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Thesis Scope

The work presented in this thesis focuses on the preparation of new types of gold
Janus nanoparticles using different approaches. The morphological changes in-
duced to the particles were determined using transmission and scanning electron
microscopies, and were correlated to changes in their optical properties. Addi-
tionally, computer simulations of the optical properties were carried out in order
to compare experiments with theory. Directed self - assembly of these particles is
also presented, showing some potential applications as surface enhanced Raman
scattering (SERS) reporters. The content of each chapter is briefly justified in the
following.

The first half of this thesis was carried out in the Colloid Chemistry group (Univer-
sity of Vigo) and the second in the Bionanoplasmonics Laboratory at CIC bioma-
GUNE (San Sebastián). In fact, both groups were led by the same person and
therefore in both places the research activity is mainly focused on the synthesis
and assembly of metal nanoparticles (mainly gold and silver) for sensing applica-
tions. A broad variety of particles with shape and size control have been developed
in these groups, which allowed a fine tuning of the optical properties showed by
these colloids in the UV - vis -NIR regions of the electromagnetic spectrum. A lit-
erature review reveals the recent interest on Janus particles, exhibiting different
properties on each side, with potential applications in self - assembly for preparing
new structures, in catalysis, detection, etc. Therefore, taking advantage of groups’
experience, gold - silica Janus nanoparticles were prepared during this thesis using
colloidal methods in solution. Gold was chosen due to its chemical stability com-
pared to silver, so that the nanoparticles preserve their optical features for longer
periods of time, together with silica, mainly to provide electrostatic colloidal sta-
bility to the system. The primary objective of this thesis is thus the preparation
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2 Thesis Scope

of new types of Janus particles and the control of their self - assembly to improve
their capabilities for SERS applications.

In Chapter 2, the preparation of gold semishells with a spherical silica core of
495 nm is described. The process is based on the partial functionalization of the
silica cores using wax in water Pickering emulsions to mask partially the silica
surface. The subsequent seeded growth of attached gold seeds leads to the final
gold - silica semishells. On a related work, gold nanowires were grown over silica
spheres (Chapter 3), opening the way to adapt the process for obtaining Janus like
particles in the near future. For both systems we carried out simulations of their
optical properties to correlate experiments with theory.

The preparation of Janus nanoparticles using mesoporous thin films with differ-
ent pore sizes as templates on gold branching has also been explored (Chapter
4). An extensive characterization of the films is shown, comprising transmission
and scanning electron microscopies, TEM and SEM respectively, environmental
ellipsometric porosimetry (EEP) and 2D - SAXS.

Janus nanostars were prepared by combining different approaches to synthesize
Janus particles in solution: the self - assembly of different ligands over a metallic
surface; the growth of a silica mask and the seeded growth of gold branches over
the exposed metal surface (Chapter 5). The structure of the resulting Janus nanos-
tars was studied in detail by means of high resolution transmission and scanning
transmission electron microscopies, HRTEM and STEM respectively. Chapter 6
describes the self - assembly of gold - silica Janus particles with small gold spheres to
form Janus satellites and dimers. Their capabilites as SERS substrates for imaging
is also presented.

As a whole, this thesis is expected to represent a significant advancement in the
preparation of new Janus metal nanoparticles, regarding the synthetic methods
developed, the optical characterization together with the simulations and the final
SERS imaging applications derived from their unique self - assembly behaviour.
The presented results could have important applications in several fields, such as
in catalysis, biosensing or the generation of new self - assembled structures.



Chapter 1

General Introduction

This Introduction section is divided into two different parts. The first part basically
comprises the definition of various concepts treated in this PhD thesis like: the
directed self - assembly of nanoparticles; the optical properties of metallic particles,
the surface enhanced Raman Scattering (SERS) technique and mesoporous thin
films. This will be followed by a deeper discussion of the synthesis, properties and
applications of metallic Janus nanoparticles.

Prior to starting with the definition of the different concepts mentioned above, the
basic materials used during this PhD thesis should be introduced. Gold and silicon
oxide have been largely employed for the preparation of a plethora of different
nanoparticles. This noble metal has not only been selected due to its exciting
optical properties (see Section 1.2), i.e. surface plasmon resonances in the visible -
NIR region of the electromagnetic spectrum,[1] but also due to its chemical stability,
being difficult to oxidize as compared to other metals like silver or copper. These
characteristics have set the focus of scientists on gold nanoparticles synthesis during
the past few decades, producing particles of almost any imaginable shape.[2, 3]
Considering the properties of gold and that the investigation described in this PhD
thesis was developed in a group that is specialized mainly on gold nanoparticles
synthesis, assembly and study of its optical properties, gold was chosen to take
advantage of the experience of the group and therefore to have a solid base for
preparing the more complex structures that will be shown in the following sections.
The role of silicon oxide when accompanying gold nanoparticles is mainly to provide
electrostatic stability to the colloidal dispersion, avoiding undesired aggregation.
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4 1. General Introduction

Moreover silicon oxide has been used as a colloidal support when preparing gold
semishells, as a planar template with mesoporous films or as a masking group with
gold - silica nanostars and hybrid satellites. In addition, silicon oxide has shown
chemical stability in organic and aqueous media, as well as biocompatibility for the
potential future biological applications of some of these systems.[4]

1.1 Directed Self - Assembly of Nanoparticles

Self - assembly of nanoparticles (also applicable to molecules, polymers or macro-
scopic particles) is related to the process by which they spontaneously organize
through direct interactions or indirectly due to the environment.[5] The forces
involved in this process might need some help by means of the rational use of
Chemistry, external fields or surfaces, leading to the directed self - assembly of
particles.[6] Nanoparticle directed self - assembly and the derived applications will
be briefly discussed in this section.

In Fig. 1.1 are summarized some approaches for directing nanoparticle self - assem-
bly using molecular interactions, i.e. Chemistry, on different gold building blocks:
spheres, rods and wires. When working with nanoparticles, specially with metallic
nanoparticles due to larger attractive forces, one fundamental aspect is the col-
loidal stabilization to avoid floculation or aggregation. Nevertheless when directing
self - assembly the aim is to produce the opposite effect, a controllable bottom - up
nanofabrication in which the union of the particles by commonly weak and specific
forces is mandatory to obtain the desired structures. This implies the use of stimuli
to control the intermolecular interactions of the ligands covering the particles or
on top of predefined templates: temperature, pH, redox activity, light or polarity
of the solvent.[6] In template - free directed self - assembly temperature - sensitive
DNA can induce controlled aggregation into particles clustering [7, 8] or producing
two - dimensional superlattices [9] via hydrogen bonding, whereas light - sensitive
azobenzens can form colloidal crystals [10] via molecular dipole - dipole forces (Fig.
1.1 A -D). Tuning the volume fraction of different solvents can lead to the assembly
of gold nanorods into low symmetry clusters,[11] chains [12] or spherical structures
(Fig. 1.1 H - J).[12] Carbon nanotubes can also self - assemble into bundles via H -
bonding due to changes in solvent polarity (Fig.1.1 K).[13] A template is thus an
object that serves as a scaffold onto which particles can be arranged in a structure
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complementary to that of the template, like macromolecules,[14] carbon nanotubes
[15] or block - copolymers (Fig. 1.1 E -G).[16]

The use of external fields to direct the self - assembly of particles is a promising tool
due to scale - up capabilities in bottom - up fabrication. Nevertheless its greatest
power implies the combination of magnetic and electric fields with flows, specially
when using particles with asymmetric properties like Janus particles (see Section
1.5).[17, 18] Another route comprises the use of interfaces as templates, based on
the reduction of the interfacial energy when particles are there located and where
lateral capillary forces control the assembly.[19]

After the main procedures to direct the self - assembly of nanoparticles have been
introduced, the next question that shows up is: why is this important? The main
goal is to obtain materials with new structures and therefore new properties and
applications. For example, Granick’s group has shown the preparation of a colloidal
crystal with a complex kagome lattice exhibiting both hydrophobic and hydrophilic
pores.[20] With metal nanoparticles, showing plasmon resonances (see Section 1.2),
when the metal parts are in close proximity there is a huge enhancement of the
electric field close to the particles forming the so called hotspots, with potential ap-
plications in imaging, sensing (see Section 1.3), catalysis, theranostics or as mirrors,
among others.[21, 22]

1.2 Optical Properties of Metal Nanoparticles

Michael Faraday reported in 1857 a systematic study on the synthesis of gold col-
loids and their respective colors.[23] This opened up the way and has maintained
occupied scientists to this day developing a broad variety of synthetic protocols to
produce nanoparticles with the desired size, shape and surface properties. The op-
tical properties of metal nanoparticles are strongly affected by their composition,
size and shape, but are also sensitive to their aspect ratio,[24] the environment
[25] and the distance to other metal particles.[26] For example bulk gold shows a
yellow color in reflected light, but in transmission thin films look blue, becoming
more reddish as the particle size is reduced to ca. 3 nm.[26] This phenomenon is
the result of the interaction of the oscillating electric field of an electromagnetic
wave with the metal nanoparticles, which induces a dipole over the metal surface
and makes the conduction electrons oscillate to restore the equilibrium electron
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Figure 1.1. Summary of directed self - assembly by molecular interactions. Available
building blocks are classified in terms of aspect ratio (AR), ranging from AR=1 (isotropic,
mostly spheres (A -G)) through 1<AR<15 (rodlike (H - J)) to AR>15 (wires (K)). Self -
assembly of gold nanoparticles on templates (macromolecules (E); carbon nanotubes (F);
block - copolymers (G)) can lead to geometries that are complementary to those of the tem-
plates. In template - free self - assembly, stimuli responsive molecules adsorbed on NPs sur-
face induce controlled aggregation. Temperature - sensitive DNA can induce particles clus-
tering (A, B) via H - bonding or induce formation of two - dimensional superlattices (C),
whereas light sensitive azobenzenes induce formation of colloidal crystals (D) via molecular
dipole - dipole interactions. Hydrophobic interactions can induce assembly of nanorods into
low symmetry clusters such as (H) chainlike structures (I) or spherical objects, (J) by tuning
the volume fraction of the different solvents. Similarly, highly anisotropic carbon nanotubes
undergo assembly into bundles via H - bonding induced changes in the medium polarity (K).
Finally, hierarchical self - assembly can be achieved using preformed assemblies as building
blocks. Reproduced with permission [6] Copyright 2010, American Chemical Society.
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distribution (Fig. 1.2 A). Thus, when resonance is achieved it is known as localized
surface plasmon resonance (LSPR).[27] Gold, silver, copper and alkali metals show
plasmons in the visible region of the spectrum, giving their intense characteristic
colors. This optical phenomenon is not limited only to these metals, since recently
has been reported the presence of plasmons in the NIR region on vacancy - doped
semiconductor nanocrystals such as copper chalcogenides.[28, 29, 30] It is worth
noting that when metal nanoparticles are sufficiently close to each other, a larger
enhancement of the electromagnetic field is produced at the interparticle gaps when
exposed to an external light, with applications in photonics, photocatalysis or sur-
face enhanced Raman scattering (see Section 1.3).

At the beginning of the 20th century Gustav Mie found an analytical solution to
Maxwell’s equations for spheres to explain their optical properties.[31] The extin-
tion cross section Cext for a metal particle, with a wavelength - dependent dielectric
function ε (λ) = ε′ (λ) + i ε′′ (λ) in a medium of dielectric constant εm, is given (af-
ter some simplifications for very small particles) as: [32]

Cext = 24π2R3ε
3/2
m

λ

ε′′

(ε′ + 2εm)2 + ε′′2
(1.1)

being R de radius of the particle and ε′ − ε′′ the real and imaginary parts of
the dielectric constant, respectively. From equation 1.1 it can be predicted that no
absorption is produced when ε′′ = 0 (particles do not absorb) or ε′′ = ∞ (particles
reflect all the radiation); and there is an absorption peak when ε′ = −2 εm if ε′′

is small. A similar expression was derived by Gans for ellipsoids, [33] but for more
complicated geometries it is necessary to solve Maxwell’s equations using numerical
methods like Discrete Dipole Aproximation (DDA), Boundary Element Method
(BEM), or the more recent Surface Integral Equation -Method of Moments (SIE -
MoM), among others.[34, 35] DDA and BEM give solutions of the electromagnetic
field in response to an incident electric field in the frecuency domain. DDA needs
the representation of the studied object as a cubic lattice of N polarisable point
dipoles occupying a certain position with its characteristic polarizability, with no
geometry and composition limitations.[36, 37] Nevertheless, with BEM the object
is described as a set of N points at the boundaries.[38] The main advantage of BEM
shows up when simulating objects with axial symmetry, reducing the dimensions
of the system from the surface boundary to the contour, therefore minimizing the
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Figure 1.2. Electromagnetic enhancement in SERS. (A) A gold nanoparticle acts as a
nanoantenna by excitation of a dipolar localized surface plasmon resonance (LSPR). (B)
Both the “incoming” field (ωinc, green) and the “outgoing” field (ωinc − ωvib, orange) are
enhanced by elastic light scattering off the LSPR - supporting metal nanostructure (only
shown the Stokes Raman Scattering). Adapted with permission from reference.[46] Copy-
right 2014, John Wiley & Sons.

number of points and the computationl time. With the SIE -MoM method only
the boundaries have to be parameterized, like in BEM, but the implementation of
the multilevel fast multipole algorithm (MLFMA) combined with the Fast Fourier
Transform (FFT) greatly reduces the computational costs allowing the treatment
of more complex systems.[35]

1.3 Surface Enhanced Raman Scattering

Surface enhanced Raman scattering (SERS) was first observed in 1974 [39] for
pyridine adsorbed over a silver electrode, but the phenomenon was not correctly
interpreted until several years later.[40, 41, 42, 43] This technique passed through
time without receiving any special interest, however in 1997 two groups presented
independently single -molecule SERS detection and since then it has experienced
a great development.[44, 45]

The main drawback of “normal” Raman scattering spectroscopy is the low signal
intensity obtained. SERS is a type of Raman scattering in which signal intensi-
ties are greatly enhanced in the presence of a metal. Two main mechanisms are
responsible for this enhancement: the electromagnetic mechanism (EM, Fig. 1.2
B), which can produce an enhancement up to ∼ 106, and the chemical mecha-
nism, that provides up to ∼ 102 enhancement.[27, 47, 46] In Section 1.2 LSPRs
were described, showing that this phenomenon produces a dipole over the metal
particle and an increse of the local electric field Eloc(ωinc), acting the particle as
a nanoantenna. This dipole can also induce a dipole µind over a molecule close to
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the surface, being proportional to the polarizability of the molecule αmolecule and
the local electric field:

µind = αmolecule · Eloc(ωinc) (1.2)

Considering that the Raman intensity can be written as:

I = |α|2
(
|Eloc|
|Einc|

)4
(1.3)

a small increase of Eloc(ωinc) with respect to the incoming electric field Einc leads to
large Raman signal enhancements. This is a brief description of the EMmechanism,
which is the main responsible for SERS enhancement. The chemical mechanism
also contributes, and it is mainly due to charge transfer between the metal and
the molecule. SERS is an exclusively surface effect because the intensity of the
electric field decays with the distance as E (r) ∼ r−3, and consequently the Raman
intensity decays as ESERS (r) ∼ r−12. Moreover SERS is sensitive to the spacial
orientation of the molecule: flat, tilted and perpendicular orientations with respect
to the surface yield different spectra.

The experimental determination of the enhancement factor (EF) can be calculated
as the ratio between the SERS intensity ISERS and the Raman intensity IRAMAN of
the analyte in solution, normalized to the number of adsorbed molecules (NSERS ,
SERS) and molecules in solution (NRAMAN , normal Raman):

EF = ISERS/NSERS

IRAMAN/NRAMAN
(1.4)

which is often complicated because of the uncertainty in the exact number of ad-
sorbed molecules.

The most employed metals in SERS are gold and silver. The latter is plasmoni-
cally more active, thus giving higher EFs, and being preferred for single -molecule
detection. On the other hand, gold is chemically more inert, being optimal for
applications where chemical stability is important. It has been found that for sin-
gle silver particles an EF 6 104 can be obtained,[48] which is however not enough
for single molecule detection. So how can it be improved? In Section 1.2 was de-
scribed that when two or more plasmonic particles are close together, the intensity
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of Eloc(ωinc) in the gap is extremely enhanced (hotspot), leading to EF ≥ 106.
Wustholtz et al. determined the optimal distance as 1 nm for the largest EF, be-
ing this extremely dependent on gap distance and independent of the aggregation
state.[49]

1.4 Mesoporous Thin Films

Porous materials can be categorized depending on their pore diameter (d) as: mi-
croporous (d<2 nm), mesoporous (2<d<50 nm) and macroporous (d>50 nm).
Mesoporous oxides can show highly ordered monodisperse pores with a high sur-
face per weight ratio (100 - 1000 m2 / g), and can be prepared by combining two
processes: sol - gel reactions for the inorganic material and the self - assembly of
amphiphilic molecules acting as pore templates. These materials can be applied in
catalysis, sensing, optical devices, separation processes, etc.

The sol - gel process implies the hydrolisis of a metal alkoxide (or an anion) to
give the intermediate hydroxy compound (equation 1.5), yielding the final mate-
rial by its condensation (equation 1.6).[50, 51] Hydrolisis of silicon precursors is
a slow process, which can be catalysed in acidic or basic media. However, with
other transition metals like titanium the process is often too fast, being necessary
extremely acidic media or the presence of chelates to make it slower. As a sum-
mary, the speed of the process depends on: the metal precursor, the solvent, the
pH, the presence of catalysts or chelates and the concentration of all species. By
control of the hydrolysis one can tune the size, shape and surface properties of the
mesoporous material. On the other hand, the size of the pore is determined by
the amphiphilic molecule acting as a template. There are many examples in the
literature: cationic, anionic or gemini surfactants, block - copolymers, etc.

M − OR + H2O → M − OH + ROH (1.5)

M − OH + XO − M → M − O − M + X − OH (1.6)

X = H or R

The first report of the synthesis of a mesoporous material was in 1971.[52] However
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until the Mobil Oil Corporation in 1990s showed the preparation of ordered meso-
porous silicon oxide materials, there was not a huge development in the field.[53, 54]
Barely a few years later studies of the formation mechanism [55, 56, 57] and the
first examples of mesoporous materials with different oxides [58, 59] and transition
metals [60, 61, 62] were reported.

The preparation of mesoporous thin films (ca. 100 nm) have increased the possible
applications of these materials.[63, 64] A wide variety of synthetic approaches have
been employed for their preparation, such as spin coating,[65, 66] using interfaces
[67, 68] or dip coating,[69, 70] the latter leading to the development of the evap-
oration - induced self - assembly technique (EISA), which allows the preparation of
highly reproducible mesoporous thin films.[71]

1.5 Janus and Patchy Nanoparticles

The tremendous recent development in the production of isotropic nanomateri-
als has provided access to nanoparticles with pre - selected composition, shape, size
and functionality. Beyond the multiple applications found for these nanostructured
materials, the early work by Casagrande et al. and subsequently De Gennes’ Nobel
lecture, opened the way for exploring new types of particles comprising multiple
compositions and functionalities.[72, 73] Patchy particles can be defined as par-
ticles with one or more well - defined patches, displaying strongly anisotropic and
directional interactions.[74] Janus particles, named after the two faced Roman god
Janus (Fig. 1.3), can be considered as a special type of patchy particles with only
one patch that covers half of the particle. Having different properties at opposite
sides enables these particles to mimic the behavior of surfactant molecules, leading
to completely new self - assembled structures, with many more possibilities than
those found in isotropic particles. Such possibilities rely on a strict control over
the balanced forces involved in colloidal stability, to form clusters with predefined
size, shape and properties.[75, 20, 76]

In the next sections the general synthetic procedures for the preparation of Janus
and patchy particles will be discussed. Although the focus is on metallic Janus
particles (containing at least one metal in the zero oxidation state), particularly
relevant recent papers on the synthesis of non -metallic particles will be also high-
lighted. For a deep discussion of this topic, several recent reviews might be
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Figure 1.3. Representation of the Janus Roman god as two faces looking at opposite sides
(Vatican Museum).

consulted.[77, 78, 79, 80] In general, the preparation of Janus particles can be
summarized in (but not limited to) three general approaches: phase separation,
masking and self - assembly.[77] The first method mainly involves the preparation
of polymeric Janus particles through emulsion polymerization, seeded growth and
microfluidics.[81, 82, 83, 84, 85, 86] Masking processes are based on the partial
protection of preformed particles by adsorbing them onto either a flat substrate,
a larger particle or an emulsion droplet, so that the exposed surface can be fur-
ther functionalized while maintaining the protected side unchanged.[87, 88, 89, 90]
Self - assembly techniques entail the organization of block copolymers in solution or
a mixture of incompatible ligands at the particle surface.[91, 92] We finally show
an overview of the main properties and applications of metallic Janus particles,
derived in most cases from their metallic components, such as: optical response,
catalysis, self - assembly, drug delivery, etc.

1.5.1 Preparation of Non -Metallic Janus Particles

The phase separation route has been extensively used for the synthesis of non -
metallic Janus particles. For example, Feyen et al. developed a seeded emulsion
polymerization method for the preparation of Fe3O4 − polystyrene (PS) − SiO2

hollow mushroom - like nanoparticles (Fig.1.4 A).[81] In this process, magnetite
nanoparticles were first partially encapsulated through polymerization of styrene
and a silica shell was then grown over the exposed Fe3O4 surface, which yielded
mushroom - like particles. By subsequently leaching the iron oxide core with hy-
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Figure 1.4. (A) TEM image of a Fe3O4 − PS − SiO2 hollow mushroom - like nanoparti-
cle after leaching the 9 nm magnetite core with HCl. (B) SEM and TEM (inset) PS − SiO2
Janus particle. (C) Optical image of black - green photonic balls; scale bar 200 µm. (D)
TEM image of a triblock terpolymer Janus cylinder and schematic representation (inset).
(E) Fluorescence microscopy image of a thiolated non - conductive magnetic bead function-
alized with fluorescein isocyanate Immunoglobulin G, IgG(FITC); scale bar 5 µm. (F) TEM
image of Janus cross - linked knedel - like polymeric shell particles labeled with 2 nm Au
nanoparticles, scale bar 100 nm (inset, schematic representation).

drochloric acid, the final hollow structures were formed. Identical results were ob-
tained for α− Fe2O3 particles, which indicates that the silica shell grows selectively
over the exposed oxide surface of the iron oxide particles, even when an excess of
reactants is used. Interestingly, similar magnetic PS − SiO2 Janus particles were
also obtained by ultrasound - assisted one - pot dispersion polymerization.[93] An-
other seeded polymerization approach has been exploited, mainly by the groups
of Weitz [82] and Zukoski,[83] where polymer particles were used as seeds and
swollen with monomers, which were then polymerized, leading to the formation of
a protrusion over the seed. Tang et al. synthesized snowman - like polyacryloni-
trile - polystyrene (PAN -PS) particles by growing a PS sphere onto the surface of
preformed PAN hollow seeds.[94] They further hydrolyzed the PAN with sodium
hydroxide to attach magnetite particles or to grow a TiO2 or SiO2 layer (Fig. 1.4
B).

Great effort has been made during the last decade to scale up the phase separa-
tion production of Janus particles. Many groups have applied microfluidics to this
purpose with remarkable results.[95, 96, 97, 98, 99, 100, 101] Examples include the
preparation of colored Janus microspheres with electroresponsive photonic proper-
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ties [99] using a microfluidic device with two microcapillaries, containing on one
side silica particles dispersed in ethoxylated trimethylolpropane triacrylate resin
(ETPTA) and on the other side silica and carbon - black particles dispersed in
ETPTA. In the annulus there was a surfactant in water stream to detach the
formed droplets from the tips of the inner capillaries and stabilize them. The par-
ticles were finally solidified under UV exposure (Fig. 1.4 C). The black color was
due to the presence of carbon - black particles, and red or green was formed by
the self - assembly of the silica particles into a face - centered cubic (fcc) lattice (a
photonic crystal) within the resin, therefore the final color could be tuned through
variation of the size and volume fraction of the silica particles. The presence of
carbon - black particles additionally provided electrical anisotropy, necessary for ap-
plication in displays. Another example of biphasic particles is the work of Lahann
and co -workers, who used a continuous flow device based on an electrohydrody-
namic co - jetting method for continuous production of a variety of morphologies
and compositions.[102, 103, 104]

The self - assembly of block copolymers has been largely explored for the prepa-
ration of amphiphilic nanostructures. Of particular significance is the work by
the Müller group, who recently reported the self - assembly of a triblock terpoly-
mer to obtain Janus spheres, cylinders, ribbons and lamellae.[91] This required
the preparation by anionic polymerization of the poly(tert - butoxystyrene) - block -
polybutadiene - block - poly(tert - butyl methacrylate), prior to its self - assembly
via film casting. Further photo - cross - linking with Lucirin TPO, Janus cylinders
were obtained (Fig. 1.4 D). Interestingly, if the film was swollen in acetonitrile and
then cross - linked with S2Cl2, undulated lamellae were formed, but a mixture of
acetonitrile : decane (1:1) allowed them to obtain nonundulated lamellae. Addition-
ally, swelling the films with tertbutanol, which is a bad solvent for polybutadiene
but good for the end blocks, led to Janus spheres upon cross - linking.

Masking techniques involve the protection of one part of a preformed particle to se-
lectively functionalize the exposed face. Protection can be carried out by adsorption
over flat substrates [105] or particles,[106] by microcontact printing methods [107]
and with Pickering emulsions.[108] As an example, Eriksson et al. recently reported
the electrochemical oxidation of thiolated non - conductive magnetic beads.[105]
These particles were magnetically attracted to the interface between a working
electrode and the solution and applied a potential to oxidize the thiol groups close
to the electrode into the more reactive thiolsulfinates or thiolsulfonates. The asym-
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metry was visualized under a fluorescence microscope, by selective functionalization
of the oxidized surface of the beads with fluorescein isocyanate Immunoglobulin G,
IgG(FITC) (Fig. 1.4 E). Repeated electrochemical oxidation allowed the authors
to obtain particles with additional patches. A cyclic procedure was also applied for
the preparation of Janus polymeric spheres using gold particles as templates.[106]
Azide - functionalized 22 nm polymeric particles were attached to 46 nm alkyne -
modified gold nanoparticles by a click reaction, and Janus polymeric particles with
a thiol - end patch were then collected by the addition of excess alkynil thiolended
ligands, recovering also the gold templates for additional experiments. Shown in
Fig. 1.4 F are images of these Janus polymeric particles, after attachment of 2 nm
gold particles on the thiol functional groups.

1.5.2 Preparation of Metallic Janus Particles

Bifunctional Metallic and Metal -Metal Janus Particles

It has been shown that a mixture of ligands can self - assemble in different fashions
at the surface of metallic nanoparticles,[109, 110, 111] leading in certain cases to
the formation of metallic Janus particles by simply adding suitable competitive
ligands to a solution containing the metallic nanoparticles.[112, 113, 114, 115] A
recent example is the formation of gold amphiphilic particles.[92] Andala and co -
workers used 9.2 nm gold spheres stabilized with dodecylamine (DDA) dispersed in
a toluene -water mixture, to which the same amount of hydrophobic dodecanethiol
(DDT) and hydrophilic, fully deprotonated mercaptoundecanoic acid (MUA) were
simultaneously added, leading to the formation of Janus particles at the interface.
The thermodynamic aspects of the process were studied by adding the ligands in
different order, which resulted in the same kind of particles (Fig. 1.5 A -C). Contact
angle measurements of water droplets at functionalized silicon substrates were car-
ried out to confirm the asymmetric distribution of ligands at the nanoparticles sur-
face (Fig. 1.5 D). A similar approach was used by Sashuk et al. to prepare positively
charged gold and negatively charged silver Janus particles.[116] Gold spheres (7.7
nm) were functionalized with N,N,N - trimethyl (11 -mercaptoundecyl) ammonium
chloride (TMA) and 1 - undecanethiol (UDT), which are positively charged and neu-
tral, respectively. Silver spheres (6.2 nm) were modified with negatively charged
MUA and UDT. When one type of particles was spread at the water - air interface
using a Langmuir - Blodgett (LB) trough, ligands self - assembled at the surface of
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the metal, and compression led to self - assembled monolayers on functionalized
silicon substrates. Other groups have also prepared Janus particles using the LB
technique with slight differences. Chen’s group obtained gold Janus spheres by
spreading thiolated gold particles on the LB trough, compression of the monolayer,
followed by injection of an additional thiol in the water subphase to obtain the
final asymmetrically modified particles.[117] A modification of this method com-
prised initial deposition of a monolayer of thiolated gold particles over a glass slide
using the LB trough to protect the inner part of the particle against further func-
tionalization, followed by immersion of the glass in a solution of a different thiol,
which replaced the external capping molecules.[118, 119] Interestingly, such lig-
and segregation was recently exploited to prepare bimetallic Janus particles.[120]
Chen and co -workers prepared SiO2 − Au − Ag particles by capping 44 nm Au
spheres with 4 -mercaptophenylacetic acid and poly - (acrylic acid) as competitive
ligands, followed by silica coating to partially encapsulate the gold spheres, and
finally these Janus particles were used as seeds to reduce silver nitrate and obtain
the final hybrid ternary structure.

Another interesting method is the combined use of microparticle templates and nu-
cleotides to obtain asymmetrically DNA functionalized nanoparticles,[7, 121] which
allowed the large - scale preparation of gold dimers or satellite clusters.[8] The use
of planar substrates as masks typically involves adsorption of the nanoparticles
followed by modification of the exposed surfaces of the particles and their final
detachment. For example, Ye et al. prepared silica particles partially covered with
gold and platinium by means of electron beam (e - beam) evaporation.[122] Over
a monolayer of silica particles adsorbed on a copper substrate, a gold layer was
first deposited and then the position of the particles was inverted to evaporate
the platinum layer on the opposite side, while an equatorial non - functionalized
silica belt remained in the particles. Sardar et al. synthesized chains of gold
nanoparticles by thiol modification of previously adsorbed gold particles to an
amine - terminated glass substrate.[123] After desorption of the Janus particles by
addition of 2 -mercaptoethylamine, the coupling reaction between amine groups
and the carboxylic acid groups of poly - (acrylic acid) resulted in the final gold
particle chains. An interesting approach to prepare gold and recently also Fe3O4

Janus particles was developed by Li et al. [124, 125, 126] They first produced
single crystals of bifunctionalized polyethylene oxide (PEO) with thiol groups at
the surface. Then gold or magnetite particles were covalently adsorbed, and the
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Figure 1.5. Thermodynamic considerations. (A) In one preparation DDT ligands are
added first followed by MUA ligands. (B) In another preparation, MUA ligands are added
first, followed by DDT ligands. Both preparations yield the same amphiphilic nanoparti-
cles. In (A, B), the initial nanoparticle concentration is 0.2 mM in 4 mL of toluene or 4
mL of water, respectively. (C) Formation of amphiphilic nanoparticles at the liquid - liquid
interface is a spontaneous process. (D) Contact angle measurements. On top from left to
right: Hydrophilic substrate created by the silanization of an oxidized silicon surface with
3 - (trihydroxysilyl) - 1 - propane sulfonic acid followed by immersion in an aqueous solution
of zinc chloride 0.01 M. The measured contact angle (θ) of water in air is 15° ± 2.3° as
illustrated in the photograph. Amphiphilic nanoparticle monolayers deposited onto the hy-
drophilic substrate, θ≈ 78° ± 2.2°. SEM image of a nanoparticle monolayer deposited onto
the hydrophilic substrate via dip coating. In the bottom from left to right: Hydrophobic sub-
strate created by the silanization of an oxidized silicon surface with trimethoxy(octyl)silane,
θ≈ 95° ± 2.3°. Amphiphilic nanoparticle monolayers deposited onto the hydrophobic sub-
strate, θ≈ 51° ± 1.5°. SEM image of a nanoparticle monolayer deposited onto the hydropho-
bic substrate. Scale bars are 100 nm.



18 1. General Introduction

exposed surface was modified with dodecanethiol, so that Janus particles could be
released by simply dissolving the PEO crystal, and subsequently used to fabricate
ordered assemblies.

An interesting and flexible approach for the preparation of asymmetric bimetallic
particles is the seeded growth method,[84, 127, 128, 129] which has been widely em-
ployed to tune the size and shape of metallic nanoparticles.[130] For example, Xing
et al. prepared eccentric - (concentric -Au@Ag)@PANI (PANI - polyaniline).[128]
The reaction mixture was composed of 19 nm citrate stabilized gold spheres, ani-
line, sodium dodecyl sulfate (SDS) as surfactant, and silver nitrate to initiate the
oxidation of aniline and therefore the surface - templated polymerization, so that a
silver layer concentric to gold and an eccentric PANI layer were grown at room tem-
perature. In a different approach, Pazos - Pérez et al. applied the seeded growth
method to grow gold and silver on magnetic nanoparticles (CoPt3 or FePt).[84]
Upon transfer of the magnetic seeds from organic solvents into water using hex-
adecyltrimethylammonium bromide (CTAB), the reduction of gold or silver salts
with a mild reducing agent (ascorbic acid) in the presence of additional CTAB,
yielded the final composite particles where the morphology of the metal parts
could be tuned through variation of the reduction conditions. It is also interest-
ing to mention the work by Xu et al., who used a gas phase separation process
to the one - step preparation of Au -Co and Ag - Fe composite nanoparticles with
high quality but limited scalability.[131] Recently the groups of Chen and Nam
employed gold nanoparticles as seeds to grow silver in a controlled way leading to
either encapsulated or snowman like particles just by varying the concentration of
ligands or salt, respectively.[132, 133]

Metal -Dielectric and Metal - Polymeric Janus Particles

The first attempts to obtain asymmetrically functionalized particles implied mask-
ing processes on planar substrates. This is a rather simple approach, involving the
preparation of a monolayer of particles (metal oxides [87, 134, 135] or polymers
[136, 137]) on a substrate to protect one side from any modification and subse-
quently evaporate a metal onto the exposed surface, forming a layer that covers
the upper half of each particle. Several groups developed different techniques to
control the amount of surface available to metal deposition in the monolayers, and
here are presented some selected cases in what follows. Bao et al. covered with a
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silica monolayer a silicon wafer with a photoresist by spin - coating [88] and then
removed part of this layer by plasma etching to finally deposit thin titanium and
gold layers on the exposed surface. Jang et al. used a monolayer of SiO2 parti-
cles over a polystyrene film,[138] which was then heated to induce the immersion
of the particles, thereby controlling the amount of surface to be functionalized.
Recently, Zhao et al. developed a mask - unmask method to what they called
double - sided etching and modifying, to form asymmetric ternary particles with
controllable patchiness.[139] The process is similar to that previously described by
Bao et al., who also started by spin - coating a polystyrene film on a silica monolayer
formed on a silicon wafer, followed by oxygen plasma etching and then covering the
exposed surface with cromium and a gold layer or quantum dots. A polystyrene so-
lution was then drop - casted and the obtained film was peeled off and turned over,
so that the process could be repeated on the opposite side and the polystyrene
film removed by ultrasonication. Yang et al. prepared PS -Ag particles by forming
a monolayer of polystyrene particles, on which a gold layer was evaporated and
finally silver nanoparticles were deposited by electrophoresis.[140] Correa -Duarte
et al. prepared bifunctional polystyrene or silica spheres by either evaporation of
nickel and gold on the opposite sides of 2D colloid monolayers or by layer by layer
assembly of gold nanoparticles in solution followed by nickel evaporation. In both
cases, functionalization of opposite sides was mediated by PS polymerization and
peel - off.[141] A different type of particles that were termed Janus bubbles were
synthesized by Brugarolas et al.,[142] using a three fluid system: nitrogen in the
inner phase, a suspension of SiO2 particles in toluene in the middle phase and an
aqueous solution of poly(vinyl alcohol) as the outer phase, so that cromium and
gold could be deposited over a dried monolayer of bubbles. Microcontact printing
[143] and Langmuir - Blodgett [144] methods have also been employed as planar
masking processes to obtain ternary silica particles and Au− TiO2 heterodimers,
respectively.

The main disadvantage of planar masking processes is the limited amount of
Janus particles that can be obtained in one single batch. To overcome this is-
sue, Granick and team developed a Pickering emulsion process that makes use
of micrometer - sized quasi - spherical paraffin wax droplets as masks, thereby in-
creasing the available masking surface in several orders of magnitude as compared
to planar substrates.[145] Based on this idea Pickering emulsions were also em-
ployed to synthesize Au − SiO2,[146] Fe3O4 − Ag [147] and Fe3O4 hollow − Ag
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composites,[148] Au − SiO2 and Ag − SiO2 [149] or Au − PNIPAm Janus parti-
cles. [150]

Soft interfaces have also been employed for the preparation of Janus metallic par-
ticles. Wang et al. managed to assemble positively charged SiO2 particles in water
with negatively charged gold nanoparticles from an organic phase, at the interface
between the two liquids.[151] Perro et al. have reported the preparation of SiO2@Au
particles [90] by protecting one side of the silica surface with polystyrene, so that a
dumbbell - like particle was obtained and the exposed face of the silica particle could
be functionalized with a silane, followed by removal of the polymer. The unmod-
ified silica surface was then covered with gold spheres. Polymer - fibers were used
in the group of Kuo as substrates to form Janus and also ternary silica nanopar-
ticles with a variety of functionalities and degrees of coverage, as shown in Fig.
1.6.[152, 153] Silica particles were adsorbed to previously prepared polymer - fibers,
so that the immersion of the particles in the fiber was controlled through tempera-
ture, due to the presence of two glass transitions in the polymer at 120 °C and 140
°C, which led to changes in the surface tension between the particles and the fiber
and therefore in the degree of immersion. Hence, isothermal treatment at 120 °C,
135 °C and 150 °C yielded immersion of one - third, one - half and two - thirds of
the silica particles. The exposed faces of the nanoparticles could then be modified
with an aminosilane and covered with gold particles as described in Fabrication
Path I (Fig. 1.6). Adjustment of the immersion after covering one - third of the
particles with gold nanoparticles, so that the silica is immersed two - thirds allows
etching (with 5 wt% NaOH) of the exposed upper part and formation of ternary
particles (Fabrication Path II, Fig. 1.6). Applying the same procedure but etching
half of the surface, the formed Janus particles can be further functionalized with
Fe3O4 spheres (Fabrication Path III, Fig. 1.6). SEM microscopy images of the as
synthesized particles are shown in Fig. 1.6. On a different strategy, McConnell et
al. proposed a method to prepare Janus SiO2@Au spheres and a process to convert
them into patchy Janus particles or even multi - region particles.[154] The covalent
attachment of amino modified silica particles to styrene - acrylic acid copolymer
films produces the immersion of the particles in the fiber, allowing electrostatic as-
sembly of gold nanoparticles on the upper surfaces of the modified silica particles.
Reshaping of the deposited gold particles at moderate temperatures allowed them
to obtain different morphologies upon annealing. By coating the Janus particles
with an Au :Pd alloy prior to annealing, multiregion particles could be obtained
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since dewetting was prevented.

It is worth mentioning the one - step approach developed at the Chen’s group to
synthesize eccentric Au - polymer [155] and Au − SiO2 [120] nanocomposites. The
process is based on the competition between two incompatible ligands to self -
assemble over the metal surface and then grow the polymer or the eccentric silica
particle. Apart from hydrophobic and hydrophilic ligands, a block - copolymer
(PS - b - PAA) was also added to the citrate stabilized gold spheres, to yield the
final Janus particles after heating at 110 °C. This process can be applied to other
nanoparticle geometries like rods and cubes, and the corresponding nanocavities
are also obtained upon metal removal.[156]

Phase separation methods have been strongly developed to prepare metallic het-
erodimers comprising metal oxides or polymers. The main advantages of these
procedures rely on their ability to produce Janus particles in one step and in large
amounts. Polymeric -metallic Janus particles have been prepared by using inter-
facial reactions,[157, 158] electrifying co - jetting methods,[159] precipitation poly-
merization [160] or employing micelles or vesicles as templates.[161, 162, 163] A
method based on interfacial reactions was recently reported by He et al.,[158] in-
volving a water - oil interface with gold salt dissolved in water and 2 - ethoxyaniline
(EOA) in the oil phase. EOA could reduce tetrachloroauric acid (HAuCl4) into
Au(0) while the oxidative polymerization of EOA yielded poly - (2 - ethoxyaniline)
particles attached to gold seeds, which subsequently migrated into the water phase
to continue gold growth, forming patches over the polymer surface. Similarly, the
precipitation polymerization method developed by Ohnuma et al. permits the
synthesis of metal - PS (metal=Au, Ag, Pt, Pd) particles.[160] The preparation
comprises the polymerization of polystyrene in a water / ethanol mixture at 70 °C
in the presence of 4 - styrenesulfonic acid sodium salt and potassium persulfate as
stabilizers. Metal colloids were then added to the solution to produce dimers, but
the timing of colloid addition was found to be crucial, since addition before poly-
merization led to aggregation, whereas late addition resulted in a drastic reduction
in the yield of Janus particles. Kang et al. recently employed these particles as
seeds to obtain Au -PS semishells using hydroxylamine hydrochloride as reducing
agent to grow the gold part over the polymer surface.[164]

A common method to obtain dielectric -metallic particles is the seeded growth
over metal or dielectric particles (similar to above described for bimetallic parti-
cles). Yu et al. prepared Au − Fe3O4 dumbbells by thermal decomposition of
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Figure 1.6. On top: 3 synthetic routes to obtain SiO2@Au Janus particles, SiO2@Au
ternary particles and SiO2@Au − Fe3O4 Janus particles. In the bottom: SEM images of
a SiO2@Au Janus particle with decreasing grade of coverage (A -C), SiO2 particle fully
covered with gold seeds (D), SiO2@Au ternary particle (E) and SiO2@Au − Fe3O4 Janus
particle (F).
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Figure 1.7. (A) TEM image of CdSe -Au hybrid nanocrystals with a CdSe size of 3.4 nm.
(B) HRTEM image and a schematic representation of a CdSe -Au nanocrystal.

Fe(CO)5 on gold seeds, in the presence of oleic acid and oleylamine, followed by
room - temperature oxidation.[165] Gold particle size could be tuned by control-
ling the temperature of HAuCl4 injection or modulating the HAuCl4 / oleylamine
ratio. The use of non - polar solvents was found to be critical in order to obtain
dumbbell - like instead of patchy structures. When magnetite starts to nucleate,
free electrons from the gold seed compensate the charge induced by the polarized
plane at the metal - oxide interface, inducing electron deficiency on the exposed
facets that inhibits further nucleation, thus resulting only in dumbbell particles.
Oppositely, when the slightly polar diphenyl ether was used as solvent, flower - like
structures were obtained. The same method was applied with X − Fe3O4 and
X − CoO heterodimers (X=Au, Ag, AuAg, Pt).[86] Similar approaches were em-
ployed to obtain Ag − Fe3O4 particles,[166, 167] Ag - Se,[168] PbS -Au,[169] Ag -
AgBr,[170] Ag − SiO2 [171] or Au − TiO2,[172] while Shi et al. described the
preparation of different hybrid structures: XFe2O4 − Au (X=Fe, Mn, Co), PbS -
Au, PbSe -Au, PbS − Fe3O4, Fe3O4 − Au − PbS and Fe3O4 − Au − PbSe.[173]
Schaak et al. demonstrated the synthesis of M − Pt − Fe3O4 (M=Au, Ag, Ni,
Pd) heterotrimers and went one step further obtaining MxS − Au − Pt − Fe3O4

(M=Pb, Cu) heterotetramers.[174]

Diffusion of metals in semiconductors is a well - known process in bulk materials and
its application to nanostructured materials has recently been started. Yang et al.
prepared core shell Au − Ag2S particles and observed that within 72 h gold ions
migrated from the interior to the surface, forming heterodimers.[175] The same
procedure was applied to Pt @ Ag2S−Au by first preparing core - shell Pt@Au
and then coating with Ag2S, followed by diffusion of gold ions to the surface. Zeng
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et al. reported the synthesis of CdSe -Au, PbSe -Au, FePt -Au, Cu2O − AuAg,
and FePt -CdS -Au.[176] CdSe -Au was obtained by reduction of Au(I) - alkanethiol
(SR) with ethylene glycol over the surface of CdSe nanocrystals at 30 °C (Fig. 1.7).
The process started with the reduction of the Au(I) - SR complex by polyethylene
glycol at the CdSe surface. No gold reduction was observed without the presence
of semiconductor nanocrystals, which acted as a heterogeneous nucleation point
for gold ions. Sotiriou et al. described a gas phase separation approach with flame
spray pyrolysis to obtain Ag − Fe2O3 nanocomposites.[177] The feeding solutions
containing iron (III) acetylacetonate and silver acetate dissolved in organic solvents
were fed into a reaction chamber, where the spray was ignited to yield the final
dimers. This process is suitable for scalability but it probably lacks quality in the
size distribution of the final particles.

Non Spherical Janus Particles

The preparation methods for spherical Janus particles have substantially evolved
through progress in tuning the composition and properties by applying the knowl-
edge achieved in the synthesis of symmetric nanoparticles. However, tuning aniso-
tropy has been demonstrated to play a major role in the manipulation of the
properties of nanomaterials, so the preparation of non - spherical Janus particles
has also become an attractive playground for the design of novel nanoparticle
systems. The widely employed seeded growth method is usually the basis for
obtaining non - spherical Janus particles. Here are highlighted some of the most
recent articles describing the preparation of Janus nanorods with a variety of
compositions: CdSe /CdS -Au,[178, 179, 180] CdSe /CdS -Co,[181] CdS -Au,[178,
179] CdSe -Au,[182] CdSe -Co,[183] Co -Au,[184] Te -Au,[185, 186] Pd -Au,[187]
Au − TiO2,[173] ZnO -Ag,[188] TiO2 − Co,[189] Au -Ni and Au - (Ni - Pd).[190]
Deka et al. described the preparation of semiconductor -magnetic Janus (CdSe /CdS -
Co) nanorods,[181] using CdSe@CdS as seeds during decomposition of Co2(CO)8

under inert atmosphere at high temperature. It was found that the growth mecha-
nism involved the nucleation of cobalt at the opposite edge to where the CdSe seed
was located, followed by selective autocatalytic growth. This directional growth
was driven by the semiconductor tips due to the hexagonal close - packed (hcp)
structure of cobalt obtained in the Janus nanorods, compared to the cubic ε - phase
obtained under the same conditions without seeds. It should be noted that only the
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matchstick structure was obtained, with no other intermediate particles that could
evolve to the final geometry by ripening processes. Chakrabortty et al. reported
the growth of gold particles over one tip of preformed CdSe@CdS nanorods under
ambient light conditions.[180] CdS rods were grown on CdSe spherical seeds and
then the CdSe@CdS nanoparticles where dispersed in a mixture of toluene and
n - octadecylphosphonic acid, where the gold particles were grown by injection of
HAuCl4, tetraoctylammonium bromide and dodecylamine in toluene. The growth
of the gold particle at either one or both tips, or at rod sides was found to depend
on the amount of gold added, which was related to differences in the reactivity of
the different facets. In fact, when a sufficiently low amount of gold precursor was
used, growth occurred only at the rod tip that was farther away from the CdSe
seed, but gold would grow at both tips and at the sides when the amount of gold
salt was increased. In a related work, Maynadié et al. grew cobalt over the tips
of preformed CdSe nanorods,[183] finding that the ligands added to stabilize the
dumbbells played a significant role in directing cobalt growth. By varying the re-
action temperature, they were also able to grow a full cobalt rod over the CdSe
rod seeds. In addition, a masking process has also been applied for the prepa-
ration of SiO2 − Au matchsticks.[191] The process implied the synthesis of silica
nanorods followed by alignment along their long axis over a substrate, assisted by
an alternating current (AC) electric field. In a third step titanium and gold lay-
ers were evaporated over the rods. To mitigate the presence of imperfections, the
end - functionalized region was protected with a PDMS stamp and a gold etching
process was carried out. After removing the stamp, the matchsticks were released
by ultrasonication.

Besides Janus gold nanorods, other structures have been obtained. He et al.
reported lollipop -, dumbbell - and frogegg - like PANI -Au shapes by using in-
terfacial reactions,[158] while Xing et al. applied the procedure to prepare ec-
centric - (concentric -Au@Ag)@PANI nanoparticles with gold nanorods,[128] and
Choi et al. synthesized Cu2S − In2S3 heterostructured materials with acorn, bot-
tle or larva shapes by the decomposition of copper and indium oleates at different
temperatures.[192] Other examples involve the growth of cobalt spheres over iron
oxide tetrapods,[193] the formation of Pt − Aun (n=1, 2, 4) by controlling the gold
nucleation spots on platinum seeds,[194] or the synthesis of Cu − Cu3P nanocrys-
tals [195] by Trizio et al. Controlling the amounts of CuCl and trioctylphos-
phine, copper nanocrystals were prepared, which evolved into Cu3P nanocrystals
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Figure 1.8. (A) Scheme of synthesis: first Cu particles are grown, and then they are
progressively phosphorized to Cu3P Janus - like particles in which the volume fraction of
the truncated bipiramidal Cu3P domain increases over time. (B -E) TEM images of Cu
nanoparticles and their conversion to Janus - like and Cu3P particles. Aliquots were collected
at: (B) 4 min, (C) 10 min, (D) 25 min and (E) 45 min. Scale bar is 50 nm for the panels
and 20 nm for the insets. (F) XRD pattern of the powder sample of Janus - like particles
shown in panel (D).
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through Janus Cu − Cu3P intermediates (Fig. 1.8). X - ray powder diffraction
(XRD), high resolution transmission electron microscopy (HRTEM) and energy fil-
tered TEM (EFTEM) confirmed the presence of the two components in the struc-
ture. Copper crystals were formed by annealing Cu3P nanocrystals at 400 - 500
°C, which produced the dephosphorization by phosphorus evaporation. Both ki-
netic (as the inhomogeneous coverage of surfactants), and thermodynamic aspects
(as the presence of epitaxial interfaces between copper and Cu3P domains that
would minimize the energy) could explain the formation of Janus instead of the
expected centrosymmetric particles. Ag2S − Ag dumbbells and (Ag2S)2 − Ag or
even (Ag2S)3 − Ag structures were prepared by Pang et al. by the assembly of
dimers with ethylenediamine.[196] Finally, it is worth to mention the formation of
different structures like Janus carbon nanotubes,[197] pyramids,[198] and Pd -Ag
nanocubes.[199]

1.5.3 Applications of Janus Particles

The multiple combinations of properties that Janus particles can exhibit, includ-
ing hydrophobicity - hydrophilicity, plasmonic, magnetic, catalytic, etc. open a
wide variety of potential applications. In the specific case of metallic Janus par-
ticles, their use has been reported in drug delivery for cancer treatment,[200] as
bactericides,[196] biomarkers including magnetic manipulation,[167, 177] or as func-
tional elements at liquid - liquid interfaces,[201, 202] among others.

Application of Janus particles in drug delivery has been demonstrated with cis-
platin, a well - known antitumor agent. This type of complexes can be hydrolyzed to
the active molecule cis − [Pt(NH3)2(H2O)2]2+, which is responsible of cell death.
The nonspecificity of this anticancer treatment produces the destruction not only
of tumor cells but also of healthy cells, resulting in undesirable side - effects. Sun
and co -workers used Au − Fe3O4 heterodimers as carriers for delivering cisplatin
molecules specifically into breast tumor cells.[200] Considering that the fast grow-
ing tumor cells often have antigens overexpressed on their surface, these can be
used as specific binding targets for monoclonal antibodies. Au − Fe3O4 nanopar-
ticles were used as nanocarriers, binding the platin complex to the gold side and
the monoclonal antibody to the oxide surface. Plasmonic and magnetic proper-
ties of gold and magnetite respectively make these particles suitable as magnetic
imaging probes for tracking the delivery of platin into the cells. The therapeutic
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effect experiments showed that non -modified Au − Fe3O4 dimers did not affect
cell growth, whereas platin − Au − Fe3O4− antibody nanoparticles showed lower
half -maximal inhibitory concentration (IC 50) than bare cisplatin, 1.76 vs. 3.5 µg
of Pt/mL, and platin − Au − Fe3O4 were less toxic than cisplatin molecule, which
was related to the non - specificity of the complex and to the slow hydrolysis rate of
platin in the nanoconjugate. Therefore, these Janus dumbbells have demonstrated
great potential as nanocarriers for diagnosis and therapeutic applications.

Pang et al. showed the antibacterial properties of Ag2S − Ag dumbbells under UV
irradiation against E. coli. [196] The bactericidal properties of silver containing ma-
terials are known but the mechanism underlying this property is not completely
understood. Cell viability experiments have shown that under UV light alone and
with the only presence of the heterodimers (0.10 mg/mL) there are no significant
bactericidal effects. The non - toxic effects of the dumbbells can be explained by
the large size of the silver particles (50 - 75 nm), as has been reported that bacteri-
cidal properties of silver are enhanced as the size decreases. However, combination
of UV irradiation with Ag2S − Ag particles (0.01 mg/mL) leads to significant en-
hancement of the antibacterial capability, and increasing the concentration to 0.10
mg/mL, E. coli was found to be completely inactivated within 50 min.

Optical Properties

The synthesis of new types of materials such as metallic Janus particles requires
in turn the development of theoretical models and simulations to explain their
properties. In this respect gold semishells, composed of a spherical polymeric or
dielectric core partially covered with a gold layer have become the system of choice.
Interestingly, all theoretical studies try to compare their results with experimental
measurements, for which planar masking processes are consistently employed to
fabricate the gold semishells, since they offer a high degree of control as compared
to colloidal methods. Of particular significance is the work by Nordlander and
Halas, which provided an explanation for the observed optical properties of both
complete nanoshells and semishells.[203, 204, 205] In 2009, Mirin et al. prepared
gold semishells with a polymer core by a planar masking process (core≈ 80 nm,
shell≈ 20 nm), and carried out optical measurements varying the angle of incidence
of light and comparing their results with simulations based on finite element mod-
eling (FEM). [204] These authors found that gold semicapsules display two main
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plasmon modes, one axial and one transverse, due to their asymmetry. The weak
axial mode around 600 nm corresponds to a dipole - driven electroinductive plas-
mon response of the particle and its scattering pattern is determined by the angle
of irradiation.[205] The stronger transverse mode is located around 800 nm and
under p - polarization the semicapsule orientation is responsible for the scattering
direction and amplitude instead of the direction of the light. The axial and trans-
verse modes were observed when the electric field is parallel to the cup rotational
axis and when it was normal to the rotational axis, respectively. Ye et al. reported
the preparation of gold semishells by first synthesizing complete SiO2 @ Au shells
in a colloidal process, and then using a planar masking process to etch a selected
part of the exposed gold layer to yield the final structures.[206] They studied the
evolution of the optical spectra as the gold layer was removed in a 224 nm silica
core with 17 nm shell thickness and also with 87 nm silica and 30 nm gold. The
explanation of the spectral changes was based on the plasmon hybridization model,
which treats interactions between plasmons as hybridized bonding and antibond-
ing states.[207, 208] In a subsequent study they also fabricated silver, copper, gold
and aluminium semishells in PDMS films.[209] The evolution of the optical spectra
as a function of the cut - off parameter (δ), the fractional height compared to the
full nanoshell geometry, was studied by Cortie et al. for 70 nm core and 30 nm
gold shell diameter (Fig. 1.9).[210] When 1.0< δ<0.85 (no hole yet), the optical
properties remained as those of complete nanoshells (α=610 nm), but below 0.85,
as soon as the hole appears, a strong resonance was observed at 690 nm (β). They
showed that α became weak, blue - shifted and finally disappeared as δ decreased.
There was also a third band, γ, at 580 nm. The main parameters affecting the
LSPRs in these structures are the core size, shell thickness, degree of coverage or
the as above mentioned cut - off parameter, but also the surface roughness.[211]
Unfortunately, although many recent publications deal with the optical properties
of gold semishells and semicapsules, a systematic study of this system is still miss-
ing. The variety of parameters affecting the optical response of the system make
it difficult to compare the results provided by the different groups to fully under-
stand the effect of every parameter, and then to be able to synthesize particles with
preselected plasmon properties.

Recent simulations by Shaviv et al. for CdS -Au matchstick and CdSe -Au dumb-
bell - shaped nanoparticles [212] show that the optical properties of these hybrid
structures arise from both components. In the UV -Vis region, the optical ab-
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Figure 1.9. Conversion of a nanoshell into a semishell and the effect on the calculated
optical extinction spectra. (A) Average cross section (Qext) for δ from 0.2 to 1.0, also
showing the shapes simulated. Data for δ=0.85 is shown as a dotted line. (B) Separation
of effects due to orientation of light for δ=0.8. (C) Peak Qext values of main resonances as
a function of δ for this series of semishells, extracted for a single but appropriate orientation
of the light. The wavelengths at which the three resonances occur converge near δ=0.85
(dotted line) and they cannot be distinguished from one another when 0.85 < δ < 1.0.
Adapted from reference [210].

sorption is due to the plasmon band of the gold part and to the exciton band of
the semiconductor, while in the NIR region an absorption tail is also observed.
It should be noticed that the fluorescence from the semiconductor is quenched by
the rapid electron transfer from the semiconductor to the metal. Discrete dipole
approximation (DDA) simulations showed that the optical features of the hybrid
particle strongly depend on small variations at the gold domain.

An interesting property of metallic Janus particles was exploited by Jiang et al.
to promote the movement of these nano particles by applying a defocused laser
beam over them.[213] Using 1 µm silica - gold semishells in a solution sandwiched
between two cover slides, a Nd :YAG laser operating at 1064 nm was defocused
over the sample and one particle was pushed up into the chamber, recording then
the 2D movement with a high speed camera. They found that the movement
of the particle under the laser beam was faster than in normal diffusion and the
direction followed the Janus polarity. They proposed that this movement was due
to three kinds of motions: Brownian motion, movement induced by the laser and
the optical trapping confinement. They proposed that the movement induced by
the laser was due to the temperature gradient generated when the metal was heated
by the radiation. It was also possible to produce the rotation of the particles, which
might find application in micromachines design.
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Self - Assembly

During the self - assembly (See Section 1.1), Janus and patchy particles may play
an important role by inducing directionality, being this property responsible for ob-
taining new kinds of structures that are not observed with symmetric nanoparticles.
[75, 20, 76, 214, 215]

Regarding field - induced self - assembly, it is necessary that Janus nanoparticles
exhibit surface charge or magnetic properties. Velev’s group has carried out as-
sembly experiments assisted by electric or magnetic fields that yielded structures
in agreement with simulated phase diagrams.[216, 217] The application of a mag-
netic and / or electric field on 4.0 µm PS Janus particles partially covered with an
iron layer, the particles assembled into chain structures in the direction of the ap-
plied field. When using magnetic fields, two kinds of configurations were observed,
“staggered chains” and double - chains with metal -metal parts in contact. These
structures do not disassemble upon application of the magnetic field because of the
remnant magnetization in the metal semishells, unlike the case of electric fields,
where the particles separate after field removal due to Brownian motion. Certain
long - range lateral repulsion forces exist between the chains that lead to only end -
to - end rather than side - to - side chain assembly. This self - assembly process is
reversible, allowing recycling of the building blocks.

The addition of additives such as salt to increase the ionic strength of the dispersing
medium and induce colloidal aggregation has been widely used to produce the
assembly of symmetric particles. Recently, the group of Granick reported a kinetic
study of the assembly of Janus particles [76] and the directed self - assembly into
a kagome lattice [20] by control of the interparticle forces through variation of the
salt concentration. This kinetic study was carried out using Janus particles that
display hydrophobic and negatively charged components, thereby showing short
range and reversible interparticle interactions. At very low salt concentrations
the particles repel each other, whereas at high concentrations the double layer
repulsion is screened, van der Waals attraction forces becoming more important
and leading to assembly of the particles. With Janus particles, the maximum
number of neighbors was six for each particle, and the authors showed that the
different combination of particles or clusters determine the visualized structures.
At very high salt concentration, long helical structures were also observed.

The presence of ligand molecules can direct the assembly of Janus particles with
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specific interactions using DNA moieties,[218, 219] polymers [114, 115, 123, 220, 12]
or controlling the binding preference using masking ligands.[221] In an interesting
work, Xing et al. prepared 160 nm PS Janus gold semishells.[218] Upon func-
tionalization of the metal with a thiolated DNA linker, they attached 15 nm gold
nanospheres modified with the complementary DNA chain to the metal part of the
Janus particles. The assembly showed its reversibility by the addition of a comple-
mentary DNA moiety that produces a more stable hybridization. They prepared
different reversible asymmetric assemblies by modifying the Janus particles with
two different DNA chains and selectively attaching gold particles with the comple-
mentary DNA functionalization (Fig. 1.10). Wang et al. reported the formation
of homoparticle clusters made of Janus particles with PEO and PMMA patches
and heteroparticle clusters with PEO -modified magnetite particles.[221] Worm -
like structures made of Janus particles were obtained when a poor solvent for PEO
as dioxane was added to the particles, assembling into structures with the collapsed
PEO chains away from the solvent. Applying the same procedure to a mixture of
Janus and magnetite particles, satellite structures with a magnetite particle sur-
rounded by Janus particles that behave as the PMMA brushes in contact with the
solvent were obtained. All these assemblies could also be reversed by simply adding
a good solvent for the PEO fragment. Sahoo et al. have reported the controlled
assembly of snowman - like Pt − Fe3O4 particles over WS2 nanotubes.[222] In the
absence of additional ligands, Pt − Fe3O4 particles assemble with the platinium
part in contact with the nanotubes, but by masking the platinium with a thiol
molecule the assembly takes place with the magnetite part in contact with the
WS2 nanotubes.

In addition to their ability to organize into new types of structures, the self -
assembly of Janus particles may have promising applications on surface enhanced
Raman scattering (SERS) spectroscopy in the near future. The key aspect here is
the ability to organize the particles in such a way that the production of hotspots
can be optimized, which will in turn strongly enhance the sensitivity in detec-
tion applications.[223, 224] In this respect, Chen et al. prepared eccentrically
encapsulated gold spheres and nanorods covered with a polymer only on their
sides.[155, 156] The exposed gold surface was available to binding by SERS ac-
tive ligands, and the enhancement factor obtained for partially covered rods was
3.65 × 104, compared to fully functionalized gold nanorods (1.35 × 104), suggesting
a strong electric field magnification at the tips. However, no enhancement was ob-
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Figure 1.10. (A) Schematic view of two different coupling chemistries on the surface of an
amine -modified 200 nm polystirene Janus nanoparticle. (B -E) Schematic views and SEM
images of representative asymmetric nanoclusters formed by dual DNA - functionalized JNP
and different DNA encoded AuNSs: (B) 40 nm AuNS - 2´, (C) 40 nm AuNS - 3´, and (D)
equal mixture of 40 nm AuNS - 2´ and AuNS - 3´; and (E) equal mixture of 80 nm AuNS - 2´
and 40 nm AuNS - 3´ (scale bar= 100 nm). Reproduced with permission [218] Copyright
2012, American Chemical Society.

served when the same procedure was applied to gold spheres. Janus gold semishells
were used by He et al. to detect 4 -mercaptopyridine with a concentration as low
as 100 nM, for which an enhancement factor of 4.1 × 108 was quoted.[158]

Catalysis and Nanoengines

Many applications can be foreseen in the field of catalysis and other active nanos-
tructures when several functionalities can be combined within the same nanosized
unit. For example, metal oxide nanoparticles have been largely used as photocat-
alysts, though their efficiency has been found rather poor. An effective way to
enhance their activity is by coupling metal to metal oxide nanoparticles. Prad-
han et al. have shown the catalytic activity of Au − TiO2 heterodimers in the
oxidation of methanol to formaldehyde triggered by light, [144] where the pro-
posed mechanism involves the promotion of electrons into the conduction band
of the metal oxide, leaving a hole in the valence band that reacts with adsorbed
water to form hydroxyl radicals. These radicals react with adsorbed methanol to
form α - hydroxymethyl radicals which in turn react with dissolved oxygen to yield
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formaldehyde, which was detected by a colorimetric reaction. This process was
facilitated by the presence of gold acting as an electron sink to maintain the sepa-
ration between electrons and holes. Wang et al. used Au − Fe3O4 and Pt − Fe3O4

particles to oxidize CO from a feeding gas, with implications in cleaning and energy
conversion reactions.[86] This was usually carried out by platinium - based catalysts
at high temperatures and comparison of the activity of both catalysts with their
commercial counterparts showed higher activity, particularly at low temperatures.
More recently, Seh et al. reported the use of Au − TiO2 particles as photocatalysts
for H2 generation from an isopropyl alcohol / aqueous solution under visible light
irradiation.[225] The photocatalytic activities of bare gold and titanium oxide were
very low under light irradiation. On the other hand, the production of hydrogen
was largely increased using Janus and also with core - shell particles (Fig. 1.11
A), indicating a synergistic effect between both components. The authors found
a magnification in the electric near field intensity for both Janus and centrosym-
metric particles, which was larger for Janus, with a localization of the plasmonic
properties at the Au − TiO2 interface (Fig. 1.11 B -D). Considering that amor-
phous materials possess electronic states in the band gap that are susceptible for
electronic transitions, the localization of the electric field at the interface between
both materials leads to an increase in the optical absorption and is consequently re-
sponsible for the photocatalytic enhancement. Employing heterodimers with larger
gold spheres, the catalytic properties were found to be higher because of the more
intense electric near fields generated.

The catalytic activity of metallic Janus particles has also been recently used by
several groups for different purposes, including the design of swimmers or nano-
engines and nanotransporters.[226] A nanoengine is a nanoparticle that makes use
of a chemical reaction,[227, 228, 229, 230, 231, 190, 232] an external field [190] or ul-
trasounds [233, 234] to obtain the necessary self - propulsion to overcome Brownian
motion, while a nanotransporter is a swimmer that additionally loads a cargo.[235]
Two mechanisms have been proposed to explain the motion of these particles in
solution using H2O2 as fuel, generating H2O and O2. The first model proposes that
oxygen nanobubbles detach from the surface of the catalyst due to the amount of
liberated oxygen, which makes it impossible to be dissolved and thus provides the
device with a momentum. These bubbles have been observed with large catalysts,
but it is unclear whether they are responsible for the motion of smaller swimmers.
The second mechanism suggests that the motion is caused by the concentration gra-
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Figure 1.11. (A) Volume of hydrogen generated VH2 under visible - light irradiation from
a tungsten halogen lamp using Janus and core - shell Au50nm − TiO2 nanostructures, as
well as amorphous TiO2 and bare gold nanoparticles (50 nm). (B -D) Plasmonic near - field
maps (cross - section view at z=0) simulated using DDA for Janus Au50nm − TiO2 (B),
core - shell Au50nm − TiO2 (C) and bare gold nanoparticles (50 nm) (D). The maps show
the electric near - field intensity enhancements |E (r) /E0|2 of the nanostructures at their
LSPR wavelengths (indicated on each map) with the incident polarization along the x -
axis. (E) Proposed photocatalytic process for efficient hydrogen generation using the Janus
Au − TiO2 nanostructures, based on excitation of the LSPR under visible - light irradiation.
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dient generated during the reaction, called diffusiophoresis. The first model only
explains the movement in the direction opposite to the metal, whereas in the sec-
ond the direction depends on the interactions between the solvent and the catalytic
and non - catalytic parts of the particle.[231] Actually, there is no single mechanism
explaining the behavior of swimmers in all systems, and other aspects like geometry
of nanoengines do affect the propulsion.[236] An important contribution was pro-
vided by Howse et al., who observed that Pt - PS semishells only display Brownian
motion in the absence of fuel, but when fuel is added the particles self - propel and if
the concentration is increased the velocity of the particles also became higher.[227]
The aim of these devices involves the transport of a cargo within a liquid medium,
with potential applications in drug - delivery or biosensing.[235]



Chapter 2

Colloidal Synthesis of Gold Semishells

Abstract

A novel and scalable colloidal strategy is presented to fabricate gold semishells
based on the selective growth of gold onto Janus silica particles (500 nm
in diameter) with amino functionality on one side. The modulation of the
Janus silica particles geometry allows us to tune the final morphology of
the gold semishells. Besides, this method provides a new route to fabricate
hollow gold semishells through etching of the silica core with hydrofluoric
acid. The optical properties were characterized by visible -NIR spectroscopy.
Comparison with simulations performed using the boundary element method,
BEM, reveals that the main optical features are located beyond the NIR
region because of the large core size.

37
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2.1 Introduction

The recent advances in the fabrication of colloidal particles comprising different
properties (such as chemistry, polarity, optical and magnetic properties) at op-
posite sides, commonly known as Janus particles,[237] have opened new avenues
toward the development of advanced materials. The reduced symmetry in these
materials provides them with fascinating properties and therefore with potential
applications in various fields including electronic paper,[96] photonic materials,[99]
imaging probes,[102] and sensors.[99] Exciting future applications are expected in
connection with their interesting self - assembly behavior, since the presence of dis-
tinct areas within Janus particles renders them as powerful building blocks for the
fabrication of novel structures.[20, 238, 76]

Janus particles comprising a dielectric / polymeric core partially covered with a
metallic shell are commonly referred to as semishells, but different terms have been
used such as half - shells or nanocups depending on the extent of metal surface
coverage. More recently, the expression “plasmonic patchy particles with reduced
symmetry” has been used for particles with a more heterogeneous metal distribu-
tion on the core.[239] It has been demonstrated that plasmonic semishells present
unusual and unique optical properties due to their reduced symmetry.[240] The
inherent asymmetry of these systems leads to the presence of two types of dipolar
surface plasmon modes: a blue - shifted axial mode and a red - shifted transverse
mode. While the blue - shifted axial mode is purely electric, calculations predict
that there is also a significant magnetic component in the red - shifted transverse
mode.[210, 205, 204] These dipolar resonances display different light - scattering
characteristics that are strongly influenced by the angle of incidence and polariza-
tion of the incident light and by variations in the dielectric environment. Moreover
the optical response can be easily modulated from the visible through the near -
infrared (NIR) by tuning the core radius, metal thickness and surface coverage. Al-
together, plasmonic semishells offer a variety of new possibilities for the fabrication
of metamaterials with negative refractive index at NIR and visible frequencies[241]
or for the fabrication of surface enhanced Raman scattering (SERS) probes.[242]

On the basis of the above - described properties, there is a need to develop novel
and efficient synthetic methods that allow us to control the compositional and mor-
phological parameters of semishells. Two fundamentally different approaches have
been applied so far to prepare plasmonic nanostructures with reduced symmetry:
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the deposition of a metal onto a close - packed colloid monolayer, using electroless
plating, e - beam evaporation or sputtering; or anisotropic etching via ion milling,
argon - ion plasma or electron - beam - induced ablation of full nanoshells previously
deposited on a substrate.[240] However, the application of colloidal synthesis to
plasmonic semishell synthesis has been far less explored. Probably the closer ex-
ample is the work by Klupp Taylor et al., who have reported the fabrication of sil-
ver patchy particles with tunable optical properties via electroless deposition onto
nonfunctionalized colloidal silica spheres.[239, 171] Although this method shows
a certain degree of control on metal coverage, it has not demonstrated to wark
for the formation of solid semishells. We present in this chapter an alternative
method for the design and fabrication of gold semishells using a colloid chemistry
route, based on the use of preformed Janus silica particles as templates where the
selective growth of gold can only take place on the functionalized areas. A similar
approach was employed by Perro et al. for the production of large quantities of
Janus particles but they did not complete the process for the synthesis of gold
semishells.[146] The growth of the gold semishells is carried out by means of the
well - known method developed by Halas et al.[243] for gold nanoshell synthesis,
however, partial coverage is achieved by selective partial functionalization of the
silica particles with amino groups on one side. Such Janus silica particles were
synthesized by a masking process based on Pickering emulsions recently reported
by Granick et al.[108] The final morphology of the gold semishells can thus be
tuned through the geometry of the Janus silica template. We additionally demon-
strate the fabrication of hollow gold semishells by simply etching the silica cores
with a hydrofluoric acid solution. The optical response of the resulting semishells
was characterized by vis -NIR spectroscopy and compared to calculations of the
extinction cross section using the boundary element method (BEM).[244, 38] This
allows the analysis of the effect of gold surface coverage, shell thickness and core
diameter.
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2.2 Experimental Section

Chemicals

Tetrachloroauric acid (HAuCl4·3H2O, 99%) and didodecyldimethylammonium bro-
mide (DDAB, 98%) were supplied by Sigma. Ammonium hydroxide (NH4OH, 28%)
and tetraethylorthosilicate (TEOS, 98%), (3 - ethoxydimethylsilyl) propylamine -
(APDMES), paraffin wax (melting point ranging from 58 to 62 °C), potassium car-
bonate (K2CO3, 99%), chloroform, tetrakis (hydroxymethyl) phosphonium chloride
(THPC, 80%), sodium hydroxide, sodium chloride and formaldehyde (H2CO, 37%)
were supplied by Aldrich. Hydrofluoric acid (HF, 40%) was procured from Pan-
reac. Absolute ethanol (Scharlau) and Milli - Q water were used as solvents. All
the chemicals were used as received from the supplier.

Synthesis of Janus Silica Particles

The first step comprised the preparation of 495 nm silica particles as described
elsewhere, using a variation of the Stöber method.[245] All glassware was cleaned
with an HF 2% solution before starting. To 250 mL of an ethanolic solution
containing 7M H2O and 2M ammonium hydroxide a certain amount of TEOS
([TEOS]final = 0.3 M) was added under vigorous stirring. When the solution be-
came turbid, slow stirring was applied for 8 h. Then, the formed silica particles
were washed by 4 cycles of centrifugation (3400 RCF, 20 min) and redispersion
with ethanol. The nanoparticles were finally dried under vacuum and stored.

Pickering emulsions were subsequently prepared according to Jiang et al.[108] with
some modifications. 20 mL of a freshly prepared DDAB aqueous solution (15 - 90
mg/L) containing 0.4 g of silica (495 nm) was heated up to 70 - 75 ◦C and then
added to molten paraffin wax (5 g) also at 70 - 75 ◦C. The mixture was maintained
at that temperature with refrigeration for 1 h to reach equilibrium, and then cooled
down to room temperature. The resulting colloidosomes, wax solid droplets with
adsorbed silica particles, are visible with a naked eye. The removal of unattached
and weakly attached silica particles was performed by adding 40 mL of water to
the colloidosomes and then stirred manually for a few seconds. The process was
repeated multiple times till observing a colorless solution. Colloidosomes were then
filtered and dried under vacuum (30 ◦C and 300 mbar) for 2 days.
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Figure 2.1. Experimental setup employed for the gas - phase silane deposition.

The surface functionalization was carried out using a gas phase method also re-
ported by Jiang et al.[108] Briefly, a silane vapor, produced by bubbling dry nitro-
gen (at 0.25 bar) through 500 µL of APDMES, is allowed to react with colloido-
somes (ca. 0.5 g) deposited onto a filter funnel for 30 min (Fig. 2.1). Every 5 min
colloidosomes were moved around by rolling the filter in order to obtain a homo-
geneous surface functionalization. Finally a dry nitrogen flow was passed through
the particles for 30 min to remove the silane in excess.

To release the Janus silica particles from the wax surface, paraffin wax was dis-
solved by adding chloroform (2 x 30 mL) and then particles were further washed
with ethanol (30 mL) by two cycles of centrifugation (2300 RCF, 20 min) and
redispersion. Finally, Janus particles were stored dry until use.

Fabrication of Gold Semishells

Gold semishells were prepared by a sequential growth method according to the
process described by Halas group,[243] with slight modifications. First 200 mL of
THPC gold seeds (1 - 2 nm) were prepared as described by Duff et al.:[246] 180 mL
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of water were mixed and vigorously stirred with 1.2 mL of 1M NaOH and 4 mL
of 6.8·10−2M THPC solution in water. After 5 min, 1.53 mL of 0.13M HAuCl4
solution in water was added in one quick motion. The solution changed instantly
from colorless to deep brown. This solution was stored in the refrigerator and used
when it was 2 to 8 weeks old.

Then 500 mL of aqueous gold plating solution containing 1.8mM K2CO3 and
44µM HAuCl4 was prepared and stored in the fridge for 24 h prior to use. More
homogeneous shells were obtained when the plating solution was aged between 24
and 48 h.

The as prepared gold seeds were attached onto the Janus silica particles to form
the precursor particles as follows: to 40 mL of gold seeds (previously sonicated for
1 min) 4 mL of 1M NaCl and 300 µL of ethanol (containing 5 - 10 mg of Janus
silica particles) were added. The mixture was sonicated for 2 min and allowed to
reach equilibrium for 12 - 24 h. Then, the particles were centrifuged (20 min at 850
RCF) and washed 3 times with water. Finally, precursor particles were dispersed
in water (7·109 particles /mL) and stored in the fridge. These particles can be
used for at least 48 h to obtain complete gold semishells.

The growth of the gold semishells was carried out as follows: all solutions were
maintained at 25 ◦C for 30 min before use. First, 96.4 mL of plating solution was
mixed with 3.6 mL of the precursor particles dispersion (7·109 particles /mL). The
ratio between gold ions and precursor particles was 108. Subsequently, 500 µL of
H2CO was added to the mixture under vigorous stirring. After 15 seconds stirring
was slowed down and it was allowed to react for 10 - 15 min. Before starting the
second growth step, particles were centrifuged (850 RCF, 30 min) and redispersed
in 3.6 mL of water. After 5 growth steps, the resulting gold semishells were washed
by four cycles of centrifugation (850 RCF, 30 min) and redispersion in water to
ensure the complete removal of K2CO3 and H2CO in excess. Gold semishells were
kept in water and stored at room temperature.

Finally, hollow plasmonic structures were obtained by exposure of gold semishells
to 10% hydrofluoric acid for 6 h. The particles were finally washed by three cycles
of centrifugation (850 RCF, 30 min) and redispersion in water.
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Instrumentation

Visible -NIR spectra were measured in 1 cm path length quartz cuvettes using a
Cary 5000 UV - visible -NIR spectrophotometer. A JEOL JEM 1010 transmission
electron microscope operating at an acceleration voltage of 100 kV was used for
particle characterization. SEM images were obtained using a JEOL JSM - 6700F
FEG scanning electron microscope.

Optical Modeling

Simulations of optical spectra for complete shells and gold semishells with a sil-
ica core and water as solvent were performed using the boundary element method
(BEM).[244, 38] The edge of the semishell was described as an arc to avoid sharp
corners that can cause numerical problems. The dielectric data for gold and silica
were taken from Johnson and Christy [247] and Palik,[248] respectively. Conver-
gence has been achieved with 200 (140) parameterization points for the 500 (100)
nm core and 160 (120), 220 (160), 160 (160) points for 50%, 75% and 100% surface
coverage, respectively.

2.3 Results and Discussion

A schematic representation of the general strategy used for the fabrication of gold
semishells is shown in Fig. 2.2. The process involves two main steps: the prepa-
ration of Janus silica particles partially functionalized with amine groups and the
seeded growth to obtain gold semishells. Initially, Janus particles were synthe-
sized following the toposelective modification method.[108, 89] More specifically,
495 nm Stöber silica spheres were adsorbed onto the liquid - liquid interface of
an emulsion formed by molten paraffin wax and water.[89] Once the emulsion
cooled, the silica particles were locked at the interface, forming stable colloido-
somes (Fig. 2.3), so that the silica surface embedded into the wax was pro-
tected from further chemical modification. The following step was the silaniza-
tion of the available silica surface (Fig. 2.2, step 1), using the more volatile (3 -
ethoxydimethylsilyl) propylamine, APDMES, rather than other common aminosi-
lanes, such as (3 - aminopropyl) triethoxysilane (APTES), in order to achieve self -
assembled monolayers of higher quality.[249] The silane grafting was carried out
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Figure 2.2. Schematic representation of the synthetic route to form gold semishells. (1) gas
phase amine modification of silica particles attached to wax colloidosomes (2) dissolution of
the wax and release of the Janus silica particles, (3) adsorption of gold seeds through amine
groups and (4) formation of gold semishells through seeded growth.

using a solvent - free method at room temperature[108] comprising the volatiliza-
tion of APDMES with bubbling N2 and the reaction of the produced silane vapor
with the dried colloidosomes deposited on a filter funnel (Fig. 2.1). This route
was preferred over solution - phase silanization since it proved to have no effect
on either the adhesion of the silica particles or the stability of colloidosomes, while
additionally improving the efficiency of silane grafting (Fig. 2.3 E). Different chem-
ical modification routes in solution where tested prior to selecting the gas - phase
silanization. With organic solvents such as methanol, paraffin wax started melting
within a few minutes, being totally dissolved in 24 h (Fig. 2.3 B -C). This process
was minimized when the surface modification was carried out in an ice bath, never-
theless the quality of the functionalization was not good enough for the subsequent
steps (Fig. 2.3 D). After APDMES deposition, the silica particles can be easily
released by dissolving the paraffin wax with chloroform (Fig. 2.2, step 2), resulting
in the formation of Janus silica particles with toposelective amine functionality.
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Interestingly, the surface composition of the Janus silica particles can be tuned by
adding small amounts of didodecyldimethylammonium bromide (DDAB) during
the preparation of the Pickering emulsion (Fig. 2.4).[89] The cationic surfactant
adsorbs strongly onto the negatively charged silica particles surface, changing the
effective surface hydrophobicity and producing a deeper immersion of the silica into
the wax and, therefore, increasing the three - phase contact angle of the particles
at the emulsion interface. The SEM micrographs in Fig. 2.4 show selected areas
on wax - silica colloidosomes synthesized in the presence of different amounts of
DDAB (15 - 90 mg/L). It can be observed that silica particles are more deeply
embedded into the wax phase at increasing DDAB concentrations. An accurate
characterization would require the measurement of the contact angle of the particles
at the water - wax interface. This can be indirectly performed by measuring the
size of the voids that are left on the wax when the silica particles are detached
during the washing step.[89] Experimentally, this measurement is not trivial, since
at room temperature the samples might be affected by the electron beam and
therefore the use of cryo - SEM is required. In this case, the process was even
more complicated due to the small dimensions (<500 nm) of the silica particles,
resulting in the formation of rather small voids. Fig. 2.3 F shows a representative
cryo - SEM image from a sample obtained with a DDAB concentration of 60 mg/L.
The average contact angle measured for this sample was approximately 68◦, which
is in agreement with the values reported by Granick et al.[89]

The preparation of gold semishells templated by Janus silica particles with topose-
lective amine functionality is represented in Fig. 2.2, steps 3 and 4. This approach
is based on the well - known method for the growth of gold nanoshells developed at
Halas’ group.[243, 250] Initially, gold nanoparticles smaller than 3 nm in size were
adsorbed onto the functionalized side of the Janus silica particles through a weak
covalent bond with the amino groups of the aminosilane.[251] Subsequently, a con-
tinuous gold semishell was grown on the gold seeds in a multistep process through
the further catalytic reduction of hydrogen tetracholoraurate HAuCl4 by formalde-
hyde (Fig. 2.5). It was found that the sequential growth of the gold semishell was
required to obtain uniform and smooth gold surfaces. Another important parame-
ter that should be taken into account to fabricate homogeneous gold semishells was
the ratio between Au3+ ions and Janus silica particles in each growth step. While
ratios below 108 : 1 led to uniform gold semishells (Fig. 2.5), a greater excess of
Au3+ ions resulted in the metal surface of the semishell being uneven and spiked,
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Figure 2.3. SEM micrographs of as prepared colloidosomes (A) and after
silanization processes (B -E). (B and C) Chemical modification in MeOH with 3 -
aminopropyltrimethoxysilane (APTMS) at room temperature for 20 min and 24 h, respec-
tively. (D) equal to B but an ice bath. (E) Gas - phase silanization. (F) Cryo - SEM micro-
graph of 495 nm silica colloidosomes prepared using 60 mg/L DDAB concentration. Some
voids left by the silica particles during the washing steps are indicated with arrows.
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Figure 2.4. Upper panel: schematic representation of the effect of DDAB concentration
on the immersion of silica particles into the wax phase. Lower panel: SEM images of the
surface of colloidosomes fabricated with ca. 495 nm SiO2 particles and different DDAB
concentration: 15, 30, 60 and 90 mg/L, from left to right. All scale bars correspond to 1
µm.

and gold debris and bare silica particles were also observed, probably due to the
fast reduction of the gold salt. These gold semishells sediment after a few minutes,
but applying weak sonication redisperse again. The random orientation of the gold
semishells on the substrate makes the morphological characterization rather diffi-
cult. In order to demonstrate the anisotropy of these plasmonic nanostructures, the
silica core was dissolved using hydrofluoric acid (Section 2.2). As clearly shown in
Fig. 2.5 E and F, the removal of the dielectric cores led to the formation of hollow
metallic semishells. Apart from the possibility of synthesizing hollow nanostruc-
tures, another advantage of this colloidal synthetic route is that the gold semishell
geometry can be controlled by tuning the concentration of DDAB and, thus, the
coverage of amine functionality in the Janus silica particles, as discussed above.
This is exemplified in Fig. 2.5, where SEM images are shown of gold semishells
fabricated from Janus silica particles obtained with different DDAB concentrations
(60 and 90 mg/L). Although the random orientation of the gold nanoshells makes
comparison rather difficult, it is possible to observe that the particles fabricated
using 60 mg/L DDAB (Fig. 2.5 A and B) present a higher metal coverage than
those obtained using 90 mg/L DDAB (Fig. 2.5 C and D).

The mechanism of gold semishell growth is similar to that observed by Halas et
al. for gold nanoshells.[250] In this multistep process, the small gold particle seeds
initially attached onto the Janus silica particles grow larger and ultimately merge
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Figure 2.5. (A -D) SEM images of gold semishells obtained after six growth steps and
using Janus silica particles prepared with DDAB concentrations of 60 mg /L (A, B) and 90
mg /L (C, D). (E, F) SEM images of hollow gold semishells upon etching of the silica cores
(prepared with a DDAB concentration of 60 mg/L).

to form a continuous and polycrystalline gold semishell, getting darker in TEM
micrographs (Fig. 2.6 A -C). This process can be monitored through vis -NIR ab-
sorption spectra measured during gold semishell growth (in six steps) as shown in
Fig. 2.6 D. Initially, the surface plasmon resonance band shifts to longer wave-
lengths and broadens due to the growth of the gold seeds and also to the plasmon
coupling that arises when the distance between metal particles on the silica surface
decreases. Further reduction leads to the formation of a continuous shell and results
in a shift of the surface plasmon resonance band beyond the NIR. However, these
main features cannot be resolved experimentally, since the optical characterization
is limited to the vis -NIR range (up to about 1400 nm) and in this region just a
broad continuum band is observed. The experimental spectra of gold semishells
made with 60 or 90 mg/L of DDAB are similar in that a broad plasmon band in
the analyzed region is observed (vis -NIR).

The optical properties of the obtained gold semishells were analyzed through simu-
lations based on the boundary element method (BEM) for numerical resolution of
Maxwell’s equations.[244, 38] Since the core size and shell thickness are the main
parameters affecting the surface plasmon energies of gold nanoshells,[252, 206, 211]
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Figure 2.6. (A -C) TEM images of Janus silica particles after the first, third and fifth
growth step, showing increased gold surface coverage. D) Evolution of the vis -NIR spectra
during sequential growth (in six steps) of gold seeds attached to 495 nm Janus silica par-
ticles (60 mg /L DDAB) to obtain gold semishells. The spectra were shifted to facilitate
comparison. All scale bars correspond to 200 nm.

Figure 2.7. Calculated extinction spectra for Au semishells with 50% (black) and 75%
(red) metal coverage, and nanoshells (complete shell, blue). The thickness of the gold shells
was 10 nm (solid lines) and 30 nm (dotted lines). The inset shows the same spectra for an
extended wavelength range, up to 6000 nm. The diameter of the silica cores was 500 nm
(on the left) and 100 nm (on the right). On top the geometrical models employed in the
simulations.
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different morphologies were modeled varying these parameters as well as surface
coverage. The geometrical models used for the simulations are shown in Fig. 2.7.
The extinction cross sections obtained for gold semishells with silica cores of 500
nm in diameter, metal surface coverage of 50% and 75% and gold - shell thicknesses
of 10 and 30 nm are plotted in Fig. 2.7, left spectra. For comparison, the calcu-
lated spectra for gold nanoshells (100% surface coverage) are also included. The
most important point to note is that the loss of symmetry (from nanoshell to sem-
ishell) produces a strong red - shift of the main plasmon bands, this effect being
stronger for lower metal surface coverage. Due to the relatively large dimension
of the silica core (500 nm) and the thin gold shell, the main plasmon band in the
semishell, arising from transverse dipolar resonances (perpendicular to the axis of
symmetry, Fig. 2.8), is located beyond the NIR (in the far IR region for 50% cov-
erage). The optical features observed in the vis -NIR region (broad band) seem to
correspond to a less intense axial dipolar mode (resonances parallel to the axis of
symmetry and located around 1100 nm, Fig. 2.8) and several multipolar plasmon
modes. These simulations are in good agreement with the broad bands obtained
experimentally (Fig. 2.6) and show that the main plasmon band could be shifted
within the NIR (region of interest for biomedical applications) by using smaller
Janus silica particles as templates. This was confirmed by calculations for shells
and semishells comprising 100 nm silica cores (Fig. 2.7, right panel), which showed
that the tranverse dipolar modes are located in that case between 750 and 950 nm,
depending on surface coverage and gold shell thickness.
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Figure 2.8. BEM simulations for 500 nm gold semishells with a metal layer of 10 nm.
(black) Extinction spectrum calculated with the incident light polarized parallel to the axis
of symmetry showing the transverse modes. (blue) Extinction spectrum calculated with the
incident light polarized perpendicular to the axis of symmetry showing the axial modes. Full
line was calculated with multipoles up to l = 5, whereas dashed line correspond to l = 1
(only dipoles).

2.4 Conclusions

A versatile and easily scalable colloidal strategy for the synthesis of gold semishells,
based on using Janus silica particles as templates to grow uniform metallic shells has
been developed. Preliminary results show that this method enables to control the
geometry of the plasmonic structures by tuning the Janus silica particle composition
through variation of the concentration of the surfactant didodecyldimethylammo-
nium bromide (DDAB), which modulates the penetration of the silica particles at
the wax -water interface. Additionally, the silica cores can be readily etched away,
leading to the fabrication of hollow gold semishells. The simulation of the optical
properties using the boundary element method (BEM) has shown that the main
optical features in the case of gold semishells with 500 nm silica cores are located
beyond the NIR range and therefore cannot be observed experimentally. Addi-
tionally their Janus behaviour might be exploited to form monolayers of particles
using a Langmuir - Blodgett trough, with the gold parts close together, thus with
potential applications on surface enhanced Raman scattering (SERS) detection.
Simulations also predict that it is possible to fabricate gold semishells with optical
properties in the NIR region by simply decreasing the core size to 100 nm, never-
theless the method described here gives not such high quality semishells with this
small core size.
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Chapter 3

Radial Growth of Plasmon Coupled Gold
Nanowires on Colloidal Templates

Abstract

The library of plasmonic nanosystems keeps expanding with novel structures
with the potential to provide new solutions to old problems in science and
technology. Here is reported the synthesis of a novel plasmonic system based
on the growth of gold nanowires radially branching from the surface of silica
particles. The nanowires length could be controlled by tuning the molar ratio
between metal salt and surface - grafted seeds. Electron microscopy charac-
terization revealed that the obtained one - dimensional nanoparticles are poly-
crystalline but uniformly distributed on the spherical template. The length
of the nanowires in turn determines the optical response of the metallodielec-
tric particles, so that longer wires display red - shifted longitudinal plasmon
bands. Accurate theoretical modeling of these complex objects revealed that
the densely organized nanowires display intrinsically coupled plasmon modes
that can be selectively decoupled upon detachment of the nanowires from the
surface of the colloidal silica template.

53
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3.1 Introduction

The research on the optical properties of plasmonic nanoparticles is progressively
shifting from individual particles to ensembles.[253, 254] The plasmon hybridization
model to explain optical interactions between metallic nanoparticles,[207] opened
new possibilities not only at the level of theoretical understanding of complex op-
tical phenomena, but also as a guide in the rapidly developing field of applied
plasmonics.[255] Plasmon coupling is especially interesting in anisotropic nanopar-
ticles. Gold nanorods, for example, support longitudinal and transverse plasmon
resonances, which shift depending on mutual orientation of the nanoparticles.[256]
Thus, tip - to - tip arrangements lead to red shifts of the longitudinal surface plas-
mon band whereas side - to - side assembly induces blue shifts. Geometry - dependent
plasmon modulation is in fact an interesting property in the design of platforms
for optical biosensing.[223, 257]

Large electromagnetic field localization is the main prerequisite for surface en-
hanced Raman scattering (SERS) spectroscopy, and this is typically achievable on
plasmonic supercrystals composed of anisotropic nanoparticles.[258, 259, 260] Al-
though, extended supercrystals of anisotropic nanoparticles will find application
in chip - based, point - of - care devices, they are not suitable for use in complex
biological media in suspension (e.g. in vivo). Thus, a large scientific and techno-
logical effort goes into the production of 3D platforms based on standing nanorod
arrays that are stable in colloidal phase.[21] Naturally, the most attractive strategy
in achieving such a system is the use of pre -made colloidal particles as build-
ing blocks for bottom - up self - assembly into complex 3D clusters with controlled
size, shape and even interparticle distance.[261] Although progress has been made
toward this, the self - assembly approach for standing rods arrays on 3D clusters
remains a challenging task.

To overcome the inherent difficulties in controlled self - assembly we developed an
alternative strategy for the synthesis of anisotropic nanoparticles in the side - to -
side mode, directly on colloidal templates. Recent work by Chen and co -workers
make such strategy feasible.[262] These authors demonstrated a relatively sim-
ple protocol for the synthesis of forest - like assemblies of gold nanowires on glass
substrates. Our research group recently showed that such gold nanowire forests
constitute a promising architecture as SERS substrate.[263]
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We propose here a novel type of plasmonic architecture consisting of a dielectric core
covered with radially distributed gold nanorods / nanowires branching out from the
silica surface. The radial growth of nanoparticles is based on one - directional seeded
growth from covalently attached gold seeds (Fig. 3.1). The molar ratio between
seeds and metal precursor determines the length of the nanoparticles, which in turn
affects the plasmon response. Theoretical modeling of this multi - particle system
points toward strong plasmon coupling between arrayed wires.

3.2 Experimental Section

Chemicals

Ammonium hydroxide (NH4OH, 28%), tetraethylorthosilicate (TEOS, 98%), 3 -
aminopropyl (triethoxysilane) (APTES), sodium citrate tribasic dihydrate, tetra-
chloroauric acid (HAuCl4·3H2O, 99%), sodium borohydride (NaBH4), 4 -mercap-
tobenzoic acid (4 -MBA, 99%), and L - ascorbic acid were purchased from Sigma
Aldrich. Absolute ethanol (Scharlab) and Milli - Q water were used as solvents. All
the chemicals were used as received from the supplier.

Synthesis of gold seeds

To an aqueous solution (20 mL) containing HAuCl4 (0.125 mM) and sodium citrate
(0.25 mM), NaBH4 (0.3 mL, 10 mM) was added under vigorous stirring.[264] The
solution was further gently stirred to decompose remaining borohydride. The as
prepared gold spheres have an average diameter of 4.3± 0.9 nm.

Synthesis of silica spheres

Silica nanoparticles were prepared following the Stöber method.[265] Briefly, TEOS
(0.75 mL, 3.35 mmol) was added dropwise to 25 mL of absolute ethanol containing
ammonia solution (2.0 mL, 30 wt%) and Milli - Q water (1.13 mL) under vigorous
stirring. After 1 h the solution turned from colorless to opaque white and then it
was gently stirred overnight. Silica spheres were collected by centrifugation and
directly used in subsequent steps. The average diameter of the silica particles was
264± 9 nm.
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Functionalization of silica spheres with APTES

Silica particles were redispersed in a mixture containing ethanol (25 mL) and Milli -
Q water (1.3 mL). To this solution was added in turn NH4OH (0.125 mL) and
APTES (0.02 mL). The solution was vigorously stirred for 2 h at room temper-
ature and subsequently for 1 h at 70 °C to complete the covalent bonding of the
organosilane molecules to the silica surface. The particles were finally centrifuged
three times (2000 rpm, 8 min) and redispersed in ethanol (10 mL). The final con-
centration of silica was estimated to be 9.4 · 1011 particles /mL.

Attachment of gold seeds on the silica spheres

Amino - functionalized silica nanoparticles (0.346 mL) were added to the solution
of as - prepared gold seeds (10 mL). The solution was stirred for 2 h at room tem-
perature. The particles were centrifuged three times (2000 rpm, 10 min) to remove
excess of gold seeds. The pinkish precipitate was redispersed in Milli - Q water (1.2
mL).

Growth of gold nanowires on silica spheres

Different amounts of Au - primed silica particles (0.60, 0.55, 0.50 mL) were added
to an ethanol /water solution (10 mL, 3 : 1 V /V) containing 4 -MBA (0.275 mM)
and HAuCl4 (0.825 mM). After 15 s of gently stirring, L - ascorbic acid (0.488 mL,
42 mM) was added and the reaction mixture was gently stirred for 5 s. The solution
was left undisturbed for 10 min, as the color of the solution changed from yellowish
to colorless and further to bluish. The particles were centrifuged three times (2000
rpm, 8 min) redispersed in ethanol (2 mL) and further characterized.

Instrumentation

UV/Vis /NIR spectra were collected using a scanning spectrophotometer Varian,
Cary 5000. Transmission electron microscopy (TEM) images were collected with a
JEOL JEM - 1400PLUS, operating at 120 kV. HRTEM images were collected with
a JEOL JEM 2100F field emission gun electron microscope, operating at 200 kV.
Scanning electron microscopy (SEM) images were obtained with a Helios NanoLab
600i Dual Beam FIB /FE - SEM (FEI, USA), operating at 10 kV.
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Optical Modeling

Spectral and near field enhancement simulations were carried out in colaboration
with Departamento de Teoría de la Señal y Comunicaciones (University of Vigo),
using a numerical method based on the surface integral equation -method of mo-
ments (SIE -MoM) formulation (M3 solver).[35] With this methodology, the metal-
lic nanostructures are replaced by equivalent electric and magnetic currents placed
over the particle boundary surfaces and interfaces. Through the integro - differential
Stratton -Chu representation formulas and the boundary conditions for the total
fields are derived a set of SIEs for the unknown equivalent currents. These SIEs
are subsequently discretized by applying a Galerkin MoM procedure in terms of a
set of basis and testing functions, leading to a dense N×N matrix system of linear
equations (being N the number of basis functions used to expand the unknown
equivalent currents). For the realistic simulation of the large - scale plasmonic sys-
tems considered here, SIE -MoM was expedited via the multilevel fast multipole
algorithm - fast Fourier transform (MLFMA -FFT),[266] providing a high algorith-
mic efficiency – computational cost of O (NlogN) – along with high - scalability via
parallelization using multicore computer clusters. The simulations were carried out
on a workstation with four 8 - core Intel Xeon E7 - 4820 18 MB L3 cache proces-
sors at 2 GHz. A high surface mesh density was considered using 855,600 basis
functions both for the radially distributed and the randomly distributed nanowire
systems, with an edge size ranging from 1 / 96 wavelengths for the shortest sim-
ulated wavelength to 1 / 311 for the longest. Otherwise, a relative error norm of
10−5 was considered to halt the Krylov iterative solver. Considering the above,
the computation times per wavelength ranged from 145 to 617 seconds, while the
memory use ranged from 5.3 to 21.4 GB.
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3.3 Results and Discussion

3.3.1 Growth of nanowires on silica beads

Silica particles with an average diameter of 264± 9 nm were prepared according
to the well - established Stöber method.[265] This process allows the production of
large quantities of monodisperse silica spheres with a wide range of particle sizes.
It is based on the hydrolysis of an alkyl silicate such as TEOS and the subsequent
condensation of the silicic acid in alcoholic solutions, catalysed in the presence of
a base such as ammonia. The silica spheres were functionalized with the aminosi-
lane APTES using a variation of the method developed at Halas’ group.[250, 243]
Citrate - stabilized gold nanoparticles [264] with an average diameter of 4.3± 0.9
nm (Fig. 3.2 A) were then adsorbed onto the amine functional groups at the silica
surface. The role of APTES as a linker is thus a crucial ingredient to achieve a
homogenous distribution of the gold seeds. In all experiments were used excess of
gold seeds to ensure maximal surface coverage; unattached gold seeds were removed
by centrifugation.

Figure 3.1. Schematic representation of the experimental strategy for radial growth of gold
nanowires on a silica template. Gold seeds are first attached to amine functionalized silica
particles SiO2 @ NH2. Metal nanowires grow from the seeds via reduction with L - ascorbic
acid (AA) in the presence of 4 -mercaptobenzoic acid (4 -MBA) as a stabilizer.

The synthetic methodology described here presents two major challenges: (1) the
formation of gold nanowires on spherical substrates in a colloidal phase and (2)
tuning the length of the resulting nanowires. As reported by He et al. when
explaining the growth mechanism of gold nanowires over macroscopic susbstrates
[262], one - dimensional nanowire growth is strongly affected by the interaction of 4 -
MBA with the growing gold surface, such that it is favored by a higher deposition
rate of the metal and lower diffusion rate of the ligand. As these two factors
correlate with the respective concentrations, the molar ratio between AuCl−4 and
4 -MBA should be sufficiently high

(
AuCl−4 / 4−MBA = 3

)
to ensure anisotropic
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growth. It has been reported that the final length of the nanowires grown on the
macroscopic surface can be readily controlled by simply tuning the reduction time.
Thus, removal of the substrate from the growth solution, typically 15 min after
reduction commenced, produced 1 µm long nanowires.[262, 263] In the present
system however, the substrate is not a macroscopic glass, but a colloid which
therefore cannot be abruptly removed from the growth solution. Thus, the length
of the nanowires was controlled in a similar fashion to the well - known seeded -
growth method, by simply tuning the molar ratio between gold salt and gold seed -
coated silica particles, while keeping a large excess of 4 -MBA to ensure anisotropic
growth and nanowire formation. A systematic study was carried out in which was
varied the concentration of the gold - primed SiO2 (0.095, 0.086, 0.078 nM) but
maintained the concentration of HAuCl4 (0.825 mM), 4 -MBA (0.275 mM) and
L - ascorbic acid (2 mM) constant. Upon extended storage of the samples at 4 ◦C,
no sign was observed of wire detachment from the silica surface.

3.3.2 Morphological Characterization

With increasing the ratio between metal salt and silica - supported seeds, the nano-
wires were found to grow progressively longer, while their width remained constant
(6.1± 0.8 nm). The length of the resulting nanowires was estimated by analysis of
TEM images as: 38± 11 nm, 114± 20 nm, 207± 9 nm, (hereafter named as short,
intermediate and long nanowires), for gold - primed SiO2 concentrations of 0.095,
0.086, and 0.078 nM, respectively (Fig. 3.2 B -D). The capping molecules (4 -
MBA) form a compact layer on the metal surface during nanowire growth, thereby
ensuring the separation between the nanowires.[263] It is therefore reasonable to
assume that 4 -MBA acts as a shape - directing agent, inducing anisotropic growth
in radial fashion.

Figure 3.2. TEM characterization of silica - gold metallodielectric colloids. Silica particles
coated with gold seeds (A) and short (B), intermediate (C), and long (D) nanowires.
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Interestingly, for long nanowires the TEM images seem to indicate that the central
part of the silica particles remains partly uncovered (Fig. 3.2 D). This is likely to
be an artifact derived from collapse of the nanowires upon drying. The short and
intermediate wires not only distribute homogenously but also form a shell where
such a collapsing effect is not observed, due to optimal surface coverage. To further
visualize full coverage of the silica nanoparticles SEM characterization was carried
out, which confirms uniform coverage and radial distribution of the nanowires (Fig.
3.3 A), which stand on the spherical substrate even after solvent evaporation. It is
however interesting to note that in all cases the nanowires display a certain degree
of twisting, i.e. they are not perfectly straight.

Figure 3.3. (A) SEM image of intermediate nanowires homogenously distributed on
silica beads, with radial orientation but twisted morphology. (B) HRTEM image of a single
nanowire showing multiple twin planes and a polycrystalline structure.

This particular growth mechanism is based on the relatively fast kinetics of metal
reduction. In the conventional methodologies the degree of anisotropy has been
reported to increase with decreasing the rate of metal reduction.[267] For exam-
ple, the growth of single crystal gold nanorods is completed within 3 hours,[268]
whereas over 5 hours are needed to complete the formation of oleylamine - capped
nanowires.[269] In contrast, in the present system the reaction is completed within
only 10 minutes. Fast kinetics is most likely an essential factor in determining
the polycrystalline nature of the obtained nanowires. Multiple twin planes with
random lattice orientations can be observed in Fig 3.3 B, which ultimately lead to
the above mentioned twisted morphologies. More accurate control of the growth
process would be required to obtain single crystal nanowires, which would not
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only form more uniform composite structures but are also relevant in the design of
optoelectronic devices.[270]

3.3.3 Optical Characterization

The high aspect ratio and the side - to - side mutual orientation of the nanowires
determine the overall optical response of the composite colloids. The colloidal dis-
persion of silica particles covered with gold seeds exhibits a weak plasmon band
centered at 506 nm, with enhanced Rayleigh scattering due to the silica spheres
(Fig. 3.4 A, grey line). In contrast, broad plasmon bands emerge at 740 and 960
nm upon growth of short and intermediate nanowires, respectively (Fig. 3.4 A,
blue and red lines). For long nanowires (Fig. 3.4 A, black line) the plasmon band
splits to produce two modes at 545 nm (transverse) and at >1300 nm (longitudi-
nal). This trend of red - shifting plasmon band with increasing nanowire length is
in accordance with the usual observations in gold nanorods, but in this system the
overall optical properties are dominated by the radial distribution of the nanowires
in side - to - side orientation, leading to much broader plasmon bands. The forest -
like growth of the nanowires leads to strong coupling of the plasmon bands and
therefore it is expected that they should differ from those of the free nanowires
in solution. To qualitatively verify this assumption, the wires were detached from
the surface of the silica particles through a short sonication process (5 min), and
redispersed them in pure ethanol. As shown in Fig. 3.4 B, in the long nanowires
the transverse plasmon band blue - shifted (from 545 to 507 nm) and sharpened,
while the longitudinal plasmon band seems to further shift toward the near - IR,
as indicated by a valley at 700 nm. TEM characterization of the samples after
detachment revealed randomly distributed nanowires (Fig. 3.4 - 3). In the case of
intermediate nanowires two bands are clearly visible, at 507 and ~ 1300 nm (Fig.
3.4 B - red), again indicating redispersion of individual nanowires. For the short
nanowires however, the spectrum did not change significantly suggesting that the
side - to - side orientation is somehow preserved after detachment. TEM character-
ization confirms the presence of nanowire bundles, more frequently for the shorter
nanowires, in agreement with the optical measurements. Presumably the strong
interaction between the small wires via stabilizing agent does not allow them to
fully disperse. Longer nanowires, however, disperse better in ethanol since exhibit
many surface defects facilitating solvation by the solvent molecules.[271]
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Figure 3.4. Optical properties of the radially distributed gold nanowires and randomly
distributed in solution. (A) UV -Vis -NIR spectra of silica nanoparticles coated with gold
seeds (grey), short (blue), intermediate (red) and long nanowires (black). (B) UV -Vis -NIR
spectra of the samples detached from the silica substrate. (Right) TEM images of the wires
after detachment for short (1), intermediate (2), and long (3) nanowires.
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3.3.4 Theoretical modeling

To further correlate the structural complexity of these systems with their optical
properties, the extinction spectra of the composite particles comprising intermedi-
ate nanowires radially distributed on the surface of silica spheres were simulated.
Although conventional simulation approaches (e.g. FDTD, DDA, BEM) require
large calculation costs to provide reliable optical information about such complex
objects, a recently reported methodology was employed, which implements accel-
erated calculations based on surface integral equations with the method of mo-
ments formulation and the multilevel fast multipole algorithm.[35] The SIE -MoM
methodology brings about important advantages with respect to volumetric ap-
proaches, namely, a significantly smaller computational cost (as only the particle
boundaries and interfaces must be parameterized) and larger stability, particularly
when dealing with resonant metallic response (as the singular behavior of fields is
analytically handled by the Green’s function and its derivatives.) The computa-
tional power of this approach allows to model the particles in their full complexity.
These simulations are focused on the intermediate nanowires, since their dimen-
sions estimated from TEM analysis in dried state better represent real dimensions
in the solution as compared to short and long wires. The input width, length and
the silica core diameter were 6, 100 and 260 nm, respectively. A certain degree of
twisting was implemented to better represent the real system and a certain degree
of polydispersity in size (± 1 nm in diameter and ± 19 nm in length) as well as in
shape (four different nanowire models) was also considered. Over 1000 nanowires
were used both in the radially and the randomly distributed systems. Otherwise, a
large number of different orientations were simulated and averaged for the radially
distributed system in order to increase the polydispersity effect. The silica sphere
was not parameterized, as it was found through simulation that its contribution
to the spectra is negligible compared to that of the nanowires. The so - calculated
extinction spectra of radially distributed nanowires on silica exhibited two plasmon
bands at 516 and 900 nm, closely resembling the experimental spectrum (cf. Figs.
3.5 A and 3.4 A - red). On the other hand, the spectrum of free nanowires exhibits
a transverse plasmon band at 520 nm and a longitudinal plasmon band significantly
red - shifted (> 1300 nm) as compared to radially - distributed nanowires.

These results are in strikingly good agreement with the experimental observations
and again point toward strong plasmon coupling in the dense radial nanowire ar-
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Figure 3.5. Optical modeling of gold nanowires. (A) Simulated extinction spectra of gold
nanowires radially distributed on the silica surface (black) and randomly distributed in water
(red). The insets show the 3D models used for the simulations, in both cases containing ca.
1000 nanowires. (B) Calculated near field enhancement map (λ=785 nm) of the radially
distributed nanowires, showing the presence of numerous hot spots.

rays. To further visualize the presence of plasmon coupling and hot spot formation,
the electric near field enhancement was calculated (Fig. 3.5 B), which indeed shows
a large number of hot spots randomly distributed in the region occupied by the
nanowires, around the silica template colloid. Although large near field enhance-
ments up to 100 were found in selected spots, Fig. 3.5 B shows the distribution of
more moderate field enhancements for better visualization. Overall, the combina-
tion of the optical features and hair - like morphology provides an exciting scenario
for the development of new materials with potential in biosensing.

3.4 Conclusions

A new type of plasmonic metallodielectric nanoparticles, comprising radially dis-
tributed gold nanowires branching out from a colloidal template have been devel-
oped. The length of the nanowires, ranging from 40 to 200 nm, was controlled
by simply changing the molar ratio between seeds (gold - primed silica nanoparti-
cles) and metal salt. The optical properties show significant differences between
nanowires that are radially distributed and those free in solution, indicating strong
plasmon coupling, which was confirmed by theoretical modeling. This method
opens up a new synthetic pathway in colloidal nanofabrication. Here is shown that
growth of plasmonic nanowire forests is not limited to solid substrates,[262, 263] but
can also be grown on amino - functionalized colloidal particles. These particles offer
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new opportunities toward applications in fields such as (photo) catalysis.[272] From
a general perspective, radially distributed anisotropic nanoparticles are also highly
appealing materials for the development of a new class of conductive substrates or
biosensors with intriguing optical properties.[273] An interesting extension of this
work would comprise the synthesis of Janus like silica particles, half covered with
gold nanowire forests, to take advantage of the Janus geometry and be able to
control their self - assembly over surfaces [19] and improve their SERS capabilities
(work in progress).
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Chapter 4

Mesoporous Thin Film Sandwiches as
Templates for Branching in Gold

Nanoparticles

Abstract

The preparation of new composite materials by combination of different
components is a popular strategy that leads to either multifunctional-
ity or even to novel properties in one single structure. An attractive
combination comprises mesoporous thin films and metal nanoparticles,
which has raised interest in various fields such as catalysis, sensing or
optics. We introduce in this chapter a composite material compris-
ing gold nanospheres located at the interface between two mesoporous
films with different pore sizes. This configuration allows us to grow
spikes on the metal particles, using the mesopore network as a tem-
plate. The resulting nanostructures were characterized by TEM, SEM,
environmental ellipsometric porosimetry (EEP) and two - dimensional
small angle X - ray scattering (2D - SAXS).

67
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4.1 Introduction

Oxide mesoporous materials have experienced a great development since their dis-
covery in the 1990s. Advances in colloid chemistry and evaporation - induced self -
assembly (EISA)[71] allow the production of a wide variety of mesoporous oxide
structures with tunable pore size and organization.[274, 275, 276, 64] In particular,
the preparation of mesoporous materials as thin films (mesoporous thin films or
MTFs), opens up the possibility to create novel systems with not only the usual ad-
vantages of these materials (controlled pore size, shape, composition, high surface
area or surface modification), but also special optical properties and a substrate
as support.[276] The presence of a substrate facilitates real world applications as
catalysts, in solar cells, insulators, batteries, sensors or photonics among others.[64]

Composite materials made of MTFs containing metallic nanoparticles, specially
gold and silver, are of high interest due to the combination of the structural prop-
erties of the thin films with the optical properties of the metal particles, namely
localized surface plasmon resonances (LSPRs) and high electric field enhancement
at the nanoparticle surface under illumination. Examples include a SERS - selective
sensor for the detection of the dye rhodamine 6G, comprising a mesoporous silica
film containing 5 nm silver nanoparticles patterned by hard X - rays, which in-
duced at the same time formation of the particles and removal of the organic
template.[277] More recently, our group reported a SERS sensor based on gold
nanoparticles deposited under a mesoporous film, so that the pore structure could
be used as a molecular sieve.[278]

The system described here is the continuation of the project started by Dr. An-
gelomé in our group.[279, 280] Basically it consisted in the preparation of composite
materials containing a sub -monolayer of gold particles with different shapes, cov-
ered with a MTF, to grow then gold branches over these nanoparticles through
a seeded growth process. The aim of the work described in this chapter, in co-
laboration with Dr. Angelomé, is the preparation of Janus nanoparticles within a
mesoporous film sandwich with different pore sizes acting as planar masks (Sec-
tion 1.5). The system comprises two dissimilar films, made of silica and titania
and fabricated using different templates (CTAB, Brij58, F127). During the fabri-
cation, 60 nm gold spheres were loaded in between both MTFs and subsequently
gold spikes were grown from these metal nanoparticles through the big F127 pores
under different conditions. Characterization of the system demonstrates a high



4.2 Experimental Section 69

porosity, so we expect that these structures can be used as SERS sensors as well
as catalysts with higher activity than composite materials where nanoparticles are
directly attached to the substrate.

4.2 Experimental Section

Chemicals

All reactants were supplied by Sigma and used without further purification un-
less otherwise indicated. Tetrachloroauric acid (HAuCl4·3H2O, 99%), sodium
citrate tribasic dihydrate (98%), hexadecyltrimethylammonium bromide (CTAB),
poly (vinylpyrrolidone) (PVP, Mw = 40 kg /mol) L -Ascorbic acid (L -AA, 99%),
tetraethylorthosilicate (TEOS, 98%), titanium tetrachloride (Merck), F127, Brij58
(Merck), silver nitrate (99%), hydrochloric acid (Panreac, 37%). Absolute ethanol
(Scharlab) and Milli - Q water were used as solvents.

Preparation of 60 nm gold spheres

Gold seeds of 15 nm were synthesized by means of the well - known Turkevich
method and were used without further purification.[281] Using a seeded growth pro-
cess, these particles were grown up to ca. 60 nm, in the presence of cetyltrimethy-
lammonium bromide (CTAB).[282] The resulting spheres were transferred to ethanol
using PVP[283] by centrifuging 50 mL of CTAB particles at 4000 rpm for 25
min and redispersion in 40 mL of water. Then 10 mL of the PVP solution (60
molecules / nm2) were added dropwise, stirring the mixture overnight. The modi-
fied particles were centrifuged at 4000 rpm for 25 min, and redispersed in 25 mL
of ethanol. Then the particles were centrifuged under the same conditions and
redispersed in 5 mL of supernatant.

Preparation of mesoporous thin films

Silica and titania mesoporous thin films were prepared by spin - coating on top of
glass slides or silicon wafers. Silicon oxide films templated with CTAB (SC), Brij58
(SB) or F127 (SF) were spinned at 4000 rpm using 125 µL of solution (see below);
whereas titania films templated with Brij58 (TB) or F127 (TF) were prepared at
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6000 rpm using 50µL of solution (diluted 2 : 1 in ethanol at 40 ◦C for decreasing
its viscosity). The detailed composition of film precursor solutions was previously
reported.[284] For silica films, solutions comprised of TEOS :EtOH : template :H2O:
HCl with a 1 : 20 : 0.1 : 5 : 0.004 molar ratio for CTAB, 1 : 40 :0.05 : 10 : 0.008 for
Brij58, and 1 : 40 : 0.005 : 10 : 0.008 for F127 were prepared. These solutions were
aged for 72 hours at room temperature prior to use. For titania films, solutions con-
taining TiCl4 : EtOH : template :H2O, with a 1 : 40 : 0.05 : 10 molar ratio for Brij58,
and 1 : 40 : 0.005 : 10 for F127 were employed with no aging. After spin - coating the
films were stored in 50% relative humidity containers (prepared with Ca(NO3)2

water saturated solutions) for 30 min. The films were thermally treated for 30 min
at 60 ◦C, then the same time at 120 ◦C, followed by a final step of 2 h at 200 ◦C.

Then the films were covered with particles, vide infra, and a second mesoporous
film was spin - coated. After thermal treatment, the template was removed by
immersing the films in ethanol for 3 days.

Attachment of the particles

100 µL of the 60 nm gold spheres dispersed in ethanol ([Au]∼ 2.5 mM) were spin -
coated over the films at 6000 rpm for ∼ 1 second. The process was repeated one
more time, with no aparent aggregation.

Growth of gold branches

Two different approaches were employed to grow spikes on the gold particles. The
first conditions (named as P) comprised the immersion for 2 h (3 times) of the
glasses with deposited mesoporous films inside plastic tubes containing 5 mL of
growth solution

(
[Au] = 6.25 · 10−5 M, [CTAB] = 30 [Au], [AA] = 16 [Au]

)
. L -

ascorbic acid (AA) was added after aging the Au :CTAB mixture for 1 h, prior to
introducing the glasses. The second conditions (named as R) implied one growth
step of 2 h using the following growth solution: [Au] = 0.5 mM, [CTAB] = 0.1 M,
[HCl] = 19 mM, [AgNO3] = 0.12mM, and[AA] = 0.8 mM.

TEM grid preparation

Tthe TEM grid was first placed over a silicon oxide substrate. Then a drop of
ethanol was casted over the grid, covering it totally. Thereafter the film was
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scratched with a blade and put in contact with the ethanol drop to be finally
deposited on the grid.

Instrumentation

A JEOL JEM 1400F transmission electron microscope operating at an acceleration
voltage of 120 kV and a Zeiss Supra 40 scanning electron microscope operating at
3.0 kV were used for particle characterization.

UV - vis spectra were measured with a HP 8453 UV - vis diode - array spectropho-
tometer.

The mesostructure of the films was characterized using 2D - SAXS at the D11A -
SAXS line at the Laboratório Nacional de Luz Síncrotron (LNLS), Campinas, SP,
Brazil, using λ = 1.608 Å and a sample - detector distance of 650 mm. Image plates
were used as detectors (4 or 90◦ incidence).

The optical properties of SiO2 and TiO2 thin films were measured in ambient
conditions (RH ∼ 50%; ∼ 25◦C) using a Spectroscopic Ellipsometer (SE SOPRA
GES5A). From the ellipsometric parameters Ψ and ∆ the film thickness and the
refractive index were deduced.[285]

Water adsorption - desorption isotherms (at 25 ◦C) of a nitrogen flux containing
variable water vapor quantities (P/P0, P0 being the saturation water vapor pres-
sure at 25 ◦C) were measured by Environmental Ellipsometric Porosimetry (EEP
SOPRA GES5A). The experimental device is based on coupling a pressure con-
trolled chamber and a spectroscopic ellipsometer. The volume of water adsorbed
at each P/P0 value is determined by modeling the obtained refractive index ac-
cording to a three - component (water - air - oxide) effective medium approximation,
from which the porosity of the film can be estimated. From the adsorption and
desorption isotherms, we can determine the diameter of the pore and the diameter
of the neck, respectively.
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Figure 4.1. Scheme showing the expected structure of SBTF films before (left) and after
(right) the growth of gold branches. A mesoporous film with small holes (SB, violet) covers
the substrate; gold particles are then placed on top; and finally, a mesoporous film with big
holes (TF, blue) covers the particles.

4.3 Results and Discussion

The aim of this work was the preparation of gold Janus nanoparticles using meso-
porous thin films as planar masks. The approach was based on the work reported
by Angelomé et al.,[280] on the growth kinetics of gold nanoparticles embedded
between a substrate and a mesoporous thin silica film. Silica and titania films are
labeled as SX and TX respectively, being X de corresponding surfactant: B repre-
sents Brij58, C corresponds to CTAB and F to F127. In the case of bilayers, the
first two letters correspond to the inner film, and the next two letters to the upper
film. Thus SBTF represents a sandwich composed of SiO2 - Brij58 at the bottom
and TiO2 - F127 in the upper part. In Fig. 4.1 (left panel) a scheme is presented
showing the expected structure of a SBTF sandwich. For the sake of clarity we
focus on the SBTF system, with the bigger holes in the upper part. Notwithstand-
ing, a wide variety of sandwich film configurations were prepared, with only silica
and also with the bigger holes in the bottom (see types of bilayers in Table 4.1)
Briefly, over a silicon wafer or a glass substrate a silica mesoporous thin film was
prepared by spin coating. After thermal treatment, 60 nm gold spheres function-
alized with PVP in ethanol were spin coated over this first film. The structure
was subsequently completed by deposition of the second film, covering the gold
particles. After the final thermal treatment, the organic templates were removed
by inmmersing the films in ethanol for 3 days.

The as prepared SBTF sandwich was characterized by electron microscopy prior
growing the gold branches. In Fig. 4.2 A we show a representative low magni-
fication TEM image where the distribution of gold particles in between the films
can be seen; no aggregation was found, and the pore structure (mainly of the
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Figure 4.2. TEM (A, C -F) and SEM (B) images of SBTF films loaded with 60 nm gold
spheres: (A) prior to the growth of gold; (B) region showing the order of TF pores; (C -D)
Low and high magnification pictures after growing the gold particles with R method (inset,
side view); (E - F) Low and high magnification images after metal growth using P method.

big TF pores) can be readily recognized. It is worth noting the presence of one
rod like particle in image A, which is a byproduct of the synthesis of 60 nm gold
particles.[282] These particles can also be removed by applying a purification step,
but we omitted this step to simplify the process. Besides, this allows us to check in
the same experiment if gold can grow over anisotropic particles, which is important
for designing future experiments, but this is out of the scope of this chapter. In
Fig. 4.2 B a SEM micrograph is shown from a region where the presence of pores
(TF) in the structure is clearly visible. The side view of the films in the inset of
Fig. 4.2 C confirms that particles are embedded in between them, and also the
different nature of the films allows us to distinguish the SB from the TF film.

To determine the influence of the presence of the gold particles on the organiza-
tion of the pores, small - angle X - ray scattering (SAXS) experiments were carried
out. Shown in Fig. 4.3 are 2D - SAXS patterns obtained at 4◦ (upper panel) and
90◦ (lower panel) incidence, from thermally stabilized films at 200 ◦C. Due to the
thermal treatment a certain uniaxial contraction of the films in the axis perpendic-
ular to the substrate is observed (ellipsoidal pattern), in agreement with previous
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Figure 4.3. 2D - SAXS patterns of mesoporosus films obtained at 4◦ (upper panel) and 90◦

(lower panel): (A -B) SB monolayer; (C -D) TF monolayer; (E - F) SBTF bilayer; (G -H)
SBTF bilayer loaded with 60 nm gold spheres.

reports.[286] Fig. 4.3 A -B and C -D shows the patterns for a SB and a TF mono-
layer, respectively. In both cases a cubic Im3m structure was determined, with the
[110] plane oriented parallel to the substrate surface (a=8.4 and 18.6 nm for the
SB and TF network respectively).[287, 284] Fig. 4.3 E - F shows the SAXS pattern
for a SBTF bilayer, where two distinct highly ordered and oriented structures are
clearly visible. When 60 nm gold particles were deposited in between SBTF films
a similar result was obtained (Fig. 4.3 G -H), meaning that bilayers preserve the
order of the corresponding monolayers, with no loss of order due to the presence of
the gold particles. The latter only produce an increase of the scattering intensity
at the center of the image. As previously mentioned, different combinations of
mesoporous film sandwiches were prepared, and they all yielded similar results, i.e.
the particle loaded bilayers keep the mesoporous order of the corresponding mono-
layers (Table 4.1). Brij58 and F127 templated silica or titania films exhibit a cubic
Im3m structure, whereas CTAB films are organized into 3D hexagonal P63 / mmc
structures.

A more complete characterization of the mesoporous thin films was carried out
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by ellipsometric porosimetry (EP). Ellipsometry is a non - destructive optical tech-
nique based on the changes in the polarization of a polarized beam light when
interacting with a material. This change is quantified in the reflected light through
the ellipsometric angles Ψ and ∆, which can then be modeled to determine the film
thickness and the refractive index of the material.[288] The EP set up includes a
pressure control chamber coupled to a spectroscopic ellipsometer. This technique
was first reported by Baklanov and co -workers in 2000 and is very powerful for the
characterization of micro - and mesoporous thin films.[289] The procedure is based
on plotting an adsorption - desorption isotherm from variations in the refractive
index due to changes in the partial pressure of an organic solvent over a film. In
our system an environmental ellipsometric porosimeter (EEP) was used, therefore
water isotherms were plotted.[290] Two main problems limit the accuracy of the
EP technique: first, the assumption that the adsorbate confined into the pores
keeps its bulk properties; second, the models employed are not fully adapted to
film characteristics. EEP measurements entail no experimental difficulty but the
adjustment of the data remains challenging if realistic results are to be obtained.
In the lower panel of Fig. 4.4 the isotherms are shown for SB and TF films forming
a single monolayer over a silicon wafer. At P/P0 = 0 the refractive index and
the thickness of the corresponding film can be estimated (see the summary for all
mesostructures on Table 4.1). Thickness values of 61 and 125 nm where obtained
for SB and TF films respectively, so the as prepared films are relatively thin. The
obtained thickness is related to the viscosity of the precursor solution containing
the metal sol and to the spin speed employed during the film preparation. There-
fore, low viscosity sols and high speeds lead to thinner films. From the same graph
we can obtain the porosity, which results to be 39% and 34% for SB and TF, re-
spectively. The highest porosity was achieved with SC films, where over 49% of the
total volume is accessible. The adsorption plot can additionally be used to calcu-
late the diameter of the pores and the desorption plot to estimate the diameter of
the necks, i.e. the distance between pores. Similar pore sizes (around 3 nm) were
determined for CTAB and Brij58, whereas for F127 bigger pores were obtained
(6.6 nm). The smaller pore size of TB compared to SB could be attributed to the
presence of some organic molecules from the template, avoiding the total satura-
tion of the pores with water molecules, leading also to a lower porosity compared
to the real value (saturation is reached faster). It is worth mentioning that two
different neck diameters were obtained for SF films. A unique value around 2.6
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nm was expected, so we postulate that the second diameter was determined when
using a long time aged precursor metal sol. SF films exhibit a high porosity, but
the gold growth step could be affected on these films.

Figure 4.4. Water adsorption / desorption isotherms. The SB (left) and TF (right)
components of the SBTF bilayer are shown in the upper panel. For comparison, we plotted
in the lower panel the isotherms of the corresponding monolayers.

After characterization of the monolayers, the same analysis was applied to bilayers
(without particles). Experimentally the process is exactly the same for bilayers, but
the modeling is more challenging: each monolayer conforming the film’s sandwich
must be separately modeled, using data from the single monolayer as input, so
that the most realistic result possible is achieved. In the upper panel of Fig. 4.4
are shown the isotherms for SBTF films: the SB monolayer is plotted on the left
and the TF layer on the right. From these plots it can be first observed that the
porosity is decreased in the bilayers, though still high, 36% and 26% for SB and
TF, respectively. Nevertheless, a 128 nm film thickness was obtained for the SB
layer, which is twice the value obtained when forming a single monolayer (closer to
the value estimated on TEM), but all efforts made by decreasing the film thickness
as an input gave worse results. Other bilayers yielded results that are closer to
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Figure 4.5. UV - vis -NIR spectra of the SBTF film loaded with 60 nm gold particles:
before (black) and after growing gold under P (red) and R (blue) conditions.

those of single monolayers, except for SFSC, where the presence of two layers with
very close refractive index values made the modeling rather difficult. Therefore,
the main conclusion from EP on bilayers is that all thin films show accessible pores
where gold growth can be expected to occur.

After confirming the preparation of a substrate with an accessible pore network,
gold branches were grown over the 60 nm metallic spheres (Fig. 4.1 on the right).
Two different growth conditions were employed: either three mild steps (P) or one
step under more aggressive conditions (R). P conditions were employed because
this preocess was reported to yield good results with particles embedded between a
substrate and a single mesoporous film,[280] whereas R conditions were used to test
if similar results could be obtained faster, in one single step. Growth experiments
were carried out in 10 mL plastic tubes. For P conditions, a mixture of gold salt
and CTAB was aged for 1 h to ensure de formation of the organometallic com-
plex

(
[Au] = 6.25 · 10−5 M, [CTAB] = 30 [Au]

)
. Then the mild reducing agent,

ascorbic acid (AA), was added ([AA] = 16 [Au]) to form a colorless Au+ - CTAB
complex and the film sandwiches were finally introduced. After 2 h, a faint pink
solution was obtained, indicating a certain degree of nucleation of gold particles,
and the films were removed and washed with ethanol. The process was repeated
twice to increase the size of the gold branches. In Fig. 4.5 are shown the UV -
vis -NIR spectra of SBTF films, both before and after the growth process. When
working with substrates, no attention to absorbance intensities can be taken into
account due to small differences in the thicknesses of the substrate and the films,
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making the comparison rather difficult. Additionally, titania films absorb in the
UV -Vis region. These spectra show a small red - shift of ca. 3 nm (from 579 to
582 nm) after the growth of the spikes. As can be observed on Fig. 4.2 C -D,
small spikes are indeed seen to protrude from the 60 nm gold particles. We expect
these branches to grow only through the bigger pores of the F127 templated films,
but not in CTAB or Brij58 pores, thereby leading to the desired Janus structures.
The main goal is thus to demonstrate this asymmetric growth, but the small size
of the spikes and the presence of two mesoporous films makes the characterization
challenging. TEM micrographs suggest asymmetric growth, but as this is a 2D
technique, it could also be an artifact. In the side view shown in the inset of Fig.
4.2 C we can only distinguish the gold particle in between the SBTF sandwich,
but the film is too thick to focus the spikes, so it is not possible to show the asym-
metry. The only way to demonstrate the Janus behaviour is by cutting a very
thin slice of the film with a focused ion beam (FIB) at different particle positions,
and analysing the structures with a TEM. For R conditions, the CTAB - gold ion
mixture was aged for 30 min at 30 ◦C ([Au] = 0.5 mM, [CTAB] = 0.1 M). Then
hydrochloric acid ([HCl] = 19 mM), silver nitrate ([AgNO3] = 0.12 mM) and AA
([AA] = 0.8 mM) were subsequently added prior to introducing the mesoporous
sandwiches. After 2 h, a faint pink solution was also obtained, and the films were
removed and washed with ethanol. Shown in Fig. 4.2 E - F are characteristic TEM
images, showing also a certain degree of growth of spikes like under P conditions.



4.4 Conclusions 79

Table 4.1. Summary of the parameters obtained by EEP for monolayers and bilayers (the
corresponding monolayer in bold) without particles. N =refractive index, θ=contact angle

Film Thickness (nm) N θ Porosity (%) dpore (nm) dneck (nm)

SB 61 1.31 23 39 3.4 2.4

SC 124 1.26 36 49 2.8 2.0

SF 67 1.29 36 44 6.6 5.0 / 2.6

TB 97 1.67 50 30 2.0 1.6

TF 125 1.63 43 34 4.4 2.2

SBSF 63 1.36 - 28 - -

SBSF 57 1.27 - 41 - -

SBTF 128 1.35 - 36 - -

SBTF 128 1.68 - 26 - -

SCSF 114 1.32 - 30 - -

SCSF 55 1.35 - 34 - -

SCTF 119 1.36 - 32 - -

SCTF 118 1.71 - 24 - -

SFSC 97 1.32 - 32 - -

SFSC 97 1.31 - 38 - -

SFTB 65 1.22 - 58 - -

SFTB 96 1.76 - 23 - -

4.4 Conclusions

In summary, we have demonstrated the preparation of a wide variety of mesoporous
thin film sandwiches made of silica and / or titania with 60 nm gold particles em-
bedded at the interface. SAXS measurements confirm that the films show a high
degree of organization in the pores and that the presence of the particles does not
disturb the order. Environmental Ellipsometric Porosimetry has shown the high
porosity of the as prepared sandwiches, allowing us to grow gold spikes over the em-
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bedded gold spheres. Films were extensively characterized by electron microscopy,
but the asymmetric growth cannot be confirmed with our current data (ongoing
work is being carried out in this direction). These structures may have interesting
applications as surface enhanced Raman scattering (SERS) detectors [278] or in
catalysis, using the pore network as a molecular sieve.



Chapter 5

A Protecting Group Approach Toward
Synthesis of Gold - Silica Janus nanostars

Abstract

Patchy and Janus particles offer new opportunities toward multifunctionality
and directed self - assembly. Although colloid chemistry methods have been
reported, these were mainly applied to sub -micron particles and not easily
implemented for nanoparticles. We show here a synthetic approach based
on the concept of protecting groups, widely used in organic chemistry, for
the synthesis of gold - silica Janus nanostars, in which gold branches protrude
from one half of gold - silica Janus spheres. This configuration opens up new
possibilities to apply the plasmonic properties of gold nanostars, as well as a
variety of chemical functionalizations on the silica component.

81
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5.1 Introduction

Protecting groups are commonly used in organic chemistry to perform chemical
reactions in the presence of other functional groups that can be affected by the
process. The quest for new protecting groups with multiple properties has led
synthetic protocols to a new level that allows the preparation of highly complex
molecules.[291] Although protection and deprotection have been widely employed
with great success at the molecular level and even with colloids larger than 100 nm,
this strategy has been far less explored using small nanoparticles.[90, 7, 8, 292] Dif-
ferent molecular analogies have been proposed for the design of novel nanoscale ma-
terials, and in particular for plasmonic nanomaterials.[293] Nevertheless, whereas in
organic chemistry these processes are mainly carried out in homogeneous solutions
and the final products are obtained by routine techniques such as crystallization
or chromatography and solvent evaporation, when working with colloids different
parameters must be considered, e.g. to avoid aggregation during synthesis and re-
covery of the product, including the type of solvent, the nature of the nanoparticles
or the stabilizing molecules, among others.

Nanostars are a special type of anisotropic nanoparticles comprising a core from
which metallic branches grow, yielding star shape particles. It has been reported
that these plasmonic structures, mainly of gold and silver, are able to largely en-
hance the electromagnetic field on their sharp tips, being optimal candidates for
SERS detection (see Section 1.3).[294, 295]

Presented in this chapter is a protecting group - like strategy to synthesize Janus
nanoparticles, exhibiting different materials on roughly each half of the particle.
The aim was to achieve plasmonic nanoparticles that could hold different function-
alities at opposite sides, while maintaining a strong optical (plasmonic) activity,
for example gold nanostars in which the spikes protrude from only one half of the
central sphere. Such a configuration may offer important advantages toward sub-
sequent directed self - assembly processes or selective biofunctionalization. We thus
devised a multistep procedure involving several strategies that have been previ-
ously used to synthesize patchy particles: self - assembly of ligands over a metallic
surface, masking or protection and seeded growth.[296] First were prepared 40 nm
gold nanoparticles, onto which two different ligands were self - assembled to guide
the growth of a silica semishell, leading to the formation of gold - silica Janus par-
ticles. Besides providing colloidal stability due to a high negative charge, the silica
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semishell can act as a mask to direct the subsequent seeded growth of gold spikes,
exclusively on the part of the metal that remained exposed to the solution. This ul-
timately leads to a particle comprising a silica sphere with gold branches protruding
from one side and therefore having highly anisotropic optical properties. Finally,
the silica shell can also be removed, thus completely mimicking the behavior of
protecting groups in organic chemistry.

5.2 Experimental Section

Chemicals

All chemicals were supplied by Sigma and used as received unless otherwise in-
dicated. Tetrachloroauric acid (HAuCl4·3H2O, 99%), sodium citrate tribasic di-
hydrate (98%), 4 -mercaptobenzoic acid (4 -MBA, 90%), polyacrylic acid solution
(PAA Mw = 250000 g/mol, 35% H2O), ammonium hydroxide (28 - 30%), tetraethy-
lortosilicate (TEOS, 98%), silver nitrate (99%), L -Ascorbic acid (L -AA, 99%),
hydrochloric acid (Panreac, 37%). 2 - propanol (Scharlab, 99.8%); absolute ethanol
(Scharlab) and Milli - Q water were used as solvents. All glass material was washed
with Aqua Regia (special care must be taken as it is a highly oxidizing agent) and
rinsed gently with Milli - Q water prior to use.

Preparation of Gold - Silica Janus Particles

Twenty seven mL of 40 nm gold@ citrate spheres, prepared as previously reported,
[297] were centrifuged at 2100 g for 20 min, washed with the same volume of
water and dispersed again in water (10 mL). The seeds were added dropwise under
vortex stirring to a mixture of 2 - propanol (38 mL) and H2O (12 mL), containing
4 -MBA (400 µL, 5 mM in EtOH) and PAA (400 µL, 6.45 · 10−5M in H2O). After
gentle stirring for 30 min to induce self - assembly of the ligands over the surface,
ammonium hydroxide (1.8 mL) was added under fast stirring, followed by dropwise
addition of TEOS (12 mL, 8.96 mM in 2 - propanol) and was stored for ~12 h under
slow stirring. [Au] ≈ 0.3 mM; pH ≈ 11.
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Preparation of Gold - Silica Janus Nanostars

First 6 - 10 mL, to yield longer or shorter tips respectively, of the as synthesized
Janus particles were centrifuged at 2100 g for 30 min. The supernatant was cen-
trifuged again under the same conditions and then the precipitates were collected,
dispersed with half the volume of water and centrifuged again at 1900 g for 20 min
and redispersed in 10 mL of water. To this solution we quickly added: HAuCl4
(19.8 µL, 0.1265 M), HCl (10 µL, 1 M), AgNO3 (100 µL, 3 mM) and L -AA (50
µL, 0.1 M) as previously reported for nanostars growth.[298] After 30 - 60 s the
particles were collected by centrifugation at 1100 g for 5 min and washed with 5
mL of water (the maximum possible amount of supernatant was removed). The
particles were transferred under sonication into a solution of 4 -MBA in ethanol (5
mL, 20 µM), and washed with ethanol (5 mL) to remove excess 4 -MBA.

Preparation of Gold Janus Nanostars

Gold - Silica Janus nanostars were dispersed in an aqueous solution of 4 -MBA (5
mL, 20 µM) and washed 3 - fold with water (5 mL) to remove 4 -MBA in excess.
The process initially led to dissolution of the inner part of the silica semishell,
which was completely removed after two days in water.

Instrumentation

Vis -NIR spectra were measured in 1 cm path length quartz cuvettes using an
Agilent 8453 spectrophotometer. Conventional Transmission Electron Microscopy
(TEM) analysis was performed with JEOL JEM 2100F and 1400F transmission
electron microscopes operating at acceleration voltages of 200 and 100 kV, respec-
tively. HAADF - STEM tomography series and high resolution HAADF - STEM
images were acquired using an aberration corrected cubed FEI -Titan 60 - 300 elec-
tron microscope operated at 200 kV in colaboration with Sara Bals’ group (Univer-
sity of Antwerp). The acquisition of all the tomography series was performed by
using the Xplore 3D automatic acquisition software from FEI and the alignment
of the series by using the Inspect 3D software from FEI. The reconstruction of
all the series was performed by using the Simultaneous Iterative Reconstruction
Technique (SIRT) as implemented in Inspect 3D.
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Figure 5.1. The top panel is a scheme of the synthesis. A-D: Representative TEM micro-
graphs of: 40 nm Au@citrate (A); Janus gold - SiO2 (B); gold - SiO2 Janus nanostars (C);
and gold Janus nanostars after SiO2 removal (D).

5.3 Results and Discussion

A schematic representation of the steps followed for the production of gold Janus
nanostars is shown in Fig. 5.1. First, ca. 40 nm citrate - capped gold spheres
(λmax = 528 nm) were prepared using a variation of the well - known Turkevich
method,[297] which could be easily transferred into alcoholic solution for growth of
the silica semishells. Prior to formation of the oxide layer, in a 2 - propanol : water
mixture (2 : 1) both ligands – 4 -mercaptobenzoic acid (4 -MBA) – poly-(acrylic
acid) (PAA, Mw = 250000 g/mol) – were allowed to self - assemble over the metal-
lic surface, resulting in significant segregation as previously reported.[120] Silica
was then grown by means of the well - known Stöber method [265] only on top of
the 4 -MBA - capped area, while PAA acted as a stabilizer over the exposed gold
surface (step 1, Fig. 5.1). These particles were stable in the synthesis solution, but
could also be washed with 2 - propanol to remove the excess of reactants with no
apparent aggregation or particle degradation. Typical TEM images and Vis -NIR
spectra (λmax = 535 nm) are shown in Fig. 5.1 B and Fig. 5.2 respectively. The
TEM micrographs nicely show the formation of silica semishells on the gold cores,
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Figure 5.2. Vis -NIR spectra of 40 nm gold@citrate (black), gold - SiO2 Janus seeds (red)
and gold -SiO2 Janus nanostars made from different amounts of seed solution as indicated
in the labels.

with minor silica nucleation, which did not affect the subsequent synthesis steps,
while the plasmon band shows a small redshift due to changes in the local refractive
index around the gold nanoparticle cores.[299] Shown in Fig. 5.3 are the effects ob-
served in the final geometry of the particles obtained during the silica growth when
changing the amount of ligands. In the presence of 4 -MBA only, core - shell parti-
cles are obtained (more red - shifted spectrum). On the contrary, when only PAA
was present in the reaction mixture, no silica encapsulation was obtained (more
blue - shifted spectrum). The appropiate ratio of ligands is therefore crucial for
obtaining the gold -SiO2 Janus nanoparticles. These shifts are related to changes
in the refractive index of the medium surrounding the metallic particles. Silica
encapsulated particles are surrounded by a medium with a higher refractive index
(1.46) in comparison to non - covered particles, which are in contact with ethanol
(1.36). Janus particles are in an intermediate situation, explaining the appearance
of their plasmon resonance in between.

The silica semishell was subsequently used as a hard mask to protect part of the
surface against the further growth of gold spikes (step 2, Fig. 5.1). Upon centrifu-
gation and washing with water, gold spikes were grown using a surfactant - free
approach, where L - ascorbic acid acts as a weak reducing agent in the presence
of silver nitrate and HCl (aq).[298] It has been observed that spikes can only be
grown in the presence of silver ions, otherwise metal overgrowth takes place without
branch formation (Fig. 5.4). Since this method avoids the use of surfactants and
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Figure 5.3. Spectra of the particles obtained when 4 -MBA and PAA 250000 were used
alone or together during the silica growth. When only 4 -MBA was used (red - shifted spec-
trum), core - shell particles were obtained (left TEM picture). In contrast, when using only
PAA (blue - shifted spectrum), silica nucleation was observed with no silica coating over the
metal (right TEM picture). The appropriate mixture produces the segregation of ligands
over the surface, yielding the Janus gold -SiO2 particles.

polymers, exchange of the remaining PAA is not needed and the obtained branched
structures display a rather clean surface, which makes them ideal candidates for
self - assembly or surface enhanced Raman scattering (SERS), where subsequent
functionalization is usually required.[300, 301, 302, 303, 304] Gold -SiO2 Janus
nanostars were obtained in less than one minute and collected by centrifugation.
It has been reported that after several hours to days such nanostars may undergo
a reshaping process, leading to less spiky structures, which is reflected in a plas-
mon band blue - shift.[305] In these surfactant - free stars this process was observed
within a couple of days and additionally the silica semishell was found to dissolve
if the particles were stored in aqueous solution after the synthesis (Fig. 5.5).[306]
However, both processes can be prevented by transferring the particles into an
ethanol solution containing 4 -MBA (20 µM) and washing several times with pure
ethanol to remove unattached 4 -MBA molecules. As can be observed in Fig. 5.1
C, the silica shell and the spikes are still present in particles prepared in this way.
The choice of 4 -MBA relies on the well - known adsorption of thiol molecules over
metal surfaces, which prevents other surface phenomena from occurring, as re-
flected in the stability of the gold spikes, which remained unchanged for at least
three months. Storage of gold -SiO2 Janus nanostars in water without addition of
4 -MBA however leads to less spiky structures and silica dissolution within a few
days (Fig. 5.5). In contrast, upon addition of 4 -MBA in water gold Janus nanos-
tars were obtained, i.e. the gold branches were preserved while the silica protecting
mask was removed (step 3, Fig. 5.1). A representative TEM image of these gold
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Figure 5.4. Effect of silver nitrate during gold spikes growth. When added, a strong red -
shift is observed due to the presence of the tips as can be observed in the left TEM image.
When no silver ions are added, a small red - shift appears due to overgrowth of gold over the
Janus seeds, but no spikes are produced.

Janus nanostars is shown in Fig. 5.1 D, where the branches can be seen next to a
smooth gold hemisphere.

Since conventional TEM images only provide 2D projections of 3D objects, more de-
tailed characterization was carried out by high - angle annular dark - field scanning
transmission electron microscopy (HAADF - STEM) tomography, and aberration
corrected high resolution HAADF - STEM to clarify their morphology. Three ex-
amples are shown in Fig. 5.6 for gold -SiO2 Janus nanostars with short and long
branches and gold Janus nanostars, for which HAADF - STEM images obtained at
different angles are displayed, together with the corresponding rendered 3D images.
Silica is represented in blue and the metallic part in golden colour. These images
clearly confirm that the gold spikes grow only from the exposed face of the metal,
which is not covered by the silica hard mask (protecting group). Whereas for short
spikes random orientation from the central core is observed, in the long branched
nanoparticles, obtained when using a lower amount of seeds, the 3D structure sug-
gests that secondary branching occurred on few spikes that were initially grown
from the core. This cannot be observed in conventional TEM projection images, so
HAADF - STEM tomography is an essential tool to understand this type of system.
Tomography was also used to image the Janus nanostars after dissolution of the sil-
ica shell, again clearly showing a highly branched side, which is well differentiated
from a quasi - spherical side.

A final piece of information regarding the ultrastructure of these unusual nanopar-
ticles was provided by high resolution HAADF - STEM, as exemplified in Fig. 5.7.
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Figure 5.5. Evolution of Vis -NIR spectra of aqueous solutions of gold - SiO2 Janus nanos-
tars in the absence and presence of 4 -MBA, and the corresponding TEMmicrographs. A 100
nm blue - shift is observed after two days when no 4 -MBA was added, indicating reshaping
of the spikes and silica dissolution (red lines, A -B TEM images). Only a minor blue - shift
can be seen when 4 -MBA was present in the aqueous Janus nanostars solution, indicating
silica dissolution maintaining the spiky shape (blue lines, C -D TEM micrographs).

Figure 5.6. HAADF - STEM images used for tomographic reconstruction acquired at
different angles and the corresponding rendered 3D reconstructions along different directions,
showing the gold parts in yellow and the silica shells in blue, for two different gold - SiO2
Janus nanostars (left: short branches; centre: large branches) and for gold Janus nanostars
(right).
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Figure 5.7. (A) HAADF - STEM image of a single gold - SiO2 Janus nanostar with short
spikes, revealing the presence of a gold core with branches (brighter features) and also a
silica shell at one side of the particle (faint grey area). (B -D) HRSTEM images of the
same particle showing that the gold core is multi - twinned, whereas the branches are single
crystals.

A HAADF - STEM image of a single gold -SiO2 Janus star with small branches is
shown in Fig. 5.7 A, revealing the presence of a spherical gold core from which
spikes protrude (bright areas) and a silica semishell (faint grey area). A more
detailed image of the same particle in Fig. 5.7 B indicates that the gold core is
multiply twinned, as expected for such large quasi - spherical particles, whereas the
images in Fig. 5.7 C and D show the branching part from the core for several
spikes, indicating that they are single crystalline. Paying more attention to the
edge of the spike in Fig. 5.7 D, deviation from the zone axis orientation can be
seen, so highly branched particles might exhibit different crystallographic orien-
tations where secondary spikes grow over previous branches. A similar analysis
was carried out on particles with larger branches (Fig. 5.8), but in this case the
overlap between different parts of the particles makes it difficult to distinguish the
corresponding crystallographic orientations.

Regarding the optical response of these anisotropic nanostructures, the Vis -NIR
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Figure 5.8. (A) HAADF - STEM image of a single gold Janus nanostar with long spikes,
revealing the presence of a central core with branches. (B) HRSTEM image of the same
particle showing the starting point of a monocrystalline spike.

spectra of colloids obtained with different amounts of seeds (Fig. 5.2) show that
the main plasmon band is more red - shifted for lower amounts of seeds, which is in
good correlation with the growth of longer branches, as previously reported.[304,
307, 308] It should be noted that the amount of seeds is also a critical parameter
to optimize branched growth without secondary nucleation. Closer attention to
the Vis -NIR spectra reveals that they comprise two localized surface plasmon
resonance (LSPR) bands,[304] which is typical for star - like nanoparticles. The
LSPR mode at around 540 nm depends on the core size, in this case determined
by the original Janus seeds, whereas the second mode is localized at the tips and
its position can be tuned between 700 and 850 nm by simply changing the amount
of seeds (and in turn branch dimensions). Other parameters such as the addition
of HCl or the amount of silver ions can also modify the morphology and affect the
LSPR position, but it has been found that tuning the concentration of the seeds
is a more reliable and reproducible strategy. When comparing these spectra with
those of standard gold nanostars, it seems that the relative intensities between tip
to core LSPR modes are lower in the Janus nanostars, which can be due to the
smaller amount of branches per particle compared to standard nanostars. This
agrees with theoretical modelling indicating that the intensity of the tip mode is
proportional to the number of spikes.[304]
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5.4 Conclusions

In summary, we have demonstrated the application of the protecting group con-
cept for the synthesis of Janus nanoparticles comprising a spherical gold core half
covered with a silica semishell and with gold tips branching out from the other
half. Advances in the colloidal synthesis of Janus particles allowed to deposit silica
half shells on metallic spheres, which were then used as hard masks to prevent the
growth of gold spikes over the whole surface. The mask can be easily removed by
dissolving silica in aqueous solution, thus completing the similarity with protecting
groups in organic chemistry. These particles exhibit optical properties similar to
those of gold nanostars in solution, but enhanced anisotropy can be expected for
oriented assemblies by exploiting the Janus conformation. It has also been shown
that aberration corrected HAADF - STEM imaging and tomography are essential
tools to disclose the Janus morphology. Applications can be envisaged in e.g. sur-
face enhanced spectroscopies due to the presence of metal branches or in the design
of colloidal swimmers. The latter could be achieved by irradiating with an infrared
lamp, absorbing the particles the light through the spikes, heating the surrounding
media and therefore producing its movement by temperature gradient.



Chapter 6

Hybrid Au - SiO2 Core - Satellite Colloids
as Switchable SERS Tags

Abstract

Gold - silica self - assembled nanostructures are reported as multiplex surface
enhanced Raman scattering (SERS) tags for imaging applications. These
hybrid colloidal particles were obtained by hetero - assembly of Au -SiO2

Janus particles with 15 nm Au spheres and two Raman active molecules that
can be independently imaged by varying the excitation laser wavelength.
The Janus structure of Au -SiO2 not only directs the assembly but also
provides physical separation of the Raman tags and colloidal stability thereby
facilitating complete silica encapsulation. The bioimaging capabilities of this
system are demonstrated through SERS mapping of single cells.

93
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6.1 Introduction

Raman signals are intrinsically weak due to the low probability of the Raman
scattering events, leading to very small cross sections. Notwithstanding, the local
enhancement of the electromagnetic field (EM) close to plasmonic nanoparticles,
when exposed to an external light source, can lead to the enhancement of Raman
scattering cross sections by many orders of magnitude, which is known as surface
enhanced Raman scattering (SERS). When plasmonic nanoparticles are in close
proximity, the enhancement of the EM field is even higher due to the coupling of
their localized surface plasmon resonances (LSPRs), generating so called hot spots
and allowing high detection sensitivities, down to the single molecule limit.[309,
310, 44, 45, 47]

Apart from analytical detection, SERS has been proposed as a powerful imag-
ing tool because high sensitivity and selectivity can be achieved even in com-
plex media.[311, 312, 313] Special effort has been made to develop efficient SERS
nanotags with non - invasive, in vivo multiplex imaging potential. Typical SERS
multiplexing strategies involve the preparation of plasmonic nanoparticle batches
individually encoded with different Raman active dyes (= “colors”) which can
be distinguished, localized and possibly quantified by their specific vibrational
fingerprints.[314, 315, 316, 317] Using this approach, Zavaleta et al. demonstrated
the in vivo detection of 10 different separately injected nanotags and the distinction
of 5 synchronously injected nanotags to a nude mouse.[314] Complex multi - color
(= multi - functional) nanotags were recently designed for the application of com-
bined analytical (imaging) methods where each color selectively acts as a label
for a specific technique, e.g. fluorescence, SERS, photo - thermal imaging, MRI,
etc.[318, 319, 320, 321] We propose here a synthetic procedure to prepare hybrid
core - satellite colloidal particles comprising 15 and 40 nm Au spheres in close con-
tact. We loaded these particle clusters with two dye molecules, and finally covered
them with silica to fix and protect the nanostructures for use as nanoantennas in
SERS imaging applications using living cells.

Several examples of similar structures can be found in the literature, such as dimers
and trimers of ~ 100 nm Au particles, for SERS purposes,[49, 322] or the more re-
cently reported satellite particles prepared by a masking desilanization process.[323]
Our strategy however exploits the Janus behavior of Au -SiO2 particles to restrict
the area where the assembly can be produced and therefore to achieve a bet-
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ter control over the final geometry.[296] This configuration additionally allows the
controlled introduction of two different dyes at specific locations within the com-
posite particles, 4 -mercaptobenzoic acid (4 -MBA) under the silica shell of the
Janus particle and rhodamine B isothiocyanate (RhB) within the hot spots gener-
ated during the assembly. Significant differences in the energy dependence of the
molecular Raman scattering cross section permit the interference - free detection
of the individual components by selecting the adequate excitation wavelength. As
a result, both labels can be independently traced for SERS imaging purposes by
simply varying the laser excitation color. We propose that our method is advan-
tageous because it allows multiplex SERS imaging using a relatively simple colloid
chemistry approach. The hybrid satellites described here serve as a proof of con-
cept to demonstrate the capabilities of this type of assembled nanostructures and
open the way to the development of new architectures with even higher complexity
for future applications in sensing, diagnosis or drug delivery.

6.2 Experimental Section

Chemicals

All reactants were purchased from Sigma -Aldrich otherwise indicated, and were
used as received. Tetrachloroauric acid (HAuCl4 · 3 H2O, 99%), poly (vinylpyrroli-
done) (PVP, Mw = 10 kg /mol), sodium citrate tribasic dihydrate (98%), 4 -mer-
captobenzoic acid (4 -MBA, 90%), polyacrylic acid solution (PAA Mw = 250 kg/mol,
35%H2O), ammonium hydroxide (28 - 30%), tetraethylortosilicate (TEOS, 98%),
Rhodamine B isothiocyanate (RhB, mixed isomers) and hydrochloric acid (Pan-
reac, 37%). 2 - propanol (Scharlab, 99.8%); absolute ethanol (Scharlab) and Milli -
Q water were used as solvents.

Synthesis of 15 nm gold spheres

Au nanospheres of 15 nm average diameter were prepared according to the well -
known Turkevich method.[281] The as prepared particles were transferred to ethanol
upon exchanging the capping agent to poly (vinylpyrrolidone) (PVP, Mw = 10
kg /mol). The particles were incubated for 24 h with the polymer (60 mole-
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cules / nm2) at room temperature, then centrifuged at 6000 rpm and transferred to
ethanol adjusting the final concentration of gold to 0.42 mM.[283]

Synthesis of 40 nm Au -SiO2 Janus particles

The synthesis of gold -SiO2 Janus nanoparticles was done following the process
described in Chapter 5. First, 27 mL of Au@citrate spheres (40 nm av. diameter)
were prepared, centrifuged at 2100 g for 20 min, washed and dispersed in Milli - Q
water (10 mL). The seeds ([Au] ~ 0.3 mM in the final mixture) were then added
dropwise under vortex stirring to a mixture of 2 - propanol (38 mL) and H2O (12
mL), containing 4 -MBA (400 µL, 5 mM in EtOH) and PAA (400 µL, Mw = 250
kg /mol, 6.45 · 10−5 M in H2O). After stirring for 30 min to induce self - assembly
of the ligands over the surface, ammonium hydroxide (1.8 mL, pH ~ 11) was added
under fast stirring, followed by dropwise addition of TEOS (12 mL, 8.96 mM in 2 -
propanol) and was stored for ~ 12 h under slow stirring. Afterwards the particles
were washed and transferred to ethanol as follows: 10 mL of the as synthesized
particles were centrifuged at 2100 g for 30 min. The supernatant was centrifuged
again under the same conditions and precipitates were collected and washed with
5 mL of water at 1900 g for 20 min. The supernatant was removed and then
the particles were added drop -wise to 10 mL of absolute ethanol under sonication
([Au]= 0.247 mM).

Synthesis of the hybrid Au -SiO2 Core - Satellites

The assembly experiments were carried out in quartz UV cells of 1 cm length
path at room temperature. To 2.5 mL of absolute ethanol were added 32 µL
of Rhodamine B isothiocyanate 10−5 M

(
[RhB]F inal = 9.6 · 10−8M

)
, 172 µL of

Au15nm @ PVP 0.42 mM in gold (2.4 · 1012particles /mL) and 490 µL of Janus
Au40nm (PAA − MBA @ SiO2) 0.247 mM in Au (7.5 · 1010 particles /mL). The
amount of RhB added taking into account the total gold surface available, con-
sidering half of the Janus particle and the Au15nm spheres, is estimated to be 0.5
molecules / nm2. After each addition the cell was shaked manually. The mix-
ture was incubated for 2 h in the dark with no apparent aggregation, and then
140 µL of HClaq 1 mM were added to start the assembly (pH from ~ 8.5 to 5)
(NOTE: the amount of HClaq 1 mM may vary when using different stock solu-
tions of Au40nm (PAA − MBA @ SiO2) particles due to slight differences during
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the washing steps and subsequent transfer to ethanol). After a few minutes, con-
trolling spectrum evolution in the visible, the process was stopped by adding 90
µL of ammonia. The solution was then transferred to a vial and 800 µL of Milli
Q water and 133 µL of TEOS (0.15 M in EtOH) were added while magnetically
vortexing the mixture. After 30 seconds the solution was stirred slowly for 2 h to
complete the encapsulation. The assembled structures were washed 4 times with 1
mL of EtOH to remove silica nucleation, recovering them by centrifugation at 2100
g for 30 min, and finally were dispersed in 1 mL of EtOH, storing them in the dark
to minimize dyes photodegradation.

Cell culture

J774 macrophages were purchased from ATCC (LGC Standards, Barcelona) and
were cultured in DMEM media supplemented with 5% fetal bovine serum (FBS)
and 1% penicillin - streptomycicn (PS). Cells were maintained in a humidified at-
mosphere at 37 ◦C, 5% CO2 and passaged using pipetting. All reagents were
purchased from Invitrogen.

SERS of particles in cells

Cells were detached from growth flasks, counted and plated in a specially made cell
slide formed of a normal microscopy glass slide or Suprasil Quartz glass to which a
micro - chamber made of PDMS was glued. The surface area of each microchamber
was approximately 0.5 cm2, to which 8000 cells were added in a volume of 200 µL.
Once attached, (no functionalization of the glass was needed), media was replaced
with PBS (10 mM, pH 7.4) and the sample was ready for viewing background
levels. For SERS imaging of particles within cells, culture medium was removed
and 15 - 30 µL of particle solution, suspended in PBS, was added to the well and
left for 1 h at 37 °C. After 1 h the samples were washed using PBS and SERS maps
were taken. For experiments in which SERS signal measurements at 785 nm were
involved, a special Suprasil Quartz glass was used (thereby minimizing background
fluorescence).
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Raman / SERS spectroscopy

Raman / SERS spectra and the corresponding maps were performed using a Ren-
ishaw InVia confocal Raman spectrometer coupled to a Leica DM -LM microscope
and equipped with three different excitation lasers with wavelengths λexc of 532
nm, 633 nm and 785 nm as well as two CCD cameras as detectors. SERS spec-
tra of the Janus particles with and without satellites were recorded within 1 mm
quartz UV cells using a 1800 (532 and 633 nm) or 1200 lines /mm grating (785
nm) and a long - distance 50x objective with a numerical aperture (NA) of 0.45.
The integration time tint was set to 10 s. The laser powers measured at the focus
distance through the objective were 1.1 mW for 532 nm, 6.0 mW for 633 nm and
11.0 mW for 785 nm. SERS spectra of Janus particle encoded J774 macrophage
cells were collected with a 40x immersion objective (NA=0.85) in combination
with a 600 lines /mm grating by measuring with an integration time of 0.5 s over
the selected x -, y - range at each point of the grid (spacing of ∆x = ∆y = 2µm)
using a motorized microscope stage. For these measurements, laser powers of 2.0
mW (532 nm), 0.5 mW (633 nm) and 16.1 mW (785 nm) were applied. The 2D
SERS map was created by plotting the baseline corrected intensity of characteristic
vibrations at each point as function of grid position. The normalized SERS inten-
sities were displayed on a rainbow - colored code from black (low intensity, I= 0 - 5)
via violet (I= 5 - 15), blue (I= 15 - 30), lila - white (I= 30 - 40), green (I= 40 - 60),
yellow (I= 60 - 65), orange (I= 65 - 70) and red (I> 70).

Instrumentation

Visible -NIR spectra were measured in 1 cm path length quartz cuvettes using an
Agilent 8453 spectrophotometer. Conventional Transmission Electron Microscopy
(TEM) analysis was performed with a JEOL JEM 1400F microscope operating at
an acceleration voltage of 120 kV.
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6.3 Results and Discussion

Fig. 6.1 summarizes the synthetic procedure for the production of Au -SiO2 hy-
brid satellites. For this purpose, gold spheres of 15 nm (Au15) uniformly covered
with poly (vinylpyrrolidone) (PVP, Mw = 10 kg /mol) and Au -SiO2 Janus parti-
cles with a 40 nm Au core and a silica semishell, both dispersed in ethanol, were
employed as building blocks. The Janus nanoparticles were prepared following the
process described in Chapter 5, by self - assembling a mixture of the ligands 4 -
mercaptobenzoic acid (4 -MBA) and polyacrylic acid (PAA, Mw = 250 kg/mol),
to grow a silica semishell over the surface covered with 4 -MBA (Fig. 6.3 A). Both
types of particles were first incubated with Rhodamine B isothiocyanate (RhB,
9.6 · 10−8 M) in ethanol for 2 h. This Raman reporter was selected because it
features a high Raman cross section, as well as an isothiocyanate group that facili-
tates adsorption to gold particles, even when covered by a polymer shell, and high
stability in both acidic and basic media within the pH range between 5 and 11. We
thus expect that RhB adsorbs on both the small Au15 spheres and the exposed Au
surface of the Janus particles (0.5 molecules /nm2).[324]

Figure 6.1. Rhodamine B isothiocyanate (RhB) is incubated for 2 h with Au15nm @ PVP
spheres and Janus Au40nm (PAA − MBA @ SiO2) particles. Self - assembly occurs when the
pH is set to 5 and can be stopped by increasing the solution pH. Finally a silica shell is
grown to stabilize the hybrid nanostructures.

Therefore, two Raman active species are incorporated within the final nanostruc-
tures: RhB in the hot spots generated at the gaps between assembled Au particles,
and 4 -MBA at the Au - silica interface of the Janus nanoparticles. Importantly,
addition of the dye did not trigger aggregation of the particles, as indicated by
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Figure 6.2. Spectral evolution during assembly and silica encapsulation.

UV - vis spectroscopy (Fig. 6.2). Aggregation was prevented due to the basic pH of
the mixture (pH~ 8.5), where the PAA is mainly deprotonated, thereby providing
electrostatic stability. However when the pH was decreased to 5 via addition of
1 mM HClaq, aggregation started through van der Waals and electrostatic attrac-
tions between PVP and PAA due to the protonation of PAA (pKa ~ 4.8).[325] The
assembly is indicated by the redshift and broadening of the plasmon band, due to
plasmon coupling (Fig. 6.2).[326] Although a sufficient amount of Au15 spheres
were added to cover ~ 80% of the available Au surface at the Janus particles, the
assembly process was stopped after 5 minutes (by adding ammonia, increasing the
pH of the mixture to ~ 11) to avoid the formation of bigger clusters comprising three
or more Janus particles. It is worth noting that no clusters comprising Au15 @ PVP
only were observed in TEM images, but instead they are always found to adsorb
on Janus particles, either forming hybrid satellites or acting as bridges to produce
dimers or bigger clusters. The low particle concentration in the TEM image in
Fig. 6.3 B is due to the process used to avoid excessive particle aggregation during
drying on the carbon - coated grid. As the assembly is a fast and dynamic process,
five drops (8.5µL each) were casted on the grid, which was placed over paper. The
paper support absorbed the excess of solution thereby providing more separated
particles as well as a more realistic idea of what was present in solution.

Since the assembled nanoparticles are dispersed at high pH, silica shells can be
grown using the well - known Stöber method,[265] so as to fix and protect the
obtained structures (Fig. 6.3 C -D). Growing the silica layer immediately after
completing the assembly helps to avoid the dissolution of the silica semishell from
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Figure 6.3. Representative TEM images of: (A) the Au40nm (PAA − MBA @ SiO2)
Janus particles; (B) Intermediate structures formed after 5 min of assembly; (C -D) Au -
SiO2 hybrid satellites. Red arrows indicate the position of Au15nm acting as linkers for the
Janus particles.

the Janus nanoparticles. The final outer shell is stable in ethanol for long periods
of time and at least for one month in water, with no apparent dissolution as seen
by TEM. Fig. 6.3 C -D shows representative TEM images of the final hybrid
satellites after one washing step to remove excess organic molecules. Various types
of particles can be clearly seen including satellites made of one Janus particle and
a few small spheres, dimers comprising two Janus particles linked by small Au15

spheres and some silica nucleation. The latter and the non - assembled Au15 spheres
can be easily removed by 4 - fold centrifugation and washing with ethanol. Analysis
of ~ 500 particles revealed that ca. 49% hybrid satellites comprise one Au40 core
with at least one Au15 particle, whereas 23% are Au40 dimers, 24% non - assembled
Au40 particles, and some 4% are larger clusters, all of them covered with silica.

SERS measurements were carried out in water (upon transfer from ethanol) so as
to minimize interference from the solvent and because it is a more realistic medium
toward experiments with cells. The concentrations of particles were estimated as
6.1 · 10−11 M of Janus and 7.1 · 10−9 M of Au15, considering that no loses occurred
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during assembly, subsequent silica growth, and washing. In reality, non - adsorbed
Au15 particles were removed during washing due to their smaller weight as com-
pared to the hybrid satellites. 4 -MBA was added during the synthesis of Au -SiO2

Janus particles, at a concentration of 2.7 · 10−5 M (35 molecules / nm2), while RhB
was incorporated during the assembly process, at a concentration of 9.6 · 10−8 M
(0.5 molecules /nm2).

The SERS spectra of the hybrid satellites in water upon excitation with three
different laser wavelengths (532, 633 and 785 nm) are shown in Fig. 6.4 A. Upon 532
nm excitation (green spectrum), only scattered frequencies were detected that are
related to the excitation of characteristic RhB vibrations (1620, 1580, 1560, 1340,
1280 and 1210 cm−1). The peak positions are in good agreement with the modes
reported for RhB adsorbed on micron sized silver powder or on Ag nanoshells upon
excitation with 514 and 633 nm.[327, 328] In contrast, totally different frequencies
were scattered upon 785 nm excitation. The signals correspond to the vibrationally
excited states of the second Raman label, 4 -MBA (1585, 1075, 1180 and 700 cm−1,
black curve), which do not overlap with the vibrations of the RhB label. Using the
633 nm excitation wavelength, a more complex spectrum was recorded in which the
scattered 4 -MBA frequencies dominate (black dots over the red curve in Fig. 6.4
A) and less intense contributions from scattered RhB frequencies (marked by green
dots). A control experiment using Janus particles without satellites was carried out
to study the relation between the hybrid structure and the observed color - selective
SERS behavior of the incorporated Raman tags. Strong SERS was observed with
633 nm excitation whereas much lower signal was detected in the 785 nm channel
originating from 4 -MBA. In the 532 nm channel only background fluorescence was
detected, arising from unbound RhB molecules (Fig 6.4 B). This clearly indicates
that the assembly of satellites is required for RhB detection and that the SERS
signal originates exclusively from molecules located within the hot spots between
the central Janus particles and the small satellites. The strong SERS signal can
be explained by the enhanced Raman cross section at 532 nm due to the electronic
RhB resonance state around 550 nm.[327] These results demonstrate the ability
of this system to act as a SERS switcher in water, allowing us to turn on or off
the dye molecules at will by using different laser excitation colors. This offers the
possibility for multiplex particle tracking via SERS using the excitation wavelength
as an additional channel.

We next show that the molecular fingerprints of both RhB and 4 -MBA can also
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Figure 6.4. SERS spectra using 3 different laser wavelength lines: 532 nm (green line),
785 nm (black line) and 633 nm, (red line) of: (A) hybrid satellites in water, indicating with
green dots the RhB vibrations and with black dots the 4 -MBA signature; (B) a control
experiment in water, using Janus Au40nm (PAA − MBA @ SiO2) particles incubated for 2
h with RhB at 10−7 M at pH 8.5 (without aggregation) and fully covered with an outer
silica shell, where the peaks from 4 -MBA are clearly visible in both cases.

be detected when the hybrid particles are internalized by cells in vitro. We selected
the continuous macrophage cell line J774 because it is quickly adherent and actively
phagocytoses (uptakes) particles. Both factors were important because of the small
working volume of the sample and therefore long term incubation times of the
cells with the particles were not possible, due to risk of evaporation of the entire
media solution. Therefore, cells do not have an elongated form but are instead
round (Fig. 6.5 A). Hybrid satellites were added to cells and SERS spectra at
excitation wavelengths of 532, 633 and 785 nm were collected after 1 h incubation
from a single cell (Fig. 6.5 B -D). As the cell did not move noticeably over the
measurement period, the same cell could be used for all excitation wavelengths. For
each wavelength one individual SERS spectrum (green curve for 532 nm in B, black
curve for 785 nm in C, and red curve for 633 nm in D) recorded at a single point
within the cell was chosen and compared with the corresponding color - dependent
reference from the hybrid satellites measured in solution without cells (grey lines in
Fig. 6.5 B -D). The SERS spectra obtained in cells perfectly reflect the fingerprints
of the RhB label at 532 nm, of the 4 -MBA label at 785 nm and of both labels at 633
nm. No additional peaks were observed from the cell or the buffer solution under
the present experimental conditions. As the reference spectra of hybrid satellites
in solution were measured using 1800 or 1200 lines /mm gratings, whereas the
cell maps were recorded with a 600 lines /mm grating (all wavelengths), a slight
broadening of the SERS features in the cell compared to the reference sample was
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Figure 6.5. (A): Representative transmitted light image of the macrophage cell line
J744 before incubation with hybrid satellites; (B -D): color - dependent SERS spectra of
J744 (left), white - light image and SERS maps (right) recorded 1 h after incubation with
hybrid satellites from the same single cell, at 532 nm (B), 785 nm (C) and 633 nm (D). To
facilitate comparison of the cell spectra (J774 + JS, green, black and red curves) with the
corresponding reference spectra from hybrid satellites in water at the same wavelengths (JS
ref, grey curves), the SERS intensities were multiplied by: 14 (B), 4 (C) and 20 (D). SERS
maps for each excitation color were created by plotting the intensity of the selected mode
(marked in the SERS spectrum with an orange bar for 4 -MBA at 1078 cm−1 and a purple
bar for RhB at 1617 cm−1 ) within the selected area (marked by the white frame in the
white - light image) using a color code from black (low intensity) to red (highest intensity);
the color code in the SERS map 2 (RhB / 1617 cm−1) in D ranged from black (low) to
bright yellow (high intensity). The white scale bar corresponds to 20 µm.

observed. The reference spectra were collected with long integration times of 10 s
instead of the 0.5 s applied for the cell. Indeed, the signal - to - noise ratio of hybrid
satellites in the cell strongly decreases but is still high enough to record the less
intense vibrations.

The intensity distribution of the characteristic vibrations at 1620 cm−1 (RhB) and
1080 cm−1 (4 -MBA) in the SERS maps appear to show that the hybrid satellites
filled the interior of the macrophage (Fig. 6.5 B -D). By conducting SERS mapping
in either the streamline mode (line focus) or the mapping mode using short step
sizes (≤ 1 µm), a higher level of lateral resolution for the hybrid satellites could
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Figure 6.6. SERS maps of the 1630 cm−1 and 1520 cm−1 vibrations of the RhB label
in hybrid satellites incubated in J774 macrophages measured at 532 nm. The SERS signal
appeared only in presence of the cells and cell boundaries within the group were clearly
resolved. On the left, the map was measured in streamline mode (line focus), integration
time 7 s with laser power of 2.0 mW, and on the right point mapping mode with an integration
time of 1 s at laser power of 0.14 mW.

be obtained (Fig. 6.6). Importantly, although the cells were not fully adhered and
the incubation times between cells and particles were short (1 h), endocytosis of
particles was noted at high levels and was not affected by washing. It is possible
that part of the SERS signal came from particles associated to the cell membrane,
however bearing in mind the phagocytic nature of J774’s, such levels should be
negligible.

6.4 Conclusions

In conclusion, we have shown that hybrid satellites composed of silica and gold
nanoparticles can be codified with two different dyes and applied for multiplex
applications in aqueous solutions and in multiplex color - sensitive SERS bioimag-
ing. This concept should be interesting for applications where the independent
detection of two different components using the same analytical technique is of
advantage. Such a scenario is potentially interesting, e.g. in drug delivery – drug
release schemes. Through replacement of RhB by a drug molecule and introduction
of a disassembly step of the hybrid satellites, drug tracking and release could be
directly controlled via SERS signal intensity using the green laser excitation. Ad-
ditionally, tracking and fate of the delivery medium, i.e. the Au nanoparticles, can
be independently monitored by the SERS fingerprint of the fixed residue molecule
just by switching to another excitation line. These assemblies are thus a proof of
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concept showing the capabilities of these structures, but the design can be varied
to extend their possible applications. For example, the outer silica layer could be
modified to make these structures specifically bind to cancer cells.



Conclusions

Altogether this thesis represents a significant advancement in the preparation of
new types of metallic Janus nanoparticles. A variety of methods were developed
for this purpose, mainly in solution but also using solid substrates. The optical
characterization of the prepared nanoparticles and nanostructures derived from
them, together with electromagnetic simulations, envisage interesting SERS ap-
plications. We demonstrate such applications with the hybrid satellites system,
in which multiplexing can be achieved as a result of their unique self - assembled
structure. Applications in other fields such as catalysis, colloidal swimmers or the
formation of new superstructures can also be expected in the future. Even though
specific conclusions have been included at the end of each chapter, the most rel-
evant, overall conclusions of the research described in this thesis are presented
herein.

1. A masking process in solution based on wax in water Pickering emulsions
was developed to synthesize gold semishells and semicapsules using Janus
colloidal silica particles of 495 nm diameter as templates.

(a) This process allows us to produce large quantities of Janus metal parti-
cles with a certain degree of morphology control by adjusting the amount
of cationic surfactant DDAB, which is responsible for inmersion of the
particles in the wax droplets.

(b) Simulations of the optical properties of gold semishells were carried out
using the boundary element method, indicating that the main optical
features are located beyond the NIR region, showing a blue - shifted
axial and a red - shifted transverse dipolar modes, therefore giving an
anisotropic optical response.
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(c) Additional simulations indicated that the optical properties of semishells
with core sizes around 100 nm would be located within the vis - NIR spec-
tral region, which is more interesting for biological applications. Unfor-
tunately, our method was not suitable to obtain high quality semishells
with such small core sizes.

(d) Self - assembly of gold semishells using the Langmuir - Blodgett technique
was attempted taking advantage of their Janus behaviour. However,
problems arose when transfering the monolayer to solid substrates.

2. Gold nanowire forests were successfully grown for the first time over 3D ob-
jects, using 260 nm silica particles as seeding substrates, so that a radial
configuration was obtained and the length of the nanowires could be con-
trolled (40 - 200 nm) by simply tuning the gold ions to seeds molar ratio.

(a) The radial configuration and high nanowire density lead to strong plas-
mon coupling, which is reflected in a significant blue - shift of the plas-
mon band due to side - to - side interactions. However, when dettaching
the nanowires from the silica surface their random distribution produces
a red - shift, except for the shortest nanowires, which continue assembled
side by side in solution.

(b) A recently developed numerical approach (SIE -MoM) for the resolution
of Maxwell’s equations was employed to simulate the optical response
of this complex structure, showing great accuracy and agreement with
experimental measurements, both in radial configuration and in solution,
opening the way for the study of more complex systems.

(c) A rather simple adjustment of the synthesis conditions used for the
preparation of gold semishells is expected to lead to the production of
Janus silica particles half - covered with gold nanowires, which would
enhance their possible applications in self - assembly and sensing.

3. Mesoporous thin films were employed to direct the growth of small gold
branches on 60 nm gold spheres embedded in between two films with dif-
ferent pore sizes.

(a) The pore network structure of the films in the bilayers keeps the order of
the monolayers even in the presence of the gold particles, as confirmed
by SAXS measurements.
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(b) Elipsometric characterization confirmed the high porosity of the film
sandwiches, thus envisaging enhanced catalytic properties when com-
pared to composite materials comprising a mesoporous thin film covering
a layer of particles directly attached to the substrate.

(c) Electron microscopy analysis indicated asymmetric growth of the gold
spikes, but confirmation would require cutting film sections with a FIB
and analysing the lamelas with a HRTEM.

4. A colloid chemistry approach based on the concept of protecting groups used
in organic chemistry has been devised and implemented to synthesize gold -
silica Janus nanostars.

(a) HAADF - STEM and HRTEM studies have shown the single crystallinity
of short branches, which however become polycrystalline when second
branches protrude from the shorter ones.

(b) The labile behaviour of the silica mask in water solution leads to Janus
gold nanostars by gradual dissolution, so that the previously protected
metal surface becomes accesible for further functionalization.

(c) We demonstrated that silver ions are needed to induce formation of gold
branches, with length determined by the ratio between seeds and gold
ions in solution.

(d) The Janus behavior of these spiky particles could lead to oriented assem-
blies with interesting SERS applications, but we chose a simpler system
for the initial experiments, as described in the last chapter.

5. A pH triggered self - assembly process was used to prepare gold - silica core -
satellite hybrid particles.

(a) Outer silica shells were grown to fix the self - assembled nanostructures,
which could allow the functionalization of the exposed oxide layer to
provide selectivity for biological applications.

(b) A multiplex color - sensitive SERS (bio)imaging system was demonstrated
by the presence of two different dyes that are physically separated within
the heterostructures.



110 Conclusions

(c) This promising structure could be interesting in drug delivery systems,
by simply replacing RhB with a drug molecule and introducing a disas-
sembly step of the hybrid satellites. By using the same technique the
drug and the particles could be tracked independently by swithching the
excitation wavelength.



Resumen

Ensamblaje Dirigido de Nanopartículas Tipo Janus
para Aplicaciones en Detección por SERS

Con este resumen se pretende ofrecer una visión global del trabajo presen-
tado en los diferentes capítulos de esta tesis. El objeto de estudio de este
trabajo han sido las nanopartículas tipo Janus formadas por oro y sílice. Se
han desarrollado diferentes rutas sintéticas con el fin de controlar el tamaño,
geometría y propiedades ópticas de este sistema en distintas configuraciones.
Las cambios en la morfología de las partículas han sido caracterizados por mi-
croscopía electrónica, y en algunos casos se han realizado simulaciones de sus
propiedades ópticas para relacionar los resultados experimentales con las pre-
dicciones teóricas. Finalmente se ha llevado a cabo el ensamblaje dirigido de
estas partículas y se han demostrado algunas de sus potenciales aplicaciones
basadas en detección por dispersión Raman aumentada por superficie.

111



112 Resumen

7.1 Objetivos

El trabajo que se presenta en esta tesis consiste principalmente en la preparación
de nuevos tipos de nanopartículas de oro tipo Janus, para lo cual se han usado
distintas aproximaciones. Los cambios inducidos en la geometría de las partículas
han sido determinados por microscopía electrónica de transmisión y de barrido, de
forma que se pudiesen correlacionar con sus propiedades ópticas. Se han realiza-
do también simulaciones de sus propiedades ópticas para confirmar los resultados
experimentales con la teoría. Se muestra adicionalmente el ensamblaje dirigido de
partículas Janus, con el objetivo final de demostrar su potencial de cara a aplicacio-
nes como sustratos para detección por dispersión Raman aumentada por superficie
(SERS). El contenido de cada capítulo se justifica brevemente a continuación.

La primera mitad de la investigación realizada durante esta tesis fue realizada
en el grupo de investigación de Química Coloidal, en el Departamento de Quími-
ca Física de la Universidad de Vigo, mientras que la segunda se llevó a cabo en
el Laboratorio de Bionanoplasmónica del Centro de Investigación Cooperativa en
Biomateriales (CIC biomaGUNE, San Sebastián). Dado que ambos grupos de in-
vestigación están liderados por la misma persona, este cambio de localización no
ha supuesto una ruptura en el desarrollo de la tesis. En ambos grupos, el princi-
pal tema de investigación se centra en la síntesis y ensamblaje de nanopartículas
metálicas (oro y plata principalmente) para aplicaciones en la detección, con un
enfoque importante en la técnica de SERS. Existe por tanto amplia experiencia en
la preparación de partículas con formas y tamaños determinados, lo cual permite
un control fino de las propiedades ópticas que estos coloides exhiben en las regiones
ultravioleta - visible - infrarrojo cercano del espectro electromagnético. Una revisión
bibliográfica realizada al comienzo de esta tesis puso de manifiesto el reciente inte-
rés en las nanopartículas tipo Janus (su nombre hace referencia a un dios romano
con dos caras), las cuales presentan diferentes propiedades a ambos lados. Este
tipo de partículas tiene un gran potencial de cara al ensamblaje dirigido a la for-
mación de nuevas nanoestructuras o bien para su uso en catálisis, detección, etc.
Por tanto, empleando la experiencia del grupo, durante esta tesis se han preparado
nanopartículas tipo Janus formadas por oro y sílice, mediante el uso de métodos
coloidales en disolución. Se ha escogido trabajar con oro debido a que es química-
mente inerte en comparación con la plata, por lo que sus propiedades ópticas se
mantienen durante largos períodos de tiempo, mientras que la sílice proporciona
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estabilidad electrostática al sistema coloidal. Por consiguiente, el objetivo de esta
tesis ha sido la preparación de nuevos tipos de nanopartículas Janus y el control de
su ensamblaje para mejorar su capacidad en aplicaciones de detección por SERS.

El el Capítulo 2 se muestra la preparación de semiconchas de oro usando esferas de
sílice de 495 nm de diámetro como moldes. El proceso se basa en la funcionalización
parcial de la superficie de las esferas de sílice, usando emulsiones Pickering de
agua y cera para enmascarar parte de la superficie. El posterior crecimiento de
esferas pequeñas (1 - 3 nm) de oro adheridas sobre la parte funcionalizada conduce
a la obtención de las semiconchas. Se han crecido también nanohilos de oro sobre
esferas de sílice (Capítulo 3), como primer paso para obtener este tipo de partículas
con geometría Janus en un futuro próximo. Para ambos sistemas se realizaron
simulaciones de sus propiedades ópticas, estableciendo una relación directa entre
los resultados experimentales y la teoría.

La preparación de partículas tipo Janus usando películas mesoporososas delgadas
con diferente tamaño de poro como plantillas para el crecimiento de puntas de oro se
muestra en el Capítulo 4. Se aporta una amplia caracterización de los films mediante
microscopía electrónica de transmisión y de barrido, TEM y SEM respectivamente,
porosimetría elipsométrica medioambiental (EEP) y dispersión de rayos X de bajo
ángulo (SAXS).

Se han sintetizado nanoestrellas de oro y sílice empleando diferentes aproximaciones
para la preparación de partículas tipo Janus en solución, tales como: el ensamblaje
de una mezcla de ligandos mutuamente incompatibles sobre la superficie de un
metal; la formación de una máscara de óxido de silicio y el posterior crecimiento
de puntas de oro sobre la cara expuesta del metal (Capítulo 5). La estructura
de las partículas obtenidas ha sido estudiada en profundidad mediante microscopía
electrónica de transmisión de alta resolución y de barrido por transmisión, HRTEM
y STEM respectivamente. En el Capítulo 6 se muestra el ensamblaje dirigido de
partículas Janus de oro y sílice con esferas pequeñas de oro para formar nuevas
nanoestructuras híbridas. También se demuestra la aplicación de estos ensamblajes
como agentes de contraste para imagen por SERS.

Como resumen, se espera que esta tesis represente un avance significativo en la
preparación de nuevas nanopartículas metálicas tipo Janus, considerando los mé-
todos sintéticos empleados, la caracterización óptica junto a las simulaciones y las
posibles aplicaciones de estos sistemas como herramientas de imagen para SERS
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derivadas de su comportamiento único para el ensamblaje dirigido. Los resulta-
dos presentados podrían tener importantes aplicaciones en campos tan diversos
como la catálisis, la biodetección o la formación de nuevas estructuras mediante
auto - ensamblaje.

7.2 Introducción

En las últimas dos décadas se ha producido un gran desarrollo en el campo de la
Química Coloidal para la obtención de nanopartículas con composición, tamaño
y geometría determinadas. Si bien estos avances han permitido su utilización en
diferentes campos como la catálisis, la detección de moléculas o en la liberación de
fármacos, hoy en día el interés radica en combinar diferentes propiedades dentro
de un mismo sistema para ampliar sus posibles aplicaciones.

Una primera aproximación para conseguir dicha combinación de propiedades consis-
te en el llamado ensamblaje dirigido de nanopartículas, basado en la unión contro-
lada de estas unidades de construcción para formar estructuras de orden superior,
que pueden ir desde pequeños clústeres a grandes estructuras tridimensionales. El
proceso se puede modular químicamente, es decir, controlando las fuerzas intermo-
leculares entre los ligandos que se encuentran sobre las partículas, o bien aplicando
campos externos (eléctricos y / o magnéticos). También es posible combinar pro-
piedades dentro de una misma nanopartícula produciendo las llamadas partículas
tipo Janus, las cuales presentan diferentes propiedades a ambos lados.

En el caso de las partículas metálicas, especialmente aquellas formadas por oro,
plata y cobre, la reducción de su tamaño a la escala nanométrica tiene importantes
implicaciones en sus propiedades ópticas, las cuales se encuentran entre las regiones
visible e infrarrojo cercano del espectro electromagnético. Cuando estas partículas
interaccionan con una radiación electromagnética se produce la oscilación coherente
de los electrones de la banda de conducción del metal, produciendo resonancias de
plasmones superficiales altamente confinados. Estos plasmones dependen del me-
tal, del tamaño de partícula, de su geometría, de las moléculas que se encuentren
en su superficie y de las propiedades dieléctricas del medio. Una consecuencia del
ensamblaje de partículas metálicas es el acoplamiento de estos plasmones, produ-
ciendo incrementos importantes en la intensiadad del campo eléctrico generada en
la zona intermedia entre dos o más partículas, lo cual ha aumentando en los úl-
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timos años el interés por la espectroscopía por dispersión Raman aumentada por
superficie (SERS), como técnica de ultradetección de moléculas. Las partículas ti-
po Janus presentan la ventaja de poder delimitar la región a través de la cual se
pueden ensamblar con otras partículas, permitiendo un mayor grado de control
sobre la estructura final (incluso dando lugar a geometrías inaccesibles con partí-
culas simétricas), y por tanto de sus propiedades ópticas de cara a su aplicación en
SERS.

7.3 Síntesis Coloidal de Semiconchas de Oro

En el Capítulo 2 se describe la preparación de semiconchas de oro sobre núcleos de
sílice de 495 nm. El proceso se divide en dos partes: primero se obtienen partículas
Janus de sílice funcionalizadas parcialmente con un aminosilano, y en una segunda
parte se pegan y se crecen semillas de oro (1 - 3 nm) para formar una semiconcha
homogénea. Las partículas Janus se han obtenido por un método basado en la
formación de emulsiones Pickering de parafina fundida en agua y estabilizadas
con partículas de sílice, dando lugar a coloidosomas que se pueden solidificar por
disminución de la temperatura (Fig. 7.1 A).[89] La inmersión de las partículas
de sílice en los coloidosomas se puede ajustar variando la concentración de un
surfactante catiónico, bromuro de didodecildimetilamonio (DDAB), dando lugar a
partículas Janus usando una concentración de 60 mg /L. Empleando la cera como
máscara se puede funcionalizar la superficie expuesta de la sílice con un aminosilano,
y tras disolver la cera se obtienen partículas Janus de sílice.[108] La presencia de
grupos amino permite la adhesión de nanopartículas de oro selectivamente en un
lado de las partículas de sílice, para posteriormente crecerlas mediante un método
desarrollado por Halas y colaboradores para formar conchas completas de oro (Fig.
7.1 B).[243] Finalmente, la sílice se puede disolver para obtener semicápsulas huecas
de oro (Fig. 7.1 C)).

Las propiedades ópticas de las semiconchas preparadas se encuentran principal-
mente en el infrarrojo, como se puede ver en las simulaciones de la Fig. 7.1 D. Los
cálculos se han realizado mediante el método de elementos de contorno (BEM),
utilizando como variables el grado de recubrimiento, el espesor y el tamaño de
partícula (también se realizaron cálculos para núcleos de 100 nm). Es de destacar
el desplazamiento a mayores longitudes de onda a medida que la partícula pierde
simetría (de concha a semiconcha) para un mismo espesor.
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Figura 7.1. En la parte superior se muestran imágenes de SEM de partículas de sílice de
495 nm obtenidas usando [DDAB] = 60 mg /L: (A) Superficie de un coloidosoma (barra de
escala 1 µm), (B) Semiconchas de oro y sílice, (C) Semicápsula de oro. En la parte inferior
se muestran los espectros de extinción calculados para semiconchas de oro con núcleos de
sílice de 495 nm y con 50% (línea negra) y 75% (línea roja) de recubrimiento metálico, y
nanoconchas (totalmente cubiertas, línea azul). Se han usado dos grosores para las conchas
de oro: 10 nm (líneas sólidas) y 30 nm (líneas punteadas). En el recuadro se muestran los
mismos espectros para un intervalo de longitudes de onda hasta 6000 nm. A la derecha se
representan los modelos geométricos empleados en las simulaciones.
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7.4 Crecimiento Radial de Nanohilos de Oro con Plasmones
Acoplados sobre Moldes Coloidales

Mediante una aproximación similar a la descrita anteriormente para la síntesis de
semiconchas, en el Capítulo 3 se muestra el crecimiento de nanohilos de oro sobre
esferas de sílice. Nanopartículas de sílice de 264 nm se han usado como moldes sobre
los que se han adherido nanoesferas de oro de 4.3 nm. Empleando estas nanoesferas
como semillas, a continuación se ha realizado el crecimiento de nanohilos de oro
en disolución, dirigido por el ácido 4 -mercaptobenzoico (4 -MBA), mediante la
adaptación de un método previamente descrito por He y colaboradores para crecer
nanohilos sobre sustratos planos de sílice.[262] La longitud final de los nanohilos,
hasta 200 nm, viene determinada por la relación entre la cantidad de sal de oro
añadida y el número de partículas de sílice cubiertas de semillas, es decir, a menor
número de semillas, la longitud de los hilos obtenidos será mayor, siempre y cuando
el resto de condiciones se mantengan constantes. En la parte superior de la Fig.
7.2 B se puede observar una típica imagen de TEM de la mitad de una partícula
recubierta con nanohilos.

Figura 7.2. Simulaciones ópticas de nanohilos de oro. (A) Espectros de extinción simula-
dos de nanohilos de oro radialmente distribuidos sobre la superficie de una esfera de sílice
(negro) y aleatoriamente distribuidos en agua (rojo). Se muestran los modelos tridimensio-
nales usados para las simulaciones, ambos compuestos por aproximadamente 1000 hilos. (B)
Imagen de TEM acoplada al mapa del campo eléctrico calculado (λ=785 nm) de los na-
nohilos distribuidos radialmente, mostrando la presencia de múltiples puntos calientes (más
brillantes).

Se ha empleado un novedoso método numérico basado en ecuaciones integrales su-
perficiales - formulación del método de los momentos (SIE -MoM, M3 solver), en
colaboración con el Departamento de Teoría de la Señal y Comunicaciones (Univ.
de Vigo), para determinar las propiedades ópticas del sistema completo en disolu-
ción, y también para el caso de nanohilos separados de la sílice, experimentalmente
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realizado mediante la irradiación con ultrasonidos (Fig. 7.2 A). Cuando los nanohi-
los se encuentran sobre la sílice éstos están ensamblados de forma paralela entre sí,
lo cual se refleja en que su banda plasmónica se encuentra desplazada hacia meno-
res longitudes de onda. Por el contrario, al separarlos de la sílice se distribuyen de
forma aleatoria en solución y la banda se desplaza a mayores longitudes de onda.
Esto se observa con los nanohilos más largos (207 nm) y los de longitud intermedia
(114 nm), mientras que los más cortos (38 nm) se mantienen ensamblados una vez
despegados de la sílice, probablemente debido a la fuerte interacción entre los na-
nohilos y la molécula estabilizante (4 -MBA). Se muesra además en la parte inferior
de la Fig. 7.2 C una simulación del campo eléctrico alrededor de la partícula, en
donde se pueden ver en rojo los llamados puntos calientes, zonas cuya intensidad
es muy elevada (importante para su uso en ultradetección por SERS).

7.5 Películas Mesoporosas Delgadas como Plantillas para el
Crecimiento de Puntas de Oro sobre Nanopartículas de
Oro

En el capítulo 4 se describe la preparación de un material compuesto de dos pe-
lículas delgadas mesoporosas, con esferas de oro de 60 nm integradas en la zona
de contacto entre ambas. Este trabajo se ha realizado en colaboración con la Dra.
Paula Angelomé (Comisión Nacional de Energía Atómica, Buenos Aires). Esta con-
figuración permite crecer puntas de oro sobre las esferas usando los poros de las
películas delgadas como plantillas.[280] En la Fig. 7.3 A se muestra una imagen
de TEM tras el crecimiento del sistema SBTF, formado por una película inferior
de sílice y otra superior de óxido de titanio usando respectivamente Brij58 y F127
como plantillas de los poros. En este sistema se pueden distinguir las puntas de oro
sobre las esferas y los poros de la mesoestructura. Adicionalmente se muestra una
imagen de perfil, en la cual se puede apreciar que las nanopartículas se encuentran
localizadas entre dos películas de óxido bien definidas. Se espera que el crecimiento
de las puntas de oro solo se produzca a través de los poros más grandes, dando lu-
gar a partículas tipo Janus. Aunque las imágenes de TEM sugieren un crecimiento
asimétrico, esto podría ser un artificio derivado del carácter bidimensional de esta
técnica. Por tanto, la única manera de asegurarse de la asimetría sería mediante
la realización de cortes delgados de las películas en diferentes posiciones median-
te un haz de iones focalizado (FIB en inglés), y examinar las lamelas resultantes
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mediante TEM (este trabajo está en proceso).

Se ha estudiado el orden de los mesoporos con y sin partículas mediante dispersión
de rayos X de bajo ángulo (SAXS). En la figura 7.3 B -C se pueden ver sendas
imágenes tomadas a 4◦ y 90◦ respectivamente para el sistema SBTF con partícu-
las de oro. Con esta técnica se puede concluir que el orden de los poros no se ve
afectado significativamente por la presencia de las partículas de oro. Se ha com-
probado mediante porosimetría elipsométrica medioambiental (EEP) que se han
obtenido estructuras porosas con poros accesibles. En la Fig. 7.3 D -E se muestran
las isotermas de adsorción de vapor de agua en los poros de la bicapa SBTF. Para
comparar, se han incluido las respectivas isotermas de cada película cuando forman
una monocapa. Se puede ver que en la bicapa disminuye la porosidad para ambas
películas, aunque ésta sigue siendo altamente accesible a las moléculas de agua.

Figura 7.3. (A) Imagen de TEM de una bicapa SBTF con puntas de oro crecidas sobre
esferas de oro de 60 nm (en el cuadro interior se muestra una vista de perfil); (B -C) Imágenes
de SAXS a 4◦ y 90◦, respectivamente, de una bicapa SBTF con esferas de oro; (D -E)
Isotermas de adsorción - desorción de agua para el film SB formando una monocapa y en la
bicapa SBTF (D), y para el film TF formando una monocapa y en la bicapa SBTF (E).
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7.6 Una Aproximación Basada en Grupos Protectores hacia
la Síntesis de Nanoestrellas Janus de Oro y Sílice

En el capítulo 5 se describe la aplicación de una aproximación ampliamente utiliza-
da en síntesis orgánica, el uso de grupos protectores, para la obtención de nanoes-
trellas Janus de oro y sílice. En este caso, una semicápsula de sílice se ha crecido
primero sobre una esfera de oro, para actuar como protección para dirigir el pos-
terior crecimiento de puntas de oro sobre la superficie de metal no protegida (Fig.
7.4 A). Como todo grupo protector, se puede eliminar a posteriori mediante la
dispersión de las partículas en agua. La longitud de las puntas de las semiestrellas
se puede ajustar variando la cantidad de partículas semilla adicionadas durante el
crecimiento de las puntas. En la Fig. 7.4 D se muestran los espectros de absorción
de nanoestrellas Janus con diferente tamaño de puntas. Se observa asimismo que la
banda plasmónica localizada a mayores longitudes de onda está determinada por
las puntas, de forma que se desplaza más hacia el rojo según aumenta el tamaño
de las puntas.

Figura 7.4. (A) Imagen de TEM de las nanoestrellas Janus de oro y sílice; (B) recons-
trucción tridimensional de una nanoestrella Janus a partir de imágenes de HAADF - STEM,
representando en azul la sílice y en amarillo el núcleo y las puntas de oro; (C) imagen de
HRSTEM mostrando la monocristalinidad de las puntas de oro; (D) Espectro UV - visible
de esferas de oro de 40 nm (negro), semillas Janus de oro y sílice (rojo), y nanoestrellas
Janus usando diferentes cantidades de semillas, como se indica en la leyenda.

Estas partículas han sido caracterizadas por microscopía electrónica, tanto de trans-
misión como de barrido, para estudiar la asimetría del sistema. En la Fig. 7.4 B se
muestra la reconstrucción tridimensional de una nanoestrella con puntas cortas, a
partir de imágenes de microscopía electrónica de barrido por transmisión acoplado
a un detector de campo oscuro anular de alto ángulo (HAADF - STEM). En esta
imagen se ha coloreado en azul la sílice y en amarillo el núcleo y las puntas de
oro. Mediante STEM de alta resolución (HRSTEM) se puede observar el carác-
ter monocristalino de las puntas cuando éstas son cortas (Fig. 7.4 C), volviéndose
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policristalinas cuando su longitud aumenta.

Estas partículas presentan puntas metálicas, en donde es bien sabido que se pro-
ducen grandes incrementos en la intensidad del campo eléctrico al ser irradiadas
con un haz luminoso, dando lugar a puntos calientes intrínsecos, lo cual unido a la
posibilidad de realizar ensamblajes dirigidos por su geometría Janus, hace prever
interesantes aplicaciones en SERS.

7.7 Satélites Híbridos como Etiquetas Modulables para SERS

Se ha mencionado repetidamente durante esta tesis la capacidad de las partícu-
las Janus de ensamblarse para formar superestructuras que no se pueden obtener
con partículas simétricas, así como de sus posibilidades en la detección por espec-
troscopía Raman aumentada por superficie (SERS). En el capítulo 6 se muestran
los resultados del ensamblaje de las partículas Janus preparadas en el capítulo 5,
junto con esferas de oro de 15 nm por modulación de pH. Este sistema permite
la introducción de dos moléculas diferentes para su detección independiente por
SERS: ácido 4 -mercaptobenzoico (4 -MBA) colocado bajo la semicapa de sílice en
la partícula Janus, e isotiocianato de rodamina B (RhB) situado entre las partícu-
las Janus y las esferas pequeñas de oro, en los llamado puntos calientes. Durante
el proceso se forman partículas satelitales, con las esferas pequeñas adhiriéndose
exclusivamente sobre la parte expuesta de las partículas Janus. Adicionalmente se
forman dímeros de partículas Janus unidas por esferas pequeñas. Se trata de un
proceso dinámico, pero se puede detener aumentando el pH de nuevo, lo que per-
mite a su vez crecer una capa de sílice alrededor de las esferas mediante el conocido
método de Stöber,[265] fijando y protegiendo la estructura (Fig. 7.5 A).

En la Fig. 7.5 B se muestran las capacidades del sistema en la detección por SERS
en medio acuoso. Básicamente, dependiendo de la longitud de onda de excitación
se pueden observar los picos derivados de las vibraciones de enlaces en la RhB (532
nm) y el 4 -MBA (785 nm) independientemente o ambos a la vez (633 nm). Además,
las vibraciones correspondientes a cada molécula no se superponen, pudiendo así
asignar cada vibración a la molécula correspondiente.

Finalmente, se han empleado estos satélites híbridos para tomar imágenes de células
in vitro usando SERS (Fig. 7.5 C). Se ha conseguido detectar las partículas en
medio biológico usando diferentes longitudes de onda de excitación, de forma que
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Figura 7.5. (A) Imagen TEM de los satélites híbridos y de los dímeros, indicando con
flechas las esferas de oro de 15 nm que actúan como puentes de unión entre las partículas
más grandes; (B) Espectros SERS de los satélites híbridos en dispersión, usando 3 longitudes
de onda de excitación diferentes: 532 nm (verde), 785 nm (negro) y 633 nm (rojo), indicando
con puntos verdes las vibraciones de la RhB y con puntos negros las del 4 -MBA; (C) mapa
SERS de la vibracion a 1630 cm−1 de la RhB de satélites híbridos incubados con macrófagos
J774, medidos con iluminación a 532 nm.

se podría observar cada molécula por separado (iluminando a 532 nm y 785 nm)
o ambas a la vez, por irradiación a 633 nm. Esto sirve como prueba de concepto
de la aplicación de estos sistemas a la liberación controlada de fármacos, es decir,
cambiando la RhB por un fármaco se podría seguir la liberación de éste a 532 nm
y a su vez localizar las partículas a 785 nm.

7.8 Conclusiones

En conjunto esta tesis representa un avance significativo en la preparación de nue-
vos tipos de partículas Janus metálicas. Una gran variedad de métodos de sínte-
sis han sido desarrollados con este fin, principalmente en solución pero también
usando substratos sólidos. La caracterización óptica de las nanopartículas y de las
nanoestructuras derivadas de ellas, junto con las simulaciones realizadas, prevén
interesantes aplicaciones en SERS. Hemos mostrado este tipo de aplicaciones con
los satélites híbridos, cuyo uso en análisis múltiple es el resultado de su estructura
única como consecuencia de su autoensamblaje. Se esperan aplicaciones de estos
sistemas en otros campos como la catálisis, nanomotores coloidales o la formación
de nuevas estructuras. A continuación se indican las conclusiones más relevantes
que se pueden extraer de la investigación llevada a cabo durante esta tesis.

1. Se ha desarrollado un proceso basado en emulsiones Pickering para sintetizar
semiconchas y semicápsulas de oro con un núcleo de sílice de 495 nm.
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(a) Este proceso permite la producción de grandes cantidades de partículas
Janus, permitiendo el control de la geometría final mediante el ajuste de
la cantidad de surfactante catiónico DDAB, el cual es responsable del
grado de inmersión de las partículas en la cera.

(b) Simulaciones realizadas con BEM confirman que las principales propie-
dades ópticas están localizadas en el infrarrojo, mostrando un modo
dipolar axial y otro transversal desplazados hacia el azul y el rojo res-
pectivamente. Por lo tanto, muestran una respuesta anisotrópica.

(c) En cambio, las simulaciones para semiconchas con un núcleo de 100
nm indican que las propiedades ópticas estarían localizadas en la región
visible - infrarrojo cercano, sin embargo no ha sido posible aplicar el mis-
mo método para obtener semiconchas de alta calidad con tamaños tan
reducidos.

(d) Se ha intentado ensamblar estas partículas usando una balanza de Lang-
muir - Blodgett aprovechando la geometría Janus, sin embargo surgieron
problemas durante la transferencia de la monocapa al sustrato.

2. Por primera vez se han crecido bosques de nanohilos de oro sobre objetos
tridimensionales (esferas de sílice de 260 nm), con una configuración radial y
una longitud comprendida entre 40 y 200 nm.

(a) La configuración radial de los nanohilos da lugar a un acoplamiento
de los plasmones por estar lateralmente próximos, reflejándose en un
desplazamiento al azul de su banda plasmónica. La separación de los
nanohilos de sus esferas soporte conlleva un desplazamiento del plas-
món hacia mayores longitudes de onda, excepto en los más cortos, cuya
fuerte interacción con el 4 -MBA hace que los nanohilos se mantengan
ensamblados tras la separación de la sílice.

(b) Se ha empleado el método (SIE -MoM) para la resolución de las ecua-
ciones de Maxwell con el fin de simular las propiedades ópticas de esta
estructura compleja. Los resultados muestran una gran concordancia en-
tre la teoría y los resultados experimentales, abriendo así el camino al
diseño de estructuras más complejas.

(c) Un simple ajuste de las condiciones para preparar las semiconchas de
oro podría ser usado para producir partículas Janus de sílice recubiertas
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parcialmente de nanohilos de oro, ampliando así sus posibilidades para
el ensamblaje y la detección por SERS.

3. Se han usado películas finas mesoporosas como plantillas para dirigir el cre-
cimiento de puntas de oro sobre esferas de oro de 60 nm embebidas entre dos
películas con diferente tamaño de poro.

(a) Las medidas de SAXS indican que la organización de los poros en las
bicapas con partículas de oro mantienen el orden de las monocapas.

(b) La caracterización por EEP ha confirmado la alta porosidad de las bica-
pas preparadas, lo cual permite prever una mayor actividad catalítica, en
comparación con los materiales compuestos de una película recubriendo
una monocapa de partículas directamente adheridas sobre el sustrato.

(c) Las imágenes tomadas por microscopía electrónica sugieren que el cre-
cimiento de puntas ha sido asimétrico, sin embargo para confirmarlo es
necesario cortar secciones con un FIB y analizar las correspondientes
lamelas por TEM.

4. Se ha empleado una sencilla aproximación coloidal basada en los grupos pro-
tectores usados en química orgánica para la preparación de nanoestrellas
Janus de oro y sílice.

(a) La presencia de iones de plata es necesaria para inducir el crecimiento
de puntas de oro, estando su longitud determinada por la relación entre
la concentración de iones de oro en disolución y la cantidad de partículas
empleadas.

(b) Se ha demostrado mediante imágenes de HAADF - STEM y HRTEM
el carácter monocristalino de las puntas cuando son cortas, volviéndose
policristalinas a medida que aumenta su longitud debido a que puntas
secundarias crecen a partir de las primarias.

(c) La capa protectora de sílice se puede eliminar fácilmente exponiendo las
partículas a un medio acuoso, permitiendo así la funcionalización de la
nueva superficie metálica expuesta.

(d) El carácter Janus de las nanoestrellas presentadas podría dar lugar a
ensamblajes orientados para aplicaciones en detección por SERS, sin
embargo, ha sido elegido un sistema más sencillo para realizar la primera
aproximación, como se discute en el último capítulo.
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5. Se han preparado satélites híbridos mediante el ensamblaje dirigido por pH
de partículas Janus de oro y sílice con esferas de 15 nm de oro.

(a) Los ensamblajes se han recubierto de sílice para proteger la estructura,
lo cual podría permitir su posterior funcionalización para proporcionar
selectividad al sistema en posibles aplicaciones biológicas.

(b) Se ha demostrado la aplicación de estas partículas, precargadas con dos
moléculas sensibles a Raman, como sistema de imagen múltiple para
SERS en células.

(c) Esta estructura presenta interesantes aplicaciones como sistema de libe-
ración de fármacos, cambiando la RhB por un fármaco e implementando
un paso de desensamblaje de los satélites híbridos. Entonces, con la mis-
ma técnica (SERS), la droga y las partículas se podrían monitorizar
independientemente cambiando la longitud de onda de excitación.
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