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Explanation of abbreviations
ADC
AEF
BEM
CCD
CTAB
DDA
DLCA
DLS
DLVO
DNA
EDL
EDTA
EISA
FDTD
FEM
GNP
IR
LB
LBL
LCST
LSPR
MNPBEM
mPEG-NH2
mPEG-SH
NP
NPC
PEG
PEGylation
pNIPAM
PS
PTFE
QD
QM
RCF
RLCA
SDS
SEM/FESEM
SERS
TEM/HRTEM
TR-DLS
TR-VIS
UCST
UV-VIS
vdW
VIS

Acetonedicarboxylate
Analytical enhancement factor
Boundary Element Method
Charge-coupled device
Cetyl-trimethylammonium bromide
Discrete Dipole Approximation
Diffusion-limited colloidal aggregation
Dynamic light scattering
Derjaguin-Landau-Verwey-Overbeek (theory)
Deoxyribonucleic acid
Electric Double Layer
Ethylenediaminetertaacetic acid
Evaporation Induced Self-Assembly
Finite Difference Time Domain (Method)
Finite Element Method
Gold Nanoparticle
Infra-red
Langmuir-Blodgett (film or technique)
Layer-by-Layer (Assembly)
Lower Critical Solution Temperature
Localized Surface Plasmon Resonance
Metal Nanoparticle Boundary Element Method
α-methoxy-ω-amino poly(ethylene glycol)
α-methoxy-ω-mercapto poly(ethylene glycol)
Nanoparticle
Nanoparticle cluster
Poly(ethylene glycol)
Surface modification process using PEG molecules
Poly(N-isopropylacrylamide)
Polystyrene
Polytetrafuloroethylene (Teflon)
Quantum dot
Quantum-mechanical approximation
Relative centrifugal force
Reaction-limited colloidal aggregation
Sodium dodecyl sulfate
Scanning Electron Microscopy / Field-Emission SEM
Surface-Enhanced Raman Scattering
Transmission Electron Microscopy / High-Resolution TEM
Time-resolved DLS
Time-resolved visible light spectroscopy
Upper Critical Solution Temperature
Ultraviolet-Visible Light Spectroscopy
van der Waals (forces or interaction)
Visible light (spectroscopy)
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1. Introduction
The special optical properties of gold nanoparticles (NPs) due to their ability to support
localized surface plasmon resonance (LSPR) are well-known. The phenomenon of LSPR is
originating in the resonant oscillation of conduction electrons, as the metal nanoparticle
interacts with the incident light. Experimentally, this results in an intensive extinction peak in
the visible spectrum, which can be fine-tuned by the shape and size of the particles and the
dielectric properties of the embedding medium in turn. Upon two particles approaching each
other, their near-fields can interact and the frequency of the resonance (red)shifts. This
phenomenon is called plasmon coupling. Due to the extent of the coupling is highly sensitive
to the interparticle separation distance, an eventually occurring association (formation of higher
order structures) can be easily followed by spectroscopic techniques.
The surface of gold nanoparticles can be effectively modified by numerous types of molecules
in order to render the surface improved functionalities. Gold shows high affinity to molecules
containing thiol or amino end groups, allowing to bind responsive polymers covalently or semicovalently. Responsiveness of surface attached molecules enables to modulate the colloidal
interactions between the nanoparticles. Modulation requires keeping the attractive and repulsive
interparticle potentials under control. For the systems considered in the present work, attraction
is mainly associated with van der Waals (vdW) forces, while repulsion can originate in electric
double layer (EDL) interaction and/or steric repulsion due to the surface attached polymers.
According to the classical DLVO (Derjaguin-Landau-Verwey-Overbeek) theory, the stability
of the nanoparticles in an aqueous solution can be described based on the attractive van der
Waals and the repulsive electric double layer interaction. However, in order to prepare a
compact nanoparticle cluster, a soft-sphere type interaction potential is required, which cannot
be achieved by solely considering the above two types of interaction. Relying on steric
repulsion at small separations, however, can effectively counterbalance the large vdW
attraction, leading to the desired interaction profile. Steric interaction is usually related to the
presence of (macro)molecules on the nanoparticle surface, which allows to properly design the
total interaction and create the soft sphere type interaction curve. A negative interaction
potential will ensure that the particles approach each other, but the structures developed during
the assembly process are highly dependent on the magnitude of this driving force. If the driving
force is too large, the classical, fractal like aggregates are formed due to diffusion limited
aggregation. That is, the minimum requirement for any directed assembly procedure is an
effective control over the magnitude of this attraction. This translates to the crucial importance
of appropriately pre-designed nanoparticles and on-demand modulation of the NP-NP
interaction potentials.
Whereas the vdW attraction is always present and fairly independent on the relevant
environmental (solvent) parameters. The EDL interaction on the other hand is easily modified
by changing the charged nature of the particle surface or the shielding of the electric potential
e.g. by the ionic strength of the medium. For the modulation of the steric interaction, the use of
thermoresponsive polymers offers a convenient solution, where – depending on the temperature
of the system – the molecules accommodate a different conformation. This allows for an
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effective modulation of the total interparticle potential, that allows to trigger or control
nanoparticle assembly. Nanoparticle system can be destabilized by fine-tuning the above
mentioned colloidal interactions opening up possibility to achieve directed self-assembly of
nanoparticles. The structure and ordering of the aggregates and the kinetics of the formation of
assemblies depend on the interparticle potentials sensitively.
During self-assembly of nanoparticles, higher-order structures evolve in the solution or at
interfaces, which allows to exploit the special optical properties based on the closeness of the
building blocks. Due to plasmon coupling, extremely high local electromagnetic field
enhancements might arise, with potential applications in the field of theranostics or surface
enhanced Raman scattering (SERS). Especially for SERS, formation of high-quality, ordered
structures (e.g. nanorings from gold nanoparticles) on an appropriate substrate is of crucial
importance. Beside the numerous lithography-based technique (which are reliable and wellcontrolled, but time consumptive and expensive), these kind of structures can be produced on
colloid chemical bases. However, it is challenging to prepare them reproducibly and reliably,
because the wettability and surface energies of the components, the temperature, the purity of
the system and the drying circumstances have to be controlled during a capillary lithographic
process.
Variety of structures can be formed upon clustering, which have complex optical response.
Consequently, simulation techniques have been become more and more important to
understand these complex optical properties of nanostructures through simulation of simpler
model systems.
This work is connected to a European Union’s 7th Framework Program project abbreviated as
UNION, from the title Ultra-versatile Nanoparticles Integrated into Organized Nanoclusters
(http://www.fp7-union.eu). In this project, nanoparticle (NP) assembly techniques, and
assembly monitoring technologies were developed to prepare novel hierarchically-ordered
nanoparticle clusters (NPCs). NPC formation can be improved by relying on the extensive
control over the NP synthesis and the assembly procedure. The prepared NPCs might feature
predictable and improved properties and performance based on the collective phenomena in the
hierarchical assemblies. UNION had a three stage approach to develop applications of the NPCs
in bulk phase (level 1 assembly), in 2D arrays (level 2 assembly) and 3D nanocomposites:
(i)
(ii)
(iii)

Preparation of high-quality NPs with optimized surface chemistry
Hierarchical assembly of NPs into novel NPCs
Scale-up the processes for applications in the field of optics, bio-medicine and
thermoelectric purposes.

The presented work is associated with the level 1 and level 2 assembly of nanoparticle building
blocks.
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2. Fundamentals
In the following chapter, fundamentals of gold nanoparticles, their synthesis procedures, optical
properties, application possibilities and the background of their self-assembly are presented. In
the first section, the mainly used synthesis routes and the modification strategies of gold
nanoparticles are introduced. The optical properties and the basics of plasmonics are presented
in the second section. Third section presents the potential of gold nanoparticles and their
assemblies in use, which is followed by the introduction of theoretical methods for calculating
relevant colloidal interactions and possible routes to prepare nanoparticle clusters. Surface
attached molecules have a great of importance in the assembly processes, hence the seventh
section presents the properties of polymer brushes. Section eight introduces the aggregation
kinetics of nanoparticles. Assembly of building blocks into ordered structures using capillary
lithography and the dewetting phenomena are presented in the ninth section. Finally, simulation
techniques of different gold nanoparticles close this chapter.

2.1 Synthesis and surface modifications of gold nanoparticles
Numerous effective and reliable methods have been published in the field of nanoparticle
synthesis in the recent decades. Although the basic synthetic protocols have been successfully
used for a long time, different approaches are being constantly developed and improved to
increase the monodispersity of the particles, obtain perfect control over their shape and reduce
the amount of impurities. During the synthesis of nanoparticles based on bottom-up approach
(chemical reduction) the two key components that have a fundamental impact on the outcome
of the synthetic procedure are the reducing agent or agents and the stabilizer1. Depending on
the experimental approach, in situ (seedless) or seeded growth procedures can be employed.
While in the previous a homogenous system is brought out of equilibrium to initiate
nanoparticle growth (nucleation and growth), in the latter pre-synthesized nanoparticle seeds
are added to the system to direct the particle growth.
2.1.1 Turkevich method
The Turkevich method2 – being a seedless method – is the earliest protocol for the synthesis
of citrate stabilized gold nanoparticles. The study was published in 1951, however, this is still
one of the most popular and easiest ways to produce spherical gold nanoparticles with narrow
size distribution to the present day. The procedure is based on the reduction of aqueous gold
solution using citrate anions. Citrate anions act like a reduction agent and capping agent as well.
In the procedure, the aqueous solution of HAuCl4 is heated to boil, then addition of citrate
solution initializes the formation of the nuclei. The initial light yellowish solution starts to turn
to purple within several minutes and reaches the final ruby red color in ca. 10 minutes. The
mechanism of the process, however, is more complex than its simplicity suggests3 (Figure 1):
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Figure 1. Left: Mechanism of nanoparticle formation in the Turkevich method. a) redox reaction of
citrate anions and Au(III) ions produces Au(I) and acetonedicarboxylate (ADC) anion. b) High
local Au(I) concentration is formed by organizing the Au(I) ions into a polymolecular complex. c)
Disproportion of Au(I) to Au(0) and Au(III). d) Nucleation and growth of nanoparticles from
Au(0). Right: Sol containing 18 nm gold nanoparticles prepared by Turkevich method (prepared
by the Author).

Because the traditional Turkevich method yields gold nanoparticles 18-20 nm in diameter,
Frens et al. made a modification on the synthesis in order to control the size of the particles4.
They found, that changing the relative amounts of reactants (citrate and Au(III)) results in a
change of the nucleation and growth speeds. Adjusting the reactant ratios, they showed that
gold particles between 16 and 147 nm in diameter can be produced. It has to be noted, that using
this approach the shape of the resulting particles is not uniform and the monodispersity of the
system is quite low. The correlation between the reactants ratio and the diameter was also
showed by Kimling and co-workers5. They found, that the thermal citrate reduction results high
quality small particles, however, as the size increases the sample quality decreases. The quality
of the particles can be improved using UV irradiation-induced reduction, but the best particles
can be synthesized only by replacing the citrate to ascorbic acid. It shows the popularity and
the hot-topic-like nature of Turkevich approach, that a study was published about the
improvement of the process3 even in 2014. They found, that the key factor for the
reproducibility is the pH of the solution, and the uniformity of the particles can be significantly
improved by addition of EDTA (ethylenediamintetraacetic acid). Reversing the order of reagent
addition (adding the gold solution into the boiling citrate solution) can also increase the
monodispersity due to faster nucleation, but optimizing the mixing conditions is necessary to
obtain the highest quality of particles.
2.1.2 Seeded-growth syntheses and other possibilities
It was mentioned in the previous section, that increasing the particle diameter can be achieved
only at the expense of the quality of the particles using the Frens method. Ziegler et al. found
another possibility to increase the size: they used the Turkevich particles as seed in the seededgrowth steps6. In this procedure the particle’s size can be tuned between 15 and 300 nm (Figure
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2). The growth of the seed particles can be carried out using gold solution, citrate and ascorbic
acid. The particles are uniform and show excellent long-term stability.

Figure 2.

Seeded-growth particles with different sizes: a) 15 ± 2 nm (seeds), b) 31 ± 3 nm, c) 69 ± 3
nm, d) 121 ± 10 nm, e) 151 ± 8 nm and f) 294 ± 17 nm.6

The second, and most popular seeded-growth synthesis uses sodium borohydride as reducing
agent and CTAB surfactant as capping ligand7. The procedure allows the synthesis of 50-900
nm gold nanoparticles in three main steps as demonstrated in Figure 3. First, sodiumborohydride reduces the Au(III) ions to Au(0) quickly in the presence of citrate anions resulting
4-5 nm gold nanoparticles, that act as seed particles in the following growth process. The seeds
are grown into larger particles in a solution containing CTAB, Au(III), and ascorbic acid.
Ascorbic acid acts as a weak reducing agent during the process, converting Au(III) into Au(I).
Finally the catalytic decomposition of the ascorbic acid at the gold particle surface enables the
reduction of Au(I) into Au(0).

Figure 3.

Schematic representation of seeded growth method. A) Formation of seed particles, B)
Growth process from seed to 50 nm gold NPs, C) Regrowth of 50 nm up to 900 nm.7
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Besides the seeded-growth methods, gold nanoparticles can be synthesized in other effective
ways. The reverse micelle technique is based on copolymer micelles, whose size and shape can
be tuned by the composition of the copolymer8. Another micelle based approach is the
formation of surfactant stabilized water-in-oil type microemulsions9. Liposomes and lipid
assemblies can be also used as the media of NP synthesis10. Green chemical routes have been
also developed using natural-source extracts11, microbes12 or chitosan13 as well.
2.1.3 Surface modification of gold nanoparticles
The surface of gold nanoparticles can be modified effectively by many different molecules such
as ionic14 and non-ionic surfactants15, cyclodextrins16, and different polymers containing thiol17
or amino end group18. While the bond between ionic and non-ionic surfactants and the gold
surface is originating in physisorption, the interaction between a thiol-group and gold is purely
chemical. This latter was verified by the investigation of self-assembled monolayers of thiol
containing alkanes on gold19. The high affinity of the thiol group towards Au atoms allows the
modification of the gold colloid’s surface with a range of different molecules.

Figure 4.

Gold nanoparticle surface modified by different hydrophobic (left) and hydrophilic (right)
ligand molecules.20

There are numerous studies about the decoration of gold nanoparticles with molecules
containing nitrogen, however, different theoretical explanations exist regarding the nature of
the gold-nitrogen bond. The strength of this bond highly depends on the structure of the gold
interface: if gold is flat, only a weak interaction can be formed between Au and N. Nevertheless,
the interaction becomes stronger if the particles are nano-scaled21. The nature of the binding
can be described as a weak covalent bond22, but another study showed two different possibilities
of binding23: a weak and a strong interaction originating in the formation of different
complexes: electrostatic complex between Au-NH3+ and surface bond AuCl4-/AuCl2-, and a
complex of the form [AuCl(NH2R)]. Calculations on the binding energies show that Au-N bond
is weaker than Au-S covalent bond21,24 and the strength of the bond highly depends on the
number of N atoms the specific molecule contains18.
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2.2 Optical properties of gold nanoparticles: plasmon resonance and plasmon
coupling
2.2.1 Surface plasmons, plasmon resonance
The quantum-mechanical (QM) approximation treats plasmons as charge-density waves, which
are oscillating in front of the background of the atomic cores (positive charges). While QM
cannot be used to describe the properties of nanoparticles due to their big size, the classical,
macroscopic theory is applicable to explain plasmon excitations in metal NPs until few nm in
diameter. According to this approximation, plasmons emerge due to the local polarization of
the particle by external field. If the macroscopic dielectric function of the material is known,
the plasmonic behavior can be describe by the help of the Maxwell’s equations (if the particle
diameter is not smaller than few nanometers).25
The dielectric response of a metal can be described by the Drude model26:
! " = !$

"'(
1− (
" + *+, "

(1)

where ε(ω) is the dielectric function of the metal, ε is the permittivity at infinite frequency, ω
is the frequency of the electric field, γ0 the damping term, and ωp is the plasma frequency
∞

"' =

01 (
2!, !$

(2)

where n the number of free electrons per unit volume, e is the charge of the electrons and m is
their mass.
This model treats the conduction electrons as a free electron gas, neglecting their interaction
(e- - e- scattering). The model is valid for bulk metals at low frequencies (long wavelengths),
where the bulk plasmons are propagating as charge-density waves similar to sound waves25. It
has to be noted, that because the bulk plasmons are longitudinal waves, they cannot couple with
the transverse electromagnetic waves of light.
At interface of the bulk metal with its environment, surface plasmons modes can exist. These
plasmon modes are localized to the surface, propagate parallel to that and are evanescent in
nature (decay exponentially away from the interface). The propagating field and charge-density
waves are called surface plasmon polariton, emphasizing the combination of the charge motion
as surface plasmons and as electromagnetic waves27. Metal nanoparticles, however, have a
definite size in all 3 dimensions, hence they only support localized plasmon modes. These will
strongly depend on the shape of the NP. If the nanoparticle has spherical geometry and its size
is only a few tens of nanometers, a dipole-like mode evolves, which originates from the
accumulation of different charges at two sides of the particle. The external field interacts with
the conduction electrons of the metal particle; thus the particle will be polarized. This
polarization generates a restoring force acting on the free electrons. By this force, oscillation of
the electron begins, which oscillation can be resonant provided its frequency is equal to the
frequency of the electric field. This phenomenon is called localized surface plasmon resonance

14

(LSPR) (Figure 5) and leads to very strong interaction of the particles with the incoming
electromagnetic radiation. Noble metal particles have high electron densities resulting in LSPR
frequencies at visible and near-infrared range primarily depending on their size and shape.
Spherical particles (few tens of nanometer in diameter) have only one LSPR mode due to the
symmetry, but upon symmetry breaking (anisometric particles like rods, starts, triangles etc.)
other frequencies can be resonant as well with specific plasmon modes depending on the
relative direction of the particle and incoming radiation (eg. transversal or longitudinal
oscillation).

Figure 5.

Schematic of localized surface plasmon resonance28 and optical spectra of nanoparticles
with different shapes29.

The optical response of spherical metal nanoparticles can be analytically described by the Mietheory26, provided their size is well below the wavelength of the incoming radiation and hence
retardation effects can be safely neglected (i.e. the whole particle experiences exactly the same
electric field and the electrons respond instantaneously to its changes). The optical properties
these particles are connected to the Drude-Lorentz model for the dielectric function of a metal,
accounting for the quasi free movement of the electron gas inside the particle and the electronic
interband transition (at high photon energies)30:
4, "'(
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where ωp is the plasma frequency with oscillator strength f0 and damping constant γ0.
Due to the interaction of the particles with light, the impinging electromagnetic radiation will
be partially scattered and absorbed by the particle, leading to a weakening of the transmitted
intensity, usually referred to as extinction. The values for the absorption and extinction cross
sections can be obtained from the real and imaginary parts of the complex polarizability of the
particles as
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where k is the wavevector, α and α’ are the polarizability (real and imaginary, respectively).
The polarizability itself can be obtained as25:
B=
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where εin and εout are the complex dielectric functions inside and outside the particle, which has
a radius of a. For a spherical particle the optical absorption and scattering cross-sections (σabs
and σscat) the following absorption and scattering cross-sections are then obtained:
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where k is the wavevector in the medium, ‘Im’ marks the imaginary part. These equations show,
that if the material of the particle and the medium are the same the cross-section vanishes.
However, if they differ, the absorption cross-section scales as a3 (namely as volume) and
scattering cross-section scales as a6 (namely as volume2). From experimental point of view, the
easily accessible quantity is the sum of the absorption and scattering, since this can be e.g.
conveniently measured in a spectrometer as light travels through a liquid containing
nanoparticles. This intensity decrease is called extinction and at the single particle level is ads
up from the absorption and scattering cross-sections.
:DEF = :=O; + :;<=F

(8)

The extinction can be easily tuned by varying the size31 or the shape of the particles.
2.2.2 Plasmon coupling in metal nanoparticle assemblies: formation of hot-spots
If two plasmonic nanoparticles are separated by small distance (smaller than their radii), the
optical properties of dimer differ dramatically from the individual particles. This optical
difference can manifest itself in the broadening of plasmon peak, emerging of new peaks
(coupled modes) or shifting of the peak to the higher or lower wavelengths. The phenomenon
originates in the overlap of the near fields arising on each particle25.
In a dimer, two different modes can be excited by the incident light: the transversal mode can
be excited by light polarized perpendicular to the axis of the dimer, while longitudinal mode
requires light polarized parallel to the axis. Figure 6 demonstrates the two modes on a dimer32.

Figure 6.

Transversal and longitudinal mode of plasmon coupling in case of a gold
dimer. P demonstrates the polarization direction of the incident light.32
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The two plasmonic modes require different excitation energy (due to their different
polarizability), which generates two peaks in the extinction spectrum. The required excitation
energy also depends on the interparticle distance significantly. The near-field region has
relevancy only in the vicinity of the nanoparticles, the coupled mode associated near-field
region upon coupling is confined to very small volumes in space between the interacting
particles, with eventually extremely high local field intensities. These are usually referred to as
‘hot-spots’33 (Figure 7). The phenomenon can be exploited in the enhancement of Raman signal
of different molecules (SERS = Surface Enhanced Raman Scattering).

Figure 7.

Left: Schematic of hot-spots34. Right: Near-field coupling between gold nanoparticle and
dimer, and interparticle distance dependency of near-field enhancement factor35.

The coupling causes shift in the position of LSPR peak, which is sensitive to the size of the gap
among the particles. The relationship between the frequency and the gap is known as plasmon
ruler36,37 and can be exploited as a universal function to determine interparticle distance from
the extinction spectrum (peak shift) as follows:
Y;/[
ΔV
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(9)

where ∆λ/λ0 is the plasmon shift normalized by the resonant wavelength of a single particle, a
is the pre-exponential constant, D is the diameter of the particle, s is the interparticle separation
distance and τ is the decay length38.

2.3 Potential of Au nanoparticles and their assemblies in applications
Gold nanoparticles have been already used in numerous applications since the ancient times,
when people used them especially for medical and decorative purposes. Lycurgus cup is the
most commonly cited evidence of the advantageous optical properties of nanomaterials even
though these properties was not a consequence of a conscious designing. However, following
the exploring of plasmonic properties and their implementation have sped up the research of
gold nanoparticle applications. These applications are based on the optical (such as LSPR),
electronic properties and the fact, that gold NPs can be easily modified. Accordingly, one of
the most intensively researched field of applications is sensorics, where the most commonly
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measured property is the changing of LSPR peak position. LSPR is highly sensitive to the size
and the shape of the NPs, the refractive index of the environment (solvent, ligands etc.), and
interparticle distances as well. This behavior can be exploited in the field of colorimetric
sensors39, which can be applied in the detection of from Cr(III) ions40 to biomolecular
interactions41. Gold NPs under 8 nm show reasonable catalytic activity and can be effectively
used in pollution control, CO oxidation, or even the conversion of glucose to gluconic acid, if
the NPs are supported on an appropriate substrate42–45. Utilization of solar light is also
connected to the catalysis: gold nanoparticles showed ability to improve the photocatalytic
performance in solar cells dramatically46. While gold quantum clusters47 are mainly utilized as
fluorescent probes, potential applications of gold nanoparticles cover a broad range of areas
(see e.g. Table 1).
Table 1.

List of properties of gold NPs and their potential applications48.

Properties of GNPs
SPR
Photoluminescence, Fluorescence
enhancement, Fluorescence quenching
Raman scattering enhancement
Strong light scattering
Easy surface modification

Potential applications
Colorimetric, SERS based sensing
Fluorescence sensing
SERS by electromagnetic and chemical
mechanism
Dynamic light scattering (DLS)
Molecular recognition in different sensing
systems

New properties and possibilities can arise when organizing the individual particles into clusters
or aggregates by self-assembly. Due to plasmon coupling between nearby particles in these
clusters, the evolving hot-spots can be used as a highly localized sensitizer in sensorics.
When the electromagnetic field interacts with a metal, which can amplify the incoming field
through plasmon resonance effects, enhancement of Raman signal of the molecules adsorbed
on the metal surface can be occurred. This phenomenon is called SERS, that is Surface
Enhanced Raman Spectroscopy. The technique requires an appropriate surface with Raman
active molecules attached (or being in a close proximity) to it, a large enhancement factor in
order to boost the Raman signal. The analytical enhancement factor (AEF) can be described as:
^_` =

Pabca /dabca
Pca /dca

(10)

where ISERS is the SERS signal, cSERS is the analyte concentration in SERS experiment, IRS is
the Raman signal of an analyte in concentration of cRS.26
The application of gold assemblies in SERS has a quite wide literature. Cross-linking of gold
nanoparticles results SERS signal in the detection of 2,4,6-trinitrotoluene (TNT) under 2 pM
level in aqueous solution49. Two-dimensional patterns of GNPs prepared by lithographical
technique can enhance Raman scattering with the factor of 105 or even of 108.50,51 In array of
elliptical nanorings fabricated by colloidal lithography the higher-order plasmon resonances
can be particularly useful in sensors operating by SERS52. Pazos-Perez and co-workers found,
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that gold nanoclusters with increasing coordination number show large field enhancement at
the gaps between the particles up to 5000 times53.
Gold nanoparticle assemblies can improve the quality of sensing of variety of species through
SERS (Figure 8):

Figure 8. SERS-based sensing applications of gold assemblies54: (a) DNA detection using Au NPs
and Raman-active dyes, (b) SERS sensing of DNA on silver surface using Ag NPs, (c) DNA
detection using DNA Ag NP conjugates, (d) SERS-based immunoassay using Raman reporter
labeled Au NPs, (e) Prion detection using Au nanorod assemblies, (f) SERS-based virus biosensing
using nanogaps, (g) Sensing of Hg2+ ions using Au nanostars, (h) SERS-based bioimaging using
Au NP aggregates.

Beside SERS, gold nanoparticle clusters (NPCs) have potential in the field of organic
photovoltaic devices and energy harvesting. Park et al demonstrated55 the improved exciton
generation and dissociation in organic active layers of solar cells using NPCs. The effect can
be explained by near-field coupling and enhancement. Efficiency can be improved above 2%
for cluster-sensitized solar cells, which can lead towards new type of materials in the field of
energy harvesting56. Biomedical applications of gold NPCs are also known especially in
theranostics (tomography57) and phototermal therapy58.
Finally, surfaces with special wetting properties obtained applying randomly non-close-packed
gold NPs are worth mentioning. In this study59, different substrates were dip-coated with NPs
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resulting a significantly hydrophobic surface, where the surface energy could be tuned by the
particle size and the surface coverage.
The above mentioned numerous studies and the increased interest for the application potential
of gold NPs and their assemblies in the recent decade show, that this topic is currently a
significant research field.

2.4 Important factors in the formation of nanoclusters
In the framework of the DLVO theory, the total nanoparticle-nanoparticle interaction is the sum
of the attractive EDL and the repulsive van der Waals potential. Due to the different magnitude
and distance dependence of the two interaction types, the net interaction curve might contain
even two minima. In the secondary minimum, the particles flocculate (reversible assembly),
while in the primary well they aggregate (irreversible). That is there is an energy barrier to be
overcome in order to induce real aggregation of the particles. Shaping of the interaction curve
based solely on these two types of interaction is cumbersome, however, and the possibilities
are largely limited by the fact that only the double layer interaction can be accessed for the
modification (by changing i.e. the surface charge density or the ionic strength). For an improved
control over the shape and magnitude of the interaction at specific separation distances, other
type of interactions has to be included. Steric interaction is an appealing choice due to the
inherently limited range of the interaction, and a range of possibilities exist to tune it by proper
choice of the surface grafted molecule, its size, the grafting density, the solvent properties, etc.

Figure 9. Nanoparticle-nanoparticle interaction potentials according to the DLVO theory (left panel)
and the soft-sphere type interaction (right panel). D is the interparticle separation distance, U is the
interaction energy.

From the particle assembly point of view, there are important questions related to the magnitude
and length scale of the given colloidal interactions60. While the absolute value of the potentials
determines the ability of the system to assemble (there must be an appropriate driving force to
bring the particles together), the length scale is important in the formation of ordered or
amorphous structures. During self-assembly, the individual building blocks form bigger
structures, while their entropy decreases due to the decreasing degrees of freedom in the
structure. In dilute solutions, the attractive potentials have to exceed this entropy loss in order
to be the self-assembly possible spontaneously. It was demonstrated using the equilibrium
theory of physical clusters61 on a model system, that self-assembly of particles with radius of
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20 nm in 1µM concentration can be achieved using either short-range (but strong) interactions
(e.g. vdW) or long-range (but weaker) interactions (e.g. electrostatic). These considerations
suggest, that the criteria of assembly are the following60:
(i)
(ii)
(iii)

magnitude of the governing potentials around few kT
in dilute solutions short-range interactions require stronger potentials
long-range interactions require weaker potentials.

Additionally, the magnitude of the interactions influences the kinetics of the assembly, which
determines the quality of the clusters in many instances. Unfortunately, van der Waals forces
alone are not enough to produce nice assemblies, because achieving of equilibrium structures
(ordered ones) requires appropriate magnitude vs. NP size ratio. Because the length scale of
vdW forces is limited, high quality assembly can be obtained only for NPs with few tens of nm
in diameter. Consequently, the challenge in case of nanoparticle assembly and the requirements
of carefully tuned interactions can be clearly seen.
Designing the interparticle interaction potential has a crucial importance to achieve controlled
self-assembly of nanoparticles. Magnitude of net driving force determines the structure and the
kinetics of the overall process. For classical, electrostatically stabilized nanoparticles,
destabilization of the system (e.g. increasing ionic strength) occurs large primary minimum,
which manifest itself in a rapid, diffusion-limited aggregation with fractal-like aggregate
structure. However, if the aim is to control the kinetics of the aggregation and the evolved
structure, it has to be designed a moderate net attraction between the building blocks and
developed a soft-sphere type interaction curve through the modulation of NP-NP interaction
potentials.
The magnitude and the length scale of governing interactions correspond to the depth and the
position of the well for soft-sphere type net interaction curves. The parameters of optimal
assembly were investigated in detail62,63 using Monte Carlo simulations during the
crystallization of nanoparticles interacting with each other vie a soft-sphere type potential. In
self-assembly processes, the balance of two main parameters is required: (i) the net drive to
assembly and (ii) the kinetic accessibility. It means, that the driving force of the process has to
be strong enough (thermodynamic part) and the assembly has to be happened in reasonable
timescales (kinetic part). The former corresponds to strong interaction energy, while the latter
corresponds to weaker bonds. The competing effects cause a non-monotonic function of
crystallinity versus the bond strength (depth of the soft-sphere type interaction curve minimum)
(Figure 10):
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Figure 10. Quality of assembly as a function of bond strength62.

This shows, that optimal assembly can be obtained using moderate strength net interaction
(around 3 kT). Fortini et al also concluded the importance of lower interaction energies
compared to the strong ones in the control of crystallinity degree64. Too strong interactions lead
to the formation of fractal-like, disordered, kinetically trapped structures65.

2.5 Relevant colloidal interactions
Stability is an important question for nanoparticles, which can be described by the DLVOtheory in an aqueous solution. The theory explains the stability as the result of the combination
of two main forces: the attractive and the repulsive forces. The attractive forces are known as
van der Waals forces and the repulsion originates in the presence of electric double layers.
However, DLVO theory does not explain interactions attributed to the presence of surface
grafted (macro)molecules, which have great of importance in the field of controlled selfassembly. For surface modified nanoparticles another group of interactions has to be taken into
account in the explanation of net particle-particle interaction related to the ligands. This section
is discussing the most important colloidal interactions related to the self-assembly of gold
nanoparticles.
2.5.1 The van der Waals interaction
Van der Waals forces include attractive forces between atoms, neutral molecules and interfaces.
The early description was related to the interaction between dipoles of polar and nonpolar
molecules. The interaction of permanent dipoles depending on their orientation and the
presence of induction can be described by Keesom and Debye interactions. However, if the
molecules are nonpolar (transient dipoles), the criterion of the dispersive interaction is the
polarizability of the interacting bodies (London forces). According to London equation, the
interaction energy (U) is inversely proportional to the sixth power of distance66:
f g =−
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Cdisp is the dispersion coefficient, r is the distance between the interacting objects. If the size of
the objects exceeds 0.5 nm (nanoparticles or microparticles), the London equation cannot be
accurate for estimating the interaction energy.
The van der Waals interaction between extended solid objects (e.g. nanoparticles) is connected
to the electron density fluctuations. These fluctuations induce electromagnetic fields, which
propagate with the speed of light. Hence at the bottom these interactions can be also considered
as a special type of electrostatic interaction, which is of quantummechanical origin and active
even over large separation distances. Because the phenomenon is based on the interaction with
an electromagnetic field, the dielectric properties of the materials are extremely important.
Additionally, the strength of the interaction is scaled by the distance between the objects. For
the relevant interaction ranges in case of nanoparticles, retardation effects – that would
otherwise decrease the interaction strength - can be neglected.
Hamaker, Bradley and Derjaguin provided the interpretation of the van der Waals forces
between spherical particles. Besides the distance dependence, the strength of the interaction is
quantified by the Hamaker constant. If the material of the interacting particles is the same, the
interaction will be attractive and gives an analytical expression for the vdW interaction energy
between spheres67. In case of different materials acting across a third medium, the interaction
might be repulsive. The Hamaker constant includes the dielectric susceptibility of the
interacting materials, and of the embedding medium66,68. Using the Derjaguin approximation,
the forces (attractive, repulsive or even oscillatory) can be calculated for NPs from the
expression of two planes dividing the spheres to many slices, and integrates them resulting an
analytical formula.66 Hamaker derived the formula of van der Waals interaction energy between
spheres, but the constant was based on the London coefficients, which are purely molecular
properties.
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surface-to-surface distance, R is the radius of the particle.
Hence, the approximation does not hold for dense materials (liquids, solids)69. Making the
Hamaker constant valid and applicable for dense materials, Lifshitz showed, that the constant
can be derived from the dielectric function of the materials:
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where ε(0) is the zero frequency dielectric constantand ε(iξ) is the frequency dependent
dielectric permittivity at the imaginary frequency iξ.
Having the knowledge of the Hamaker constant and the expression of van der Waals interaction
between spheres allows the description of the Hamaker approximation valid also for
nanoparticulate systems69:
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Here a is the particle radius and D is the surface-to-surface distance between two interacting
spheres. Hamaker constant of nanoparticles (1) in a solvent (2) can be obtained from the
Hamaker constant of the pure materials through vacuum:
^8( ≈
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For nanoparticles separated by an interface (containing a layer of attached molecules or solvent)
the Hamaker constant can be calculated by the combining relations:
^8(8 = ( ^88 −^( )(

(16)

A11 is the constant for the NP cores, A2 corresponds to the ligand or solvent. Due to the large
amount of conduction electrons in gold, the Hamaker constant of Au/water/Au system is much
higher, than the constant of organic molecules/water systems. Hence, the van der Waals
interaction is stronger, therefore the attraction is built in the system originally.
2.5.2 Electric double layer interaction
Without any other interaction between NPs in a solution beside van der Waals, colloids might
be not stable, they aggregate or flocculate immediately after the synthesis procedure. The origin
of the phenomena is based on the always attractive vdW potential between NPs. Consequently,
another (repulsive) potential is needed to stabilize the particles and prevent them from
coalescence. These forces most commonly arise from surface charges (electrostatic
stabilization) or the attached macromolecules (steric repulsion) on the particle surface. A
surface can acquire charge in different ways:
(i)
(ii)
(iii)

by ionization or dissociation of surface groups or chemical reactions at the surface
by specific adsorption of ions from the embedding medium
by attaching of charged ligands to the particle surface: bifunctional ligands or
formation of bilayers

The charged surface is counterbalanced by counterions of the solution in order to retain electron
neutrality of the system macroscopically. The counterion distribution between two charged
surfaces can be derived starting with the Poisson equation, relating the local charge density to
the induced electric field:
∇( v = −
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where ψ is the electrostatic potential, ρ is the charge density (w = 5 x5 `d5 ), ε and ε0 are the
relative and vacuum permittivities. The distribution of charged species (ions) in an electric field,
however, will also depend on the local electric potential as given by the Boltzmann distribution:
yz {
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In the above equation, cj and cj0 are the local and the bulk ion concentration of counterions, z is
the valence, F is the Faraday constant, R is the Regnault constant, T is the temperature and ψ is
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the local potential. If we combine Poisson equation and Boltzmann equation, PoissonBoltzmann (PB) equation for z:z type electrolytes can be obtained:
∇( v =
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Electric double layer interaction comes from the free energy change of the system as the two
particles approach each other and their electric double layers overlap. This free energy contains
three main contributions: the electrostatic, the entropic and the osmotic70. An important derived
quantity of the electric double layer is its thickness, which is expressed by the inverse Debye
parameter (κ):
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Using the Derjaguin approximation, an analytical solution can be obtained for two identically
charged nanoparticles in a relatively simple form using the above introduced electric double
layer thickness66:
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, v, is the surface potential, ρ∞ is the electrolyte concentration in the

bulk at x=∞. Introducing the ‘interaction constant’ â = 64A!!,
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double layer interaction between two nanospheres with radii R1 and R2 can be calculated as66:
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The formula shows, that EDL potential decays exponentially and this decay can be easily tuned
through κ, which is connected to the electrolyte concentration in the solution.
2.5.3 Steric interactions
Beside electric double layer repulsion, grafting polymers to the nanoparticle surface is another
option to stabilize colloids. The interaction, based on the attached polymers, includes many
types of colloidal forces, such as steric, elastic, osmotic, solvophobic, solvophilic and depletion
type forces71. The origin of ligand based interactions is the overlapping between polymer layers
when particles are getting closer.
In contrast to EDL repulsion, steric stabilization is applicable in polar or nonpolar solvent as
well, because it needs only the presence of a spacer between the objects. Another key point is
that due to the finite size of the surface grafted molecules, there is a cut-off distance for the
repulsive interaction. The interaction energy depends on the type of the interaction between the
polymer and the NP surface, the surface coverage, and the ligand-solvent interaction (the
‘quality’ of the solvent)66.
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Size of polymers in solution can be described using the well-known Flory-Huggins theory,
which takes the segment-solvent interactions into account to calculate the radius of gyration
depending on the quality of the solvent. If the polymer is connected to a surface, description of
its properties becomes more complex. The extension and the conformation depend on the
surface coverage, the type of the interaction between the molecule and the surface
(physisorption, chemisorption) and the bulk polymer concentration as well66.
De Gennes gave an expression for calculating the brush thickness in a good solvent72:
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where, L is the thickness of the brush, n is the number of segments, l is the length of a segment,
and s is the distance between the attachment points on the surface.
For the quantitative investigation and description of the steric repulsion, appropriate models
systems have been developed and used in the past. Likos et al. e.g. investigated gelatin covered
latex nanoparticles and expressed an exact formula for calculating steric interaction73. The basis
of the expression is the repulsive pressure between two brush-bearing planar surfaces according
to de Gennes:
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where s is the mean distance between anchoring points of two polymers at the surface, L is the
thickness of the layer, and D is the interplate separation. Using the expression of free energy
per unit area of two flat plates (é r = −

ñóòô ([)
ñö

), and Derjaguin approximation, the steric

interaction energy can be obtained for two identical spheres. The de Gennes equation (Eq. 24)
is derived originally for high molecular weight coils, however, it was found to be valid for
quantitative description of forces between surfactants and lipid bilayers in water, which consist
of only a few segments of ethylene oxide or sugar groups66. Right panel of Figure 11 shows,
that a good agreement was found between measured and calculated (according to Eq. 24) forces
between two polystyrene brush layers in a good solvent66.
Solvophilic and solvophobic interactions are based on the quality of the solvent, which is
included in Flory-Huggins χ parameter. In case of solvophilic interaction, the chemical property
of the ligand and the solvent is similar, which manifests in a repulsive potential. However, if
the solvent and the ligand differ, the interaction becomes attractive. This happens, when a
hydrophobic polymer covered particle aggregates in water (hydrophobic interaction).
Modulation of hydrophobic interaction is capable for triggering the clustering of gold
nanoparticles74.
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Figure 11. Different states of adsorbed polymer chains (left), and the measured (symbol) and
calculated (solid line) force between two PS brush layers (right).66

2.6 Routes towards the formation of self-assembled nanoparticle structures
Experimental approaches for nanoparticle cluster formation can be roughly classified based on
the number of steps involved in the preparation process. There are approaches, where the NPCs
are formed in a one-step synthesis, i.e. particle formation from the precursors and their
incorporation into the cluster is carried out simultaneously. These methods include the
syntheses using microwaves, thermolysis or solvothermal procedures75. On the other hand,
NPCs can be produced by multi-step routes as well, which offer the possibility of integrating
even different nanoparticles into the same clusters and the NPC formation is more controllable.
Considering that the presented work is based on the latter approach, these routes will be
overviewed in the following section.

Figure 12. a) Schematics of NPC formation from stable nanoparticles. b) Gradual ongoing of cluster
size in time. c) Formation of NPCs without intermediates71.
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Two-step NPC formation begins with the preparation of appropriately designed nanoparticles
followed by the triggering of the system to self-assemble. One type of the NPC formation goes
through gradual ongoing of cluster size, while according to the other approach, the suspension
evolves towards the desired structure without any other intermediates71. These approaches and
the basic idea are summarized in Figure 12.
2.6.1 NPCs formation strategies
It was mentioned in the previous section, that two-step NPC formation requires a trigger to
transform NPs to NPCs. This trigger can be highly various and depends on the type of the selfassembly. Many types of classifications can be found in the literature related to nanoparticle
self-assembly into higher order structures. According to Lu and Yin75, two-steps syntheses can
be divided into 3 main classes: (i) evaporation-induced assemblies (EISA), (ii) layer-by-layer
assembly (LBL) and (iii) liquid-liquid interface assembly. In the first approach, self-assembly
of nanoparticles (especially metal-oxides76 sulfides and semiconductors) is achieved by the
evaporation of solvents in the presence of copolymers. The most commonly used techniques
are the emulsion based approaches, which start with the preparation of oil-in-water type
emulsion (NPs are dispersed in the oil phase, water phase contains emulsifiers), and the
evaporation of the oil phase assembles the NPs. LBL techniques can be used for decorating a
submicrometer bead with nanoparticles (or quantum dots) applying polyelectrolytes77. The
method is driven by electrostatic interactions, thus it can be applied only for hydrophilic metal
oxide and semiconductor NPs. Liquid-liquid interface assembly is based on the generating of a
resistant film between two immiscible liquids and varying the interfacial energy leads to selfassembly. The largest disadvantage of this process, that the size of the droplets (larger than few
microns) limits the final size of the clusters.
Other classifications71,78 focus on the directed self-assembly of gold nanoparticles. Directing
self-assembly can be carried out by molecular interactions based on the modulation of the
interparticle forces responsible for triggering the assembly. Due to the small length scale of
molecular interactions, these approaches have potential only for NPs below 100 nm. Triggering
of self-assembly from the molecular point of view was summarized in a spectacular figure78
(Figure 13). Gold NPs modified by different type of molecules can be assembled by
electrochemical processes79, solvent mediated H-bonding80, varying the H+-ion concentration
(pH)81, and inducing molecular dipole-dipole interactions by photoisomerization82, or
temperature induced DNA denaturation83. Of course, the simplest form of molecular-based
interaction, such as cross linking can be applied as well84.
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Figure 13. Types of triggers modulating molecular interactions in order to assemble gold
nanoparticles

Ligand exchange can be also applicable in NPC formation: if the ligand, immobilized to the NP
surface can be exchanged by another one with higher affinity to the surface, the assembly can
be induced relatively easily. Compton et al made crystalline gold NPCs from oleylaminestabilized gold NPs by exchanging the ligands to dodecanethiol in chloroform. The clustering
is due to the shorter alkyl chains in dodecanethiol compared to the chain in oleylamine. Citratestabilized gold NPs can be also assembled into clusters by ligand desorption method, where
partial depletion of the stabilizer was carried out by dialysis85. Highly monodispersed spherical
NPCs were produced by Zhuang et al86. They used phase collapse of polymer stabilized droplets
(in a microemulsion) containing NPs. The driving force was the solvophobic interactions during
the phase collapse. Another possible way to exploit solvophobic (hydrophobic) interactions is
related to Liz-Marzán et al, who carried out solvent-induced reversible self-assembly of PS-SH
(polystyrene-SH) covered gold NPs into high-quality NPCs by addition of 20% non-solvent
(water) into THF.74 While the previously mentioned techniques are based on the manipulation
of media (internally), the other large group of assembly includes the external triggers. This
external trigger can be e.g. the incident light. UV light can aggregate thymine-coated gold NPs
due to the change of hydrophobicity of gold surface which follows from the photodimerization
of terminal thymine molecules87. If the nanoparticle is modified by responsive polymers, the
assembly can be induced by different ways related to the responsivity. The most commonly
used responsive polymer is pNIPAM (poly(N-isopropylacrylamide)) and its derivatives,
because their configuration can be changed through pH and temperature as well. While at 25°C
the brush is in extended state, at 30°C is collapses resulting an opaque solution of gold NPs88.
As it was shown by Zhang et al, this property of pNIPAM can be exploited in order to aggregate
NPs89. Karg et al achieved multiresponsibility (pH and temperature) of gold NPs covered by
pNIPAM-allylacetic acid90.
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Due to the high affinity of gold to thiol and amino groups, variety of macromolecules can be
used to modify the NP surface. If the polymer has responsibility under reasonable
circumstances, modulation of their configurational states can be achieved. This phenomenon
might make the fine-tuning of steric interaction possible, thus it will be discussed in detail in
the following section.

2.7 Surface attached polymers
2.7.1 Properties of surface attached PEGs
It is well known, that aqueous solutions of polymers have critical solution temperatures (CSTs),
which are related to conformational states. Depending on the properties of the polymer this CST
can be lower or upper critical solution temperature (LCST and UCST). In some cases, both of
temperatures appear in the phase diagram forming a closed loop-type curve. PEG has such a
close-loop type phase diagram91,92, where the LCST and UCST depend on the molecular weight
as demonstrated in Figure 14.

Figure 14. Phase diagram of PEG with different molecular weights: red circles = 3350 Da, blue
squares = 8 kDa, green triangles = 15 kDa. [adapted from Bae et al91]

However, as seen in Figure 14, the LCST of aqueous PEG solutions is well above 100°C even
for molecular weights as large as 15 kDa, which makes its application as a stimuli responsive
surface molecule more difficult. Fortunately, according to the classical theory of phase
equilibrium, this problem can be overcome by increasing the ionic strength of the medium93–95
as shown in Figure 15.
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Figure 15. Lower critical solution temperature of poly(ethylene oxide) solutions as a

function of different salt concentrations according to Yen et al.94 (left panel) and
Bailey et al.95 (right panel).
Behind the phenomenon, the direct ion-macromolecule interaction is assumed as the key
parameter96, whereas the ions have a dual effect. First, they increase the cost of hydrophobic
hydration, second, they weaken the hydrogen bonds. Consequently, the solvation of
macromolecules becomes unfavorable in the presence of ions.
In this framework, Kiss et al. investigated the wettability of surface attached poly(ethylene
oxide) brushes, where the polymers were immobilized to different flat PE and mica surfaces97.
They found, that water contact angles increase with increasing temperatures in the presence of
K2SO4. According to their results, this is due to structural changes of the brush.
The typical grafting density and footprint of mPEG-SH molecules attached to gold nanoparticle
surface was determined by Rahme and co-workers98 using thermogravimetric analysis. They
found, that 2100 Da mPEG-SH has a footprint of 0.25 nm2 on 15 nm gold’s surface.
Similar effect can be obtained by reducing the quality of the solvent e.g. by adding a certain
amount of non-solvent to the bulk liquid. When considering a surface grafted polymer brush
layer, this can also lead to conformational changes (brush thickness changes). It was shown by
Backmann et al99, that collapse of the surface-grafted mPEG chains can be achieved by adding
20% propanol to the solvent. They immobilized the polymer chains to gold-coated
microcantilevers, which allowed them to measure the force curves corresponding to the brush
and collapsed states (Figure 16). The effect of 2-propanol on the conformation of PEG chains
was also demonstrated by Lim et al100, who showed that solid supported nanopores can be open
or closed by changing the quality of the solvent.
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Figure 16. Force curves corresponding to the brush-like and collapsed conformations of gold grafted
mPEG chains.

Although it was not investigated explicitly until now, control over surface grafted PEG brush
layer thickness based on the combination of the above presented examples would be especially
interesting. If the collapse of nanoparticle surface grafted PEG brush could be tuned, in terms
of colloidal interactions this would translate into an externally controllable length scale
modification of the steric repulsion between the particles. This could allow the realization of a
stimulus activated net soft-sphere type interaction curve, which can be exploited in directed
self-assembly.

2.8 Aggregation kinetics and its effect on the structure of aggregates
Nanoparticles – due to their high specific surface area – are particularly susceptible to
aggregation. Thus, striving after stabilizing colloidal particles is an important exercise, which
has been resulted numerous type of solutions for this problem recently. Aggregation of
individual nanoparticles might alter the physical, physicochemical and even the biological
properties of the system. This processes are controlled by the chemical environment, the surface
properties and thermodynamic interactions as well. Aggregation can occur, when surfaces of
nanoparticles come into contact or close enough to each other.
Depending on the materials of interacting species, homo- (particles of the same kind) and
heteroaggregation (dissimilar NPs) can be distinguished101. The most frequently occurring
aggregate structure in nature is the fractal-like aggregate102. The characteristics of these
structures can be described by introduction the mass of aggregate (m), which is in correlation
i

with the hydrodynamic radius (ah) and the fractal dimension (dF) as 2(Ä)~MÇ ò . According to
the value of dF, two main regimes of aggregation can be identified103. In diffusion-limited
colloidal aggregation (DLCA) the aggregation rate is limited by the time between collisions of
the particles. It occurs, when the attractive interaction between the species is large, and therefore
the re-organization of the particles is not possible resulting a dendritic or fractal-like aggregate.
However, as the driving force for the aggregation decreases, i.e. when many collisions required
to stick the NPs together, the aggregation rate is much slower. This implies that the depth of the
net energy well is moderate, allowing the particles to rearrange into a more compact structure.
This is termed reaction-limited colloidal aggregation (RLCA)104. DLCA has a dF of 1.7-1.8,
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while RLCA can exceed the value of dF of 2.1.101 The kinetics of the aggregation is also
different for these two types of processes and as mentioned earlier in Section 2.4, carefully
engineered interaction potential shapes can lead in theory to the preparation of highly compact,
ordered nanoparticle clusters.

Figure 17. Dendritic and compact aggregates simulated by molecular dynamics105.

According to the classical DLVO theory, the easiest way to control the aggregation process is
the screening of electric double layer. The moderate increase in the ionic strength may reduce
the energy barrier slightly and allow for RLCA, while ‘shocking’ the system using high
electrolyte concentration causes definitely DLCA. As highlighted earlier, approaches based
solely on the classical DLVO are generally inappropriate to control nanoparticle self-assembly
and reaching moderate attractions, thus other interactions have to be taken into account (steric,
hydrophobic, etc.).
The aggregation rate in a solution containing monodisperse NPs can be described through
solving of Smoluchowski’s population balance equation and given by101:
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In above, nk is the number concentration of aggregates comprised of k primary particles, t is the
time, α is the collision efficiency, β is the collision frequency, µ is the viscosity of the solution.
In the early stage of aggregation, the time derivative of the primary particle in time mostly
follows a second-order behavior,
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where n1 is the primary NP concentration, k11 is the absolute aggregation rate constant and n0
is the initial concentration of primary NPs. Investigation of aggregation kinetics can be carried
out by time-resolved DLS (TR-DLS). Zheng and co-workers investigated the aggregation
kinetics of six different NPs using TR-DLS and the effects of ionic strength, natural organic
matter and temperature on the kinetics106. Particle size frequency was evaluated by the power
law equation expressing a new equation for the NP aggregation kinetics.
There are many factors that affect the aggregation kinetics in a solution containing NPs101. Due
to the size dependency (ratio of surface atoms), smaller NPs tend to aggregate at the same
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conditions when bigger do not. Additionally, surface attached molecules (and their cooperative
functionalities107) also influence the kinetics through the ligand-based interactions, which are
ideally controllable. Chemical composition of NPs has an importance, because the NP-NP
interactions depend on the Hamaker constant (thus on materials composition). As DLVO
suggests, factors that influence the surface charges effect on the net interaction as well as on
kinetics, therefore pH of the solution and ionic strength are crucial as well. Collision frequency
and Brownian motion of species depend on the temperature, hence affect the kinetics, just like
gravity forces that stimulate the bigger aggregates to sediment.

2.9 Colloidal capillary lithography and dewetting phenomena
2.9.1 Formation of 2D nanoparticle arrays: nanosphere lithography and template-assisted
assembly
For the preparation of 2D nanoparticle arrays nanosphere lithography has been employed
already for several years. During this process a two-dimensional arrays of metal NPs are
prepared using a highly-ordered, two-dimensionally assembled monolayer monolayer of
submicron template particles as a sacrificial mask for metal deposition. The monolayer is
usually fabricated from polymer of silica microspheres by controlled evaporation. After the
self-organized monolayer is formed, different metals can be deposited onto the pattern by
thermal or electron beam evaporation. Subsequently, the monolayer is removed from the
substrate resulting a patterned surface made from metal islands between the sacrificed spheres.
Despite the application of microbeads, the resulting structure possesses nanoscaled pattern, thus
the technique got the name of nanosphere lithography25. The method can be used to produce
large area of metal nanoobjects108, but the high-quality order requires appropriate monolayer
organizing.
2D arrays of (metal) nanoparticles can also be obtained by relying on solvent evaporation based
approaches. When a liquid film containing nanoparticles is dried over the substrate using a
macroscopically patterned evaporation mask, the particles will accumulate at the locations
below the opening in the mask due to the convective transport of the particles during the drying
process109. Considering the Langmuir-Blodgett films employed in our lab already for a long
time, they can be regarded as an evaporation mask with extremely high pattern density. In
theory they offer the possibility to create patterns by the same effect as mentioned above, but
at the same time, they also serve as a template layer for the controlled dewetting of the substrate,
and can allow the preparation of a high density 2D nanoparticle array at the nanoscale, similarly
to its macroscopic demonstration recently by Vakarelski et al.110
The combination of the Langmuir-Blodgett technique and bottom-up nanoparticle synthesis
techniques, could allow the substantial improvement of the 2D nanoparticle array formation.
The monolayer of polymer microspheres can be carried out by Langmuir-Blodgett technique
resulting in a well-defined and ordered template layer on macroscopic substrates. During a socalled template assisted self-assembly, the aqueous solution of pre-synthesized metal NPs is
deposited to the LB-film. Applying controlled evaporation, appropriate nanoparticle-template
particle size ratio, properly chosen wettability properties, the metal NPs might be arranged
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underneath the template particles by the combined action of liquid film breakup and capillary
forces. This technique is termed as evaporation-induced self-assembly (EISA) process.
2.9.2 Capillary forces behind the formation of nanorings
As Chen et al showed that EISA can be employed to fabricate nanoring structures with a high
degree of control111. They arranged CdSe quantum dots (QDs) around polystyrene particles
located in hexagonal array on planar hydrophilic glass substrates. In the first step, PS particles
mixed with QDs were deposited on desired substrate. After evaporation, the template particles
were removed by an adhesive tape resulting a hexagonal pattern of QD rings. They found, that
while the surface energy of the substrate influenced the random deposition of QDs, the
thickness of the rings depended on the concentration of CdSe QDs. The radius of the ring (Rring)
can be controlled by the size of the PS particle (RPS) and given by geometrical considerations:
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According to their suggestigtion, the relevant forces affecting the ring formation during
evaporation are summarized in Figure 18. The basic condition of locating the QD under the PS
particle is that the capillary force (`<=' ) exceeds the sum of other three main forces: the electric
double layer repulsion (`i¢ , due to the similar charge of PS and QD), the adhesion force (`=i )
and the frictional force (`£ ).

Figure 18. Schematics showing the parameters for the calculation of ring radius (left) and the forces
dragging the QD underneath the template particle (right).111

2.9.3 Location of particles after the dewetting process
It has to be emphasized, that many parameters influence the resulting structure, such as the
template size, wetting properties and evaporation speed. Due to the complexity of the system,
unwanted depositions and accumulation of NPs can be observed mostly in the interparticle
regions of templates. In order to understand the stages of dewetting, model experiments have
been carried out recently. Vakarelski and co-workers investigated the stability and evolution of
liquid bridge between two neighboring PS microparticle110,112. Due to the presence of the
surfactant (SDS or CTAB) in the model solution, the bridges could be stabilized and allowed
the investigation of the resulting structures in time by microscope. As their results indicate,
after the dewetting reaches the equatorial plane of the particles, the liquid bridge starts to shrink,
but remains connected to the substrate and the particles as well. After the length-width ratio
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increases (above 3), the bridge became unstable and snap immediately, resulting two circular
solvent ‘rings’ at the particle-substrate touching points110. In contrast the case of pure water,
surfactants can stabilize the liquid bridges during the whole evaporation process110 (Figure 19A)
allowing the preparation of a microwire network if the surfactant solution contains
nanoparticles112. Lithographically patterned substrates have been also used to prepare 2D gold
nanoparticle arrays by spin-coating technique113. Here, the diameter of the ring-shaped arrays
was controllable by the size of the lithographically pre-patterned posts. The experiments
showed, that the evaporation of the NP solution has three main stages: (i) formation of meniscus
between the posts (after the excess solution was swept from the substrate), (ii) thinning of the
liquid film, (iii) breaking of the liquid contact line, resulting a dense assembly of NPs around
the posts (Figure 19B). Similar results and three-dimensional gold nanorod superstructures can
be obtained drying an NP solution droplet on a micropillar-patterned substrate114.

Figure 19. Evolution of liquid bridge during dewetting. A) Microscopic images of a liquid bridge
between two neighboring PS particle in case of pure water (a-c), 0.02 wt % surfactant (d-f) and
0.2 wt % surfactant (g-i) enhanced by Rhodamine 6G fluorescent dye. a) film just before rupture,
b) film just after rupture, c) complete drying, d) film opening, e) thinning, f) after rupture, g)
opening, h) last-stage thinning and i) surfactant stabilized film112. B) Schematics of drying stages
between two posts113.

2.10 Simulation methods of optical properties and near-field maps of noble metal
particle assemblies
In Section 2.3, the potential of gold nanoassemblies in different applications was highlighted,
owing to the special optical properties (plasmon coupling, collective plasmonic behavior) upon
self-assembly of the gold NPs. The easiest way to follow the aggregation process is measuring
the optical response of the system such as extinction spectrum that reveals the LSPR position
and/or the evolution of plasmon coupled modes. Experimental investigation of model systems
and simulation of their response is an appropriate approach for the interpretation of the optical
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properties. This has been the driving force of developing simulation methods in recent decades,
since the computation techniques are advanced enough to support these efforts.
Electromagnetic properties of noble metal particles can be carried out in numerous ways,
however, all methods are based on the solution of full Maxwell’s equation. There are two main
aspects of their efficiency: the accuracy and the computational time, which are in inverse
proportion. Consequently, these properties underline the importance of developing methods
that are accurate enough and their computation requirements are reasonable.
The most commonly used simulation methods are the finite-difference time-domain (FDTD)115,
the finite element method (FEM)116, the discrete dipole approximation (DDA)117 and the
boundary element method (BEM)118. In contrast with the first three methods, where the whole
volume of the object has to be discretized as well, BEM only requires defining surface elements.
2.10.1

Boundary Element Method in practice: the MPNBEM toolbox

Hohenester and Trügler developed a toolbox written in Matlab® environment, which helps to
perform optical simulations of metal nanoparticles and their assemblies with different size and
shape119. The particles can be embedded into a medium with homogenous dielectric properties,
and are separated by well-defined interfaces. This method is valid for nanoparticles from a few
to 100 nm in diameter, with the shape of triangle, sphere, rod or torus in the visible and nearinfrared wavelength range. It is based on discretizing the nanoparticle surface to desired
elements (the number of vertices determine the quality of the results) and solving the Maxwell’s
equation during the interaction of light with each element resulting surface charge distribution,
absorption, scattering and extinction cross sections.†1

Figure 20. Discretized particles boundaries of different shapes (left), and flow chart of BEM
simulations (right).119

The main blocks of the BEM simulations can be seen in Figure 20. First, the shape and the
dielectric properties of the particle (and the medium as well) have to be defined. Many dielectric
functions can be used for gold, however, the most commonly applied was published by Johnson
and Christy120. The ‘comparticle’ block initializes the solver (BEM box) once the desired
†

Detailed description of the method, simulation samples and Matlab® help files can be found on the following
website: http://physik.uni-graz.at/~uxh/mnpbem/mnpbem.html.
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excitation (wavelength range and polarization) is set. The result is the surface charge (sig)
computed for all boundaries, which from the commonly measured optical properties
(absorption, scattering and extinction cross sections) can be calculated. From to the surface
charge distribution at a given wavelength, the corresonding near field distribution around the
simulated structure can be calculated.
Computation requirements of BEM simulations depend on the number of vertices, number of
simulated objects and the fineness of wavelength subdivision. Optimizing the vertex number
and the wavelength subdivision – keeping in mind the validity of the results – leads to a
reasonable computational time on a computer having hardware stronger than average.

38

3. Motivation and aim of the work
Bulk preparation of nanoparticle clusters is challenging and requires careful balancing and
engineering of interactions between the building blocks. NPC formation has a contradiction
which arises from the fact, that nanoparticle clusters can be prepared by destabilizing the
nanoparticles, but the initial particles have to be stable in solution in order to allow the work
and surface modification processes with them. Consequently, responsiveness of the system is
required, that is, decreasing of repulsive interaction potentials upon external stimulus should be
achieved. In addition, there must be a built-in attractive energy that orders the NPs into higherorder structures as the repulsive forces become negligible or moderate to allow the assembly
process.
The main requirements of clustering can be met by synthesizing high-quality nanoparticles with
pre-designed surface functionalities, and controlling the nanoparticle-nanoparticle interactions
in order to achieve the optimal circumstances of assembly.
My aim was to design a nanoparticle system, which fulfills the requirements for a soft-sphere
type interaction and allows proper control over the net colloidal interaction so that it can be
utilized to study the directed assembly of nanoparticles in detail and to achieve nanoparticle
assemblies with different morphologies (oligomers, large ordered 3D clusters, 2D single
particle rings). Spherical gold nanoparticles surface modified with polymers containing thiol
and amino functional group have been used for the directed self-assembly experiments. The
surface-attached thiolated- and aminolated methoxy-poly(ethylene glycol) (mPEG-SH and
mPEG-NH2) polymers were used to provide steric stabilization. Due to the developed
thermoresponsive approach involving mPEG, its conformation can be tuned by combined
stimulus.
My detailed aims can be summarized in the following points:
•

•

Developing nanoparticles that are capable to interact with each other via a tunable, socalled ‘soft-sphere type’ interaction121 was targeted, where the on-demand modification
of the colloid interaction potential should be realized in a controlled way. This would
result a model system that allows a wide range of experimental investigations connected
to the pre-engineered clustering of nanoparticles upon applying external stimulus. To
achieve this goal, the otherwise well-known concept of solubility change of
macromolecules in the presence of dissolved ions and elevated temperatures was planned
to be exploited (Figure 21a).
Since the assembly of nanoparticles in general inherently involves the (partial) loss of
their stability, control over the interparticle potentials is essential. It was investigated,
whether the above developed nanoparticle system could be used for the verification of
earlier theoretical predictions62, i.e. for the preparation of ordered, three dimensional
nanoparticle clusters from a bulk solution. According to theory, this requires a soft-sphere
type interaction between the nanoparticles, that is attraction at larger separations but a
pronounced repulsion at small particle-particle distances. The developed nanoparticle
system was designed with a view on this theoretically predicted constrain, and systematic
investigations (varying the triggering factors) were designed. Prior to the experimental
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work excessive colloidal interaction calculations were planned to theoretically predict the
suitable system for the experiments. By correlating experimental and theoretical data, a
better understanding of the connection between the resulting cluster structures and the
clustering process itself was envisaged (Figure 21b).

Figure 21. Concept of directed self-assembly of mPEG-covered gold nanoparticles.

•

Since the mPEG grafted AuNPs described above proved to be extremely stable against
spontaneous aggregation or adsorption at interfaces, their potential as tracer objects for
studying capillary lithography was investigated (Figure 22). During the capillary
lithography process, the drying and dewetting associated receding of the suspending
liquid is responsible for the obtained nanoparticle deposits. With the aid of the gold
nanoparticles, different dewetting stages and the overall mechanism of capillary
lithography was planned to be elucidated. Information about the dependency of the
nanoparticle spatial distribution on the different parameters (substrate type, template size,
particle concentration, temperature, defects in the template monolayer) was planned to be
obtained. Additionally, the possibility to prepare two dimensional, ring shaped
nanoparticle clusters by this approach was investigated as well.

Figure 22. Gold nanoparticles used as tracer objects to identify the stages of dewetting

process and the concept of the single chain gold nanoparticle ring preparation.
• Self-assembled gold nanoparticle systems usually have a complex optical response due
to plasmon coupling. By performing optical simulations (based on boundary element
method) of different nanostructures that are relevant in the current context of the
experiments (chain-like oligomers, 2D heptamers and 3D clusters), a better understanding
of the experimentally obtained optical spectra was targeted. Another aim was to clarify,
to which extent the experimentally measured extinction spectra are applicable in
obtaining structural information about the particle clusters during a real assembly process
(Figure 23).
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Figure 23. Concept of computational work: different model structures were built from

gold nanoparticles and their optical response (extinction spectra) and near-field
enhancements were simulated.
During my work, six different model systems were synthesized and used in the experiments.
The following figure (Figure 24) summarizes, which type of particles was used in the
experimental and theoretical works, highlighting the aim of the specific investigation.

Figure 24. Summary of different model systems, assembly procedures and main purposes.
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4. Experimental section
4.1 Synthesis procedures
4.1.1 Synthesis of gold nanoparticles with different diameters
Prior to the synthesis, each laboratory equipment was carefully cleaned with aqua regia, rinsed
with ultrapure water and dried in a drying oven. Gold nanoparticles were synthesized in three
diameters (18, 40 and 65 nm), where the smallest particles were produced by the traditional
Turkevich method2; the larger particles were obtained using the 18 nm particles as seed
according to the method of Ziegler et al6. For the synthesis of nanoparticles with a diameter of
18 nm, 6 mL of a 0.01M HAuCl4 solution was added to 222 mL of MilliQ water and the solution
was heated to boil in a glass reaction vial. After the solution started to boil, 6 mL of 38.8 mM
sodium citrate solution was added. The color of the solution turned from light yellowish to ruby
red after a few minutes. After 15 minutes of boiling, the solution was removed from the hotplate
and allowed to cool down to room temperature.
In order to synthesize larger (40 nm in diameter) nanoparticles, 18 nm particles were used as
seeds in the growing process. First, 6 milliliters of the seed particles solution were diluted to 20
mL. Two other solutions were prepared: Solution A contained 4 milliliters of a 0.2% (w/v)
HAuCl4 solution diluted to 20 mL; Solution B was mixed from 0.5 mL of a 1% (w/w) citrate
solution and 1 mL of a 1% (w/v) ascorbic acid solution and the whole solution was diluted to
20 mL. Seed solution was brought to boil, and solution A and B were quickly added. The color
changed from pink to purple and then to pink again, while the solution was boiled continuously
for 30 minutes. Finally, it was allowed to cool to room temperature as well.
Nanoparticles in diameter of 65 nm were prepared in a second (but the same) growth step,
where the 40 nm particles were used as seeds.
Since the particles related to the different published papers were not from the same batch, these
are separated according to experiments, thus 6 classes (from GNP1 to GNP6) of gold
nanoparticles can be found in the following sections. After synthesis and post-treatments
(surface modifications, purification) the concentrations of the nanoparticle solutions were
determined and set to the desired value based on extinction spectra according to Haiss et al.122
4.1.2 Surface modification of gold nanoparticles
The gold nanoparticle’s surface was modified using two main types of polymers, which differ
in their end groups. For 18, and 40 and 65 nm particles, α-methoxy-ω-mercapto poly(ethylene
glycol) (mPEG-SH) was used, while 20 nm gold nanoparticles were modified by α-methoxyω-amino poly(ethylene glycol) (mPEG-NH2). For mPEG-SH, 100 mg of polymer was dissolved
in 1 mL of MilliQ water and quickly added to 20 mL of nanoparticle solution in a 50 mL
centrifuge tube. The solution was stirred with a Vortex shaker for several seconds and then
placed to an orbital shaker for 3 hours. The same procedure was carried out for mPEG-NH2,
but 200 mg polymer was used. After shaking, the samples were purified applying centrifuging
(9500 rcf for 30 minutes) and redispersion cycles at least 3 times. Extinction spectra, zeta
potential and sizes were measured before and after the PEGylation.
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4.1.3 Preparation of template Langmuir-Blodgett monolayers
For the work dealing with capillary lithography and summarized in Ref. S3, the preparation of
macroscopic, high quality template particle monolayers was necessary. An aqueous solution of
polystyrene particles was pipetted in an Eppendorf tube and centrifuged. After the removal of
supernatant, MilliQ and EtOH was added to the particles. Shaking was applied for ca. 1 minute
in ultrasonic bath in order to homogenize the sol, then the required amount of 0.1 % v/v
ethanolic octylamine solution was added and sonicated for more 5 minutes. The amount of
octylamine was calculated to provide the same surface coverage for each polystyrene particle
size. The applied volume of the solutions and the parameters are collected in Table 2. The
resulting solution was spread at the air/water interface using a Hamilton syringe in a Wilhelmy
film balance. After the evaporation of the solvent, the particles trapped at the interface were
compressed with three different compression speeds according to the measured surface tension:
1.25 cm2/s until 0.1 mN/m, 0.625 cm2/s until 0.2 mN/m and finally set to 0.125 cm2/s when the
isotherm started to arise dramatically. After the interfacial film reached 80 % of its collapse
pressure, the compression was stopped and the film was allowed to relax for an hour (i.e. the
surface pressure was kept constant). The collapse pressures of PS LB-films were determined
earlier in separated experiments. The particulate film was transferred onto Si wafer by vertical
deposition using 7 mm/min withdrawal speed and 0.0625 cm2/s compression speed.
Table 2.

Parameters applied for the preparation of polystyrene Langmuir-Blodgett template
monolayers

PS particle
diameter
(µm)
0.608

Sol
volume
(µl)
300

Water
(µl)

EtOH
(µl)

Octylamine (µl)

750

750

7.5

Collapse
pressure
(mN/m)
45

0.909

300

600

600

7.5

1.27
2.48

200
400

200
600

200
600

7.5
7.5

Centrifuging
rev (rcf)

Centrifuging
time (min)

3000

10

55

2500

5

45
48

1000
1000

5
5

4.2 Measurement methods
Simple spectroscopic measurements were carried out in disposable PS cuvettes with 1×1 cm
geometry for aqueous solutions and in quartz cuvettes with the same geometry for solutions in
organic solvents. For temperature dependent measurements, the cuvette holder (ThorLabs®)
was tempered to the desired temperature on a hot-plate and the temperature of the cuvette holder
was monitored using a thermocouple. The spectroscopic measurements were carried out using
a ThorLabs® CCS200 Compact CCD fiber-coupled Spectrometer. For time dependent
measurements a custom measurement software was used written in Labview®. For DLS
measurements, disposable PS cuvettes were used as well. SEM investigations were carried out
on Si wafers using a LEO 1540 XB FESEM instrument, while TEM images were taken about
samples on Cu grid with carbon layer (Tedpella) in a JEOL JEM-3010 HREM.
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4.3 Calculation of colloidal interactions
For the model systems concerned in the work, three main types of interactions were taken into
account: van der Waals, steric and electric double layer interactions. The net nanoparticlenanoparticle interaction expressed in units of kBT can be calculated as sum of the above
mentioned interactions:
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where Utotal is the net interaction potential, UvdW is the van der Waals attraction, Usteric is the
steric repulsion, UEDL is the electric double layer repulsion, kB is the Boltzmann constant
(1.38064 × 10 23 m2 kg s 2 K 1) and T is thermodynamic temperature.
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Attractive potential is due to the van der Waals interaction, which – for the case of identical,
spherical particles – reads69:
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Here A is the Hamaker constant for Au/water/Au system123 (2.5 × 10−19 J), a is the radius of
particle and D is the separation distance between the surface of the particles.
The steric repulsion can be derived from the presence of the surface grafted polymers. These
molecules act like spacers between the particles and stabilize them through steric interaction,
which can be expressed based on Eq. 24 and Derjaguin approximation in order to arrive to the
following convenient expression of steric interaction potential73,124:
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The function f(D) can be calculated as73:
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where s is the distance between the attachment points at the particle surface (0.41 and 0.50 nm
for 750 and 2000 Da mPEG-SH, respectively98).
The electric double layer repulsion can be calculated as follows66:
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The interaction constant Z in the expression for the electric double layer repulsion can be
calculated as follows:
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where ε0 is the vacuum permittivity (8.854·10-12 F/m), ε is the relative permittivity for water
(80.1 at 20 °C), z is the valence of ions and ψ0 is the surface potential of nanoparticle. Surface
potential can be derived from surface charge density (σ), which is given by ζ-potential as
:=

ææà p© q
yD

Å 2 sinh

v, =

(p© q
yD

øyD
(p© q

ç*0ℎY8

+

?
Ö=

tanh

¿
√

(¡cqæà æ<¬ )ä

øyD
?p© q

(34)
(35)

where c∞ is the bulk concentration of electrolyte.
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5. Results and discussion
5.1 Characterization of model systems
The DLS-derived diameter and zeta potentials of the as-synthesized and surface modified gold
nanoparticles are summarized in Table 3. Due to the working principle of DLS, the values
correspond to the hydrodynamic diameters. Nanoparticle concentrations were calculated from
the extinction values at 450 nm according to Haiss et al122.
Table 3.

Measured diameters, ζ potentials and calculated concentrations of synthesized model
systems*2
Diameter
Sample

Mean
(nm)

GNP1
GNP1@mPEG-SH(750)

17.7
21.3

Std.
dev.
(nm)
0.1
0.1

GNP2

39.9

GNP2@mPEG-SH(2000)
GNP3

ζ potential

Concentration
nM

NPs/mm3

-33
-9

Std.
dev.
(mV)
0.9
0.7

2.31
1.25

1.39E+09
7.53E+08

0.2

-29

1.4

0.15

9.03E+07

53.6
20.0

0.3
0.2

-14
-42

0.6
1.0

0.07
1.69

4.22E+07
1.02E+09

GNP3@mPEG-NH2(2000)
GNP4

29.6
17.7

0.2
0.2

-18
-32

1.2
2.7

0.69
2.31

4.16E+08
1.39E+09

GNP4@mPEG-SH(2000)

27.2

0.2

-12

1.2

0.91

5.50E+08

GNP5
GNP5@mPEG-SH(5000)

39.8
63.6

0.2
0.3

-31
-14

1.4
0.6

0.16
0.25

9.64E+07
1.50E+08

GNP6

66.5

0.2

-31

1.1

0.02

1.20E+07

GNP6@mPEG-SH(5000)

105.8

0.6

-15

0.9

0.12

7.50E+07

Mean
(mV)

Figure 25. Extinction spectra and DLS size distribution (inset) of GNP1 and GNP2 model systems
before and after the PEGylation.

*

For PEGylated GNP5 and GNP6 samples, the concentration is larger than the as-synthesized particles, because
the concentration was increased during the purification process according to the calculations (described later).
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Figure 25 shows the extinction spectra and DLS size distribution of nanoparticles used for the
liquid-phase assembly of the PEGylated particles. The as-synthesized and surface modified NPs
have narrow size distribution and well-defined LSPR peak. These indicate that the sample is
free from aggregates and the shape of the NPs is spherical. The LSPR peak redshifted after the
PEGylation due to the presence of molecules changing the refractive index in the near-field of
the particles, indicating that the surface modification was successful.
Measured optical spectra and size distribution of particles used for the assembly experiments
of aminoPEGylated gold nanoparticles are summarized in Figure 26. Narrow size distribution
and extinction peak as well as its redshift prove the NPs have spherical geometry, aggregates
cannot be found and the PEGylation was successful. PEGyalted nanoparticles remains stable
after purification and can be transferred to organic solvents (EtOH, CHCl3) without aggregation
(see Figure A1 in Appendix for details).

Figure 26. Extinction spectra, DLS size distribution and zeta potential values of GNP3 model systems
before and after the PEGylation.

Properties of gold nanoparticles used for capillary lithography experiments are shown in Figure
27.

Figure 27. Extinction spectra and DLS size distribution (inset) of GNP4, GNP5 and GNP6 model
systems before and after the PEGylation.

The quality of the shape and monodispersity of NPs will be demonstrated by numerous SEM
and TEM images of the samples in the following sections, thus these images are omitted here.
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5.2 Preparation of compact NPCs from PEG-coated gold nanoparticles [S1]
5.2.1 Modeling of interparticle colloidal interactions
Attraction between gold NPs can be taken into account through the Hamaker constant of the
system. Electric double layer forces depend on the ionic strength of the medium that influences
the screening length. These parameters are given or controlled, however, steric repulsion is
related to the polymer brush thickness on the gold NPs, which has to be determined. In order to
estimate the brush thickness, DLS size values were taken before and after the PEGylation
(Table 4).
Table 4.

Polymer brush thickness values as measured by DLS.

Sample

Diameter
(nm)

GNP1

17.7

GNP1@mPEG-SH(750)
GNP2

21.3
39.9

GNP2@mPEG-SH(2000)

53.6

Difference
(nm)

Polymer brush
thickness (nm)

3.7

1.85 ± 0.1

13.8

6.9 ± 0.3

Thickness values in Table 4 were used as input parameters for the calculation of steric repulsion
potential. To estimate the effect of ionic strength on interaction potentials for nanoparticles with
fully extended mPEG chains, attractive and repulsive potentials were calculated for low and
high electrolyte (K2SO4) concentration as can be seen in Figure 28.

Figure 28. Calculated interparticle potentials of mPEG-covered 18 nm gold NPs [GNP1@mPEGSH(750)] at 25°C. Graphs show the van der Waals attraction (vdW), the steric repulsion (Steric),
the electric double layer interaction (EDL) and the net interaction (Total) for (a) low (0.001 M) and
(b) high (0.3 M) electrolyte concentration and fully extended mPEG chains.

At low ion concentration, the electric double layer repulsion governs the stability, whilst at high
ion concentration, the EDL potential can be neglected due to the screening length decreases
dramatically from ~1.8 nm to ~0.1 nm and the total interaction energy is dominated by the steric
repulsion. It was demonstrated in the literature that changing the quality of the solvent can
induce chain collapse of mPEG due to the weaker polymer-solvent interaction. The quality can
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be decreased by adding salt or increasing the temperature as well125. Modulation of steric
interaction via external stimuli (increased ionic strength and temperature) can open up
possibility to modulate the total NP-NP potential leading to destabilization of the particles. In
order to map the possible depths of interaction, total NP-NP interaction energies were calculated
for different mPEG brush thicknesses using the initial thicknesses obtained from Table 4
(Figure 29). For GNP1, the interaction energy has a significant minimum (-13 kT) in case of
40% mPEG thickness (magenta dotted curve), when the separation distance between the
particles is around 1 nm. For GNP2, this minimum can be found at -5 kT and ca. 5 nm separation
distance (brown dotted curve). These calculations indicate that chain collapse and the collateral
net interaction modulation act like a significant driving force of clustering. In addition, the
increased electrolyte concentration and temperature can be used for triggering the assembly
externally.

Figure 29. Calculated total interaction energies as a function of mPEG brush thickness for (a)
GNP1@mPEG-SH(750) and (b) GNP2@mPEG-SH(2000) at 60°C. The insets show the energy
minima for different brush thicknesses. The starting values of the brush thickness were obtained
from DLS measurement, and the smaller thickness values correspond to the assumed collapse of
the brush.

It has to be noted, that the surface attached polymer brush can cause increase in the strength of
van der Waals interaction. The effect of PEG chains on the attraction can be taken into account
according to Osmond et al126. Calculations prove (see Appendix 10.3 for details), that because
of the high water content of the brush and the large difference in the Hamaker constant of PEG
and gold, the increase in the vdW attraction is negligible at separation distances relevant for my
model systems.
5.2.2 Temperature-induced self-assembly of gold NPs
Calculation suggested the possibility of clustering for polymer covered gold NPs at elevated
temperature and increased ionic strength. To test the theory in practice, temperature-induced
assembly was investigated for two model systems at different ionic strengths by DLS.
Measurements were carried out in disposable plastic cuvettes, in which 500 µL of a gold
solution and 500 µL of K2SO4 solution were mixed. Size distribution data were collected at
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different temperatures (from 25 to 65 °C, 5 °C increments), allowing the sample to reach
thermal equilibrium for 5 minutes after each temperature change. DLS size distributions as a
function of temperature were transferred to a unique contour plots for each ionic strength, where
colors represent the DLS intensity. This way of depiction helps to compare the size evolution
of different samples. A vertical cross section of these plots gives the conventional size
distribution at a given temperature. For GNP1@mPEG-SH(750), DLS data were collected in
Figure 30. Size increasing can be observed at only 0.2 M salt concentration or above. In case
of 0.15 M, the initial NP size does not change during the temperature program. Isotonic
condition, which corresponds to 0.05 M K2SO4 concentration was also investigated and found
the particles remain stable in the whole range of temperature (see Figure A3a for details).
Aggregation was pronounced at 0.30 M, where the population with initial particle size
decreases continuously above 30 °C beside the appearance of a second population with larger
size. At moderate salt concentrations (0.20 and 0.25 M) the aggregation is more discrete: a
sudden increase of size can be observed above a threshold temperature.
Similar behavior can be observed for GNP2@mPEG-SH(2000), where particles remain stable
in the whole investigated temperature range at 0.05 M (Figure A3b) and 0.15 M, but
aggregation can be observed at higher electrolyte concentrations (Figure 31). While the size
increase at threshold temperature of clustering is sudden for smaller particles and the threshold
temperatures decrease continuously with increasing salt concentration (0.2 M, 60 °C; 0.25 M,
55 °C; 0.3 M, 50 °C), larger particles feature a slow, continuous size increase as the threshold
is reached. This also implies that the temporary range is broader for GNP2 (~10 °C) and second
population cannot be observed for any sample.

Figure 30. Contour plots demonstrating DLS size distribution of GNP1@mPEG-SH(750) as a
function of temperature for different K2SO4 concentrations: (a) 0.15 M, (b) 0.20 M, (c) 0.25 M and
(d) 0.30 M. Color bars represent the intensities measured by DLS. The vertical cuts of these
intensity maps give the size distributions of the samples at the corresponding temperature.
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The effect of longer mPEG chains (2000 Da) on the externally triggered clustering of 18 nm
particles was also investigated. The particles remain stable at the whole temperature range even
at 0.30 M, which leads to the conclusion 2000 Da mPEG is too long: the chains can stabilize
the particles sterically even if they collapse (see Figure A4 for details).

Figure 31. Contour plots demonstrating DLS size distribution of GNP2@mPEG-SH(2000) as a
function of temperature for different K2SO4 concentrations: (a) 0.15 M, (b) 0.20 M, (c) 0.25 M and
(d) 0.30 M. Color bars represent the intensities measured by DLS.

5.2.3 Time-dependent evolution of the extinction spectra
Clustering was followed by time-dependent visible light spectroscopy as well. Due to the high
sensitivity of extinction spectrum to the particle-particle interaction (plasmon coupling),
aggregation can be identified using VIS spectroscopy easily. Figure 32 shows the extinction
spectra of smaller and larger NPs as a function of time. Prior to the measurement, temperature
thresholds were determined from DLS contour plots. For GNP1, the temperature was set to
55 °C, while for GNP2 it was set to 60 °C. Ion concentration was set to 0.3 M according to DLS
measurements which suggested the most intensive aggregation is related to the highest salt
concentration. Panel a and b of Figure 32 show the evolution of extinction spectra of two model
systems in time. Aggregation is indicated by the decrease of the single particle LSPR and
emerging a new plasmon peak at higher wavelengths (750 and 650 nm, respectively) related to
the plasmon coupling between particles in close proximity. The difference in the wavelength
position of the coupled modes can be explained by the different equilibrium particle-particle
separation distances: for 18 nm particles the interparticle distance is smaller than the gap
between 40 nm particles (due to the different mPEG chain lengths) that indicates smaller
redshift of the coupled mode for larger particles. Extinction values for single particle LSPR and
coupled mode as a function of time suggest that aggregates are evolving in time at the expense
of single (free) NPs for both samples (Figure 32c,d). In the light of aggregation of citrate coated
particles at high ionic strength happens rapidly (< 1 s), externally triggered clustering of mPEG-
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coated gold NPs shows a slower kinetics that allows the re-arrangement of the particles in the
cluster. This is the reason why citrate-coated particles form fractal-like aggregates (as an
evindence of diffusion-limited aggregation), while mPEG-coated ones form compact NPC as
will be demonstrated in the next Section.

Figure 32. Evolution of extinction spectra for (a) GNP1@mPEG-SH(750) at 55 °C and (b)
GNP2@mPEG-SH(2000) at 60 °C in time. Electrolyte concentration was set to 0.30 M for both
samples. Normalized extinction values of single particle LSPR and coupled mode can be seen in
(c) and (d) for GNP1@mPEG-SH(750) and GN2@mPEG-SH(2000), respectively.

5.2.4 Structure of nanoparticle clusters
The structure of the evolved nanoparticle clusters was investigated by field-emission scanning
electron microscopy (FESEM) and transmission electron microscopy (TEM). However, the
high salt concentration makes difficulties during the imaging in SEM or TEM investigations.
Thus, it was demanded to reduce the salt concentration of the samples, which was carried out
by dialysis. Samples – after the spectroscopic measurements – were pipetted into a dialysis tube
(Biotech CE dialysis tubing; molecular weight cutoff of 0.1 −0.5 kDa) and were dialyzed
against Milli-Q water for 24 h (exchanging the water twice). Then the dialyzed solutions were
drop casted onto silicon wafer or Cu TEM grids. As control samples, citrate coated 18 nm gold
NPs were allowed to aggregate using high ionic strength (0.3 M final K2SO4 concentration).
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Figure 33. Scanning electron microscope images of compact nanoparticle clusters prepared from (a)
GNP1@mPEG-SH(750) and (b) GNP2@mPEG-SH(2000). Fractal-like aggregates of citratecoated 18 nm gold NPs used as control sample (c). The insets of panel a and c show close-ups of
the clusters and have a width of 120 nm.

SEM images of resulting clusters and aggregates are presented in Figure 33, where the
differences between the structure of aggregated mPEG-covered and citrate-capped NPs can be
seen clearly. While the polymer-coated particles form compact, denser clusters, the aggregated
citrate-stabilized NPs have a fractal-like structure. It can be explained by the different
thermodynamic driving force that influences the structure of resulting cluster significantly62,127.
Large attractive potential causes fractal-like aggregates, because the building blocks become
kinetically trapped and their reconfiguration in the cluster is not allowed. This behavior can be
seen in Figure 33c for the rapid aggregation of control sample, when the EDL potential becomes
almost zero due to the fast addition of salt solution. Nevertheless, when the attraction is
moderate and the interaction is ‘soft-sphere’ type (due to the presence of mPEG brush), the
reconfiguration of the building blocks will be allowed in the resulting structure forming a
denser, more compact NPC. It can be assumed, that the final cluster evolves by interaction
between smaller clusters (cluster-to-cluster interaction) and incorporation of single building
blocks as well. The NPCs remain stable during the dialysis process, which can be explained by
the different length scale of vdW and steric interaction. While the steric repulsion is active only
between neighboring particles, the vdW attraction becomes stronger in a compact cluster, where
a single NP senses larger attraction due to the presence of multiple particles in the cluster.
However, applying external source of energy (ultrasonication), the clusters can be fragmented
and start to disassemble, but the original extinction spectrum cannot be completely recovered
and does not change significantly after the first minute of ultrasonication (Figure 34). Figure
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34 also shows the TEM images of GNP1@mPEG-SH(750) after the clustering and citratecoated NPs after addition of salt.

Figure 34. Left: Effect of external source of energy on the stability of NPCs: extinction spectrum of
original PEGylated sample (blue), after clustering process (black) and after ultrasonication (red).
Right: TEM pictures of GNP1@mPEG-SH(750) after the clustering (a-b) process and citrate
stabilized gold nanoparticles after addition of K2SO4 (c-d; 0.3 M). Scale bars are 20 nm (a,b,d) and
100 nm (c).

According to Brownian dynamics simulations of clustering by Klotsa et al62, the moderate
attractive potential between building blocks is in the order of 6 kT. The calculations presented
in Figure 29 show, that this order of total attraction can be obtained by the ~65% and ~40%
collapse of mPEG chains for smaller and larger particles, respectively. This translates to an
interparticle separation of ~2 nm for the 18 nm, and ~4 nm for the 40 nm particles.
Summary
In this section, a new approach for the externally triggered clustering of appropriately
designed gold nanoparticles was presented. Based on the colloidal interaction calculations and
the clustering experiments it can be inferred that the association of nanoparticles is a result of
the chain collapse of surface attached polymer molecules at high ionic strength and elevated
temperature. The threshold temperature of the clustering depends on the electrolyte
concentration of the medium. Compared to the bare (citrate-coated gold NPs), aggregation
kinetics of PEGylated gold nanoparticles is influenced by the presence of polymer shell.
Association of NPs can be interpreted in terms of moderate attractive interparticle potential
after the chain collapse, which allows to create a net soft-sphere type interaction potential. This
type of interaction allows the rearrangement of the building blocks during the clustering to form
compact nanoparticle clusters. The structure of the aggregates agrees well with earlier
theoretical predictions. This approach might enable to incorporate different nanoparticles into
compact NPC in order to exploit their collective advantageous properties.
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5.3 Aggregation kinetics and cluster structure of aminoPEGylated gold NPs [S2]
5.3.1 Monitoring the nanoparticle assembly and cluster evaluation
In order to follow the aggregation of aminoPEGylated gold NPs [GNP3@mPEG-NH2(2000)]
and investigate the kinetics of the process, temperature-trend DLS, time-dependent DLS and
time-dependent VIS spectroscopic measurements were carried out. In former case, the samples
were heated from 25 °C to 70 °C similar to the above described process by clustering of mPEGSH covered particles. For time-dependent measurements, solutions of aminoPEGylated
particles were heated to 50 and 60 °C (determined from temperature measurements), and the
aggregation was initiated by rapidly injecting 500 µL of pre-heated K2SO4 solution with
appropriate concentration into 500 µL of nanoparticle solution tempered to the same
temperature. Size distribution data were collected with 1-minute resolution. Time-dependent
visible light spectroscopy was carried out using a tempered cuvette holder with temperature
feedback with 1 second resolution for the first 15 minutes, then 10 seconds resolution for the
next 30 minutes.
5.3.2 Perturbation induced clustering of gold nanoparticles
Temperature trend DLS measurements (size vs. temperature) were carried out to determine the
threshold temperature of aggregation. As Figure 35 shows, nanoparticles remain stable in the
whole investigated temperature range if the sample does not contain electrolyte, however,
aggregation can be initialized by adding salt to the system.

Figure 35. Temperature trend DLS contour plots for GNP3@mPEG-NH2(2000) for different salt
concentrations: size distributions as a function of temperature. Color bars represent the intensities
measured by DLS.
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The threshold temperature of the aggregation decreases with increasing K2SO4 concentration
from 45 to 35 °C. Size increasing becomes pronounced and the aggregation is definitely
occurred at 50 and 60 °C, these temperatures were chosen for time-dependent spectroscopic
investigations. Time-dependent spectral properties were investigated after perturbation of the
system to shed light on differences in the kinetics of the assembly for different temperatures
and ionic strengths. Hence, evolution of extinction spectra of four model suspensions was
measured at two salt concentrations (0.2 M and 0.3 M) and two temperatures (50 °C and 60 °C):
the results are summarized in Figure 36. At 50 °C, the electrolyte concentration seems to be a
crucial factor in the aggregation process: at 0.2 M the spectrum does not change significantly
in time and only a minor shoulder starts to evolve around 570 nm, which can be attributed to a
small fraction of clusters contain only few nanoparticles128,129. However, at 0.3 M, the initial
LSPR redshifts in the first period of clustering (2 minutes), then a second peak starts to evolve
around 630 nm that increases in intensity with time. This second peak can be assigned to the
coupled mode, shifted due to the plasmon coupling between particles in the aggregate being
more increased in intensity due to the increasing interactions of particles in time. This can be
also observed at 60 °C for both ionic strengths, however, the fastest aggregation can be obtained
applying 0.3 M and 60 °C. In this case, a major spectral change (red-shifting and broadening)
occurs even in the first 2 minutes of the process. Consequently, the fastest aggregation kinetics
is related to the sample exposed to both high salt concentration and temperature, while applying
the softest conditions smaller clusters and slower aggregation kinetics can be achieved.

Figure 36. Time evolution of the extinction spectra for amino-PEGylated gold nanoparticles
[GNP3@mPEG-NH2(2000)] at different K2SO4 concentrations and temperatures; (a) 0.2 M and
50 °C; (b) 0.3 M and 50 °C; (c) 0.2 M and 60 °C;(d) 0.3 M and 60 °C.
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Figure 37. Time-dependent extinction decays of single particle LSPR and coupled mode for
GNP3@mPEG-NH2(2000) at different salt concentrations and temperatures. Wavelengths were
obtained from time-dependent extinction spectroscopy (based on Figure 36).

Extinction values at the wavelength of single particle LSPR and the coupled mode were
extracted and plotted as a function of time (Figure 37) to obtain an impression about the
difference in the kinetics of model suspensions. 518 nm was chosen for single particle mode,
and 630 nm for the coupled mode except for the case of 0.2 M and 50 °C, where the coupled
mode was not resolved, so here the wavelength of the minor shoulder was selected (570 nm).
Slow decrease of the original LSPR can be observed in all cases that can be attributed to the
decreasing number of individual particles due to their incorporation into clusters. Increasing
salt concentration causes faster aggregation at 50 °C, but similar behavior can be observed at
0.2 M and 60 °C. The fastest kinetics is related to the high ionic strength and temperature: the
initial aggregation rate is significantly higher and the rapidly decreasing LSPR of free particles
suggests that the aggregation starts within a few seconds.
To investigate the kinetics of the clustering in detail, time-dependent DLS measurements were
carried out for these four suspensions as well. Size evolution of the nanoparticle clusters can be
seen in Figure 38. It confirms the differences observed by time-dependent spectroscopy: the
mean size increase at 0.2 M and 50°C is only in the order of few tens of nanometer, while at
0.3 M and 60 °C the aggregation is much faster and produces larger (few hundreds of nm)
clusters stable in solution.
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Figure 38. Time-dependent DLS size distributions for GNP3@mPEG-NH2(2000) at different
electrolyte concentrations and temperatures. Dashed lines represent the average cluster sizes.

Count rate measured during the DLS contains information on the state of aggregation as well.
Average hydrodynamic size and count rate plotted together (Figure 39) as a function of time
shed also light on the differences between kinetics. For 0.2 M and 50 °C only a slight increase
in size can be observed that followed by an increase in the count rate (scattering) which
represents the size is strongly weighted to the larger scatterers in the solution. Increasing salt
concentration or temperature causes rapid increase in average diameter that goes hand in hand
with an increase in count rate in the earlier stages. In Figure 39 b and c, a transition point appears
at ca. 300 - 500 s in the count rate function, after which a decrease starts. It can be assigned to
the sedimentation of larger clusters that are not stable in solution anymore. After the transition
point the size increasing becomes slighter as well. In case of 0.3 M and 60 °C, the system
behaves differently: the size increases significantly faster and only the stage after the transition
point of count rate function can be resolved due to the fast kinetics. This proves that the stronger
effect can be identified in the latter case.
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Figure 39. Average hydrodynamic size and count rate measured by DLS as a function of time at
different salt concentrations and temperatures. Blue circles represent the average sizes; red
triangles represent the mean count rate values.

5.3.3 Structure of the perturbation-induced assemblies
The structure of the evolved NPCs was characterized by SEM after 40 minutes of assembly.
Samples were prepared by placing a piece of silicon wafer onto the bottom of the cuvettes and
was removed after the assembly process. Different cluster sizes and structures can be observed
depending on the salt concentration and temperature (Figure 40& 3 ). The mean size of the
assemblies and the number of single nanoparticles change proportionally: the largest NPCs can
be obtained at the highest ion concentration and temperatures, and here can be found the least
number of individual NP. Small compact assemblies of few NPs were formed at 0.2 M and
50 °C, which observation is in a good agreement with the spectral features of this sample
showing only broadening and slight redshift. Additionally, time-dependent DLS also
demonstrated small size increase at this condition. Nevertheless, for other three samples, larger
NPCs evolved during the clustering process that was predicted by time-resolved spectroscopy
and DLS. The cluster sizes prove to be significantly larger than sizes measured by DLS, which
originates in the overrepresentation of larger NPCs on the silicon wafers due to the
sedimentation, while DLS can measure only the clusters stable in solution. In order to analyze
the cluster sizes at different conditions semi-quantitatively, image analysis was performed on
low-magnification SEM images (at 1000X magnification). ImageJ software was used for the
analysis of the images. Firstly, the SEM pictures were converted to 8-bit grayscale mode.
Images were carefully thresholded until the best outline match of the clusters and nanoparticles
taking care of the minimizing of artifacts, then the pictures were inverted and the perimeter of
the objects was fetched (the steps of the process were demonstrated in Figure A6 in Appendix).
&

Additional SEM images at lower magnifications can be seen in in Appendix 10.5.
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The result of the image processing (perimeter of the clusters in nanometer in a function of
relative occurrence) is demonstrated in Figure 41. It can be clearly seen, that in the investigated
range of parameters, ionic strength has a more determining effect on the resulting cluster size,
while temperature causes also significant, but smaller difference.

Figure 40. Structure of the clusters at different electrolyte concentrations and temperatures: (a) 0.2 M,
50 °C; (b) 0.3 M, 50 °C; (c) 0.2 M, 60 °C; (d) 0.3 M, 60 °C. Insets show close-ups and the
compactness of the structures.

This effect can be explained by the different interplay of interactions, which determines the net
potential between the particles resulting a soft-sphere type interaction curve. It was
demonstrated in the section of calculating interparticle potential for mPEG-SH covered gold
NPs, that electric double layer repulsion is completely eliminated applying 0.2 M salt
concentration. Thus, the steric interaction and vdW can govern the net potential at increased
temperature and ionic strength and provide the necessary driving force for the assembly.
Consequently, the structural changes originate in the changing of the length scale of steric
repulsion, which is fine-tuned by the applied parameter of the medium. However, it has to be
noted, that the hydrophobic interaction74 between the grafted brushes can also play a role,
because it can increase the attractive potential thus influences the depth of the net potential well.
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Figure 41. Effect of the different temperatures and ion concentration on the resulting clusters. The
perimeter of the aggregates in nanometer was obtained from image analysis analyzing 200 clusters.

Compact NPCs presented in Figure 40b-d in accordance with the time-resolved
spectroscopic and DLS results prove, that the perturbation-induced assembly does not cause
diffusion-limited aggregation. This can occur, when the interaction between the building
blocks is moderate (only a few of kT). In order to prove this hypothesis, stability of the
clusters was investigated: external source of energy was applied for clusters prepared by
0.2 M, 50 °C and 0.3 M, 60 °C and the size distributions were measured. For these systems,
self-limiting of NPC growth130 can be excluded and cluster-to-cluster aggregation plays role
in the formation of final structures having an irregular shape. Figure 42 demonstrates the
difference between the two investigated systems: while at 0.2 M, 50 °C the population of
the initial particles (individual building blocks) can be partially recovered by 5 minutes of
sonication, larger clusters show only fragmentation without the appearance of monomer
particles. Based on these observations it can be assumed, that the interaction between the
particles is weaker in assemblies at lower set of parameters, hence smaller clusters can
disassemble using external force. In case of higher set of parameters, however, more stable
clusters evolved during perturbation-induced assembly process that indicates stronger NPNP interactions in the clusters.

Figure 42. DLS size distributions of aggregates before and after ultrasonication for (a) 0.2 M, 50 °C
and (b) 0.3 M, 60 °C.
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Summary
In this section, tunable clustering process of gold nanoparticles covered by amino-PEG was
demonstrated, where the kinetics of the aggregation and the structure of evolved nanoparticle
assemblies can be controlled by two factors: the ionic strength and the temperature. For
different sets of parameters, entirely different nanoparticle assemblies are observed. The
structural difference can be attributed to the different steric repulsion related to the modulated
PEG grafts on the nanoparticle surface. For smaller driving force, the evolved NPCs contain
only few nanoparticles and the associates can be disassembled by providing external source of
energy (e.g. ultrasonication). However, when the driving force increases, faster clustering and
compact, larger NPCs can be observed, which undergo only partial fragmentation on
ultrasonication; the individual building blocks cannot be recovered. This suggests a proper softsphere type interaction potential curve, however, the aggregates can be formed by cluster-tocluster aggregation. From cluster stability tests it can be inferred, that increasing cluster size
accompanies increased net attraction inside the assemblies.

5.4 Identification of dewetting stages and preparation of single chain nanoparticle
rings by colloidal lithography [S3]
5.4.1 Drop-casting and drying process
Gold nanorings were formed on silicon substrates with Langmuir-Blodgett films of polystyrene
beads with different diameter on it. First, LB-films of sacrificial template particles were
produced by the technique detailed in Section 4.1.3 onto the substrates with the size of 12 × 12
mm. Surface modified gold nanoparticles were purified and the concentrations of the sols were
set to the appropriate value depending the ration between PS particle diameter and Au NP
diameter as well as the surface coverage of PS beads (the detailed calculation based. on
geometrical considerations can be seen in Appendix 10.7). Drop-casting step131 was provided
by a PTFE ring with internal diameter of 7 mm was placed onto the middle of the substrate and
150 µL of gold NP sol was pipetted into the ring. In order to ensure the full wetting of the
surface, 100 µL of gold NP sol was removed from the PTFE ring using an automatic pipette. In
this step, the thickness of the internal liquid film is ca. 1.3 mm. Then, the samples were dried
in a drying oven at 25 °C and ca. 33% relative humidity until complete drying followed by the
lift-off of the template monolayer by an adhesive tape. Figure 43 shows the cross-sectional
schematics of the process.

Figure 43. Schematics of drop-casting procedure.
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5.4.2 Measurement of wettability and surface tensions
Surface energies play important role in the wetting and dewetting of colloidal template film132,
thus the contact angles of the relevant interfaces were measured using sessile drop and drop
build-up techniques on macroscopic samples, namely on Si wafer, PS layer, and mPEG-covered
Au film. To obtain the wettability behavior of Si substrates during the capillary lithography,
before measuring the contact angle, they were subjected to the complete process of template
monolayer formation and removal with all template diameters. PS monolayers were heated
above their glass transition temperature (ca. 100 °C) for taking into account the contribution of
octylamine to the surface energy. Polymer-grafted gold films were prepared by soaking the
substrates in the aqueous solution of mPEG-SH with molecular weight of 2000 Da (0.100 mg
polymer in 21 mL of MilliQ water) for several hours on an orbital shaker and then the samples
were rinsed in MilliQ water several times. Due to the large excess of polymer molecules in the
solution, it can be assumed, that the flat surfaces have almost the same grafting density as the
gold NPs. The surface tension of gold nanoparticle sol was measured using the pendant drop
model. Figure 44 summarizes the results of contact angle and surface tension measurements.

Figure 44. Advancing (ΘA) and receding (ΘR) contact angles of 10 µL water droplets on (a)
PEGylated gold thin film, (b) Si substrate and (c) polystyrene film (molten PS LB-film). Images of
pendant drops of 10 µL (d) pure water and (e) GNP3@mPEG-SH(2000).

The contact angle hysteresis (ΘA- ΘR) proved to be small that indicates chemically
homogeneous and smooth surfaces despite the multistep capillary lithographic process
performed on Si substrate. Contact angles of PEGylated Au surface are in a good agreement
with the static contact angles obtained for PEG (2000 Da) layers97. Contact angles for Si
substrate show a bit higher value compared to the measurement result of Si with native oxide133,
which originates in the presence of small amount of octylamine on the surface. Results for PS
layers are also in a good agreement with the earlier measured values (88°-89°) for solventcasted PS films134. Surface tension of PEGylated gold NP sol and pure water was determined
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in saturated vapor at 25 °C. The measured values were 71.45 ± 0.64 and 71.64 ± 0.36 mN/m,
respectively, and remained constant within error even after 90 minutes. Consequently, the
spontaneous accumulation of gold NPs and their influence on the surface tension can be safely
neglected at the time scale of the process (the complete drying of the surface lasts ca. 50 minutes
at 25 °C).
5.4.3 The dewetting process
5.4.3.1 Macroscopic film rupture
The initial stages of dewetting process in the PTFE ring containing 50 µL of PEGylated gold
NP solution was followed by microscope camera from the top. The stages can be seen in Figure
45. Before the evolution of dewetted area, the whole PS monolayer was fully wetted by the
solution. Evaporation induce a gradual film thinning resulting the black film formation (Figure
45b) right before the macroscopic film rupture which indicates a dewetted area with ca. 4.5 mm
(Figure 45c).

Figure 45. Drying stages of PS monolayer (2.48 µm PS beads) covered by PEGylated gold NP sol.
Diffraction colors originate from the ordered structure of the monolayer. (a) PS monolayer fully
covered by solution; (b) black film formation; (c) liquid film rupture, the dewetted area with ca.
4.5 mm evolves in 40 ms; (d) appearance of second drying front; (e-f) slow drying of monolayer.
White arrows indicate the edge of the receding “postcursor” film.

Film rupture is followed by the dewetting of PS monolayer with a circular propagating drying
front towards the edge of the PTFE ring. The speed of the propagation was found to be ca. 4.9
± 0.9 µm/s. This second drying front is referred to the drying of the monolayer and called
“postcursor” liquid film. The phenomenon of postcursor film appearance is not clarified, but it
might be originated from the high surface coverage of PS particles135. Complete drying lasted
49 minutes independently of the template particle diameter at 25 °C.
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5.4.3.2 Initial drying stages of the template monolayer
After the PS monolayer dried completely, deposition of gold NPs can be observed in the top
region of the PS beads as illustrated in Figure 46. This can be explained by the appearance of
contact lines between PS particle, sol and air due to the interface propagation during the
evaporation. When this contact line appears, the nanoparticles deposit on the top of the PS beads
due to the well-known coffee-stain effect. The explanation of the coffee-stain effect was
described explicitly by Deegan et al136: “The phenomenon is due to a geometrical constraint:
the free surface, constrained by a pinned contact line, squeezes the fluid outwards to compensate
for evaporative losses”. That is, due to the evaporation a capillary flow and the convective
transport of the nanoparticles toward the contact line is induced. The solid material accumulates
at the edge (three phase contact line) of the drop, which induces the further accumulation of the
particles during the slow drying process.
However, PEGylated gold nanoparticles are sterically stabilized, thus the spontaneous
adsorption of the nanoparticles on the PS particles is unfavorable. The surface-grafted mPEG
chains provide a repulsive potential that can easily overcome the attractive energy, which
corresponds only to ca. 1 kT for these model systems (calculation of vdW potentials is detailed
in the Appendix 10.8).

Figure 46. Deposition of 18 nm PEGylated gold nanoparticles on the top of (a) 608 nm and (b)
909 nm PS template particles.

5.4.3.3 Drying at the equatorial plane of the template particles
When the decreasing liquid level reaches the top of the template layer, breakup of the film
should be evolved due to the advancing contact angle. During further evaporation, menisci are
formed between neighboring template particles resulting in the formation of liquid bridges
parallel to the substrate. This manifests in the presence of remaining particles trapped at the
lateral contact points of the neighboring particles in a later stage of the drying process132. These
observations are in good agreement with the findings of Vakarelski et al detailed in the literature
review (Section 2.9.3). After complete drying, gold nanoparticles can be seen between the PS
beads as shown in Figure 47, where the dependence of the diameter of gold NP rings on the
template diameter and the lateral distance of PS beads can be observed.

65

Figure 47. Single particle rings (orange arrows) composed of 18 nm gold NPs between neighboring
PS particles with the dimeter of (a) 608 nm and (b) 909 nm at the lateral contact points.

5.4.3.4 Drying around the equatorial plane of the template particles
When the evaporation-induced film thinning exceeds the equatorial plane of the template
particles, the evaporation tends to be faster in the triangular opening between three neighboring
particles. This induces a so-called “chimney effect”, which means convection of the solvent
starts underneath the PS particles in the direction of the center of the triangles. Due to the
chimney effect, gold NPs accumulate at the triple points on the substrate. Georgiadis and coworkers used this phenomenon to accumulate PS particles in the openings of a shadow mask
by IR-assisted evaporation-induced lithography. The critical film thickness stands in the
background of this phenomenon. It can be assumed according to the Vrij’s theory - which gives
a linear correspondence between the film dimensions and the critical film thickness -, and the
experimental findings of Schulze et al, that the liquid film thins up to the thickness below the
diameter of the nanoparticles at the triple points due to the curved shape of the meniscus around
the centroid as demonstrated in Figure 48a.
Two-dimensional ordering of polystyrene microparticles was investigated by Denkov et al137,
who suggested a two-stage mechanism of ordering: in the first step, the thinning liquid film
presses the particles towards the water-substrate interface and formed the “nucleus” of the
ordered array. It is followed by the motion of the free particles towards the ordered region due
to the capillary forces. It can be observed by our model systems as well, where the particles
accumulate and are trapped at the triple points and mid-points and form single or multiple
particle deposits (Figure 49). Additionally, these nanoparticles can stabilize the thin liquid film
against dewetting. Consequently, due to the curved film profile and the NP deposits it can be
inferred that these are the locations, where the solid/vapor interface first evolves.
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Figure 48. Stages of the dewetting process below the equatorial plane of the template particles. Left
panel shows the top view of the unit cell, where dashed lines indicate the plane of cross sections
showed in the right panel. (a) Nanoparticle trapped at the triple point, where the liquid film is the
thinnest; (b) assumed particle trapping at the thinnest point of the liquid bridge between two
neighboring template particles; (c) nanoparticles trapped at the midpoint of the liquid bridge.

Figure 49. Single and multiple 18 nm gold nanoparticle deposits at the triple points (orange arrows)
and midpoints (blue arrows) between (a) 608 nm, (b) 909 nm and (c) 1.27 µm PS template
particles.

5.4.3.5 Drying below the equatorial plane of the template particles
After the formation of solid/vapor interface, the liquid film tries to move towards the shape
according to the energy minimum, which is determined by the contact angles on the substrate.
During the propagation of the triple line, the receding meniscus leaves behind Au NPs on the
substrate, which can be explained by the larger attraction between Au NP and Si compared to
Au and PS (estimation of attractive potential can be seen in Appendix 10.8). Nevertheless, this
attractive potential between Au and Si is below 5 kT. During further evaporation, liquid film
starts to evolve between neighboring PS particles and the silicon substrate. The critical film
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thickness of this film can be estimated similar to the situation of drying around the equatorial
plane138,139 and it is below the diameter of Au NPs. Consequently, gold nanoparticles might be
trapped at the thinnest point of this liquid film, which is located between two template particles
well above the plane of the substrate (Figure 48b). Unfortunately, these particles cannot be
identified from top-view, thus they are invisible for the SEM setup.
After this suspended liquid film breaks up, liquid bridges evolve between neighboring template
particles as was demonstrated by Vakarelski et al. This stage of the wetting can be exploited to
produce microwires from NPs on the substrate, as long as the solution contains detergent. The
bridge has a saddle-like shape, hence its thinnest point can be found at the midpoint between
two PS particles. According to these statements, randomly deposited Au NPs can be seen along
the triple line (orange arrows in Figure 50), but trapped particles shows that the rupture of the
saddle film occurs at the midpoints (blue arrows in Figure 50).

Figure 50. Deposits of 18 nm Au NPs at the midpoints (blue arrows) and at the triple points (orange
arrows) between (a) 608 nm, (b) 909 nm and (c) 1.27 µm template particles.

After the rupture of the saddle liquid film, two circular film evolves underneath the PS particles.
In the final stage of the drying, the volume of these circular films decreases and the
nanoparticles will be pressed into the wedge between PS and the substrate. Finally, the
nanoparticles accumulate in a circular shape underneath the template particle forming single
chain nanorings. It has to be noted, small amount of water can remain between the PS particles
(at the junction points) even after annealing due to the spontaneous adsorption of water from
the environment as showed by Blanco et al140. Thus it can be anticipated, that the final distance
between the template particles evolves during the final stage of the dewetting process, that is,
in the chamber of the SEM.
Nanorings formed from 18 nm Au NP diameter and different PS template particle sizes are
demonstrated in Figure 51. Diameter of produced nanorings shows dependency on the template
particle diameter: using smaller PS beads smaller nanorings can be created. Rings made from
45 nm and 65 nm gold nanoparticles are illustrated in Figure 52. Structures suggest, that during
the final drying nanoparticles can rearrange around the perimeter of the ring, thus the formed
nanorings have not perfectly circular shape and the separation distance fluctuates. Since the
system is very clean and does not contain any surfactants, it can originate by the lateral capillary
interaction between the gold NPs during the final drying. Long-range order of the structures
can be seen on low magnification SEM images in the Appendix Figure A9 and Figure A10.
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Figure 51. Nanorings on Si substrate formed from 18 nm gold nanoparticles using PS template
particles with the diameter of (a) 608 nm, (b) 909 nm, (c) 1.27 µm and (d) 2.48 µm.

Figure 52. Single chain gold nanoparticle rings composed of (a,b) 45 nm and (c,d) 65 nm
nanoparticles under (a) 608 nm, (b) 909 nm, (c) 1.27 µm and (d) 2.48 µm PS particles.
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The internal diameter of gold nanorings can be estimated theoretically by the following
equation based on geometrical consideration:
w=

(Ä + g)( − (Ä − g)( − g

(29)

In above, ρ is the theoretical radius of the ring, R and r are the radii of the template particles
and gold nanoparticles, respectively. In order to obtain the real ring diameters, image analyses
were performed on SEM images. Figure 53 shows the excellent agreement between
theoretically predicted and measured geometries.

Figure 53. Calculated (solid line) and measured (scatter plots) internal ring radii as a function of
template radius. Inset shows the calculation parameters according to hard sphere contact model.

5.4.4 Effect of template monolayer defects on the structure
Langmuir-Blodgett technique is a proper method to fabricate well-ordered, hexagonally packed
monolayers. However, due to the domain-like structure of the LB-films and the possibly
appearance of some particles with different diameter, structural defects can be observed. These
local defects or defect sites influence the structure of the dried array significantly, because they
cause lower template particle coverage locally. The reduced organization causes higher local
gold NP concentration, which is the reason of nanoparticle accumulations at the defect location
(Figure 54). Vacancies in the monolayer induce NP accumulation in the middle of the vacancy
according to the “chimney” effect. Line defects indicate particle deposition between four PS
particles in the same way as demonstrated in Figure 49. Domain boundaries cause broad
disordered regions, where the surface coverage of the microparticles is smaller and the
hexagonal order is missing. Here random depositions, thick rings and connected wires can be
observed. These observations emphasize the importance of the last stages of drying and the
breakup of liquid film between the neighboring particles, which can effectively prevent the
extensive lateral convection of NPs to the defect sites.
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Figure 54. Effect of defects of 909 nm template LB-film on the local ordering of Au nanoparticles.
(a) Point defect resulting in particle accumulation around the center of the missing PS sphere. (b)
Particle accumulation due to “chimney” effect at a line defect. (c) Domain boundary displaying
locally a continuous nanoparticle network.

Summary
In this section, PEGylated gold nanoparticles were used as tracer objects during capillary
lithographic experiments in order to study the dewetting process, the stages of drying and the
effect of the template monolayer defects on the resulting structure. It was shown, that the
spontaneous accumulation of nanoparticles at water/air interface can be neglected, and their
spontaneous adsorption at relevant interfaces is unfavorable due to the presence of PEG
molecules on the NP surface. Gold nanoparticles accumulate at the center of three neighboring
template particles at the substrate. Similar nanoparticle deposits can be observed for point
vacancy and line defect as well. It was demonstrated, that particle trapping can occur at the
midpoint between two neighboring template particles that indicates the thinnest point of the
liquid bridges. The use of gold NPs as tracer objects open the possibility to investigate wettingdewetting processes for structures with small dimensions. It was presented, that in the last stage
of the dewetting process, two-dimensional array of single chain gold nanoparticle rings can be
prepared with tunable internal radii. This structures can be used as SERS substrate as a result
of plasmon coupling between the individual particles.

5.5 Optical simulation of self-assembly relevant gold assemblies [S4]
In self-assembly processes, numerous different optically dominant particle assemblies can
evolve depending on the clustering process. These relevant structures can be one-dimensional
chains, two-dimensional arrays or three-dimensional clusters. The aggregation processes of
gold nanoparticles are usually followed by visible spectroscopic techniques (in most cases in
solution), which can give information about the state of the particles due to the plasmon
coupling effect. Nevertheless, a solution of gold nanoparticles during the aggregation or
clustering may contain various type of structures, whose optical response is complex. These
structures exist simultaneously resulting a multitude of coupled modes in the extinction
spectrum. Optically dominant centers determine the overall optical response, which can contain
distinct coupled modes due to the presence of these centers.
In order to determine the unique optical response of different aggregate structures, optical
properties of model-structures (chains, heptamers and clusters with different gaps between the
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particles) were simulated using boundary element method (BEM) in the visible wavelength
range. To identify the plasmon coupled mode in the simulated extinction spectra, near-field of
the structures were investigated at appropriate wavelengths.
5.5.1 Background of the simulations
The principles of BEM simulations were detailed previously in Section 2.10.1. In the current
simulations and calculations, the nanoparticles surfaces were discretized using 400 vertices.
The embedding medium was set to water (dielectric constant: 1.776), the dielectric function of
gold nanoparticles was used from the work of Johnson and Christy120. Figure 55 represent the
concept of the simulations, where the direction and the polarization of the incident wave are
demonstrated as well.

Figure 55. Schematics of simulation concept. The surface of the nanoparticles was subdivided by 400
vertices forming green triangular surface elements. The direction of the incident light was parallel
to the z axis, and was x-polarized. In all cases, the discretized NP was replaced by the appropriate
nanostructure (chain, heptamer or cluster).

In order to map a wide optical response of above mentioned assemblies, six different model
structures were simulated due to the 3 different geometrical arrangements and 2 different
nanoparticle diameters (18 and 40 nm). Additionally, the separation distance between the
building blocks was also varied according to the appropriate PEG chain lengths derived from
the clustering of thiol-PEGylated gold nanoparticles (based on the calculations detailed in Table
4). Schematics of simulated nanostructures are summarized in Figure 56.

Figure 56. Schematics of simulated nanostructures containing N nanoparticles: (a) chains containing
different number of particles, (b) 2D-heptamers and (c) 3D-clusters (A-B-A type close packed
structure). The separation distance (D) between the particles was varied.
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Two- and three-dimensional nanoparticle associations were designed by geometrical
considerations. Coordinates of the nanoparticle centers in a three-dimension clusters with AB-A type close packed structure are shown in Figure 57. This figure also represents the spatial
coordinates of the 2D heptamers as the central plane of a 3D cluster (left panel of Figure 57).

Figure 57. Spatial coordinates (x, y and z, respectively) of nanoparticles in a three-dimensional A-BA type cluster. r is the radius of the particle; s is the half of the separation distance.

The size of the gap between the particles were estimated based on PEG chain lengths reported
in Ref. S1, where 3D clustering of gold nanoparticles were demonstrated in aqueous medium
by modulating the steric repulsion through the chain length of surface grafted PEG molecules.
The maximum and minimum separation distance values are summarized in Table 5. It is
important to point out, however, that for the smaller sized particles for particle-particle
separations below 0.5 nm, the calculated spectra neglect non-local effects, and hence enable
only qualitative conclusions on the associated spectral changes.
Table 5.

Minimum and maximum separation distances used in the simulations as input parameters.

NP diameter
(nm)
18
40

Polymer brush
thickness (nm) [S1]
1.9
6.8

Dmax (nm)

Dmin (nm)

3.8
10.0

0.2
0.8

5.5.2 Validation of the method
Number of vertices influences the quality of the simulation results and has a significant effect
on the computation results. In consideration of quality and computational time are in inverse
proportion, it has a great importance to optimize the process. Optical response of individual
gold nanoparticles (18 and 40 nm) in water was simulated using two different methods: Mie
theory and BEM. The results are shown in Figure 58, which demonstrates the validity of BEM
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simulations using 400 vertices in discretization of the surfaces. Two different methods gave the
same results regarding to LSPR peak positions and extinction cross section values. Using 400
vertices enables time-efficient computation even at longer chains or 3D structures including
many particles, although in these cases the simulation of the whole visible range may take even
more than 10 hours. Simulated LSPR frequencies are in good agreement with the
experimentally measured ones (Section 5.1).

Figure 58. Comparison of extinction spectra of gold nanoparticle in diameter of (a) 18 nm and (b)
40 nm in water calculated by Mie theory (open black circles) and BEM (solid lines) using 400
vertices.

5.5.3 Simulated optical response of 1D nanoparticle chains
Length of a nanoparticle chain has effect only on the longitudinal mode of the extinction spectra
and the strength of the coupled mode exceeds the single particle mode by orders of magnitude,
hence in the simulations only this mode was excited (polarization of incident light was parallel
to the long axis of the chain). The position of the transversal mode is independent on the number
of particles in the chains, because it is determined only by the diameter of the particles. Figure
59 summarizes the optical response of gold nanoparticle chains for 18 nm particles with
different chain lengths and separation distances.
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Figure 59. Simulated extinction spectra of linear chain containing (a) 2, (b) 4, (c) 7 and (d) 13
nanoparticles with diameter of 18 nm. Legends shows the separation distances applied in the
simulations.

The number of the particles was varied from 2 to 13 in the chain, and the separation distance
was varied from 0.20 nm to 3.80 nm. For large separation (3.80 nm) the particles are relatively
far from each other, thus the plasmon coupling is weak and does not influence the individual
particle spectra significantly. However, the minor overlap between the near fields of the
neighboring particles causes a slight broadening at this separation distance. When the gap
decreases, new peak at higher wavelengths starts to evolve for all chain lengths due to plasmon
coupling effect. For small number of particles in the chain, the single particle LSPR remains
significant and red shifts. Due to the orders of magnitude higher cross section of longer chains
(above 4 NPs), this LSPR contribution vanishes gradually with increasing chain length. At
around the separation distance of 0.60 nm, the two different modes (single particle and coupled
mode) separate. Optical spectra show, that the wavelength range of 525-725 nm can be covered
by formation of nanoparticles chains of 18 nm particles with different lengths and gaps.
Analogously, optical simulations were also performed for 40 nm particles (Figure 60). This
model system behaves similar to the smaller particles: large separations have only slight
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influence on the single particle spectrum, but decreasing the gap causes significant plasmon
coupling manifesting in the evolution of a new peak at higher wavelengths.

Figure 60. Simulated extinction spectra of linear chain containing (a) 2, (b) 4, (c) 7 and (d) 13
nanoparticles with diameter of 40 nm. Legends shows the separation distances applied in the
simulations.

These simulation results are in good agreement with the optical response of quasi-fractal
aggregates observed and simulated by Taylor and his co-workers128. They investigated
aggregates of 20 and 60 nm gold particles at sub-nanometer separation distance (0.9 nm) and
found the peak regarding to the coupled mode of the dimers evolves around 2.0 eV (620 nm),
while around 1.85 eV (670 nm) for the longer chains of 20 nm particles.
Based on the simulations and experiments, it is obvious, that the interparticle separation
influences the resulting extinction spectrum dramatically. In many cases, when nanoparticles
aggregate, the surface of the particles contains attached molecules that act as a spacer between
the NPs and provide an equilibrium separation. Simulated spectra for chains show, that 1 nm
separation causes only a moderate redshift to 600 nm in case of 18 nm particles, even though a
linear assembly was assumed, which is characteristic for diffusion limited aggregation as will
be shown later in Figure 62.
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Simulation results are in a good agreement with the results of Lin et al141, who investigated the
aggregation of 13 nm gold particles formed a branched chain network. They measured the
spectrum using time-dependent UV-Vis spectroscopy, and found that the aggregation
manifested in a continual decrease of LSPR band (at 520 nm) in time with an increase and
redshift of a shoulder from 630 to 705 nm. Zhong and co-workers142 presented a simulation
study using DDA. They simulated linear aggregates of 20 and 40 nm particles and varied the
separation distance and the chain length as well. Redshift from 540 to 605 nm was observed in
the spectrum of dimer of 20 nm particles, when the gap was changed from 4.0 to 0 nm.
Simulated spectrum of particles with 40 nm in diameter was shifted from 530 to 710 nm, when
the gap was reduced to 0.5 nm. These results also support our BEM simulations and
observations for chain-like structures.
To highlight the coupled nature of the linear chain-like structures, near-fields were calculated
for a chain containing 7 pieces of 40 nm particle at two different wavelengths (at LSPR and
coupled mode) at 1.60 nm gap. Figure 61 proves, that the peak at higher wavelength
corresponds to the coupled mode: significant enhancement (well above 50) can be observed. At
537 nm, the orders of magnitude weaker coupling effect shows the contribution of single
particles to the overall near field.

Figure 61. Calculated near-fields of gold chains (from 7 nanoparticles with diameter of 40 nm) at
separation distance of 1.60 nm at (a) 537 nm and (b) 645 nm. Color bar represents the near-field
enhancement.

To obtain the complex optical response of a fractal-like aggregated system, citrate-stabilized 18
nm gold nanoparticles were aggregated using K2SO4 solution in high concentration (0.3 M).
The sol aggregates immediately upon the addition of salt solution forming a hyperbranched
network of particles due to the complete vanishing of EDL repulsion (diffusion-limited
aggregation).
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Figure 62. (a) Extinction spectra of citrate stabilized 18 nm gold NPs (red curve) and their aggregates
(black curve). (b) SEM images of fractal like aggregates. Inset shows TEM image.

Figure 62a shows the extinction spectra of stable nanoparticle solution and aggregated one. The
complexity of the optical response is associated with structural complexity as well, which can
be seen in SEM and TEM picture in Figure 62b. During rapid aggregation, chains with different
lengths and different junction points are evolved, which have a broad extinction spectrum in
the visible range. The experimental spectrum covers the investigated wavelength regime from
525-950 nm and corresponds to the simulated spectra, where tunable coupled mode can be
observed. However, due to the close proximity of the citrate stabilized particles in the fractals,
the plasmon coupling effect may be more pronounced compared to the aggregates of PEGylated
particles, which causes peaks at higher wavelengths as well.
Based on the simulation results presented in Figure 59 and Figure 60 it can be inferred, that
such a full coverage of the visible regime can be achieved only of the particles are nearly touch
each other in the aggregate due to the presence of small size ligand on the NP surface.
Consequently, special care has to be taken when concluding solely from the extinction spectrum
on the resulting structures as the optical response of such a system depends on the interparticle
spacing dramatically even in the simplest case (1D chains). That is, when macromolecules are
attached to the NP surface, extinction spectrum might contain distinct peaks after the
aggregation, but this observation is not an evidence for the presence of three-dimensional
clusters. Such an optical response can originate from the presence of fractal-like assemblies, in
which the gap between the building blocks is relatively large. Therefore, consequences related
to the structures can be stated only performing complementary measurements (e.g. DLS or
SEM), which give additional information about the structures.
5.5.4 Simulated optical response of 2D nanoparticle heptamers
Heptamers can be regarded as the characteristic building block of close packed 2D nanoparticle
monolayer, which can be formed e.g. at water-air interface. Extinction spectra of heptamers
were simulated for 18 and 40 nm particles at different separation distances (Figure 63).
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Figure 63. Simulated extinction spectra of 2D heptamers of (a) 18 nm and (b) 40 nm gold
nanoparticles.

At large separation distance, the spectra correspond to the extinction spectrum of an individual
particle. However, decreasing gap causes slight redshift, broadening and evolution of coupled
mode even at short distances. The structures behave like a chain of 3 particles due to the xpolarized incident light. Nevertheless, the spectra of these chains are modified by the coupling
of 4 other particles to the chain and to each other as well. At smallest distances, the wavelength
position of the coupled mode is around 625 nm for both systems.
Optical response of two-dimensional infinite fcc arrays of gold nanoparticles with diameter of
20-100 nm was simulated by Ben et al37 using DDA method. In this study, the gap between the
particles was varied and found that the plasmon ruler equation is valid for their structure. Our
results – presented in Figure 64 – are in excellent agreement with the LSPR shift calculated by
Ben for infinite arrays. The values obtained from the plasmon ruler equation (based on
Sönnichsen and Ben) are plotted as solid lines fitted to our calculated values.

Figure 64. LSPR peak shifts in a function of gap for 18 nm (a) and 40 nm (b) gold heptamers. Red
curves illustrate the plasmon ruler function: y = A · exp-[(x-0.025)/τ18nm] (a) and y = A · exp-[(x0.025)/τ40nm ] (b), where y is the ∆λ/λ0, x is the gap/diameter value, A is the preexponential
constant (0.131 and 0.127 for 18 and 40 nm, respectively) and τ is the decay parameter
(τ18nm=0.053, τ40nm=0.091).
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Near-fields were also used to identify the coupled mode in the response of heptamers of 40 nm.
Figure 65 demonstrates, that only slight coupling can be observed at 526 nm, while the nearfield enhancement becomes much higher at 580 nm, thus this can be identified as the coupled
mode in the extinction spectrum.

Figure 65. Calculated near-fields of heptamers of gold NPs with diameter of 40 nm at 1.60 nm
separation distance at (a) 526 nm and (b) 580 nm. Color bar represents the near-field enhancement.

5.5.5 Simulated optical response of 3D nanoparticle clusters
Three-dimensional nanoparticle clusters have complex optical properties: their extinction
spectra in the visible and near-infrared regime are sensitive to the structural geometry, which
was investigated by Urban et al143. In order to better understand the effect of interparticle
separations and particle diameter on the optical response of ordered nanoclusters, simulations
were performed on 3D clusters built from 18 and 40 nm particles with varied interparticle
separations (Figure 66).

Figure 66. Simulated extinction spectra of 3D NPCs of (a) 18 nm and (b) 40 nm gold nanoparticles
with varied interparticle separations.

80

Spectra for larger separations are similar to the spectra of single nanoparticles, however they
become more complex at decreased gaps. At separation of 1.00 and 3.0 nm (for 18 and 40 nm
particles, respectively), broadening of LPSR peak and evolution of one – and later two –
coupled peak can be observed. In order to identify, which peak corresponds to the coupled
mode, near-field plots were generated from the surface charges at different slices of the clusters.
The results are summarized in Figure 67, where the much larger near-field enhancement of the
structure at 670 nm can be easily observed. The slight asymmetry in Figure 67a and d can
originate in retardation effects, whereas in panel c and f show, that the region of high
enhancement is located between the two particles aligned parallel to the excitation plane.

Figure 67. Near-fields of different planes in 3D cluster containing 40 nm particles at 1.60 nm
separation distance at (a-c) 560 nm and (d-f) 670 nm. First column: side view; middle column: top
view of the middle plane; right column: top view of the upper plane.

Summary
In this section, simulated extinction spectra of three different model systems (linear chains,
2D heptamers, 3D clusters) were calculated and compared using boundary element method.
The particles (18 nm and 40 nm in diameter) were embedded in water; the number of building
blocks and the interparticle distance were varied in order to map the optical response of such
self-assembly relevant model systems. Diffusion-limited colloidal aggregation results in
fractal-like structures composed of linear chains, thus extinction spectra of chains were
simulated for 2-13 NPs. In accordance with the experiments it was demonstrated, that the
optical response of chains can cover the whole visible range depending on the interparticle
separation distance (especially, when the gap is below 1 nm) and the number of particles. Twodimensional heptamers can be considered as the characteristic building block of infinite close
packed layers. The results are in good agreement with previously published optical simulation
results using DDA, and conform the plasmon ruler equation as well. Three-dimensional
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compact clusters showed lower intensity coupled mode, but more complex optical response
compared to the chains and heptamers.
These results underline the importance on experimental design at the nanoparticle synthesis and
surface modification drawing the attention to the interparticle gap as the key parameter for
shaping the extinction spectrum of structures evolving in colloidal self-assembly processes.
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6. Theses in Hungarian
1. Új eljárást dolgoztam ki 18 nm-nél nagyobb átmérőjű arany nanorészecskék vizes
közegben megvalósított kontrollált aggregációjára. Az eljárás a részecskék közötti, 750 Da
vagy nagyobb molekulatömegű polietilén-glikol láncok jelenlétéből származó sztérikus
taszító kölcsönhatás lecsökkentésén, a lánckonformáció átalakulásán (kollapszuson)
alapszik 50 °C fölötti hőmérsékleten, K2SO4 jelenlétében. Ezt a koncepciót elsőként
alkalmaztam kompakt arany nanorészecskék klaszterek előállítására. [S1]
2. Kolloid kölcsönhatásokra vonatkozó modellszámítások segítségével megmutattam, hogy
az adott rendszerekben a sztérikus taszítás lecsökkenésével egyfelől az aggregáció ténye,
másfelől pedig a kialakuló nanorészecskés klaszterek szerkezetének rendezettsége
magyarázható. Ez utóbbi az ún. puha gömb típusú kölcsönhatási potenciálra, valamint a
kölcsönhatási potenciál néhány kT értékű minimumára vezethető vissza. A sztérikus
taszítás lecsökkenésével – a diffúziólimitált aggregációs folyamatokkal ellentétben –
lehetőség nyílik kompakt arany nanorészecskés klaszterek előállítására. [S1]
3. Kimutattam, hogy amino-polietilén-glikollal felületmódosított, 20 nm átmérőjű arany
nanorészecskék aggregációs kinetikája a vizes közeg hőmérsékletének és
ionkoncentrációjának változtatásával szabályozható. Mind a hőmérséklet, mind az
ionkoncentráció növelése az aggregáció sebességét növeli, ugyanakkor az ionerősség
aggregációs kinetikára gyakorolt hatása a meghatározó. A hőmérséklet és az
ionkoncentráció függvényében tapasztalt eltérő aggregációs kinetika az mPEG láncok
közötti kölcsönhatás megváltozására vezethető vissza. [S2]
4. Igazoltam, hogy növekvő hőmérséklet és ionerősség hatására az amino-polietilén-glikollal
felületmódosított, 20 nm átmérőjű arany nanorészecskékből kialakuló részecske
aggregátumok szerkezete a rövid oligomerektől a nagyméretű, három dimenziós klaszterek
felé tolódik el. Az aggregátumok kialakulását követve felismertem, hogy kisebb
asszociátumok esetén külső energiaforrás (ultrahang) alkalmazásával az alkotó
nanorészecskék részben visszanyerhetőek, míg nagyobb aggregátumok csupán töredeznek.
[S2]
5. Polietilén-glikollal felületmódosított, különböző, 18 és 65 nm átmérő közötti arany
nanorészecskéket nyomkövető objektumokként alkalmazva feltártam a kapilláris
litográfiás kísérletek során lejátszódó nedvesedési folyamatok és a kialakuló mintázat
közötti összefüggéseket. Felismertem, hogy a hordozón kialakuló mintázatok a
templátrészecske és a hordozó között létrejövő és a párolgás következtében visszahúzódó
folyadékhidakban lévő nanorészecskék csapdázódásának következményei. Megmutattam,
hogy a nanorészecskék lokális felhalmozódása a templát monoréteg hibahelyein is ezzel
magyarázható. [S3]
6. Egyetlen részecskesorból álló nanorészecskés gyűrűk kétdimenziós mintázatát állítottam
elő szilícium hordozón kapilláris litográfiás technikával. A mintázat kialakítását különböző
átmérőjű, polietilén-glikollal felületmódosított arany nanorészecskékkel, valamint
különböző méretű polisztirol templátrészecskék alkalmazásával valósítottam meg.
Igazoltam, hogy a nanorészecskés gyűrűk belső átmérője szabályozható a templát-, ill. a
nanorészecskék méretének megválasztásával. [S3]
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7. Megmutattam, hogy a különböző átmérőjű, polietilén-glikollal felületmódosított arany
nanorészecskés rendszerek aggregációjakor kialakuló releváns szerkezetek (1D láncok, 2D
heptamerek, valamint 3D klaszterek) kioltási spektrumának határelemek módszerével
kapott szimulációs eredményei tükrében az aggregált nanorészecskés rendszer optikai
válaszából nem lehet egyértelműen következtetni egy adott szerkezet kialakulására. [S4]
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8. Theses in English
1. I developed a new approach to realize the controlled aggregation of gold nanoparticles with
diameters larger than 18 nm in aqueous medium. It is based on the reduced interparticle
steric repulsion associated with 750 Da or higher molecular weight poly(ethylene glycol)
molecules, when the medium contains K2SO4 and the temperature is increased above
50 °C. The phenomenon behind the changing of the steric repulsion is the conformation
change of the polymer chains (chain collapse). I was the first to apply this concept for the
preparation of compact gold nanoparticle clusters. [S1]
2. I confirmed using colloid interaction energy calculations, that the fact of the aggregation
and the ordering of the evolved nanoparticle cluster structure can be explained by the
decreasing steric repulsion in the given systems. The variety of the evolved structures
originates in the soft-sphere type interaction and the moderate energy minimum with few
kT depth. Consequently, it can be utilized – in contrast to the structures evolving during
diffusion-limited aggregation – to prepare compact gold nanoparticle clusters. [S1]
3. I confirmed, that the aggregation kinetics of 20 nm gold nanoparticles covered with amino
poly(ethylene glycol) can be controlled by changing the temperature and ion concentration
of aqueous medium. Both the temperature and the ion concentration speed up the
aggregation, however, the effect of ion concentration on the aggregation kinetics is more
significant. The different aggregation kinetics obtained at increased ion concentration and
elevated temperature originates in the change of the interaction between mPEG chains.
[S2]
4. I showed, that the structure of nanoparticle aggregates evolved at increased ion
concentration and elevated temperature from 20 nm gold nanoparticles covered with amino
poly(ethylene glycol) shifts from the small oligomers towards the larger, 3D clusters. I
followed the formation of aggregates and it was confirmed, that nanoparticles from smaller
oligomers can be partially recovered applying external source of energy (ultrasonication),
however, the larger clusters only fragment. [S2]
5. I pointed out the correlation between dewetting process and the resulting structure during
capillary lithography using mPEG-coated gold nanoparticles between 18 and 65 nm in
diameter as tracer objects. From local ordering of the particles (nanoparticle deposits), I
identified the stages of the drying and the effect of template monolayer defects (point and
line defects, domain boundaries) on the resulting structure that originate in the nanoparticle
trapping induced by the receding liquid bridges between the substrate and the template
particles. [S3]
6. I prepared two-dimensional arrays of single chain gold nanoparticle rings using capillary
lithography. The array was prepared using gold nanoparticles and polystyrene template
particles in different sizes. I confirmed, that the internal radii of gold nanorings can be
tuned by the size of the template and the nanoparticles. [S3]
7. I performed optical simulations of relevant structures (1D chains, 2D heptamers and 3D
clusters) evolving during the aggregation of PEG-covered gold nanoparticles in different
sizes. The extinction spectra of the above mentioned structures were simulated by boundary
element method. The results draw attention to the fact, that a presence of a structure cannot
be evidenced solely from the optical response of the nanoparticle system, because similar
optical responses can be obtained for different structures as a function of interparticle
distance. [S4]
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9. Summary
In this work, clustering of PEGylated gold nanoparticles with different diameter was
demonstrated, where the association of the building blocks were initiated by external stimuli.
Calculation of relevant colloidal interactions in the model system suggested the possibility to
utilize the steric repulsive potential to modulate the total interparticle energies. Steric repulsion
was controlled by exploiting thermoresponsive property of surface grafted mPEG molecules at
increased ionic strength and elevated temperature. Ignoring the electric double layer interaction
– due to the high ion concentration – allowed to design a ‘soft-sphere’ type net interaction
resulting a moderate attraction between the particles. On the basis of colloidal interaction
calculations and measurement data, it can be inferred that the self-assembly of the PEGylated
gold nanoparticles originates from the chain collapse of the surface grafted polymer.
Experimental data provided, that the threshold temperature of the clustering depends on the
ionic strength of the medium. Compared to the aggregation of electrostatically stabilized gold
nanoparticles, presence of PEG layer decreases the rate of the aggregation significantly. Beside
the moderate attraction and the soft-sphere type interaction, the decelerated association rate
allows the particles to rearrange during the aggregation resulting three-dimensional compact
nanoparticle clusters. This structure agrees well with the theoretically predicted one for such
model systems. The presented approach opens the possibility to prepare complex NPCs from
nanoparticles with different chemical compositions and properties.
The above detailed tunable clustering process was extended to gold nanoparticles covered by
mPEG-NH2 molecules. Although the affinity of gold to thiol is larger than to amino groups,
successful surface modification was performed which was confirmed by transferring the
particles into organic solvents. In addition, aminoPEG is a more cost-effective molecule to
stabilize the particles. It was demonstrated, that the kinetics of the aggregation and the structure
of the evolved clusters can be influenced by the applied ionic strength and temperature.
Different sets of perturbation parameters resulted different NPC structures which can be
attributed to the different driving force of the aggregation. This originates in the modulation of
the steric repulsion related to the collapse rate of the polymer. Smaller driving force resulted
slow kinetics and associations containing few NPs, but larger one induced faster aggregation
and the formation of compact NPCs. Large cluster sizes can be attributed to the significant
cluster-to-cluster aggregation. It was found, that smaller NPCs can be effectively disassembled
by providing external energy source, however, larger NPCs only fragmented and the individual
nanoparticles could not be recovered. This indicates a significantly larger attraction and stability
of clusters with increasing size.
PEGylated gold nanoparticles were effectively used as tracer object to investigate the dewetting
process during capillary lithography. Stages of drying were identified for different size of
sacrificial template particles (PS). Accumulation of nanoparticles at water/air interface and the
contribution of them on the surface tension were found negligible. Capillary lithography
experiments were carried out inside a PTFE ring, in which the drying of the solution of surfacemodified gold nanoparticles on the template monolayer was carried out. When the liquid level
dropped below the equatorial plane, ‘chimney’ effect caused particle accumulation at the
centroid of three neighboring template particles. Nanoparticle deposits also formed at the triple
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points and midpoints between neighboring template particles demonstrating the stages of liquid
bridge formation. Random nanoparticle deposits can be attributed to the receding convex
meniscus during the evolution of dried area around the centroids and liquid bridges. Variety of
single-chain gold nanoparticle rings were successfully prepared from nanoparticles with
different diameter, where the radii of the rings were tunable and agreed well with calculations
based on geometrical considerations.
Extinction spectra of self-assembly relevant gold nanoassemblies (1D chains containing 2-13
NPs, 2D heptamers and 3D clusters of 13 NPs) were simulated and compared by boundary
element method (BEM) for model systems built from nanoparticles with different diameter.
Simulations were performed using nanoparticles embedded into water and interparticle
separation distance was varied in order to map the widest range of optical response. Diffusionlimited aggregation generates fractal-like aggregates, thus extinction properties of linear chains
(containing 2-13 NPs) were investigated. Experimental results proved, that aggregation of 18
nm gold nanoparticles induced by increased salt concentration induced the formation of
branched chain-like structures (fractals), which has a broad spectral response. However, the
whole visible wavelength range can be covered only if the particles separation is well above 1
nm. Two-dimensional heptamers can be regarded as the characteristic building block of close
packed nanoparticle monolayers. Spectral shifts obtained as a result of simulations can be
correlated to the shifts simulated by DDA method and conform well to the plasmon ruler
equation. Three-dimensional nanoparticle clusters have also a tunable optical response
depending on the interparticle separation, but they show lower intensity coupled mode
compared to chains and 2D heptamers. Plasmon coupled modes were identified by the
calculated near fields, where the enhancement of coupled structures was illustrated. It was
found, that the determining factor in the evolution of the coupled mode is the interparticle
distance, which eventually influences the shaping of the resulting extinction spectrum during
the aggregation. This shed light to the importance of well-designed surface modification
processes and using of complementary measurements to determine the structure of aggregates.
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10. Appendices
10.1 Applied materials, methods and instruments
Ø Applied chemicals
In the experimental part of the work, the following chemicals were used:
•
•
•
•
•
•
•
•
•
•
•
•

Ultrapure water (MilliQ) with a resistivity of 18.2 MΩ·cm
Sodium citrate tribasic dihydrate (ACS reagent, ≥99.0%), Sigma-Aldrich
Tetrachloroauric acid trihydrate (99.9%) Sigma-Aldrich
Thiol-functionalized methoxy-poly(ethylene glycol) (mPEG-SH; MWs of 750, 2000
and 5000 Da), Rapp Polymere GmbH.
Methoxy-ω-amino poly(ethylene glycol) (mPEG-NH2; MW of 2000 Da), Rapp
Polymere GmbH.
Ethanol, AnalaR NORMAPUR® ACS, Reag. Ph. Eur. analytical reagent (EtOH), VWR
Polystyrene beads with different sizes (608 nm, 909 nm, 1.27 µm, and 2.48 µm),
Microparticles GmbH.
L-ascorbic acid, ACS reagent 99 %, Sigma-Aldrich
Octylamine, 99 %, Sigma-Aldrich
Potassium sulphate (ReagentPlus, ≥99.0%), Sigma-Aldrich
Hydrochloride acid (puriss. p.a., ACS reagent, fuming ≥37% (T)), Sigma-Aldrich
Nitric acid (AnalaR NORMAPUR, ACS Reagent), VWR

Ø Laboratory equipment
•
•
•
•
•
•
•
•
•
•
•
•
•

Glass vials (4.5, 25, 50, 100, 250 and 500 mL) and beakers
Eppendorf tubes (1.5 mL)
Centrifuge tubes (15 and 50 mL)
Spatula
PTFE Stirring bars
Hamilton syringes (50, 250 and 1000 µL)
Disposable PP cuvettes (1x1 cm)
Eppendorf automatic pipettes
Si wafers (<111> and <100>)
Biotech CE dialysis tubing (molecular weight cutoff of 0.1 – 0.5 kDa)
PTFE rings
Scotch Magic™ Tape
Malvern Zeta cuvette

Ø Devices and instruments
•

Magnetic stirring hotplates (Heidolph and IKA)
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•
•
•
•
•
•
•
•
•
•

Elmasonic ultrasonic bath
Eppendorf MiniSpin benchtop centrifuge
Eppendorf R5804 centrifuge
KSV 2000 Wilhelmy film balance
Malvern ZetaSizer Nano ZS dynamic light scattering device
Thorlabs CCS200 Compact CCD Fiber-coupled Spectrometer
Krüss DSA30 Drop Shape Analyzer (contact angle measurements)
Memmert UN55 Drying Oven
LEO 1540 XB Field Emisson Scanning Electron Microscope
JEOL JEM-3010 HREM Transmission Electron Microscope

10.2 Stability of aminoPEGylated gold NPs in water and organic solvents

Figure A1. Extinction spectra of aminoPEGylated gold NPs in water and organic solvents.

10.3 Difference in the vdW attraction between bare and PEG-covered gold NPs
Van der Waals interaction between polymer covered nanoparticles can be calculated based on
the equation published by Osmond et al126. The effect of surface grafted chains can be taken
into account up to the point where the brushes touch each other and the calculations show an
increase in the vdW attraction compared to bare (not surface modified) particles, especially for
small separations. The equation works with center-to-center separation, which translates to my
model systems of 3.7 nm for GNP1@mPEG-SH(750) and 13.7 nm (twice the PEG layer
thickness) as the smaller separation. Considering the high water content of PEG brush, the
effective Hamaker constant of the layer can be calculated using in vacuo Hamakers in the
formalism of Vincent et al144.
8/(

8/(

^¢=ƒDÉ = [Φ^†b∆ + (1 − Φ)^«=FDÉ ](

(30)

In above, Φ is the volume fraction of PEG in the layer, APEG and Awater are the in vacuo Hamaker
constants of the PEG (APEG = 6.19·10-20 J) and water (Awater = 3.7·10-20 J), respectively. After
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the calculation of the effective Hamaker constants for different water:PEG ratios in the layer,
the attraction was calculated for two NPs covered with PEG brushes.
Figure A2 summarizes the difference in the vdW interaction potential between PEGylated and
bare particles. The difference [UvdW (with layer) – UvdW (bare)] was plotted as a function of PEG
volume fraction at different core-particle surface separations. The results suggest, that
independently from the volume fraction of PEG, the difference in vdW is only significant below
1-2 nm separation between the brushes. If the separation increases, the contribution of PEG
chains seems to be negligible (below 1 kT) and exceeds kT only in case of Φ above 50% and
30% for GNP1 and GNP2, respectively, even at direct contact. In reality, the PEG brushes
contain almost 80% v/v water145, thus the contribution of PEG chains in the attraction can be
safely ignored.

Figure A2. Difference in van der Waals interaction energies between (a) GNP1 and (b) GNP2
nanoparticles with and without PEG layer (thickness (δ) = 1.83 nm and 6.87 nm, respectively) at
different core-particle surface separations.

10.4 Additional DLS contour plots for thiol PEGylated gold NPs

Figure A3. DLS contour plots for (a) GNP1@mPEG-SH(750) and (b) GNP2@mPEG-SH(2000) at
isotonic conditions (0.05 M K2SO4).
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Figure A4. GNP1@PEG(2000), 0.3 M K2SO4 as a function of temperature. No aggregation can be
observed.

10.5 Additional SEM images at low magnifications for perturbation-induced
assembly of GNP3@mPEG-NH2(2000)

Figure A5. Low magnification SEM images for GNP1@mPEG-NH2(2000) at (a) 0.2 M, 50 °C; (b)
0.3 M, 50 °C; (c) 0.2 M, 60 °C; (d) 0.3 M, 60 °C.

93

10.6 Steps of SEM image analysis

Figure A6. Steps of SEM image processing and analysis: Selecting the original SEM image à
thresholding and inverting the picture à finding the outlines and numbers of the clusters à
relative occurance in a function of log(perimeter) of the clusters for the four different samples.

10.7 Estimation of appropriate Au NP concentration for ring formation
Estimation of appropriate gold NP sol concentrations was carried out based on geometrical
consideration. One nanoparticle ring consists of the following number of particles (N0):
…, =

A
(
g

Ä+g

(

− Ä−g

(

(31)

In above, r is the radius of Au NP and R is the radius of PS template particle. Previous
experiments showed, that tenth of the PS particle surface is covered by gold nanoparticles
(…∂ =

(c ä ∫
å

) and rings can be formed between neighboring PS particle, thus the appropriate

number of Au NPs in a unit cell can be estimated as:
…FKF=¢ = 4…, + …∂

(32)

Taking into consideration, that the area of the unit cell is ^ = 2 3Ä( , the diameter of the
applied PTFE ring is 7 mm, and the applied sol volume is 50 µl, the necessary Au sol
concentration was calculated for all PS diameter and Au NP diameter combinations (Figure
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A7). Due to the local defects in the template monolayer and the fluctuation in the local
concentration of Au NPs, the slight decrease of the curves was neglected and the
concentration of Au sols was determined as: 5.5×108 nanoparticle/mm3 for GNP4, 1.5×108
nanoparticle/mm3 for GNP5, and 7.5×107 nanoparticle/mm3 for GNP6.

Figure A7. Estimated gold NP concentration in a function of template diameter for different Au NP
diameters.

10.8 Calculation of attraction between surfaces in capillary lithography process
Attractive potential between gold NPs and solid surfaces (Si and PS) was estimated using
calculated Hamaker constant for the case of gold-polystyrene and gold-silicon. These Hamaker
constants were estimated using in vacuo Hamakers and combining relations. The Hamaker
constant was found to be 3.71·10-20 J for gold-PS and 1.43·10-20 J for gold-silicon. Attractive
potentials are illustrated in Figure A8 between 18, 45 and 65 nm gold NP and a semi-infinite
surface in water. Gray areas demonstrate the length scale of steric repulsion related to the
presence of mPEG-SH molecules with 2000 Da and 5000 Da grafted to the NP surface.
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Figure A8. Calculated attractive potentials between (a) 18 nm, (b) 45 nm and (c) 65 nm Au NP and a
surface composed of PS and silicon in water.
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10.9 Long-range organization of the nanoring structures

Figure A9. Low magnification SEM image (3000x) taken from nanorings composed of 65 nm Au NPs
underneath 1.27 µm PS particles.

Figure A10. Low magnification SEM image (3000x) taken from nanorings composed of 65 nm Au NPs
underneath 2.48 µm PS particles.

97

11. List of references
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)

(19)
(20)
(21)
(22)
(23)

Zhao, P.; Li, N.; Astruc, D. State of the Art in Gold Nanoparticle Synthesis. Coord. Chem. Rev. 2013,
257 (3–4), 638–665.
Turkevich, J.; Stevenson, P. C.; Hillier, J. A Study of the Nucleation and Growth Processes in the
Synthesis of Colloidal Gold. Discuss. Faraday Soc. 1951, 11, 55.
Schulz, F.; Homolka, T.; Bastús, N. G.; Puntes, V.; Weller, H.; Vossmeyer, T. Little Adjustments
Significantly Improve the Turkevich Synthesis of Gold Nanoparticles. Langmuir 2014, 30 (35), 10779–
10784.
Frens, G. Controlled Nucleation for the Regulation of the Particle Size in Monodisperse Gold
Suspensions. Nature 1973, 241 (105), 20–22.
Kimling, J.; Maier, M.; Okenve, B.; Kotaidis, V.; Ballot, H.; Plech, A. Turkevich Method for Gold
Nanoparticle Synthesis Revisited. J. Phys. Chem. B 2006, 110 (32), 15700–15707.
Ziegler, C.; Eychmüller, A. Seeded Growth Synthesis of Uniform Gold Nanoparticles with Diameters
of 15−300 Nm. J. Phys. Chem. C 2011, 115 (11), 4502–4506.
Pazos-Perez, N.; Garcia de Abajo, F. J.; Fery, A.; Alvarez-Puebla, R. A. From Nano to Micro: Synthesis
and Optical Properties of Homogeneous Spheroidal Gold Particles and Their Superlattices. Langmuir
2012, 28 (24), 8909–8914.
Spatz, J.; Mößmer, S.; Möller, M.; Kocher, M.; Neher, D.; Wegner, G. Controlled Mineralization and
Assembly of Hydrolysis-Based Nanoparticles in Organic Solvents Combining Polymer Micelles and
Microwave Techniques. Adv. Mater. 1998, 10 (6), 473–475.
Takahashi, M.; Ohno, S.; Fujita, N.; Sengoku, T.; Yoda, H. Spontaneous Formation of DyeFunctionalized Gold Nanoparticles Using Reverse Micellar Systems. J. Colloid Interface Sci. 2011,
356 (2), 536–542.
He, P.; Urban, M. W. Phospholipid-Stabilized Au−Nanoparticles. Biomacromolecules 2005, 6 (3),
1224–1225.
Shankar, S. S.; Rai, A.; Ankamwar, B.; Singh, A.; Ahmad, A.; Sastry, M. Biological Synthesis of
Triangular Gold Nanoprisms. Nat. Mater. 2004, 3 (7), 482–488.
Beveridge, T. J.; Murray, R. G. Sites of Metal Deposition in the Cell Wall of Bacillus Subtilis. J.
Bacteriol. 1980, 141 (2), 876–887.
Esumi, K.; Takei, N.; Yoshimura, T. Antioxidant-Potentiality of Gold–chitosan Nanocomposites.
Colloids Surf. B Biointerfaces 2003, 32 (2), 117–123.
Baruah, B.; Craighead, C.; Abolarin, C. One-Phase Synthesis of Surface Modified Gold Nanoparticles
and Generation of SERS Substrate by Seed Growth Method. Langmuir 2012, 28 (43), 15168–15176.
Zhao, Y.; Wang, Z.; Zhang, W.; Jiang, X. Adsorbed Tween 80 Is Unique in Its Ability to Improve the
Stability of Gold Nanoparticles in Solutions of Biomolecules. Nanoscale 2010, 2 (10), 2114–2119.
Joseph, D.; Geckeler, K. E. Surfactant-Directed Multiple Anisotropic Gold Nanostructures: Synthesis
and Surface-Enhanced Raman Scattering. Langmuir 2009, 25 (22), 13224–13231.
Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. Synthesis of Thiol-Derivatised Gold
Nanoparticles in a Two-Phase Liquid–Liquid System. J. Chem. Soc. Chem. Commun. 1994, No. 7,
801–802.
Yoshimoto, K.; Nozawa, M.; Matsumoto, S.; Echigo, T.; Nemoto, S.; Hatta, T.; Nagasaki, Y. Studies
on the Adsorption Property and Structure of Polyamine-Ended Poly(ethylene Glycol) Derivatives on a
Gold Surface by Surface Plasmon Resonance and Angle-Resolved X-Ray Photoelectron Spectroscopy.
Langmuir 2009, 25 (20), 12243–12249.
Pensa, E.; Cortés, E.; Corthey, G.; Carro, P.; Vericat, C.; Fonticelli, M. H.; Benítez, G.; Rubert, A. A.;
Salvarezza, R. C. The Chemistry of the Sulfur–Gold Interface: In Search of a Unified Model. Acc.
Chem. Res. 2012, 45 (8), 1183–1192.
Sperling, R. A.; Parak, W. J. Surface Modification, Functionalization and Bioconjugation of Colloidal
Inorganic Nanoparticles. Philos. Trans. R. Soc. Math. Phys. Eng. Sci. 2010, 368 (1915), 1333–1383.
Pong, B.-K.; Lee, J.-Y.; Trout, B. L. First Principles Computational Study for Understanding the
Interactions between ssDNA and Gold Nanoparticles: Adsorption of Methylamine on Gold
Nanoparticulate Surfaces. Langmuir 2005, 21 (25), 11599–11603.
Leff, D. V.; Brandt, L.; Heath, J. R. Synthesis and Characterization of Hydrophobic, OrganicallySoluble Gold Nanocrystals Functionalized with Primary Amines. Langmuir 1996, 12 (20), 4723–4730.
Kumar, A.; Mandal, S.; Pasricha, R.; Mandale, A. B.; Sastry, M. Investigation into the Interaction
between Surface-Bound Alkylamines and Gold Nanoparticles. Langmuir 2003, 19 (15), 6277–6282.

98

(24) Pakiari, A. H.; Jamshidi, Z. Nature and Strength of M−S Bonds (M = Au, Ag, and Cu) in Binary Alloy
Gold Clusters. J. Phys. Chem. A 2010, 114 (34), 9212–9221.
(25) Pelton, M.; Bryant, G. W. Introduction to Metal-Nanoparticle Plasmonics; Wiley ; Science Wise
Publishing: Hoboken, New Jersey, 2013.
(26) Le Ru, E. C.; Etchegoin, P. G. Principles of Surface-Enhanced Raman Spectroscopy: And Related
Plasmonic Effects, 1st ed.; Elsevier: Amsterdam ; Boston, 2009.
(27) Zeng, S.; Baillargeat, D.; Ho, H.-P.; Yong, K.-T. Nanomaterials Enhanced Surface Plasmon Resonance
for Biological and Chemical Sensing Applications. Chem. Soc. Rev. 2014, 43 (10), 3426–3452.
(28) Yasun, E.; Kang, H.; Erdal, H.; Cansiz, S.; Ocsoy, I.; Huang, Y.-F.; Tan, W. Cancer Cell Sensing and
Therapy Using Affinity Tag-Conjugated Gold Nanorods. Interface Focus 2013, 3 (3), 20130006.
(29) Li, J.; Guo, H.; Li, Z.-Y. Microscopic and Macroscopic Manipulation of Gold Nanorod and Its Hybrid
Nanostructures [Invited]. Photonics Res. 2013, 1 (1), 28.
(30) Huang, Y.; Ma, L.; Hou, M.; Xie, Z.; Zhang, Z. Gradual Plasmon Evolution and Huge Infrared nearField Enhancement of Metallic Bridged Nanoparticle Dimers. Phys Chem Chem Phys 2016, 18 (4),
2319–2323.
(31) Njoki, P. N.; Lim, I.-I. S.; Mott, D.; Park, H.-Y.; Khan, B.; Mishra, S.; Sujakumar, R.; Luo, J.; Zhong,
C.-J. Size Correlation of Optical and Spectroscopic Properties for Gold Nanoparticles. J. Phys. Chem.
C 2007, 111 (40), 14664–14669.
(32) Osinkina, L. Interactions of Molecules in the Vicinity of Gold Nanoparticles, lmu, 2014.
(33) Halas, N. J.; Lal, S.; Chang, W.-S.; Link, S.; Nordlander, P. Plasmons in Strongly Coupled Metallic
Nanostructures. Chem. Rev. 2011, 111 (6), 3913–3961.
(34) Petryayeva, E.; Krull, U. J. Localized Surface Plasmon Resonance: Nanostructures, Bioassays and
biosensing—A Review. Anal. Chim. Acta 2011, 706 (1), 8–24.
(35) Chung, T.; Lee, S.-Y.; Song, E. Y.; Chun, H.; Lee, B. Plasmonic Nanostructures for Nano-Scale BioSensing. Sensors 2011, 11 (12), 10907–10929.
(36) Sönnichsen, C.; Reinhard, B. M.; Liphardt, J.; Alivisatos, A. P. A Molecular Ruler Based on Plasmon
Coupling of Single Gold and Silver Nanoparticles. Nat. Biotechnol. 2005, 23 (6), 741–745.
(37) Ben, X.; Park, H. S. Size Dependence of the Plasmon Ruler Equation for Two-Dimensional Metal
Nanosphere Arrays. J. Phys. Chem. C 2011, 115 (32), 15915–15926.
(38) Jain, P. K.; Huang, W.; El-Sayed, M. A. On the Universal Scaling Behavior of the Distance Decay of
Plasmon Coupling in Metal Nanoparticle Pairs: A Plasmon Ruler Equation. Nano Lett. 2007, 7 (7),
2080–2088.
(39) Szalai, A.; Sipos, Á.; Csapó, E.; Tóth, L.; Csete, M.; Dékány, I. Comparative Study of Plasmonic
Properties of Cysteine-Functionalized Gold and Silver Nanoparticle Aggregates. Plasmonics 2013, 8
(1), 53–62.
(40) Zhao, L.; Jin, Y.; Yan, Z.; Liu, Y.; Zhu, H. Novel, Highly Selective Detection of Cr(III) in Aqueous
Solution Based on a Gold Nanoparticles Colorimetric Assay and Its Application for Determining
Cr(VI). Anal. Chim. Acta 2012, 731, 75–81.
(41) Nath, N.; Chilkoti, A. A Colorimetric Gold Nanoparticle Sensor To Interrogate Biomolecular
Interactions in Real Time on a Surface. Anal. Chem. 2002, 74 (3), 504–509.
(42) Guczi, L.; Beck, A.; Pászti, Z. Gold Catalysis: Effect of Particle Size on Reactivity towards Various
Substrates. Catal. Today 2012, 181 (1), 26–32.
(43) Nagy, G.; Benkó, T.; Borkó, L.; Csay, T.; Horváth, A.; Frey, K.; Beck, A. Bimetallic Au–Ag/SiO2
Catalysts: Comparison in Glucose, Benzyl Alcohol and CO Oxidation Reactions. React. Kinet. Mech.
Catal. 2015, 115 (1), 45–65.
(44) Thompson, D. T. Using Gold Nanoparticles for Catalysis. Nano Today 2007, 2 (4), 40–43.
(45) Subramanian, V.; Wolf, E. E.; Kamat, P. V. Catalysis with TiO 2 /Gold Nanocomposites. Effect of
Metal Particle Size on the Fermi Level Equilibration. J. Am. Chem. Soc. 2004, 126 (15), 4943–4950.
(46) Pearson, A.; Jani, H.; Kalantar-zadeh, K.; Bhargava, S. K.; Bansal, V. Gold Nanoparticle-Decorated
Keggin Ions/TiO2 Photococatalyst for Improved Solar Light Photocatalysis. Langmuir 2011, 27 (11),
6661–6667.
(47) Söptei, B.; Mihály, J.; Visy, J.; Wacha, A.; Bóta, A. Intercalation of Bovine Serum Albumin Coated
Gold Clusters Between Phospholipid Bilayers: Temperature-Dependent Behavior of LipidAuQC@BSA Assemblies with Red Emission and Superlattice Structure. J. Phys. Chem. B 2014, 118
(14), 3887–3892.
(48) Zhang, Y.; Chu, W.; Foroushani, A.; Wang, H.; Li, D.; Liu, J.; Barrow, C.; Wang, X.; Yang, W. New
Gold Nanostructures for Sensor Applications: A Review. Materials 2014, 7 (7), 5169–5201.

99

(49) Dasary, S. S. R.; Singh, A. K.; Senapati, D.; Yu, H.; Ray, P. C. Gold Nanoparticle Based Label-Free
SERS Probe for Ultrasensitive and Selective Detection of Trinitrotoluene. J. Am. Chem. Soc. 2009, 131
(38), 13806–13812.
(50) Yan, B.; Thubagere, A.; Premasiri, W. R.; Ziegler, L. D.; Dal Negro, L.; Reinhard, B. M. Engineered
SERS Substrates with Multiscale Signal Enhancement: Nanoparticle Cluster Arrays. ACS Nano 2009,
3 (5), 1190–1202.
(51) Yap, F. L.; Thoniyot, P.; Krishnan, S.; Krishnamoorthy, S. Nanoparticle Cluster Arrays for HighPerformance SERS through Directed Self-Assembly on Flat Substrates and on Optical Fibers. ACS
Nano 2012, 6 (3), 2056–2070.
(52) Cai, Y.; Li, Y.; Nordlander, P.; Cremer, P. S. Fabrication of Elliptical Nanorings with Highly Tunable
and Multiple Plasmonic Resonances. Nano Lett. 2012, 12 (9), 4881–4888.
(53) Pazos-Perez, N.; Wagner, C. S.; Romo-Herrera, J. M.; Liz-Marzán, L. M.; García de Abajo, F. J.;
Wittemann, A.; Fery, A.; Alvarez-Puebla, R. A. Organized Plasmonic Clusters with High Coordination
Number and Extraordinary Enhancement in Surface-Enhanced Raman Scattering (SERS). Angew.
Chem. Int. Ed. 2012, 51 (51), 12688–12693.
(54) Polavarapu, L.; Pérez-Juste, J.; Xu, Q.-H.; Liz-Marzán, L. M. Optical Sensing of Biological, Chemical
and Ionic Species through Aggregation of Plasmonic Nanoparticles. J. Mater. Chem. C 2014, 2 (36),
7460–7476.
(55) Park, H. I.; Lee, S.; Lee, J. M.; Nam, S. A.; Jeon, T.; Han, S. W.; Kim, S. O. High Performance Organic
Photovoltaics with Plasmonic-Coupled Metal Nanoparticle Clusters. ACS Nano 2014, 8 (10), 10305–
10312.
(56) Chen, Y.-S.; Choi, H.; Kamat, P. V. Metal-Cluster-Sensitized Solar Cells. A New Class of Thiolated
Gold Sensitizers Delivering Efficiency Greater Than 2%. J. Am. Chem. Soc. 2013, 135 (24), 8822–
8825.
(57) Deng, H.; Zhong, Y.; Du, M.; Liu, Q.; Fan, Z.; Dai, F.; Zhang, X. Theranostic Self-Assembly Structure
of Gold Nanoparticles for NIR Photothermal Therapy and X-Ray Computed Tomography Imaging.
Theranostics 2014, 4 (9), 904–918.
(58) Oh, M. H.; Yu, J. H.; Kim, I.; Nam, Y. S. Genetically Programmed Clusters of Gold Nanoparticles for
Cancer Cell-Targeted Photothermal Therapy. ACS Appl. Mater. Interfaces 2015, 7 (40), 22578–22586.
(59) Karunakaran, R. G.; Lu, C.-H.; Zhang, Z.; Yang, S. Highly Transparent Superhydrophobic Surfaces
from the Coassembly of Nanoparticles (≤100 Nm). Langmuir 2011, 27 (8), 4594–4602.
(60) Bishop, K. J.; Wilmer, C. E.; Soh, S.; Grzybowski, B. A. Nanoscale Forces and Their Uses in SelfAssembly. small 2009, 5 (14), 1600–1630.
(61) Hill, T. L. Statistical Mechanics: Principles and Selected Applications; Dover Publications: New York,
1987.
(62) Klotsa, D.; Jack, R. L. Predicting the Self-Assembly of a Model Colloidal Crystal. Soft Matter 2011, 7
(13), 6294.
(63) Klotsa, D.; Jack, R. L. Controlling Crystal Self-Assembly Using a Real-Time Feedback Scheme. J.
Chem. Phys. 2013, 138 (9), 094502.
(64) Fortini, A.; Sanz, E.; Dijkstra, M. Crystallization and Gelation in Colloidal Systems with Short-Ranged
Attractive Interactions. Phys. Rev. E 2008, 78 (4), 041402.
(65) Sigman, M. B.; Saunders, A. E.; Korgel, B. A. Metal Nanocrystal Superlattice Nucleation and Growth.
Langmuir 2004, 20 (3), 978–983.
(66) Israelachvili, J. N. Intermolecular and Surface Forces, 3rd ed.; Academic Press: Burlington, MA, 2011.
(67) Hamaker, H. C. The London—van Der Waals Attraction between Spherical Particles. Physica 1937, 4
(10), 1058–1072.
(68) Parsegian, V. A. Van Der Waals Forces: A Handbook for Biologists, Chemists, Engineers, and
Physicists; Cambridge University Press: New York, 2006.
(69) Stenhammar, J.; Linse, P.; Wennerström, H. akan; Karlström, G. An Exact Calculation of the van Der
Waals Interaction between Two Spheres of Classical Dipolar Fluid. J. Phys. Chem. B 2010, 114 (42),
13372–13380.
(70) Sharp, K. A.; Honig, B. Calculating Total Electrostatic Energies with the Nonlinear Poisson-Boltzmann
Equation. J. Phys. Chem. 1990, 94 (19), 7684–7692.
(71) Stolarczyk, J. K.; Deak, A.; Brougham, D. F. Nanoparticle Clusters: Assembly and Control Over
Internal Order, Current Capabilities, and Future Potential. Adv. Mater. 2016, n/a – n/a.
(72) Alexander, S. Polymer Adsorption on Small Spheres. A Scaling Approach. J. Phys. 1977, 38 (8), 977–
981.

100

(73) Likos, C. N.; Vaynberg, K. A.; Löwen, H.; Wagner, N. J. Colloidal Stabilization by Adsorbed Gelatin.
Langmuir 2000, 16 (9), 4100–4108.
(74) Sánchez-Iglesias, A.; Grzelczak, M.; Altantzis, T.; Goris, B.; Pérez-Juste, J.; Bals, S.; Van Tendeloo,
G.; Donaldson, S. H.; Chmelka, B. F.; Israelachvili, J. N.; et al. Hydrophobic Interactions Modulate
Self-Assembly of Nanoparticles. ACS Nano 2012, 6 (12), 11059–11065.
(75) Lu, Z.; Yin, Y. Colloidal Nanoparticle Clusters: Functional Materials by Design. Chem. Soc. Rev. 2012,
41 (21), 6874–6887.
(76) Bai, F.; Wang, D.; Huo, Z.; Chen, W.; Liu, L.; Liang, X.; Chen, C.; Wang, X.; Peng, Q.; Li, Y. A
Versatile Bottom-up Assembly Approach to Colloidal Spheres from Nanocrystals. Angew. Chem. Int.
Ed. 2007, 46 (35), 6650–6653.
(77) Gómez, D. E.; Pastoriza-Santos, I.; Mulvaney, P. Tunable Whispering Gallery Mode Emission from
Quantum-Dot-Doped Microspheres. Small 2005, 1 (2), 238–241.
(78) Grzelczak, M.; Vermant, J.; Furst, E. M.; Liz-Marzán, L. M. Directed Self-Assembly of Nanoparticles.
ACS Nano 2010, 4 (7), 3591–3605.
(79) Olson, M. A.; Coskun, A.; Klajn, R.; Fang, L.; Dey, S. K.; Browne, K. P.; Grzybowski, B. A.; Stoddart,
J. F. Assembly of Polygonal Nanoparticle Clusters Directed by Reversible Noncovalent Bonding
Interactions. Nano Lett. 2009, 9 (9), 3185–3190.
(80) Boal, A. K.; Ilhan, F.; DeRouchey, J. E.; Thurn-Albrecht, T.; Russell, T. P.; Rotello, V. M. SelfAssembly of Nanoparticles into Structured Spherical and Network Aggregates. Nature 2000, 404
(6779), 746–748.
(81) Sun, Z.; Ni, W.; Yang, Z.; Kou, X.; Li, L.; Wang, J. pH-Controlled Reversible Assembly and
Disassembly of Gold Nanorods. Small 2008, 4 (9), 1287–1292.
(82) Fialkowski, M.; Bishop, K. J. M.; Klajn, R.; Smoukov, S. K.; Campbell, C. J.; Grzybowski, B. A.
Principles and Implementations of Dissipative (Dynamic) Self-Assembly. J. Phys. Chem. B 2006, 110
(6), 2482–2496.
(83) Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. J. A DNA-Based Method for Rationally
Assembling Nanoparticles into Macroscopic Materials. Nature 1996, 382 (6592), 607–609.
(84) Caswell, K. K.; Wilson, J. N.; Bunz, U. H. F.; Murphy, C. J. Preferential End-to-End Assembly of Gold
Nanorods by Biotin−Streptavidin Connectors. J. Am. Chem. Soc. 2003, 125 (46), 13914–13915.
(85) Dutta, A.; Das, S.; Paul, A.; Chattopadhyay, A. Kinetics of Reaction of Gold Nanoparticles Following
Partial Removal of Stabilizers. J. Nanoparticle Res. 2015, 17 (6), 1–13.
(86) Zhuang, J.; Wu, H.; Yang, Y.; Cao, Y. C. Supercrystalline Colloidal Particles from Artificial Atoms.
J. Am. Chem. Soc. 2007, 129 (46), 14166–14167.
(87) Zhou, J.; Sedev, R.; Beattie, D.; Ralston, J. Light-Induced Aggregation of Colloidal Gold Nanoparticles
Capped by Thymine Derivatives. Langmuir 2008, 24 (9), 4506–4511.
(88) Zhu, M.-Q.; Wang, L.-Q.; Exarhos, G. J.; Li, A. D. Q. Thermosensitive Gold Nanoparticles. J. Am.
Chem. Soc. 2004, 126 (9), 2656–2657.
(89) Zhang, Z.; Maji, S.; Antunes, A. B. da F.; De Rycke, R.; Zhang, Q.; Hoogenboom, R.; De Geest, B. G.
Salt Plays a Pivotal Role in the Temperature-Responsive Aggregation and Layer-by-Layer Assembly
of Polymer-Decorated Gold Nanoparticles. Chem. Mater. 2013, 25 (21), 4297–4303.
(90) Karg, M.; Lu, Y.; Carbó-Argibay, E.; Pastoriza-Santos, I.; Pérez-Juste, J.; Liz-Marzán, L. M.; Hellweg,
T. Multiresponsive Hybrid Colloids Based on Gold Nanorods and Poly(NIPAM-Co-Allylacetic Acid)
Microgels: Temperature- and pH-Tunable Plasmon Resonance. Langmuir 2009, 25 (5), 3163–3167.
(91) Bae, Y. C.; Shim, J. J.; Soane, D. S.; Prausnitz, J. M. Representation of Vapor–liquid and Liquid–liquid
Equilibria for Binary Systems Containing Polymers: Applicability of an Extended Flory–Huggins
Equation. J. Appl. Polym. Sci. 1993, 47 (7), 1193–1206.
(92) Saeki, S.; Kuwahara, N.; Nakata, M.; Kaneko, M. Upper and Lower Critical Solution Temperatures in
Poly (ethylene Glycol) Solutions. Polymer 1976, 17 (8), 685–689.
(93) Kenkare, P. U.; Hall, C. K. Modeling of Phase Separation in PEG–salt Aqueous Two-Phase Systems.
AIChE J. 1996, 42 (12), 3508–3522.
(94) Yen, D. R.; Raghavan, S.; Merrill, E. W. Fractional Precipitation of Star Poly(ethylene Oxide).
Macromolecules 1996, 29 (27), 8977–8978.
(95) Bailey, F. E.; Callard, R. W. Some Properties of Poly(ethylene oxide)1 in Aqueous Solution. J. Appl.
Polym. Sci. 1959, 1 (1), 56–62.
(96) Nichols, M. Factors Affecting Size and Swelling of Poly (ethylene Glycol) Hydrogel Microspheres
Formed in Aqueous Sodium Sulfate Solutions. 2009.

101

(97) Kiss, É.; Bertóti, I. Preparation and Characterization of PEO Grafted Surfaces by Wettability
Measurements. In Trends in Colloid and Interface Science VIII; Ottewill, R. H., Rennie, A. R., Eds.;
Progress in Colloid & Polymer Science; Steinkopff, 1994; pp 21–26.
(98) Rahme, K.; Chen, L.; Hobbs, R. G.; Morris, M. A.; O’Driscoll, C.; Holmes, J. D. PEGylated Gold
Nanoparticles: Polymer Quantification as a Function of PEG Lengths and Nanoparticle Dimensions.
RSC Adv. 2013, 3 (17), 6085.
(99) Backmann, N.; Kappeler, N.; Braun, T.; Huber, F.; Lang, H.-P.; Gerber, C.; Lim, R. Y. H. Sensing
Surface PEGylation with Microcantilevers. Beilstein J. Nanotechnol. 2010, 1, 3–13.
(100) Lim, R. Y. H.; Deng, J. Interaction Forces and Reversible Collapse of a Polymer Brush-Gated
Nanopore. ACS Nano 2009, 3 (10), 2911–2918.
(101) Zhang, W. Nanoparticle Aggregation: Principles and Modeling. In Nanomaterial; Capco, D. G.,
Chen, Y., Eds.; Springer Netherlands: Dordrecht, 2014; Vol. 811, pp 19–43.
(102) Meakin, P. Fractal Aggregates. Adv. Colloid Interface Sci. 1987, 28, 249–331.
(103) Lin, M. Y.; Lindsay, H. M.; Weitz, D. A.; Klein, R.; Ball, R. C.; Meakin, P. Universal DiffusionLimited Colloid Aggregation. J. Phys. Condens. Matter 1990, 2 (13), 3093.
(104) Lin, M. Y.; Lindsay, H. M.; Weitz, D. A.; Ball, R. C.; Klein, R.; Meakin, P. Universal ReactionLimited Colloid Aggregation. Phys. Rev. A 1990, 41 (4), 2005–2020.
(105) Pranami, G. Understanding Nanoparticle Aggregation. 2009.
(106) Zhang, W.; Crittenden, J.; Li, K.; Chen, Y. Attachment Efficiency of Nanoparticle Aggregation in
Aqueous Dispersions: Modeling and Experimental Validation. Environ. Sci. Technol. 2012, 46 (13),
7054–7062.
(107) Chegel, V.; Rachkov, O.; Lopatynskyi, A.; Ishihara, S.; Yanchuk, I.; Nemoto, Y.; Hill, J. P.; Ariga,
K. Gold Nanoparticles Aggregation: Drastic Effect of Cooperative Functionalities in a Single
Molecular Conjugate. J. Phys. Chem. C 2012, 116 (4), 2683–2690.
(108) Colson, P.; Henrist, C.; Cloots, R.; Colson, P.; Henrist, C.; Cloots, R. Nanosphere Lithography: A
Powerful Method for the Controlled Manufacturing of Nanomaterials, Nanosphere Lithography: A
Powerful Method for the Controlled Manufacturing of Nanomaterials. J. Nanomater. J. Nanomater.
2013, 2013, 2013, e948510.
(109) Lerond, T.; Proust, J.; Yockell-Lelièvre, H.; Gérard, D.; Plain, J. Self-Assembly of Metallic
Nanoparticles into Plasmonic Rings. Appl. Phys. Lett. 2011, 99 (12), 123110.
(110) Vakarelski, I. U.; Kwek, J. W.; Tang, X.; O’Shea, S. J.; Chan, D. Y. C. Particulate Templates and
Ordered Liquid Bridge Networks in Evaporative Lithography. Langmuir 2009, 25 (23), 13311–13314.
(111) Chen, J.; Liao, W.-S.; Chen, X.; Yang, T.; Wark, S. E.; Son, D. H.; Batteas, J. D.; Cremer, P. S.
Evaporation-Induced Assembly of Quantum Dots into Nanorings. ACS Nano 2009, 3 (1), 173–180.
(112) Vakarelski, I. U.; Marston, J. O.; Thoroddsen, S. T. Foam-Film-Stabilized Liquid Bridge Networks
in Evaporative Lithography and Wet Granular Matter. Langmuir 2013, 29 (16), 4966–4973.
(113) Dai, Q.; Rettner, C. T.; Davis, B.; Cheng, J.; Nelson, A. Topographically Directed Self-Assembly of
Goldnanoparticles. J. Mater. Chem. 2011, 21 (42), 16863.
(114) Hamon, C.; Postic, M.; Mazari, E.; Bizien, T.; Dupuis, C.; Even-Hernandez, P.; Jimenez, A.;
Courbin, L.; Gosse, C.; Artzner, F.; et al. Three-Dimensional Self-Assembling of Gold Nanorods with
Controlled Macroscopic Shape and Local Smectic B Order. ACS Nano 2012, 6 (5), 4137–4146.
(115) Inan, U. S.; Marshall, R. A. Numerical Electromagnetics: The FDTD Method; Cambridge University
Press, 2011.
(116) Dhatt, G.; Lefrançois, E.; Touzot, G. Finite Element Method; John Wiley & Sons, 2012.
(117) Yang, W.-H.; Schatz, G. C.; Duyne, R. P. V. Discrete Dipole Approximation for Calculating
Extinction and Raman Intensities for Small Particles with Arbitrary Shapes. J. Chem. Phys. 1995, 103
(3), 869–875.
(118) Rockstuhl, C.; Salt, M. G.; Herzig, H. P. Application of the Boundary-Element Method to the
Interaction of Light with Single and Coupled Metallic Nanoparticles. J. Opt. Soc. Am. A 2003, 20 (10),
1969.
(119) Hohenester, U.; Trügler, A. MNPBEM–A Matlab Toolbox for the Simulation of Plasmonic
Nanoparticles. Comput. Phys. Commun. 2012, 183 (2), 370–381.
(120) Johnson, P. B.; Christy, R. W. Optical Constants of the Noble Metals. Phys. Rev. B 1972, 6 (12),
4370–4379.
(121) Huang, H.-Y.; Chen, W.-F.; Kuo, P.-L. Self-Assembly of Gold Nanoparticles Induced by
Poly(oxypropylene)diamines. J. Phys. Chem. B 2005, 109 (51), 24288–24294.

102

(122)

Haiss, W.; Thanh, N. T. K.; Aveyard, J.; Fernig, D. G. Determination of Size and Concentration of
Gold Nanoparticles from UV−Vis Spectra. Anal. Chem. 2007, 79 (11), 4215–4221.
(123) Biggs, S.; Mulvaney, P. Measurement of the Forces between Gold Surfaces in Water by Atomic
Force Microscopy. J. Chem. Phys. 1994, 100 (11), 8501.
(124) Kleshchanok, D.; Lang, P. R. Steric Repulsion by Adsorbed Polymer Layers Studied with Total
Internal Reflection Microscopy. Langmuir 2007, 23 (8), 4332–4339.
(125) Kiss, É.; Gölander, C.-G. Static and Dynamic Wetting Behavior of Poly(ethylene Oxide) Layer
Formed on Mica Substrate. Colloids Surf. 1991, 58 (3), 263–270.
(126) Osmond, D. W. J.; Vincent, B.; Waite, F. A. The van Der Waals Attraction between Colloid Particles
Having Adsorbed Layers. I. A Reappraisal of the “Vold Effect.” J. Colloid Interface Sci. 1973, 42 (2),
262–269.
(127) Khan, S. J.; Pierce, F.; Sorensen, C. M.; Chakrabarti, A. Self-Assembly of Ligated Gold
Nanoparticles: Phenomenological Modeling and Computer Simulations †. Langmuir 2009, 25 (24),
13861–13868.
(128) Taylor, R. W.; Esteban, R.; Mahajan, S.; Coulston, R.; Scherman, O. A.; Aizpurua, J.; Baumberg, J.
J. Simple Composite Dipole Model for the Optical Modes of Strongly-Coupled Plasmonic Nanoparticle
Aggregates. J. Phys. Chem. C 2012, 116 (47), 25044–25051.
(129) Cheng, L.; Song, J.; Yin, J.; Duan, H. Self-Assembled Plasmonic Dimers of Amphiphilic Gold
Nanocrystals. J. Phys. Chem. Lett. 2011, 2 (17), 2258–2262.
(130) Xia, Y.; Nguyen, T. D.; Yang, M.; Lee, B.; Santos, A.; Podsiadlo, P.; Tang, Z.; Glotzer, S. C.; Kotov,
N. A. Self-Assembly of Self-Limiting Monodisperse Supraparticles from Polydisperse Nanoparticles.
Nat. Nanotechnol. 2011, 6 (9), 580–587.
(131) Pauliac-Vaujour, E.; Stannard, A.; Martin, C. P.; Blunt, M. O.; Notingher, I.; Moriarty, P. J.; Vancea,
I.; Thiele, U. Fingering Instabilities in Dewetting Nanofluids. Phys. Rev. Lett. 2008, 100 (17).
(132) Gallego-Gómez, F.; Blanco, A.; López, C. Exploration and Exploitation of Water in Colloidal
Crystals. Adv. Mater. 2015, 27 (17), 2686–2714.
(133) Wafer Cleaning and Surface Preparation. In Introduction to Microfabrication; John Wiley & Sons,
Ltd: Chichester, UK, 2010; pp 143–152.
(134) Kwok, D. Y.; Lam, C. N. C.; Li, A.; Zhu, K.; Wu, R.; Neumann, A. W. Low-Rate Dynamic Contact
Angles on Polystyrene and the Determination of Solid Surface Tensions. Polym. Eng. Sci. 1998, 38
(10), 1675–1684.
(135) Thiele, U.; Vancea, I.; Archer, A. J.; Robbins, M. J.; Frastia, L.; Stannard, A.; Pauliac-Vaujour, E.;
Martin, C. P.; Blunt, M. O.; Moriarty, P. J. Modelling Approaches to the Dewetting of Evaporating
Thin Films of Nanoparticle Suspensions. J. Phys. Condens. Matter 2009, 21 (26), 264016.
(136) Deegan, R. D.; Bakajin, O.; Dupont, T. F.; Huber, G.; Nagel, S. R.; Witten, T. A. Capillary Flow as
the Cause of Ring Stains from Dried Liquid Drops. Nature 1997, 389 (6653), 827–829.
(137) Denkov, N.; Velev, O.; Kralchevski, P.; Ivanov, I.; Yoshimura, H.; Nagayama, K. Mechanism of
Formation of Two-Dimensional Crystals from Latex Particles on Substrates. Langmuir 1992, 8 (12),
3183–3190.
(138) Denkov, N. D.; Yoshimura, H.; Nagayama, K.; Kouyama, T. Nanoparticle Arrays in Freely
Suspended Vitrified Films. Phys. Rev. Lett. 1996, 76 (13), 2354–2357.
(139) Coons, J. E.; Halley, P. J.; McGlashan, S. A.; Tran-Cong, T. Scaling Laws for the Critical Rupture
Thickness of Common Thin Films. Colloids Surf. Physicochem. Eng. Asp. 2005, 263 (1-3), 258–266.
(140) Blanco, A.; Gallego-Gómez, F.; López, C. Nanoscale Morphology of Water in Silica Colloidal
Crystals. J. Phys. Chem. Lett. 2013, 4 (7), 1136–1142.
(141) Lin, S.; Li, M.; Dujardin, E.; Girard, C.; Mann, S. One-Dimensional Plasmon Coupling by Facile
Self-Assembly of Gold Nanoparticles into Branched Chain Networks. Adv. Mater. 2005, 17 (21),
2553–2559.
(142) Zhong, Z.; Patskovskyy, S.; Bouvrette, P.; Luong, J. H. T.; Gedanken, A. The Surface Chemistry of
Au Colloids and Their Interactions with Functional Amino Acids. J. Phys. Chem. B 2004, 108 (13),
4046–4052.
(143) Urban, A. S.; Shen, X.; Wang, Y.; Large, N.; Wang, H.; Knight, M. W.; Nordlander, P.; Chen, H.;
Halas, N. J. Three-Dimensional Plasmonic Nanoclusters. Nano Lett. 2013, 13 (9), 4399–4403.
(144) Vincent, B.; Luckham, P. F.; Waite, F. A. The Effect of Free Polymer on the Stability of Sterically
Stabilized Dispersions. J. Colloid Interface Sci. 1980, 73 (2), 508–521.
(145) Heuberger, M.; Drobek, T.; Vörös, J. About the Role of Water in Surface-Grafted Poly(ethylene
Glycol) Layers. Langmuir 2004, 20 (22), 9445–9448.

103

12. Original form of publications related to the thesis

104

