulations to experimen-
tal results in order to characterize geometric data such
as shell thickness.>® However, only a few studies have
closely considered the evolution of the optical proper-
ties of such particles going from the seeded core via an
incomplete shell up to a complete shell. A significant
challenge is the rationalization of the three overlaying
effects, namely, the size increase of individual seed
gold particles, the growing together of those seed
particles to form islands with nonspherical shape,
and the electrodynamic interactions between the
growing gold islands. It is clear that numerical ap-
proaches are required, though as shown recently for
a much simpler multicomponent plasmonic system, the
inclusion of polydispersity, a feature of all real systems,
can make the problem of reconstructing experimental
data truly formidable.*” To the best of our knowledge, the
two most significant works are the experimental and
theoretical study of Preston and Signorell”® and the
theoretical study of Pefa-Rodriguez and Pal*® In the
former case, discrete dipole approximation (DDA) simu-
lations of interacting hemispherical gold islands ac-
counted for the shifting and splitting of resonances
seen during the shell growth. In the latter work, DDA
and T-matrix simulations of incomplete nanoshells illu-
strated that potentially useful optical properties may
actually be obtained by avoiding the formation of a
complete shell, a conclusion which will be shared by
the present work. These works underline the need for
deeper experimental study involving more methods than
are currently employed. For this purpose we propose to
combine linear and nonlinear optical spectroscopic
methods for the in situ study of gold nanoshells growth.
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Second-harmonic generation (SHG) is a nonlinear
optical process that is highly interface specific for
materials with inversion symmetry such as liquids, gold,
and silica. Second-harmonic light scattering (SHS) from
interfaces of colloidal particles has thus become a versa-
tile noninvasive tool to probe interfacial molecular
structures>®~*3 and to track surface processes at colloidal
interfaces with high temporal resolution.***® However,
only a few experimental studies of the nonlinear optical
properties of nanoshells exist,>'#” and to the best of our
knowledge in situ SHS studies during nanoshell growth
are still missing. The latter would, however, increase our
level of understanding considerably as SHS can provide a
direct measure of local electric fields*® and is thus a direct
measure of surface structures with high plasmonic field
enhancements.*

In this work we have carried out synchronous in situ
SHS and vis—NIR extinction spectroscopy during the
formation of high quality gold nanoshells on colloidal
silica particles. Characteristic features relating to the
different stages of growth were observed in the SHS
measurement and enabled us to deliberately produce
incomplete shells with maximized second harmonic
generation capability. Our measurements reveal that
in situ nonlinear optical characterization approaches
may offer greater possibilities for the monitoring and
optimization of the synthesis of nanoshells with high
quality linear optical properties and other tailored
metal nanostructures for certain applications.

RESULTS AND DISCUSSION

The seeded growth method to produce gold nano-
shells on silica cores was first reported by Oldenburg
et al."” In this, small gold nanoparticles, produced via
the route reported by Duff,>° are adsorbed to amine-
functionalized silica particles and are ripened by for-
maldehyde reduction of a dark-aged solution of chloro-
auric acid and potassium carbonate (the latter being
referred to here as k-gold). Using the same approach to
produce gold shells on 210 £ 9 nm diameter silica
cores, we carried out a systematic in situ study of the
linear and nonlinear optical properties during the
nanoshell growth. In a first step we determined the
necessary reaction conditions, i.e., seed, k-gold, and
formaldehyde concentration, to produce complete
gold shells with a high quality optical extinction spec-
trum, i.e., one that can be reproduced by Lorenz—Mie
simulations. These conditions were then used in our
initial in situ simultaneous linear and nonlinear optical
study of the growing shell (Figure 1a,fk). Figure 1a
shows a representative SEM image of the final product,
while Figure S1a (Supporting Information) shows a
wider view, confirming the regularity of the particles
produced. The temporal evolution of the optical ex-
tinction spectrum during shell growth is presented in
Figure 1f. A continuous increase in extinction with
reaction time was found across the investigated
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Figure 1. Seeded growth of gold nanoshells on silica core particles studied by SEM, in situ vis—NIR extinction spectroscopy
and in situ second-harmonic scattering (SHS). The final gold coverage was adjusted by the initial concentration of k-gold as
indicated. (a—e) Representative SEM images of the products. Scale bars correspond to 100 nm. (f—j) Evolution of extinction
spectra for selected time steps (in minutes) during the shell growth reaction. The gray spectrum in (f) corresponds to the best
match Lorenz—Mie simulation of a spherical nanoshell. (k—o) Changes in SHS intensity during the reaction measured at a
scattering angle 6 of 20°. Gray lines show the as-measured SHS intensity. Black lines are corrected for losses on the basis of the
extinction data (see Experimental Details). Vertical guidelines correspond to the times indicated in the extinction spectra.

wavelength range. For reasons of clarity the number of
spectra shown in Figure 1f has been limited, the time of
acquisition for each spectrum being noted on the
right-hand side. Corresponding in situ extinction data
with a higher temporal resolution are shown in
Figure S2 (Supporting Information). During early stages
of shell growth (up to around 1.6 min) a feature at
around 550 nm arises in the extinction spectra. This can
be attributed to the plasmon resonance of noncontig-
uous gold nanoparticle assemblies with a limited degree
of plasmonic intercoupling.’**' As growth time pro-
gresses (up to around 2.5 min), the spectral feature red
shifts and broadens, corresponding to both the increas-
ing size and plasmonic intercoupling of the gold parti-
cles on the silica surface. At the final stages of shell
growth at around 6 min, which was identified as the
time after which the spectrum ceased to change further,
a blue shift and emergence of a peak at 680 nm, and
later, a shoulder at 590 nm can be seen. A very broad
feature centered at around 1000 nm is also observed.
This behavior is consistent with ex situ measurements of
Oldenburg et al.,'” Preston and Signorell,’® and others
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and results from the fusion of gold islands on the silica
surface to produce shells that are capable of supporting
higher frequency (shorter wavelength) optical reso-
nances than the structures present in the incomplete
shells. To confirm that gold nanoshells were successfully
produced, we carried out simulations based on an
extended Lorenz—Mie approach, which includes the
possibility to incorporate polydispersity in the core dia-
meter and shell thickness>® To simulate a spectrum
closely matching the final spectrum of our in situ study
(Figure 1f, gray line) we used a mean and standard
deviation core diameter of 210 and 9 nm, respectively,
and a mean and standard deviation shell thickness of 38
and 7 nm, respectively. Only the mean shell thickness
was adjusted during matching of the experimental and
theoretical spectra since all other parameters were
determined by image analysis of SEM micrographs
(Figure S3, Supporting Information). Figure S4 (Supporting
Information) also demonstrates that the inclusion of poly-
dispersity in the core diameter and shell thickness only
serves to broaden the features of the spectrum but
does not shift them.
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We point out that there is excellent agreement
between the extinction spectra of Lorenz—Mie simula-
tions and from our experimental results (see Figure 1f).
For that reason, it is possible to conclude that in our
experiments high quality gold nanoshells were pro-
duced, because smooth and closed shells are prere-
quisite for the application of a Lorenz—Mie approach.
In addition, our approach does also allow the attribu-
tion of the features at 590, 680, and 1000 nm to
octupole, quadrupole and dipole resonances of the
gold shells, respectively. The differences between the
spectra most likely arise from the fact that the pro-
duced shells are rough and contain some defects such
as crevices between parts of the shell that have not
closed during the growth (see Figure S1a, Supporting
Information).

Simultaneous with the in situ extinction measure-
ments of the growing gold shell (Figure 1f), we also
measured the evolution of SHS intensities at a scatter-
ing angle of 20° for p-in and p-out polarizations
(Figure 1k). To aid the comparison of the figures,
vertical lines are shown in Figure 1k at times corre-
sponding to the acquisition of the spectra shown in
Figure 1f. In addition to the raw SHS data (gray lines),
we also show corrected data (black lines). The latter
accounts for changes in SHS intensities due to the
increased extinction at the fundamental as well as
second-harmonic wavelengths (see the Experimental
Details). The SHS intensity during gold shell growth
initially shows a steep increase to a maximum of 2.9 au
after 1.6 min. This maximum is subsequently followed
by a sharp decrease in intensity up to 2.5 min followed
by an increase to about 2.1 au at about 3.8 min.
Following this, the SHS intensity decreases until it
becomes constant at around 1.2 au after about
6 min. Since this time also corresponds to the point
when the extinction spectra (Figure 1f) ceases to
change, we can infer that the gold precursor has been
consumed and the reaction has stopped. We were able
to reproduce the general trend in SHS intensity char-
acterized by a steep increase followed by a decline
several times. However, the second maximum that is
observed after 3.8 min in Figure 1k was not present in
all experiments at the high k-gold concentrations used.
Figure S5 (Supporting Information) provides an exam-
ple for such a case, and comparison of the correspond-
ing extinction spectra with Figure 1f suggest that the
quality of the final shells produced in Figure S5
(Supporting Information) is inferior. This may therefore
explain the absence of the additional peak in the
second-harmonic (SH) signal during growth of those
nanoshells.

The fact that such strong features in the SHS signal
shown in Figure 1k arose during nanoshell growth is
rather surprising and cannot be inferred from the linear
extinction spectra, which show rather gradual changes
to their broad features. This result suggests that at
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intermediate stages of shell growth, morphologies
capable of generating significantly higher SHS signals
than complete nanoshells are being produced. To gain
a deeper understanding of the incomplete shell struc-
tures that are contributing to this phenomenon, we
performed experiments wherein the shell growth re-
action was adjusted in order that it ceased at inter-
mediate stages of growth. We achieved this by
reducing the initial concentration of k-gold in the
growth solution while maintaining the overall volume
constant (see Table 1). In Figure 1, the results of
four different in situ studies of incomplete nanoshells
growth are compared to the data for the growth of
complete nanoshells already discussed above. The
presentation of all data, including selection of repre-
sentative extinction spectra for clarity, has been carried
out in exactly the same way as for the data of Figure 13,
fk. The representative SEM images (Figure 1b—e)
are again supported by larger area micrographs
(Figure S1b—e, Supporting Information). Consistent
with the work of Oldenburg et al.,'” our SEM images
show that as the concentration of k-gold increases,
separated gold seed particles grow in size and form
islands that eventually coalesce into complete Au
shells with a certain degree of surface roughness.
A comparison of the in situ optical extinction data
for different k-gold concentrations (Figure 1f—j) in-
dicates that in general the temporal evolution is
consistent and points to a growth reaction mechan-
ism that is independent of the k-gold concentration.
This is despite the fact that, as can be seen from
the times of the final spectra shown, lower k-gold
concentration generally leads to a much slower
reaction.

Figure 1k—o compares the in situ measured SHS
intensities for the gold shell growth reactions with
different concentrations of k-gold. In all cases, the
SHS intensity is seen to increase rapidly within the first
two minutes of the reaction, consistent with the ob-
servation we already made for the growth of the
complete gold shells (Figure 1k). For k-gold concentra-
tions of 318, 159, and 106 uM (Figure 1Tk—m) the SHS
intensity traces out at least one peak and remains
constant when the reaction is finished. Differences in
absolute SHS peak intensities are attributed to small
variations of the particle concentration for each experi-
ment. However, the ratio between the peak intensity
and the final value can be compared between the
different reactions and is seen to clearly decrease as
the initial concentration of k-gold and thus the final
gold coverage is decreased. This confirms that by
reducing the concentration of k-gold in the reaction,
we can approach an incomplete shell structure that is
close to that which produces the peak SHS signal.
Indeed, for an initial concentration of 53 uM k-gold
(Figure 1n) the reaction has clearly reached completion
before or at the state of maximum SHS intensity, and
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TABLE 1. Reactant Composition for the Synthesis of Gold Nanoshells with Varying Surface Coverage”

sample volume of seeds (uL) volume of k-gold (L) volume of CH,0 (uL) volume of H,0 («L) concentration of k-gold (HAuCl, aq) («M)
a 20 1500 250 0 318
b 20 750 250 750 159
C 20 500 250 1000 106
d 20 250 250 1250 53
e 20 50 250 1450 n

“The sample names correspond to the SEM images in Figure 1.

the SHS signal levels off following its initial increase.
Finally, at 11 uM k-gold it can be seen that both vis—NIR
extinction and SHS intensity (Figure 1e,0 respectively)
continuously increase during the entire course of the
experiment indicating a very slow growth reaction.
Considering the clear evidence that a maximum in
final SHS intensities will be generated when the reac-
tion uses a k-gold concentration between 53 and 106 uM,
we can identify from the SEM images corresponding
to these limits (Figure 1¢,d) the surface morphology
that produces such a strong SHS response. In particular,
gold islands with rather small separation can be seenin
Figure 1d (53 uM k-gold), while these appear to have
mostly coalesced to form larger surface structures in
Figure 1c (106 uM k-gold). We therefore suggest that
the growth and coalescence of these islands leads to the
peak in the time evolution of SHS intensities through the
generation of a strong local field enhancement.
Canfield et al.>® studied the SHG signal arising from
field enhancement in the gaps between orthogonally
arranged gold nanobars. It was found that for relatively
large gap sizes the field enhancement was nearly
constant, while for small gap sizes it increased. Inter-
estingly, the strongest SHG response was found for a
gap size of zero and an anisotropic T-shaped structure.
The field enhancement of irregular shaped gold nano-
stars was investigated by Hrelescu et al>? In their
PEEM study they find local plasmonic hot spots at the
tips of gold nanostars, which can be selectively excited
by the appropriated polarization and wavelength of
the excitation light. McMahon et al.>* investigated
the effect of small gaps for different geometries on
the local electric field and its influence on surface-
enhanced Raman spectroscopy (SERS). In contrast to
Canfield et al., they found a maximum enhancement
inside the gaps. In the present study, the structure of
gold islands on colloidal silica cores that give rise to the
highest SHS intensities are characterized by both
irregular shape and gaps between individual islands
(see Figure 1c,d). Therefore, in view of the related
literature, it is reasonable to attribute the strong SHS
responses observed to a local field enhancement in the
cavities between individual gold nanoislands. This
interpretation is further backed up by Anceau et al.
who investigated the effect of local field enhancement
at nanostructured gold coatings on planar silica sub-
strate by SHG microscopy.*® It was demonstrated that
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the signal obtained from this technique is highly
sensitive to the morphology of the gold surface. During
the formation of the gold nanoshells in colloidal
suspension the situation is not that different from the
one described by Anceau and co-workers. As the gold
nanoparticles grow on the silica surface, gaps between
the initially separate islands form, and plasmonic cou-
pling across these gaps enhance the fundamental field
in or near them. Since the second-harmonic field scales
with the square of the fundamental field intensity, a
strong enhancement of the fundamental field will be
associated with a commensurate strong increase of
SHS intensity. In the course of the shell growth reac-
tion, islands coalesce and form complete shells. Con-
sequently, the gaps between gold islands disappear
and cause a subsequent decrease in local field en-
hancement that is accompanied by substantial de-
crease in overall SH intensity. However, as indicated
by the SEM images in Figure 1a and Figure Sla
(Supporting Information), this reaction leads to gold
shells that are not perfectly smooth but have a certain
surface roughness. Lowering the initial concentration
of k-gold (Figure 1b and Figure S1b, Supporting
Information) results in more open shell structures
where silica cores are covered by large islands sepa-
rated by wide gaps. These islands show a 3D growth
and thus can create deep crevices between them
immediately before they coalesce and form a closed
shell. From the study of planar metallic, e.g., silver or
gold, interfaces it is known that in contrast to smooth
substrates, rough surfaces can give rise to an enhance-
ment of SHG signals by up to 4 orders of magnitude.>
Therefore we suggest that the second, lower SHS peak
measured during complete gold shell growth at
around 3.8 min (see Figure 1k) can be attributed to
enhancement in crevices between large coalescing
gold islands in the final stage of the shell growth. In
the further course of the reaction (3.8—6 min in
Figure 1k), these crevices will be filled up resulting in
a decrease in local field enhancement and thus SHS
intensity.

In order to corroborate our conclusion that the gaps
between gold islands and therefore the surface mor-
phology of incomplete nanoshells can lead to strong
field enhancements, we performed simulations of
the electric field for different surface structures. Simu-
lations were performed by the commercial software
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Figure 2. (a) lllustration of silica—gold core shell structures used in FDTD simulations that comprise a 300 nm silica core and
Au hemispheres with 5, 7.5, 10, 12.5, and 17.5 nm radii (left to right). (b) Visualization of the fourth power of the simulated
relative local electric field (E/Ein)* over the cross section of the particle. (c) Plot of the fourth power of the local relative electric
field integrated over the simulated particles' surface versus the radius of the gold hemispheres at the silica surface. The line is

included as a guide to the eye.

FDTD solutions (Lumerical Solutions, Inc.), which solves
Maxwell's equations based on the finite-difference
time-domain (FDTD) method on 3D geometries. The
geometry used for our simulations was composed of a
singlessilica sphere covered by a large number (2000) of
randomly distributed gold hemispheres. The latter
morphology of gold islands was selected, partly be-
cause of the proven success of the assumption in a
previous report'> and also because of the fact that TEM
studies of gold islands on particles with similar func-
tionality have been observed to wet the core particle
surface rather than form spheroidal particles.>®

The number of hemispheres was chosen to mimic a
situation with a large number of individual particles
with a small size that is similar to the experimentally
observed situation as shown in Figure 1e. While both
size of the silica sphere and position of gold hemi-
spheres were fixed for each simulation, the size of each
gold hemisphere was varied, resulting in different
degrees of coverage. Figure 2a presents the geome-
trical assemblies of some silica core and gold hemi-
spheres that have been used in our simulations.

Results of our FDTD simulations are shown in
Figure 2b,c. As the experimentally measured SHS
intensity scales with the fourth power of the funda-
mental electric field, we present in Figure 2b a cross-
section through the particle showing the fourth power
of the local electric field at an excitation wavelength of
800 nm. Bright areas correspond to a strong field
enhancement. Although this visual comparison is qua-
litative, it is clear that for the case of 10 and 12.5 nm
hemisphere radii, hot spots and thus large local values
for (E/Einc)* can be observed. However, both lower and
higher degrees of coverage appear to lead to rather
lower field enhancements. Figure 2c presents the
fourth power of the relative electric field integrated
over the entire surface as a function of gold nanopar-
ticle radii. A clear increase and then decrease of (E/Einc)*
can be observed. In particular, the peak in (E/Eind)*
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appears to be close to where gold hemispheres coa-
lesce together. This trend is therefore consistent with
our in situ measurements of SHS from growing gold
shells as well as our interpretation regarding the gen-
eration of local field enhancement. However, whether
individual hot spots can dominate SHS signals or not is
not obtainable by this rather qualitative comparison of
simulations and experiments. As strong local fields at
certain locations can give rise to local SH signals, it is
likely that similar signals from the opposite side of the
core particle are out-of-phase and hence interfere
destructively. Therefore we expect that our SH mea-
surements underestimate the actual field enhance-
ment at the particle surface. The strength of this
effect will depend on the ratio of particle size, shape,
and wavelength as described by Wang et al.>”

CONCLUSION

In conclusion, the seeded growth of gold nanoshells
on silica cores in colloidal suspension has been studied
in situ by simultaneous second-harmonic light scatter-
ing (SHS) and extinction spectroscopy. During shell
growth, SHS intensities reached a maximum at an
intermediate reaction stage where incomplete shell
structures comprising gold islands covering the silica
cores were observed. This intermediate maximum was
followed by a substantial decrease in SHS intensity
when closed shells were formed. FDTD simulations
indicated a strong enhancement of local electric fields
when the gold shell was incomplete and presented
gaps between individual metal islands. As the SHS
intensity depends on the fourth power of the funda-
mental electric field, we attribute the time evolution of
SHS intensities during the shell growth to a generation
and subsequent “growing out” of surface sites with
strong local field enhancements. To the best of our
knowledge this is the first time that an evolving
property of plasmonic particles resulting from strong
electromagnetic field enhancement has been studied
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in situ during particle synthesis. We expect that appli-
cation of the analytical approaches introduced here
will lead to substantial improvements in control over
synthesis conditions and final product properties for a

EXPERIMENTAL DETAILS

Gold Nanoshell Synthesis. For the formation of gold nanoshells
we used a procedure similar to that of Oldenburg et al.'” In the
present work, only the final shell growth step of the synthesis
was examined. The preceding steps comprise the synthesis of
silica particles with a diameter of 210 nm according to the
method of Stober®® followed by functionalization with an
organosilane  (3-aminopropyltriethoxysilane, Sigma-Aldrich,
>98%). The latter treatment results in a reversal of surface
charge and thus provides silica particles with a zeta potential of
about +66 mV (Zetasizer Nano ZS, Malvern Instruments, UK).
The amine functionality enables, in the following step, nega-
tively charged gold nanoparticles synthesized according to the
method described by Duff et al.> with an average diameter of
about 2 nm to be attached to the surface of the silica. Non-
adsorbed gold nanoparticles were removed in multiple cycles
of centrifugation (10 min at 5000 rcf), decantation and redis-
persion. Although only the gold nanoparticles attached to the
surface are believed to provide metal growth sites, in the
following the whole gold nanoparticle decorated silica particles
are referred to as the seed. Ripening of the seed into gold
nanoshells was achieved by mixing them with a dark-aged
solution of chloroauric acid (375 uM, Gold(lll) chloride hydrate,
Sigma-Aldrich) and potassium carbonate (1.8 mM, Carl Roth)
(referred to as k-gold). The shell growth reaction was initiated by
adding 3.7% formaldehyde solution (Carl Roth, diluted from a
37% solution with ultrapure water) as a reducing agent under
rapid stirring. The diluted formaldehyde avoids the generation
of high local concentrations of formaldehyde causing inhomo-
geneous reaction conditions. For different degrees of gold
coverage the concentration of k-gold was varied, while the
total reaction volume and the particle concentration, respec-
tively, were kept constant by adding water. The composition
of the different reactant solutions can be found in Table 1.
Herein the maximum concentration of k-gold (318 M) results in
a complete gold shell, whereas for smaller concentration in-
complete gold coverage is obtained.

In Situ SHS/Linear Extinction Measurements. The setup used for
the in situ SH scattering and linear vis—NIR extinction measure-
ments has been described in detail previously.®® SHS experi-
ments were performed with a Ti:Sapphire laser (Tsunami,
Spectra-Physics) operated at a wavelength of 800 nm and
80 fs pulse duration. The polarization of the laser beam was
adjusted with a half-wave plate (Thorlabs, AQWP05M-980). The
beam was focused by a lens (f = 50 mm) into the center of a
cylindrical quartz glass cuvette with an inner diameter of
8 mm. A small magnetic stir bar (7 x 2 mm) was used to provide
homogeneous reaction conditions inside the cuvette as well as
to prevent sedimentation. After passing the sample, scattered
light was led through a set of spectral filters (Schott, BG39;
L.O.T-ORIEL, ET402/15X) and a Glan-Laser polarizer (Thorlabs, GL5-A)
in order to selectively detect SH light of a specified polarization.
The SH light was detected by a photomultiplier tube (Hamamatsu,
R7205-1) and recorded by a photon counting unit (Hamamatsu,
C3866). Optical filters and photomultiplier tube were mounted to a
motorized goniometer stage. This setup allows for a detection of
SH light at well-defined angular positions. In order to increase
angular resolution SHS signals were detected from solid angle of
3°, only which was achieved by the integration of a suitable
aperture. The SH signals were averaged over 50 subsequent
measurements where each measurement had an acquisition time
of 50 ms. A fiber coupled light source (Ocean Optics, DH-200-BAL)
powering a vis—NIR spectrometer (Avantes, AvaSpec-ULS3648)
allowed the acquisition of the extinction spectrum synchronized
with the SHG signal. The combination of both techniques allowed
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wide range of similar reactions as well as self-assembly
processes and thus contribute to the optimization of
procedures for the fabrication of nanostructures with
enhanced properties.

for a temporal resolution in the range of seconds. Besides provid-
ing additional linear spectroscopic information, the in situ mea-
sured extinction spectrum enables an important correction of the
SH signal. It has been shown previously that the SH intensity
depends not only on the properties of the interfacial layer of
colloidal particles, but also on effects of linear light scattering and
absorption."° In other words, photons of the fundamental laser
beam are absorbed or scattered on their way to the focal volume
before being able to generate SH photons. Similarly, SH photons
are absorbed or scattered on their way to the detector. In the
present case the optical density remains in a regime describable by
Lambert's law. Thus, by tracking the optical density by extinction
spectroscopy during the growth and under the assumption that
SHG essentially takes place in the focal region in the center of the
cuvette, the influence of the linear optical properties can be
corrected by eq 1:

1
ho = ho,det - €Xp (ESOOnm + 5 E400nm> (1)

Here, I, det is the detected SH intensity, I, is the corrected SH
intensity, and E; is the extinction at either the fundamental or the
second-harmonic wavelength. In order to maintain the validity of
the correction described in eq 1 and to limit the heat input by the
laser beam, the in situ gold nanoshell synthesis was carried out
under diluted conditions compared to the original recipe de-
scribed by Oldenburg."”

Ex Situ Characterization. SEM pictures of the final products
were recorded with a Zeiss Gemini Ultra 55 field emission
scanning electron microscope.
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