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Abstract: We present in this paper the use of silica-coating for nanostructuring metal and
semiconductor nanoparticles. Thebasic concept isthe strict tailoring of theinterparticle spacing
through the thickness of the silica shell. Three different experiments are presented that
exemplify this concept. The first example consists of the preparation of thin films using the
layer-by-layer self-assembly of gold nanoparticles, either uncoated or coated with thin silica
shells. The observed optical effectsareinterpreted using effective medium theory. The second
and third experiments are related to the preparation of three-dimensional nanostructures,
either as concentrated dispersions of thickly coated Au or CdS nanoparticles, or as opals
prepared from such core-shell nanoparticles. Within these crystalline solids, intercore distance
isagain dictated by the thickness of the silica shells.

INTRODUCTION

One of the most important developments in chemical technologies is that of nanostructuring [1].
Nanostructured materials are assemblies of nano-sized units which display unique, characteristic
properties at amacroscopic scale. The size range of such unitslieswithin the colloidal range, where the
individual propertiesare different to both those of atoms/moleculesand to those of the bulk [2]. Therefore,
the properties of the nanostructured assemblies can be tuned by varying the colloidal properties of the
congtituents, mainly particle size, surface properties, interparticleinteractions, and interparticle distance.

In this paper we discuss a procedure that allows for both stabilization of different types of
nanoparticles and nanostructuring in such away that interparticle distance can be chosen at will. The
basis for this double effect is the coating of each nanoparticle with a shell of an inert material (SiO,),
whose thickness can be controlled with nanometer precision. The unusual properties of silica, espe-
cialy in agueous media[3] provide the particles with a very much enhanced colloidal stability, so that
concentrated dispersions can be prepared, and they remain stable over a much wider range of solution
conditions, such asionic strength, temperature, solvent polarity, etc. This meansthat the proceduresfor
nanostructuring such colloidal units are more robust and reproducible. Additionally, the ability to con-
trol the thickness of the silica shell implies that the separation between neighboring particles can be
tuned, so that the collective behavior of the particles within the nanostructure can be tailored.

We show here three different ways to prepare nanostructured systems, using silica-coated metal
or semiconductor nanoparticles as units. First, the preparation of thin films using the layer-by-layer
self-assembly of gold nanoparticles with varying interparticle separation is shown to lead to strong
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optical effects, which can be interpreted on the basis of effective medium theory. Then, we show the
preparation of concentrated dispersions of thickly coated Au or CdS nanoparticles, aswell asthe optical
effects derived from interparticle separation. Finally, we show the first opals prepared from such core-
shell nanoparticles. Within these crystalline solids, intercore distance is again dictated by the thickness
of thesilicashells.

SILICA COATING

A few methods can be found in the literature for the coating of colloids of different nature with silica.
Iler [4] pioneered thistechnique, using the deposition of silicafrom sodium silicate solutions of certain
concentrations and pH, which he termed “active silica’. In the early 1990s, Ohmori and Matijevic [5]
used the hydrolysis of alkoxysilanes for coating iron oxides, and then Philipse’s group in Utrecht used
acombination of these two procedures for coating both magnetite [6] and boehmite rods [7]. However,
even this combination failswith noble metals, given their reluctance to bind to metal oxides. A first way
to cope with this vitreophobicity of metalswasto attach gold nanoparticlesto small silicahost colloids,
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Fig. 1 Schematic
representation of the
silica-coating procedure.
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and then to grow the resulting composite particles in order to embed the Au as a core [8]. Though this
method proved to be effective, alarge population of (normally undesired) core-free silica particles was
present aswell. It should be mentioned that the use of microemulsions as nanoreactorsfor the controlled
growth on the cores was used first by Asher for CdS[9], and very recently by Adair et a. for Ag [10].
We recently devised an alternative method [11,12], which uses silane coupling agents as surface
primersto render the particle surface vitreophilic. The processis sketched in Fig. 1 for the case of gold.
Silane coupling agents[13] are used as surface primersto provide the nanoparticle surface with silanol
groups, and therefore to endow them with chemical affinity for silica, so that they can be coated by
means of the procedures previously used for oxides. For metal nanoparticles, (3-aminopropyl)
trimethoxysilane (APS) is used as a coupling agent, because of the large complexation constant for
noble metal amines [14]. In the case of semiconductor particles like CdS, silane coupling agents with
mercapto groups are preferred [15]. During thisfirst step, the small organic ionsinitially adsorbed onto
the surface are displaced by the coupling agents, which show a larger adsorption affinity. In a second
step, active silica (as defined by ller [4]) is added to the dispersion, which promotes the formation of a
thin, dense, and relatively homogeneous silica layer around the particles [11], using the silanol groups
asanchor points. At this stage, the particles can betransferred into ethanol, and the silicalayer thickness
can be increased in a controlled way by means of the base-catalyzed hydrolysis and condensation of
tetragthoxysilane (TES), which is known as the Stéber process [16]. Figure 2 shows a high-resolution

Fig. 2 High-resolution electron micrograph of a
10-nm Ag single crystal coated with an
amorphous silica shell some 2 nm thick.

transmission electron micrograph of one Ag@SiO, particle, illustrating the clear contrast between the
metal core and the amorphous, thin silica shell.

NANOSTRUCTURED THIN FILMS FROM AU@SIO,

We made use of the method of layer-by-layer self-assembly for the deposition of mono- or multilayers
of gold nanoparticles. This method, initially developed for oppositely charged micron-sized colloids
[17], was later successfully extended to polyelectrolyte pairs [18,19] and many other systems[20-22].
Nowadays, it isone of the most widely used for the preparation of nanoparticle-based thin films because
of its versatility, universality, and ease of implementation. The method comprisesthe initial deposition
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of alayer of polyelectrolyte on a substrate, followed by deposition of oppositely charged nanoparticles
by simple dipping of the modified substrate in the agueous colloid. For our experiments, given the
negative surface charge on silica surfaces above the iep, we made use of a positively charged
polyelectrolyte (poly(diallyldimetylammonium) chloride or PDDA). For the build-up of thin films
comprising more than one polyel ectrolyte-nanoparticle layer, the dipping procedure is repeated until
the desired number of layersis attained. The mono- and multilayers so prepared are very uniform, and
the nanoparticles are in close contact with each other, so that interparticle distance will be determined
through the thickness of the shell. By means of this procedure we have deposited thin films of 13-nmAu
particles on standard microscope glass slides, with interparticle separations ranging between 0 and 30
nm. We used two different sorts of samplesfor the“bare” gold films, one of them citrate stabilized and
the second stabilized with 3-mercaptopropionic acid. These two samples, which are stabilized by organic
molecules, display colors which are very similar to those of a film prepared on the same substrate by
conventional sputtering. However, for larger interparticle separations, obtained by simple control of the
deposited silicashell thickness, the color progressively changesuntil, for aseparation of 30 nm, thefilm
has avery similar appearance to that of the starting aqueous sol.

¥ T T
10 .,'.’
® o9} 4
8 0.9 i ,,l
- M/
g 087 ,;:"L .{7/ citrate
,.O_ 0.7 l/ Y - - - - thiol
4 \
g . “.\\-\ \ e 1.5 nm
R W\ N —mes 3 nm
< v D ".\\_ N NI 2
© 3 \\ N nm
,q\]') \\ \\\ ....... 15 nm
T [ RN —mmem 50|
g 0.2 :_ .‘:\:?.-\.\ \\.\-V"‘
o 01} e
= 0.0 r . . . . R e e TP R PE
400 500 600 700 800

Wavelength (nm)

Fig. 3 Visible spectra of thin films prepared by successive deposition of 10 monolayers of Au nanoparticles
coated with silica shells of increasing thickness.

A more quantitative way of observing this effect is through the corresponding visible absorption
spectra. These are shown in Fig. 3, where we can see how the surface plasmon band blue-shifts as the
interparticle separation isincreased, until for 30 nm distance the spectrum basically coincides with that
of the corresponding aqueous sol.

This effect can be explained by a decrease in dipole—dipole interactions between neighboring
particles. Asthe separation increases, theinfluence of the oscillating dipoles of neighboring particleson
the frequency of acentral particle will decrease accordingly. There are numerous models to account for
the dipole interaction between the gold colloid particles, which cause these color shifts. These “effec-
tive” medium models date back to Maxwell-Garnett, and Bruggemann [23,24]. The coupling is most
simply treated using Maxwell-Garnett theory, which provides an expression for the effective dielectric
constant of the composite materia as,
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f and £ are the volume fraction and the frequency-dependent complex dielectric constant of the metal
particles respectively, and &, is the real dielectric constant of the surrounding medium. Equation 2 is
valid when the particle radius and the interparticle separation are small compared with the wavelength
of light, and when the volume fraction is moderately low. If the metal particles are surrounded by a
concentric shell of material with adielectric constant &, «ris given by:

o3 (e.—¢& )e+2e)+ 0’ (2e, +¢ )e—¢g) ?)
(e,+2¢,)(e+2¢)+ 9’ (2, — 2¢, )(e — &€,)

where g istheratio of the diameter of the metal to the diameter of the total coated particle.
The absorption coefficient K of the film can be written as

K _ 2mA Im(eg, )

2

C Ny

(4)
where Aisthewavelength of light, ¢ speed of light, and ny; isthereal part of the effective complex index
of refraction of the composite material, which isrelated to g4 as:

(Neiy + 1Kgr)? = Exit 5)

and ky istheimaginary part of the effective complex index of refraction.

Although a more complete description will be given elsawhere [25], we can see here from equa-
tions 2 and 5, that the peak position of the absorption band is predicted to red-shift with increasing
volume fraction of metal particles, as well as with &, (refractive index of the surrounding medium).
This means that the coupling can be controlled through the silica shell thickness determining interpar-
ticle separation, and therefore volume fraction.

We should finally mention that similar results concerning the screening of magnetic interactions
were recently published for thin films of silica-coated magnetite nanoparticles [26].

CONCENTRATED DISPERSIONS

In this section, we also show how the optical properties of metal and semiconductor nanoparticles are
affected by 3-dimensional nanostructuring with much larger interparticle distances. The first approach
was based on the phase behavior of charged colloids. More specifically, we followed the work of Dhont
et al [27] describing the phase behavior of silica particles derivatized with 3-(trimethoxysilyl)propyl
methacrylate (TPM). The TPM-coated particles (which we denote Au@SiO,-TPM) are slightly charged
due to the presence of residual hydroxide ions on the silica surface [28], and the sols are stable in
solvents with a low polarity, such as ethanol and toluene, as well as in ethanol-toluene mixtures. For
alcosols of these particles, the fluid—solid phase transition was observed to occur at a particle volume
fraction of 0.194, and the crystal—glass transition at 0.224 [27].
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Fig. 4 Transmission electron micrographs of thickly coated Au (left) and CdS (right) nanoparticles.

Fig. 5 See color figure on page 265.

We performed this study with both Au@Si O, and CdS@SiO,, grown to final particle sizes of the
order of 100 nm, and derivatized with TPM as described in ref. 28. Transmission electron micrographs
of these samplesare shown in Fig. 4.

Concentrated dispersions of these modified core-shell particles were prepared by centrifugation
inside glass cuvettes (1-mm path length) and dilution with pure ethanol, thus adjusting the particle vol-
ume fraction from 15 up to about 45 volume %. In the case of gold cores, the effect of interparticle
distance (volume fraction) can be easily distinguished by eye, as shown in Fig. 5 on page 265. Thefirst
cuvette (A) shows a concentration gradient obtained after centrifugation [29], while the other cuvettes
contain the same particles with volume fractions increasing from left to right. It is obvious how the
interplay between absorption by the cores and scattering by the shells leads to strong optical effects.

While the fluid phase (Fig. 5B, page 265) was turbid reddish-brown, the crystalline phase (Fig.
5C, page 265) was bright red, showing Bragg diffraction in the form of brighter spots (iridescence) all
over the sample. When the cuvette was tilted, a bright green color was observed, showing the presence
of different lattice spacingsfor different diffraction angles. In the amorphous part of the phase diagram,
the sampl e displayed different colors ranging from dark yellow to blue through green (Fig. 5D—F, page
265). The colorsshown in the figure are those resulting from direct reflection of incident light, whilethe
sample looked dark red when observed in transmission, which indicates that the reflected color indeed
arises as aresult of absorption and diffraction.

In the case of CdS cores, the visual effect isnot so strong, since its absorption coefficient ismuch
lower than that of gold. However, even using 1-mm path length cuvettes, the absorbance was too high
for study with a conventional spectrophotometer. Therefore, we measured the specular reflectance of
the sampleswith different concentrations, which indicates how the position of the Bragg peak red-shifts
when decreasing volume fraction. This agrees with Bragg's law, when one considers both the changein
filling factor when changing the volume fraction, and the increase in the particle refractive index due to
the presence of the semiconductor cores. Assuming an fcc structure, the maximum filling factor is 0.74.
When there is open space between neighboring spheres (asin our case), the filling factor will actually
be the particle volume fraction (V). Therefore, the wavelength of the radiation diffracted by the crystal
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will depend on the filling factor through two terms. The lattice parameter,
¢ = 0.816 - d + a(V) depends on V through a, the distance separating the spheres:

1
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where d is the diameter of the coated particle. On the other hand, the average dielectric constant is
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We show in Fig. 6 the specular reflectance spectra of dispersions of CdS@SiO, in ethanol for
volume fractions between 18 and 30%. As expected, the Bragg peak blue-shifts for increasing volume
fractions, since the interparticle distance decreases accordingly. The inset shows afit of the maximum
position with eq. 8.
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OPALS

Thefinal examplethat we are showing here of nanostructured systems based on core-shell nanoparticles
isthe preparation of opals, or in other words, solid crystalline arrangements of nanoparticles. Theinterest
in opals has grown in the last few years since it implies a 3D modulation of the dielectric constant in a
range well within the visible region of the el ectromagnetic spectrum, which can lead to forbidden bands
in the transmission spectrum due to multiple Bragg diffraction. This photonic crystal behavior postul ated
by E. Yablonovich and S. John a decade ago [30,31] has opened up a new field in materials science,
which is now starting to be exploited.

Severa synthetic procedures have been proposed for the preparation of opals [32-35]. In this
work, we have prepared opals from CdS@Si O, and Au@SiO, particles using the natural sedimentation
method, devel oped by Meseguer et a [34,36]. The method simply consists of redispersing the particles
in distilled water with a concentration of 1 wt%, and allowing them to sediment, following Stokes law,
which resultsin the formation of large, face-centered-cubic ordered compacts. The sphere diameter can
be estimated from the sedimentation vel ocity, and making use of Stoke'slaw. For instance, in the case of
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Fig. 6 Specular reflectance spectra of concentrated dispersions of CAS@SIO, particles in ethanol. The inset
shows afit of the maximum position with eqg. 8.

the CdS@SIiO,, particles, avalue of 224 nm was obtained, in good agreement with the value of 235 nm
measured from SEM. Once the sedimentation has been compl eted, the solid is separated from the superna-
tant and dried at 60 °C. Examples of the ordered samples obtained by this method are shown in Fig. 7.

Although amore complete characterization of these systemsisstill to be performed, we present
here some preliminary results on their photonic properties. Specular reflectance spectra of both Au and
CdS opal samplesareshownin Fig. 8. Asexpected from Bragg'slaw, the characteristic Bragg peak blue-
shifts as the incident angle increases. This effect has been summarized in the inset of Fig. 8.

A fuller investigation of the photonic crystal properties exhibited by thistype of material isjusti-
fied by the large number of possible applications. For example, Au@SiO, opals can be used as
metall odielectric photonic structures, which eventually show large photonic bandgaps when ordered in
an fcc structure[37]. On the other hand, one of the most important consequences of photonic bandgaps
in solids is the possibility to control spontaneous emission. If spontaneous emission is fully inhibited,
high-efficiency lasers can be constructed. In particular, for CdS-doped silica opal composites, partial
inhibition of the spontaneous emission has been recently shown [38]. With the core-shell structure used
here, CdS@Si O, opal s can represent excellent systemsto achieve spontaneous emission inhibition without
photo-darkening effects.

CONCLUSIONS

We have demonstrated in this paper the numerous possibilities that silica-coated nanoparticle systems
offer for the preparation of nanostructured materials with controlled optical properties. The enhanced
stability provided by the silica shell allows for an easy manipulation of the nanoparticle units, so that
different methods can be used for the preparation of nanostructures.
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Fig. 5 Photographs of a dispersion of Au@SiO, particles (core diameter: 15 nm; total diameter: 105 nm) in
ethanol after centrifugation for 9 h and rest for 4 days (A); and concentrated dispersions of the same Au@SiO.
particles with increasing volume fractions: 16.7 % (B); 20.2 % (C); 27.8 % (D); 35.1 % (E); 54.6 % (F).

2

Fig. 7 Scanning electron micrographs showing the ordered structure of opals prepared from CdS@SIO, (l&ft)
and Au@SiO, (right) core-shell nanoparticles.

We have shown that thin films of Au@SiO, can display a full range of colors, depending on
interparticle separation. In this case, such separation isdirectly determined by the thickness of the silica
shell deposited around each Au core. This optical effect has been explained on the basis of the screening
of dipole—dipole interactions, which is confirmed by the fact that the spectra of films with sufficiently
large interparticle spacings (around 30 nm) basically coincides with that of the starting aqueous sol.

Inthe case of thickly coated metal and semiconductor nanoparticles, we showed that two different
paths can be followed to prepare ordered three-dimensional structures. Colloidal crystals can be pre-
pared in solution, just by playing around with the phase behavior of the colloid, and solid opals can be
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Fig. 8 Specular reflectance spectra
measured from CdS@SiO, (top) and
Au@SiO, (bottom) opals for
different incident angles. The inset
shows afit of peak position vs.
angleto Bragg's law.

synthesized, where once again the interparticle distance is accurately tuned by thethickness of thesilica

shell.

The nanostructuring of silica-coated nanoparticlesis still to be fully developed, and promises a

number of interesting applicationsin several fields of science and technology.
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