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Hierarchical aggregates of gold nanoparticles (NPs) on different length scales were in situ generated at the surface
of a bridged silsesquioxane during the process of film formation by polycondensation and solvent evaporation. A
precursor of a bridged silsesquioxane based on the reaction product of (glycidoxypropyl)trimethoxysilane (2 mol) with
dodecylamine (1 mol) was hydrolytically condensed in a THF solution at room temperature in the presence of formic
acid, water, and variable amounts of dodecanethiol-stabilized gold NPs (average diameter of 2 nm). The initial
compatibility of the precursor with gold NPs was achieved by the presence of dodecyl chains in both components.
Phase separation of gold NPs accompanied by partitioning to the air-polymer interface took place driven by the
polycondensation reaction and solvent evaporation. A hierarchical organization of gold NPs in the structures generated
at the air-polymer interface was observed. Small body-centered cubic (bcc) crystals of about 20 nm diameter were
formed in the first step, in which the 2 nm gold NPs kept their individuality (high-resolution transmission electron
microscopy, field emission scanning electron microscopy, and small-angle X-ray diffraction). In the second step, bcc
crystals aggregated, forming compact micrometer-sized spherical particles. Under particular evaporation rates a third
step of the self-assembly process was observed where micrometer-sized particles formed fractal structures. Increasing
the initial concentration of gold NPs in the formulation led to more compact fractal structures in agreement with
theoretical simulations. The surface percolation of NPs in fractal structures can be the basis of useful applications.

Introduction
The organization of nanoparticles (NPs) into two- and three-

dimensional structures leads to materials characterized by different
properties compared to those of the individual particles.1-6 This
is due to the collective interactions among the set of particles
in the self-assembled domains that leads to novel electrical,7,8

optical,9,10 and magnetic11-14 properties. Strategies that allow
the controlled formation of clusters of the desired size and shape

in which NPs preserve their individuality can be useful for a high
number of applications that take advantage of the collective
interactions. Of particular interest is the hierarchical array of
clusters of self-assembled NPs into percolating networks either
in solution15 or at the surface of a polymeric film.16,17 Antistatic
coatings with high electrical conductivity and high optical
transparency were obtained by generating percolating clusters
of antimony-doped tin oxide (ATO) either in thin surface layers16

or throughout the bulk of the sample.18 Nanoporous metal
superstructures with a narrow size distribution of pores have
been produced by hierarchical self-assembly and fusion of gold
nanoparticles.19 Superhydrophobic materials have been suc-
cessfully obtained by modifying surfaces with fractal and dendritic
metal superstructures.20,21 Silver and gold NP aggregates have
demonstrated high activity as surface-enhanced Raman scattering
(SERS) substrates.22

The self-assembly of nanoparticles stabilized by organic groups
in a polymer may be induced using different strategies.5,6 In a
recent study we showed that gold nanoparticles stabilized by
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dodecyl groups could be homogeneously dispersed in precursors
of an epoxy polymer based on stoichiometric amounts of
diglycidyl ether of bisphenol A and dodecylamine.17 However,
phase separation occurred in the course of polymerization, as
predicted by simple thermodynamic models,23 leading to the
self-assembly of gold nanoparticles into colloidal crystals
dispersed in the polymer matrix, with a significant partitioning
at the air-polymer interface.17 The relatively high polymerization
temperature (100 °C) produced changes in the initial size
distribution of nanoparticles (increase in the mean size and
narrowing of the size distribution) that enabled the formation of
colloidal crystals.

The aim of this study was to investigate the behavior of an
initial homogeneous dispersion of gold nanoparticles in a
precursor that can polymerize at room temperature to minimize
changes in the particle size distribution. The precursor of a bridged
silsesquioxane with a pendant dodecyl chain was selected for
this purpose.24 Terminal trimethoxysilyl groups can undergo
polycondensation at room temperature in solution by a typical
sol-gel reaction. The pendant dodecyl chain can provide initial
miscibility for gold nanoparticles stabilized by dodecanethiol
chains. In particular, conditions leading to the partitioning of
self-assembled clusters of NPs at the air-polymer interface will
be analyzed.

Experimental Section
Synthesis of Dodecanethiol-Coated Gold NPs. Dodecanethiol-

coated gold NPs were synthesized using a modification of the
Brust-Schiffrin method.25 Briefly, 1.1 mmol of HAuCl4 ·3H2O was
dissolved in a solution of tetraoctylammonium bromide in toluene.
After the resulting solution was stirred overnight, dodecanethiol
(DDT) was added in a molar ratio of 0.9 with respect to gold. An
excess of freshly prepared sodium borohydride aqueous solution
was then added as a reducing agent. The as-synthesized DDT-coated
gold NPs were separated from unattached DDT by precipitation
with ethanol (in a volume ratio with respect to the toluene solution
of 7:1), followed by centrifugation (8000 rpm). The wet product was
dried at 40 °C and stored as a waxy solid at room temperature.

Figure 1 shows a TEM image of the dodecanethiol-coated gold
NPs. The inset shows the size distribution of the Au cores. The
largest fraction of particles was the one with diameters between 1.5
and 2 nm, with an average value of 2.0 nm for the whole population.
A UV-vis spectrum of a dispersion of NPs in heptane displaying
a weak surface plasmon band envelope around 515 nm is shown in
Figure 2. The shape and position of this band agree with results
previously reported for gold NPs of similar sizes.26,27

Synthesis of Films of the Bridged Silsesquioxane Modified
with Gold Nanoparticles. The synthesis of the precursor of the
bridged silsesquioxane (Figure 3) was reported elsewhere.24 The
precursor also includes a series of oligomers derived from
the condensation of Si(OCH3) with COH groups. In the course of
the sol-gel polycondensation these oligomers are hydrolyzed and
contribute to the formation of the bridged silsesquioxane.

A 0.1 M solution of the precursor in tetrahydrofuran (THF) was
employed, containing variable amounts of stabilized-gold NPs in a
weight ratio varying from 0 to 1 wt % with respect to the precursor.
These initial solutions were homogeneous. The sol-gel reaction
was performed by adding formic acid and water in molar ratios
HCOOH/Si ) 0.1 and H2O/Si ) 3. Solutions (25 cm3) were cast
in polyacetal recipients of 5 cm diameter. A glass cover that could
be shifted in height was used to control the solvent evaporation rate.
Hydrolysis and condensation reactions took place at 18 °C together
with solvent evaporation. Free-standing films with a thickness of
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Figure 1. TEM image of the dodecanethiol-coated gold NPs. The inset
shows the size distribution of the metallic core of the gold NPs.

Figure 2. UV-vis spectrum of a dispersion of gold NPs in heptane.

Figure 3. Structure of the precursor of the bridged silsesquioxane.
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about 500 µm could be detached from the mold after 1-4 weeks,
depending on the solvent evaporation rate. The film without gold
NPs was transparent and slightly yellow, while those modified with
gold NPs had a color varying from red (0.1 wt % NPs) to brown
(1 wt % NPs), with a decreasing transparency.

Characterization Techniques. Fourier-transformed infrared
spectra were obtained in the attenuated total reflectance mode (FTIR,
Genesis II, Mattson). UV-vis spectra were recorded on a double-
beam spectrophotometer, Shimadzu 1601 PC. X-Ray diffraction
(XRD) spectra were obtained with a Philips PW1710 or a Siemens
D5005 powder diffractometer in grazing incidence mode using Cu
KR radiation.

The size distribution of as-synthesized gold NPs was determined
using a Philips CM-12 transmission electron microscope operated
at an accelerating voltage of 100 kV. Samples were prepared by
dropping 6 µL of a dispersion of the particles on a copper grid coated
with Formvar and a carbon film.

Hierarchical structures of self-assembled gold NPs were observed
using a set of optical and electron microscopes. Transmission optical
microscopy (TOM) images were taken with a Leica DMLB
microscope provided with a video camera (Leica DC100). Scanning
electron microscopy (SEM) images were obtained using a Zeiss
DSM 982 Gemini FEG-SEM microscope, an FESEM Zeiss Supra
40, and a Jeol JSM-6460LV device provided with an EDAX analyzer
system (Genesis Spectrum V5.11). Transmission electron microscopy
(TEM) images of ultrathin sections were obtained with a Jeol JEM-
2010 FEG microscope.

To attain topographical information of the film surface, optical
images and surface profiles were acquired with a Zygo New View
100 scanning white light interferometer microscope.

Results and Discussion

Neat Films of the Bridged Silsesquioxane. In the presence
of an acid catalyst and water, terminal Si(OCH3) groups of the
precursor are converted into Si(OH) groups that react among
themselves or with Si(OCH3) groups, leading to a cross-linked
polymer through the formation of Si-O-Si bonds. The bridged
silsesquioxane undergoes a nanostructuration process during
which organic bridges become self-assembled through dodecyl-
dodecyl interactions.24 Figure 4 shows an FTIR spectrum of the
unmodified film. The presence of the two peaks at 1020 and
1090 cm-1 is characteristic of antisymmetric Si-O-Si vibrations.
These peaks are located at relatively low frequencies when
compared with those found for a similar product exhibiting a
high conversion in the polycondsensation reaction (in this case
peaks were present at 1040 and 1118 cm-1).24 This indicates a
relatively low conversion in the polycondensation reaction, a
fact that is corroborated by the presence of a relatively intense

peak at 916 cm-1, assigned to SiOH groups. The broad band
with a maximum at 3370 cm-1 is characteristic of H-bonded
SiOH and COH groups. The two peaks at 2850 and 2920 cm-1

are characteristic stretching vibrations of CH2 groups in extended
chains (all-trans conformation).28

A small-angle X-ray diffraction spectrum of the unmodified
film is shown in Figure 5. The broad peak with a maximum at
2θ ) 2.686° corresponds to a scattering vector q ) (4π/λ) sin
θ ) 0.191 Å-1 or a length d ) 2π/q ) 32.9 Å. This is the
characteristic distance of tail-to-tail associations of extended
dodecyl chains, as reported in a previous paper.24 The broadness
of the peak indicates that the nanostructuration of the bridged
silsesquioxane exhibits a short-range order. A correlation length
(�) related to the structural order range associated with this peak
may be defined as29

�) 2π/∆q

where ∆q is the full width at half-maximum measured in units
of the scattering vector. The calculated correlation length is �
) 65 Å, meaning that on the average the ordering extends over
a distance that is twice the characteristic length.

Influence of the Solvent Evaporation Rate on Structures
Generated at the Air-Polymer Interface in Films Modified
with Gold NPs. The nature of superlattices formed by solvent
evaporation during drop-casting solutions of gold NPs depends
on the solvent evaporation rate. A rapid evaporation generates
a fast-moving liquid-air interface compared to the diffusion of
nanoparticles, leading to the trapping of NPs at the interface,
generating highly ordered 2D structures.30,31 At low evaporation
rates, NPs can diffuse away from the interface at a faster rate
than the moving boundary. When the concentration attains a
critical value, nucleation of 3D structures takes place.32 Film
formation in our case was carried out at low evaporation rates,
and the critical concentration of NPs was attained by both solvent
evaporation (increases the concentration of NPs) and sol-gel
polymerization (decreases the solvent quality). Two sets of films
were obtained by adjusting the evaporation rate to obtain self-
standing detachable films in 2 weeks (standard conditions) or in
4 weeks (low evaporation rates). Significant differences in the
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Figure 4. FTIR spectrum of an unmodified film of the bridged
silsesquioxane.

Figure 5. Small-angle X-ray diffraction spectrum of the bridged
silsesquioxane.
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partitioning and organization of gold NPs at the air-polymer
interface were observed in both cases.

Figure 6 shows SEM images of the surface of a film containing
0.7% gold NPs obtained with a low evaporation rate. A uniform
distribution of spherical particles with diameters close to 1 µm
is present at the film surface. Aggregates of particles are observed
in some regions as well as the presence of smaller particles with
sizes in the 0.1-1 µm range. The inset of Figure 6b shows an
individual 1 µm particle. EDAX confirmed the presence of gold
inside dispersed particles.

The situation changed completely for films obtained at standard
conditions as shown in Figure 7. Fractal structures formed by
the aggregation of quasi-spherical particles were generated at
the surface of the films together with a dispersion of individual
smaller particles. The average size of the particles was close to
5 µm for the formulation containing 0.3 wt % NPs and 8 µm for
the formulation containing 0.5 wt % NPs.

These experimental results prove that the partitioning of gold
NPs to the surface of the films exhibits a significant dependence
on the solvent evaporation rate. Increasing this rate produced an
increase in the size of particles as well as their aggregation into

fractal structures at the air-polymer interface. Reasons for this
behavior will be discussed after the next section.

Figure 8 shows the morphology generated for a film containing
1 wt % gold NPs obtained at standard conditions. Fractal structures
formed by 10 µm spherical particles covering an area of about
1 mm2 can be observed. A white light interferometry micrograph
for a film containing 0.7 wt % gold NPs obtained at standard
conditions shows that these micrometric particles protrude about
0.5 µm from the flat surface of the polymeric film (Figure 9).
It is interesting to note that fractal structures obtained at these
higher concentrations look more compact than those shown in
Figure 7.

Hierarchical Organization of Gold NPs inside Large
Particles. In this section the eventual coalescence and/or
crystallization of individual gold NPs inside large particles will
be examined. Due to the small size of individual gold NPs, small-
angle X-ray diffraction could be used (instead of small-angle
X-ray scattering, SAXS) to assess the eventual formation of a
crystalline self-assembly. Figure 10 shows a small-angle X-ray
diffraction spectrum for a material containing 0.7 wt % gold NPs
synthesized at standard conditions. The asymmetric peak present

Figure 6. SEM micrographs of the surface of a film containing 0.7% gold NPs obtained with a low evaporation rate. (a) and (b) are different
magnifications. The inset in (b) shows a high-resolution SEM image of one of the large particles.

Figure 7. SEM micrographs of the surface of films obtained at standard conditions. (a) and (b) are different magnifications of a film with 0.3 wt
% gold NPs, and (c) and (d) are different magnifications of a film with 0.5 wt % gold NPs.
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at low angles could be deconvoluted into two Lorentzian peaks:
one broad peak with a maximum at 2θ ) 2.686° and a narrower
peak with a maximum at 2θ ) 3.126°. The former is located at
exactly the same position as the peak present in the matrix and
may be therefore assigned to the tail-to-tail association of dodecyl
chains of the bridged silsesquioxane.

The presence of a second diffraction peak at 2θ ) 3.126°
reflects a local order (crystallinity) in the self-assembly of gold
NPs. Crystal structures formed by gold NPs coated with n-alkyl
ligands were analyzed by Whetten at al.33 They observed that
the crystal structure depends exclusively on the value of the
parameter � ) 2L/Dcore, where L is the thickness of the corona

equated to the fully extended (all-trans) chain length (L ) 1.6
nm for dodecyl chains) and Dcore is the diameter of the gold-
nanocrystal core. Therefore, in our case � ) 2(1.6 nm)/(2 nm)
) 1.6. For this value of � the expected crystal structure is a

Figure 8. SEM micrographs of the surface of a film containing 1 wt %
gold NPs obtained at standard conditions. (a) is a TOM image, and (b)
and (c) are SEM images at different magnifications.

Figure 9. Microscopic surface structure acquired by scanning white
light interferometry of a film containing 0.7 wt % gold NPs obtained
at standard conditions: (a) 2D image, (b) y-profile, and (c) 3D image.

Figure 10. Small-angle X-ray diffraction spectrum for a material
containing 0.7 wt % gold NPs synthesized at standard conditions.
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body-centered cubic (bcc) structure. Eventually, some lower
symmetry structure might be generated such as the body-centered
tetragonal (bct) structure with 15% elongation along one axis.33

Another significant observation reported in that paper is the high
packing efficiency of the corona in the crystal structure. For the
case of dodecyl chains, the edge-to-edge distance of the gold
cores of two neighboring particles is located in the range of
1.6-1.7 nm, independently of the core size and the corresponding
crystal structure.33 This distance is about half the expected value
for a bilayer of extended chains, implying a chain-packing density
corresponding to the solid-crystalline alkane phase.

Assuming that the scattering peak at 2θ ) 3.126° can be
assigned to the first allowed reflection (110) of the bcc structure,
the center-to-center distance between neighboring particles (Dnn)
may be calculated as Dnn ) (3/2)1/2λ/(2 sin θ),33 where λ) 0.154
nm is the wavelength of the Cu KR radiation. This gives Dnn )
3.46 nm. Discounting the edge-to-edge distance of the cores,
estimated as 1.65 nm,33 leads to a core diameter of 1.8 nm, which
is in the range of the most frequent particles present in the
experimental size distribution (inset of Figure 1). Therefore, we
may conclude that gold NPs are primarily organized into bcc
crystals although lower symmetry structures cannot be discarded.
The value of the correlation length is � ) 18.2 nm, implying the
presence of small crystalline regions (either small crystals or
local organization in larger agglomerates of gold NPs).

The eventual presence of isolated crystals in the films was
searched by field emission scanning electron microscopy
(FESEM) and high-resolution transmission electron microscopy
(HRTEM). Figure 11a is a FESEM image of the film surface
showing the presence of aggregates of individual NPs with typical
sizes in the 10-30 nm range, which is on the order of the
correlation length found for the X-ray scattering peak. HRTEM
images obtained from the bulk of the films obtained under slow
evaporation rates (Figure 11b,c) also show the presence of a low
concentration of NP aggregates. These clusters of NPs show, on
average, a lower size and organization level than those observed
at the surface of the film and probably represent an intermediate
step (frozen by gelation) in the formation of bcc crystals.
Therefore, we may infer that the first step in the self-assembly
of the 2 nm NPs is the formation of bcc crystals with a mean
size in the range of 20 nm.

As individual NPs present in the aggregates shown in Figure
11 kept their initial size, we can conclude that their coalescence
did not occur under the selected polymerization conditions. This
fact was corroborated by the UV-vis spectra of films containing
different amounts of gold NPs, obtained at standard conditions
(Figure 12). Constancy in the location of the plasmon peak with
respect to that shown by dispersions of initial gold NPs in heptane
(Figure 2) reassures that coalescence did not take place. The
small increase of the absorbance at long wavelengths is consistent
with particle-particle interactions associated with the formation
of aggregates.15 Similar UV-vis spectra were observed for films
synthesized with low evaporation rates.

Most micrometric particles present at the film surface exhibited
a compact skin assigned to a thin layer of silsesquioxane that
encapsulates the contents (e.g., see the inset of Figure 6b). A few
particles appeared partially broken, exhibiting their interior. Figure
13 shows an FESEM image of one such particle (diameter close
to 1.5 µm), present at the surface of a film with 0.7 wt % gold
NPs. The interior is formed by the agglomeration of spherical
aggregates with sizes in the range of 20-30 nm. Therefore, it
may be inferred that large particles are formed by aggregation

of bcc crystals with diameters in the range of 20-30 nm. To
complete the picture of the hierarchical organization, we intended
to assess the presence of the individual 2 nm NPs inside the
crystals forming the large particles. High-resolution SEM images
were obtained from the interior of one of the partially broken
particles. Although these images were obtained at the limit of
resolution of the device, they supported the presence of individual
2 nm NPs inside the micrometer-sized particles (Figure 14).

Discussion of the Hierarchical Organization of Gold NPs.
An explanation of the sequence of events leading to the
hierarchical organization of gold NPs may be proposed. In the
initial system constituted by the precursor of the bridged
silsesquioxane, gold NPs, and a solvent (THF), the NPs were
individually dispersed. During the process of film formation, the
continuous solvent evaporation generated a gradient in solvent

(33) Whetten, R. L.; Shafigullin, M. N.; Khoury, J. T.; Schaaff, T. G.; Vezmar,
I.; Alvarez, M. M.; Wilkinson, A. Acc. Chem. Res. 1999, 32, 397.

Figure 11. (a) High-resolution SEM image showing the presence of
small NP aggregates at the surface of the film. (b, c) HRTEM images
obtained from ultrathin cuts of a film containing 0.11% gold NPs obtained
with a low evaporation rate.
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concentration with the lowest concentration at the film surface.
This was accompanied by a corresponding increase in the
concentration of species undergoing polymerization, with higher
conversions close to the film surface. At a particular point during
this process NPs attained the critical concentration necessary to

phase-separate from the solution. Supersaturation was the
consequence of solvent evaporation and the increase in size of
the oligomers generated in the sol-gel reaction.23 Therefore, the
gradient in solvent concentration produced phase separation at
the film surface.

The presence of a gradient in solvent concentration generates a
flux of solvent from the bottom to the surface of the film. Thermal
gradients originated by the heat of vaporization can also contribute
to the convective flux of solvent.16 NPs still dispersed in the bulk
of the solution were transported to the surface where they became
phase separated, increasing the concentration of stable structures.
This produced the partitioning of gold NPs along the film thickness.
The process is evaporation-driven and is referred to as convective
assembly of NPs.34-37 The partitioning of gold NPs at the surface
of the polymer film should increase with the solvent evaporation
rate due to the generation of a steeper gradient of solvent
concentration. This agrees with the experimental findings
(compare Figures 6 and 7).

The first step of the phase separation process was the formation
of small bcc colloidal crystals with a mean size in the 20 nm
range, detected by small-angle X-ray diffraction and observed
by HRTEM and high-resolution SEM. Due to the small van der
Waals forces associated with 2 nm NPs, larger crystals were not
produced. Instead, small bcc crystals agglomerated, forming the
spherical micrometer-sized aggregates observed by TOM and
SEM at the air-polymer interface. This hierarchical self-assembly
could be induced by a reaction-limited colloid aggregation
(RLCA) process38 taking place between weakly interacting
particles. Under these conditions the 20 nm colloidal crystals
could be continuously incorporated and removed from the
aggregates, finally converging to the compact micrometer-sized
quasi-spherical particles present at the air-polymer interface.
For low evaporation rates this picture corresponds to the final
structure observed at the film surface (Figure 6). For standard
evaporation rates a third step of the self-assembly process was
observed possibly as a consequence of the increase in the
concentration and size of the particles formed during the second
step. Now, these large particles formed fractal structures possibly
through a diffusion-limited colloid aggregation (DLCA) pro-
cess.38-40 This process occurs when there is a negligible repulsive
force between the particles and an attractive potential enabling
sticking of the particles, so that the aggregation rate is limited
by the time taken for clusters to encounter each other by diffusion.
Sticking of particles might be induced by the attractive interactions
between the polysilsesquioxane layers encapsulating the ag-
gregates. Finally, gelation of the bridged silsesquioxane arrested
the growth of the fractal structure.

Depending on the initial concentration of gold NPs in the
formulation, qualitative differences in the fractal structures
generated at the surface were observed (Figures 6 and 8). For
small particle concentrations (Figure 6), the branching level was
lower, the branches were thinner, and the structure was less
compact (lower fractal dimension), which would indicate that
aggregation took place by a diffusion-limited cluster-cluster
aggregation mechanism.40 In the case of higher NP concentrations
(Figure 8) formation of more compact structures (higher fractal

(34) Denkov, N. D.; Velev, O. D.; Kralchevsky, P. A.; Ivanov, I. B.; Yoshimura,
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Figure 12. UV-vis spectra of films containing different concentrations
(wt %) of gold NPs obtained at standard conditions.

Figure 13. FESEM image of a partially broken particle present at the
surface of a film containing 0.7 wt % gold NPs.

Figure 14. High-resolution SEM image showing the interior of a partially
broken particle.
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dimension) suggests a mechanism of diffusion-limited particle-
cluster aggregation (Figure 8).39 These observations agree with
predictions from computer simulations of the growth of fractal
structures varying the initial concentration of particles.41 Figure
15 shows a scheme summarizing the different steps involved in
the hierarchical self-assembly process.

Conclusions

A THF solution of a precursor of a bridged silsesquioxane
containing a pendant dodecyl chain and 2 nm gold NPs stabilized
by dodecanethiol chains was used to synthesize free-standing
films by polycondensation of the precursor and solvent evapora-
tion. During these processes phase separation of gold NPs was
produced, with a significant partitioning at the film surface. A
hierarchical organization of gold NPs in the structures generated
at the air-polymer interface was observed. Small bcc crystals
of about 20 nm diameter were formed in the first step, in which
the 2 nm gold NPs kept their individuality. In the second step,
bcc crystals aggregated by an RLCA process, forming compact
micrometer-sized spherical particles. For low evaporation rates
this picture corresponds to the final structure observed at the film
surface. For standard evaporation rates a third step of the self-

assembly process was observed where particles formed fractal
structures through a DLCA process. Increasing the initial
concentration of gold NPs in the formulation led to more compact
fractal structures in agreement with theoretical simulations.

Solutions of the selected precursor of a bridged silsesquioxane
may be used as a host of a variety of nanoparticles stabilized by
hydrophobic chains. Controlling the solvent evaporation rate
should lead to the generation of fractal structures at the film
surface like those observed for dodecanethiol-coated gold NPs.
Percolation of these structures, with the subsequent lowering of
its threshold, can be the basis of useful applications based on
collective optical, magnetic, or transport properties.2
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Figure 15. Steps involved in the hierarchical self-assembly process: First, individual gold NPs assembled into small bcc colloidal crystals. In the
second step these crystals formed micrometer-sized quasi-spherical aggregates through an RLCA process. Under slow evaporation conditions, gelation
precludes further aggregation. For standard evaporation conditions fractal aggregates covering several square milimeters are formed by diffusion,
encountering, and sticking of micrometer-sized particles (DLCA).
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