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Theses

Theses

* Addition of inorganic salt that screens the electrostatic repulsion between
nanoparticles (NPs) makes it possible to arrange positively charged NPs into

dense monolayers on a solid substrate.

* Deposition of gold nanoparticles (AuNPs) on solid substrates leads to
deformation of the shape of the AuNPs. The extent of the distortions depends on

the composition of the organic shell of the AuNPs.

* During the plasma treatment AuNPs exhibit a liquid-like behavior and coalesce

into larger objects. This process follows the Smoluchowski Ripening mechanism.

* In the reaction of auric acid and hydroxylamine hydrochloride, gold microflowers
(AuMFs) are formed. It is possible to immobilize them on a solid substrate and
use them as an effective analytical platform for surface enhanced Raman

spectroscopy.

* The morphology of the AuMFs can be controlled by the parameters of the
reaction such as reaction time and molar ratio of the reagents, by the addition of
inorganic salts, and selection of the solid substrate on which the AuMFs are

deposited.

» The AuMFs are reactive gold forms, soluble in dilute inorganic acids. The
presence of acids and a reducing agent in the post-reaction mixture leads to the
smoothing of the sharp edges of the AuMFs through continuous oxidation of gold
atoms by acid, reduction of gold ions by amine, and re-deposition of the resulting

atoms on the AuMFs.
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c50(3:8)

Cnp
Csalt

Eo
Eout

Io

angle between the incident X-ray beam and the detector measuring the
scattered intensity, used in SAXS

symbol indicating Au3* ions

concentration of Au3* ions in the reaction solution

initial concentration of Au3* ions in the reaction solution

concentration of the Au3* ions at the beginning of the autocatalytic
growth stage

symbol indicating metallic gold

concentration of the surface atoms of the growing clusters at the
beginning of the autocatalytic growth stage

blocking function (the fraction of the surface that is available for the
oncoming nanoparticles)

concentration

water solution of gold nanoparticles in which the concentration of gold is
0.15 mg/mL; the subscript “100” denotes the highest concentration used
(“100%") and concentrations C7s, Cso and Cz5 are respectively lower
reaction mixture containing 3:8 HAuCls: NH20H-HCI molar ratio, made of
one volume of 40 mM NH;OH-HCI with 0.6 volume of 25 mM HAuCly;
mixtures c10, c1 and c0.1 are diluted in respect to c50 five, fifty, and five
hundred times, respectively; another ratio in the brackets denotes
another HAuCls: NH20H-HCI molar ratio

bulk concentration of nanoparticles

concentration of inorganic salt in the solution

diffusion coefficient

elementary charge

electric field deriving from an incident light

electric field radiated by the illuminated gold nanoparticle

intensity of transmitted light

intensity of incident light
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K
k(m, m")
k1
k>
ka
kads
Kagg
ks
kdes
[
Inu
Ino
M

m

tn
Vav
Vcap
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Debye screening length

rate constant of collisions between two droplets of masses m and m’
effective rate of the reduction of Au3* ions

rate of the reduction of Au3+ ions on gold surfaces

adsorption rate constant

adsorption coefficient

effective aggregation constant

Boltzmann constant

desorption coefficient

length of absorption path

mean deviation of InR,

standard deviation of InR),

molar concentration

mass

number of particles

surface density of the nanoparticles of mass m

average droplet density before the plasma treatment
polydispersity

effective charge

radius of the sphere containing spherical cap Vcap

average radius of the nanoparticles in the solution

average projected (apparent) radius of the adsorbed nanoparticles
average radius of the adsorbed nanoparticles after plasma treatment
average radius of the gold droplet during the plasma treatment
aspect ratio

vacant site on the surface

nanoparticle bound to the surface site

time

temperature

duration of the nucleation stage

average volume of the AuNPs in the bulk solution

average volume of the AuNPs adsorbed on the substrate

distance from the surface
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Major abbreviations

dielectric constant of the solvent

molar absorption coefficient

permittivity of a vacuum

permittivity of air

permittivity of metal

Zeta potential

percentage or fractional coverage of the substrate

wavelength

rescaled time, T = t x Kads

absorbance

average contact angle after adsorption

average contact angle after plasma treatment

Statistic of the Chi-square goodness-of-fit test

Major abbreviations

1D, 2D, 3D

AA

AgNPs

AFM
Au@MUA NPs
Au@TMA NPs
AuMFs
AuNPs

CTAB

CVD

DDA

DDT

EDS

EF

FE-SEM

one-dimensional, two-dimensional, three-dimensional
ascorbic acid

silver nanoparticles

atomic force microscpopy

gold nanoparticles covered with an organic layer of MUA
gold nanoparticles covered with an organic layer of TMA
gold microflowers

gold nanoparticles

cetyltrimethylammonium bromide

chemical vapor deposition

dodecylamine

dodecanethiol

electron diffraction studies

enhancement factor

field emission scanning electron microscopy
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Major abbreviations

FIB focused ion beam
FW model Finke-Watzky kinetic model
GaN gallium nitride
ITO indium tin oxide
LN log-normal
MSA 2-mercaptosuccinid acid
MUA mercaptoundecanoic acid
NP nanoparticle
OR Oswald Ripening
PBS phosphate buffered saline
p-MBA p-mercaptobenzoic acid
PVP poly(vinylpyrrolidone)
QD quantum dot
SAXS small-angle X-ray scattering
SDS sodium dodecyl sulphate
SEM scanning electron microscopy
SERS - surface enhanced Raman spectroscopy
SR - Smoluchowski Ripening
TEM - transmission electron microscopy
TMA -  N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride
(HS(CH2)11N(CHs3)3*Cl")
TOAB - tetraoctyammonium bromide
XRD - X-ray diffraction
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Abstract

Abstract

Nanotechnology is a scientific area on the boundary of chemistry, physics, and
material engineering. Its essential aspects are design, synthesis, and analysis of nano-
and microobjects, as well as their organization into complex and ordered systems.
Interestingly, despite years of intense research, our understanding of the processes
occurring at the nanoscale is not complete. Usually we fail to predict the properties of
new nanomaterials, and designing their synthesis is still a process of trial and error.

Unusual features of nanoparticles make them interesting objects of scientific
research. Moreover, nanostructures, having uncommon optical, electrical, and magnetic
properties have enormous application potential. They are used, for example, in
medicine, the chemical industry, electronic and optical devices, but also in everyday
consumer goods like cosmetics and household chemicals. The range of applications is
constantly growing, so new types of nanomaterials and methods for their synthesis and
manipulation are still needed.

In this dissertation I present the results of my research in the field of
nanotechnology. The studied nanostructures are presented in order from the smallest to
the biggest objects. First, the results on the organization of gold nanoparticles having 5
nm in diameter and functionalized with organic ligands are described. A new method for
their immobilization on solid substrates is introduced, and a way of controlling the
density of the deposit is presented. The described gold nanoparticles attach to the solid
surface und undergo morphological changes: Their spherical shape flattens and the
extent of this deformation depends on the composition of the organic protecting shell on
the nanoparticle. Interestingly, I found that after cleaning such deposited nanostructures
using oxygen plasma treatment, the particles partially restore their spherical shape.
They become, however, larger and their arrangement on the substrate differs from the
initial one. The reason is that during the plasma treatment the AuNPs behave like
droplets of a non-wetting liquid, exhibiting an ability to move and merge. Experimental
evidence suggests that the process of the re-formation of these small gold clusters
orders their crystallographic structure, as a result changing their catalytic properties.
This conclusion follows from the analysis of morphologies of the plasma-treated
nanoparticles after their autocatalytic growth in various growth solutions. The obtained
new shapes differ from those observed for nanoparticles prepared without plasma

treatment.
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Abstract

The abovementioned findings are described in the first four sections of the
Results chapter (4.1 - 4.4). The last two sections, namely 4.5 and 4.6, present
microscopic gold structures called microflowers (AuMFs). The AuMFs are branched
particles of ~2 um in diameter and originate in the reaction of two reagents in an
aqueous solution. I show that the morphology of these microstructures can be easily
tailored by a proper composition of the reaction mixture as well as by the reaction time.
In section 4.5, the kinetics of their synthesis is described and stages of their formation
are analyzed. Also, the mechanism of the morphological changes of the AuMFs in time is
proposed. In section 4.6 an exemplary application of the AuMFs is described. I
demonstrate that the AuMFs form stable deposits on solid substrates and exhibit high
enhancement of the Raman scattering. These features make them useful in fabricating
analytical platforms for surface enhanced Raman spectroscopy (SERS). In this section a
method for fabrication of a sensitive and repeatable new SERS platform, with several

possible modifications, is described.
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Streszczenie

Streszczenie

Nanotechnologia to obszar wiedzy na pograniczu chemii, fizyki i inzynierii
materiatowej. Istotnym jej aspektem jest projektowanie i synteza nano- i
mikroobiektéw, a takze konstruowanie z nich ztozonych i uporzadkowanych uktaddow.
Co ciekawe, mimo lat intensywnego rozwoju nanotechnologii, nasze zrozumienie
proceséw zachodzacych w nanoskali nadal nie jest petne. Zazwyczaj nie udaje nam sie
przewidywaé¢ witasciwosci nowych nanomateriatéw, a projektowanie ich syntezy to
czesto proces empiryczny.

Ze wzgledu na swoje witasciwosci, przede wszystkim optyczne, elektryczne i
magnetyczne, nanoczastki staty sie obiektem licznych badan naukowych. Znalazty
réwniez szerokie zastosowanie m.in. w przemys$le chemicznym, medycynie, produkc;ji
urzadzen elektronicznych i optycznych, ale takze w srodkach codziennego uzytku, takich
jak kosmetyki czy srodki czystoSci. Zakres zastosowania nanoczastek stale sie poszerza,
dlatego tez nowe typy nanostruktur i coraz lepsze metody ich syntezy budza duze
zainteresowanie.

W niniejszej dysertacji prezentuje wtasne dokonania w dziedzinie
nanotechnologii. Opis badanych przeze mnie obiektéw uporzadkowany jest pod
wzgledem rozmiaréw nanostruktur: od najmniejszych do najwiekszych. W pierwszej
czesSci badan wtasnych przedstawione s3 ztote nanoczastki o $rednicy 5 nm, pokryte
organicznymi ligandami. Zaprezentowana jest nowa metoda osadzania ich na
powierzchni ciat statych w procesie pozwalajacym na sterowanie gestoscia pokrycia.
Tak unieruchomione nanoczastki ulegaja przemianom morfologicznym, ktore
analizowane byly z uzyciem skaningowej mikroskopii elektronowej. Ksztatt
nanoczastek, poczatkowo kulisty, ulega sptaszczeniu, a stopien tej deformacji jest
zalezny od sktadu otoczki organicznej pokrywajacej nanoczastke. Co ciekawe, osadzone
nanoczastki poddane czyszczeniu plazma tlenowa czeSciowo odzyskuja swdj kulisty
ksztatt. Ich Srednica jednak woéwczas ro$nie a gesto$¢ pokrycia powierzchni ulega
zmianie, gdyz pod wptywem plazmy nanoczastki wykazuja cechy kropli niezwilzajacej
cieczy, zdolnych do zmiany miejsca potozenia i do zlewania sie ze sobg. W czasie tych
przemian struktura atomowa nanoczastek prawdopodobnie ulega uporzadkowaniu, na
co wskazujg ich wtasciwos$ci katalityczne - inne, niz te obserwowane dla nanoczastek

niepoddawanych czyszczeniu plazma. Taki wniosek zostat wysnuty z eksperymentu, w
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Streszczenie

ktéorym nanoczastki oczyszczone plazma poddano procesowi autokatalitycznego
wzrostu. Rozktad ksztattéw otrzymanych struktur réznit sie od tego dla nanoczgstek
czyszczonych innymi metodami.

Przedstawione powyzej obserwacje zostaty opisane w pierwszych czterech (4.1 -
4.4) podrozdziatach rozdziatu ,Results”. Pozostate dwa podrozdzialty (4.5 i 4.6)
poswiecone sg wiekszym zlotym strukturom, tak zwanym mikrokwiatom. Mikrokwiaty
to czastki o mocno rozwinietej powierzchni i Srednicy okoto 2 pm, powstajace w reakcji
dwoch nieorganicznych zwigzkéw chemicznych w roztworze wodnym. Morfologie tych
struktur mozna tatwo modyfikowa¢ poprzez dobor odpowiedniej proporcji molowej
reagentdw oraz czas reakcji. W podrozdziale 4.5 opisana zostata kinetyka reakc;ji
syntezy mikrokwiatéw. Zaproponowano réwniez mechanizm wyjasniajacy przemiany
morfologiczne, jakim czastki te ulegaja w czasie. Podrozdziat 4.6 zawiera natomiast opis
praktycznego zastosowania mikrokwiatéw. Zaobserwowano, ze te pofatdowane ztote
czastki tworzg stabilne pokrycia na powierzchni ciat statych i wykazujg silne
wzmocnienie sygnatu Ramana. Cechy te czynig je przydatnymi narzedziami w
otrzymywaniu platform analitycznych do SERS. W podrozdziale 4.6 zamieszczono opis
metody wytwarzania nowej, czutej i powtarzalnej platformy do SERS oraz

przetestowano kilka jej modyfikacji.
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Introduction. Nanotechnology

1 Introduction

1.1 Nanotechnology

The belief that in order to reach higher and farther one should first look around
and understand the mechanisms that govern everyday phenomena has been
accompanying people for centuries. It resulted in the development of chemistry and
physics, which has deepened our understanding of the structure of matter. For
scientists, however, simple understanding of the mechanisms that govern molecules, or
even the sight of a single atom, is not enough. We want to create matter to build tools
and machines of desired properties from the smallest building blocks. We want to put
targeted therapeutic capsules into the thinnest blood vessels, detect a single molecule of
toxin in a biological sample and store all the published knowledge on a data storage
medium no bigger than a pinhead. It is obvious that the approach that leads to the
achievement of the greatest goals is minimization. The engineering of nano-sized objects
is classified today as a separate branch of knowledge - nanotechnology. According to the
IUPAC definition, nanotechnology focuses on objects that have at least one dimension in
the range of 1 - 100 nanometers. This includes the design, fabrication, and use of the
nanomaterials.

Nowadays, nanotechnology allows the production of particles of various shapes
from a range of materials. One can classify these particles with respect to their
dimensionality. The smallest, nearly spherical particles are called conventionally zero-
dimensional objects. They are, for example, semiconducting quantum dots, nanopores,
or fullerenes. Among elongated, one-dimensional structures, one should mention
nanotubes, nanorods, nanobelts, nanowires, nanowhiskers, or nanochains.
Representatives of a third group, namely flat two-dimensional structures, are: graphene,
Langmuir-Blodgett films, nanoplates, or monolayered coatings composed of
nanoparticles (NPs). To the 3D structures belong larger NPs (spherical and polyhedral),
branched nanostructures, nanodumbbells, nanodendrites, hollow NPs (spheres, cages,
and frames), or more complex arrangements of the mentioned shapes.12 It is worth
noting that, typically, distinguishing between “small” 0D and “bigger” 3D spherical NPs is
rather conventional and does not refer to the precise guidelines given in some

publications.? The aforesaid nanostructures can be prepared from various materials,
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Introduction. Nanotechnology

including inorganic semiconductors,* metals (also magnetic ones),> and insulators.
Typically, materials such as ZnS, CdS, ZnO, TiOz, GaAs, Au, Ag, Fe, C, or SiOz are used. Also
commonly used are NPs built of two or three types of materials that can be distributed
uniformly over the entire volume of the particle, or divided into core-shell domains. It is
also worth adding that plenty of nanostructures have to be, at least at the stage of
synthesis, covered by an organic protecting shell. The layer of covalently or non-
covalently bound ligands prevents the aggregation of neighboring particles and
determines the chemical and physical properties of the nanoobject. For example, gold
nanoparticles (AuNPs) are usually protected by long-chained thiols, but also disulfides,
selenium compounds, amines, or carboxylic acids.2¢ Molecules of thiols bind to gold with
their sulfur atoms and, when their amount is sufficient, form an ordered monolayer on
the surface of the AuNP (Figure 1). The hydrophobic chains of the adjacent molecules
are oriented parallel to each other, while the entire molecule of the ligand is almost
perpendicular to the surface of gold. This type of self-assembled organic structure is

called a self-assembled monolayer (SAM).”

a) b)
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Figure 1 (a) Structural model of a single spherical AuNP, presenting organization of the gold atoms and the
protecting layer of the ligand.8 (b) Schematic diagram of an ideal SAM of alkanethiolates supported on a
surface of AuNP.”

The choice of the protecting ligand is important because it determines the
stability, solubility, and reactivity of the whole NP. For example, adequate
functionalization of the surface of an inorganic NP can make it quasi-organic and
biocompatible. Such functionalized NPs are used in medicine and biology and are called
nano-biomaterials.? Their functionalization can add some biological functions or
physical properties to the NP. An example of the former is the covering of the NP with
polyethylene glycol, thus slowing recognition of the NP as a foreign body by the immune
system, namely - its opsonization and phagocytosis.10 It is also an attachment to the
surface of NP antibodies, making NPs useful in immuno-tests!! or allowing their directed

distribution in living organisms. The latter type of modification - the addition of some
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physical properties - can be carried out by covering with fluorescent ligands, thus
enabling e.g. the tracing and optical detection of NP. It is also worth noting that often
two or more types of ligands are present on the surface of a nano-bioparticle to provide
its biocompatibility, stability, and bioactivity. Citing Ref. 9, proper functionalization
makes nano-bioparticles useful in fluorescent biological labeling,12 drug and gene
delivery,!® biodetection of pathogens,* detection of proteins,!> probing of DNA
structure,1¢ tissue engineering,” tumor destruction via heating (hyperthermia),!8
separation and purification of biological molecules and cells,1° magnetic resonance
imaging (MRI) contrast enhancement,?% or phagokinetic studies.?! The wide spectrum of
applications, possible thanks to the proper functionalization of the appropriate NPs, has
led to the development of many commercial nano-bio-products. A sample list is

presented in Table 1.

Table 1 Examples of commercialized nanomaterials for biology and medicine.®

Company
Advectus Life Sciences Inc.

Alnis Biosciences, Inc.

Argonide

BASF
Biophan Technologies, Inc.

Capsulution NanoScience AG
Dynal Biotech

Eiffel Technologies
EnviroSystems, Inc.

Evident Technologies

Immunicon

KES Science and Technology, Inc.

NanoBio Cortporation
ManoCarrier Co., Ltd

ManoPharm AG
Manoplex Technologies, Inc
Nanoprobes, Inc.

Manoshpere, Inc.

ManoMed Pharmaceutical, Inc.
Oxonica Ltd

PSiVida Ltd

Smith & Nephew
QuantwmDot Corporation

Major area of activity
Drug delivery
Bio-pharmaceutical

Membrane filtration

Toothpaste
MR shielding
Pharmaceutical coatings to improve solubility of drugs

Drug delivery
Surface desinfectsant
Luminescent biomarkers

Tarcking and separation of different cell types

AiraCide filters
Pharmaceutical
Drug delivery

Drug delivery
Manobarcodes for bioanalysis
Gold nanoparticles for biological markers

Gold biomarkers

Drug delivery
Sunscreens

Tissue engineering, implants, drugs and gene delivery,
bio-filtration

Acticoat bandages
Luminescent biomarkers

Technology

Polymeric nanoparticles engineered to carry anti-
tumour drug across the blood-brain barrier
Biodegradable polymeric nanoparticles for drug
delivery

Nanoporous ceramic materials for endotoxin
filtration, orthopaedic and dental implants, DNA and
protein separation

Hydroxyapatite nanoparticles seems to improve
dental surface

Manomagnetic/carbon composite materials to shield
medical devices from RF fields

Layer-by-layer poly-electrolyte coatings, 8-50 nm
Magnetic beads

Reducing size of the drug particles to 50-100 nm
Nanoemulsions

Semiconductor quantum dots with amine or carboxyl
groups on the surface, emission from 350 to 2500 nm
magnetic core surrounded by a polymeric layer
coated with antibodies for capturing cells
Nano-TiO2 to destroy airborne pathogens
Antimicrobal nano-emulsions

Micellar nanoparticles for encapsulation of drugs,
proteins, DNA

Polybutilcyanoacrylate nanoparticles are coated with
drugs and then with surfactant, can go across the
blood-brain barrier

Gold nanoparticles bio-conjugates for TEM andfor
fluorescent microscopy

DMA barcode attached to each nanoprobe for
identification purposes, PCR is used to amplify the
signal; also catalytic silver deposition to amplify the
signal using surface plasmon resonance
Nanoparticles for drug delivery

Doped transparent nanoparticles to effectively
absorb harmful UV and convert it into heat
Exploiting material properties of nanostructured
porous silicone

Nanocrystal silver is highly toxic to pathogenes
Bioconjugated semiconductor quantum dots



Introduction. Unique properties of NPs resulting from their size and shape

There are many methods for fabrication of NPs. They can be classified into two
major types: “top-down” and “bottom-up” approaches (Figure 2). The first type includes
physical methods involving the milling, cutting or shaping of the bulk material into a
nano-structured one. Reduction of the sizes requires expensive equipment, and takes
place through sputtering, pulsed laser deposition, laser and ion-beam ablation, thermal
evaporation, high energy ball milling, or nanolithography.22 The “bottom-up” approach
is in turn a Nature inspired way of creating nanostructures from small elements, like
atoms. Here, wet-chemical methods are mainly used that are simple and convenient
from the economic point of view. If required, the next level of the “bottom-up” method is
implemented, i.e., fabrication of more complex structures (ordered layers or 3D

arrangements) with the use of the NPs as building blocks.

bulk materials

102m
TOP-DOWN
10*m
2D and 3D
microparticles nanostructures

10°m E E 5
8

R

Q Q nanoparticles
1019m " ) 5 o BOTTOM-UP
atoms

Figure 2 Cartoon illustrating two approaches to nanostructures preparation. The green arrows indicate the
“top-down” method - from bigger to smaller objects, and the “bottom-up” approach - from smaller to bigger
objects. The violet area corresponds to the nano-range. Image inspired by Ref. I on page 150.

1.2 Unique properties of NPs resulting from their size and shape

NPs are a popular subject of current research because of their extraordinary
properties that significantly differ from those of atoms and bulk material of the same
chemical composition. One can observe ia. differences in color, transparency, melting
point, hardness, conductivity, and reactivity. The exemplary untypical particular
properties of nanomaterials are: conductivity, flexibility and strength of carbon

nanotubes in contrast to features of coal, the navy blue color of AgNPs in contrast to the
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Introduction. Unique properties of NPs resulting from their size and shape

metallic grey of bulk silver, transparency of ZnO NPs as opposed to its white bulk analog,
or the catalytic properties of AuNPs, not observed for metallic gold. Apparently, by
decreasing the diameter of a grain of material to the nano-scale, one changes not only its
geometry, but also its chemical, optical, electrical, and magnetic features. These
properties are then unique and hard to predict - they cannot be simply anticipated by
extrapolating the properties of their bulk counterparts.!

The differences in optical properties exhibited by bulk materials and their nano-
analogs result from the sizes of the nanoparticles that are often of the same order as
their de Broglie wavelengths. In such cases the particles behave as zero-dimensional
quantum dots (QDs) and their properties are described by the rules of quantum
mechanics.2 The dependence of the optical properties on the size is particularly visible
in the case of semiconducting materials. In a bulk semiconductor, the absorption of a
photon of energy equal or greater than the characteristic band gap energy (Eg) results in
excitation of an electron from the valence to the conduction band. The positively
charged orbital hole in the valence band and a negatively charged electron in the
conduction band state an electrically neutral quasiparticle called an exciton.23
Depending on the material, the size of the exciton expressed by the Bohr exciton
diameter (dg), varies from 1 nm to more than 100 nm. The spatial confinement of an
exciton in the particle (often compared to a box) smaller than the exciton itself raises its
energy.23 Consequently, for grains of material smaller than dg the absorption and
fluorescence spectra, and - therefore - their color, strongly evolves with the size of the
limiting box (Figure 3a and Figure 3c). The feature directly dependent on the size is here
the electronic structure of the semiconductor NPs. In Figure 3b a chart of the electron
structure of semiconductors is shown. Considering the increasing size of the object, one
observes that discrete energy levels typical for single atoms or molecules evolve into
continuous broad energy bands for bulk material. The decreasing of band gaps can also
be clearly seen. For example, by varying the size of CdS from a single molecule to a
macroscopic crystal, one can observe the evolution of the band gap from 4.5 eV to 2.5
eV.24 Electronic states typical for QDs are, like their sizes, somewhere between
molecules and bulk material. They exhibit a discrete structure of levels, like those
observed in single molecules, but of much higher density, similar to bulk. The
characteristic band gap of semiconducting nanomaterials is akin rather to the molecule’s

band gap, but strictly depends on the size of the particle. A slight increase of the size of
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the QD results in a strong decrease of the band gap, which is reflected in a change of the
color of QDs’ suspension (Figure 3a). This easy control of the emitted fluorescent light

across the whole visible spectrum makes QDs useful in many types of optoelectronic

devices.23
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Figure 3 (a) CdSe/ZnS core/shell QDs with CdSe core diameters ranging from 6.9 nm to 1.8 nm in diameter.
Presented QDs emit with peaks from 1.9 to 2.8 eV (655-443 nm) from left to right under UV illumination. (b)
Schematic illustration of electronic structure of semiconductors. Electronic structure of quantum dots is an
intermediate between single molecules and bulk materials. (c) Absorption (top) and emission (bottom)
spectra of CdSe quantum dots. Source of the image: Ref. II on the page 150.

In the world of NPs, the shape of the particle also influences its optical properties.
In macroscale, elongated, spherical or flat objects of the same chemical composition
have the same color. Describing QDs, however, one should consider their various shapes
as different shapes of the quantum confinement. From the various shapes of these
“boxes”, different absorption spectra result. In the above paragraph spherical QDs were
described. They are systems where electron motion is confined in three dimensions. In
the case of flat quantum wells, the electrons are confined in two dimensions; for
elongated quantum wires - in one dimension.?> Every type of confinement is
characterized by a different density of states (Figure 4a) and different band gap (Figure
4b), predetermining the optical properties of QDs of different shapes. In Figure 4b the

shift of the band gap of CdSe for quantum dots, wires, and wells is presented. It can be

29



Introduction. Unique properties of NPs resulting from their size and shape

seen that increasing the number of confined dimensions results in a wider range of

tunability in the band gap.23
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Figure 4 (a) Evolution of density of states for systems of different confinement: bulk, quantum well, quantum
wire, and quantum dot. When the electron motion is restricted in more dimensions, the conduction and
valence bands split into overlapping, successively narrower subbands.25 (b) Impact of shape on the electronic
properties of CdSe QDs. On the axes the band gap (Eg) and the diameter of the exciton (dg) for bulk material
are marked. Band gaps of the QDs of different shapes are plotted against the length of the confinement
dimension. Thicknesses of the wire and the plate are fixed.23

From the small size of the NPs also result their other interesting features.
Considering objects of several nanometers in diameter, one should keep in mind their
discrete, atomic structure, shown in Figure 1la. The appreciable part of the atoms
building the NP, state the ones on its surface. Although built like the others, they exhibit
slightly different properties from the atoms located inside the particle. First of all, they
have low coordination numbers, which make them responsible for the reactivity of the
whole NP. This feature is particularly useful in catalysis - smaller particles, of the high
surface atoms to bulk atoms ratio, are generally better catalysts than their bigger
analogs. The catalysis is, however, a quite complex phenomenon that depends not only
on the number of the catalysts atoms exposed to the reaction mixture. Primarily, by
decreasing the size of the NP, one changes also other properties of the material, often in
an unpredictable way. It is, for example, known that AuNPs smaller than 2 nm lose their
metallic nature and become worst catalysts (Figure 5).26 The NP size can influence also
the binding affinity of the substrate and product, the surface-restructuring-coupled
catalytic dynamic, or differential selectivity of the NP between parallel product

dissociation pathways.2”
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Figure 5 (a) Correlation between the reaction rate constant and the size of the catalyst. Data for the reduction
of p-nitrophenol with NaBH4 using colloidal AuNPs as the catalyst are shown. (b) An analogous graph for
Au/Alz0s3 catalyst.26

Low coordination numbers also result in higher mobility of the surface atoms and
influence stability of the whole NP.23 Thermodynamically, the most stable are spherical
particles - their surface-to-bulk atoms ratio is smaller than for elongated or flattened
ones. This is yet another example that not only size, but also the shape of the NP
determines its properties. In Figure 6 the relation of surface atoms number on NP size
and shape is presented. The number of surface atoms affects also other material
properties. Namely, when the size of a particle decreases and - consequently - the
fraction of surface atoms increases, the melting temperature of the material decreases.
Because the number of surface atoms is proportional to the number of ligands that can
be attached, by decreasing the particle size one decreases the “ligand/particle” ratio but
increases the “ligand/mass of the material” ratio. This is of particular importance in the
case when ligands not only protect particles from aggregation, but also provide an
electrical charge or are responsible for other physical, chemical, or biological functions.
Changing the size and shape of the NPs, one changes also the curvature of their surface,
dominating crystallographic planes or diffusive kinetics. All these parameters will

influence the range of potential applications of the nanoobject.
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Figure 6 Impact of size and shape on the fraction of the surface atoms. Constant dimensions: the purple wire is
1 pm in length, the green disk is 20 nm high, the red rod is 4 nm in diameter.23

1.3 Gold nanoparticles

Gold possesses unique properties that have attracted interest since the most
ancient times. People have always appreciated the natural purity of gold, its
incorruptibility and ductility, while its scarcity and beauty have aroused a desire for it
into the present day. Because of its nobleness, gold was considered to be a product of the
gods and due to rulers and deities. The solid form of gold was used in jewelry and the
production of other decorative pieces.8

In modern science gold is present mainly in its colloidal form, meaning
suspensions of AuNPs. These AuNPs are the most stable metal NPs®@ and can be
synthesized in a wide range of sizes and shapes. The observable acceleration of studies
of AuNPs and exponentially increasing number of articles is correlated with advances in
analytical methods (especially electron and atomic force microscopy) that have taken
place in recent decades. Although colloidal gold was being used already before Christ,
mainly for production of ruby glass and for curative purposes, the development of
research into its physical and chemical nature falls on the 19t century and is associated
with the work of such scientist as Alphonse Buisson, Michael Faraday, Henry Debray,
and Richard Adolf Zsigmondy.28

This great interest in AuNPs is due to their interesting properties, so different
from the features of bulk gold. The difference, which can be seen at first glance, is the
color. Unlike the macroscopic state, colloidal gold is usually red or purple. This is a

consequence of localized surface plasmon resonance (LSPR) occurrence. This
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phenomenon is also responsible for a slight change of color (and different optical and
electrochemical properties) with the change of size, shape, and distance between
neighboring NPs. For various nano-morphologies, the LSPR electric field is confined
within various metallic boxes (particles), and interacts with the incident light in various
ways. The optical properties of AuNPs are described in more detail in section 1.4.

In contrast to chemically inert macroscopic gold, the AuNPs exhibit interesting
chemical reactivity. This is a consequence of (typical of all nanoobjects) the high ratio of
surface to bulk atoms. When the size of a particle decreases, the fraction of surface
atoms increases, so about 60% of the atoms of the AuNP having 2 nm in a diameter are
surface ones. Having few neighboring atoms (low coordination number), the surface
atoms can vibrate around their normal locations. As a consequence, the surface of the
nanoparticle exhibits reactivity which differs from that of bulk gold. In particular, it
possesses strong catalytic activity. The exemplary reactions catalyzed by the AuNPs are:
oxidation of carbon monoxide (CO), synthesis of hydrogen peroxide (H202),
hydrogenation of carbon-carbon multiple bonds, and selective oxidation of organic
molecules.® Another consequence of the high content of surface atoms in the NPs is a
change in the melting point in comparison with the bulk material. For 2 nm AuNPs itis a
decrease from 1337 to about 600 K.8

Catalysts based on AulNPs are used, among others, in the environmentally
important elimination of CO and nitrogen oxides. In these reactions, both colloidal gold
and AuNPs supported on oxides (e.g. on TiOz, Fe203, NiO, Al203, SiO2) are used.?? Many
effects can contribute to the catalytic activity of the AuNPs. First of all, as was
mentioned, is the size of the particle. In Figure 7a a correlation between CO oxidation
activity and the diameter of the AuNPs is presented.2? It can be seen that the oxidation
rate for the smallest (2-3 nm) particles is about two orders of magnitude larger than for
20 nm AuNPs. The second factor in the hierarchy of contributions to catalytic activity is
a high concentration of low-coordinated sites, depending on the particles’ size and
shape. The low-coordinated gold atoms exhibit higher Au-O binding energies, stronger
than 0-O bonds, allowing dissociation of Oz and efficient oxidation of CO (Figure 7b).2°
Also the strength of the Au-CO bond depends strongly on the coordination number of Au.
For the Au(111) surfaces, where every gold atom has 9 neighbors, atoms’ d states are
too weak to interact strongly with the O 2p valence states. For atoms in an Auio cluster

having a coordination number of 4, in turn, the CO and O adsorption energies are
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lowered by up to 1 eV. As a result, at a pressure of 1 bar and at 300 K, the coverage of the
gold catalyst by CO increases from 10-13 for the Au(111) surface atom to ~ 1 for the
atom with the coordination number of 4.2° From this, one could assume that only the

corners of the AuNPs are responsible for their catalytic activity.
a) b)

@, 051 — .
< 0.6 ——f——- 0 -

6@ * A0,

] o A F6203 — m .
9 0.4 u MgAl,0, % 04+ ° Au(lll) =
2 A SO, T | /,r -
IS 0 TiO, D 02+ el ° —
= g | * Au(211) J
£ d g) ok P kink et \ =
B a c L o R i k ]
9: iy -g 02 - ,”’ % -
: ey Ko
5 0 R e
g 0.1 4 04} /\um Pr -
o F L Bal 1
O 06— CO -
o 0.0 — e fal & " 1 . 1 N 1 L 1 . 1 L

0 10 20 30 4 5 6 7 8 9 10

Diameter of AUNPs (nm) Coordination number

Figure 7 Data collected for oxidation of CO at 273 K over different Au-based catalysts. (a) Measured oxidation
activities as a function of the average catalyst grain size, on various supports. The curve is a guide to the eye
corresponding to 1/d3. It shows that the activity of the catalyst depends on the number of low-coordinated
atoms at the corners of the AuNPs. (b) Binding energy as a function of the coordination number of Au atoms in
various configurations. Binding energies are referred to gaseous CO and Oz; for Oz the values are given per
one O atom.??

The next factor contributing to the catalytic activity of the AuNPs is related to
support. In Figure 7a the oxidation activities for particles of gold catalyst supported on
various oxides are shown. Comparing the reactivity of a catalyst of the same diameters
but supported on various oxides one can deduce that reactivity for the reducible oxides
(TiO2, Fe203) is higher than for irreducible (Al203, MgAl204, SiO2) ones by a factor of 2-4.
According to Ref. 30, the reducible oxide supplies oxygen which then forms then an
active site of the gold catalyst. In literature one can find also other factors of a similar
level of contribution, like e.g. the intrinsic particle size, the effect of metal-insulator
transitions, the effect of charge transfer, and the strain effect, listed and briefly
described in Ref. 29.

Due to the properties mentioned above, combined with the ease of chemical
functionalization, AuNPs can be utilized in many branches of technology. Besides
catalysis, these particles are used in industry in soldering pastes and conducting thin
films.8 Because of the oxidation resistance of the thin gold coatings, transparency to
visible light, and high reflectivity in infrared radiation frequencies, AuNPs are also used

in the production of spectrally-selective surfaces (e.g. glass) blocking IR waves. Like
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centuries ago, the purple colloidal gold can be also employed to stain textiles, glass, or
ceramics. In medicine, AuNPs play an important role in diagnosis and therapy. Diagnosis
is based on the LSPR sensing methods or on usage of the AuNPs as contrast agents in
bio-imaging. Therapy utilizes i.a. the photothermal properties of AuNPs, applying NPs as

nanoscale heat sources under light irradiation, or uses them as targeted drug carriers.

1.3.1 Synthesis of spherical gold nanoparticles

In the 20th century various methods for the synthesis of AuNPs were developed.
Generally, they are bottom-up methods consisting of reduction of gold cations in the
presence of a capping (protective) agent. The oldest of the most popular, and still
commonly used, was reported by Turkevich3! in 1951 and refined by Frens32 twenty
two years later. This one-pot method involves the citrate reduction of the auric acid,
HAuCly, in water. Trisodium citrate acts as a reducing agent for Au3+* ions and a capping
agent for the newly formed AuNPs, preventing them from aggregation. The appropriate
molar ratio of two reagents can lead to the synthesis of AuNPs in the 10-150 nm size
range, but the best monodispersity is achieved for those AuNPs having from 10 nm to 20
nm in diameter. This method, however, has been being continuously improved since the
1970s, and many modifications of the original Turkevich protocol have been published
to date.33

The second groundbreaking synthesis method was published in 1994 by Brust et
al. (the Brust-Schiffrin method)3# and gave the opportunity to synthesize AuNPs of
reduced dispersity and controllable size. In this method one can obtain small (diameters
< 5.5 nm), thiolate-capped AuNPs soluble in organic solvents. The original two-phase
synthesis protocol uses HAuCls as a source of gold ions, tetraoctyammonium bromide
(TOAB) as the phase-transfer agent, sodium borohydride as a reducing agent, and
dodecanethiol (DDT) as the capping agent. Since TOAB also acts as a weak capping
agent, the method can be slightly modified: instead of adding DDT to the reaction
mixture, one can isolate NPs covered with TOAB and then replace this weakly bound
ligand with a desired compound. The Brust-Schiffrin synthesis without the addition of
DDT is presented in Figure 8.
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Figure 8 Synthetic steps in the two-phase Brust-Schiffrin synthesis of AuNPs. Image inspired by Ref. III on
page 150.

To date, dozens methods for the synthesis of AuNPs have been developed and
plenty of stabilizing ligands, imparting desired chemical and physical properties, have
been applied.268 Besides the liquid-phase chemical methods, electro-, photo-, and
sonochemical, microwave-assisted or radiolytic methods are used. Generally, they lead
to a less contaminated product than chemical methods do, but are not as convenient to

parameter control or scale enlargement.8

1.3.2 Synthesis of non-spherical particles

Spherical NPs are the most commonly used and synthesized types of gold
nanoobjects, but we can also distinguish another, anisotropic morphologies of
nanostructures. Among them, typically used are nanorods, less often nanoplates (usually
triangle or hexagonal flat prisms), nanowires, branched structures, nanocubes, and
dumbbells (sample shapes are shown in Figure 9). Although each year new methods for
synthesis of nanostructures are published, controlling the morphology of non-spherical
particles is still challenging. The reason is a weak understanding of the processes that
govern the formation of particular shapes of a desired size and aspect ratio.3>

Consequently, one usually obtains a mix of shapes as a product of the synthesis.
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Figure 9 TEM and SEM images showing various types of AuNP morphologies.35135172

There are, however, some empirical rules of thumb that help in the planning of
anisotropic particles synthesis. First of all, the process of formation of these structures
should be a two-step seeding approach. In the first step, gold nanospheres are
synthesized and then, in the second step, the spheres are grown into particles of desired
shapes. While the first step should be a rapid synthesis, with a fast growth of all crystal
surfaces, the growth stage is much slower, proceeds under milder reducing conditions,
and is controlled by the composition of the growing mixture.

The second rule is the addition of shape templating surfactants, halides or silver
ions, of experimentally proved influence on the selective growth of particular gold
facets, to the growing reaction mixture. For example, it can be observed that the addition
of silver ions promote formation of gold nanorods. There is no commonly accepted
mechanism explaining how shape control works, but it is widely believed that silver
atoms block the Au (110) surface, inhibiting its further growth. The gold nanorod tips,
comprised of (100) facets, grow relatively faster, leading to the formation of a one-
dimensional product.3> Interestingly, this silver-promoted mechanism works for seeds
capped by cetyltrimethylammonium bromide (CTAB) ligands, but for seeds protected
with citrate this leads to the formation of bipyramidal NPs.3¢ A hypothesis about the
blocking of the particular crystallographic planes is also used for halides. These
additives, in turn, probably strongly bind to (111) facets and block their growth, leading
to the formation of nanoplates.3” It is noteworthy that, to date, the synthesis of gold
nanorods is relatively well studied and allows for 90% reaction yields, while nanoplates
represent usually no more than 40% to 65% of a product and vary in size and shape.

According to the third rule, gold nanoseeds used in the growing procedure should
be as uniform as possible. This requirement is, however, difficult to meet because the
shape called a “nanosphere” is represented by a group of about twenty different shapes
(Figure 10). Potentially each of them can grow in a different manner, leading to the

formation of various products of the same reaction. In practice, two shapes prevail in the
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population of small nanospheres: icosahedrons and decahedrons. This fact makes

selective production of anisotropic particles feasible.
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Figure 10 Upper image: Possible shapes of AuNPs built from less than 200 atoms, 1 - 3 nm in diameter. N(X)
denotes the size and shape, where N is the number of atoms, and I = icosahedron, O = octahedron, TO =
truncated octahedron, CO = cuboctahedron, TC = truncated cube, C = cube, and D = decahedron. Theoretically
predicted stability: TO > O > TC > CO.38 Bottom image: Thermodynamically preferred structures containing
more than 103 gold atoms. Red dotted line on the phase diagram shows room temperature (rt) and, on the
structures gallery, the most common morphologies present in rt.39.40

In the study described in this dissertation, mainly spherical and flower-like

particles are presented. The latter are classified as branched particles, together with
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multipods, nanostars, and urchins. They are synthesized in one-step or multi-step routes
and usually require untypical additives or non-spherical seeds. Gold branched NPs have

so far been applied in biosensing, imaging, photothermal therapy, and targeting.2

1.3.3 Functionalization of gold nanoparticles

In the case of AuNPs, every chemical wet synthesis of the NPs results in an
immediate covering of gold with compounds present in the reaction mixture. There
could be some factors used as surfactants or as reducing agents for the gold salt, like
organic acids or amines. Sometimes such ligands are inorganic and very small, like
hydroxyl groups#! or oxoborates*2. More often, however, the AuNPs are covered by
tailored ligands, giving them desired physical, chemical, and biological properties. Those
ligands usually are thiols because of their ability to form a covalent bond between gold
and sulfur atoms. Thiols consist of a sulfur atom (S) responsible for the bonding and an
organic group (R) conferring the properties to the AuNP. Other sulfuric derivatives used
in the functionalization of AuNPs are xanthates, thioethers, and disulfides. These ligands
can be introduced to the reaction mixture in the stage of the formation of the AuNPs or
deposited on the gold surface later, in a ligand-exchange reaction.

Because of its wide use, gold-sulfur bonding is the object of many studies.*? This
strong chemisorption has bond dissociation energy of (253.6 * 14.6) k]J/mol, similar to
the Au-Au bond [(226.2 + 0.5) k]/mol] (both values concern diatomic molecules).#* For
bulk gold or bigger NPs with large Au(111) areas, thiols are typically highly ordered into
dense SAMs (see Figure 1b in the 1.1 section). These structures represent the standing-
up configuration of ligands. For the most densely packed thiols, hydrocarbon chains
adopt tilt angles of 30 degrees to 40 degrees in relation to the surface normal.43c Many
investigations have shown that the structure of the Au-S interface on the surface of
macroscopic gold is different from that on the small NP. On the curved surface of small
AuNPs, compared with the flat Au(111), the surface coverage is typically higher and
exceeds 33%. Also, on the AuNPs the chemical stability of the Au-S bond against thiolate
degradation to disulfides is better. This results from the presence of surface defects,
where thiolates are bonded more strongly.43¢

The SAMs serve as external shells determining the properties of the surface, such
as its wettability or adhesion. The structure of such layers was determined in the late
80s and early 90s by atomic force microscopy (AFM) and electron diffraction studies

(EDS).%3b The studies revealed that the sulfur atoms adopt the hexagonal structure of the
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Au(111) surface underneath. The S-S distance in SAMs built of the alkanethiols was
determined as 4.97 A.43b As mentioned above, thiols are connected strongly to the gold,
but the true nature of the Au-S bonding is still a subject of research. The standard Au-S
binding model, shown in Figure 113, is at present challenged by other shown binding
modes. According to new experimental and theoretic data, in low- and medium-coverage
SAMs an important structural unit may be a RS-Au(I)-RS staple complex.43d In this
complex a bridging Au atom in a +1 oxidation state is present (Figure 11c). The sulfur
atom, bound to two different gold atoms, the R group and the electron lone-pair, is here
a stereogenic centre.

The RS-Au(I)-RS staple model is also currently proposed in describing the Au-S
interface on the small gold clusters. In the work of Jadzinsky et al. a AuNP of 102 atoms,
covered with 44 molecules of aromatic thiol (p-mercaptobenzoic acid, p-MBA), was
investigated.432¢ It found that 79 of the gold atoms build an ordered, truncated-
decahedral core with Au-Au bond lengths consistent with the bulk material, while the
remaining atoms form a shell around the core. These outer atoms interact strongly with
the thiolate sulfur atoms, as is schematically shown in Figure 11b, while the polar
interaction of sulfur with the grand core was found to be much weaker. All sulfur atoms
are located in a radius (8.3 + 0.4) A from the center of the gold cluster. Gold atoms
located in a radius up to 5.5 A do not contact sulfur atoms, those located 6.0 A to 6.3 A
from the center bind to one sulfur, and atoms in a radius 8.0 A bind with two sulfides. On
the Au-S interface, monomeric SR-Au-SR staple motifs are present. Interestingly, for
smaller gold clusters (Auzs(SR)1s and Auzg(SR)24), dimeric motifs of various steric
configurations were also found (Figure 11d).43b Investigation of the Au-S interface
between p-MBA and flat Au(111) gave, however, no evidence for gold ad-atoms,

suggesting that the ad-atom structure is rather a feature of curved gold surfaces.*3c
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Figure 11 Schematic presentation of bonding motifs between thiols and gold. (a) Several suggested bonding
modes for thiols on the close-packed gold substrates.432 (b) Aromatic thiol-protected gold nanocluster.
Carboxylate groups of the p-MBA acid are not shown.432 (c) Monomeric RS-Au-RS staple motif. Regarding the
orientation of the R substituents in relation to a staple plane, one distinguishes cis and trans isomers of the
motif.43b Conversion between the two positions is easy due to a low energy barrier.43d (d) Stereochemistry of
monomeric and dimeric staple motifs.43b

There is much evidence that the Au-S interface is neither rigid nor static.43b
Thiolates can easily move on the surface of the AuNP or bulk gold, as well as disconnect
from the surface and be replaced by other thiol molecules. For example, Imabayashi et
al*> investigated two separated domains of different thiolates attached to gold and
observed their complete mixing after 300 h at 60°C. The experiments were conducted in
water as well as in air. The authors estimated the diffusion coefficient of 10-18 cm?/s
which corresponds to about 1 nm per hour lateral diffusion. The diffusion of the
thiolates on gold, on the other hand, can lead to formation of some domains from the
homogeneous SAM. This is especially pronounced for mixed coatings, consisting of two

or more different thiolates, on the AuNPs. After deposition, distribution of the mixed
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thiols is rather random. Mobility of the thiols allows reaching a thermodynamic stability
by, e.g., a complete separation of the two types of ligand on two hemispheres of the
AuNPs and the formation of so-called Janus particles.

Covering the AuNPs with ligands determines their interactions with the
environment. The entire nature of these interactions depends on the chemical and steric
properties of the ligands. In Figure 12 and Figure 13 sample ligands used in the
functionalization of the AuNPs are shown. The cartoons present 5 nm gold cores and
space-filling models of ligands drawn to scale.

A spherical NP coated with a dense shell of radially oriented molecules contacts
its surrounding almost exclusively with the terminal chemical groups determining the
NPs’ solubility, charge, reactivity, affinity, etc. For example, the long-chained ligand
N,N,N-trimethyl(11-mercaptoundecyl)ammonium  chloride = (HS(CH2)11N(CH3z)3*Cl;,
(abbreviation: TMA), despite its hydrophobic aliphatic chain, makes AuNPs entirely
soluble in water. TMA itself dissolves only in organic solvents, but its -N(CH3)3* group is
polar and, when oriented on the surface of the functionalized AuNP, makes it
hydrophilic. The quaternary ammonium cation is also responsible for the positive
charge of the TMA-coated AuNPs. The charge, naturally, affects various properties of the
NP - it changes interactions between the NP and its environment as well as interactions
with other NPs. For example, a solution of TMA coated NPs is stabilized not only via
steric, but also electrostatic repulsion between organic ligands tethered to the adjacent
NPs. The repulsion prevents the NPs from undesired aggregation and precipitation from
the solution. Speaking of the NP-environment interaction one can also mention the
electrophoretic mobility of the charged particles or their deposition on oppositely
charged solids.

The surface charge also plays a key role in many applications of the NPs, for
example in microbiology. It is known that negatively charged particles do not penetrate
the surface of bacteria cells, which is also charged negatively. Positively charged
particles, in turn, are able to get through the cell wall, disrupting it. This feature is
nowadays being investigated as an antibacterial mechanism - in the face of the
increasing drug resistance of pathogens, NPs are considered as a new class of
antibiotics.#¢ Interestingly, the highest antibacterial activity, combined with low toxicity

against mammalian cells, is achieved for zwitterionic4’” or mixed, positive and negative,
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ligands on the surface of the NPs. Their proper ratio increases the efficiency and can

even lead to a Gram-selectivity of the NP-based new antibiotics.*8

CHs
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Figure 12 Hydrophobic ligands deposited on the surface of the NP of a 5 nm core diameter. The particle is
idealized as a smooth sphere and only space-filling models are drawn to scale. Left to right: trioctylphosphine
oxide (TOPO), triphenylphosphine (TPP), dodecanethiol (DDT), tetraoctylammonium bromide (TOAB), oleic
acid (OA). Source of the image: Ref. IV on page 150.
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Figure 13 Hydrophilic ligands deposited on the surface of the NP of a 5 nm core diameter. The particle is
idealized as a smooth sphere and only space-filling models are drawn to scale. Left to right: mercaptoacetic
acid (MAA), mercaptopropionic acid (MPA), mercaptoundecanoic acid (MUA), mercaptosuccinic acid (MSA),
dihydrolipid acid (DHLA), bis-sulphonated triphenylphosphine, mPEG5-SH, mPEG45-SH (2000 gmol-1) and a
short peptide of the sequence CALNN. Source of the image: Ref. IV on page 150.

The application of NPs in medicine sometimes involves their introduction into the
human cardiovascular system. A method for their further removal from blood can also
be based on the presence of the electric charge on the surface of the NPs. In 2015
engineers from the University of California proposed for this purpose a
dielectrophoresis collection chip.#°® The chip is made of hundreds of electrodes

generating a rapidly oscillating electric field and works efficiently even with the high salt
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concentrations observed in human blood. A similar dielectrophoretic device could be
also used in environmental and industrial applications in which NPs with a non-zero net

charge are applied.
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Figure 14 (a) The Uv-Vis spectra for the titration of Au(-)NPs with likely concentrated Ag(+)NPs solution.
Precipitation, visualized as decreasing of the SPR band, begins at 0.7 equivalents and is completed at 0.9 eq. of
Ag(+)NPs.50a (b) SEM image of the large crystals obtained by precipitation, dissolution and slow growth.s02 (c)
AuNPs covered with a mixed layer of ligands and their behavior in solutions of various pH values. Changing
the pH one changes the level of protonation of the carboxylic groups and, consequently, the
attraction/repulsion nature of the interaction between the NPs. 500

Charged NPs are interesting also as building blocks for the fabrication of 3D
crystals made of thousands or millions of NPs. Their potential applications include bio-
sensing, optoelectronics, and catalysis. Great advances in the field of their synthesis have
been made by researchers from the scientific team of Professor Bartosz A. Grzybowski.>0
Using aqueous solutions of gold and silver NPs similar in size, covered with carboxylic
(neutral or negative charge, depending on pH) or quaternary amine (positive charge)
ligands, they have been able to organize nano-matter into diamond-like structures. The
most regular crystals were produced by, first, fast precipitation from mixtures of
oppositely charged particles (Figure 14a). Then the precipitate was dissolved and left to
the complete evaporation of the solvent. The procedure leads to the formation of
regularly faceted crystals with dimensions up to 3 pum (Figure 14b).502 Similar results
were also observed for NPs covered with mixed negative and positive organic coatings.

Researchers were able to change the net charge on the NPs by changing the pH of their
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solution, and achieve crystalline precipitates only at the pH at which the net charge on

the NPs was zero (Figure 14c).50b

1.4 Nanostructures as substrates in surface enhanced Raman spectroscopy
(SERS)

Among numerous applications of nanostructures, an important role is played by
those based on the optical properties of NPs. In medicine, relevant branches of
applications are: bio-imaging in cancer diagnosis (often connected with drug delivery),
photothermal therapy, and LSPR-related biomolecule sensing.5! In this section basic
optical features of AuNPs are presented and their application in surface enhanced

Raman spectroscopy (SERS) is outlined.

1.4.1 Optical properties of metal nanoparticles

Optical properties of metal NPs are unique because the de Broglie wavelength of
the mobile conduction electrons is of the same order as the size of the nanoparticle.
Consequently, when light interacts with the metal nanostructure, it excites the whole
electron cloud and makes it oscillate in the entire bulk of the particle. For spherical
AuNPs of the diameter ~10 nm the typical exciting wavelength is ~500 nm. The electron
gas density oscillations between the opposite ends of the nanoparticle, triggered in this

way, are called LSPR, and the quanta of these oscillations are called plasmons.
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Figure 15 Left panel: Five solutions of AuNPs having 4 - 40 nm in diameter and their TEM images. Scale bar is
100 nm.51c Right image: UV-Vis absorption spectra of AuNPs having 30 - 100 nm in diameter.52

LSPR is responsible for: (i) the color of the NP solutions and (ii) the characteristic
plasmon resonance band. For example, for spherical AuNPs in the 5 - 50-nm-diameter

range it is observed near 530 - 550 nm in the absorbance spectrum. As shown in Figure
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15, both the color and the absorbance spectrum can be used to determine the size of the

AuNPs.

Wavelength, nm

a) ' b)
\) -
o
alls
_"'é Long Rods
— 2
2 L Short Rods
T
i-'-—/\\‘_ sph.l:.'
— 300 600 960 1200 1500

Increasing Aspect Ratio)

Figure 16 (a) Cartoon presentation of electron gas density oscillations typical for the spherical and elongated
AuNPs. Unlike the spheres, gold nanorods display two types of oscillation of the free electron gas density -
transverse and longitudinal ones. (b) Absorption spectra of gold nanospheres (diameter 8 nm, red line) and
nanorods (aspect ratios 3 and 20, green and purple line respectively).51¢ (c) Six solutions of elongated AuNPs
having aspect ratio from 1.3 to 5 for shortrods (TEM images f-j) and 20 (TEM K) for long rods.51c

The interaction with light is slightly different for NPs of elongated shapes, like
nanorods. In this case one observes two absorption bands corresponding to two
possible types of oscillation of the free electron gas density, namely perpendicular (the
transverse band) or parallel (the longitudinal band) to the major axis of the nanorod

(Figure 16a). Similarly to spherical NPs, the absorption band of the gold nanorods is red-
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shifted with the increasing size of the particle, expressed by the long to the short axis
length ratio, the so called aspect ratio. In the case of elongated particles, differences in
the absorption maxima and color of the solutions are much more pronounced than for
spherical NPs (Figure 16).

The measurable effects related to the LSPR excitation, like the absorption band at
the characteristic plasmon resonance frequency, are very sensitive to changes of the
dielectric constant in the closest surroundings of the surface of the NP. Such an
exemplary change could be due to the appearance or chemical transformation of some
organic molecule near the NP surface. This results in the change of polarity of the
surroundings and in the shift of the maximum of the characteristic band in the
absorption/reflectance spectrum. This measurable response is commonly used in

modern science in several types of sensing, especially in biomedical applications.

1.4.2 Enhancement of local electric field

Considering the electric field around the illuminated AuNP, one should see it as a
sum of the incident field and the field produced by the NP. The second component is
maximized for a properly chosen wavelength of incident light that is different for
various dielectric permitivities of the surrounding media, so the appropriate wavelength
is different for particles in water or in air. According to Ref. 8, the field radiated by gold

nanospheres, Eou, is expressed as

_ 3&m (1)
0 Em + 2gdiel '

Eout = E
where Ej is the excitation field, and &n and £q4ie1 are dielectric functions of metal and the
surrounding medium, respectively. In air, at A = 530 nm, Eoy is five times larger than Ej.
This enhancement of the local field has become a basis for some spectroscopic methods,
including SERS, multiphoton imaging, and two-photon induced luminescence.8 SERS is a
technique based on detection of Raman scattering. Like other spectroscopic methods, it
allows for identification of analyte thanks to its specific interaction with light. When an
incident electromagnetic wave hits a molecule, it induces transitions between
vibrational states in the molecule, typically in the IR frequency, in the range (2 to 12) x
1013 Hz. The light could be then scattered in an elastic (the majority of scattered light) or
inelastic way. The latter way means that resulting photons have energy different from

the energy of incident ones. This phenomenon is called Stokes- and anti-Stokes Raman

scattering and occurs approximately for 1 molecule in 10 million. These small
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differences between energy before and after interaction with a molecule correspond to
the energy required to excite a molecule to a higher vibrational mode, and are unique for
every chemical structure. Because this type of scattering involves only a small fraction of
molecules, the resulting Raman signal is weak and difficult to detect. This is the reason
why enhancement of this signal is crucial in Raman spectra improvement.

In SERS the enhancing effect of localized plasmon resonance is used. The
sensitivity of this spectroscopic technique depends on the geometry of the nanosensor
(the size, shape, and arrangement of NPs), the surrounding medium, and the type of
analyte. In standard analytical procedure the two latter parameters are imposed by the
probe to be analyzed, so the only element that can be improved to enhance the signal is
the geometry of the nanosensor. It is known that nonspherical particles are, in general,
much better enhancers than spheres. The sharp edges of nanostars, nanoflowers,
nanorods, or nanopyramids give rise to so-called hot spots. The hot spots produce a very
intense electromagnetic field, and, consequently, the magnitude of the scattered signal is
enhanced by a factor 106 - 108.53 Regardless of shape, the interparticular distance
between adjacent NPs also has a strong influence on the sensitivity. Specifically, the
nanometer-sized gap is a place of high light concentration, making NP dimmers several
times more sensitive than isolated particles (Figure 17).854 Similar enhancement can
also be observed for a single AuNP deposited on a gold surface. These types of junctions

allow even for detection of single analyte molecules.>>

100 nm

Figure 17 Calculated electric field intensities for different metal NP shapes and dimmers at LSP resonance
wavelength. It is visible how much the intensity increases on edges and in gaps between adjacent NPs.54c
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For the reasons mentioned, high enhancements are observed for closely-packed
arrays of sharp-edged NPs. Such arrays can be fabricated by lithography or controlled
deposition of NPs from solutions. Solid substrates decorated this way are called SERS-
platforms and allow for analysis of molecules chemi- or physisorbed on/near to their
surface. Compared to classical Raman scattering measurements, SERS leads to
achievement of a signal enhanced thousands, millions, or billions of times, allowing for

analysis of more diluted solutions and the use of smaller samples.

1.5 Self-assembled two-dimensional nano-structures

The term “self-assembly” (SA) was introduced in this dissertation in section 1.1. It
concerned the spontaneous deposition and ordering of the molecules of thiols on a
surface of gold (see Figure 1). The phenomenon of SA is however ubiquitous in nature
and is observed at all scales.>® In nanotechnology SA is an interesting aspect of the
formation of the ordered structures consisting of NPs. In my dissertation this
phenomenon appears in sections devoted to deposition of the charged AuNPs on a solid
substrate (section 4.1) and preparation of a SERS-platform covered with gold
microflowers (4.6).

In general, SA is a type of organization of molecules/particles that does not
require any external control. Typically, entropic effects, intermolecular interactions (van
der Waals or capillary forces), electrostatic and magnetic forces are responsible for the
SA. Among the mentioned forces, the ubiquitous van der Waals ones play a crucial role
in all types of NPs and, because of their rather attractive nature, are responsible for
undesired aggregation and precipitation of the NPs from the solution.5?” The
omnipresence of the van der Waals interaction could be thus adverse, but used properly
may lead to fabrication of organized nanoparticulate systems in a bottom-up way
(Figure 18). In two-dimensional systems the presence of van der Waals interaction is
typically demonstrated by the presence of hexagonally packed NP arrays. In the case of
polydispersed NPs one can also observe a size-selective sorting. Bigger particles are
organized in the inner area of the assembly while smaller (or differently shaped) ones

are located at the periphery.57
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Two types of SA are distinguished: static and dynamic.>¢ We talk about “static
self-assembly” (SSA) when structures organize autonomously into stable, ordered
arrays. The driving force for the SSA is a reduction of energy and the consequent
achievement of thermodynamic equilibrium. For this reason structures formed by the
SSA are quite stable and do not undergo further transformations. In dynamic SA (also
called dissipative SA or DySA), in turn, the organized structures are far from the
thermodynamic equilibrium, so their formation requires a constant supply of energy.
Energy is subsequently dissipated via production of entropy.>85960 In practice, all

processes of self-assembly that lead to the formation of stable and applicable

nanoparticulate structures belong to the class of the static SA.
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Figure 18 Various assemblies driven by van der Waals interactions. Not only close-packing, but also shape-
segregation, size-segregation of nanospheres, and side-by-side organization of nanorods are visible.57

Static SA is a spontaneous process, but typically it requires a rational design of
the building elements to obtain properly organized microscopic structures for
technological applications. This design could be achieved by proper choice of the size
and shape of the NPs which are supposed to become efficient building blocks. It can be
also provided by the functionalization of the “bricks”. The ligands play a key role in the

SSA assembly process. Their type determines the steric, physical, and chemical
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interactions between NPs. It also influences the way NPs interact with their
environment. For example, by choosing proper ligands one makes the NPs susceptible to
an external directing field (e.g. electric). The third type of design of the SSA process is
modification of an environment by application of some templates. The presence of these
steric factors can lead to selective assembly of particles. Typical templates are small
particles, acting like spacers between the NPs, as well as periodical scaffoldings in which
assembling structures are immersed. Also, changes in temperature, pH, or the polarity of
the environment can affect the interparticle interactions and trigger the SSA of the
NPs.61

Because the NPs have to be free to move to assemble, the SA usually occurs in a
solution or on solid/liquid, liquid/liquid or liquid/gas interfaces. Assemblies in bulk
solution lead rather to 3D products, but interfaces are convenient templates for two-
dimensional (2D) ordering. A well-known example of this type of ordering are Pickering
emulsions.®2 The immobilization of the particles at the liquid/liquid interface, driven by
the reduction in interfacial energy, is the first stage of such an ordering. The next is
orientation of the single particle in relation to the plane of the interface: non-spherical
NPs are usually forced to lay flat. The third phenomenon related to assembly on the
interfaces is energetically-promoted size segregation of the NPs. This is a consequence
of the fact that, for particles as small as NPs, the thermal energy responsible for special
fluctuations is comparable to the interfacial energy.®3 In the case of limited interface
area and the presence of particles of various sizes in the bulk solution, the trapping of
particles with a bigger radius is thermodynamically promoted, while smaller ones are
pushed into the bulk. This results in higher reduction of the Helmholtz free energy than
would be observed for smaller particles migrating from the bulk to the interface. The
described relation concerns not only the NPs deposited on the water/oil, but also on a
liquid/gas interface.

By using solid/liquid interfaces one is able to achieve more types of assemblies
than for purely fluid interfaces. Utilization of chemical or physical sorption onto a solid
surface offers the opportunity to form mono- and multilayers that are more stable than
those assembled on a fluid interface. In the case of nano- and micro-particles, SA layers
(including columnar arrays) are prepared e.g. by capillary and convective forces during

evaporative drying,®4 thanks to electric or magnetic fields, a combination of fields (like
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electric and magnetic fields, electric field and flow,%> magnetic field and flow®®) or even,
for larger particles, by gravity®67.61

The self-assembled layers of the NPs have attracted considerable scientific
attention because of their great application potential. For example, 2D structures
consisting of metallic (Ag, Au)%8%° or semiconductor (CdSe, CdS)7%71 NPs can be used as
solar cells,’273 in sensing’4 light emitting devices, %71 storage media,’L7>
photodetectors,’! semiconductor nanorods epitaxial growth,’¢ electrode modification,””
corrosion protection,’® antireflective films,’® nanosphere lithography,8® or

heterogeneous catalysis.8!

52



Motivation

2 Motivation

From the literature on nanotechnology emerges a fascinating picture of the nano-
world. The hundreds of types of NPs of different shapes, sizes, and chemical composition
have aroused interest because of their huge application potential. They are also
interesting from a purely scientific point of view because their physical and chemical
properties are different from the features of their macro analogues, and difficult to
predict. It is not surprising therefore that nanotechnology is a very rapidly evolving field
of knowledge. Our understanding of the mechanisms governing the world of
nanostructures is becoming greater every year, and new methods for NPs synthesis and
organization into desired structures are appearing. In fact, however, there is still so
much to discover and improve: the fabrication of nanostructures could be more precise,
efficient, and environmentally friendly; the explanations of many mechanisms free of
doubt and unconfirmed hypotheses; the scale of application - wider. For these reasons, I
decided to choose nanotechnology as the subject of my research.

My goal was to contribute to the development of nanotechnology, especially in
the aspect of its applicability. In this dissertation I present both a purely scientific
analysis of the formation and properties of nano- and microstructures, as well as useful
methods for their synthesis, manipulation, and utilization. I believe that my results will

find application, especially in medical diagnosis and treatment.
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Experimental section. Analytical techniques used

3 Experimental section

In this chapter I describe the materials and experimental procedures employed in
the research presented in this dissertation. Specific information on the experimental
methods related to individual parts of the research are placed in the “Preparation and

analysis of samples” sub-sections of each section of chapter 4 (“Results”).
3.1 Analytical techniques used

3.1.1 Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX)
SEM is one method used for studying different aspects of the morphology of NPs.
It produces high resolution images by recording signals coming from interactions of the
sample and an electron beam. Electrons originating from an electron gun are accelerated
to reach the desired kinetic energy. They travel through a set of lenses (magnetic or
electrostatic) that, cutting some electrons off, assemble and focus the beam. Schematic

presentation of the microscope is shown in the Figure 19.

electron gun

electron beam ‘
T anode

N,

magnetic lens
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stage

backscattered
electron detector

specimen

Figure 19 Schematic of SEM. Source of the image: Ref. V on page 150.

The results of energetic bombardment of the probe are different types of signals,

which provide various sets of structural information about the sample. The collected
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signals can be, depending on the detector employed, secondary electrons (SE), back-
scattered electrons (BSE), characteristic X-Rays, cathodoluminescence (CL), specimen
current and transmitted electrons. Secondary electron imaging (SEI) provides with type
SE1 secondary elements which carry high-resolution and surface-sensitive details about
the sample, or with type SE2 carry lower-resolution information. Singly scattered
backscattered electrons (BSE1) are connected with compositional contrast, while
multiple scattered backscattered electrons (BSE2) are used to determine the
composition and crystalline structures of a sample. Analysis of characteristic X-Ray lines
can be used for mapping the distribution of elements in a sample. The CL detectors
analyze emitted light leading to discovery of certain trace impurities in minerals. To
obtain a sharp image using SEM, the analyzed objects must be conductive. They can be
imaged in a wide range of magnifications, over a range of about 6 orders of magnitude.

Apart from SEM imaging, in the presented studies EDX was also used. In this
method a high-energy beam of electrons ejects an electron from the inner shell of the
analyzed atom. In this way a hole is created. An electron from a higher-energy shell fills
the hole and releases the energy difference in the form of a characteristic X-ray wave.
Detection and analysis of these X-rays enables elemental analysis of the sample.

In this work, nanostructures deposited on silicon substrates were analyzed by
field emission scanning electron microscopy (FE-SEM) using a Neon 40 - Auriga Carl
Zeiss instrument in the InLens detection mode, applying 5 kV beam voltage, unless
indicated otherwise. Elemental analysis of the silver-gold MFs was done by energy-
dispersive X-ray spectroscopy using EDX-system QUANTAX 400 Bruker attached to the
SEM. Milling of the AuMFs was done by ablation using FIB attached to the Cross-Beam. A
Zeiss Auriga FIB/SEM system equipped with a Cobra-focused gallium ion beam column,
a Schottky field emission gun and a Gemini electron column, was employed. For FIB

milling, a 30 keV Ga ion beam with a 20 pA current was employed.

3.1.2 Surface enhanced Raman spectroscopy experiments

Theoretical background of this analytical method is presented in section 1.4. In
this dissertation, in order to estimate a Raman scattering enhancement of AuMFs,
regular Raman and SERS measurement were conducted. Typically, the acquisition time
was 20 min for regular Raman, and 30 - 60 s for SERS experiments.

For the model analyte, p-mercaptobenzoic acid (p-MBA), SERS spectra were

obtained by excitation with a 785 nm laser. This model molecule was used for
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estimation of enhancement factors (EFs) of the new SERS platforms presented in the
section 4.6. The EF is a parameter comparing the signal intensity on the SERS platform
to the signal of the same analyte in a regular Raman measurement and was calculated

according to the formula:
EF = IsersNnRr/(INRNsERs), (2)

where Nsgrs refers to the number of molecules adsorbed on the SERS probe within the
laser spot area and Nnr refers to the number of molecules probed by Raman
spectroscopy. Isgrs and Inr correspond to the SERS intensity of the analyte on the
modified surface and to the normal Raman scattering intensity of the same analyte in
bulk. Both intensities were measured at 1077 1/cm.

In the experiments presented in the “Bottom-up preparation of a stable and
efficient SERS platform“ (in sub-section 4.6.4.5) the SERS samples were prepared by
soaking of the SERS platform in a solution of the analyte (1.0 x 10-¢ M, 9.0 mL). The beam
of laser was 5 pum in diameter. The normal Raman spectrum was collected for a cell filled
with a pure p-MBA liquid (154.19 g/mol) of density 1.06 g/cm3. The effective
illuminated volume for the setup was 1.96 x103 um3. The excitation light was passed
through a line filter, and focused on a sample mounted on an X-Y-Z translation stage
with a 20x microscope objective. The acquisition of the Raman signal was conducted by
the same objective through a holographic notch filter blocking the Rayleigh scattering.
An 1800-groove/mm grating was used to provide spectral resolution of 5 1/cm. The
Raman scattering signal was detected by the 1024 x 256-pixel RenCam CCD detector.

The reproducibility of spectra, presented in the same section, was determined
with a Savitzky-Golay second derivative method, using a window size of 50 data points
with second order polynomial. Correlation coefficients between all nonidentical spectral

pairs (i#j) in the same data set were found using the formula:

_ S (1) — 1)) — 1)

O'iO'j

P;

(3)
where i and j are indexes of the spectra in the data matrix, k is the wave number index of

the individual spectra, I - the spectral intensity, W - the spectral range, and oi - the

standard deviation of the spectrum. To evaluate the reproducibility of multiple
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measurements, the average of the off-diagonal correlation coefficients, 7, was

determined as follows:

_ 2 Yiti Xiv1 Pij

NN — 1) )

Parameter / varies in the 0 - 1 range, where 1 - identical spectra and 0 - completely

uncorrelated spectra.

3.1.3 Zeta-potential measurements

Zeta-potential (C-potential), is the name for electric potential in a conventional
interface between a double layer and the bulk medium (the so-called slipping plane), in
which a charged particle is suspended. As is shown in Figure 20, the sample negatively
charge particle is covered by two layers of ions. The closer one, the so called Stern layer,
is made of positive ions, strongly attracted to the surface of the particle by electrostatic
forces. The outer layer of ions, the diffusive layer, also contains positive ions attracted by
the particle, as well as negative ions attracted by the Stern layer. Outside of the diffusive
layer the electrostatic influence of the negatively charged colloid decreases rapidly with
increasing distance from the surface of the particle.

Application of an electric field in the dispersion makes particles with Zeta-
potential move toward an electrode of opposite charge. The velocity of movement is
proportional to the magnitude of the (-potential. Owing to electrokinetic phenomena,
Zeta-potential is measured indirectly. In colloidal dispersions (-potential can be used as
an indicator of possible coagulation in the colloidal system, being therefore an indicator
of stability. The higher the value of Zeta potential, the greater the stability. In this study,
the Zeta-potential of the charged AuNPs was measured using a Malvern Zetasizer

NanoZS (Malvern Instruments, U.K.) analyzer, at 25°C.
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®

®

Surface potential

2 @ @ v Stern potential

Distance from particle surface

Figure 20 Negatively charged particle in a colloidal dispersion. Diagram shows the concentration of ions and
potential as a function of distance from the charged surface. Source of the image: Ref. VI on page 150.

3.1.4 UV-Vis spectroscopy

When incident light passes through the probe, part of its intensity is absorbed by
molecules of analyte. The wavelength of the absorbed electromagnetic wave depends on
the electronic structure of analyte, while the level of absorption is linearly proportional

to its concentration. According to the Lambert-Beer law
I
Absorbance = log107° = &psCl, (5)

where Iy denotes intensity of incident light, I - intensity of transmitted light, ¢ - molar
concentration of sample, [ - length of the absorption path, and €abs - molar absorption
coefficient.

In this study, absorption spectra in the ultraviolet-visible (UV-Vis) range were
recorded in several research subjects, and made using diverse equipment. Specific
apparatus type and conditions of the measurement are described in the “Preparation

and analysis of samples” sub-sections of each section in chapter 4.

3.1.5 Small-angle X-ray scattering (SAXS)

SAXS is a technique used to determine the size, shape, and arrangement of
nanoparticles in disordered or partially ordered systems. It is an analogue for powder
diffraction and can be used both for liquid and solid probes. In SAXS a monochromatic X-

ray beam is directed at a sample. Some of the waves are scattered. The elastically
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scattered ones, detected at angles smaller than 10 degrees, form a scattering pattern
characteristic for the properties of the sample.

In this dissertation, SAXS measurements were used to determine the size of the
AuNPs. The SAXS patterns were obtained with the Bruker Nanostar system; the patterns
were registered with a Vantec 2000 area detector. The CuK (a = 1.54 A) radiation was
used. The samples were prepared in Lindemann capillaries (1.5 mm in diameter). The
signal intensities were obtained through integration of the 2D patterns over an

azimuthal angle. Measurements were carried out at a temperature of 25°C.

3.1.6 X-ray diffraction (XRD)

X-ray crystallography is an analytical method including diffraction of an
electromagnetic wave (the X-ray) on the crystal structure of an analyte. The incident X-
ray encounters the regular array of scatterers - electron clouds of the atoms building the
crystal - and each of these strikes produces a secondary spherical wave. The repeating
arrangement of the scatterers leads to production of many spherical waves that at some
points in space cancel or add to each other. The set of such waves land on a detector (e.g.
a piece of film) making a diffraction pattern. By analyzing the intensity and positions of
the diffracted beams, one can deduce the spatial arrangement of the density of electrons
within the analyzed crystal. This information allows ia. for determining the mean
positions of the atoms in the crystal.

In this dissertation, XRD was used to determine the crystal structure of the
AuNPs. XRD spectra were recorded using Bruker D8 Discover equipped with Vantec
linear detector and at CuKa radiation in reflection geometry. All measurements were

carried out at room temperature.

3.2 Materials

Sulfuric acid, hydrogen peroxide, hydrochloride, sodium chloride, potassium
thiocyanate, sodium carbonate, sodium acetate, sodium nitrate, potassium sodium
tartrate and nitric acid were purchased from Chempur. N,N,N-trimethyl(11-
mercaptoundecyl)ammonium chloride (HS(CH2)11N(CHz)3*Cl, TMA), was synthesized
according to a known procedure.82 Acetone and methanol from Chempur, and deionized
water (15 M) were used as solvents. For SERS measurements, DNA-oligomer (from
Genomed) and virus A (courtesy of University of Gdansk) were applied. All other

reactants were purchased from Sigma-Aldrich. The reagents were all analytical grade
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and used without further purification. GaN substrates were purchased from TopGaN.
The silicon wafers (orientation 100) were purchased from Cemat Silicon. The glass
microscope slides were obtained from Roth. Before use, the wafers and glass slides were
cut manually into strips and cleaned by sonication in water and then in acetone. Next,
the plates were immersed in a freshly prepared piranha solution (3:1 H2S04:30% H203)
for 3 h. Finally, the plates were rinsed with deionized water and then with methanol, and

dried in air.
3.3 Methods

3.3.1 Synthesis and functionalization of gold nanoparticles

Gold nanoparticles were synthesized according to known procedure.8 First,
a solution of didodecyldimethylammonium bromide (DDAB, 1.295 g, 2.8 mM) in toluene
(28 mL) was prepared. Then, HAuCls-3H20 (19.4 mg, 0.05 mM) was dissolved in 5 mL of
DDAB solution by sonication. To the prepared mixture, dodecylamine (DDA, 180 mg,
0.97 mM) was added and dissolved by sonication. Next, tetrabutylammonium
borohydride (TBAB, 50 mg, 0.2 mM) dissolved in 2 mL of the DDAB solution was
injected do the reaction mixture during stirring. In this step small AuNPs (“seeds”) were
formed and the reaction mixture became brown. Seeds were then grown by, firstly,
addition of the reaction mixture to 50 mL of solution of HAuCl4-3H20 (194.6 mg, 0.5
mM), DDAB (1 g, 2.16 mM) and DDA (1.85 g, 9.98 mM) in toluene (50 mL) and finally, by
slow dropwise addition of anhydrous hydrazine (128 mg, 4 mM) in 20 mL of DDAB
solution. The obtained solution of AuNPs became wine red and was stable for at least a
few days. The procedure for AuNP synthesis and subsequent functionalization is

presented in a simplified way in Figure 21.

62



Experimental section. Methods
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Figure 21 Upper panel: The procedure of the synthesis and functionalization of the AuNPs: In the first step
small particles are formed that then grow in a solution containing a new portion of gold salt. In the bottom
panel chemical structures of the reagents used are shown.

To provide a positive charge on the NPs, the hydrophobic amine ligands were
replaced with the w-functionalized alkanethiol, N,N,N-trimethyl(11-
mercaptoundecyl)ammonium chloride (HS(CH2)1:N(CHs)3z *Cl;, TMA). To carry out the
ligand exchange reaction, I applied the following procedure: From the toluene solution
(10 g, 7.05 mM, 0.075 mmol Au) the Au@DDA NPs were precipitated with methanol (70
mL), then dissolved in chloroform (15 mL) and added dropwise to the solution of TMA
(30 mg, 0.11 mmol) in methanol (5 mL). The mixture was stirred overnight. After this
time, and after the addition of isopropanol (2 mL), the AuNPs were precipitated with
hexane and centrifuged (30 min, 7000 rpm). Supernatant was decanted and the black
precipitate of AuNPs was dissolved in methanol (1.5 mL) and isopropanol (1.5 mL),
precipitated with hexane (~40 mL), and centrifuged (15 min, 6000 rpm). The
dissolution and precipitation process was repeated five times. Eventually, the purified
and dried AuNPs were dissolved in 35 mL of deionized water yielding a 0.73 mg/mL
gold solution. The average radius of the metal core of the Au@TMA NPs, determined
from the SAXS spectrum of the AuNP solution, was 2.5 nm with the polydispersity 0.43
nm. The thickness of the TMA protecting monolayer on the AuNPs, calculated using

ChemSketch software, was about 1.8 nm.
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The negatively charged AuNPs were prepared in a manner analogous to that
employed to obtain the positively charged ones. The same procedure was used, but
mercaptoundecanoic acid (MUA) instead of TMA was applied. In the final step the
Au@MUA NPs were dissolved in methanol.

3.3.2 Deposition of AuNPs on solid substrates
Preparation of the solid substrates

In my experiments, glass and silicon as substrates were employed. The glass
slides and silicon wafers were cut manually into stripes with a size of 11 mm x 50 mm,
which allowed me to place glass plates vertically in a spectrophotometer cell. The plates
were washed with deionized water and then with acetone. Next, the stripes were treated
with a piranha solution (95% H2S04:30% H202, 3:1 v/v). Then the stripes were washed
with deionized water and with methanol, and finally dried in air. Both glass and silicon
substrates exposed to aqueous solutions of NPs and salt at pH ~9.5 developed a negative
surface charge.
Covering substrates with nanoparticles using ionic- strength-controlled method

In general, the method for covering solid substrates with AuNPs consists in
immersing of the substrate in the water solution of AuNPs and inorganic salt (usually
sodium chloride, NaCl). The mixtures of AuNPs and salt with appropriate component
concentrations were prepared from the stock solution of AuNPs, and concentrated
aqueous solutions of salts, whereas the solution of AuNPs was always added last.
Irrespective of the salt content, four AuNP concentrations were used. The highest
concentration of gold was 0.15 mg/mL (corresponding to about 3.7 x 107 M NP
concentration). In my dissertation, I refer to this solution as Cioo. | applied also three
smaller AuNP concentrations: 0.75, 0.50, and 0.25 x C190, which are denoted as Co7s, Coso,
and Cozs, respectively. I carried out experiments for the NaCl concentrations in the range
from 1.0 mM to 4.6 M. (With my procedure, I could prepare mixtures containing NaCl in
concentrations no higher than 4.6 M, which was achieved by adding the AuNP solution
to the saturated 6.15 M solution of NaCl.) All the mixtures used were alkaline because of
the residue of amines that were used during the synthesis of the AuNPs. For example,
the pH of the C100 AuNP solutions containing 2.0 M NaCl was around 9.5.

A slide of material to be coated was immersed in a vertical position for a
prescribed period of time in ~100 mL of a mixture of AuNPs and salt. The slide was then

removed from the solution and rinsed with deionized water to wash out the salt and
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residual AuNPs that were not adsorbed on the surface. Finally, the slide was dipped in
methanol for about 10 s and dried by placing it in a vertical position on a filter paper so
that the slide contacted the paper with the bottom edge only. The analysis of the
surfaces of silicon coated with AuNPs, performed using the scanning electron
microscopy (SEM), revealed that, for all salts used, the AuNPs always formed a single
layer on the substrate. All experiments were performed at room temperature (about
25°Q).

In some experiments I describe samples as “low-density” and “high-density”
coatings. To deposit the AuNPs precisely this way, a silicon plate was immersed for 10
min. in 4 mL of aqueous solution of AuNPs (0.18 mg/mL) and sodium chloride (1 mM
and 2 M for the low- and high-density coating, respectively). The slide was then removed
from the solution and rinsed with deionized water to wash out the salt and residual
AuNPs that were not adsorbed on the surface. Finally, the slide was dipped in methanol

for about 10 s, and dried by placing it in a vertical position on a filter paper.
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4 Results

In this chapter I present a structured description of my research regarding gold
nano- and microparticles. The presented study concern the synthesis and further
modifications of the small gold objects and, above all, behavior, properties and
applications of two-dimensional arrangements made of them.

The chapter “Results” is divided into six sections. The first one (4.1) is devoted to
the smallest objects I investigated, namely AuNPs having about 5 nm in diameter. A new
method for their immobilization on solid substrates - an adsorption onto negatively
charged substrates occurring in solutions containing positively charged NPs and salt - is
presented.

In the sections 4.2 and 4.3 morphological changes that the AuNPs undergo in two-
dimensional deposit are analyzed. Section 4.2 presents detailed research on
deformations of the AuNPs due to their deposition on solid substrate. This section is
based on the article published in the Journal of Physical Chemistry C.84 In the section 4.3
influence of the oxygen plasma on the AuNP deposit is studied. Results presented in the
section 4.3 have been published in RSC Advances.85

Section 4.4 refers to the process of growing of small AuNPs deposited on the
silicon plate. Hydroxylamine hydrochloride, ascorbic acid, and 2-mercaptosuccinid acid
are investigated as reducing agents leading to the formation of more dense gold
coverages, composed of the enlarged AuNPs of different shapes.

Section 4.5 is focused on the synthesis and morphological modifications of the big
branched particles called microflowers (AuMFs). Results presented in this section have
been partially published in Plasmonics.86

In the section 4.6 methods for fabrication of various gold coatings made of the
AuMFs and their application in SERS are described. Both different metallic films as well
as various solid substrates are examined. A part of the results shown in this section has

been published in Plasmonics and Chemistry of Materials.8”
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4.1 Deposition of AuNPs using ionic strength-controlled method

4.1.1 Introduction

At present, two-dimensional coating consisting of metallic or semiconductor NPs
can be prepared by several well-established methods, including: the Langmuir-Blodgett
technique,’* electrodeposition,®8 spin-casting,®® drop-casting,®8 dip-casting,’¢ grafting,s°
contact printing,?? or the sol-gel technique.®? All these methods have some drawbacks.
They require special equipment, are confined to a limited set of surfaces, or they can be
employed on flat or small-sized areas only. Moreover, there is a need to search for new
coating methods that would allow one to cover quickly and cheaply large areas of
substrates with charged NP monolayers. There is experimental evidence®? that — due to
lateral electrostatic repulsion — it is impossible to obtain dense coatings in the solutions
of like-charged AuNPs in low ionic strengths. The addition of salt can reduce the
electrostatic forces but, for concentrations of the order of 10-1 M, renders the system
unstable against AuNP aggregation. So far, the effect of salt concentration on the
adsorption of charged AuNPs has been studied?3 for relatively small ionic strengths (up
to 15 mM). Higher salt concentrations have been investigated® in the context of the
layer-by-layer deposition protocol, in mixtures containing one type of charged NPs and
polyelectrolytes.

In this section, the effect of ionic strength on adsorption of positively charged NPs
onto negatively charged substrates is investigated. The deposition process is studied in a
wide range of salt concentrations, spanning from 0 to 4.6 M. It is found that, surprisingly,
the salt has a stabilizing effect on the plating solution. For high ionic strengths, above ~2
M, the AuNP aggregation process is suppressed and the AuNPs adsorb on the substrate
to form dense layers with surface coverage reaching about 50%. This finding provides a
facile method to coat surfaces of materials with AuNPs. Using this method, substrates
that develop a negative charge on their surfaces, such as glass or silica, can be coated by
immersion in an aqueous solution of charged AuNPs and simple inorganic salt. The
deposition process is fast, and the substrates to be covered do not require any special
treatment. The AuNP monolayers obtained with the method are stable in air and in
common organic solvents. The density of the coating depends on and can be easily
controlled over a wide range by AuNP and/or salt concentration and by the immersion

time. Low-density coatings composed of single AuNPs separated from each other, which
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are difficult to achieve by other means, can be easily obtained with the method
presented. Such low-density monolayers can be potentially applied in fields of research
where chemical or physical processes on a single AuNP are investigated; for example, in

spectroscopy?> or semiconductor nanorod epitaxial growth.7¢

4.1.2 Preparation and characterization of samples
Preparation of the nanoparticles

AuNPs were synthesized according to known procedure.8? The radii of the AuNPs,
determined using SAXS measurements, were R = 2.02 + 0.48 nm. To generate a positive
charge, the NPs were coated with TMA, as was previously described (see the
Experimental section, “Methods - synthesis and functionalization of gold
nanoparticles”).5%2 The thickness of the TMA protecting monolayer>% on the AuNPs was
1.8 nm. The functionalized NPs were dissolved in deionized water (15 M Millipore)
yielding a 0.6 mg/mL gold solution (the stock solution). Preparation of solid substrates
and deposition of NPs on them is described in the Experimental section. To demonstrate
the versatility of the salting-out deposition method, [ employed also a C100 AuNP solution
containing the following salts: KSCN (potassium thiocyanate), NaCO3 (sodium
carbonate), NaCzH302 (sodium acetate), NaNO3z (sodium nitrate), and KNaCiH4O¢
(sodium-potassium tartrate) in a concentration of 2.0 M.
Instrumentation

UV-Vis absorption spectra were recorded on a Shimadzu MultiSpec-1501
instrument in the 300-700 nm range. The baseline was measured for clean glass slides.
During the absorbance measurements, the glass slides were fixed in the
spectrophotometer cell perpendicularly to the light beam.
Determination of the Adsorption Kinetics

To monitor the kinetics of the AuNP adsorption, [ measured the absorbance, ¢, of
the surface of the glass slides covered with NPs as a function of the immersion time, t. To
obtain the dependence ¢i(ti) for n different immersion (dipping) times, t1 < .. < ty, |
carried out n independent experiments. In each experiment, the glass slide was dipped
for the time ¢; in the solution of the AuNPs and NaCl. The absorbance of the slides was
measured, based on the UV-Vis spectroscopy. Each value of the absorbance, ¢,
corresponding to a given immersion time, t;, was taken as an average of three

experiments carried out for three different slides.
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[ found that the shape of the absorption spectrum of the AuNPs adsorbed on the
glass surface was similar to that exhibited by the AuNPs in the bulk solution. For very
low AuNP coverages, the position of the absorbance peak was located at Amax = 534 nm
and was red shifted as compared with the AuNP solution, Amax = 518 nm. This shift of the
peak position can be attributed?® to the increase of the average dielectric constant of the
medium surrounding the AuNPs deposited on the glass substrate. The red shift
increased with increasing surface density of the adsorbed AuNPs. For the highest AuNP
coverages (obtained for the Cioo solution and 2 M NaCl concentration), the peak was
observed at Amax~550 nm. Examples of five UV-Vis absorbance spectra recorded for a
glass slide dipped in the Co7s solution (2 M NaCl) for five different times are shown in

Figure 22.
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Figure 22 UV-Vis absorption spectra of a glass slide covered with the AuNPs. Results for five immersion times,
1, 3,5, 10, and 20 min, are presented. The solution contained AuNPs in a concentration of Co7s and 2.0 M NaCl.
The position of the absorption maximum red shifts as the coverage of the glass surface increases.

The coverage-dependent red shift originates from the dipole-dipole
interactions?7.9899.100 hetween the metal cores of the neighboring NPs. The strength of
the plasmonic coupling decreases rapidly when the distance between the cores
increases. Thus, the red shift AAmax = 16 nm observed indicates that patches of closely
packed AuNPs are formed for the highest surface densities. Note here that the strength
of the plasmon coupling depends on the ratio D/2R, where D is the center-to-center
distance between the metal cores and R is the radius of the metal core. A strong red shift
of the absorbance peak is observed?6.100 for values of D/2R below, approximately, 1.5.
The radius of the core of the AuNPs used was R = 2.02 nm, the outer radius of the NPs,

being a sum of R and the thickness of the TMA layer, was 3.92 nm. It follows that, for two
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AuNPs in contact, D/2R = 2. For this reason, in our experiments, we observed a relatively
small red shift of Amax, even for the highest AuNP coverages. Importantly, note that the
method based on the UV-Vis spectroscopy allowed me to determine the actual
adsorption rate. That is, because the residual (unadsorbed) AuNPs were washed out
prior to the measurements, the absorbance ¢ was due only to the AuNPs bound to the

surface.

4.1.3 The Model
To explain the obtained results, I assumed that the adsorption process follows the
first-order Kinetics.?3101102 [n the present approach, the equilibrium of the AuNP

adsorption and desorption is given by the equation
S+ AuNP & SAuNP, (6)

where S denotes a vacant site on the surface and SAuNP stands for a nanoparticle bound
to the surface site. The deposition kinetics of AuNPs is characterized in terms of the

fractional coverage of the surface, 6, by the following equation:

de
E = kaqs B ) — kgest (7)

where the coefficient kags is the limiting deposition flux of the NPs onto the uncovered
surface and the product kqes6 is the flux of the NPs desorbing from the surface. It is
assumed that kges does not depend on the coverage of the surface nor on the
concentration of NPs in the solution. The quantity B(0) is referred to as the blocking
function®3102 and measures the fraction of the surface that is available for the oncoming
AuNPs. The blocking function obeys the following conditions: B(8) = 1 for 8 = 0, and
B(6) = 0 for 8 = Omax, where Omax is the maximum coverage of the surface. I apply the

blocking function in its simplest form:

B(6) = Omax — 0. (8)

In eq. (7), the coefficient kags is proportional to the concentration, C335(6,), of the AuNPs
in the adsorption layer?3.102103,104 3t 3 distance &. from the surface. It can be written as

the following product:
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kads = kaC3%(5,), (9)

where k, is the adsorption rate constant. The concentration of NPs in the adsorption
layer grows with the bulk concentration of AuNPs, Cnyp. The exact form of the
relationship between Cnp and Cﬁ}%s is, however, not needed in our discussion. What is
important is that the coefficient ka¢s does not depend directly on the bulk concentration
of the AuNPs, but on C3%5. Note also that, if the coefficient kigs was proportional to the
NP bulk concentration, that is, kiads = kaCnp, €q. (7) would represent the Langmuir
adsorption equation (the Langmuir isotherm). In the Langmuir isotherm, no interaction
between adsorbing particles is assumed. In the present study, significant interactions
between the AuNPs, especially in the adsorption layer, are anticipated. This is the reason
why the coefficient kaqs follows the dependence given by eq. (9).

Under the assumption that Cnp is constant during the adsorption process, the

solution of eq. (7) with the blocking function given by eq. (8) reads

O(t) = Osac [1 — exp(—(Kags + Kges)t)] (10)

where the saturation value of the fractional coverage, 8sat, is given by the following

formula:

kads

Osat = Omax I (11)

ads + kdes

To check if the amount of the AuNPs adsorbed on the glass slide affects the bulk
NP concentration, I compared the absorbance of five different glass slides that were
dipped consecutively in the same AuNP solution for about 30 min. Within experimental
error, no difference in the absorbance kinetics between the first and the last slide could
be observed, even for the lowest AuNP concentration used (Cozs). This result justified the
assumption that the NP concentration was constant during the process and the
adsorption of AuNPs did not alter either kads nor @max. Otherwise, if the amount of AuNPs
adsorbed affected the bulk AuNP concentration, the absorbance kinetics of the last slide

immersed would be different from that of the first one.
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The absorbance, ¢, of the glass interface is measured in arbitrary units. I treat it
here simply as a dimensionless quantity. It is proportional to the surface density of the
adsorbed AuNPs for a wide range of surface coverages.1%5 For this reason, eq. (10)
describes the time evolution of both the fractional surface coverage, 6(t), and the
absorbance ¢(t). While fitting the kinetic model to the experimental absorbance data, I
employed ¢ instead of 6. In my calculations, I treated the maximum absorbance, @max,
and the two coefficients, kads and kqes, as the fitting parameters. In the following, I refer to

eq. (10) as the model of the time evolution of the absorbance, ¢(t).

4.1.4 Experimental Validation of the Model

For low salt concentrations, below ~20 mM, the deposition process is driven by
electrostatic interactions and the adsorption of the AuNPs is highly irreversible.?3 |
conducted a series of experiments to check to what extent the process is irreversible for
higher ionic strengths, above 2.0 M. I found that the absorbance data collected for the
mixtures of AuNPs and a 2.0 M solution of NaCl follow the time dependence given by eq.
(10) for all component concentrations employed. (I found that the data obtained for
mixtures of AuNPs and other salts also followed the kinetic model, but systematic

studies involving different component concentrations were carried out for NaCl only).

| ' I ' I ! I ! | ! I
0,1} e Cup —
- m Cyy E
0,08 - -
=: I T T T T T T T T
@©
Py o1
g 0,06 |~ ) - ’-‘l [ o ° -
8 008 A
§ [ 8 . ]
0,06 n .
S0,04 ] - ® Cpys .
-20 ol o = Coso
50, i
i .::s .r + Cyrg T
0,02} 0.02 2C0 1
I T s e T
T
0 N | X | L | L | L | 1 |
0 5 10 15 20 25 30

immersion time [min]
Figure 23 Dependence of the absorbance, ¢, on the immersion time, ¢, for the salt concentration Csat = 2.0 M

for two NP concentrations, Coso and Co7s. Inset: time dependence of the absorbance for four NP concentrations,
C100, Co7s, Coso, and Cozs, plotted in the rescaled time T = ¢ x Kads.

The absorbance data for two selected AuNP concentrations, Co7s and Coso, are shown in
Figure 23. Also, in Figure 23, the dependencies of the absorbance are plotted in the
rescaled time, T = t x kads. As seen, after the rescaling, the functions ¢(7), collapse onto a

single curve.
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The most remarkable property of the plots presented in Figure 23 is that the
saturation value of the absorbance, @sa;, was, within experimental error, the same for all
mixtures used, irrespective of the AuNP concentration. The bulk concentration of the
AuNPs affected only the adsorption rate, and for higher AuNP concentrations, @sa: was
reached faster. This follows that the AuNP bulk concentration in all mixtures was high
enough to provide the same value of saturation coverage. . It follows that the fraction in
eq. (11), kads/(kaas + Kkdes) = kaCnp/(kaCnp + Kkdes), does not depend on the NP
concentration, Cnp. In terms of the model’s parameters this condition is fulfilled when
kads >> kdes SO that the fraction is close to unity, kads/(Kads + kdes) = 1. Consequently, the
adsorption process can be, to a good approximation, regarded as irreversible for the
AuNP concentrations used. According to eq. (9), the value of the adsorption coefficient,
kads, increases with Cnp, whereas the desorption coefficient, kqes, does not depend on the
concentration of AuNPs in the bulk solution. It follows from eq. (11) that, if the
adsorption process was reversible, one would observe a decrease of the value of the
saturation absorbance with decreasing Cnp, and the saturation absorbance would
approach the limiting value, @max, for sufficiently high AuNP concentrations. To verify
whether the desorption of the AuNPs can be neglected in the model, additional series of
experiments were carried out. [ simulated a sudden change of the AuNP concentration
from Cio0 to zero in the solution. In each experiment, the glass slide was immersed in a
solution containing 2.0 M NaCl and AuNPs in different concentrations for a time (2 h)
that was sufficient to reach the saturation coverage of the surface. The slide was then
removed from this solution and transferred immediately into 2.0 M aqueous solution of
NaCl. (Note that, after drying, the layer of AuNPs adsorbed became permanently bound
to the surface.) The slide was kept in the solution of the salt for a long time (up to 24 h)
and then investigated using UV-Vis spectroscopy. | found that the absorbance of the
glass slide hardly decreased after transfer into the salt solution. To quantify the AuNP
desorption process, | fitted eq. (10) to the experimental data, assuming that, after
immersion in the aqueous solution of NaCl, only desorption of the AuNPs from the
surface takes place. The absorbance of the slide, ¢(t), decays then exponentially with

time, according to the following equation

@) = @sar €XP (_kdest) (12)
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where @sat is the absorbance corresponding to the saturation coverage of the glass slide.
From the least-squares fit of the experimental data to eq. (12), I estimated the value of
the desorption coefficient as kdqes ~10-> 1/s. The solid lines in Figure 23 represent the

least-squares fits of eq. (10) with kges = 0

§0(t) = @max [1 - exp(_kadst)] (13)

to the adsorption data. The obtained values of kads varied - from kags~ 7.3 x 10-3 1/s for
the highest AuNP concentration, Cioo, to kass ~3.7 x 104 1/s for the lowest AuNP
concentration used, Cozs. (The dependence of the adsorption coefficient on the bulk
concentration of NPs is discussed in more detail later in this section.) It follows that, for
all AuNP concentrations employed, k4es was significantly smaller than kads. Therefore, the
desorption of AuNPs can be neglected and eq. (13) can be employed to model the

deposition process.

4.1.5 Effect of Salt Concentration

To investigate the effect of salt concentrations on the adsorption process, I
studied the adsorption process in mixtures containing AuNPs in a concentration of Cioo
for 10 different NaCl contents: Csat = 0.001, 0.01, 0.1, 0.50, 0.75, 1.0, 2.0, 3.0, 4.0, and 4.6
M. For each salt concentration, I determined the dependence ¢(t) and calculated the
quantities @max and kags from the fit of eq. (13) to the absorbance data. The saturation
absorbance and the adsorption coefficient are plotted as functions of the salt
concentration in Figure 24. For all salt concentrations the kinetic model with kads >> kqes
was employed. The values of the {-potential as a function of Csait are shown in Figure 25.
It was found that, for salt concentrations in the range from 0.6 M to 1.75 M, the mixtures
were unstable against aggregation. On the basis of the results presented in Figure 24 and
Figure 25, combined with the stability data, one can distinguish the following four
adsorption regimes for different salt concentration ranges:

Regime I for Csax < 0.5 M. The system was stable against aggregation, and the
values of the {-potential decreased from about 49 mV for the mixture containing no salt
to about 12 mV for Csax = 0.5 M. For the lowest salt concentrations, the saturation

absorbance was achieved relatively fast, but the deposited AuNPs formed a sparse layer.
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Figure 25 Dependence of the {-potential on the concentration, Csair, of NaCl in the solution. The unstable
regime is marked in gray.

The values of kags decreased and ¢max increased, to a good approximation exponentially,
with increasing salt concentration. For Csac = 0.5 M, both the saturation absorbance and
the adsorption coefficient attained values that did not change much for higher salt
concentrations. An SEM image of the NPs adsorbed on the silicon surface in this regime,

for Csair = 1.0 mM, is shown in Figure 26a.
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|(b) s

Figure 26 Effect of salt content on the saturation coverage. SEM images of the coverage obtained for Csat =
1mM (a) and GCsait = 2M (b). In both cases, the AuNP concentration C100 was employed. The inset picture shows
details of the image in (b).

Regime Il for 0.6 M < Csat < 1.75 M. In this regime, the system was unstable, and
the (-potential decreased from ~12 to ~10 mV. The aggregation of AuNPs occurred very
slowly, and a precipitate appeared after a few hours. The adsorbed AuNPs formed a
dense layer on the surface (surface coverage of 50%). In Regime II, both kads and @max
slightly decreased with the salt concentration.

Regime III for 2.0 M < GCsar < 3.0 M. The system was stable against AuNP
aggregation, and the values of the {-potential were around 10.5 mV. The values of the
saturation absorbance were similar to those observed for the unstable solutions, in
Regime II. In this regime, kiss and ¢@max exhibited non-monotonic behavior with

increasing salt concentration: kads and ¢max attained, respectively, local minimum and
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maximum in this regime. An SEM image of the NPs adsorbed on the surface for Csaic = 2.0
M is shown in Figure 26b.

Regime IV for Csai: = 4.0 M. The system was stable, and the ¢-potential attained the
value of ~10.0 mV and slightly decreased with increasing salt concentration. In this
regime, the adsorption was not observed. (As I checked, the same behavior was

observed also for Csait = 4.6 M).
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Figure 27 Cartoon representation of the system’s behavior in the four adsorption regimes: (I) The adsorption
is driven mainly by the electrostatic interactions. Positively charged NPs adsorb onto the negatively charged
surface and form sparse layers. The adsorption rate decreases, whereas the saturation coverage increases
rapidly with the salt content. (II) The system is unstable, and the AuNPs adsorb and form dense layers. (III)
The system is stable, and the AuNPs adsorb via surface-induced aggregation, which takes place in the
adsorption layer of the thickness d,, to form dense layers. (IV) The system is stable, and no adsorption occurs.

The behavior of the system in the four regimes is summarized in Figure 27. The
deposition of AuNPs observed for low salt concentrations (Regime I) is driven by the
electrostatic interactions of positively charged NPs and the negatively charged
substrate. Under the assumption that the {-potential is the potential at the particle
surface, the effective charge, Qetr, over each AuNP can be estimated from the following

formula:

Qefr = 4meoelR (14)

where & is the permittivity of a vacuum, ¢ is the dielectric constant of the solvent, and {
stands for the {-potential. For low salt concentrations € ~80. For a solution containing
no salt (( = 49 mV), eq. (14) yields Qefr = 10.8 e, where e is the elementary charge. For
Csait = 1.0 mM, one gets Qerr = 5.5 e. The Debye screening length is estimated from the

relation K! = (e0eksT/2Csae?)1/2, where kg is the Boltzmann constant and T is the
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temperature. For the solution containing 1.0 mM NaCl, K1 ~10 nm. Thus, the high values
of kads observed can be attributed to the long-range electrostatic attraction between the
AuNPs and the charged surface. The AuNPs adsorbed form a positively charged layer
that prevents NPs from the bulk of solution from approaching the surface. Interestingly,
I checked that the layer of AuNPs adsorbed from the solution containing 2.0 M NaCl,
which is much denser than those obtained for low salt concentrations, is stable after
being transferred into solutions of low salt concentration. Specifically, using the UV-Vis
spectroscopy, I found that such a layer remained unchanged for several hours after the
immersion in pure deionized water and in a solution containing 0.5 M NaCl. This result
indicates that the values of ¢@max attained in Regime I are small because of the repulsive
electrostatic barrier created by the deposited AuNPs. As the concentration of NaCl
increases, both the Debye length and the effective charge on NPs decrease. Eventually,
the dispersive (van der Waals) interactions start to dominate over the repulsive
electrostatic forces between the AuNPs. This renders the system unstable, and in Regime
I1, aggregation of NPs takes place in the bulk solution. Because the aggregates (clusters)
possess a positive net charge, they are attracted by the negatively charged substrate.
However, because the screening length is very short in this regime (below 1 nm), the
clusters are adsorbed only when they diffuse close to the surface. For this reason, the
values of the adsorption coefficient are significantly smaller than those observed for low
NaCl concentrations. On the other hand, because K! is small, the electrostatic barrier is
very weak and, consequently, AuNPs can form a layer that is much denser as compared
with those in Regime I for a small salt content.

Surprisingly, for higher salt concentrations, in Regime III, the system regains
stability. I checked that the AuNP aggregation did not occur even for several months
after the mixture preparation. For Csait = 2.0 M, € ~55106 and, from eq. (14), one gets Qeft
~1.5 e. In this regime, K1 ~0.1 nm. It follows that the electrostatic repulsive interactions
between the AuNPs can be completely ignored. Most likely, for the stabilizing effect,
other repulsive forces are responsible that are induced by the presence of the Na* and
Cl- ions, such as structural (hydration) forces.197 These forces arise from hydration of
adsorbed counterions and charged functional groups on the surface. The repulsion is
due to the work that is needed to remove water molecules when two surfaces approach
each other. Note also that the surface charge density on the silicon substrate increases

with the ionic strength of the solution.198 This effect is especially pronounced for pH = 7.

80



Results. Deposition of AuNPs using ionic strength-controlled method

Probably, the growth of the surface charge density caused by the increase of the ionic
strength is sufficient to overcome the repulsive forces, and AuNPs can adsorb on the
surface to form dense layers. The mechanism of the adsorption in this regime is
discussed in more detail in the next section.

I also checked that the effect of the high ionic strength of the salt on the AuNP
deposition is observed for other systems. I investigated the adsorption process for the
following salts: KSCN, Na;CO3, NaC2H302, NaNO3, and KNaC4H40s. Mixtures containing
AuNPs in a concentration of C100 and salts in the 2.0 M concentration were employed.
For each salt used, the adsorption took place and the slide was covered with a durable
layer of AuNPs. The values of the saturation absorbance were similar to that obtained
for NaCl.

For the highest salt concentrations, in Regime 1V, the repulsive hydration forces
dominate also over the electrostatic interactions between the surface and the AuNPs.
The system is stable against aggregation, and the adsorption is not observed. Using the
UV-Vis spectroscopy, [ found that the AuNP layer formed in the solution containing 2.0
M NacCl (that is, in Regime III) vanishes completely after being immersed in 4.0 M NaCl
solution. The AuNP desorption process was fairly fast and was completed after a few

minutes.

4.1.6 Dependence of the Adsorption Rate on the NP Concentration in Regime III
As mentioned in the previous section, in Regime III, for Csat = 2.0 M, the rate of
adsorption increased with the concentration of AuNPs. To quantify this observation, I
determined the dependence of the adsorption coefficient, kads, on the NP concentration,
Cnp, in mixtures containing 2.0 M NaCl. I found that the function kads(Cnp) follows the

power law

kads ~ CNPa (15)

with the exponent a = 2.12 + 0.09. The dependence of kads on Cyp is plotted in Figure 28.
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Figure 28 Dependence of the adsorption coefficient, kaas, on the concentration of the NPs, Cnp, expressed
relative to the concentration Cioo. The fit of the power-law function to the data (solid line) yielded the
exponent a = 2.12 * 0.09.

The fact that kags grows—with a good approximation—with the square of Cnp
indicates that some collective effects, such as aggregation or flocculation of AuNPs, must
be involved in the adsorption process. Additional evidence for the presence of the
aggregation effects is provided by the SEM images of the AuNP layers on silicon
substrates. Figure 8 shows an SEM image of a portion of a silicon surface covered with
AuNPs. The layer is sparse because the adsorption process was terminated at the early
stage. As can be seen, the AuNPs form small two-dimensional clusters on the surface.

Typically, the clusters are composed of 10-20 AuNPs.

Figure 29 SEM image of a silicon surface covered with NPs. The silicon slide was immersed for 1 min in a
solution containing NPs in a concentration of C100 and 2.0 M NaCl.
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Because the solution is stable, I can infer that the aggregation process takes place only in
the region close to the surface and stops when all available sites are occupied by the
AuNPs, that is, when 6 reaches Omax. Although the mechanism responsible for the
surface-induced AuNP aggregation has yet to be explained, the power-law dependence
given by eq. (15) can be derived based on Smoluchowski’s theory10® of flocculation.
According to this theory, the total number, N, of particles undergoing aggregation

follows the second-order kinetics and is described by the following rate equation

dN
praal o (16)

where kag; is some effective aggregation constant. As was discussed in the previous
section, the adsorption coefficient is the flux of the AuNPs ongoing on the surface. It
follows, therefore, that ki¢s ~dN/dt and, consequently, kadas ~Cnp?, as observed in my

experiments.

4.1.7 Conclusions

In this section I describe the effect of salt on the kinetics of the adsorption of
positively charged AuNPs on negatively charged substrates. The deposition process was
studied for a wide range of salt concentrations, from 0 (no salt) up to 4.6 M. The studies
revealed that, depending on the salt content in the solution, the following four
adsorption regimes can be distinguished: (1) For small salt concentrations, the
adsorption proceeds quickly but gives low surface coverage. In this regime, the process
is controlled by the electrostatic forces. The saturation coverage increases, whereas the
adsorption rate decreases rapidly with the salt concentration. (2) For sufficiently high
salt concentrations (about 0.6 M), the system becomes unstable and aggregation of the
AuNPs occurs in the bulk. This is the salting-out effect caused by the screening of the
electrostatic repulsion between the AuNPs. In this regime, the AuNPs adsorb to form
dense layers with the surface coverage reaching about 50%. (3) Unexpectedly, I found
that the system regains its stability upon increasing the salt concentrations above 2.0 M.
This effect can be attributed to the repulsive solvation forces that dominate over the
dispersive (van der Waals) attraction. In this regime, adsorption takes place and the
AuNPs form dense layers. It was also found that the adsorption constant grows with the

square of the AuNPs' concentration and can be argued that the adsorption process
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occurs through the surface-induced aggregation. (4) Further increase in the ionic
strength (above 4.0 M for NaCl) results in cessation of the adsorption process. To my
knowledge, the present study is the first to report the formation of monolayers by
charged AuNPs in a high salt concentration regime. These findings provide a facile
method for coating solid substrates with a layer of AuNPs of prescribed density, which

can be controlled by the deposition time, as well as by salt and AuNP concentration.
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4.2 Deformations of the shape of AuNPs caused by a deposition on a solid

substrate

4.2.1 Introduction

Deposition of AuNPs on a solid substrate followed by oxygen plasma treatment is
a commonly used protocol for surface functionalization. Surprisingly, the effect of the
deposition process on the morphology of the AuNPs is usually overlooked in research.
Here, [ investigated morphological changes caused by adsorption of small ligand-capped
AuNPs (~5 nm in diameter) onto a silicon substrate. AuNPs coated with positively and
negatively charged, as well as uncharged, ligands have been investigated. I found that
upon the adsorption the AuNPs undergo plastic deformations and their shapes can be
approximated by spherical caps. The degree of the deformation depends strongly on the

AuNP organic coating.

4.2.2 Preparation and analysis of samples
Preparation of silicon strips

In this experiment the samples are silicon strips covered with AuNPs. Before use
as a solid substrate, the bare wafers were cut manually into strips and cleaned by
sonication in water and then in acetone. Next, the plates were immersed in a freshly
prepared piranha solution (95% H2S04:30% H202, 3:1 v/v) for 3 h. Finally, the plates
were rinsed with deionized water and then with methanol, and dried in air. Note that
the outer layer of the silicon plate is readily oxidized to SiO2. However, it is not known
either what portion of the surface is oxidized or the depth of the oxidized layer. For this
reason, in the present dissertation I refer to the substrate as to the silicon or SiOx one.
Preparation of AuNPs

In the experiments described below, 1 examined both hydrophobic and
hydrophilic (positively or negatively charged) AuNPs The uncharged AuNPs were
synthesized according to the procedure of Jana and Peng,83 in which hydrophobic AuNPs
covered with dodecylamine (Au@DDA NPs) are formed. The obtained Au@DDA NPs had
an average radius of 2.5 nm with polydispersity 0.71 nm, as determined from the SAXS
spectrum of the AuNP solution. To provide a positive or negative charge on the AuNPs |

applied the method described in the Experimental section.
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Immobilization of the AuNPs on the silicon strips

Positively-charged AuNPs were immobilized on the silicon using the ionic-
strength controlled deposition method®* described in detail in section 4.1. This method
facilitated the obtaining of coatings of different densities. In the presented experiments I
investigated two types of AuNP coatings: low- and high-density ones. In experiments
where drop casting instead of an ionic-strength controlled method was used, I simply
put a drop of AuNP solution on the silicon. [ waited until all the solvent evaporated, and
then rinsed the silicon plates consecutively with water and methanol and dried them in
the air.
Analysis of samples

The percentage surface coverage, 8, was determined using a histogram tool in the

graphic software. The AuNP number and projected radii were determined manually.

4.2.3 Geometry of the AuNPs before and after deposition

The morphology of the TMA-covered AuNPs deposited on the silicon substrate
was investigated with SEM microscopy. In the case of low-density coating the AuNPs
were distributed uniformly (Figure 30, left image) and formed a sparse layer. The
percentage surface coverage, calculated as the ratio of the sum of the projected areas of
all objects to the area of the image analyzed, was 8 ~7%. In the case of the high-density
coatings, the AuNPs were arranged in a network of connected patches (Figure 30, right

image), covering about 20% of the surface.

Figure 30 SEM images illustrating low-density (left) and high-density coating.

In both the cases, the average projected (apparent) radius of the adsorbed AuNPs,
R,, calculated from the SEM images, was R. = (3.94 * 0.08) nm. This value of the
projected radius was significantly larger than that of the non-adsorbed AuNPs in the

solution, Ro = 2.5 nm, calculated based on SAXS measurements. Analysis of the side-view
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SEM images revealed that the increase of the projected radius was caused by the
deformation of the shapes of the AuNPs. As can be seen in Figure 31, the AuNPs attached
to the surface are clearly flattened and resemble portions of spheres. It was also found

that the average contact angle, ¢, of the AuNPs was ¢a = (54.3 £ 3.9)°.

Figure 31 Side-view SEM image of the AuNPs deposited on the silicon.

. B0,

Figure 32 Geometry of the AuNP in the solution (left), and after deposition on the substrate (right).

The flattening of the metal cores that occurs during the adsorption process
should be taken into account when estimating the sizes of AuNPs based on SEM or TEM
images. The shapes of the adsorbed particles can also significantly affect the physical
and chemical properties of the metal coating, such as its catalytic surface area. Thus, it is
quite surprising that the effect of the deposition on the AuNP core is largely overlooked.
In the following, I demonstrate that the shapes of the adsorbed AuNPs can be
approximated as spherical caps. To show this, I start with the observation that the
average volume of the AuNPs adsorbed on the substrate is equal to that of the average

volume, V,y (see Figure 32), of the AuNPs in the bulk solution,

4 3
Vav= § T[RO .

(17)

The average volume of the AuNPs adsorbed on silicon is calculated as a volume of the
spherical cap, Vcap, that is the following function of the contact angle, ¢a, and the radius,

R, of the sphere (see Figure 32):
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Tt
Veap= §R3(2-3cos<pa+cos3(pa). (18)
The condition Vay = Veap yields the following expression for the radius R:
-1/3 (19)

R = Ry4'*(2-3cosp,+cos’p,)

The projected area of the AuNP is the base of the cap, and its radius, R, is related to the

radius R and the contact angle ¢, through the following relation:

R = {Rsimpa, for ¢, <90° (20)
a7 | R, for @, > 90°

The projected radius, R,, is a quantity that is obtained directly from the SEM images.
Equation (20) enables determination of the contact angle, ¢,, as a function of the ratio
Ra/Ro. For Ry = 2.5 nm and Ra = (3.94 + 0.08) nm eq. (20) yields @a = (62.5 + 4.4)°. It
follows that - within statistical error - this value agrees with that determined directly
based on the side-view SEM images. This result supports the assumption that the shapes
of the deposited AuNPs can be approximated by spherical caps. Thereby, it rules out the
possibility that those shapes visible in the SEM images may be due to the organic
material present in the bottom of the particles.

The most plausible cause of the observed shape deformation of the AuNPs is the
electrostatic attraction between the positively charged TMA ligands and negatively
charged surface of the SiOx substrate. The extent of the deformation indicates that -
surprisingly - the AuNP core becomes plastic under the stresses caused by the
electrostatic forces. To examine the effect of the electrostatic interaction on the resulting
NP shape, I carried out experiments with AuNPs coated with both positively (TMA) and
negatively charged (MUA) and uncharged (DDA) ligands. All types of the AuNPs were
deposited with the same drop casting technique (the ionic-strength controlled method
can be applied only for positively charged coating). To quantify the degree of
deformation I calculated the ratio R./Ro of the projected radius after deposition to the
radius in a bulk solution, and the contact angle, ¢.. The contact angle was calculated
from eq. (20) based on the R./Ro ratio. The results are collected in Table 2. I found that

positively charged AuNPs undergo the most significant deformations. Their average
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projected radius is more than 150% of that in the bulk solution. For the DDA-coated
uncharged NPs the degree of deformation is smaller (134%). This can be explained by
the lower attraction between the AuNP ligand and the substrate surface. The negatively
charged Au@MUA NPs that are electrostatically repelled from the silicon surface are
only slightly deformed, and the increase of their projected radii, caused by the
deposition, is less than 10%. [ observed that the contact angle increased with decreasing
attraction between the AuNP and the substrate. The value of ¢a. changed from 62.2
degrees (corresponding to the “wetting” geometry) for positively charged TMA ligands
to 113 degrees (“non-wetting” geometry) for negatively charged MUA ligands. The
results shown in Table 2 suggest that the electrostatic interaction between organic
ligands and solid substrate has a profound effect on the shape of the deposited AuNPs.
Electrostatic forces are strong enough to make gold atoms move within the AuNP, and

lead to significant deformation.

Table 2 Characterization of the degree of deformation for ligand-coated AuNPs deposited on a SiOx substrate.

AuNP type Ro, radius in | R,, projected Ra/R, Contact
bulk (nm) radius (nm) angle (deg)
Au@TMA! 2.50 3.94+0.08 1.58 62.5+4.4
Au@TMA? 2.50 3.95+0.06 1.58 62.2+3.3
Au@DDA? 2.53 3.40 £ 0.07 1.34 82.4+33
Au@MUA? 2.16 2.35+0.04 1.09 1129 +7.4

1 Deposited using the ionic-strength controlled method.
2 Deposited using drop casting method.

The analysis of the effect of plasma on the AuNPs shape presented in the
following sections was done for Au@TMA NPs deposited using an ionic-strength
controlled method that allowed the obtaining of coatings of various densities. I checked
whether the morphology of the AuNP deposits obtained with this method is the same as
for the simple drop casting technique. It was found (see Table 2) that the average
projected radius for the drop casting method was (3.95 + 0.06) nm. This value agrees
very well with that obtained for the ionic-strength controlled method, (3.94 * 0.08) nm.
Thus, the changes of the AuNPs shapes do not depend on the deposition technique used.

The structure of the most deformed NPs (Au@TMA) deposited on the silicon
substrate was also investigated by X-ray diffraction (XRD) analysis. The XRD studies
revealed that - despite significant deformation of the initial spherical shapes - the

adsorption process did not destroy the crystal structure (fcc) of the AuNPs. The XRD
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pattern of the AuNP coating displayed one broad peak at 20 = 38.3 degrees,
corresponding to the Au (111) plane.

4.2.4 Conclusions

In this section I investigated changes in the morphology of ligand-capped AuNPs
caused by deposition onto a silicon substrate. I studied deposition of the AuNPs coated
with positively and negatively charged as well as uncharged ligands. I found that
electrostatic forces between the ligand and substrate are strong enough to displace Au
atoms within the core. In the process, the AuNPs undergo plastic deformations and take
shapes that can be approximated as spherical caps. The final shape of the particle
depends on the charge of the ligand coating. The strongest deformations (flattening) of
the AuNP core were observed for positively charged ligands that are electrostatically
attracted to the substrate. The smallest deformations occurred for a negatively charged
coating that is repelled from the surface.

These findings reveal the interesting adjustability of the gold nanocrystals and
present a new type of impact of the organic shell on the properties of the whole
nanoparticle. These results also highlight an important aspect of determining particle
size from the SEM or TEM spectra - using such methods one should remember that the
radius of the immobilized NPs differs from the radius of the same particle suspended in

a solution.
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4.3 Morphological changes of AuNPs due to oxygen plasma treatment

4.3.1 Introduction

Two-dimensional (2D) structures formed by AuNPs deposited on a solid
substrate are widely employed in light emitting devices, solar cells, and antireflective
films, as catalysts for carbon nanotubes growth, or for the vapor-liquid-solid growth of
inorganic nanowires.110 AuNPs used in deposition procedures are typically covered with
an organic protecting layer that prevents AuNP aggregation in a solution. After
immobilization on a surface, this organic layer is usually no longer needed and often has
to be removed from the AuNPs. The removal of the organic material involves either
thermal or plasma treatment. In the present study I have focused on the latter cleaning
method.

Treatment with oxygen plasma is a technique utilized both in the purification of
bulk gold!11 and AuNPs.112113114 In the highly reactive gas, organic compounds are
oxidized and removed by a vacuum system as carbon, sulfur, and nitrogen oxides.
Surprisingly, despite the popularity and usefulness of the plasma treatment, knowledge
about the processes which take place in a plasma cleaner is poor. There are conflicting
opinions in the literature on this issue. In particular, the discrepancies concern the
impact of the oxygen plasma on the structure of the AuNP deposit. Some authors report
that long exposure of AuNPs to oxygen flow did not alter either their regular structure or
the initial arrangement of the AuNPs on the substrate.113115 According to other reports,
even short-time and low-power (10 W) plasma cleaning significantly alters the initial
morphology of the deposit, causing coarsening of the AuNPs.116 One can also find the
opinion that high oxygen plasma power (>300 W) is needed to destroy the structure of
the deposit. In this case, a break in the linkage between the AuNPs and the SiOx substrate
takes place, resulting in the removal of AuNPs from the surface.l1? Given such diverse
opinions on the effects of oxygen plasma treatment, it is obvious that the nature of this
process is far from being well-understood.

In this section I present the results of my work on the effect of the plasma
cleaning process, and elucidate its impact on the morphology of the AuNPs. I apply low-
power oxygen plasma to the AuNPs immobilized on a silicon substrate using the ionic
strength-controlled deposition of charged NPs84 described in section 4.1. I show that

during the plasma treatment the AuNPs behave like droplets of a non-wetting liquid,
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exhibiting the ability to move and merge. | also argue that the AuNP coarsening is
dominated by a diffusion coalescence mechanism and show that time evolution of the
surface AuNPs density follows the Smoluchowski coagulation equation. The diffusivity of

the AuNP scales with its mass as D(m) ~ m-@ with a = 2.6.

4.3.2 Preparation and analysis of samples

In the presented experiments I used silicon plates covered with AuNPs, prepared
with the ionic-strength controlled method8* described in section 4.1 and in the
Experimental section. So prepared, the samples were kept in the plasma cleaner for a
prescribed time and then analyzed with SEM. The droplet (AuNP) surface densities were
determined independently for each plasma treatment time and calculated as averages
for three independent experiments and for three SEM images in every experiment.

The plates covered with the AuNPs were treated with oxygen plasma for various
times at 29.6 W in Harrick Plasma Cleaner PDC-002 (Harrick Plasma, USA). The
percentage surface coverage, 6, was determined using a histogram tool in the graphic

software. The AuNP number and projected radii were determined manually.

4.3.3 Morphology of the AuNP deposit after the plasma treatment

In the previous section (4.2), changes in the morphology of ligand-capped AuNPs
caused by deposition onto silicon substrate were described. I found that in the process
the AuNPs undergo plastic deformations and take shapes that can be approximated as
spherical caps. As is presented below, cleaning with oxygen plasma also considerably
affects the AuNP shape.

After the plasma treatment, a significant coarsening of the AuNPs was observed
in both low- and high-density coating. In the case of the low-density coating the resulting
particles possessed circular projected shapes of an average radius Ry = (7.51 £+ 0.36) nm
(see Figure 33a). The sizes of the particles span from about 4 to 16 nm. The percentage
surface coverage, 6, decreased about 2.3 times (from ~7% to ~3%). After the plasma
treatment, the number density of the AuNPs was reduced 5.2 times. In the case of high-
density coatings, the plasma cleaning led to the formation of objects possessing rather
irregular and elongated shapes, up to 70 nm in length. The average projected particle
radius was about 12 nm. (Due to irregular shapes of plasma-treated AuNPs, their radii
were calculated as radii of spheres of the same projected area.) Interestingly, the plasma

treatment resulted in a 2.2-fold decrease of the initial surface coverage (from ~20% to
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~9%), which is close to that observed for the low-density coatings. The number density

of the AuNPs on the substrate was 6.1 times smaller than before the process of the
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Figure 33 SEM images illustrating the effect of the plasma treatment on the AuNPs deposited on a silicon plate
for low-density (a), and high-density (b) coatings. The histograms show distributions of the AuNP projected
radii before (blue) and after (orange) the plasma treatment. For the high-density coating the radii were
calculated as radii of spheres of the same projected area.
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Figure 34 Side-view SEM image of the AuNPs deposited on the plate (a) before and (b) after the plasma
cleaning. Values of the contact angles for selected AuNPs are shown.

From the side-view SEM images (shown in Figure 34b and Figure 35c) I found
that the average contact angle, ¢;, of the particles formed after the plasma treatment
was @p = (122.5 * 4.5) degrees. However, only small- and medium-sized particles (<20
nm) had shapes that could be approximated by portions of spheres. Larger particles

exhibited less regular shapes. Despite a visible change in the shape of the AuNPs, their
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crystallographic structure is preserved. The XRD pattern after the plasma treatment

displayed a broad peak at 20 = 38.3 degrees that corresponds to the Au(111) plane.

a) d)
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Figure 35 Geometry of the AuNP (a) in the solution, (b) after deposition on the substrate, and (c) after the
plasma treatment. (d) Distribution of the projected radii, Rp, of the AuNPs after the plasma treatment. The
solid line is the fit of the log-normal (LN) distribution.

The resulting distribution of the projected radii of the droplets was investigated.
In my studies, | analyzed the low-density coatings because only in this case did the
projections of the AuNPs possess well-defined circular shapes (see Figure 33a).
Distribution of the droplet radii after the plasma treatment process exhibited a clear
positive skewness, as shown in Figure 35d. To quantify this distribution, I fitted to the

obtained frequency the log-normal (LN) distribution function given by

1 1 /InRp-Inu 2
Sin(Ro) = o exp l'z<—1§o )l .

p

where Iny and Ino are the mean and standard deviation of InRp, respectively. The fitting
procedure yielded p = 6.590 nm and o = 1.824. To check whether the frequencies shown
in Figure 35d follow the LN distribution, the Chi-square goodness-of-fit test was carried
out. For the LN distribution function, given by eq. (21) fitted to the experimental data,
the test statistic was y? = 4.492. For four degrees of freedom P(x? > 4.492) = 0.34. It
follows that the P-value > 0.05, and that the hypothesis, that the LN distribution

describes the observed frequencies, can be accepted. Note also that the average size of
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the AuNPs, determined from the formula pexp[ln2(c)/2], is 7.89 nm and agrees fairly
well with R, obtained directly from the SEM images (7.51 nm).

4.3.4 Evolution of the AuNP coating during the plasma treatment

The growth of the AuNPs during the plasma cleaning can occur through two
different mechanisms: First, the growth can be caused by migration of single Au atoms
between the particles. This process is often referred to as the Oswald Ripening
(OR).117.118 During OR the diffusion-mediated mass transport of atoms allows for the
growth of large particles at the expense of small ones. The OR mechanism governs
thermal sintering processes of metal clusters,119120.121 and coarsening of Ag/Ag(111)
and Cu/Cu(111) adatom islands.122 Second, the growth of the AuNPs can occur when the
particles are free to move on the substrate surface and undergo collisions that lead to
coalescence. This second process is expected to be operative for small clusters that
exhibit the ability to move on a substrate.121.123.124 Thijs process is also referred to as
Smoluchowski Ripening (SR) because of the long-established Smoluchowski coagulation
rate equation.?> The SR mechanism governs, for instance, the growth of Ag/Ag(100)
and Cu/Cu(100) islands.126.127 Both SR and OR processes have recently been reported?21
to be involved in the sintering of metal clusters. In the following, I discuss theoretical

predictions of both OR and SR models and compare them with experimental data.

Smoluchowski Ripening
Denote the surface density of the droplets of mass m as nn(t). Assuming that the
coarsening occurs only through collisions between pairs of the NPs, the evolution of

nm(t) is governed by the following Smoluchowski coagulation rate equation:12>
d 1
() = 5 K, mem) By (Ot (8 - 1 () Y Km,m) nye(®) - (22)
m’ m'

where k(m, m’) denotes the rate constant of collisions between two droplets of masses m
and m’. Assuming that the diffusing droplets are spatially uncorrelated, in 2D the rate

constant is given by the relation128

k(m, m")=D(m)+ D(m"), (23)
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where D(m) is the diffusion coefficient of the droplet of mass m. In Smoluchowski's
model of coagulation, it is assumed that the diffusion coefficient is related to the mass of

the droplet by

D(m)=D m*, (24)

where D" is a temperature-dependent prefactor, and « is an exponent that depends on
the specific mechanism governing the movement of the droplets. So far, the scaling
relationship given by eq. (24) has been investigated only for the diffusion of flat (2D)
clusters composed of atoms adsorbed on a solid surface. Theoretical studies based on
the mean-field approach have predicted2? values of the exponent a« = 1/2, 1, and 3/2
for, respectively, the “evaporation condensation”, “terrace coarsening”, and the
“perimeter diffusion” mechanisms of the cluster movement. Experimentally determined
values of the exponent alpha have been reported in the range 0 < a < 2.126127130,131 Tg
date, there is however no theoretical model predicting the scaling relationship for nano-
sized droplets performing diffusive motion on a solid substrate. I will show that
predictions of the SR model fit the experimental data well, and provide - for the first
time - estimation of the exponent c.

The Smoluchowski rate equation can be transformed into an equation for the

evolution of the average droplet density,125 nay(t),

d 25
E_nav(t) = ‘ngv(t)Dav ’ ( )

where nay = Y., Ny, and Day = Y., D(M) nm/nay are, respectively, the average density and
the average diffusion coefficient of the droplets. Making use of the fact that mass is
proportional to the volume of the droplet, and that the total mass of the AuNP deposit is

conserved, viz.

2
ngvng: navVav ) ( 6)
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where nY, is the average droplet density before the plasma treatment, under the

assumption that Day # D(nay), the scaling relation (24) is transformed into the form

- 0 -a
b= (1) =0 (3) (27)
ng Nay

By combining eq. (26) and (27) one gets

d N \%  «
anavz 'nzziv (n_?)v) D. (28)
av

Integration of eq. (28) yields the following equation for the evolution of the surface

droplet density:

- 1
Ny (6) = 1% [1+(1+ @)D"n%t]” with f = . (29)

To check whether the morphology of the AuNP deposit changes in accord with
predictions of eq. (29), I determined experimentally the surface droplet density for five
exposition times, t = 0, 15, 30, 120, and 360 s. The data are shown in Figure 36. Fitting of
eq. (29) to the experimental data provided the exponent @ = 2.59 + 0.12. This value is
slightly larger than the values of a reported126127.130,131 for flat clusters (0 < a < 2)
comprising 101 - 102 adatoms. This result is not surprising because the mechanism
underlying movement of the nano-sized droplets composed of ~10*% - 105 atoms is
expected to be different. The fitting procedure also allowed estimation of the prefactor
D* ~2-1012 cm?/s. This value corresponds to the diffusivity of the AuNPs of the diameter

~5 nm.
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Figure 36 Number of AuNPs after plasma treatment as a function of the time of the process.

To discuss the AuNP diffusion mechanism, it is worth noting that the temperature
of the silicon plate during the plasma treatment was close to room temperature. The
plate's temperature was determined immediately after its removal from the plasma
cleaner chamber. The obtained value of the diffusion coefficient is of the same order of
magnitude as that of Pt/Al203 clusters of the size ~3.5 nm in 600°C,124 and that of Au
atoms on mica in temperature range 300°C - 500°C.120 [t is also several orders of
magnitude larger than those measured!27130 for small adatom clusters at room
temperature (1018 - 10-1> cm?2/s). From the above comparison it follows that the
obtained diffusion coefficient of AuNPs is too large to result from a thermal Brownian
motion. Thus, it is likely that the diffusion of the AuNPs during the plasma treatment is
not a thermal-induced process occurring in thermodynamic equilibrium, but another
mechanism is operative. During the plasma treatment, the AuNPs are bombarded with
both high-energy ions and uncharged molecules. These objects immediately remove the
organic coating from the AuNPs core. Then, upon collisions, transfer part of their kinetic
energy to the surface atoms of the AuNPs. This can lead to the liquefaction of the AuNP
(or of its surface layer in the case of a large NP). Most probably, also diffusion of the
AuNPs on the surface is enhanced by collisions with high energy particles of plasma
through the mechanism similar to that in ion- and electron-irradiation!3? induced

growth of metal nanoclusters.

98



Results. Morphological changes of AuNPs due to oxygen plasma treatment

Ostwald Ripening
When OR is the dominant growth mechanism the average radius of the droplet,

<Rpt>, follows the relation18
<R,>"- <Ry>"= ct, (30)

where <Ro> denotes the average radius of the NPs in the bulk solution, c is a constant,
and z is an exponent. The value of z depends on the specific mechanism of the mass
transport. For three-dimensional growth of clusters on a solid substrate one
expects118120 2 < 7 < 3. Making use of the total mass conservation condition given by
relation (26), and assuming that the droplet volume is proportional to the third power of

its radius, one gets

= 1-3/2
N (8) = 10 [1cR, 2] (31)

Interestingly, note that the SR and OR model predict essentially similar functional
dependence of the surface droplet density on time. Formulas (29) and (31) become
identical for ¢ = z/3 - 1. Fits of eq. (31) to the experimental data obtained for z= 2 and z

= 3 are shown in Figure 36.

4.3.5 Smoluchowski Ripening as the dominating mechanism

Results presented in Figure 36 lead to the conclusion that the coarsening of the
AuNPs is dominated by the diffusion-coalescence mechanism. The formula for nay(t)
derived from the SR model fits the experimental data significantly better than that
predicted by OR. What is important, the fit of eq. (29) gives a reasonable value of the
diffusivity of the droplets similar to that reported in literature.124 Also, the obtained
value of the exponent a indicates that the diffusion coefficient is decreasing rapidly with
the size of the particle, which is in line with experimental observations.124 These facts

show that the SR model provides a reliable description of the coarsening process.
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Figure 37 SEM images of the partially fused AuNPs present on the low-coated surface.

The second argument in favour of the SR mechanism follows from the analysis of
the droplet morphology. Namely, the observed significant increase of the contact angle,
from 54 to 123 degrees, suggests that during the plasma treatment outer portions of the
AuNPs are melting, and their final shapes result to a great extent from minimization of
the surface energy. Such transition into a liquid state can enable the AuNPs to move on
the surface and coalesce upon collision. As can be seen in the SEM image of the high-
density coating (Figure 33b), after the plasma treatment the majority of the droplets
possess comple, irregular shapes. Most probably, such morphology results from partial
fusion of the neighbouring AuNPs, accompanied by breakage of the initial network-like
structure. Note that similar structures composed of partially fused droplets, displaying
sharp cusps, were observed also in the low-density coating (see Figure 37). It is rather
unlikely that the OR process, which eliminates highly curved surfaces, could produce the
structures observed after the plasma treatment.

It has recently been argued!19121 that the mechanism governing the cluster
growth cannot be determined solely from the particle size distribution. Nevertheless, its
form can be a source of information about possible processes involved in the coarsening.
When OR is the dominant growth mechanism, then asymmetric size distributions with
negative skewness are observed.117.118133 QOn the other hand, coalescence-induced
growth results in an asymmetric size distribution with positive skewness. The LN
distribution of the final particle sizes can then be observed.133 Thus, the LN distribution
of the projected radii I found, combined with the results on the growth kinetics shown in
Figure 36, provides an additional argument that the coarsening is dominated by the SR

mechanism.

4.3.6 Conclusions
In this section the changes in the morphology of the AuNPs caused by oxygen

plasma treatment were investigated. 1 found that plasma treatment affects the
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morphology of the AuNPs in two ways. First, it makes them coarsen. Second, it also
changes the shapes of individual particles. Specifically, I found that their initially
flattened shapes become more spherical, resembling droplets of a non-wetting liquid,
and their contact angles increase from 54 degrees to about 123 degrees. | provided
arguments that the growth of the AuNPs during the plasma treatment is dominated by
the diffusion-collision mechanism. These results indicate that during the plasma
treatment the particles exhibit a liquid-like behavior, with the ability to move on the
substrate surface and coalesce. To model the time evolution of the surface density of the
droplets, I employed the mean-field Smoluchowski coagulation rate equation, and
assumed the diffusivity of the droplet scales with its mass as D(m) ~ m« | found that the
experimental data are in accord with the predictions of the Smoluchowski model.
Analysis of the droplet density evolution data provided, to my best knowledge, for the

first time, an estimate of the scaling exponent of a = 2.6.
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4.4 Growth of AuNPs deposited on solid substrates

4.4.1 Introduction

The growth of immobilized NPs is a way of fabricating surfaces of more dense (or
thicker) gold coverage, frequently built of non-spherical objects. In this section I
characterize the autocatalytic properties of AuNPs formed during the plasma treatment
by applying them as seeds for the further growth of gold particles. The seed-mediated
growth of AuNPs can be carried out using a variety of growth solutions that are based on
different reducing agents. Sample reducing agents are amines,83134135 polymers,13¢ or
hydroquinone.137 Most of the reducing agents, in addition to the autocatalytic growth,
also give rise to bulk nucleation. In my studies I investigated compounds that are
supposed to reduce gold ions on the surface of the seeds without causing bulk
nucleation. Based on the literature reports I referred to above and in the following sub-
sections, I selected three reducing agents: hydroxylamine hydrochloride (NH2OH-HCI),
ascorbic acid (AA), and 2-mercaptosuccinid acid (MSA). For each reducing agent, the
autocatalytic properties of the AuNPs formed during the plasma treatment were

characterized in terms of the morphology of the grown nano-structures.

4.4.2 Preparation and analysis of samples
Three-step AuNP growth protocol

The procedure I followed to grow AuNPs on a silicon substrate is outlined in
Figure 38. In the first step (i), AuNPs (~5 nm in diameter) coated with a positively
charged ligand (TMA) were adsorbed on a silicon plate with the ionic strength-
controlled deposition method.84 The use of this method facilitated obtaining coatings of
prescribed density. In the experiments presented here I investigated two types of AuNP
coatings: low-and high-density ones. In the second step (ii), to remove the thiol
protecting layer from the AuNPs deposited, the plate was purified by cleaning in oxygen
plasma. The plasma treatment resulted also in a coarsening of the AuNPs on the surface
of the plate. These AuNPs served as seeds for the subsequent growth of gold
nanostructures conducted in the third step (iii). The plate was immersed in a growth

solution containing chloroauric acid and reducing and capping agents.
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Figure 38 Schematic representation of the three-step procedure: a) A silicon plate is coated with AuNPs by the
ionic strength-controlled deposition method.8* Two types of coatings: low- and high-density are obtained. b)
The plate is subjected to plasma cleaning. All organic compounds are removed and the AuNPs coalesce. c) The
plate is immersed in a growth solution containing chloroauric acid, a reducing agent, and additional reagents.

Materials

Besides the materials mentioned in the Experimental section, three types of
poly(vinylpyrrolidone): PVP-k10 (Mw =~ 10,000), PVP-k25 (Mw = 29,000), and PVP-k30
(Mw = 55,000), purchased from Sigma-Aldrich were used.
Preparation of AuNPs

AuNPs were synthesized according to the procedure of Jana and Peng.83 The
obtained AuNPs had an average radius of (2.5 + 0.43) nm, as determined from the SAXS
spectrum of the AuNP solution. To provide a positive charge on the NPs, their
hydrophobic amine ligands were replaced with TMA. The purified and dried AuNPs
were finally dispersed in deionized water, yielding a 0.6 mg/mL gold solution.
Deposition of AuNPs onto a silicon substrate: low- and high-density coatings

AuNPs were deposited onto the silicon according to the procedure described
previously.84 The exact procedure is described in the Experimental section.
Growth of the AuNPs on a silicon substrate

Prior to the growth process, the plate was cleaned using oxygen plasma (29.6 W,
6 min. treatment). Under these conditions, all organic compounds and products of their
oxidation were completely removed from the AuNP surface. Next, the purified plate was
immersed in a growth solution. All growth reactions were carried out at room
temperature. After the growth process was finished, the plate was carefully washed,
consecutively, with water and ethanol, and dried. In my experiments the following

growth solutions, based on three different reducing agents, were employed:
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NH20H-HCl: To an aqueous solution of hydroxylamine hydrochloride, an aqueous
solution of HAuCls'3H20 was added dropwise while stirring. Growth time: 72 h.
AA: Aqueous solutions of PVP k-30, cetyltrimethylammonium bromide (CTAB), and AA
were mixed. Then a solution of HAuCls'3H20 was added dropwise while stirring. Growth
time: 10 min.
MSA: A solution of HAuCl4'3H20 was added dropwise to an aqueous solution of MSA
while stirring. Growth time: 24 h.
Morphological characterization of the coating

Morphological analysis was based on the SEM images. Shapes of individual
particles in the image were identified, and their projected areas and radii were
determined and collected. The distributions of sizes/shapes were calculated for about
100 objects. The percentage surface coverage, 6, was the ratio of the sum of the
projected areas of all objects to the area of the image analyzed. The polydispersity, p,
was calculated as the ratio of the standard deviation of the sizes to the mean size, and
was expressed as percentage. The aspect ratio, r, was calculated as the ratio of the major
to minor axis of the particle. In the case of elongated particles, having an ellipsoidal
projection, the radius was calculated as the geometric mean of their two semi-axes.
Instrumentation

The plates covered with AuNPs were purified in oxygen plasma with Harrick

Plasma Cleaner PDC-002.

4.4.3 Seed-mediated growth of the AuNPs on a silicon substrate

The AuNPs formed during the plasma cleaning are further investigated by
examining their properties as seeds for growth of the AuNPs. I carried out these studies
using the growth protocol shown in Figure 38 for three commonly used reducing agents:
hydroxylamine hydrochloride, AA, and MSA. Different mechanisms of the Au(IlI)
reduction, combined with the effects of the capping agents, led to the growth of AuNPs of
various morphologies. The observed shapes of these particles were grouped into five
classes that are shown in Figure 39: (1) ellipsoid-like particles, (2) rods, (3) triangular
plates (including equilateral triangles, truncated triangles, and triangles with rounded
vertices), (4) hexagonal plates, and (5) spherical-like particles (including polyhedral
shapes: vertex-truncated icosahedra and octahedra). For the sake of simplicity, I refer to
the ellipsoidal- and spherical-like AuNPs as 3D structures, and to the rods and plates as

1D and 2D structures, respectively. All histograms of the sizes/shapes were determined
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only for the low-density coatings because for the high-density ones identification of
individual AuNPs was often problematic. In the following, results of the morphological

analysis performed for the three reducing agents are presented.
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Figure 39 SEM images showing five types of the particle shapes observed after the growth process.

4.4.3.1 Hydroxylamine

Typical growth mixtures based on this reducing agent are aqueous solutions of
NH;OH'HCI and HAuCls, and can be used to grow both AuNPs suspended in the bulk
solutions138139 as well as AuNPs attached to a substratel38140,141,142 According to the
literature cited, hydroxylamine promotes the growth of spherical particles of small
polydispersity, and does not give rise to a nucleation. It is noted that my studies are the
first to show systematically the growth of AuNPs for different hydroxylamine
concentrations and the [NH20H]:[HAuCls] molar ratios, for a long reaction time (3 days
instead of the 3-30 min. reported in literature).

Typically, a growth solution based on NH20H'HCl and HAuCls contains the
reactants in concentrations of ~10-4 M.138139,140,141142 Tg be comparable with the
previous works, I investigated the growth process for solutions containing NH,OH"HCl in
four concentrations: 0.05, 0.2, 0.35, and 0.5 mM. For each concentration of
hydroxylamine used, four [NH20H]:[HAuCls] molar ratios: 8:3, 8:4, 8:5, 8:6, and 8:7 were
prepared, totaling 20 different growth solutions. Results obtained for four extreme
reagent concentrations are shown in Figure 40. As seen in this figure, all types of AuNPs
were obtained, but the 3D structures dominated for each growth solution used. The
majority of the spherical-like particles displayed well-formed crystallographic facets,

and possessed shapes of truncated icosahedra. The rod-like particles had pentagonal
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and octagonal cross-sections. I observed a strong dependence of the distribution of
AuNP shapes on the reaction mixture composition. The most remarkable feature of the
data presented in Figure 40 is the decrease of the fraction of the spherical-like AuNPs
with increasing concentrations of the reagents, and decreasing of the reagent ratio.
Evidently, higher concentrations of reagents and lower [NH20H]:[HAuCl4] reagent ratios
promoted formation of the 1D and 2D objects. As seen in Figure 40, for the reagent ratio
8:3, formation of the nano-plates did not take place at all. The 1D and 2D structures
were formed only for [NH20H]:[HAuCls] ratios less than 8:5. For 0.5 mM NH:0H and the
reagent ratio 8:7, the anisotropic AuNPs accounted for 30.5% of all particles, of which
57.5% were nano-rods. However, for sufficiently high reagent concentrations the
growth of the 1D and 2D particles was almost completely suppressed, even for the 8:7
[NH20H]:[HAuCl4] ratio.

For each of the 20 solutions examined, a noticeable reduction of the initial size
polydispersity (p > 80%) was observed. For some compositions of the growth solution

the values of p dropped even below 35%, as seen in Figure 40.
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Figure 40 SEM images of the grown AuNPs, particle size distributions, values of the polydispersity, p, and the
aspect ratio, r, obtained for the hydroxylamine-based growth solutions (low-density coating). The aspect
ratios characterize the rod-like objects only. Results for four extreme reagent concentrations are shown.
Definitions of the sizes for the AuNP shapes considered in the distributions are given at the top. The values on
the histograms are expressed in nanometers. Magnification for the four main SEM images is the same. The
inset SEM image shows a representative side-view of the grown AuNPs; scale bar is 80 nm.
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For the low- and high-density coatings I obtained quite similar dependencies of
the distributions of the AuNP shapes on the composition of the growth solution. The
only difference observed was, that for high-density coatings the particles had generally

more rounded edges and vertices.

4.4.3.2 Ascorbic acid

This reducing agent is frequently used in the seed-mediated growth processes of
AuNPs. It is utilized mainly in the synthesis of nanorods, typically in the presence of a
rod-like micellar template - cetyltrimethylammonium bromide (CTAB). This reduction
is a two-step process that begins with the formation of a complex of Au(Ill) ions and
surfactant molecule. The method requires at least a 3:2 [AA]:[HAuCl4] molar ratio, and
the first equivalent of ascorbic acid is consumed for Au(IIl) to Au(I) reduction.143 The
addition of AuNPs causes a further reduction of gold and the growth of anisotropic
clusters. In order to accelerate the process, one can raise the pH value of the reaction
mixture to 8-10. Under these conditions the production of ascorbate ions, which possess
greater reducing ability than AA,144 occurs. The CTAB-Au(Ill) complex is used in the
seed-mediated formation of nanorods and nanowires, both in solutions!4> and on solid
substrates146.147.148 The addition of poly(vinylpyrrolidone) (PVP) may lead, however, to
the formation of 2D structures.14? PVP can act both as a reducing and protecting agent,
but in the presence of AA its capping function is enhanced. AA promotes 2D crystal
growth, resulting in the formation of thin nanoplates (mainly triangles), and, in the
presence of CTAB, does not lead to nucleation.149

To investigate AA as a reducing agent, aqueous solutions of AA and HAuCls were
used. To suppress bulk nucleation, CTAB and PVP were added to the growth solutions. I
found that among PVP-k10, PVP-k25, and PVP-k30, the best stability against nucleation
was provided by PVP-k30. For the mixtures used in my experiments, the nucleation did
not occur for at least 1 h after preparation. The effect of the composition of the AA-based
mixtures was examined for fixed concentrations of HAuCls (0.24 mM) and AA (0.48 mM).
[ investigated the growth processes for CTAB and PVP concentrations similar to those
studied by Umar et al.1#° [ examined 16 different growth mixtures that were obtained by
combining four CTAB (15, 25, 35, and 45 mM) and four PVP (0.3, 0.5, 0.7, and 0.9 mM)
concentrations. It was found that the final distribution of the AuNP shapes was
established after ~10 min of the growing process. For longer growth times (45 and 60

min.) only an overall small increase in the size of the AuNPs was observed. SEM images
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of the coatings (growth time 10 min) obtained for four extreme concentrations of the
reagents, along with the NP size distributions are shown in Figure 41. For all AA-based
growth solutions used, formation of 1D, 2D, and 3D objects was observed, but spherical-
like particles occurred most frequently. It was found that the morphology of the AuNPs
hardly depended on the CTAB and PVP concentration in the mixture. Moreover, the
average aspect ratio (r) of the rod-like AuNPs varied with the CTAB and PVP content in
the solution. For the lowest and the highest concentrations of these reagents, rods with,
respectively, r = 3.0 and r = 2.6 were formed. For all growth solutions, the polydispersity
of the coatings was reduced. For a fixed concentration of CTAB, values of p slightly
increased with the increase of the PVP content. Interestingly, note that there was a
difference in the morphology of the grown AuNPs between the low- and high-density
coatings. In the latter case, for every growth solution used, mainly spherical and
ellipsoidal shapes (with 1.1 < r < 1.8) were formed, and the 1D and 2D structures

occurred occasionally.
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Figure 41 The same as in Figure 40, but for AA-based growth solutions.

Umar et al.1%® applied similar AA-based growth solutions, containing CTAB and
PVP, to grow nanoseeds deposited on indium tin oxide (ITO), and cleaned by heating at
250°C for at least 60 min. The most important difference between the present results
and those reported by the authors cited concerns about the proportion of the spherical-
like and 2D objects formed. In Ref. 149, a big fraction (50% - 70%) of the nanoplates

was obtained, whereas in all my experiments 2D objects occurred rarely (less than
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13%). It is known150 that the morphology of the grown AuNPs is, to a great extent,
determined by the type and number of crystallographic defects present in the seeds. In
particular, planar defects such as stacking faults are believed0 to promote the growth
of hexagonal and triangular plates. Thus, the experimental data suggests that the plasma
cleaning - in contrary to the heat treatment - results in the formation of AuNPs that are

substantially free from the stacking defects.

4.4.3.3 2-Mercaptosuccinid acid

This reducing agent is still a relatively new reagent used in AuNP synthesis. Its
primary function is stabilization of the AuNPs during the synthesis.1>1 Due to a mercapto
functional group and its ability to form an Au-S bond with the AuNP surface, MSA is also
an excellent capping agent (stronger than citrate!>2). Because of dissociable carboxylic
moieties, it provides electrostatic repulsions in gold colloids, preventing aggregation of
the AuNPs. Also, as a dicarboxylic compound, MSA can be employed as a reducer. Niu et
al.153 applied MSA for the first time both as a capping and reducing agent. In an aqueous
solution MSA promotes isotropic growth of AuNPs and leads to the formation of nearly
spherical NPs. My work is - to my best knowledge - the first one demonstrating the use
of MSA as a capping and reducing agent in the seed-mediated growth of the AuNPs
deposited on a substrate.

The growth reactions for four [MSA]:[HAuCls] molar ratios, 0.75:10, 1.5:10, 3:10,
and 6:10, were carried out. Each of the four reaction solutions was applied for four
different concentrations of HAuCls (7.25, 14.5, 21.75, and 29 uM), both for low- and
high-density coatings. It was found that the morphology of the grown AuNPs did not
depend on the initial density of the seeds. Figure 42 shows representative results
obtained for the low-density coating for four extreme growth mixture compositions. As
seen, for each growth mixture employed, mostly spherical-like objects were formed. The
most regular shapes - spherical AuNPs - were obtained for [MSA]:[HAuCls] = 6:10 and
the highest reagent concentration. A high excess of HAuCls ([MSA]:[HAuCl4] = 0.75:10)
resulted in the formation of ~10% of non-spherical particles: equilateral triangles and
ellipsoids (1.5 < r < 2.3). Most probably, formation of these objects was due to the small
amount of MSA, which acts as a capping and protecting agent.1>3> At a low MSA
concentration, selective adsorption of Au(Ill) on different facets occurs, and the seeds
can be transformed into non-spherical shapes. Remarkably, for [MSA]:[HAuCls] =
0.75:10 and high HAuCls content (21.75 and 29 uM), a significant fraction of small (<10
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nm) AuNPs were present after the growth reaction. It is not clear yet whether in these
conditions the growth of the smallest seeds was retarded or the nucleation process took
place. Based on the UV-Vis spectroscopy measurements, I found however that bulk
nucleation did not occur for any of the MSA-based growth solutions used. Formation of
the nuclei was observed only for sufficiently high HAuCls concentrations (>145 pM),
exceeding ~10 times those employed in my experiments.

For all MSA-based growth solutions, a substantial reduction of the AuNPs size
polydispersity was observed. The values of p decreased from ~80% to ~40% (Figure
47). This means that MSA, as a reducing agent, can be used to improve the uniformity of

the sizes of the AuNPs deposited on a silicon substrate.
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Figure 42 The same as in Figure 40, but for MSA-based growth solutions.

4.4.4 Conclusions

In the present section the autocatalytic properties of AuNP coatings formed
during the plasma treatment were examined in detail by employing them as seeds for
the further growth of gold particles. Systematic experiments were carried out for growth
solutions based on three reducing agents: NH20OH-HCI, AA, and MSA. I found that the
final morphology of the grown AuNP coating hardly depends on the initial density of the
seeds. Depending on the composition of the growth mixture used, various proportions of
the polyhedral, spherical-, plate-, and rod-like particles can be obtained in the resulting

coating. It was found that, out of the three studied reducing agents, hydroxylamine offers
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the greatest variety and the best control over the final shapes of the AuNPs. It was found,
however, that - for each reducing agent used - the formation of spherical-like and
polyhedral structures was favored. For each growing mixture a significant reduction of
the size polydispersity was also observed. This study is the first to investigate
systematically the growth of AuNPs for different hydroxylamine concentrations and
[NH20H-HCl]:[HAuCls] molar ratios. To my best knowledge, the present description is
also the first to demonstrate the seed-mediated growth of AuNPs on a surface in the
presence of MSA. The results presented can help in the choice of the proper composition
of the growth mixture, which allows obtaining AuNP coatings of desired morphology.
Moreover, the experiments described here led to the interesting finding that plasma

cleaning results in the formation of AuNPs that are substantially free of stacking defects.
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4.5 Gold microflowers

4.5.1 Introduction

Noble metal nano- and microstructures of non-spherical shapes have received
much attention in recent years.154155156157.158 Theijr morphological forms - including
flower-, rod-, wire-, and plate-like structures - exhibit unusual optical,15° electronic,160
and catalytic161.16Z properties. One very promising area of applications of gold nano- and
micro-flowers is SERS. Surfaces modified with such flower-like structures have
proved163164165166167  to provide large SERS enhancement factors. Known
methods154159,161-168,169-175 for synthesizing gold micro-flowers (AuMFs) require fairly
elaborate techniques. In these methods, AuMFs are typically synthesized in reaction
solutions containing gold salts, reducing agents, buffers, and additional reagents that
strongly affect both the size and the morphology of the resulting structures. For
instance, reagents like polianiline,154 chitosan,70171 surfactants72173 or DNA174 have
been utilized to obtain gold particles of ragged, flower-like shapes. Similar structures
have also recently been fabricated mechanically by a centrifuging process.17> Against the
background of the abovementioned methods, the procedure for fabricating AuMFs
described below is distinguished by its simplicity. Using only water solutions of auric
acid (HAuCls) and hydroxylamine hydrochloride (NH20H-HCI), one can obtain AuMFs
whose number, size, and shape strongly depend on the concentration and molar ratio of
the solutions used. AuMFs deposited on a solid substrate form a mechanically stable
gold layer of expanded nano-structured surface. Such nano-structured metallic layers

are employed as efficient platforms for chemical and biological sensing based on SERS.

4.5.2 Preparation and analysis of samples
Preparation of the reaction mixture and nomenclature used in this section

To prepare the reaction mixture, a solution of auric acid was added dropwise
while shaking to an aqueous solution of hydroxylamine hydrochloride. The resulting
reaction mixture was fully characterized by the HAuCl4:NH20H-HCI molar ratio and the
concentration of hydroxylamine chloride. In this work, the mixture concentration is
given relative to the reference solution, c1, containing 0.5 mM of NH20H-HCI. For
example, to obtain the c1 (3:8) reaction mixture containing 3:8 HAuCls:NH20H-HCl
molar ratio, one volume of 0.8 mM NH>OH-HCIl with 0.6 volume of 0.5 mM HAuCls were

mixed. Mixtures diluted ten times are marked - irrespectively of their HAuClas:
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NH20H-HCl molar ratio - as ¢0.1. Similarly, mixtures with ten times higher
concentrations of hydroxylamine are marked as c10, etc.
Analysis of samples

The absorption spectra of reaction mixtures were recorded on Ocean Optics USB
2000+ spectrophotometer in the spectral range 300-800 nm in quartz micro cuvette (10
mm of path length). The sample was illuminated with UV-VIS-NIR LIGHTSOURCE DH-
2000, Ocean Optics. The absorption spectra were recorded starting from the 35t s of the
reaction (35 s is the time for complete addition of HAuCls to the NH2OH-HCI solution and
for transfer of the reaction mixture to the cuvette).

Shapes, sizes and number of AuMFs were analyzed using field emission scanning
electron microscopy (FE-SEM). Usually, I analyzed AuMFs adsorbed to silicon strips. The
reaction mixture was prepared according to the procedure described previously in this
section. As soon as the reagents were stirred, the dried slide was placed in a vial
containing this mixture for the desired time. Then, the plate was carefully washed

subsequently with water and with methanol, dried, and analyzed.

4.5.3 Effect of the composition and concentration of the reaction mixture on the
morphology of AuMFs

In the presented method, flower-like structures were produced by reducing the
gold Au3* ions with hydroxylamine hydrochloride. So far, mixtures of HAuCls and
NH;O0H-HCI have been used only in the seed-mediated growth of NPs and never in the
synthesis of gold objects. Moreover, nucleation in this mixture was considered as
theoretically possible but, in practice, not obtainable without the catalytic presence of
the gold surface.138139 [n section 4.5, however, such a synthesis is described.

The reaction mixture can be fully characterized by the concentration of
hydroxylamine and the HAuCls:NH20H-HCl molar ratio. To investigate the effect of the
molar ratio of reagents on the AuMF morphology, nine c1 reaction mixtures of a fixed
concentration of hydroxylamine (0.5 mM) and different molar ratios were employed.
The HAuCl4:NH20H-HCI molar ratios ranged from 1:8 to 9:8. In each case a silicon plate
was immersed for 24 h in the reaction mixture. The morphology of the AuMFs deposited
on the plate was analysed using SEM. I found that, for each molar ratio used, only flower-
shaped micro-structures were present. The AuMFs formed had sizes (diameters) in the
range of 0.8 - 2.5 um, and were randomly distributed on the substrate. Analysis of the

SEM images revealed that for lower contents of auric acid, for ratios from 1:8 to 5:8, the
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AuMFs had a hedgehog-like structure consisting of a number of small "petals" (Figure
43a and Figure 43b). AuMFs obtained for higher contents of gold ions, from 7:8 to 9:8,
exhibited a less expanded morphology, with a fewer number of petals (Figure 43c and
Figure 43d). In other words, a larger excess of the amine promotes more branched
structures. This phenomenon may result, for example, from selective blocking by NH20H
of certain crystallographic planes on the growing gold nucleus and, consequently, from
increased growth of its other available areas. In most of the experiments described in
this chapter the 3:8 molar ratio, which leads to formation of the most folded AuMFs
(Figure 43), is used.

To check the effect of the concentration of reagents on the morphology of the
AuMFs, 1 investigated mixture concentrations in the range from c0.05 to ¢50 for each of
the molar ratios used. I found that the reagent concentration does not have any
noticeable effect on AuMF morphology in a wide range of concentrations. However, for
concentrations lower than c0.4, amorphous gold particles were formed, and the flower-

like structures were not observed.

Figure 43 Effect of the HAuCls:NH20H-HCI molar ratio on AuMF morphology: Pictures a, b, ¢, and d show SEM
images of typical AuMFs deposited on a silicon substrate, obtained for a c1 mixture with 3:8, 5:8, 7:8, and 9:8
molar ratio, respectively.

The experimental results suggest that the flower-like particles are not observed
for concentrations lower than c0.4 because of an insufficient amount of gold ions in the
reaction mixture. As [ found from the analysis of the SEM images, the average number of
particles created during the reaction was similar for concentrations ranging from c0.05-
cl. However, the average size of the particles observed for the low concentrations was

significantly smaller than that observed for ¢ > c0.4. This observation indicates that in
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low concentration mixtures there is not enough matter for the nuclei to grow and

develop properly shaped “petals”.

4.5.4 The process of formation of the AuMFs

As it was mentioned above, the formation of metallic gold in the reaction of
HAuCls and NH20H-HC], without additives, has not been observed to date. On the basis of
the typical oxidation of hydroxylamine and on the electron and atomic balance I propose

the following reaction equation:
3 NH2OH-HCI + 4 HAuCls + 3 H20 — 3 HNO2 + 4 Au® + 19 HC. (32)

One can notice that in the above equation a molar preponderance of the gold ions over
the hydroxylamine occurs. In my procedure, however, I applied a great excess of the
amine to achieve highly folded structures. In this sub-section I present a possible
explanation of the observed effect of such amine excess on the morphology of the
AuMFs.

The typical process of forming AuMFs consists in the mixing of two solutions -
aqueous solutions of auric acid and hydroxylamine hydrochloride - at room
temperature. After 24 h of the reaction, gold microparticles with a highly-folded surface
(see Figure 44) are well formed. For concentrations of reagents higher than c10, one can
see them as a rubiginous precipitate on the bottom of the reaction vessel. To analyze the
product with field emission SEM, the AuMFs could be either collected after reaction and
placed on a silicon plate or deposited on a solid substrate during the reaction, as was
described in the “Analysis of samples” sub-section. SEM analysis showed that the
presence of the silicon plate in the reaction mixture has no effect on the morphology of

the product.
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Figure 44 SEM images of typical AuMFs obtained using method described in section 4.5. These particular
AuMFs were fabricated in a reaction mixture of 3:8 HAuCl4:NHzOH-HCl molar ratio and 0.5 mM concentration
of NH20H-HCI.

In order to establish the subsequent stages of the formation of the metal product,
the reactions c1(3:8) for various times were conducted. After mixing of the substrates
(which took about 15 s), a silicon plate was immersed in the reaction mixture for a
desired time (reaction times between 20 s and 72 h, including the time of mixing, were
examined). Then, plates were washed, dried, and analyzed using SEM.

Analysis of the SEM images allowed me to identify five main stages of the AuMFs
formation. Typical morphologies present in each stage are shown in Figure 45. Figure
46, in turn, presents the size distribution of the objects observed at the 1st, 4th, 10th, and

60t min of the reaction.

20s 1 min 10 min 30 min

Figure 45 Morphological forms dominating in the five consecutive stages of the formation of the AuMFs. For
the reaction times marked on the axis, consecutively 20 nm NPs, 100 nm - 1 pm NPs, 2.0 - 3.5 pm MFs and
small colds, sharp-edged MFs, and round-edged MFs were observed.
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Figure 46 Histogram presenting the size (length of the diameter of the top view projection) distribution of the
gold objects present after 1, 4, 10, and 60 min of the reaction.

Stage 1: In the first stage (20t s of the reaction) AuNPs with a diameter of about
20 nm were the main observed morphological form. Stage 2: After 1 min. of the
reaction, the particles were significantly bigger (100 nm - 1 pm) and their surface was
slightly, but visibly folded. Beside the spherical objects (about 85% of all observed
structures), also rods (5%) and triangular and hexagonal plates (8%) were found in
large number. Among 2% of the remaining particles also the first flower-like structures
can be found. Stage 3: At about the 4th minute of the reaction, the flower-like structure
of gold particles began to be the dominating one. One could distinguish at least three
main types of these structures, different in size and shape. Visibly abundant are small
clods (100 - 400 nm in diameter) having less than twenty finger-like tips. The second
type of morphology are structures of 2.0 - 3.5 um in diameters. They are apparently
much bigger and more complex than the first type, and seem to be composed of thin
plates and spikes. The third type are AuMFs looking like clusters of NPs, and their size
ranks between the sizes of the two forms mentioned earlier. Stage 4: In the next six
minutes, both the shapes and sizes of AuMFs become uniform. The AuMFs appear to be
built of plates and spikes of sharp edges, but these building blocks are more bulky and
less numerous than the “petals” of the big AuMFs in Stage 3. Most AuMFs have diameters
from the range 1.5 - 4.5 pm. Stage 5: After the following 20 min, this range became
narrower (1.5 - 3.0 um) and the edges of the AuMFs visibly smoother. Petals of the

AuMFs looked more like fingers or clods than plates or spikes. In the 60t minute of the
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reaction the AuMFs formed in Stage 5 were the only morphological form present in the
reaction and did not undergo further morphological changes during, at least, the next
71 h.

By analyzing successively appearing gold shapes one can see that for the first 4
min their size increases and morphology becomes more complex. They are also at each
stage roughly spherical and appear to grow equally fast in many directions. This
observation suggests that the AuMFs are not random aggregates of gold plates, rods, and
clods, but structures with a solid core from which petal-like forms grow radially. This
model of the formation of the AuMFs has been confirmed in two ways. The first method
was to cut the AuMFs and examine their inside using Focused lon Beam (FIB) ablation.
In this method gold atoms were sputtered from the AuMFs when high-energy gallium
ions strike their surface. Four consecutive stages of the cutting process are shown in
Figure 47 (upper images). The removal of subsequent layers of gold revealed the solid
insides of the AuMFs. In the SEM images, radial lines (highlighted artificially in the
fourth SEM image), suggesting the way the AuMFs form and grow, were also visible. It is
noteworthy that FIB ablation is destructive for the specimen. For example, the visible
vertical grooves on the cutting plane were probably made during the milling process,
not during AuMF growth. A second way to verify the AuMF formation model was
analysis of the AuMFs that formed on the water/air interface. Most of the AuMF
sediment remains on the bottom of the reaction vessel during the reaction, but if the
reaction mixture is not stirred, several particles, trapped on the interface, grow and
undergo morphological changes. As can be seen in Figure 47 (bottom panel), they look
like halves of the typical AuMFs. Their “petals” grow only in the solution and the radial
patterns on their flat top portion reveal the direction of this growth. It is impossible to
obtain these structures by combining randomly smaller particles in the complex AuMFs.
Such shapes can be achieved only by the progressive build-up of gold on the steadily
growing AuMFs.
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Figure 47 SEM images of the AuMFs. Upper panel: sharp-edged AuMF exposed to FIB ablation. Four images
show consecutive stages of the process. In the fourth image artificial lines, highlighting the radial pattern on
the cutting plane, were added. Bottom panel: AuMFs grown on the water/air interface during 24 hours of the
reaction. All scale bars correspond to 1 pm.

4.5.5 Effect of the reaction time on the morphology of the AuMFs. The

phenomenon of smoothing

The evolution of the shapes described in the previous section suggests interesting
processes occurring in the solid state. Especially, the transformation of the AuMFs from
Stage 4 into the form from Stage 5 seems to be curious because there is no growth of the
gold particle, but rather a slight reduction of the size and rounding (smoothing) of the
shape. To investigate this effect, silicon plates were dipped into the reaction solution c1
(3:8) for short (2-10 min.) and long times (from 30 min. up to 7 days). Analysis of the
SEM images revealed that the AuMFs obtained for the short immersion times -
independently of the composition of the reaction mixture - consisted of very thin, plate-
like petals of polygonal shapes. For the immersion time of 30 min. the AuMFs were much
smoother, and their surface was composed of rounded petals. A similar round-edged
morphology of the AuMFs was also observed for longer immersion times. The shapes of
the petals observed for the longest immersion time (7 days) did not differ much from
those observed for the immersion time of 30 min. Examples of sharp- and round-edged
AuMFs are shown in Figure 48a and Figure 48b, respectively. This process of rounding is
all the more interesting when taking into account that it continues after complete

consumption of auric acid, HAuCls (section “Kinetics of the formation of the AuMFs”).
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Figure 48 Control over AuMF morphology by reaction time: SEM images (side and top views) of the AuMFs
deposited on silica for a) short (10 min.) and b) long (24 h) reaction times. In both cases identical
compositions, c1 (3:8), of the reaction solution were used. Scale bar is 1 pm.

The first plausible explanation (Mechanism 1) for the edge smoothing is a
thermodynamically driven redistribution of Au atoms within the AuMF. In this process,
the Au atoms migrate away from energetically unfavorable places, like the sharp edges
or tips, to decrease the average curvature of the surface. This atom redistribution
process is slow compared to the autocatalytic growth of the AuMFs. Edge smoothing is
expected to take place during the whole immersion time but its effects are most
pronounced in the late stages of the AuMFs’ growth process, when the reagents have
been consumed and the growth of the AuMFs is terminated. Graphic presentation of
Mechanism 1 is shown in the left image in Figure 49.

The second possible mechanism of the smoothing (Mechanism 2) is associated
with the chemical composition of the post-reaction mixture. As one can figure out from

the reaction equation and conditions, after the formation of AuMFs there is also HCI,

120



Results. Gold microflowers

excess NH20H, and nitrous acid (HNO2) in the reaction vessel. HNO; rapidly decomposes
into nitric dioxide NO, gaseous nitric oxide, NO, and water. In the aqueous environment
NO2 disproportionates into nitric acid and nitrous acid.l’® Consequently, there are
sharp-edged AuMFs exposed to the mixture of diluted aqua regia and hydroxylamine
hydrochloride. According to Mechanism 2, the AuMFs are continuously dissolved by the
mixture of acids present in the post-reaction mixture. As a result, there are gold cations
close to the surface of the AuMF. However, the AuMFs do not become significantly
smaller during this process because the gold cations are immediately reduced by
hydroxylamine hydrochloride (still present in the reaction vessel) and, as gold atoms,
built back into the AuMFs. The process, which is much slower than the formation of
sharp-edged AuMFs, leads to the reduction of sharp tips or edges and the formation of
more compact structures. The smoothing process due to Mechanism 2 is shown in the

right image in Figure 49.
Mechanism 1 Mechanism 2

NH,OHeHCI + HAuCl,

Reaction
l (consumption

of HAuCl,)

@ + HNO; + HCI + NH,OH+HCI

Chemical
smoothing

NH,OH+HCI

Figure 49 Graphic presentation of two considered mechanisms of the smoothing process. Left image:
Mechanism 1. “Petals” of the AuMFs become smoother because of the thermodynamically driven
redistribution of Au atoms from energetically unfavorable places into positions providing higher
coordination numbers. Darker color of atom represents a higher energy. Right image: Mechanism 2. At the
beginning of the reaction, only two reagents are present in the reaction mixture. After formation of the sharp-
edged AuMFs there is a mixture of acids and the remaining NH20H-HCI in the reaction vessel. Under these
conditions, oxidation of metallic gold and the subsequent reduction of gold cations occurs, leading to the
smoothing of the AuMFs.

To check which mechanism - Mechanism 1 or Mechanism 2 - is correct, |
conducted a series of experiments. As substrates I prepared silicon plates covered with
AuMFs with sharp edges (removed from the reaction mixture after 20 min of the

reaction, washed in the water, and dried). So prepared, the plates were placed in 4 mL of

121



Results. Gold microflowers

the post-reaction mixture, namely solution ¢50 (introduced in the 3.3.1.2) from which
gold particles were centrifuged after 20 min of the reaction (it is a colorless solution of
pH ~1.5). Four types of experiments were conducted:

a) substrates placed in the post-reaction mixture for 24 h,

b) substrates placed in the post-reaction mixture for 30 days,

c) substrates placed in the post-reaction mixture for 30 days, but the solution was
exchanged for a fresh one every 2-3 days,

d) substrates placed in water (blanc sample) for 24 h or 30 days.

Analysis of SEM images of AuMFs after reactions a)-d) confirmed that the post-
reaction mixture is able to smooth the sharp edges of the AuMFs and change
significantly their morphology (see Figure 50). In experiments a) and b) one could see
the rounded edges of “petals”. Interestingly, the degree of smoothing is very similar for
24 h and 30 days of reaction, suggesting rather fast consumption of the reagents
(oxidizing acids or reducing hydroxylamine). In reaction c), where reagents were added
every 48-72 h, the cycle of oxidation and reduction of gold could occur more times than
in a) and b), leading to the formation of well-formed crystals. For the control probe
(reaction d)) no changes in the AuMFs’ morphology were observed, regardless of the
reaction time. This indicates that it is not only a liquid environment, but also its proper
chemical composition is required for the smoothing process to occur. This finding rules

out the validity of Mechanism 1.

Before and d)

Figure 50 SEM images showing typical metal structures observed on the substrates before reaction and after
the experiments a), b), c¢) and d). The length of the scale bar corresponds to 1 pm.

Next, I conducted experiments to verify Mechanism 2. According to this

hypothesis, the sharp edges of the AuMFs are smoothed by the acids. To examine the
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effect of hydrochloric and nitric acid on AuMF morphology, I prepared the following
solutions:

e) diluted HClaq (pH = 1.5),

f) diluted HNO3.q (pH = 1.5),

and placed AuMF-covered substrates (prepared in the same way as in experiments a) -
d)) in 100 mL of the solutions for 24 h. SEM analysis of probe e) showed smaller
(diameter 0.5 - 2.0 pm) and rounder AuMFs than before the experiment. Interestingly,
new geometric metal forms also appeared, especially triangular and hexagonal plates
with the diagonal about 2.5 pm. In probe f) only smoothed and diminished (1.0 - 3.0 um)
AuMFs were observed. Typical metal forms observed for each reaction are presented in
Figure 51. Reduction of the size of the AuMFs and the dissolution of sharp edges by the

acids is the argument supporting the validity of Mechanism 2.

Figure 51 SEM images of the AuMFs after 20 min of the AuMFs synthesis (left image) and the same AuMFs after
24 h in diluted solutions of HCI (e) and HNOs3 (f).

It is worth commenting here on reaction e). Dissolution of the AuMFs in the
diluted HCI is a very interesting and noteworthy fact because it is generally accepted
that noble metals do not react with hydrochloric acid. Gold is supposed to dissolve only
in aqua regia and selenic acid.1’” On the other hand, there are reports in the literature on
the dissolution of AuNPs in HClL.178 In contrast to bulk gold, small AuNPs, especially
smaller than 10 nm, are chemically active: they displace hydrogen from acids and
catalyze chemical reactions (for example CO oxidation and propylene epoxidation).179
The results of my experiments show that the AuMFs reactivity is close to the reactivity

of AuNPs, despite a size bigger than 1 pm.

4.5.6 Kinetics of the formation of the AuMFs
To investigate the kinetics of the reaction of AuMF formation, I monitored

changes of the absorbance of the unconsumed Au3* ions in the solution c1 using UV-Vis
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spectroscopy. The absorbance spectrum of the HAuCls ions displayed a maximum at A
~220 nm and a shoulder at A ~290 nm. According to the literature,180 both of these are
due to the ligand-to-metal charge transfer (LMCT) bands of [AuCl4]- ions between gold
and chloro ligands. In my analysis I assumed that - for the concentrations of the auric
acid used - Beer’s law holds and the absorbance is proportional to the concentration of
the [AuCl4]- ions. Also, for the sake of simplicity, in the fitting procedure (vide infra) I set
the proportionality constant equal to unity and treated the absorbance at Az90 as the
Au3* concentration. The time dependence of the value of the absorbance at 1299 is plotted
in Figure 52a. Because of the high excess of NH20H-HCI used in the reaction of formation
of AuMFs, I used a pseudo-first order approximation.

I employed a minimalistic reaction model that accounts for the kinetic data
obtained. According to this model, the reaction proceeds in two stages, which are the
nucleation and autocatalytic growth of the metallic clusters. From the plot it follows that
the first step of the reaction occurs in the first five minutes. The second stage takes place
roughly between the fifth and twelfth minute of the reaction. In general, the reaction
time of the chemical reduction of gold ions observed in my method is similar to that
reported by other researchers for seedless methods.161,167,170,171,172,173

This two-step model follows from the fact that hydroxylamine is
thermodynamically capable of reducing Au3* ions directly to metallic gold,'81 but this
reaction is dramatically accelerated by the presence of gold surfaces.138182 For this
reason the production of new nuclei is suppressed in a solution that contains colloidal
gold nanoclusters.138 One therefore expects that formation of the AuMFs occurs in the
following two stages. (i) Initially, the Au3* ions are reduced in the bulk solution to form
nuclei. Although the created nuclei grow autocatalytically, at this stage the consumption
of the gold ions is due mainly to the nucleation processes. (ii) As the concentration of the
nuclei (seeds) increases, the nucleation process is gradually suppressed and replaced by
the autocatalytic (surface catalyzed) reduction of Au3+. The stages are described below.
Nucleation: Reduction of the Au3* ions directly to metallic gold is described by the

following one-step mechanism:

A—Xk B (33)

)

where A stands for Au3+, B is metallic gold, and k1 is the effective rate of the reduction of
Au3* ions (ie., the nucleation process). The reaction described by eq. (33) yields

exponential decay of the concentration of Au3* ions, [A4](t),
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[A](t) = Agexp (—kyt), (34)

where [A]o is the initial concentration of Au3* ions in the reaction solution.

Autocatalytic growth: I assume that the surface catalyzed reduction of Au3* occurs

according to the scheme:

A+B— 2B (35)

where k; is the rate of the reduction of Au3* ions on gold surfaces. Reaction (35) gives

the following time dependence of the concentration of unconsumed Au3* ions:
a

A1C®) = 1+ Bexp(ak,t) ’ (36)
with & = [Al +[B]1‘ﬁ =[Bl /[A]l_

Here [A]1 and [B]1 denote, respectively, the concentration of Au3+ ions and surface atoms
of the growing clusters (seeds) present at the beginning of the autocatalytic growth
stage. The quantities [A]o and [A]:1 are linked by the relation [A]1 = [A]oexp(-k1 tn), Wwhere
tn is the duration of the nucleation stage.

[ fitted the functions given by eq. (34) and (36) to the absorbance data using tn,
[A]o, k1, @, 5, and k: as the fitting parameters. The fitting procedure yielded t, = 5.0 + 0.5
min, [A]o = 1.040 £ 0.002 and k; = (0.0550 + 0.0006) 1/min for the nucleation reaction,
and a = 0.853 £ 0.008, § = 0.0024 * 0.0004, and k2 = (0.85 * 0.02) 1/min for the
autocatalytic reaction. The resulting kinetic curve is plotted in Figure 52. In my attempts
to model the formation of the AuMFs I considered also the two-step growth reaction that
comprises both nucleation and the autocatalytic growth (eq. (33) and (35)) that is
referred to as the Finke-Watzky (FW) kinetic model.183184 The FW model predicts
however an S-shaped sigmoidal kinetic curve of the concentration of the unconsumed
metal ions that did not fit our experimental data.

For reaction times shorter than ~12 min., corresponding to the late stages of the
nucleation regime and the autocatalytic growth stage, I observed the sharp-edged
morphology of the AuMFs. When the reagents were consumed, in the late phases of the
autocatalytic growth stage, the round-edge morphology was observed. The three stages
of AuMF formation - nucleation followed by autocatalytic growth, and the edge

smoothing - are illustrated schematically in Figure 52.
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Figure 52 (a) Changes of the absorbance due to the unconsumed Au3+ ions during the formation of AuMFs in
the c1 (3:8) reaction mixture. The red line is the fit of the two-step model (see the text) to the experimental
data. Two SEM images show examples of the sharp-edged AuMF created in the autocatalytic growth stage (5-
12 min.), and the round-edged AuMF observed for longer immersion times. (b) Cartoon representation of the
three stages of the AuMF formation process: nucleation, autocatalytic growth, and the edge smoothing. (c)
Detailed presentation of the volatility of the UV-Vis spectrum of the reaction mixture. The main diagram and
the inset show a decrease in the intensity of the substrate signal and increase of the metal product peak. Over
time, also the signal of the metal becomes weakened (see inset) because of the significant growth and
sedimentation of gold particles.

4.5.7 Modifications of the reaction mixture and their effect on the morphology of

the product

4.5.7.1 Introduction

In the previous sections of section 4.5, various concentrations and molar ratios of
the two reagents, namely NH2OH-HCI and HAuCls, were described. Here, I would like to
present the products of reactions to which other compounds were added or from which
some ions were removed. As was explained in section 1.2.2, generally, it is rather
impossible to predict how the change of the reaction mixture will affect the morphology
of the gold particles. However, there are many reports in the literature proving that even
the small addition of some reagents could change the distribution of shapes and
sizes/aspect ratios within the NPs synthesized. Apart from the addition of various
organic compounds, those factors affecting the growth direction of gold are typically:
halides, silver ions, and pH changes. In this section I present the impact of the mentioned

components on the growth and final morphology of the AuMFs.

4.5.7.2 Preparation and analysis of samples

Preparation of reaction mixtures modified by halides
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All structures were produced based on the general procedure described in
section 3.3.1.2. Here, I replaced NH20H-HCI by its molar equivalent of NH20H and a
desired halide salt. To the water solution of hydroxylamine, a solution of an appropriate
halogen salt was added. Then, a solution of auric acid was added dropwise while
shaking. A cleaned silicon plate was placed at the bottom of the reaction vessel for 2 h,
then removed, dried, and analyzed.

Various concentrations (from the c1 - ¢50 range) and HAuCl4:NH20H molar ratios
(3:8 - 7:8) were studied, but for presentation I have chosen ¢50(3:8) mixtures. Details

are presented in Table 3:

Table 3 Composition of the examined reaction mixtures.

25 mM 40 mM 80 mM 80 mM
comment

HAuCl, NH;OH-HCl NH,O0H Halide salt

1 1,2 mL 2,0 mL - - General procedure
1,0 mL + 1,0
2 1,2 mL - - Product shown in Figure 53b
mL of H,0
Used salts: NaCl, KBr, KI, NaBr, CsBr
3 1,2 mL - 1,0 mL 1,0 mL and LiBr. Products shown in Figure 53
and Figure 54.

Preparation of the reaction mixtures modified by silver salt

In the reaction an addition of ammonia was used to prevent the formation of
silver chloride. In a preparation of 50%-50% Au-Ag samples, aqueous ammonia (NH4OH,
25%, 60 pL) was added to the solution of silver nitrate (AgNO3, 25 mM, 0.6 mL). Then a
water solution of auric acid (25 mM, 0.6 mL) was added. The prepared mixture was then
added dropwise to a solution of hydroxylamine hydrochloride (40 mM, 2 mL). A cleaned
silicon plated was placed on the bottom of the reaction vessel for 2 h, then removed,
washed, dried and analyzed. For different contents of silver, proportionate amounts of

ammonia were used, but never less than 60 pL for 3.2 ml of the reaction mixture.

4.5.7.3 Influence of halides

Typically, in my experiments I used an aqueous solution of NH2OH-HCI mixed
with HAuCls solution as the reaction mixture. However, during the experimental
research, [ also examined the suitability of pure hydroxylamine, instead of its

hydrochloride, and I found the product of the reaction completely different from the
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typical AuMFs. Instead of the MFs (Figure 53a), I obtained much smaller (200 - 400 um)
spherical objects of slightly folded surface, connected to each other (Figure 53b). This

finding drew my attention to the importance of the role of HCl in the reaction mixture.

R
-

NH,OH + NaCl + HAuCI,

NH,OH + HAUCI,

Y

NH,OH'HCI + HAUCI,

AN

Figure 53 SEM images of gold structures obtained for the (a) original reaction and its modification: b) NH20H
instead of NH2OH-HCI, c) HCl replaced with NaCl, d) with KBr, e) with KI. Scale bar is 500 nm.

To examine the impact of the hydrochloride in the NH20H-HCI reagent I decided
to replace HCI with sodium chloride (NaCl) and other basic halide salts (KBr and KI).
Therefore, the new reaction mixture consisted of water solutions of HauCls, NH,OH and
selected halide salts. In the experiments I used salt concentrations corresponding to the
concentration of HCl in the original reaction mixture (increasing the concentration two
and five times did not affect the morphology of the product). The results of the new type
of reaction are presented in Figure 53. Figure 53c shows that compensation of the

chloride ions to the original level by addition of NaCl in place of HCl leads to the
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fabrication of properly branched structures. However, they were still much smaller than
AuMFs, and their nubs are more rounded. This indicates the important role of the
hydrogen cation in the formation of flower-like structures. My preliminary studies of
this issue showed that it is not the absolute concentration of the H30* (pH), but rather
the [H30*]:[NH20H] ratio determines the morphology of the product. This issue must be,
however, subjected to more detailed examination.

When KBr was used instead of HCI (Figure 53d), the synthesized gold forms were
similar to those shown in Figure 53b. The metal product consisted of small folded clods
whose size and shape differed significantly from typical AuMFs. A more interesting,
though not a flower-like structure, was obtained in the reaction mixture to which KI was
added. This inorganic salt promoted the formation of regular, disk-shaped forms. The
obtained particles were slightly bigger (up to 600 nm) than those observed for KBr, but
similarly spatially arranged (Figure 53e).

Besides determining the effect of halide ions on the morphology of the metal
product I also investigated the impact of counterions. To my knowledge there are no
reports in the literature showing the effect of small inorganic cations on the growth of
gold crystals. In order to examine the impact of various counterions on the morphology
of the formed product, I conducted a series of reactions of HauCls with NH20OH and
inorganic salts of various cations and bromide anion (KBr, NaBr, CsBr and LiBr). The
concentration and molar ratio of the reagents were the same as in the previous
experiment.

Results of the screening of the cations are shown in Figure 54. As was expected,
for various bromide salts used, I obtained the same type of morphology of the product -
slightly folded spheres connected to each other, and arranged in a porous 3D structure.
Beside slightly larger diameters of the spheres obtained in the reaction with KBr (Figure
54a) I observed no differences between the products of the reactions. This result shows
that the influence of cations of the halide salts on the shape of the gold products

described in 4.5.7.3 sub-section may be omitted.
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Figure 54 SEM images of the products of the reaction modified by the addition of a) KBr, b) NaBr, c) CsBr, and
d) LiBr.

4.5.7.4 AuMFs in the presence of silver ions

In this section modifications of the reaction of HAuCl4s with NH2OH-HCI, resulting
in Au-Ag metallic structures, are presented. Then, in section 4.6.4.3, the possible
application of these structures in SERS is discussed.

Synthesis of bimetallic MFs is based on the addition of silver salt to a reaction
mixture containing a source of gold cations (HAuCls) and a reducing agent (NH2OH-HCI).
Unfortunately, the addition of silver salt to this mixture is connected with one
experimental difficulty, namely the formation of an insoluble silver chloride, AgCl. To
avoid formation of this precipitate, I added ammonia to the reaction mixture, which
eventually consisted of HAuCls, NH20H-HC], silver nitrate AgNO3, and ammonia NHs3, all
of them as aqueous solutions. The addition of ammonia to AgCl leads to formation of the

[Ag(NH3)2]*Cl- complex which is soluble in water:

Ag* + Cl- - AgCl (37)

AgCl + 2NH3 > [Ag(NH3)2]* + CI-. (38)
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Figure 55 Bimetallic structures obtained when a) 1%, b) 3%, c) 5%, d) 10%, e€) 20%, f) 30%, g) 50% and h)
70% of all metallic ions present in the reaction mixture were silver ones.

In my experiments silver ions accounted for 1 to 70% of all the metal ions used in the
reaction. I applied ¢50 concentration of the reagents and the total amount of metallic

ions in the reaction mixture was equivalent to the amount of gold ions in the ¢50
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reactions described in sub-section 4.5.2. In Figure 55a-h I present the typical structures
obtained when, respectively, 1, 3, 5, 10, 20, 30, 50, and 70% of all metallic ions were
silver. As is shown, only with small amounts of silver (< 20%) was I able to achieve a
uniform product, and only with 1% of silver content could the formed structure be
described as “flowerlike”. In the latter case, I observed MFs of diameter ~500 nm and
spindle-like petals. EDX analysis confirmed a uniform distribution of silver and gold in
the structure. For higher contents of silver (3% - 20%) these flowerlike types of
structures were not observed. Instead, I obtained a porous 3D structure built of small
folded spheres connected to each other (Figure 55b-e). Further increasing of the amount
of silver led to the formation of three dominating types of structures in each sample. As
can be seen in Figure 55f-h, the 3D porous structure, polyhedra, and large (several
micrometers in diameter) plates were present. Using EDX spectroscopy I found that the
new forms are made mainly of silver, while the porous film is predominantly gold (see
Figure 56). This indicates that for higher concentrations of silver separation of metals

occurs and bimetallic structures are not formed.

s Au

Map data 93
InLens MAG: 5000x HV:15.0kV_WD: 5.1mm

Figure 56 EDX analysis of the Au-Ag structure containing 70% silver. In the SEM image (InLens, grey scale),
gold (Au, blue) and silver (Ag, green) domains are marked.
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4.5.8 Conclusions

In this section a novel facile one-pot method for synthesis of micrometer-sized
AuMFs was described. By changing the composition of the reaction mixture and/or the
reaction time, one can easily control the morphology of the AuMFs; that is, the average
number and shape of petals of which the AuMFs are composed. Also, the kinetics of the
reaction was investigated, and the process of formation and smoothing of the AuMFs
was analyzed as well. It was found that the AuMFs originate in an autocatalytic process
in which initially spherical particles are formed. Next, their rapid growth and
symmetrical branching can be observed. So-called “petals” of the AuMFs are originally
sharp-edged and resemble thin plates, but after 15-20 min they become rounded. It was
found that, surprisingly, these morphological changes result from the reactivity of the
AuMFs towards acids that are present in the post-reaction mixture. The acids oxidize
metallic gold to gold cations that are, in turn, immediately reduced by the remaining
part of NH,0H-HCI and return as gold atoms into thermodynamically favored places on
the AuMF.

In sub-section 4.5.7 I presented the products of the modified reaction of synthesis
of AuMFs. Due to the addition of halide or silver salts, I was able to fabricate new types
of gold and gold-silver structures of various morphologies. These studies showed the
strong influence of even small amounts of additives on the characteristics of the formed
structures. In most cases, porous structures made of different types of folded nubs
connected to each other were obtained. Only the original reaction mixture (NH20H-HCI
and HAuCls solution), however, allowed for the synthesis of well-formed, micrometer-

sized AuMFs.
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4.6 Application of the AuMFs for one-step fabrication of a highly
reproducible SERS platform

4.6.1 Introduction

Based on current knowledge about SERS (sections 1.2 and 1.4), one could expect
that the tips of the “petals” of the AuMFs are sharp enough to allow excitation of the
localized plasmons. Additionally, points in which the adjacent AuMFs are in contact
should work as hot-spots, improving the enhancement of the analyzed signal. My idea
was to immobilize the AuMFs on a solid substrate and use them in SERS. Ideally, a solid
substrate should be completely covered with a dense layer of the AuMFs, providing a
gold, rough surface for the deposition and analysis of the analyte.

Here, I present a novel and facile method enabling the simultaneous synthesis
and deposition of AuMFs on hydrophilic solid substrates. The method is a one-pot
process using only two simple reagents (NH2OH-HCl and HAuCl4) in an aqueous reaction
mixture. The AuMFs are synthesized and immediately self-assemble onto a solid
substrate, forming a porous multi-layered film. I demonstrate that substrates covered
with a layer of the AuMFs using the presented technique can be employed as efficient,

highly reproducible SERS platforms, providing an enhancement factor of the order of

106.
NH,OH
Autocatalytic growth
HAuUCl, Nucleation and adsorption

Figure 57 Covering a substrate with AuMFs. (a) Aqueous solutions of HAuCls+ and NH20H'HCI are mixed. (b)
Substrate plate is placed horizontally in a vial containing the reaction mixture. Metallic gold is formed in the
bulk solution. (c) MFs are formed and adsorbed on the plate. (d) After the reaction is completed, the plate is
taken out, washed, and dried. The resulting porous gold coating is mechanically stable and can be further
processed without additional cleaning. (e) Substrate covered with as-prepared gold layer. Photo image of a
silicon plate covered with AuMFs (applied as the SERS platform). The width of the plate is 10 mm.
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Synthesis of rough flower-like complexes directly on surfaces is usually carried
out electrochemically via electrodepositionl63 or a seed-mediated growth approach168. |
present a process in which clusters of metallic gold (AuMFs) are formed in the bulk
solution and simultaneously adsorbed onto a substrate plate to form a thick, permanent

layer of sediment. My experimental procedure is outlined schematically in Figure 57.

4.6.2 Preparation and analysis of samples
Fabrication of the SERS platform

To obtain the SERS platform, I followed the general covering procedure outlined
in Figure 57. Silicon plates were applied as substrates. Before use, the plate was
roughened by scratching it with sandpaper (grit size 500). The roughened plate, cleaned
as described above, was placed horizontally at the bottom of a vial containing a ¢50 (3:8)
fresh reaction mixture [the ¢50 (3:8) mixture consists of one volume of 40 mM NH20H
with 0.6 volume of 25 mM HAuCls]. The depth of the solution column above the plate
was about 10 mm. After 24 h the plate with the deposited AuMFs porous film was
carefully washed subsequently with deionized water and with methanol and then dried
in the air. Finally, the plate was - without additional cleaning - immersed in the analyte
solution for 6-48 h, and dried in air before the SERS measurements.
Instrumentation

SERS measurements were performed using the Renishaw InVia Raman system
equipped with a He-Ne laser emitting a 632.5 nm line used as the excitation source. The
light from the laser was passed through a line filter, and focused on a sample mounted
on an X-Y-Z translation stage with a 50 x microscope objective. The Raman scattered
light was collected by the same objective through a holographic notch filter to block out
Rayleigh scattering. An 1800-groove/mm grating was used to provide spectral
resolution of 1 1/cm. The Raman scattering signal was detected by a 1024 x 256-pixel
RenCam CCD detector. The SERS signal was collected for a dried sample on the SERS
substrate. SERS spectra were acquired using 150 s integration time, and processed with
Renishaw software WIiRE 3.2. All SERS measurements presented in this thesis were
made and interpreted by Dr. Agnieszka Kaminiska from the Institute of Physical

Chemistry of the Polish Academy of Sciences.
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4.6.3 Gold film built of the AuMFs as a platform for SERS

To produce a dense layer made of the AuMFs, multiplication of a number of the
MFs synthesized in the reaction was needed. I achieved this effect by increasing the
concentration of the reagents used, namely using a ¢50(3:8) reaction mixture for 24 h.
As already explained in section 4.5.3, a higher concentration does not influence the
morphology (like the size of the AuMF or the quantity of “petals”) of a single MF. The
only changes I observed were (i) a significant increase in the number of AuMFs and (ii)
unification of their sizes and shapes. The product of this modified reaction was visible as
a dense, rubiginous layer of sediment on the bottom of a vial. As one can see in Figure
58a, the same thick layer also covers a solid substrate (in the figure: silicon or frosted
glass) placed in a vial. This orange-brown film is made entirely of gold and shines
metallically when illuminated by a flash lamp (plate C2, Figure 58a).The thickness and
mechanical durability of the resulting self-assembled layer is illustrated in Figure 58b. In

this image, a gold film lifted by gas bubbles, resembling a tent, is shown.

Figure 58 Presentation of the coating process. a) In the first minutes of the reaction the yellow color of the
solution and rubiginous color of the precipitating product are visible (A). After 24 h the bottom of the vial and
the solid substrate are covered with the AuMFs (B). Lower panel shows silicon substrate before (C1) and after
(C2, C3) the process. Plates C4 and C5 are pieces of frosted glass covered with AuMF-films of various
thickness. The last picture of this panel presents plate C2 illuminated by a flash lamp. b) Tent-like forms made
of gold film raised by gas bubbles.

To ensure good coverage of a SERS platform by gold, the surface of the substrate
plate was roughened prior to immersion in the reaction mixture. The roughening of the
substrate’s surface provided a "scaffolding" for the adsorbing AuMFs and facilitated
fabrication of a thick, mechanically durable porous layer. The spatial structure of such a

nano-roughened layer composed of AuMFs deposited on a silica plate is shown in Figure
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http://rcin.org.pl



Results. Application of the AuMFs for one-step fabrication of a highly reproducible SERS platform

59. Before the SERS measurements, the prepared substrate was dipped in a solution

containing analyte.

Figure 59 SEM images of a silicon plate covered with gold porous film composed of AuMFs. Left and right
images show different magnifications of the same sample.

For application purposes SERS substrates are required to have good stability and
reproducibility, both within single substrates and between different substrates. Figure
60a shows representative SERS spectra of p-mercaptobenzoic acid (p-MBA) adsorbed on
the AuMF deposit, recorded for three different spots of the sample, marked as B, C, and
D. As seen, the position and intensity of all modes corresponding to p-MBA (646, 835,
1080, 1177, 1280, and 1587 1/cm) exhibit remarkably small intra-sample variability.
The standard deviation of the relative intensity of the 1080 1/cm p-MBA mode obtained
for 100 random locations distributed within a single sample surface was less than 15%.
Figure 60b shows Raman spectra of p-MBA recorded from four different, independently
prepared SERS substrates (marked as A, B, C, and D). As can be seen, the SERS signals
taken from the four samples are well consistent both in intensity and shape. For
example, the intensity of vg. aromatic ring vibrations mode observed at 1080 1/cm
varied by less than 20% between the different surfaces. The values of the relative
standard deviation calculated for our platforms are comparable to those achieved for
other methods of fabricating SERS platforms. In the available literature, typical deviation
of the SERS intensity across a single substrate is reported to be 3.5% - 15%. The
deviation of the SERS intensity across surfaces prepared in different batches ranges

from 10% to 30%.185186,187,188
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Figure 60 a) SERS spectra of (A) AuMF deposit on glass, and (B), (C), (D) p-MBA recorded from three different
spots on the AuMF deposit. b) SERS spectra of p-mercaptobenzoic acid recorded from different, independently
prepared AuMFs arrays, marked as A, B, C, and D. c) SERS spectra recorded for three different concentrations
of p-mercaptobenzoic acid molecules in the analyte solution, 10-3, 106, and 109 M. d) SERS spectrum of
bacteriophage A displaying the Raman bands of O-P-O backbone (883 1/cm), cytosine (1276 1/cm), guanine
(1496 1/cm), adenosine (1558 1/cm), and thymine (1670 1/cm) vibrational modes of DNA.

In order to estimate the detection limit for p-MBA molecules, the SERS
measurements were performed for substrates that were immersed in solutions
containing different concentrations of p-MBA. The substrates were immersed in each
solution for the same period of time (2 h). Three analyte concentrations were applied:
10-3, 10-%, and 10-° M. The SERS spectra recorded for these concentrations are shown in
Figure 60c. As the amount of the analyte in the solution was reduced, the SERS intensity
decreased, but the Raman band at 1080 1/cm could be observed even for the lowest p-
MBA concentration used (marked as A in Figure 60c).

To demonstrate the applicability of the platforms for biomolecule sensing, I
carried out SERS-based detection of the bacteriophage A. This phage contains double-
stranded linear DNA as its genetic material, and infects Escherichia coli. To prepare the
SERS platform, 10 uM probe of bacteriophage A in a phosphate buffered saline (PBS) (1
M, pH = 6.7) was immobilized on the surface of the AuMF-functionalized plate. The plate

was kept in the solution at room temperature for 6 h. Then, excessive bacteriophage was
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washed with a sodium dodecyl sulphate (SDS) solution in PBS (0.1%, v/v) for 5 min.
Figure 60d shows the SERS spectrum of the DNA of bacteriophage A, which clearly
displays Raman bands at 883, 1276, 1496, 1558, and 1670 1/cm assigned to,
respectively, O-P-O backbone, cytosine, guanine, adenosine, and thymine vibrational
modes of DNA.189 This result suggests that SERS platforms fabricated with my method

can be successfully applied for identification of biomolecules.
4.6.4 Modifications of the basic platform for SERS

4.6.4.1 Introduction

The excellent results of the platform described in sub-section 4.6.3 became an
inspiration for further research on its improvement. At the beginning, MFs with
morphology changed by the addition of halides or Ag were examined.

The second path of optimization leads to the production of a mechanically stable
platform. The goal was to immobilize more strongly the AuMFs on the solid substrate.
The roughening of silicon, used so far, stabilized the AuMFs well enough to put a plate
covered with them into a solution of an analyte, and then (without damage to the gold
coating) remove it from the solution, dry it, then analyze it. All these activities have to be
done, however, very gently; also, potential further transport of the sample could result
in removal of the gold layer. The improvements described on the following pages allow
not only an increase of the mechanical stability of the platform, but also its SERS-

regarding parameters.

4.6.4.2 Preparation and analysis of samples
Preparation of platforms modified with silver or halides

All the platforms were prepared according to the procedure described in section
4.6.2. | examined reaction mixtures of the ¢50 concentration and 3:8 metal ions to the
reducing agent molar ratio. The height of the liquid column above the solid substrate
during the reaction was 1 cm (for higher columns the observed SERS-related properties
were as good as for 1 cm while the mechanical stability was lower). Reaction was
carried out for 24 h.
Preparation of platforms with new solid substrates

The new solid substrates were used without additional roughening with
sandpaper. The change of the solid substrate did not entail, however, changes in the

method of preparation, which always involves placing the plate horizontally in the
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reaction mixture for 24 h, then washing with deionized water and with methanol then
drying it in the air. Finally, the plate was - without additional cleaning - immersed in an
analyte solution for 24 h, and dried in air before the SERS measurements.
Instrumentation

Surfaces shown in Figure 61 were analyzed using field emission scanning
electron microscopy (FE-SEM) with Neon 40 - Auriga Carl Zeiss apparatus applying 5 kV
beam voltage. Other SEM images presented in this sub-section were captured using
Zeiss LEO 1530 applying 2-5 kV beam voltage. SERS measurements were performed
using the Renishaw InVia Raman system equipped with a 300 mW diode laser emitting a
785 nm line used as the excitation source. The SERS signal was collected for a dried
sample on the SERS substrate. The SERS spectra were processed with Renishaw

software WiRE 3.2

4.6.4.3 SERS application of microflowers modified by halides or silver

All metallic structures described and shown in the figures in section 4.5.7 were
screened for viability in SERS. According to the findings presented in section 4.6.3,
metallic structures were synthesized from the solutions of ¢50 concentration and
deposited on roughened silicon plates. In the case of structures modified by halides,
however, the new gold films exhibited very weak SERS enhancement and unsatisfactory
adhesion to the silicon substrate.

Au/Ag films seemed to be more promising - their strong adhesion to a solid
substrate, even to polished silicon, allowed for convenient manipulation and analysis.
However, SERS suitability, expressed by enhancement factor EF = 10% - 10> for 4-
aminothiophenol, was lower than expected. The most interesting results were observed
for Au/Ag films containing 1% of Ag in their metallic composition. This type of coating is
composed of MFs of diameter ~500nm and spindle-like petals (Figure 55a). Using these
SERS platforms, I was able to analyze a diluted solution (10-4 M) of acetylcholine; the
calculated enhancement factor was 102. Despite EF lower than mentioned above, I
consider this result interesting, because diluted acetylcholine is considered as a
compound whose Raman spectrum is difficult to obtain.

In conclusion, the new metallic films presented did not exhibit the enhancement
of the Raman signal desired for SERS platforms. The unsatisfactory performance was
probably caused by the inappropriate morphology of the gold or gold/silver products

obtained in the modified reactions. Thanks to the SERS analysis mentioned in this
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section, it is clearly visible that - from all the structures I achieved - the flowerlike forms
are the best platforms for SERS. This rule applies both for the Au and the Au/Ag
structures. Unfortunately, in most cases, modification of the general reaction mixture by
halides or silver salts leads to the formation of unbranched, poorly folded forms, which
probably do not provide localized plasmons of proper frequency. Unlike in the case of
the AuMFs, there are also no points of contact between the sharp tips of the “petals”.
Therefore, the new surfaces are devoid of hot-spots improving enhancement of the

Raman signal.

4.6.4.4 Mechanical stability of SERS platform based on gold microflowers.

The idea to improve the mechanical properties of the SERS platform described in
section 4.6.3 was to replace roughened silicon with a substrate providing better
immobilization of the gold film. Trials with easily available, smooth surfaces like
polished silicon, glass, polished GaN (gallium nitride), sandblasted glass, or ITO (indium
tin oxide) were unsuccessful - the AuMFs, without a suitable scaffolding holding them to
the surface, slid off from it. Therefore, I performed experiments with solid substrates
covered with or made of metals. My idea was to simultaneously (1) roughen the surface
of the substrate by its slight dissolution with an acidic reaction mixture (HAuCls +
NH20H-HCI, pH ~1.5), and (2) to cover a modified substrate with sedimentating AuMFs.
As metal-covered or metallic substrates I used: steel, aluminum, and phosphor bronze
plates, ITO covered with AgNPs, silicon covered with AuNPs, and a layer of gold (100 nm
thick) sputtered onto the silicon. (SEM images of these substrates after deposition of the
AuMFs are shown in Figure 61.) This strategy proved to be, however, only partially
effective. When gold additives on the surface were used (Figure 61a-b), epitaxial growth
of the substrate consumed the greater part of the gold ions present in the reaction
mixture. The amount of AuMFs formed was thus much smaller than observed for
reactions with silicon as a solid substrate, and the morphology of the AuMFs differed
from the expected. In addition, this approach did not enhance the adhesion of the AuMFs
to the substrate at all. In the case of other metals (steel, phosphor bronze, aluminum,
and silver), constituent ions reacted with the reaction mixture and changed the
morphology of the MFs formed. The occurrence of a reaction with the new metals was

observed, first, as the untypical color of the mixture during the reaction and, second, as a
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silicon plate

b)

Au sputtered
onto silicon plate

c)

ITO covered
with AgNPs

d)

steel plate

e)

phosphor bronze
plate

aluminum plate

Figure 61 SEM images of metallic or metal-covered solid substrates after reaction in a ¢50 mixture of HAuCls
and NH20H-HCL. In the images a-c the grown gold layer on the bottom of plates is visible. All MFs obtained (a-f)
differ in morphology from typical AuMFs (cf. Figure 44). Scale bar is 1 pm.
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new shape of MFs and the presence of many new, undesired metallic forms (Figure 61c-
f). In each case mentioned, the suitability of the fabricated platforms for SERS was lower
than that of the standard SERS platform, described in section 4.6.3. It follows that the
morphology of typical AuMFs meets the requirements of SERS better than the new
shapes presented in this section.

The successful method was to use surfaces covered with unpolished GaN (gallium
nitride) as a solid substrate for immobilization of the AuMFs. I tested several types of
GaN morphologies (all of them are presented in Figure 62), and found that those with a
grass-like structure (Figure 62e-f) provide the best mechanical properties. Moreover,
the type presented in Figure 62f, prepared by Witold Adamkiewicz and Jan Paczesny,
covered with AuMFs, worked as an excellent SERS substrate, and allowed me to obtain
better results than the platform described in sub-section 4.6.3. The obtained results are
presented in the following section.
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Figure 62 Solid substrates covered with GaN used for immobilizing the AuMFs: the GaN bone-marrow-like
structures (a) and whiskers (b-f) of various length and distribution. All of them were examined as solid
substrates for AuMF immobilization, but only types e) and f) provided desired mechanical durability of the
prepared platform. GaN substrates were prepared by Igor Dziecielewski (a, ¢, d),19° Witold Adamkiewicz (b,
e)191 and by Witold Adamkiewicz in cooperation with Jan Paczesny (f).87.192

4.6.4.5 Bottom-up preparation of a stable and efficient SERS platform based on
gold microflowers

Application of the solid substrate shown in Figure 62f allowed me to improve the

mechanical and SERS-related properties of my SERS platform. The new approach

requires, in comparison to the method described in section 4.6.3, a more complex
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manner of fabricating a new solid substrate for the immobilization of AuMFs. The
method of fabrication, developed by Jan Paczesny and Witold Adamkiewicz, relies on
three consecutive self-assembly steps: (i) preparation of a netlike pattern of AuNPs on
the water-air interface, (ii) transfer of the gold film onto a silicon substrate using the
Langmuir-Blodgett technique, and (iii) using the prepared surface in the chemical vapor
deposition (CVD) process of growing GaN nanowires. (Detailed description of these
steps is given in references 87, 191, and 192.) A solid substrate prepared this way was

then used in the AuMF immobilization process presented in Figure 57. SEM images of

the platform in every stage of fabrication are shown in Figure 63.

1‘ l\

Figure 63 a) AuNP network deposited on a silicon plate. b, ¢) GaN nanowires obtained in the CVD process,
utilizing AuNPs as a catalyst. GaN nanowires distribution repeats thus the pattern made of AuNPs. d) Platform
after deposition of the AuMFs. Image with large distances between GaN chains was chosen to present
preferential deposition of the AuMFs at the top of the GaN nanowires and not in the cavities in between. e, f)
Morphology of the typical AuMFs achieved in the reaction with the presented solid substrate. Scale bars: a) 50
pum, b) 250 pm, c) 2.5 um, d) 50 pm, e) 2.5 pm, f) 2.5 pm.

Analysis of the SEM images shown in Figure 63 allows the conclusion that the
pattern formed at the beginning by the AuNPs is then repeated by GaN nanowires and
the AuMFs. It is also clear that the new substrate affected the morphology of the AuMFs.
The obtained AuMFs were built of sharper and more numerous gold structures than
AuMFs presented in Figure 44. They were, however, uniform in size and shape and
exhibited promising SERS-related properties, described in this section.

Studies of several types of AuNP distribution showed that full coverage of the
silicon surface by GaN nanowires (like in Figure 62b-e) led to an almost inactive SERS

platform. The decrease in coverage below 50% of the surface of the substrate made it
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possible, however, to find a balance between SERS-sensitivity and mechanical stability.
More detailed analysis for the low coverage, performed for the 1077 1/cm mode of the
p-MBA, is presented in Figure 64. In Figure 64a stability as a percentage of EF on the 3rd
day in comparison to initial EF is shown. Figure 64b presents EF observed for three
different coverages and also for pure roughened silicon. As shown, coverage of the
substrate at the level of 15% provides optimum mechanical stability and SERS-
suitability (quantified by EF). Figure 64c shows a comparison of 1077 1/cm mode
intensity between a typical SERS platform on roughened silicon (“old type”) and a
platform made of AuMFs immobilized on the 15% GaN netlike scaffold (“new type”).
This experiment confirmed the superiority of the new platform over the old one. The
AuMFs are immobilized better on the GaN scaffolding than on roughened silicon; the

gold layer is thus mechanically stable in time and allows efficient SERS analysis for a

long time.
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Figure 64 Comparison between SERS platforms on a GaN scaffolding and on roughened silicon; courtesy of Jan
Paczesny.87 Lines only show a trend. (a) Stability as a percentage of EF after 3 days of storage of plates in the
solution of p-MBA, with respect to EF observed after 1 day. (b) EF calculated for three different coverages with
GaN and for roughened silicon. (c) Intensity of the 1077 1/cm mode of samples stored in p-MBA solution,
measured every 24 h. Inset: spectra collected after first 24 hours.

The enhancement factor of the new platform is also slightly better than for the
old one and is 7.2 x 10°. This may result from the new, more SERS-suitable morphology
of the AuMFs. As was earlier mentioned, generally there are no simple algorithms in
designing the best-enhancing SERS substrates. Probably, we still do not understand the
mechanism of Raman signal enhancement well enough to design a platform perfectly
fitting the requirements of this mechanism. The good result achieved for the new
platform allowed however the conclusion that the spiky morphology of the AuMFs,
probably obtained due to the presence of the gold alloy droplets on top of the GaN
whiskers, promotes the formation of stronger electromagnetic fields and stronger
plasmon resonances than typical, round-edged AuMFs. This could also answer the

question why 15% of coverage with GaN gives the best EF. Beside the optimal
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mechanical immobilization of the gold layer in this case, the morphology of the AuMFs
obtained in the 15% content of GaN is probably better for SERS than the morphologies
observed for other degrees of coverage.

After optimization of the design of the new platform, the reproducibility of SERS
spectra was examined. The experiments were carried out for platforms having the
following hierarchical structure:
1stlayer - silicon plate,
2nd Jayer - GaN nanowires, coverage 15%,
3rd Jayer - AuMFs obtained from a ¢50(3:8) solution (with a height of the liquid column
above the plate during the reaction of 1 cm).

A top view SEM image of the platform is shown in Figure 65a. As an analyte, a 10-¢ M p-
MBA solution was used. At the top of Figure 65b the spectra acquired at various
positions on the same substrate and also on different substrates are presented. The
spectra display high reproducibility of the modes, with only a slight variation in
amplitude for some of the higher wavenumbers. Normalized second derivatives of the
SERS spectra are shown in the lower part of Figure 65b. The almost complete overlap in
features observed in the second derivative spectra indicated that differences in the SERS
spectra were primarily caused by intensity and/or baseline variations. Parameter I' was
calculated as a cross-correlation between all the pairs of spectra; its average value was

0.87.
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Figure 65 (a) SEM image of the AuMFs deposited on the substrate with 15% GaN coverage. The white lines
indicate the net-like pattern repeated by the AuMFs. (b) SERS spectra collected from the six measurements
(top) and the second derivative of SERS spectra (bottom). (c) SERS spectra of ST20N2 sequence of DNA
revealing the excellent reproducibility of the new platform. The 731 1/cm band is assigned to a breathing
mode; the multicomponent band peak at 1330 1/cm is assigned to the mixed in-plane stretching motions of
the skeleton vibration of a six-member ring. Spectra a, b, ¢, d, and e correspond to the analyte adsorbed for,
respectively, 20 min, 1, 2, 6, and 36 h. All three graphs: courtesy of Jan Paczesny.87

The suitability of the new platform for biological analytes was also tested. In
Figure 65c, SERS spectra recorded for a DNA oligomer ST2oN2 from a solution of a

concentration 10-¢ M are presented. The SERS measurements reaffirmed great sensivity
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and repeatability of the new platform. The experiment also demonstrated the great
time-related stability of the platform. The platform exhibited both mechanical stability
and the ability to enhance the Raman signal for a long period from the start of the
experiment (demonstrated earlier in Figure 64c), as well as having no impact on the
quality of the spectra of the biological analyte. As presented in Figure 65c, the platform
was immersed in the DNA solution for various times, up to 36 h, but the quality and

intensity of the achieved Raman modes remained constant.

4.6.5 Conclusions

In this section I have presented various ways to obtain a new analytical platform
for SERS. The simple self-assembly of the AuMFs on a scratched silicon plate led to the
fabrication of the first useful platform for SERS-based chemical and biological sensing.
The SERS spectra recorded for p-MBA and bacteriophage A provided enhancement
factors above 109, and exhibited excellent reproducibility both within single substrates
and between different substrates. The fact that the platform allowed for detection of
Raman bands of the bacteriophage’s DNA is remarkable. It proves that the AuMF-
functionalized substrates can be potentially employed for bioanalytical applications.

The modifications involving the change of the metallic coating (by halides or
silver salt) did not bring satisfactory results - the fabricated platforms exhibited low
enhancement of Raman modes and unsatisfactory mechanical stability. These
experiments, however, provided information that, among all the types of metallic
morphology described in section 4.5, the flowerlike ones are the most SERS-viable
because they allow the achievement of enhanced and repeatable Raman spectra. |
decided thus to use them on a modified solid substrate. Thanks to the cooperation with
Jan Paczesny and Witold Adamkiewicz [ succeeded in replacing a scratched silicon with
a silicon plate partially covered with GaN nanowires. The completely new bottom-up
procedure of preparation led to the fabrication of a functional surface of controllable
morphology. This new technique, based on consecutive self-assembly steps, allowed the

achievement of a sensitive, reproducible and extremely stable SERS platform.
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5 Summary

The first thesis posed in this dissertation is that the addition of inorganic salt
enables the arrangement of positively charged AuNPs into dense monolayers, thanks to
the screening of the electrostatic repulsion. To confirm this statement, I investigated the
deposition of these NPs onto negatively charged surfaces from solutions containing
sodium chloride. The deposition process was studied for a wide range of salt
concentrations, from 0 (no salt) up to 4.6 M. I found, that for the lowest content of salt,
adsorption proceeds quickly, but gives low surface coverage resulting from the strong
repulsion between adjacent AuNPs. For sufficiently high salt concentrations (about 0.6
M), the system becomes unstable and aggregation of the NPs occurs in bulk. This effect
results from the screening of the electrostatic repulsion between the AuNPs. However,
the NPs adsorb to form dense layers with surface coverage reaching about 50%.
Unexpectedly, I found that the system regains its stability upon increasing the salt
concentrations above 2.0 M. In this regime, adsorption takes place and the AuNPs form
dense layers. Further increase in the ionic strength (above 4.0 M for NaCl) results in
halting the adsorption process. These findings prove that the screening of electrostatic
repulsions depends on the salt concentration, and thereby confirm the first thesis of this
dissertation.

The second thesis postulates that the deposition of AuNPs on solid substrates leads
to deformation of the AuNPs and that the level of distortion is related to the composition
of the organic shell on the nanoparticle. In order to confirm this thesis, I studied the
deposition of AuNPs coated with positively and negatively charged, as well as
uncharged, ligands on the negatively charged substrate. I found that electrostatic forces
between the ligand and substrate are strong enough to displace Au atoms within the
core. In the process, the AuNPs underwent plastic deformations and took shapes that
can be approximated as spherical caps. The strongest deformations (flattening) of the
AuNP core were observed for positively charged ligands electrostatically attracted to the
substrate. The smallest deformations occurred for the negatively charged coating
repelled from the surface.

The third thesis also regards the morphological changes of AuNPs and postulates
that during plasma treatment the AuNPs exhibit a liquid-like behavior and coalesce into

larger objects according to the Smoluchowski Ripening mechanism. I conducted a series
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of experiments in which AuNPs deposited on the silicon substrate were treated with
oxygen plasma. Analysis of the SEM images of the AuNPs before and after this process
led to the conclusion that plasma treatment affects the morphology of AuNPs in two
ways. First, it makes them coarsen. Second, it changes also the shapes of individual
particles. Specifically, I found that their shapes, flattened because of the deposition
process, become more spherical, resembling droplets of a non-wetting liquid, and their
contact angles increase from 54 degrees to about 123 degrees. These results indicate
that during plasma treatment the particles exhibit a liquid-like behavior, with the ability
to move on the substrate surface and coalesce. I also provided arguments that the
growth of the AuNPs during the plasma treatment is dominated by the diffusion-
collision mechanism, not by Oswald Ripening. To model the time evolution of the surface
density of the droplets, I employed the mean-field Smoluchowski coagulation rate
equation, and assumed the diffusivity of the droplet scales with its mass as D(m) ~ m. |
found that the experimental data are in accord with the predictions of the Smoluchowski
model, thus confirming the third thesis.

The last three theses regard the possibilities for the synthesis, modification, and
immobilization of AuMFs and claim that it is possible to use deposited AuMFs as an
analytical platform for SERS. The confirmation of these theses is the successful synthesis
of the highly folded, branched microstructures of the flower-like morphology in the
reaction of auric acid and hydroxylamine hydrochloride. The subsequent stages of the
AuMFs’ formation are studied and a mechanism for smoothing the “petals” is proposed.
It is shown that the rounding of the AuMFs is a consequence of their reactivity toward
acids and the presence of a reducing agent in the post-reaction mixture. In the
dissertation I have also shown that it is possible to tailor the shape of AuMFs by
changing the molar ratio of the reagents or thanks to various additives (like halides or
silver salts) in the reaction mixture. [ developed a method for immobilizing AuMFs on
solid substrates by simple self-assembly and showed that AuMFs deposited on silicon,
metal, or gallium nitride nanowires exhibit different morphologies. I also demonstrated
that AuMFs so deposited can be used as efficient SERS platforms, providing an

enhancement factor of the level of 106.
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6 Sources of images
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Top-down and bottom-up approach (page 27): Schmitz-Antoniak, C. X-ray
absorption spectroscopy on magnetic nanoscale systems for modern
applications. Rep. Prog. Phys. 2015, 78, 062501.

Optical properties of QDs (page 29). Source of the whole panel: Chou, K. F,;
Dennis, A. M. Forster Resonance Energy Transfer between Quantum Dot Donors
and Quantum Dot Acceptors. Sensors 2015, 15 (6), 13288-13325.

Sources of the single images: (a) Han, M.; Gao, X; Su, J. Z,; Nie, S. Quantum-dot-
tagged microbeads for multiplexed optical coding of biomolecules. Nat.
Biotechnol. 2001, 19, 631-635. (b) Cox, J. A quantum paintbox. Chem. Brit. 2003,
39, 21-25. (c) Ref. 23.

Brust-Schiffrin synthesis (page 36): Calandra, P.; Calogero, G.; Sinopoli, A,;
Gucciardi, P. G. Metal nanoparticles and carbon-based nanostructures as
advanced materials for cathode application in dye-sensitized solar cells. Int. J.
Photoenergy 2010, 2010, 1-15.

Hydrophobic and hydrophilic ligands drawn in scale on the 5 nm AuNP (page
43): Sperling, R. A,; Parak, W. ]. Surface modification, functionalization and
bioconjugation of colloidal inorganic nanoparticles. Phil. Trans. R. Soc. A 2010,
368, 1333-1383.

Schematic of SEM (page 56): the Encyclopedia Britannica website
(http://www.britannica.com/technology/scanning-electron-microscope)
Schematic of Zeta-potential (page 60): Wikipedia
(https://en.wikipedia.org/wiki/ Zeta_potential)
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