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List of abbreviations

0D — zero dimensional

1D — one dimensional

2D — two dimensional

3D — three dimensional

NP(s) — nanoparticle(s)

AUNP(s) — gold nanoparticle(s)

AgNP(s) — silver nanoparticle(s)

PtNP(s) — Platinum nanoparticle(s)

C4 — 4-mercaptobutan-1-aminium chloride

C8 — 8-mercaptooctan-1-aminium chloride

C12 — 12-mercaptododecan-1-aminium chloride

Au@CS8 — gold nanoparticle functionalized wit 8-mercaptooctan-1-aminium chloride
Au@C12 — gold nanoparticle functionalized with 12-mercaptododecan-1-aminium chloride
Ag@C8 — silver nanoparticle functionalized with 8- mercaptooctan-1-aminium chloride
Pt@C8 — Platinum nanoparticle functionalized with 8-mercaptooctan-1-aminium chloride
CMC - carboxylmethylcelullose

PVA — polyvinyl alcohol

P[MA-co-S] — poly[maleic anhydride-co-styrene]

PVA — Au@C8 — PVA functionalized with gold nanoparticles coated with C8 ligand

PVA — C8 - PVA functionalized with C8 ligand
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PVA — Pt@C8 - PVA functionalized with platinum nanoparticles coated with C8 ligand
AFM — Atomic Force Microscopy

DLS — Dynamic Light Scattering

FTIR — Fourier Transformation Infra-Red spectroscopy
IR — Infra-Red spectroscopy

NMR — Nuclear Magnetic Resonance Spectroscopy
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TEM — Tunneling Electron Microscopy

UV-Vis — Ultraviolet Visible spectroscopy

LSP — localized surface plasmon

LSPR — localized surface plasmon resonance

ppm — parts per minion

rpm — rounds per minute

12



Two- and three-dimensional nanocomposites containing noble metal nanoparticles functionalized with aminiothioalkyl
ligands

Michalina lwan

Research Background and Motivation

There has been a great deal of interest in the topic of nanoscale objects and their
organization into ordered structures within the scientific community, since its conceptual
origins often associated with Richard Feynman’s lecture entitled “There’s Plenty of Room at
the Bottom”. Nanosciences hold great promise for the synthesis of materials with unique
properties. However, so far despite the large contribution of numerous research groups the
full potential of nanotechnology and nanomaterials has not yet been fully exploited.
Theoretical predictions concerning functional materials’ properties and performance
parameters still exceed significantly the results obtained in practice. This is caused either by
preparation methods deficiencies or the lack thereof. Especially, the fabrication of highly
organized, durable nanostructures and nanocomposites pose an important challenge.
Widespread use of such materials requires the development of efficient and undemanding
manufacture methods. Precise control of the synthetic procedure is imperative for the
manipulation of the nanomaterial properties. As predicted, the occurrence of some unique
properties is limited to a restricted variety of structure organizations. Thin films composed of
nanoparticles (NPs) are an example of such structures. It has been predicted that films with a
thickness of one nanoparticle’s diameter will exhibit unusual characteristics. Large-scale
commercialization of such materials demands not only impeccable functioning but, perhaps
above all, profitable fabrication methods. The obtained materials must be characterized by
considerable stability for their use to be economically justified. Such nanofilms, characterized
by durability in air conditions are rare, whereas reports of free-standing, unsupported
monolayer films are nonexistent. As can be seen improvement in the area of 2D and 3D
nanocomposite synthesis is still needed. For these reasons | found this fascinating topic
compelling and sought to contribute to this area of science during my research as a Ph.D.

student.
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THESES

NPs functionalized with the aminothioalkyl ligand may be successfully used to obtain
the first free-standing 2D monolayer film, where NPs are covalently cross-linked. The

synthesis is carried out at the oil-water interface where the NPs form a monolayer.

The interfacial synthesis of the 2D film is facilitated by the following three properties
of the system: (1) The presence of charged amine groups in the agqueous phase
prevents the tendency of NPs to aggregate at the interface. (2) The NPs are firmly
anchored to the interface, impeding their escape into the bulk phases. (3) At the same
time, the uncharged amine groups facing the oleic phase are reactive and can form

chemical bonding with the linker molecules.

The unique properties of the aminothioalkyl-coated NPs exhibited at the oil-water
interface follow from their ability of protonation/deprotonation that is controlled by
the pH of the aqueous phase. This allows for the formation of amphiphilic structures,

the so-called “Janus” structures, upon reorganization of the ligands on the NP surface.

The aminothioalkyl ligand provides NPs with the ability of spontaneous covalent
bond formation with reactive functional groups of polymeric matrices, including the
aldehyde, anhydride, carboxylic groups, and hydroxyl group provided oxidation to
carbonyl derivatives occurs in the reaction conditions. This allows for the synthesis of
durable 3D nanocomposites in which the NPs are covalently bound to the polymeric

matrix.
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Goal and Scope of the Dissertation

The goal of this dissertation is the development of synthetic platforms for fabrication of
durable 2D nanocomposites with noble metal NPs strongly linked with each other, and 3D
nanocomposite materials with metallic NPs chemically bound to a polymeric matrix. The 2D
nanocomposite will consist of a single monolayer of NPs, chemically cross-linked via
covalent bonds, forming a free-standing 2D nanofilm. This monolayer film should be durable
in air conditions, and maintain its integrity even when unsupported. To achieve these goals,

design of appropriate synthetic platforms, for both 2D and 3D nanocomposites, is required.

The liquid-liquid interface between two immiscible phases is investigated as a synthetic
platform for the 2D film preparation. Utilization of this kind of platform for the fabrication of
nanofilms requires establishment of optimal conditions leading to successful formation of a
self-assembled NP monolayer at the liquid-liquid interface. The selection of best suited
solvents to make up the biphasic system is a prime requirement. These solvents must sustain
NP stability in the system and warrant the formation of a well-defined interphase boundary.
Moreover, a reliable method of interfacial organization of NPs must be developed.
Repeatability and controllability of the bulk solution-to-interface transferal process, leading to
the organization of NPs, are imperative for a reproducible nanocomposite fabrication process.
To ensure this high level of control the migration of NPs from the bulk phase to the interphase
must be explained. Furthermore, production of a robust 2D nanomembrane involves strong
cross-linking of NPs within the NP monolayer. An appropriate cross-linking agent must be
selected for this reaction. Thus, the scope includes design and synthesis of a cross-linking

molecule as a prerequisite for achieving the intended goals.

The 3D nanocomposite preparation requires fine-tuning of the synthesis parameters to
guarantee homogeneous distribution of NPs within the matrix. Optimal conditions of the 3D
nanocomposite fabrication process will be assured by appropriate selection of the polymer
and NP surface ligands. Chemical structure of these components influence greatly the
bonding manner of NPs within the nanocomposite. Presence of reactive groups in both, the
polymer and ligands, is a way to make formation of strong chemical bonds possible. Covalent
bonding between the polymeric matrix and NPs will provide resistance against aggregation of
the nanoadditives. To ensure high repeatability of the nanocomposite, synthetic procedure the
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mechanism of bond formation between the NP surface ligands and polymeric matrix have to

be elucidated with an emphasis on the role of NPs in this reaction.

The design and synthesis of a versatile ligand has a crucial meaning for the successful
obtaining of the desired 2D and 3D nanocomposites. Such NP surface passivating molecules
should provide NPs with stability and reactivity. The structure of the cross-linking agent is
equally important in case of the 2D nanomembranes. Design and synthesis of this ligand and
cross-linking molecules is one of the principle objectives of the presented research. Structure
confirmation requires execution of NMR experiments, whereas identification of the bonds
formed within nanocomposites may be done via NMR and IR analysis. Properties of the
designed ligand should be verified in case of a number of metallic NPs, such as AuNPs,
PtNPs, and AgNPs. Therefore, the development of Ag and Pt NP synthesis methods, as well
as Au, Ag and Pt NP functionalization methods is required. The as-prepared NPs should be
characterized, via UV-Vis spectrometry and DLS technique, to determine their basic features,
such as size and dispersancy. Furthermore, the obtained composites will be characterized
using a wide range of methods — for example SEM and TEM imaging for determination of
nanoadditives’s distribution within the composites and thickness of the 2D nanomembranes,

IR analysis for identification of chemical bonds within their structure.
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1. Introduction

1.1. Nanoscale objects
In the metric system the prefix ‘nano’ is used to describe one billionth part of a unit of

measure. Hence a nanometer is one billionth part or 10 of a meter. When dealing with small
objects in the size range of 1-100 nm the nanoscopic scale is utilized. Crossing the boundary
between the macroscopic and nanoscopic scales is coupled with a significant change of the

materials’ properties.
Water Glucose Antibody Virus Bacteria Cancer Cell A Period Tennis Ball
,m o & .
t
10  10* 10°

107! 1 104 10° 10° 107 108

Liposome Dendrimer Gold Nanoshell Quantum Dot Fullerene

Fig 1. Scheme depicting the nanometer scale. A comparison of the size of different objects, including

nanoparticles and quantum dots.[1]

At the nanometer scale properties of materials are known to be size-dependent and therefore
differ substantially from those of bulk materials. Two specific effects responsible for this
dependency can be identified. As the dimensions of objects are decreased, the so-called
‘quantum size effect’ and ‘surface effects’ become dominant. An example of materials
exhibiting the described properties are metallic or semiconducting nanoparticles, which are
clusters containing up to 10 atoms.[2] Clusters containing a number of atoms corresponding
to the magic numbers possess high stability. Characteristic numbers referred to as the ‘magic

numbers’ result from specific packing of atoms within a cluster, governed by successive

17
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filling of electronic or atomic shells. These nanometer-scale inorganic particles are typically
functionalized with a single layer of organic capping ligands to ensure their stability. Such
particles are an intermediate state of matter between unbound atoms and bulk solids. The
quantum confinement effect becomes relevant when the particle size is comparable to the de
Broglie wavelength of its valance electrons.[3] Unlike in bulk metals, a gap between the
valance and conduction band is present in metallic NPs. Decreasing the particles’ size leads to
conversion of the continuous density of electronic states into discrete electronic energy
levels.[3] Strong confinement of electrons causes particles to behave electronically like zero-
dimensional quantum dots. The surface effects on the other hand are linked to the increasing
fraction of atoms at the surface when decreasing the size of an object. Surface atoms form
fewer bonds, as compared to the ones hidden within the NPs, which influences the stability of
nanoobjects. This in turn is strongly related to their chemical reactivity, with atoms at the
surface being substantially more reactive. A lower mean coordination number of the surface
atoms results from a single atom having less directly neighboring atoms than bulk atoms.[4]
The surface effects have significant influence on the materials’ properties. As a consequence a
size dependence of thermodynamic properties such as the melting point or latent heat is
prevalent. Both, the quantum size and surface effects, become more prominent as the size of

particles is reduced.

It was the unique properties of NPs that drew vast attention to them within the scientific
community in the 21% century. The possibility of obtaining materials with distinctive
properties otherwise unattainable gives great promise for fabrication of novel functional
devices. However, the history of NPs dates back much further. Naturally occurring NPs have
been present long before the first reported syntheses. Such particles take on many forms, from
organic particles (viruses, peptides) to various inorganic clusters.[5, 6] First signs of their use
for utility purposes are known to come from the Ancient times. Gold nanoparticles AuNPs
were first used around the 4™ and 5™ century B.C. as a ceramics dye, as well as a medical
remedy for several diseases. The first accurate reference about their actual form, where it was
recognized that AuNPs are essentially extremely subdivided elemental gold, was made in
1676 in a book written by chemist J. Knuckels.[7] The first publication describing the
synthesis of AuNPs from a chemical point of view was published in 1857. In it M. Faraday
reported on the reduction of chloroaurate (AuCl,) with phosphorus in carbon disulfide.[8]

Since the late 20" century a rapid growth of the number of publications concerning
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nanoscience was observed. In modern science NPs are appreciated for their exceptional

properties, of interest to both, fundamental and applied researchers.

1.1.1. Nanoobject shape

Nanoobjects come in many different shapes and sizes. Extensive research has been devoted
towards elucidation of the shape-dependent properties of various nanocrystals. However, for
correct interpretation of such dependencies a high degree control of the nanoparticulates’
shape during synthesis is required. Apart from the most commonly known spherical NPs
various other forms of nanostructured objects have been synthesized. Obtaining of differently
shaped nanoobjects and precise control of their topological characteristics is achieved via
judicious choice of experimental conditions and additives. Additives may trigger the growth
of non-spherical nanostructures. Surface binding of appropriate molecules, such as
surfactants, adsorbates, ligands, passivants, chelating agents or polymers, to the nanoobject is
necessary for achieving appropriate shape control.[9] Commonly used additives utilized for
directing the growth of NPs (particularly AuNPs), leading to differently shaped nanoobjects,
are halides and silver ions.[10] Shape evolution of NPs may be governed via kinetic control,
surface passivation, or a combination of both these mechanisms, depending on the types of
additives. When the chosen additive reduces the rate of reaction the formation of lower-
energy surface facets may be allowed in a kinetically-controlled reaction. When surface

effects are dominating during NP synthesis, higher-index surfaces may be obtained during NP

synthesis.
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Fig. 2. Scheme illustrating the influence of halides and silver ions on the growth pathways of Au seeds

leading to differently shaped NPs.[10]
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Spherical NPs can be divided into nanowheels, nanoballs, core-shell type structures such as
nanoeggs, nanoshells, nanocups, nanograins, and the already mentioned nanospheres.[14] The
spherical shape of nanoobjects can be elongated in one direction to form nanorods. As a
consequence of their protracted shape, the plasmon mode peak position of nanorods is varied
with the change of their aspect ratio.[9] A comparison of rod-shaped NPs and spherical
particles reveals an appearance of a surface plasmon band at lower energies.[12] Potent
changes of nanorod solution color are observed as a result of minute changes in the nanorods’
mean aspect ratio. (Fig. 3 — [12]). Generally, during the synthesis of rod-shaped NPs rigid

templates or surfactants can be utilized.

Fig. 3. TEM images of gold NPs with plasmon band energies at (a) 700 (b) 760 (c) 790 (d) 880 (e) 1130
(f) 1250. Scale bar is 50 nm.[12]

Other strongly elongated structures include nanowires, nanotubes, nanofibers, and
nanoribbons/nanobelts. The morphology of the nanomaterials depend strongly on the
synthesis process parameters. In general, the synthesis of one-dimensional (1D)
nanostructures occurs by promoting the crystallization of solid state structures along one
direction.[13] Unique properties of such 1D structures are closely related to their inherent
anisotropy.[14] Such structures are characterized by an increasing bending modulus occurring
with the reduction of nanostructure diameter. In case of nanowires with diameters smaller

than 8 nm values of such mechanical parameters may be equivalent to those of diamond.[14]
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This dependency is closely related to the effect of volume defect on the mechanical
properties, where the increase of growth defects causes a degradation of the bending
modulus. Nanobelt structures have been synthesized using semiconductive oxide substrates,
such as ZnO, Sn0,, In,03, CdO, Ga,03, and PbO,.[15] Such materials are characterized by a
rectangular-like cross-section, and typically possess a width-to-thickness ratio of 5-10. Their
length may reach up to a few millimeters [Fig. 4.]. These nanobelts are composed of a single

crystal, not having any dislocations.

Fig. 4. SEM image of In203 nanobelts.[14]

Carbon may form nanotubes, which are seamless cylinders composed of graphitic layers, with
diameters typically in the range of 0.8 — 20 nm. Single-wall nanotubes (SWNTSs), having one
graphene layer, and multiwall nanotubes (MWNTSs), having more layers, can be
distinguished.[16] Depending on the orientation of graphene lattice with respect to the tube
axis, carbon nanotube walls can be either metallic or semiconducting. Carbon nanotubes are
commonly used as additives in various materials for their enhancement or as a means of

percolation network formation at small concentrations of additives.[17]

Nanocubes represent another form of nanostructures. When hollow inside (so-called
nanoboxes) these nanoobjects may exhibit strong catalytic properties,[18] which may be
important in the development of facet-specific catalysts. Such catalytic species often offer
maximum available selectivity and activity.[11] Apart from cubic forms advances in the
synthesis of various other polyhedral nanocrystals have also been made. Nanoprticulates with
well-defined shapes, such as octahedral, rhombic, dodecahedral, and icosahedral have been
reported.[19-26]
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Nanostars can serve as an example of nanostructures studied to a lesser extent. A nanostar can
be defined as a branched nanostructure with a central core and several protruding arms with
sharp tips.[27-29] Application-imposed requirement for nanostars with defined shapes and
uniform branches urges extensive research designed to provide better control of the symmetry
and uniformity of nanostars. The presence of sharp tips in the structure of nanostars allows for
a strong enhancement of the local field strength of the incident light. This dependence is the
basis of plasmon-enhanced spectroscopy.[20] Moreover, the sharpness of the nanostars can be
fine-tuned. Minor shape modifications enable manipulation of their optical properties,[30]
hence it is possible to tune the LSPR of nanostars into the Near-Infrared (NIR) region,

opening up the possibility of various biological applications.[31]

Fig. 5. Exemplary SEM and TEM images of Au nanostars. Scale bars: (a, ¢, €) 200 nm, (b, d, f) 50
nm.[31]

1.1.2. Chemical composition of nanoparticles

NPs exhibit great chemical diversity, as the composition of NPs may stretch across a wide
variety of materials. Both inorganic and organic NPs can be distinguished. Organic NPs,
being assemblies of organic molecules capable of forming a diverse assortment of different
structures,[32] are usually stabilized via noncovalent intermolecular interactions. Amid the
wide variety of inorganic NPs, NPs composed of metallic, semiconducting and nonmetallic
elements, as well as their combinations, can be discriminated. The properties of the obtained
NPs are closely related to the composition of the core.[33] Some inorganic NPs may exhibit

more than one phase within their structure, which may considerably influence their physical
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properties.[33] Amongst most commonly used metals for NP synthesis gold, silver, iron,
platinum should be mentioned. Both single component, as well as heterogeneous NPs can be
discerned. A common approach includes the formation of bimetallic NPs, where two elements
form alloy NPs, even if bulk alloy formation is restricted.[34] Similarly the formation of
heterogeneous zero-dimensional nanostructures consisting of both metal oxides and noble
metals, is fairly common. Moreover, the core/shell structure is often achieved in
heterogeneous quantum dots, where the composition of both layers (i.e. the core and the shell)
differs.[33] In semiconductor NPs the band gap energies can be engineered via composition
change, achieved through adjusting the constituent stoichiometries of the alloyed
elements.[35] Carbon NPs pose a good example of nonmetallic inorganic NPs. Such
nanostructures may exhibit beneficial characteristics, such as fluorescence.[36] Various
structures of nonmetallic NPs are observed, from amorphous to nearly crystalline ones,
including hollow well-organized spheres, where carbon atoms are sp? hybridized (i.e.
fullerene NPs). As only metallic NPs were utilized during experiments conducted in the
preparation of this dissertation, the focus of the following sections of this introduction will be

directed solely towards metallic NPs and their nanostructures.

1.1.3. Synthesis of nanoparticles

Due to the extensive research a wide variety of NP synthesis protocols is available today,
allowing precise control of both, size and shape of the obtained nanoobjects. The methods for
the synthesis of NPs can be broadly divided into three categories: physical, chemical and bio-

assisted methods.

Physical synthesis

The physical methods rely on the application of mechanical pressure, high energy radiations,
thermal or electrical energy during NP generation.[37] The mechanical methods usually
afford monodisperse NPs as a result of processes including melting, abrasion, evaporation or
condensation. An example of a mechanical method is the High Energy Ball Milling (HEBM),
where bulk materials are broken up into smaller particles by the moving balls, which transfer
their kinetic energy to the milled material.[38] Other examples include the Inert Gas

Condensation (IGC) and Physical VVapor Deposition (PVD). The former is an approach where
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evaporated materials are transported with inert gases and condensed on a liquid nitrogen
cooled substrate holder,[39] whereas the latter is a vacuum deposition technique, commonly
used to obtain NPs, as well as thin layers of materials on the order of several nanometers. As
an example of a vapor phase synthesis process the laser pyrolysis technique can be indicated,
which is utilized for the synthesis of NPs.[40, 41] In this method a laser-induced chemical
reaction at the interface between the laser beam and the molecular flow of gaseous/vapor
phase reactants occurs. Sequential absorption of IR photons by the reactant, via resonant
vibrational mode of the IR laser reaction leads to a rapid temperature increase in the gas.

Excitement of molecules leads to molecular decomposition, followed by chemical reactions.

Chemical synthesis

Amid the chemical methods, there exists a great abundance of liquid phase routes. Fine-
tuning of the morphology, and thereby properties of NPs is possible through the use of
different reaction environments, capping and reducing agents.[42] Amongst different liquid-
phase synthetic approaches such as syntheses by coprecipitation, hydrothermal/solvothermal
processing, syntheses with the use of microemulsions as nanoreactors, via sol-gel processing,
polyol synthesis and chemical vapor synthesis can be distinguished.[43] Each of these

methods is described briefly below.
Microemulsion technique

Microemulsions are thermodynamically stable isotropic dispersions containing minimum
three components: a hydrophilic phase, a hydrophobic phase and an appropriately chosen
surfactant. The dispersed phase is formed by monodispersed droplets with sizes of 5-100
nm.[44] The surfactant type is the determining factor influencing the microemulsion structure,
by establishing which of the components will form the continuous phase. Depending on this
water-in-oil (w/o) and oil-in-water (o/w) emulsions can be distinguished. The role of the
surfactant molecules is the reduction of surface tension between the microemulsion and the
excess phase. This is achieved thru the formation of a sterically repulsive layer on the

microdroplets’ surface inhibiting their coalescence.[37]
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Sol-Gel processing

The sol-gel process may be used for NP synthesis. The process begins with the formation of a
stable solution of the solvated metal precursor, called the sol. In the next step the solution’s
viscosity is strongly increased, as a result of polycondensation or polyestrification reaction,
leading to the formation of a gel. The gel is aged until solidification occurs. Simultaneously to
this process Oswald ripening and phase transformations may take place. During the drying of
the gel changes of its internal structure take place. The following dehydration occurring
during calcination at temperatures of c.a. 800 °C, stabilizes the gel against rehydration, by
removing of the surface bound hydroxyl groups. Further increasing of the temperature leads
to densification and decomposition of the gels, as the pores of the gel network collapse and

any present organic species volatize.
Hydrothermal synthesis

Hydrothermal synthesis is defined as synthesis occurring under high temperature and high
pressure water conditions from substrates which are insoluble in ordinary conditions
(<100 °C, < 1 atm).[45] This process is utilized for the synthesis of metal and metal oxide
NPs.[46] Hydrothermal synthesis may be performed in supercritical water. This approach
holds an important advantage as the rate of reaction is strongly enhanced. Control of the
crystal phase, morphology, and particle size can be gained thru the use of supercritical water.
Variation of temperature and pressure influences the solvent’s properties (e.g. density),
affecting the supersaturation and nucleation.[45] The described method is used to produce
large amounts of NPs, having an optimized composition and surface chemistry, and adjustable
size, morphology, and crystal structure.[47] Other advantages of this method include notable
simplicity and enhancement of reaction rate.[45] The synthesis of TiO, NPs reported by

Hayashi et al.[48] can serve as an example of utilization of this method.
Polyol synthesis

The polyol synthesis is a chemical process used for the synthesis of a wide range of metallic
NPs (Cu, Pt, Pd, Pr, Ag), metal oxide NPs (ZnO, ITO), as well as magnetic NPs. In this
process poly(ethylene glycol)s are used as the reaction medium, the reducing agent and the
complexing agent, at the same time. An addition of stabilizing/protecting agents is required

for successful synthesis of NPs. Amongst the factors influencing the NP characteristics the
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type of polyol used during the reaction and the manner of precursor addition [49] should be

pointed out.
Chemical vapor synthesis (CVS)

In this process, precursors in all three phases (solid, liquid, gas) are produced in the form of
vapor, and in the vapor phase are brought into a hot-wall reactor. The conditions of the
process are selected so that particle nucleation in the vapor phase occurs preferentially,
instead of film deposition, as it is in case of chemical vapor deposition.[50] Notably, it is
possible to obtain multi-component or doped NPs in this method, when a variety of precursors
are used. The synthesis performed by Senter et al., whereby erbium was incorporated into

silicon NPs,[51] can serve as an example of such a process.

Bio-assisted synthesis

Another approach for the NP synthesis is the bio-assisted methods for nanoparticle synthesis.
This group of methods possesses several important advantages, such as low toxicity, cost-
effectiveness and environmental friendliness. This approach encompasses the employment of
various biological systems, such as microorganisms, plant extracts, or biomolecules as

templates, for the synthesis of metallic and metal oxide NPs.
Biogenic synthesis using microorganisms

Microorganisms, such as bacteria and fungi, are extensively used as NP synthesis bio-
reactors. In this method metal ions are captured and reduced by the microorganisms. The
reduction occurs in the presence of cellular originated enzymes. This process may take place
intracellularly (within the microbial cell) or extracellularly (on the surface of the cell).
Bacteria perform the reduction reaction with the aid of anionic functional groups, proteins,
enzymes and reducing sugars. Fungi, such as yeast, on the other hand, reportedly utilize the
carboxyl, hydroxyl and amide groups on the cell surface during NP synthesis.[52, 53] The
fungi mediated approach is characterized by economic viability, high bioaccumulation and,

importantly, it can be easily scaled up, as a consequence of easy biomass handling.[37]
Biogenic synthesis using biomolecules as templates

For NP synthesis various biomolecules can be used as templates. Some examples include

nucleic acids, viruses, and membranes. An example of a commonly used template is the
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DNA molecule. Shape-sensitive ZnO NPs with various morphologies have been synthesized
via this strategy in the presence of DNA as a bio-template.[54] Biological membranes also
serve as beneficial templates [55] in NP synthesis due to the presence of ultra-fine pores
within their structure. Utilization of viruses affords NPs uniform in size and morphology.[56]
In this case the hollow spaces within the virus’ structure are used as templates for NP

fabrication.
Plant extracts for NP synthesis

Plant biomass assisted NP synthesis is a highly effective, eco-friendly and rapid method. This
strategy is predominantly used for the synthesis of noble metallic, metal oxide, and bi-
metallic alloy NPs.[57] The plant extracts provide components serving as reducing agents and
capping agents necessary during the NP synthesis. The kinetics of NP photosynthesis is much
higher compared to other biosynthesis methods. Approximately the rate of the synthesis

reaction is in the order of magnitude of chemical routes rates.

For each of the above described methods extensive literature reports are available, however
the conventional methods involving synthesis of NPs by reduction of soluble metallic
derivatives are still most widespread. Most commonly utilized method of AuNP synthesis are

summarized below.

Liquid-phase procedures for synthesis of gold nanoparticles

= Citrate reduction

A method developed by Turkevitch in 1951, consisting of the reduction of HAuCl, in aqueous
environment, with the aid of citrate. This method results in NPs of ca. 20 nm diameter, with
the surface stabilized by citrate molecules.[58] Numerous modification of this method have
been reported. Simple variation of the ratio between the reducing/stabilizing agents and gold

may result in better size scalability.[59]
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= Brust-Shiffrin method

Method of synthesis of alkanethiol stabilized NPs in a two-phase system. The chloroaurate
salt is initially transferred into the organic solvent using tetraoctylammonium bromide, where
it is reduced with sodium borohydride in the presence of thiol molecules.[60, 61] In this
method control of the NP polydispersity and size can be achieved by change of reaction
conditions. Factors such as thiol/gold ratios, temperature and speed of reductant addition have
a dominant effect on the resulting NPs. The described procedure was later modified by
Brust.[61] The introduced modification allowed for single-phase syntheses of NPs using

different thiol capping agents.
= Martin method

Martin reported the synthesis of negatively charged, soluble in water AuNPs, which can later
be functionalized with organic ligands to ensure their stability in the hydrophobic phase.[62]
In this method acid stabilized solution of AuCl,” was reduced by a base stabilized NaBH,4
solution. The diameter of the NPs is regulated by changing the gold/BH}ratio during the
synthesis. The obtained NPs are then transferred into the organic phase by vigorous shaking
with 1-dodecanethiol in the presence of acetone. During this process the NPs are coated with

the organic ligands.

1.2. Nanoparticle characteristics

1.2.1 Ligand stabilization

Appropriate surface modification of NPs provides them with sufficient stability and
determines their properties. Surface functionalization regulates NPs’ interaction with the
surrounding environment, influencing their behavior, such as tendency towards self-
organization and agglomeration.[63] Sufficient dispersion of NPs within a given matrix is
guaranteed by appropriate compatibilization of particle surface to the surrounding medium.
Therefore, surface modification serves as an unswerving route towards development of stable
dispersions.[64] Organic ligand coatings form stable protective layers against irreversible
aggregation of NPs in hydrophobic solutions, while charged or polar capping agents afford
stability to NPs in polar environments. In both cases stronger stabilization is observed when

capping agent molecules form dense, strongly bound layers. An optimal coverage of the
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surface by a given ligand corresponds to the minimum free energy. Therefore the ratio of the
surface modifier to the nanoobject feed can be used as a means of tailoring the particle

size.[64] The ligands can be thus considered as size controlling agents.

Overall, stabilization of NPs may occur due to electrostatic repulsion, interaction of the
hydration layer on the NP surface or steric exclusion. In the latter case steric interaction
caused by the overlapping of the coordinating species’ chains is unfavorable and may lead to
a rise of the repulsive forces. Due to the steric repulsion of hydrocarbon molecules anchored

on the NPs’ surface stability is maintained even during drying of NPs.[60]

CH;

CHsy

Fig. 6. A nanoparticle with different hydrophobic ligand molecules on its surface: trioctylphosphine oxide
(TOPO), triphenylphosphine (TPP), dodecanethiol (DDT), tetraoctylammonium bromide (TOAB) and
oleic acid (OA), respectively.[63]

Binding of ligands to the surface of NPs may occur in particular in the existence of attractive
forces between the ligand molecules and the NP surface. These interactions include
chemisorption, electrostatic attraction or hydrophobic interaction.[63] When chemical bonds
are formed the mean coordination number of surface atoms should be considered, since the
ability of NPs’ surface atoms to interact with ligand molecules is derived from their
incomplete valance. Therefore, atoms on the edges, terraces and vertices of a NP will not

necessarily all form equivalent bonds with a given capping agent. The nature of these surface
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atoms may be compared to metal complexes which selectively bond with appropriate
ligands.[65] Moreover, as the affinity between each type of ligand and a given NP is
dissimilar exchange of weaker bound ligands by stronger binding ones may occur. To
determine whether such ligand switching will take place ligand binding strength must be
considered. For example it can be predicted that thiol compounds make excellent stabilizing
agents of AuNPs due to high affinity of sulphur and gold. The Pearson’s Hard Soft Acid Base
(HSAB) theory imparts that both elements have soft character making them prone towards
strong bond formation. However, as the above discussion implies, although some general
predictions can be made affinity between nanoobjects and organic ligands should be

considered individually in each case.

1.2.2. Nanoparticles’ physiochemical properties

Properties of NPs are size-, as well as shape-dependent. The shape and structure of NPs are
strongly dependent on the number of atoms forming them.[66, 67] The stability of NPs of a
given shape and structure is determined by its surface energy. However, the geometric shape
of NPs of the same size may differ, with the most densely packed structure being formed
preferentially.[68] NPs often adopt a spherical shape in order to minimize the surface energy.
For NPs of a small size, in the range of 1-100 nm, both chemical [69] and physical properties
[70, 71] strongly differ from those of their corresponding bulk materials. This is caused by
large surface-to-volume ratio, which greatly impacts the physical properties, such as the

thermodynamic behavior, of such entities.[68]

1.2.3. Mechanical properties

The basic mechanical properties of NPs can be described by their hardness and elastic
modulus. Size-dependent behavior is often observed when considering the NPs’ mechanical
properties. Quantities such as the elastic modulus and hardness can be calculated by
measuring the particles’ deformation via Atomic Force Microscopy (AFM). It has been
indicated that dislocations or stacking faults within the NPs’ crystalline structure are
responsible for the change of their mechanical properties as compared to the bulk
material.[72, 73] Direct proof of this concept was provided by in situ TEM nanoindentation
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measurements.[74] In the experiment presence of dislocations in the NPs under stress was
evidenced.

Fig. 7. High-resolution TEM images of a silver NP before and after compression: (a) before
compression (twin highlighted); (b) at the initial stage of compression (an edge dislocation highlighted);
(c) at a stage of further compression (two additional dislocations shown in the inset); (d) after the

removal of the compression (no dislocation observed).[72]

It was shown that such structural defects disappear during the unloading process. The
existence of stacking faults which could nucleate, migrate and annihilate under mechanical
loading were also demonstrated with in situ TEM.[75] Furthermore, shape-dependence of the
particle strength may exist due to the competition between generation of dislocations and their
drainage from the NP.[76] Other sources indicate the alternation of the NP bond energies and

lattice strain as the origin of the modification of mechanical characteristics.[77]
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Other important mechanical properties, such as the adhesion and friction of NPs, can also be
determined with the aid of the AFM technique. NP — solid surface adhesion and friction can
be obtained from the deflection of the cantilever using two different approaches. By
approximating the AFM tip to a NP or by factually attaching a NP of known size, shape and
composition to the microscope’s force sensor prior to the measurement.[78] NP — solid
surface adhesion and friction forces for NPs of different sizes were measured by Guo et
al.[79] A dependence of the friction forces proportional to the 2/3 power of the radius was
shown. Other studies revealed a linear dependence of the adhesion force on the reduced
radius.[80]

1.2.4. Thermal properties

A prominent alternation of thermal properties occurs when the size of particles approaches the
nanoscopic scale. The cohesive energy of a material decreases with the reduction of its size,
making it less stable.[68] This leads to a strong melting-point depression, which occurs with a
decrease in particle dimensions.[81] The observed changes are closely related to the large

surface-to-volume ratio of the NPs.

The thermal conductivity (kp) of a solid material is also size-dependent below a critical
particle size, since the thermal conductivity of a bulk material is directly proportional to the
mean path of an electron in the material.[82] When the size of the particle is of the same order
as the electron mean path, boundary or interface scattering becomes significant. This leads to
a decrease of the particle’s k, with decreasing size.[82] A similar relationship has been
observed for thermal conductivity of a thin film of metallic NPs. A decrease of its ky, value

with thinning of the film was evidenced.[83]

1.2.5. Optical properties

Interaction of the incident light wave’s electric field with matter may excite oscillation of
electric charges. When the size of the particles is much smaller than the incident wavelength
the induced electric field may be approximated as constant. Subjecting NPs to such external
electromagnetic radiation may induce coherent oscillations of surface atoms’ free electrons,
giving rise to the so-called localized surface plasmons (LSP).[84] LSP can be described as

plasmons that oscillate locally around the NP with a frequency known as the localized surface
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plasmon resonance (LSPR). As the nuclei’s position is stationary in the presence of light
periodic charge separation is observed as the electrons oscillate, leading to generation of

oscillating dipoles.

E-field Metal

sphere

Fig. 8. Schematic depiction of plasmon oscillation of a nanoparticle, showing the displacement of the

conduction electron charge cloud relative to the nuclei.[85]

A reasonable prediction of the scattering of electromagnetic waves by spherical particles is
given by Mie’s theory, offering a solution to Maxwell’s equations.[86] Since LSPR is
strongly dependent on both size and shape, its’ prediction for non-spherical particles required
an introduction of a modification to the Mie theory. The introduced change incorporated the
input of both, longitudinal and transverse dipole polarization modes into the LSPR
calculations. Moreover, the description of the optical behavior of NP assemblies requires a
different approach, as the Mie’s theory is not applicable to NP agglomerates. In this case the
properties of both individual NPs and their aggregates must be taken into consideration for
accurate optical properties description. This was first done by Maxwell and Garnett in
1904.[87]

The frequency of the collective oscillations of conduction electrons is coupled with the
incident light wave, and depends on the local dielectric environment. This means that the
NPs’ absorption at the SPR wavelength is dictated by the interaction of individual particles
with the surrounding environment, as well as by the NP-NP interactions.[88] Hence, an LSPR
wavelength shift indicates a change in the local environment, making plasmons suitable for
exploitation in sensing platforms. A representative example of the high LSPR environmental
sensitivity is the change of surface plasmon oscillation during NP aggregation. In this process
electromagnetic coupling of plasmon modes of adjacent NPs occurs. This leads to the
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formation of a new band in the NPs’ extinction spectrum, resulting from the interparticle

plasmon coupling.

1.2.6. Catalytic properties and chemical reactivity

Nanocatalysis is an area of catalyst science that offers significantly enhanced reactivities and
selectivities as compared to conventional heterogeneous catalysis. The catalytic performance
of NPs is known to be highly size-dependent, wherein an increase in the activity is observed
with the enlargement of surface-to-volume ratio. However, the range of parameters actually
influencing the functioning of nanoscale catalysts is very broad. Factors such as geometry,
oxidation state and composition must be taken into consideration.[89] The high reactivity of
NPs in catalysis is thought to be a sum of contributions of size-dependent qualities and NP-
support interactions.[90] Properties related to the small size of NPs include the quantum size
effect, the abundance of low coordinated atoms, as well as the presence of excess electronic

charge.

The presence of undercoordinated atoms, associated with surface roughness is important for
the nanocatalyst’s activity.[91] Smaller sized clusters possess higher step site densities, with
low-coordinated atoms available.[92] Due to large discrepancies in the adsorption activation
energies when considering step versus terrace sites, the size of clusters affects the strength of
adsorption of reagents.[93, 94] Individual electronic properties of sites, determined by the NP
composition and chemical state, may also have a stabilizing effect on the reagents and
intermediate products. These effects will have direct influence on the reaction rate, and thus

the chemical reactivity of NPs.

Another important factor that should be taken into account when considering NP reactivity is
the shape of the stable cluster. NPs of different shapes exhibit various crystallographic facets.
Specific facets are characterized by their own distinct reactivities and selectivities,[95]
affecting the chemical reactivity of the NP. Some authors indicate the number of sharp
corners and edges (i.e. the number of low coordinated sites) as the factor determining the
reactivity,[96, 97] rather than the facet type. Nonetheless, weather it is the facet kind or the
undercoordinated sites the influence of NP shape has been observed in numerous studies.[95,
98]
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1.2.7. Magnetic properties

Materials can be classified based on the response of their intrinsic magnetic dipoles and
magnetization when in the presence and absence of an external magnetic field.[99] This
response is dependent on the susceptibility and permeability of a material. The susceptibility
is identified by the ratio of induced magnetization (M) to the applied magnetic field (H),[100]
whereas the permeability is defined by the ratio of magnetic induction (B) to this field
(H).[101] The so-called ferromagnetic material possesses a net magnetic moment derived
from the presence of spinning electric-charged particles, i.e. unpaired electrons. Due to
parallel orientation of adjacent dipole moments even in the absence of an applied magnetic
field a net magnetic dipole moment subsists.[102] Reduction of the size of a bulk material to
the nanoscopic regime alters its magnetic properties, such as the magnetic moment per atom
or the magnetic anisotropy.[103] The magnetic properties of NPs depend on a variety of
physical parameters, such as their size, shape, composition and microstructural details of shell
and core architecture.[102] Alternation of these factors will cause a change of the NPs’
magnetic qualities, such as the saturation magnetization (maximal induced magnetization), the
remanent magnetization (induced magnetization that persists after the removal of the external
field) or the anisotropy energy (the energy preserving a particular orientation of the magnetic

moments).

A bulk ferromagnetic material consists of small magnetic domains having uniformly aligned
magnetic moments of all atoms within the domain. This results in a net magnetization of each
domain.[104] Since such domains have a critical size of c.a. 10-100 nm NPs may possess a
single magnetic domain within their volume, due to their small size.[105, 106] The particles
are then uniformly magnetized and all spins are aligned homogeneously. Moreover, above the
so-called blocking temperature the NPs may display superparamagnetic behavior,[107]
manifested as zero coercivity (intensity of an external coercive field needed to force the
magnetization to zero), and the absence of hysteresis of the sample’s magnetization as a
function of field exposure. In this case spontaneous demagnetization may occur as a
consequence of thermal fluctuations,[108] since values of moment reversal energy barrier are
comparable to these fluctuations and may be rather easily exceeded.[102] In case of

superparamagnetic NPs a rapid increase of magnetic moment in the direction of the field is
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observed under the influence of an external field. This is caused by the coupling interactions

in single-domain magnetic materials, resulting in high magnetic susceptibilities.[100]
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Fig. 9. Schematic presentation of the coercivity-size relations of nanoparticles.[108]

1.3. Nanoparticle self-assembly

1.3.1. Supramolecular self-assembly

The focus of supramolecular chemistry is the study of the structure, property and change of
matter with special emphasis on non-covalent bonding of particles.[109] Non-covalent
interactions notably influence the hierarchical structure of assemblies of molecules. This in
turn is reflected strongly on their properties. The particles’ intrinsic properties (charge,
polarity, shape, size, structure) determine their manner of interaction with other entities in a
given system.[110] An averaged interaction, being the sum of all attractive and repulsive
forces between the components emerges. The interplay between these individual interactions
may lead to the self-assembly process. Self-assembly can be defined as the autonomous
organization of components producing patterns or structures at any scale.[111] Some authors
limit the term ‘self-assembly’ further only to processes that involve the reversible
organization of pre-existing components, controlled by their appropriate design.[111] This
process may occur through the system’s equilibration. An energetically favorable balance is

reached between the aggregated states and separated particles or through the adjustment of

36



Two- and three-dimensional nanocomposites containing noble metal nanoparticles functionalized with aminiothioalkyl
ligands

Michalina lwan

particles’ positions within an aggregate. Acquiring this energetically advantageous
organization is the result of an interplay of various supramolecular interactions, such as ionic,
hydrogen, Van der Waals or coordination bonds.[112] Profound understanding of the
mechanisms governing the self-assembly process should provide a means of controlling it.

Then, cost- and energy-effective fabrication of functional materials with tailored properties

(i.e. nanostructured materials) would be feasible.

Fig. 10. Typical SEM and TEM images of 2D nanostructures: junctions (continuous islands) (a),
branched structures (b), nanoplates (c), nanosheets (d), nanowalls (e), and nanodisks (f).[113]

When considering fabrication of nanostructured materials two main strategies can be
distinguished: the ‘top-down’ and the ‘bottom-up’ strategy. The ‘top-down’ approach
comprises processing of bulk materials to obtain nanostructured systems. Patterning of the
starting mother material may occur by various chemical, physical and mechanical methods,
such as X-ray, electron beam or optical light lithography and chemical etching to name a
few.[114] These methods lead to the removal of access material from the bulk sample, leaving
nanoscopic structures of choice. The complexity of the obtained nanostructure stems from the
capabilities of the devices used for the assembly. Usually the resolution of the obtained
nanopatterned structures is relatively low. The ‘bottom-up’ approach on the other hand offers

substantially higher resolution. It involves the formation of nanostructures with the aid of
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nanometer-sized building blocks as the starting material. Controlled assembly of such
moieties, impelled by the adoption of the lowest-energy configuration, affords the desired
materials. In this case the complexity of the assembled nanostructure is determined by the
properties of the building blocks.
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Fig. 11. Comparison of the top-down and bottom-up methods of nanostructure fabrication strategies.

Combining the long-range high order of nanostructures produced in the top-down approach
with the high-level resolution of bottom-up nanostructures is a desirable direction pursued in
material sciences. Successful bridging of these prerequisites may be achieved through the

self-assembly processes.[115]

The self-assembly process is governed by short- and long-range interactions prevailing within
the system. The existing interactions depend on the composition, atomic structure, surfaces, as
well as shape and size of the constituents. Through the appropriate choice of these properties
information regarding their assembly may be encoded,[116] allowing for the so-called
programmed assembly. Programmed assembly of nanostructures is a concept that relies on the
utilization of encoded information, which specifies the building blocks’ position and
connectivity within an assembled structure. In line with this strategy the formation of various
arbitrary structures, that are currently obtainable only via three dimensional (3D) printing, is
possible by means of self-assembly. Two theoretical approaches have been distinguished for
the realization of this concept — the puzzle and the folding approach. The former relies on

highly selective, directional interactions as a means of encoding the assembly data, whereas
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the later relies on specific one dimensional (1D) sequences that program the 3D spatial

arrangement of structure constituents, using relatively non-specific interactions.
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Fig. 12. Schematic representation of the puzzle and folding strategies for information-driven self-
assembly.[116]

Despite a well-described body of conceptual work the practical use of these approaches is still
limited. The currently employed self-assembly strategies are restricted to structures of high
symmetry,[116] such as periodic superlattices [116-123] or linear chains.[124] Periodic
structures are exhaustively defined by their unit cell, hence the number of specific interactions

needed for their self-assembly is fairly small. Complex arbitrary structures, on the other hand,
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are currently unattainable via self-assembly, since a large number of specific interactions is
required in this process. Due to synthetic limitations colloidal components do not yet contain
the necessary information for spontaneous formation of highly complex structures.[116] At
present, strategies that combine the selective interactions of the puzzle approach with different
forms of cooperativity distinctive for the folding approach hold the most promise for

successful formation of complex assemblies.

The dependency of the self-assembly process on relatively weak chemical bonding allows the
component particles to retain some mobility within the system. This means that a system can
respond dynamically to changes in its environment. Hence, upon a shift of the system’s
equilibrium state due to a change of the conditions, straightforward adjustment of the
particles’ assembly is possible. Exciting material properties are derived from this feature, such

as rapid response to external stimuli or the self-healing ability.[125]

The nature of the self-assembly process can be twofold from a kinetic point of view. Static
and dynamic self-assembly can be distinguished,[111] where the static process takes place in
globally or locally equilibrated systems and leads to the formation of stable ordered
structures, that do not dissipate energy. Dynamic self-assembly on the other hand occurs in
non-equilibrated systems. The formation of nanostructures is related to energy dissipation.
Some authors distinguish also a third type of self-assembly — the ‘templated self-
assembly’,[111] templates being entities containing active sites for selective NP
deposition.[126] The foundation for this classification is the occurrence of two types of
interactions within the self-assembling systems — the direct and indirect interactions.[126] The
latter kind encompass interaction of particles with distinctive elements of the environment,
such as templates. Templates are regarded as a form of external stimulus, leading to directed
self-assembly (DSA). DSA offers improved control of intrinsically self-assembling systems
as a result of employing additional incentives.[126] Apart from templates these can also

include directing agents and external fields.
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1.3.2. Strategies for NP self-assembly

Self-assembly in solution

This approach exploits specific interactions between distinct surface ligands on chemically
heterogeneous NPs.[124, 127] Through the appropriate choice of ligands these interactions
can be precisely tuned to afford the anticipated ordering. The resultant structure is a

consequence of a balance between the existing attractive and repulsive forces.
Templated self-assembly

The alignment of NPs is defined by the colocation of NP binding sites on the template. Soft
(synthetic polymers,[128] DNA molecules[129]) and hard (carbon nanotubes [130]) templates
can be distinguished, with the former being more suited for control of NP spacing.

Self-assembly at interfaces

The interface, being a common boundary between two separate phases of matter, has been
used successfully as a platform for NP self-assembly. Interfaces between immiscible phases,
such as the liquid-gas, liquid-liquid and liquid-solid interface may be used for NP
organization. Common techniques used in this process are evaporation induced self-

assembly,[131] sedimentation, or the Langmuir-Blodgett technique.[132]
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Fig. 13. Schematic illustration of the deposition of NPs using the Langmuir-Blodgett approach, resulting

in a 2D nanomaterial.[133]
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In the Langmuir-Blodgett technique the NP array is formed at a liquid-gas interface, and is
later transferred onto a solid substrate without loss of the attained NP arrangement. Control of
the NP surface density in the obtained array can be executed through modification of the
substrate’s wetting and retracting speed. High-order nanostructures deposited on solid
surfaces can be fabricated using the evaporation-mediated approach. During the evaporation
of the solvent the interaction between NPs becomes more pronounced, since the screening
effect of the solvent is diminished.[134]

The self-assembly of NPs at liquid interfaces is driven by the reduction of interfacial
energy.[135] A gain in free energy as a result of the reduction of direct contact between NPs
and the two bulk phases follows the interfacial adsorption of NPs.[136] Moreover, the overall
effective interfacial tension of the system decreases with increasing NP coverage of the
interface.[136] As argued by Pieranski [137] the decrease of interfacial energy occurring upon
the placement of a single spherical particle at the interface is given by the following equation:

nR?

Yo/w

AE = —

(VO/W ~VYowt Vp/O)Z’

where y,,,, — oil/water interfacial energy; y,,, — particle/water interfacial energy; y,,, —
particle/oil interfacial energy and R — radius of NP. A necessary condition that must be met
for the adsorption of NPs at the interface can be described accordingly: y, , > |)/p/w — )’p/o|-

As the energy reduction, AE, is proportional to the square of NPs’ radius, a clear size-
dependency of NP self-assembly is manifested. Particles in the nanoscopic size regime are
confined to the interface by an energy reduction comparable to thermal energy.[138]
Therefore, once adsorbed at the interface a thermally activated escape of NPs may occur,
whereby the escape of smaller particles requires a smaller input of energy. Larger particles are
therefore adsorbed at the interface preferentially. The desorption energy depends on the
interplay of several different interactions within the system. In addition to the particle-water
and particle-oil interactions, particle-particle interactions are significant here.[138]
Furthermore, particle surface wettability impacts strongly the desorption energy,[139] as this
parameter influences the interfacial tension. Wettability is described by the contact angle, O,
between the solid particle and the oil/water interface.
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Fig. 14. Changes in wettability of solid particles at the oil/water interface at contact angles < 90° and >
90°.[138]

As the contact angle increases from 0 to 90° the desorption energy rises, reaching a maximum

value at 90°. Further growth of © causes gradual fall of this energy. This variation is depicted
in Fig. 15.

3000

ol You f
2500 | —
; o[

2000 F \ater 2r

1500 [

desorption energy / k,T

1000 |

500 |

PR BRI
0 30 60 90 120 150 180
0/degrees

Fig. 15. Dependence of the desorption energy of a spherical particle at a planar oil/water interface as a
function of the contact angle ©, where h — depth of the particle’s immersion into water, r — particle
radius (10 nm), yow— interfacial tension (36 mN/m).[137]

This dependency has been practically utilized for NP interfacial assembly, whereby the
appropriate contact angle was achieved by appropriate functionalization of NP surface [140]
or addition of a solvent changing the hydrophobicity of the NPs.[141]
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Assisted self-assembly

Self-assembly may occur under the influence of external forces, such as electric [142] and
magnetic fields,[143] light [144] or shear force. High-speed and precise control of the NP

arrangement is achievable through this strategy.

Magnetic field is used for ferromagnetic and superparamagnetic NP organization. Dipole-
dipole association leads to the formation of organized structures in the case of NPs with
sufficiently high magnetic moments. NP alignment in the presence of an electric field can
occur in case of polarizable NPs through dipole-dipole interactions. Organization in
accordance with the field direction occurs. Light-assisted assembly commonly involves
irradiation-induced structural changes in photoswitchable NPs, which trigger NP

organization.

Magnetic field

Fig. 16. Schematic illustration of assisted assembly of NPs under the action of a magnetic field (a),
electric field (b), and light (c). (d-f) images of structures assembled using the methods depicted on

panels (a-c), respectively.[145]
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1.4. Ordered nanostructures

Controlled clustering as a means of achieving well-organized NP arrays is a topic of extensive
research in materials science. Formation of secondary structures is desirable owing to the
potential of obtaining unique materials. Such novel composites may exhibit both, properties
derived from the individual constituents of the system, as well as original collective qualities
resulting from the NP-NP interactions.[146] Unprecedented optic, magnetic and electronic
properties can emerge in NP arrays, as a consequence of the interaction between the NPs’
surface plasmons, magnetic moments or excitons.[145] Exploitation of such features in
functional devices should be possible provided sufficient control over the interparticle spacing
(periodicity of the nanostructure) and NP arrangement is assured.

The arrangement of NPs within an ordered nanostructure is determined by both external
parameters, such as fabrication conditions (temperature, humidity), as well as the intrinsic
properties of NPs. In particular, the NP size distribution along with NP-substrate and NP-NP

interactions have a dominant influence on the organization.[147]

Fig. 17. SEM patterns of mesostructures of 5.7 nm cobalt nanocrystals having 13% (a) and 18% (b) size
distributions.[147]
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Ordered structures are formed in case of sufficiently narrow size distribution and attractive
interaction between the constituents of the structure. In case of high size distribution structural
defects appear. The cohesive forces within the array are not potent enough to guarantee long-
range homogeneous ordering. The obtained shape of the assembled mesostructured in turn
dictates the physical properties of the lattice.[147] Since a directional dependence of dipolar
forces exists the arrangement of NPs within the assemble will influence the dipolar

interactions, and in consequence the properties of the structure.
Organized nanostructures

It is known that properties of NP—based materials depend not only on their size, shape and
composition, but also to a large extent on the spatial organization of NPs building blocks with
respect to one another.[148] Therefore, well-defined nanostructures are of high interest in
materials science, as structures with novel, unprecedented features. Depending on the number
of dimensions below 100 nm of a nanostructure it may be categorized as zero-dimensional
(0D, e.g. NPs), one-dimensional (1D, e.g. nanotubes), two-dimensional (2D, e.g. nanofilms),
three-dimensional (3D, polymer-based nanocomposites). The 0D nanostrucutres were
discussed briefly in section 1.2. Below, a concise description of structures of higher

dimensionality is presented.

1.4.1. One-dimensional nanostructures

1D nanostructures possess both dimensions perpendicular to the longitudinal direction
confined below 100 nm. In the third direction the structure may have much larger dimensions,

providing the material with certain bulk properties.[149] Such structures include nanowires,

nanofibers, nanorods, nanobelts, and nanotubes.
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Fig. 18. Typical SEM and TEM images of 1D nanostructures: nanowires (a), nanorods (b), nanotubes

(c), nanobelts (d), nanoribbons (e), and hierarchical nanostructures (f).[113]

1D nanostrucutres possess several advantages, potentially significant in practical applications.
These include good dispersion, size and shape uniformity, predefined electrical conductivity,
as well as high impact resistance.[150, 151] Unique properties of 1D nanostructures are
derived from their high aspect ratios, large specific surface areas and structural confinement
in two dimensions. These features influence their mechanical, chemical, optic and electric
properties. Extraordinary mechanical properties are often observed in single crystalline 1D
nanostructures, where the strength, stiffness and toughness may approximate the values
predicted for perfect crystals.[17] The reduction of the defect number per unit length is
accountable for the described superior properties. Due to their specific geometry 1D
nanostructures may be considered as electron transport channels or interconnects. For
example carbon nanotubes exhibit excellent conductivity, attributed to the ballistic transport
of electrons over long tube length. In metallic nanowires on the other hand a metal-to-
semiconductor transition may be observed when decreasing the nanowire’s diameter. This is
attributed to the opening-up of the band-gap as a result of the quantum confinement.[152] The

quantum confinement effect also influences strongly the optical properties of 1D
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nanostructures. For example a substantial blue-shift of absorption and band-edge emission
peaks is observed as the diameter of semiconducting nanowires approaches the Bohr radius of
the corresponding materials.[153, 154] Finally, the magnetic properties of 1D nanostructures
are affected by the reduction of their size. Enhancement of magnetic properties or their
induction in non-magnetic materials has been observed.[155, 156] High coercivity fields that

are inversely proportional to the nanowire diameter can be noted.

Although the 1D nanostructures possess unique properties, their potential cannot be fully
utilized until their uniform orientation is achieved. Controlled organization of 1D units is a
desired route towards fabrication of 2D and 3D ordered networks.[157] Alignment of 1D
nanoobjects can lead to superior properties, not found in disordered structures.[158]
Moreover, covalent connection of the 1D building blocks can greatly alter the mechanical,
electronic and porosity properties of the isolated 1D units.[157] As a result hierarchical
organized 1D nanostructures that form networks of higher dimensionality may be potentially
suitable for such applications as field-effect transistors (FETS),[159] light-emitting diodes
(LEDSs),[160] solar cells (SCs) [161] or sensors.[162]

1.4.2. Two-dimensional nanostructures

Two-dimensional nanostructures are assemblies of nanoobjects where two dimensions are not
within the nanometric size range.[113] Due to their unique geometry 2D nanostructures may
exhibit noteworthy shape-dependent properties. A single layer of graphene may serve as a
fine example of a 2D monolayer structure. This structure, made up of a continuous hexagonal
network of linked sp® carbon atoms, displays extraordinary electronic transport
properties.[163] Similarly, thin-film nanoparticle (NP) membranes are promising
nanostructured materials that may find numerous applications including electric, magnetic,
and photonic sensors and devices,[164, 165] due to their unique characteristics. Extensive
effort is nowadays put in to developing new methods of organizing nanoscopic objects into
controlled architectures.[166] Such nanostructures are typically formed in solution, at liquid-
liquid interfaces or on solid supports via specific adsorption or self-assembly techniques.[166]
Self-assembled monolayers (SAMs) made of NPs can serve as an demonstrative example of a
2D nanostructure. Such structures are assembled at liquid-air interfaces, and later transferred

onto solid substrates.[167] Tuning of the spatial organization of NPs within an array allows
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for fine control of the produced materials’ properties, which are different from both, those of

individual NPs, as well as bulk materials.[167]
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Fig. 19. Scheme illustrating the self-assembly of AuNPs at the air/water interface and the TEM image of

the monolayer film, after its transferal onto a solid substrate.[167]

The collective properties of an NP 2D lattice can be altered by changing of the physical
parameters, such as NP size, interparticle spacing. Importantly, the possibility of independent
tuning of the metallic cores and organic capping agents broadens considerably the scope of

adjustable film properties.[168]

Supported and free-standing films can be distinguished amongst both, monolayer and
multilayer NP membranes. The supported NP arrays have been previously fabricated via
adsorption on surface-modified solids, having an increased affinity for NP binding.
Importantly, in this case some properties of the NPs may be altered after their deposition on
substrates. The influence of a dielectric support in the vicinity of an individual metallic NP on
its properties has been previously demonstrated experimentally.[169] The substrate modifies
the energies of the NP’s plasmon modes, inducing a significant energy splitting. In free-

standing films on the other hand the influence of supports is nonexistent.

A commonly used technique for multilayer NP film fabrication is the Layer-by-Layer
deposition method, reported first for inorganic colloidal particles by ller.[170] Multilayer
nanostructures assembled by successive deposition of single layers may possess a high degree
of order. The properties of nanostructures are altered when the number of NP layers increases
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within the 2D structure. The evolution of a 2D nanomaterial’s properties has been studied
[171] during gradual stacking of surplus NP monolayers to afford finally a material made of
15 layers. It was observed that initially the conductance of the material increases, from
monolayer to multilayers. However, at 4-5 layers, when the transition of dimensionality from
2D to 3D occurs, the conductance starts to level off. This example illustrates the influence of
the presence of multiple layers within a 2D structure. The properties of the nanostructure may
be altered significantly as a result of the addition of extra layers. Another example of this
phenomenon is the variation of mechanical characteristics observed upon crossing over from
mono- to multilayers of NPs. The effective net fracture strength, being the stress at which a
material fails via fracture, decreases with increasing of the NP layer number.[168] This has
been explained by the uneven distribution of stress amongst individual layers within a
multilayer material. Subsequent layers take up proportionally less stress than the first layer
upon fracture.[168]

Fig. 20. Example of a multilayer nanostructure, obtained by gradual addition of surplus NP layers, one
monolayer at a time.[171]

Monolayers of NPs are of particular interest in such fields as nanoelectronics [166, 172, 173]
and catalysis.[174] Such monolayer films may display extraordinary features, such as an
elevated mechanical resistance, manifested by a Young’s moduli of up to several GPa.[168]
They are also the object of fundamental studies[175] because in ordered arrays of NPs
coupling interactions between the adjacent NPs affect the electric, magnetic, and optical
properties of the formed nanostructures.[176, 177] Free-standing membranes consisting of

covalently bound nanoparticle multilayers have been reported previously.[178, 179]
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Fig. 21. SEM and TEM images of a free-standing cross-linked AuNP multilayer membrane spanning the

cylindrical cavity of an electrostatic actuator. Scale bars: 100 ym and 50 nm, respectively.[178]

Although such membranes are characterized by excellent mechanical properties they possess
important disadvantages compared to monolayer structures. Namely, it is expected, in
contrary to thick multilayer films,[180] that in nanoscopic monolayers much control over the
NP assembly and interparticle spacing can be achieved. It means that covalently bound
monolayer NP films can form a flat structure of well-defined thickness. Also, within the
monolayer, the NPs can be linked with molecules possessing tailored properties. That is, the
monolayer films have the form of two-dimensional networks composed of well-defined NP-
linker-NP building blocks. In such systems interactions between the NPs (including transfer
of electrical charge) are mediated by the linker molecules. This makes the free-standing
monolayer film an excellent system for investigating fundamental phenomena in the
nanoscale and a promising material for a variety of applications. For this reason, fabrication
of monolayers of interconnected NPs has attracted much attention in the scientific community
in recent years.[181-189] However, difficulties in obtaining stable films, in which the NPs are
permanently connected to one another, has hindered their widespread applications.
Fabrication of membranes stabilized by noncovalent interactions like the ligand-core or
ligand-ligand attraction has been reported in literature.[180, 190-192] Examples include
application of host-guest chemistry [193] and non-specific DNA-DNA interactions.[194]
Such membranes, however, neither have been cross-linked nor embedded in a polymer
matrix, hence are rather unstable and could be easily disrupted, since the existing interactions
are quite weak (electrostatic and Van der Waals forces, hydrogen bonds). Other methods lead
to a fusion of the neighboring NPs and formation of aggregates within the monolayer,[195,
196] giving rise to semi-continuous networks instead of arrays of separated NPs. NP

aggregation strongly hinders the NP film formation process due to the occurrence of
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hampering of NP spontaneous ordering in case of NPs with a broad size distribution.[167]
Moreover, aggregation hinders NP sorption at interfaces, which may significantly obscure the
fabrication of films.[167] Chemical cross-linking of the membranes is the way to stabilize the
NP assemblies and prevent their aggregation. Two reports on chemically cross-linked
membranes have been published to date. Russell and co-workers have synthesized free-
floating cross-linked CdSe NP films, which possessed the morphology of crumpled
sheets.[197]

Fig. 22. Confocal microscope image of a cross-linked NP sheet. Scale bar: 50 ym.[197]

The obtained membranes were suspended in toluene, and the authors did not make an attempt
to remove the film out of the liquid phase to obtain a free-standing film. Sanders et al. has
prepared a cross-linked NP network at the liquid-air interface using the Langmuir-Blodgett
trough by employing dithiol molecules as the cross-linking agent.[198] Although the obtained
films could be easily transferred onto solid substrates, free-standing films in air have not been

reported prior to the findings of the research presented herein.[199]

Fig. 23. Images of cross-linked film, made of hexanethiol-capped AuNPs. Symmetric tears and folding
of the film indicate membrane-like quality.[198] Scale bars: 300nm and 1um, respectively.
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An interface between two liquid phases provides a suitable template for the fabrication of
ordered NP structures. This is because NPs adsorbed at the fluid-fluid interface are highly
mobile and can readily arrange into various equilibrium assemblies.[200] As a result, a fairly
good control over the nanostructures synthesized in such a way is attainable.[135, 138, 141,
190, 197, 201-205] What is also important, chemical compounds, like cross-linking agents,
can be easily introduced into the system thorough either phase. Interfacial fabrication seems

thus to be a technique that holds great promise for the synthesis of the monolayer film of NPs.

1.4.3. Three-dimenasional nanostructures

Many important applications of 3D nanostructured materials require exact organization of
their components into well-defined hierarchical architectures.[206] The relative position of
individual constituents within the nanomaterials’ structure is one of the factors determining
the properties of the material. Through appropriate selection of component chemical structure,
material synthesis parameters and fabrication method the required control may be achieved,

affording materials with precisely programmed structures and properties.

Combining NPs with natural or synthetic polymer matrix opens a path to obtaining novel
nanocomposite materials that possess advantageous qualities. Properties of such materials —
obtained either via incorporation of the NPs into the matrix or in situ synthesis of the NPs
within the matrix — are determined by a combination of many factors, such as the chemical
composition, density, shape, arrangement of the inclusions, as well as the constitutive
properties of the host material.[207] Incorporation of NPs into polymeric matrices often gives
rise to substantial improvement in the mechanical,[208] thermal,[209] and electrical [210]
properties of the host material. Strategies employed currently for the incorporation of the NPs
into polymer matrix involve either in-situ or ex-situ synthesis of the NPs.[211, 212] The NPs
can be embedded in the bulk of the polymer matrix, which is a typical situation when the NPs
are formed in-situ simultaneously with the matrix, or bound on or near the surface, which

occurs when the NPs are synthesized ex-situ or in-situ after the formation of the matrix.
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Fig. 24. Cross-section SEM image of a polysulfone composite with silver NPs incorporated. A

representative example showing the distribution of NPs within the matrix.[211]

The main drawback of the in-situ method is the possible influence of byproducts or unreacted
substrates, which are not removed after the synthesis, on the nanocomposite properties.[213]
Moreover, the unique properties of the NPs strongly depend on their size, shape, and surface
chemistry.[85, 214, 215] Thus, preparation of monodispersed NPs of well-defined properties
is crucial for the fabrication of nanocomposites with tailored characteristics. This issue is of
extreme importance in applications such as catalysis, where the shape and size of the NPs
determine their catalytic activity.[216, 217] In this respect, the ex-situ approach provides a
better control over the synthesis of the NPs and allows for the transfer of the size dependent

features of the NPs into the nanocomposite property profile.
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Fig. 25. Typical SEM and TEM images of 3D nanostrucutres: nanoballs (dendritic strucutres) (a),

nanocoils (b), nanocaoils (c), nanopillers (d), and nanoflowers (e).[113]

The binding manner of the NPs to the matrix also has a significant impact on the properties of
the composite material. Strong chemical bonding of the NPs is highly advantageous over
weak linkage, since it provides means for permanent attachment of the NPs to the polymer,
which prevents their leaching from the composite. The immobilization of the NPs within the
host is important not only because it makes the material far more resistant and durable, but
also due to the raising concerns about the influence of the NPs on the environment, and the
health risks associated with their release.[218] Better fixation of the NPs within
nanocomposites is one of the approaches employed to the reduction of hazards associated
with the release of NPs.[219] Robust bonding, that prevents the NP leaching, is of high
importance in some of the new applications of the nanocomposites in medicine, like for
example, the fabrication of bactericidal materials,[220, 221] surgical equipment, medical
implants,[222] and biosensors. Such composites are designed to have contact with living
organisms making low cytotoxicity a crucial requirement. The reduced cytotoxicity is
achieved by the immobilization of the NPs on a substrate, which strongly hinders their uptake

by the cells.

In typical fabrication strategies, the NPs are weakly bound to the matrix via hydrogen[223] or
coordination bonds,[224] electronic,[225] or electrostatic attraction between the polymer and
the functionalized NPs.[226] So far, there are very few reports on methods allowing chemical
(covalent) bonding of the NPs to the host.[227, 228] These methods utilize chemically
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modified matrices, where the surface of the matrix contains functional groups of high affinity
that act as anchors for the in-situ synthesized NPs.[227] However, the above approach is not
robust because it relies on specific chemical reaction and requires selection of the reaction
conditions for each type of the polymer host employed. Recently, a novel approach to the
fabrication of nanocomposite containing covalently bonded ex-situ synthesized NPs has been
reported.[228] In the work cited, the reaction of formation of the covalent bonds proceeds
through radical generation, and is initiated by the UV irradiation. Radical reactions are,
however, known to proceed rapidly, in a way that is difficult to control. Grafting polymers
from the surface of NPs is also an interesting approach, in which surface-modification of NPs
with groups capable of initiating polymerization is employed.[229] Nonetheless, this process
may be difficult to control if two reactive radicals are formed from one initiating molecule.
The polymerization may then proceed both on the surface of the NPs and in the bulk.
Controlled radical polymerization is a solution, but high concentrations of transition-metal
catalysts are required in this case. These metals contaminate the final product and their
recovery is difficult. The so-called “grafting from” methods of covalent attachment include
grafting the surface of nanofillers with polymerizable groups, which may be used to obtain
both linear and cross-linked composites.[229] However, due to the interaction of the
polymerizing agents with other molecules that may be present in the system control over the
final product is difficult. A more common approach is the “grafting to” method, where

already synthesized polymers with appropriate reactive end groups are chemically attached to
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Fig. 26. Scheme comparing the concept of “grafting from” and “grafting to” between polymers and the

surface of inorganic fillers.[229]
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A significant advantage of the chemically bound NPs is their lack of tendency towards
aggregation in the immobilized state, which may occur due to low compatibility between the
NPs and the polymer matrix.[230] The aggregation of the NPs is undesired because it can
impair functionality of the composite.[220, 230, 231] The high surface area of nanoobjects
makes them prone to aggregation at high concentrations,[232] which may influence
significantly the material properties.[233] Above a certain amount of nanometer-sized
additives the advantageous influence derived from their presence is no longer observed, as a
result of the aggregation process. Since the key to utilizing the advantageous effects of
nanofillers on the properties of nanocomposites is their uniform dispersion in matrices, the
development of a method allowing for the synthesis of materials with homogeneous
dispersion of the NPs is highly desirable. Functionalization of NP surface with ligands that
enhance the compatibility between the NPs and matrix is a recently reported strategy that
inhibits agglomeration of NPs.[234] However, the weak character of the interaction between
the NPs and polymeric matrix does not guarantee durability of the obtained nanocomposite.
Thus, strong enough attractive interaction between the NPs and polymer must be provided to
prevent the aggregation. For this reason, covalent bond formation between the NPs and the
polymer matrix are desirable[235] for fabrication of highly-loaded nanocomposites. The
formation of strong covalent bonds allows for a much better control over the loading of the
NPs into the obtained composites, which may influence significantly the material

properties.[104]

Nanocomposites are also widely utilized in thin film production. Thin polymer films are
important in many applications, such as electronic packaging[102] and nonlinear optical
devices.[236] It has been reported that the addition of nanofillers to polymers may prevent or
significantly retard the dewetting of substrates, making fabrication of stable and homogeneous
polymer films possible. Though compatibility of the polymer and NPs is key in this process.
The attractive interaction between the two components must be strong enough to prevent the
aggregation of the NPs.

Another promising strategy for complex 3D nanostructure construction is the use of 2D
materials as building blocks. This strategy encompasses combining the 2D materials with
other functional materials to form hybrid nanocomposites. New properties often emerge in

such hybrid nanostructures aside from the characteristics of individual components.[237]
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Three main strategies for such 3D hybrid materials fabrication can be distinguished. Either
separate 2D materials are stacked together or the 2D component is combined with materials of
a different dimensionality (1D or 3D). In the latter case the 2D materials may be used as both
the templating structure or as the material deposited on a template formed by the partner
material.[237] The formation of hierarchical 3D architectures requires the organization of 2D
materials into spatially well-defined configurations.[238] Preserving the unique properties of
2D structures within the 3D architectures remains a challenge. Inhibition of the 2D material
Layer-by-Layer restacking is essential. Such 3D structures possess hierarchical order with
structural features at different length scales. These features impart specific characteristics of
these materials.[238]
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Fig. 27. Hierarchy of a 3D structure of 2D materials (with the example of graphene).[238]

1.4.4. Properties of self-assembled nanostructures

Plasmon coupling derived properties

Coupling between surface plasmons of adjacent NPs may occur when the NPs are in close
proximity. The strength of this electromagnetic coupling is determined by the NP spacing and

medium dielectric constant. Hence, spatial arrangement of NPs within the nanostructure
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affects strongly its interaction with light. The geometry of the NP assembly determines the
assemblies’ plasmon band position. Red-shifting of the resonant wavelength peak is observed
in closely-packed nanostructures due to near-field coupling.[239] For instance plasmonic
coupling observed as a red-shift and broadening of the extinction spectra peak was reported in
a honeycomb NP structure once the NPs were positioned so as to form a spatially crowded
array.[240] In another study tailoring of the plasmon coupling was executed in a 1D NP array
by controlled variation of the interparticle gap width.[241] A nonlocal or quantum-mechanical
mechanism of coupling is suggested due to the observed decrease of coupling strength at NP
separations below 0.5 nm. It was determined that the magnitude of the shift is related to the

particle spacing and is correlated by a inversely proportional exponential dependency [239].
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Fig. 28. Comparison of computer-simulated (o and o) and experimentally measured resonant

wavelength shifts as a function of the gap between two particles.[239]

This shift is relevant at distances smaller than 2.5 times the particle short-axis length. Further
control over the optical properties of nanostructures is accessible in assemblies of anisotropic
in shape nanoobjects.[242] The existence of two distinct assembly manners (i.e. end-to-end
and side-by-side) offers the possibility of optical response alternation depending on the

orientation mode.
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Exciton coupling derived properties

When considering semiconducting NPs two coupling mechanisms can be distinguished — the
Dexter transfer (where electron exchange transfer occurs) and the Forster resonance energy
transfer (FRET). Dexter transfer is predominantly observed in case of NPs with small sizes
packed in a dense manner. This mechanism of coupling results in a photoluminescence
emission and adsorption bands redshift.[243]

The efficiency of the FRET mechanism is strongly distance dependent, hence the transfer of
energy from an excited donor to an acceptor occurs at distances smaller than the critical
Forster radius [244] (usually between 2-10 nm). The excitation energy of an electron is
transferred via an induced-dipole movement interaction,[245] from a smaller NP to a larger
one, in the direction of the reduced energy gap.[246] A prerequisite for this process is the
spectral overlap of donor emission and acceptor absorption bands,[247] as well as appropriate
band gap energy difference. The Forster energy can be cascaded in the targeted direction, as
depicted in Fig. 29., from smaller NPs in the outer layer to the larger ones in the inner layer,
and finally to nanowires.[145]
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Fig. 29. lllustration of coupling between NPs. Variation in the intensity of photoluminescence from a
CdSe nanowire in self-assembled nanostructures comprising of CdSe nanowires, 3.2 nm and 4.1 nm
CdSe NPs, at different times. 1) immediately after adding the 4.1 nm CdSe NPs 2) 21 min after adding
the 4.1 nm CdSe NPs 3) immediately after adding the 3.2 nm CdSe NPs 4) 30 min after adding the 3.2
nm CdSe NPs.[145]
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The FRET process may cause a redshift of the photoluminescence band, quenching of
luminescence quantum yield of the donor coupled with an enhancement of luminescence
quantum vyield of the acceptor,[248] and an accelerated decay of photoluminescence
emission.[145]

Magnetic coupling derived properties

Collective magnetic properties of NP arrays are dependent on the ordering within the
nanostructure. When NPs form densely packed arrangements an increase in their magnetic
interactions can be observed. A structure-dependent magnetization curve was observed in
dense films of assembled maghemite nanocrystals due to dipolar interactions between
particles. For large coupling considerable changes in the hysteresis loop and coercivity were
noted.[249] These changes were assigned to the variation in the anisotropy of the organized
structure. Similarly the coercivity field, Hc, being the field at which all spins within the
sample become disordered, depends on the arrangement of the structure. Values of H. are
larger in case of well-defined structures, as compared to disordered ones.[147] Other
magnetic properties, such as the remaining spin organization of the sample after the external
field removal, i.e. remanence, can display a strong reliance on the structure arrangement. A
clear dependency between the value of remanence and the structure ordering was observed in
case of y-Fe,O3 NP 1D (wires) and two dimensional (2-D) assemblies (films). A distinct
directional dependence was observed only in case of the 1D structure, where a change of the
registered magnetization curves occurs depending on the direction of the applied field. A
directional effect of structure has been theoretically predicted previously in linear chains of

NPs, when the magnetization is measured along the chains direction.[250]
Plasmon-exciton interaction derived properties

Interaction between excitons and plasmons occurs between semiconductor and metal NPs
assembled into superstructures. The semiconductor component is the quantum emitter,
whereas the metallic one is the amplifier or damper. Emission of semiconductor NPs is
increased in the presence of metallic NPs in two cases — when the optical adsorption is
enhanced, and when the emission process is amplified. The amplification of the electric field
inside a complex leads to an increase of semiconductor NPs emission in the presence of

metallic NPs.[251] The presence of a metal can modify strongly the light-emission and
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adsorption properties of semiconductor NPs. Hence, the optical properties of superstructures
comprising of both, semiconductor and metallic NPs, are strongly altered as compared to
single NPs. The intensity of photoluminescence of the semiconducting NPs depends on the
emission, adsorption and energy dissipation rates in the complex,[251] which in turn depend
on the structure assembly. The optical response of such structures are highly sensitive to both

the size and the interparticle spacing of metallic NPs.
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2. Experimental section

2.1. Structure analysis techniques

2.1.1. Nuclear Magnetic Resonance

The Nuclear Magnetic Resonance (NMR) spectroscopy is a useful tool in structure analysis of
chemical compounds. This technique provides detailed information concerning the structure,
reaction state, dynamics, as well as chemical environment of the studied molecules. It relies
on the phenomenon of nuclear magnetic resonance, being a physical occurrence involving the
adsorption and re-emission of electromagnetic radiation. A prerequisite for the application of
this method is the presence of nuclei that manifest magnetic dipoles within the investigated
structure.[252] An external magnetic field will cause the nuclei’s magnetic dipole alignment
relative to the field in quantum mechanically limited spin states (orientations). Spin states
have identical potential energy in the absence of the external magnetic field, but will
differentiate when a field is applied. The difference in energy between these spin states
increases with the increase of the strength of the field. For the necessary magnetic field
generation superconducting magnets immersed in liquid helium are utilized. Electromagnetic
radiation may interact with the described entities possessing a series of states of different
energy.[253] Photons of a frequency in the radio region will cause bridging of the adjacent
levels, provided that their energy matches exactly the frequency at which the nuclei precesses
(this is the so-called resonance frequency). Excitation of the nuclei will then occur through
the promotion of spin states. The excited nuclei relax back to the lower spin states by re-
emission of the excess energy or via its transferal to an appropriate acceptor, such as polar
solvent molecule.[252] Importantly, the resonance frequency is altered by the intramolecular
magnetic field prevailing around an atom in a molecule. This field, derived from the presence
of electrons in a molecule, influences the magnetic field acting on the nucleus, making it
inequivalent to the applied field. Thus the applied field is perturbed by a secondary magnetic
field, arising in the presence of the external magnetic field. The secondary field strength
depends on the structure of the molecule having the analyzed nucleus, and it originates from
the motion of the molecule’s electron cloud. The existence of this field causes the reduction of

the nuclear frequency. Therefore screening of the nucleus from the applied field by its
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electrons occurs.[253] This dependence provides information about the electronic structure of
a molecule and its individual functional groups, as atoms with identical magnetic moments
will have resonant signals at different frequency values, due to differing electronic
environments of each nucleus within the studied molecule. Identification of structural

properties of compounds is therefore possible.

2.1.2. UV-Vis absorption spectroscopy

Optical spectroscopy is based on the relationship between discrete atomic or molecular energy
states E; and the frequency v of electromagnetic radiation, which can be written in the
following form: AE = hv, where AE is the energy difference of energy states of an atom or
molecule. UV-vis spectroscopy is of special interest as the frequencies of electromagnetic
radiation in the ultraviolet and visible regions correspond to the energy differences of atomic
and molecular electronic states.[254] The theoretical basis of measurements in the UV-vis
region is derived from the Bouguer-Lambert-Beer law, which states that the absorbance A, is
directly proportional to the concentration of the light-absorbing substance, c, and the path
length of the sample, d, where the molar extinction coefficient, &,, is the proportionality
coefficient: A, = ¢, ¢ d. The amount of absorbed light is the difference between the incident
radiation (lp) and the transmitted radiation (I) during passing of the light through a sample.
The mentioned relation can be applied only to dilute solutions, as in such conditions & is
constant. In concentrated mixtures € depends on the solution’s refractive index,[255] making
this law inadequate. When a photon with an energy matched to the energy difference of the
molecule energetic levels, is absorbed a transition between the molecule’s energy levels is

triggered.

To obtain a UV-vis spectrum the amount of absorbed radiation is measured at each
wavelength during sample irradiation, and the intensity of absorption is plotted against the
wavelength or frequency of the absorbed light. Concentration of the absorbing species is
indicated by the absorbance intensity, whereas the position of the absorption band maximum

is a measure of the energy levels difference involved in the transition.

On the metal boundary quantized oscillations of surface charge, called surface plasmons,
occur in the presence of an external electric field. In case of metallic NPs a resonance mode

with an optically active dipole field configuration exists. When the frequency of a photon of
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the incident light is in approximation equal to the frequency of the collective oscillation of
conduction electrons at the surface then resonant absorption may occur.[88] Due to this a
strong absorption band in the UV-vis region is observed in case of metallic NPs, as opposed
to bulk metals. The value of the resonance frequency is dependent on the surrounding

medium and adsorbed solutes, as well as such NP parameters as size and shape.

As a consequence of this dependence, UV-vis absorption spectroscopy is also commonly
employed to calculate the size distributions of NPs. In case of spherical particles, this
spectroscopic method allows for the calculation of size distribution and concentration of the
nanoobjects, such as AuNPs.[134, 145, 240] This spectroscopic approach is based on the Mie
theory [241] and its modifications [256] that require detailed information about dielectric
properties of the solvent, structure of the AuNPs surface coating, surface charge, and
interparticle interactions. The lack of this information may lead to unreliable results.
Establishing of the correlation between the particle diameter and the extinction efficiency
allows for the determination of NP concentration, where the extinction efficiency is closely
related to the extinction cross section of a spherical particle with a radius R in a dielectric
medium.[256] Particles with fairly large sizes may be measured using the UV-vis
spectroscopy.[145] For objects with a radius less than ~10 nm it allows only for a rough
estimation of their sizes. Moreover, when the AuNPs possess non-spherical shapes
application of the Mie theory becomes problematic and a reliable calculation of the total

volume of gold clusters in the sample is impossible.

2.1.3. Infra-Red absorption spectroscopy

Electronic transitions are not induced by Infra-Red (IR) radiation, as the energy in this region
is lower than the electronic level differences. IR radiation may cause excitation of the
vibrational and rotational states. Infrared spectroscopy involves the analysis of the IR
radiation interaction with molecules, wherein the photon energy causes a change of the
molecules’ vibrational state.[257] Vibrations are construed as stretching and bending
movements of atoms within the structure relatively to one another, whereas rotations involve
spinning around a given axis. Symmetrical and asymmetric bond stretching can be observed,
however only vibrations causing a change in the molecule’s dipole moment will give rise to

the absorption of IR radiation.[258] Radiation absorption induced transitions between



Two- and three-dimensional nanocomposites containing noble metal nanoparticles functionalized with aminiothioalkyl
ligands

Michalina lwan

molecular vibrational energy levels are measured in IR spectroscopy. The IR spectrum allows
for a “fingerprint” identification of a sample since the vibrational energy levels are
characteristic for a given molecule.[257] This arises from the dependency of vibrational
frequencies of the analyzed molecule on the masses of atoms, their geometric arrangements,
as well as bond strengths. The Lambert-Beer law describes the relationship between the
intensities of the incident and transmitted IR radiation and the analyte concentration. An IR
spectrum is the absorbance (or transmittance) intensity plotted as a function of the
wavelength, A, which is proportional to the energy difference of the ground and excited
vibrational states. A resonance condition exists for the absorbance of IR radiation.
Absorbance of radiation occurs provided its frequency matches the frequency of a particular
normal mode of vibration. Moreover, the transferal of photon energy to the molecule takes
place only on condition that a net change in the molecule’s dipole moment occurs as a result
of its vibrations or rotations.[258] Only molecules fulfilling this requirement are IR active.

This condition may be mathematically formulated as

(2—5) #0,
where the change in the dipole moment p, with respect to a change in the vibrational
amplitude, Q, is greater than zero. The dipole moment of a molecule, p, is defined as the sum
of ratios of the magnitude of the atomic changes (e;) and their positions (ri): u = X ej-r;. The
interpretation of the obtained IR spectra is greatly simplified since vibrations of certain
groups of atoms, such as those in functional groups, are mechanically independent from the

rest of the structure. Hence, these group vibrations possess a characteristic frequency,

independent of the molecule’s structure.

2.1.4. Dynamic Light Scattering

The dynamic light scattering (DLS) technigue involves measurement of Brownian motion of
particles for the determination of their size. Brownian motions of particles suspended in a
liquid result from the constantly occurring random collisions with other molecules within the
solution. The principle of operation of the DLS technique relies on the analysis of fluctuations
intensity of scattered light, during sample laser illumination. The determination of particle

size using this technique is based on the Stokes-Einstein equation, which correlates the size of
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particles with their speed using the translational diffusion coefficient. The speed of particle
diffusion is measured, by determining the rate at which the intensity of the scattered light
fluctuates. The fluctuation of the light intensity will be more rapid in case of small particles,
as compared to larger ones. A component of the DLS instrument called the digital correlator
is used during the measurement for ascertaining the degree of correlation of the measured
signals, allowing for the determination of size, as well as size distribution of particles in the
measured sample. In other words, the correlator measures the degree of similarity of signals at
different time intervals. This correlation of two signals reduces in time. A point in the
correlation graph (the function of the correlation value versus time), at which a significant
decay of correlation is observed indicates the mean size of the samples’ particles, as well as

its polydispersion.

2.1.5. Transmission Electron Microscopy

Transmission electron microscope (TEM) analysis is possible due to the wave nature of
electrons. Electrons being an ionizing radiation are capable of ionizing atoms within the
examined sample. Transmission electron microscopy comprises several different instruments,
that utilize the characteristic features of electrons. The electrons are focused into a thin beam
using electromagnetic lenses, after being emitted from the source. The resolution of an TEM
microscope exceeds by many times the resolution of a light microscope. This is caused by the
small value of the electrons’ de Broglie wavelength, which is inversely proportional to its
energy. Electrons forming the electron beam are scattered due to electrostatic interaction with
the samples’ electrons. In the TEM technique forward scattering is usually utilized for signal
gathering. Most important factors influencing scattering are the electron energy, sample
density, thickness and crystallinity, as well as the atomic number of the scattered atom. The
probability of an electron interacting with an atom via scattering is determined by the
interaction cross-section. This factor depends on the electron beam energy. It is noteworthy
that in this method the whole sample remains in focus provided it is electron transparent. This

feature is independent of the sample’s topography.[259]
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Fig. 30. Diagram of TEM microscope.[260]

Another closely related technique is Scanning Transmission Electron Microscopy (STEM). In
this method a finely focused beam of electrons is scanned across the specimen. Transmission
modes of imaging are usually utilized since detecting transmitted electrons affords higher
signal levels and better special resolution.[261] Increasing the accelerating voltages results in
increased specimen penetration. Moreover, due to a decreased electron wavelength higher

spatial resolution is then available.

2.1.6. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a technique widely utilized for the examination and
analysis of microstructural characteristics of solid objects.[262] The examined specimen is
irradiated with a focused electron beam, producing signals derived from secondary electrons,
backscattered electrons, Auger electrons, characteristic X-rays, and photons of different
energies[262] (Fig. 31. — [263]). The specimen sample is scanned by the finely focused
electron beam, where electrons are accelerated in the direction of the specimen by a voltage in
the range of 200 V — 30 kV.[263] A characteristic feature of SEM is the large depth of field,
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being a measure of the sample scope remaining simultaneously in focus. This enables
acquisition of good quality, in-focus micrographs of rough surfaces at high
magnifications.[263] This feature is used to obtain 3D-like images of the specimens’ surface.
The primary electron beam enters into the sample, where interaction between the beam and
sample occurs. For high-resolution imaging secondary electrons originated at the primary
beam’s point of impact are most desirable. Secondary electrons occurring at other sites as a

result of electron scattering within the sample are less significant.
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Fig. 31. Diagram of SEM microscope.[260]

Secondary electrons carry surface-specific information about the area interacting with the
electron beam. Typically, a depth of roughly 2 — 10 nm for metals, and 5 — 50 nm for
insulators beneath the surface is analyzed via this method, since the secondary electrons
possess a relatively low energy, hindering their escape from deeper regions of the
sample.[263] This escape depth varies with the primary beam accelerating voltage and the

atomic number of the specimen.
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An important advantage of the SEM method is the attainable high resolution during
examination of bulk objects. Resolution values are of the order of 1 — 5 nm. The best
obtainable image resolution is limited by the final electron beam diameter. At the same time
the intensity of the emitted signals is determined by the current of the electron beam, which is
inversely proportional to the beam diameter size.[264] Therefore, a balance between these

two parameters must be found.

2.2. Instrumentation and sample preparation
2.2.1.SEM

SEM micrographs of 2D and 3D nanocomposites were recorded on a scanning electron
microscope Nova NanoSEM 450 after being deposited onto a silicon substrate. To record
images of the 2D nanocomposite film’s cross-section the AUNP monolayer was first deposited
on the silicon substrate. Next, the sample was immersed in liquid nitrogen for 30 s and then
broken in half. The sample was analyzed using SEM microscopy at approximately a 90°
angle. STEM images were recorded using Nova NanoSEM 450 after being deposited on a
TEM grid (Quantifoil R2/2, 300 Cu mesh).

2.2.2.FTIR

Fourier Transform Infrared Spectroscopy (FTIR) spectra were recorded with a FTIR Jasco
6200 spectrometer. All nanocomposites were dried after synthesis, under vacuum conditions
at room temperature, before the registration of the FTIR spectra. Some of the nanocomposites
were additionally heated at 80 °C in an oven (as indicated in the name of the composite, by
the addition of the word ‘sintered’), and kept in that temperature for 12 h.

2.2.3.NMR
'H and *C NMR spectra were recorded on a Varian Gemini spectrometer (200 MHz) and

Varian Mercury 400 MHz. The samples were prepared by drying of the product precipitates at

room temperature and their subsequent dissolving in an appropriate deuterated solvent.
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2.2.4.DLS

The DLS measurements were done using the Zetasizer Nano ZS instrument. The samples

were placed in plastic disposable cuvettes with 1 cm optical path.

2.2.4.UV-vis

UV-vis absorption spectra were recorded on an Evolution 220 by Thermo Scientific company.

The samples were placed in plastic disposable cuvettes with 1 cm optical path.

2.3. Gold nanoparticle synthesis

The gold nanoparticles were synthesized in the water phase according to the protocol of
Martin method.[62] In the first step a basic solution of sodium borohydride and an acidic
aqueous solution of chloroauric acid in water, were prepared. For the preparation of sodium
borohydride solution 9.5 mL of distilled water and 1.58 mL of aqueous solution of NaOH (0.4
mmol/mL) were added into a flask containing NaBH, (0.0248 g; 0.653 mmol). The
chloroauric acid solution was prepared by mixing the chloroauric acid precipitate (0.2033 g;
0,516 mmol) with distilled water (10.2 mL) and hydrochloric acid (0.598 mL; 0.8 mmol/mL).
To obtain AuNPs, 200 mL of distilled water and 2 mL of auric acid solution (48 mmol/L)
were added into an Erlenmeyer flask. The solution was stirred for 5 min, and subsequently 6
mL of the NaBH4(aq) solution (59 mmol/L) was injected into the reaction mixture. A change
of color from yellow to dark red was observed, indicating the formation of AuNPs. The
obtained solution was allowed to stir for 15 min at room temperature (r.t.). It was then heated
to 100 °C in an oil bath for 3 min. Next the solution was stirred at r.t. for 1.5 h.
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3. Results

The presentation of my results starts with the description of the developed synthetic
procedures of novel organic compounds (surface ligands for the functionalization of NPs,
cross-linking agent), as well as spectral analysis of their structure, including *H and **C NMR
experiments. These synthetic protocols are included into the Results section due to their novel
character — they were developed specifically with the synthesis of 2D- and 3D-
nanocomposites in mind. Next, the synthesis protocol of metallic NPs (Ag and Pt), as well as
their structural analysis is reported. In the next section (3.7), | focus on the description of 2D
nanocomposite materials. | describe the conditions of monolayer NP film fabrication, which
occurs at the liquid-liquid interface, being a synthetic platform for this fabrication process.
The synthesis of a stable monolayer nanofilm requires construction of a customized vessel
guaranteeing a controlled change of interfacial area and isolation from the external
environment. The Results section of this dissertation includes the details of construction of
such a compression-reaction device used during the fabrication process along with the
monolayer cross-linking procedure. Later, in section 3.7.2, the mechanism of NP migration to
the liquid-liquid interface is explained, including the dependence of NPs’ susceptibility
towards migration on the pH level (section 3.7.3). The importance of emulsion microdroplets,
acting as NP carriers is elucidated. Finally, structural and mechanical properties of the
obtained 2D film are analyzed (sections 3.7.5 — 3.7.7). The subsequent section 3.8 describes
synthesis and characterization of 3D nanocomposite materials. The synthetic details of 3D
nanocomposite production processes are given for nanocomposites having structures based on
natural (cellulose, starch) and synthetic polymers. SEM microscopy experiments are
described, during which NP distribution within the nanomaterial matrix is analyzed. In this
section, the nature of the NP—polymer matrix bonding is investigated, providing evidence of
the formation of durable chemical bonds. The analysis includes FTIR and NMR experimental
evidence. Finally, | propose a plausible explanation of the role of nanoparticles in the process

of covalent bond formation between nanoadditives and nanocomposite matrices.
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3.1. Synthesis of aminothioalkyl ligands

Three different aminothiolate ligands were synthesized, with four, eight, and twelve carbon
atoms in the alkyl chain referred to as C4, C8, and C12, respectively. These ligands possess a
thiol group at one terminal end and an amino group in the opposite terminal position. The
synthesis of these ligand consisted of only three steps. In the first step, one of the bromine
atoms of dibromoalkane (e.g. 1,8-dibromooctane) was substituted by the phthalimide group.
Then, the second bromine atom was replaced by the thioacetate group. Finally, the terminal
protective phthalimide and acetate groups were removed in a deprotection reaction
(hydrazinolysis and hydrolysis with hydrazine and hydrochloric acid, respectively).

Ligand synthetic procedure

N K" 0
K
//O H3C4</
s K
Br/\E/ﬂiVBr (6] N/M&
: CH,CN, bp , 5h n acetone, 8h, r.t.
3 ’ y

n=1,3,5 (o]
0 0\
CH 1) N,H )
/ et o eI
N/MS HH n
n H
n=1,3,5

Scheme 1. Synthetic routes for the aminothioalkyl ligands. Structures of the ligands used for
functionalization of the NPs: n=1: H3*N-CH2-(CH2)2-CH2-SH (C4), n=3: H3*N-CH2-(CH2)s-CH2-SH (C8),
and n=5; H3*N-CH2-(CH2)10-CH2-SH (C12).

3.1.1. Synthesis of 8-mercaptooctan-1-aminium chloride

The following procedure is given for an exemplary ligand — 8-aminooctane-1-thiol.
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Stage 1 — Synthesis of Synthesis of (8-bromooctyl)phthalimide

@)

J

\

O

Acetonitrile (80 mL) and 1,8-dibromooctane (1.00 g, 2.688 mmol) were added into a 100-mL
flask equipped with a stirring bar, under a reflux condenser. The reaction mixture was heated
to boiling point and potassium phthalimide (0.550 g, 2.969 mmol) was added. The mixture
was kept at the boiling temperature for 6 hours. Next the solvent was distillated from the
reaction mixture. Chloroform (70 mL) was added to the residue and the crystalized potassium
bromide was filtered off. The transparent solution was condensed under reduced pressure and
the product was isolated by silica-gel flash column chromatography (n-hexane : chloroform =
1:1).

Stage 2 — Synthesis of (8-phthalimideoctyl)thioacetate

I e I

\

CHg

Acetone (150 mL) and 8-bromooctylphthalimide (0.660 g, 1.950 mmol) were added into a
250-mL flask equipped with a stirring bar. Next potassium thioacetate (0.223 g, 1.953 mmol)
was added, and the reaction mixture was mixed at room temperature for 12 h. Afterwards the
mixture was condensed under reduced pressure. Chloroform (70 mL) was added and the

crystallized potassium bromide was filtered off and the transparent liquid was condensed.



Two- and three-dimensional nanocomposites containing noble metal nanoparticles functionalized with aminiothioalkyl
ligands

Michalina lwan

Stage 3 — Removal of the terminal protecting groups — synthesis of 8-merkaptooctan-1-

aminium chloride

|
I SN e
o

H
Ethanol (60 mL) and thioacetate ester of octane phthalimide (0.864 g; 2.591 mmol) were
added into a 250-mL flask equipped with a stirring bar under a reflux condenser. The reaction
mixture was heated to 75 °C and a 40% aqueous solution of hydrazine (0.84 mL) was added.
The mixture was kept at this temperature for 5 hours. In the next step the mixture was
condensed under reduced pressure, until dry. To the remaining residue methanol (60 mL) was
added, the solution was heated to 75 °C and 1 M hydrochloric acid solution in methanol (10
mL) was added. The reaction was kept at the elevated temperature for another 7 hours. After
this time the mixture was cooled to room temperature upon which a white precipitate formed.
The precipitate was filtered off and washed with methanol three times. The filtrate was
condensed to approximately 10 mL volume. Methanol (40 mL) was added to the remaining

solution. The product was isolated by precipitation from acetone (MeOH : Acetone 1:18).

3.1.2. Synthesis of 4-aminobutan-1-aminum chloride and 12-aminododecan-1-aminium
chloride

Analogous synthesis protocol to the one described for 8-aminooctan-laminium chloride

applies to:

» 4-aminobutan-1-aminium chloride, wherein the following amounts of reagents were

used:

In the first stage, 14.5 g (67.25 mmol) of 1,4-dibromobutane, 50 mL of acetonitrile, and 6.28
g (33.90 mmol) of potassium phthalimide. To isolate the main product the acetonitrile was
distilled off, and a mixture of chloroform and distilled water was added in order to extract the
product into the organic phase. The organic phase was then dried over anhydrous MgSQO,.
Next 50 mL of ethanol was added and the mixture was heated below the boiling point. After

the crystallization of the main product, it was filtered on a paper filter.
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In the second stage 2.49 g (8.836 mmol) of 4-bromobutylphthalimide, 150 mL of acetone, and
1.01 g (8.807 mmol) of potassium thioacetate were used. To isolate the main product the
solvent was distilled off, and subsequently 30 mL of distilled water were added. The
precipitate was then filtered and recrystallization in ethanol was done. The obtained product

was washed several times with ethanol.

In the third stage 1.94 g (6.700 mmol) of thioacetate ester of butane phthalimide, 100 mL of
ethanol, 0.78 mL of 40% aqueous solution of hydrazine and 10 mL of 0.8M HCI aqueous
solution were used. To isolate the main product the solvent and acid were distilled off and
subsequently 150 mL of distilled water was added. The solution was heated below the boiling
point, and crystallization occurred once the solution was cooled. The precipitate was filtered
and the remaining solution was condensed. The main product was isolated by precipitation

from acetone.

= 12-aminododecan-1-aminium chloride, wherein the following amounts of reagents

were used:

In the first stage 2.00 g (6.095 mmol) of 1,12-dibromododecane, 100 mL acetonitryl and 1.00
g (5.399 mmol) of potassium phthalimide. The main product of the reaction was isolated
using column chromatography, with a chloroform: n-hexane (1:1) mixture as the eluent.

In the second stage 1.02 g (2.597 mmol) 12-bromododecylphtalimide, 100 mL of acetone and

0.312 g (2.679 mmol) of potassium thioacetate were used.

In the third stage 0.550 g (1.412 mmol) of thioacetate ester of dodecane phthalimide, 60mL of
ethanol, 0.37 mL of 40% aqueous solution of hydrazine and 10 mL of 0.8 M aqueous solution

of HCI dissolved in 60mL of methanol were utilized.

A collective presentation of the reagent and product quantities along with the reaction yields

of each synthetic stage is shown in Table 1.
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Stage | Ligand Substrate Yield
No.
1 Dibromoalkane | Dibromoalkane Potassium Potassium | [g] [mmol] | [%0]
[a] [mmol] phthalimide phthalimide
[a] [mmol]
Cc4 145 67.25 6.28 33.90 6.81 24.13 71.18
C8 1.00 2.688 0.55 2.969 0,660 | 1,950 72,54
C12 2.00 6.095 10 5.399 1.024 | 2.597 48.10
2 Bromoalkyl Bromoalkyl Thioacetate Thioacetate | [g] [mmol] [%%6]
phthalimide [g] | phthalimide [o] [mmol]
[mmol]
c4 2.49 8.836 1.01 8.807 1584 | 5.713 64,85
C8 0.660 1.950 0.223 1.953 0.63 1.890 96,92
C12 1.02 2.597 0.312 2.679 1.10 2.498 96,19
3 Thioacetate Thioacetate ester | Hydrazine HCI [mL] [o] [mmol] [%6]
ester [g] [mmol] [mL]
c4 1.94 6.700 0.776 11.64 (aquesous | 0.650 | 4.588 65.76
condensed)
C8 0.864 2.591 0.84 10 amin 0.300 | 1.517 58.55
methanol)
C12 0.559 1.412 0.37 10 (0.m 0,245 | 0,965 68,34
adueous)

Table. 1. Presentation of the reagent and product representative quantities, as well as reaction yields of

each synthetic stage performed during the conducted syntheses.
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3.2. Structural analysis of the ligands
'H and **C Nuclear Magnetic Resonance (NMR) spectra
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Fig. 32. 'H NMR spectrum of (4-bromobutyl)phthalimide, (8-bromooctyl)phthalimide and (12-
bromododecyl)phtalimide in chloroform CDCla.
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Fig. 33. 8C NMR spectrum of (4-bromobutyl)phthalimide, (8-bromooctyl)phthalimide and (12-

bromododecyl)phtalimide in chloroform CDCla.
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Fig. 34. '"H NMR spectrum of (4-phthalimidebutyl)thioacetate, (8-phthalimideoctyl)thioacetate and (12-
phthalimidedodecyl)thioacetate in chloroform CDCls.
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Fig. 35. 13C NMR spectrum of (4-phthalimidebutyl)thioacetate, (8-phthalimideoctyl)thioacetate and (12-

phthalimidedodecyl)thioacetate in chloroform CDCls.
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Fig. 36. "H NMR spectrum of 4-merkaptobutyl-1-aminium chloride, 8-merkaptooctan-1-aminium chloride
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3.2.1. Spectral analysis of the intermediate and final products of the ligands’ synthesis

'H NMR Spectra

On the 'H NMR spectra of compounds having a phthalimide substituent in one terminal
position and a bromide atom in the other terminal position of the alkyl chain (Fig. 32) signals
characteristic for the aromatic phthalimide group are visible in the section 7.71 — 7.81 ppm.
The signals characteristic for the methylene group connected directly, through a single
covalent bond, to the nitrogen atom of the phthalimide group are visible at around 3.65 — 3.71
ppm, whereas signals at around 3.37 — 3.42 ppm correspond to the methylene groups adjacent
to the bromide atom. The signals in the section between 1.2 — 1.9 ppm correspond to
hydrogen atoms of the alkyl chain, where each of the methylene groups neighbors only with

other methyl groups within the chain.

In the '"H NMR spectra of compounds obtained in the second substitution reaction, where the
bromide atom is replaced by the thioacetate group (Fig. 34), the signals discernable at 2.3
ppm corresponds to the methyl groups being a part of the thioacetate. Additional proof that
the reaction proceeded according to the presented Scheme 1 is the disappearance of the signal
derived from the methylene group adjacent to the bromide atom, and simultaneous
appearance of a signal at 2.9 ppm corresponding to the methylene group next to the
thioacetate functional group. The signals in the section between 1.5 — 1.9 ppm correspond to
hydrogen atoms of the alkyl chain, where each of the methylene groups neighbors only with

other methyl groups within the chain.

After the removal of the phthalimide and thioacetate protective groups the final product is
obtained. On the *H NMR spectra of 8-merkaptooctan-1-aminium chloride, 4-merkaptobutan-
1-aminium chloride and 12-merkaptododecan-1-aminium chloride (Fig. 36) the signal at 2.58
ppm correspond to the methylene group bound by a single covalent bond with the thiol group,
whereas the signal at 2.80 ppm indicates the presence of an amino group, as this signal is
derived from the methylene group adjacent to it. In this spectrum the other methylene groups
of the alkyl chain are represented by the signals between 1.0 — 1.5 ppm.
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3C NMR spectra

In the *C NMR spectra of compounds obtained after the first stage of the synthesis
(substitution of one bromide atom by the phthalimide protective group) signals characteristic
for the aromatic phthalimide group are visible at around 123 and 133 ppm (Fig. 33). These
signals correspond to the tertiary carbon atoms of the aromatic ring. In case of all three
ligands the signals at around 34 ppm correspond to the methylene group adjacent to the
bromide atom, whereas the signals at around 38 ppm correspond to the methylene group
adjacent to the phthalimide protective groups. Signals visible between 26 — 33 ppm are due to

the remaining carbon atoms, constituting the alkyl chain.

In the **C NMR spectra of compounds obtained in the second stage (substitution of the
second bromide atom by the thioacetate protective group, see Fig. 35), the signals discernable
at around 30 ppm are derived from the methyl group of the thioacetate substituent. Moreover,
the lack of the signal at 34 ppm provides extra proof of the completion of this substitution

reaction. The other signals remain unchanged.

The **C NMR spectra were not recorded for the final products of the ligand synthesis, due to
the limited solubility of these compounds in organic solvents. However, the high quality *H
NMR spectra of these molecules provided sufficient data to confirm their structure.

3.3. Synthesis of the cross-linking agent - tetra-alkylated naphthalene
dianhydride derivative

Cul, nBuLi

—_— >

Et,0, Ni(dppp)Cl, H,c

I,, oleum
+ B —

50 °C, 48h

Scheme 2. Synthetic routes for the naphthalene anhydride derivative, having four alkyl substituents.
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Stage 1 — Bromination of naphthalene dianhydride

O\ O /O
Br I I Br
Br / Br
o/ o o

A 6.31 g (23.52 mmol) amount of the naphthalene dianhydride, 0.04 g (0.1575 mmol) of
iodine, and 70 mL of 65-70% oleum were mixed in a round-bottom flask, giving a green
solution. The mixture was stirred at r.t. for 30 min, before adding 3 mL (10.5 g; 65.7 mmol)
of bromine. The reaction mixture was then heated at 50 °C for 48 h. Next, the mixture was
poured into a beaker filled with ice and finally filtered on a Buchner funnel. The obtained
precipitate was washed with distilled water (until neutral pH of the filtrate was obtained) and
methylene chloride, respectively. The obtained yellow product was dried at 50 °C, during
24h.

Stage 2 — Gillman reaction — alkylation of the tetrabrominated naphthalene dianhydride

To obtain the Gillman derivative, 1.82 g (9.5 mmol) of anhydrous copper iodine (Cul) and 15
mL of anhydrous diethyl ether were added into a 100 mL round-bottom flask. The reaction
was carried out under ambient gas atmosphere (Ar) at reduced temperature, in a
isopropanol/dry ice bath (-78 °C). Next 7.6 mL of hexane solution of n-butyllithium (n-BuLi;
2.5 M; 0.019 mmol) was slowly (during 2 h) injected into the reaction mixture. A gradual
change of the reaction mixture color into dark purple, and the dissolution of Cul was

observed. The reaction mixture was stirred at the reduced temperature for 1 h. Into another
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round-bottom flask 1.103 g (1.89 mmol) of the tetrabrominated naphthalene dianhydride
(4,5,9,10-tetrabromo- 1,4,5,8-naphthalene tetracarboxylic dianhydride), 75 mg (0.138 x 10~
mol) of nickel catalyst ([1,3-bis(diphenylphosphino)propane] nickel(Il) chloride) and 15 mL
of anhydrous diethyl ether were added. The reaction was carried out under ambient gas
atmosphere (Ar) at reduced temperature, in a isopropanol/dry ice bath. In the next step the
Gilman derivative obtained in the previous step was gradually added into the reaction
mixture, during 4 h. A change of the mixture’s color to dark green was observed. The reaction
mixture was stirred at the reduced temperature for 3 h and then was brought to r.t. and stirred
for another 16 h. Next, 100 mL of diethyl ether was added and the reaction mixture was
transferred into a separatory funnel. The solution was extracted with aqueous hydrochloric
acid (0.4 mol/L). The orange organic phase was separated and extracted twice with distilled
water to remove any leftover acid. The obtained organic phase was separated and dried over
anhydrous magnesium sulfate (MgSO,), during 20 min. The MgSO, precipitate was then

filtered. The main product was isolated in the next step.
Stage 3 — Isolation of the main product

Chloroform was evaporated under reduced pressure. The remaining residue was dissolved in
toluene at an elevated temperature (120 mL). A 20 mL aliquot of the obtained solution was
transferred into a separate beaker, and 100 mL of hexane was added, upon which precipitation
of a white sediment occurred. This precipitate was filtered on a suction funnel. The filtrate
was condensed under reduced pressure to a volume of ~5 mL. Then, 145 mL of hexane was
added, and the obtained solution was kept at —10 °C for 12 h. In the next step the precipitated

sediment was once again filtered off. Finally the solvent was evaporated at reduced pressure.

3.4. Structural analysis of the cross-linking agent

The H and **C NMR experiments were conducted solely for the final products of the

synthesis due to the insufficient solubility of the intermediate products.
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3.4.1. Spectral analysis of the cross-linking agent molecules

'H NMR Spectra

The *H NMR spectrum of the cross-linking agent solution indicates that although the studied
sample predominantly contains the tetra-substituted anhydride naphthalene derivative, having
four alkyl chains attached to the aromatic core, derivatives substituted to a lesser extent
(having 1, 2, or 3 alkyl chains) are also present. These minor contaminants also participate in
the cross-linking reaction, since they too possess the reactive anhydride functional group
within their structure. The deficiency in the number of alkyl substituents influences only their
solubility in the organic solution. On the presented spectrum signals visible between 0,84-
2,50 ppm correspond to alkyl chains attached directly to the aromatic core of the naphthalene
anhydride. The weak signals within the range of 2,85 -3,60 ppm and 7,50 — 8,50 ppm
correspond to the hydrogen nuclei of the incompletely substituted naphthalene anhydride

molecules.
13
C NMR spectra

The signals visible in the **C NMR spectrum of the tetra-alkylated naphthalene dianhydride
derivative correspond to the carbon atoms of the alkyl chains. The signal at 31.33 ppm is
derived from the carbon atoms linked directly to the aromatic core of the molecule. The signal
at 13.78 ppm corresponds to the terminal carbon atoms in the alkyl substituents, whereas the
signal at 22.66 ppm corresponds to the remaining carbon atoms of the alkyl chains. Signals of
the quaternary and tertiary aromatic atoms, as well as the atoms constituting the dianhydride
functional group were not registered. These signals are often weaker and require higher
sample concentration, which was impossible to achieve in this case due to the limited
solubility of the molecule. The data obtained in the *H and **C NMR experiments is sufficient

to confirm the structure of the cross-linking agent.
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3.5. Nanoparticle synthesis and functionalization
3.5.1. Gold nanoparticles
3.5.1.1.Gold nanoparticle functionalization in the organic phase

In the first step the AuNPs, synthesized according to the Martin method, were transferred into
a separatory funnel. A 40 mL of octadecylamine (0.041 mg; 0.152 mmol) toluene solution
was added into the funnel. Extraction of the AuNPs into the organic phase was performed by
vigorous shaking of the system. The organic phase was separated and added into 300 mL of
MeOH. This solution was left overnight to allow the AuNPs to precipitate to the bottom of the
flask. In the next step, the AuNP methanol solution was centrifuged at 7000 rpm for 10 min,
washed with 70 mL of MeOH, and centrifuged again at 7000 rpm for 10 min. This washing
procedure was repeated 3 times. After each centrifugation the supernatant was decanted from
the precipitate and thrown away. Finally, the obtained AuNP black precipitate was dissolved

in 20 mL of toluene.

A 10 mL aliquot of the AuNP toluene solution was divided into 2 mL portions in Eppendorf
falcon tubes. Next, 300 pL of the C8 aminothiolate ligand methanol solution (6.73 X 1072
mol/L) was added into each falcon tube, and the resulting solutions were sonicated for 30 min
in reduced temperature (obtained by addition of dry ice to the water bath of the sonicator).
Then, the solutions were centrifuged at 5000 rpm for 10 min, and the supernatant was
decanted. To the obtained precipitates, 9 mL of MeOH was added and the fractions were
combined. Next, the methanol solution was divided equally among six 15 mL falcon tubes,
and each of the obtained samples was sonicated for 5 min in reduced temperature. Then 12
mL of n-pentane was added into each falcon, and the precipitates were centrifuged at 7000
rpm during 5 min. The supernatants were decanted, and again 1.5 mL of MeOH was added
into each of the falcons, the samples were sonicated for 5 min in reduced temperature, 12 mL
of n-pentane was added, and the samples were centrifuged at 7000 rpm for 5 min. This
washing procedure was repeated two more times. Finally, 2.81 mL of distilled water was
added into the AuNP precipitate obtained after centrifugation to obtain an aqueous AuNP
solution (4.03 x 10~® mol of AuNPs/L). Their core diameter was 5.6 nm, as determined with

UV—vis measurements.
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Scheme 3. The procedure of synthesis of octadecylamine functionalized NPs (a), and functionalization
of such NPs with the C8 ligand (b).

3.5.1.2. Gold nanoparticle functionalization in the aqueous phase

To functionalize AuNPs, 2 mL of distilled water, aqueous solution of 8-mercaptooctane-1-
aminium chloride ligand (171 puL; 10 mM) and hydrochloric acid (96 uL; 0.8 M) were added
into a glass vial. The solution was then heated to 70°C, and a solution of AuNPs (20 mL) was
added drop-wise into the flask at the rate of 1 drop per second. The mixture was kept at 70 °C
for one hour. The obtained NPs were stable for at least 3 months. The NPs were centrifuged at
9000 rpm for 10 min to remove all objects larger than 30 nm. The obtained NPs are denoted
Au@C8 in the following text.

3.5.2. Noble metal nanoparticles

Silver nanoparticles synthesis

To obtain AgNPs, tri-sodium citrate solution (1.6 mL; 38.3 mM) was mixed with fresh
aqueous sodium borohydride solution (0.4 mL; 112 mM). The obtained solution was cooled
to 10 °C and aqueous solution of AgNO3; (20 mL; 1 mM) was added dropwise under

continuous stirring, upon which a yellow color appeared.
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Silver nanoparticles functionalization

To functionalize the AgNPs, an acidic solution of the ligand was prepared by mixing glacial
acetic acid (50 pL), aqueous solution of the ligand C8 (50 uL; 0.001 M) and of distilled water
(1 mL). This solution was next cooled to 3-5 °C, and AgNPs solution (5 mL) was added. The
color of the solution should not change upon the addition of the AgNPs. The obtained AgNPs
were stable for several hours in the solution. The obtained NPs are referred to as Ag@C8 in

the following text.
Platinum nanoparticles synthesis

In the case of platinum nanoparticles (PtNPs) aqueous solution of K,PtCl, (7.8 mL; 10 mM)
and aqueous solution of trisodium citrate (3.64 mL; 34 mM) were added to distilled water (65
mL). Next fresh aqueous sodium borohydride solution was prepared by dissolving sodium
borohydride (4.17 mg) in trisodium citrate solution (5.55 mL; 34 mM) and diluting the
obtained mixture with distilled water (25 mL). Finally, the obtained NaBH, solution was
added dropwise under continuous stirring to the solution of K,PtCl, at room temperature. The
obtained mixture was kept at room temperature for 5 h and then was centrifuged at 9000 rpm
during 10 min. The obtained supernatant was separated giving a clear, greenish solution of
PtNPs.

Platinum nanoparticles functionalization

To functionalize PtNPs, distilled water (2.2 mL), aqueous solution of 8-mercaptooctane-1-
ammonium chloride ligand (190 pL; 10 mM) and hydrochloric acid (0.6 pL; 0.8 M) were
added into a glass vial. The mixture was then heated to 70 °C in a water bath, and 2 mL of the
aqueous solution of PtNPs was added drop-wise at 0.5 mL-min™ rate. The mixture was kept at
the elevated temperature for another 10 min. The obtained NPs are denoted as Pt@C8 in the

following text.
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3.6. Characterization of nanoparticles

3.6.1. DLS
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Fig. 38. A graph obtained as a result of the DLS measurement of an aqueous solution of AuNPs
synthesized via the Martin method.

The synthesized NPs possessed a diameter of 6.6 nm. As can be seen in Fig. 38, in the
obtained graph only one narrow peak was present. Signals originating from larger clusters of
the NPs were not detectable. This provides a proof of the measured nanoobjects’ low
polydispersity and stability against aggregation.
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Fig. 39. A graph obtained from the DLS measurement of aqueous solution of AuNPs functionalized in
aqueous conditions with the 8-merkaptooctan-1-aminium chloride.
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The NPs obtained after functionalization with the 8-merkaptooctan-1-aminium chloride
possessed a diameter of 9.8 nm. As expected, the diameter of these NPs is slightly larger than
that of the Martin NPs, since the surface ligand possesses a fairly long alkyl chain. A similar
trend was observed in case of the NPs functionalized with ligands C4 and C12. The presence
of a single narrow peak in the obtained graph provides evidence of the measured nanoobjects’

monodispersity.

3.6.2.UV-vis

UV-Vis spectra of gold NPs used in the nanocomposite fabrication process
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Fig. 40. UV-vis spectra of AUNPs used in the process of 2D and 3D nanocomposite fabrication. Spectra
of AuNPs before functionalization with aminothiolalkyl ligand (Martin AuNPs) and after their

functionalization in the aqueous and organic phase are shown.

From the UV-vis spectra the size of the gold NPs were calculated, according to the procedure
described in Ref. 256. The calculated sizes of the NPs are as following: Martin NPs — 6,06
nm; Au@C8 functionalized in the water phase — 6,23 nm; and Au@C8 functionalized in the
organic phase — 6,02 nm. As seen from the obtained spectra the size of the nanoparticles
functionalized in the aqueous phase is slightly larger, as compared to the Martin
nanoparticles. Since the UV-vis spectrometric method allows for the measurement of the

metallic core size, this may indicate that during the functionalization process the nanoparticles
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were temporarily less stable. The small width of the peaks corresponding to the Martin NPs
and the NPs functionalized with C8 ligand in aqueous conditions indicates the low
polydispersity of these solutions. A clear widening of the peak was visible in case of the NPs
functionalized with the C8 ligand in the organic phase. This signifies a larger polydispersity

of the obtained NP solution.

3.7. 2D nanostructures - self-organization method at liquid-liquid
interfaces

3.7.1. Cross-linked NP monolayer fabrication process

Formation of the AuNP monolayer at the oil-water interface by mechanical agitation

A 10 mL glass vial was filled with 2.5 mL of distilled water, 20 uL of AuNPs (4.03 x 107°
mol AuNPs/L), 2.5 mL of hexane, and 20 pL of 0.04 M aqueous solution of NaOH. As a
result, a biphasic system was formed with the AuNPs dispersed in the bottom aqueous phase.
Next, the vial was vigorously shaken for 45 s. As a consequence, the system became turbid
due to the formation of the oil-in-water emulsion, and the AuNPs were transferred onto the
interface, forming a purple layer. Straight away, 55 pL of 0.8 M HCI was injected into the
bottom aqueous phase, through the top phase, and immediately the sample vial was once
again shaken vigorously for 60 s. This resulted in formation of a red AUNP monolayer at the

interface.

In this process NPs functionalized with the C4, C8 or C12 ligand may be used. The chemical
properties and reactivity of C4, C8 and C12 ligands are analogous to some extent, however an
increase of carbon atoms in the ligands’ structure causes gradual alternation of their
characteristics. The C8 ligand having an intermediate amount of carbon atoms possesses
transitional properties between the properties of the short C4 and the long C12 ligand. For the
synthesis of 2D nanofilms the NPs functionalized with C8 ligands were utilized, since they
exhibit optimal solubility in both the polar aqueous phase (when in the protonated state) and
in the oleic phase (when in the neutral deprotonated state). This ensures better stability of NPs
once located at the liquid-liquid interface, where some of the surface ligands are immersed in
the water phase, and others in the oil phase. Such increased stability makes the fabrication of
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a stable NP monolayer feasible, making the C8 ligand the best choice for the 2D monolayer

nanofilm formation process.
Construction of the compression-reaction device

The technical issue that had to be overcome in order to fabricate a cross-linked 2D NP
monolayer was the development of a means of controlling the interparticle distance between
NPs located at the liquid-liquid interface. This was imperative since initially the distance
between neighboring NPs at the interface exceeds greatly the length of the cross-linking
agent. Hence effective cross-linking requires reduction of this distance. Moreover, successful
preparation of a stable 2D nanofilm required a reaction system isolated from the external
environment, to ensure constant composition of the reaction mixture during the fabrication
process. These requirements were fulfilled owing to the designed compression-reaction
device. The compression-reaction device served as a reaction vessel during 2D monolayer
film fabrication that, once securely closed, hindered the evaporation of volatile solvents used
during the NP monolayer cross-linking process. The mobile pistons situated on either side of
the device enabled area regulation of the liquid-liquid interface, and therefore, provided
control of the distance between adjacent NPs within the interfacial monolayer. This function
of the device was indispensable, as it allowed for the reduction of the NP-NP distance to an
appropriate value that allowed covalent linking of neighboring NPs by the cross-linking
agent. Conduction of efficient cross-linking was hence possible. The device was constructed
using a 50 mL polyethylene syringe with the tapered end cut off to create a cylinder with two
identical openings at both ends. An opening (a window) of the size of about 1 % 1 cm? was cut

out in the top portion of the cylinder to provide an access to the interior of the device.

Window

TR ‘

Piston

Fig. 41. Image showing the compression — reaction device.
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The cylinder was equipped with two polyolefin pistons at both ends. By moving the pistons,
the liquid—liquid interfacial area could be easily controlled. The obtained device was
equipped with a mixing element, and mounted on a magnetic stirrer. After the addition of the
solvents and the AuNPs, one of the pistons was moved past the opening to create a closed
(isolated) system to avoid hexane evaporation during the cross-linking process. During the
compression of the interfacial area, a needle was inserted into the wall of the cylinder to
countervail the inner pressure. The amount of solvents and substrates was easily controlled
with a syringe and needle inserted through the wall of the device. After the cross-linking
reaction was completed, a second window was cut out in the cylinder, enabling manipulation

of the obtained film.
Formation of the AUNP monolayer using the compression-reaction device

The first four vials containing the biphasic hexane/water system with the AuNPs adsorbed at
the interface were prepared via the mechanical agitation method described above (point 3.6).
Next, 20 mL of 15 mM HCl(ag), 10 mL of hexane, and the four 10 mL vials with the
hexane/water/AuNPs system were introduced into the compression-reaction device through
the window in the top of the cylinder. A biphasic system was then established. Next, excess
solvents (approximately 10 mL of water and 10 mL of hexane), introduced into the system
along with the Au@C8 NPs at the interface, were removed from the device. Then, the
interfacial area was slowly compressed. The pistons were shifted inward until they were 16
units apart on the cylinder’s scale. This distance matched an interfacial area that corresponded
well to the area occupied by a monolayer of densely packed AuNPs. The appropriate
interfacial area was designated via a trial and error method. An optimum distance between
NPs at the interface was selected by comparison of the quality of monolayer films obtained at
different degrees of compression. The obtained films were assessed upon their SEM
micrographs, registered subsequently to the covalent cross-linking process. The subsequent
stages of the process are illustrated in Fig. 42. Upon further compression, migration of the
AUNPs into the aqueous phase occurred, due to excessive confinement of the electrostatically
repulsing AuNPs. The obtained monolayer was then left for 90 min, while the system was
slowly mixed (225 rpm), to allow the AuNPs to spread uniformly at the interface. After this
time, 2 mL of a hexane solution of the crosslinking naphthalene dianhydride derivative (4.065

x 10°° mol) was injected into the upper organic phase, and the system was left under gentle
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stirring for 3 days for the reaction to complete. A naphthalene dianhydride derivative, having
a semiconducting conjugated aromatic core, was chosen as the cross-linking agent. | decided
to employ such molecule because it’s properties may be useful in future research, for

fabrication of conducting monolayer membranes.

Oil

(b)

Fig. 42. Subsequent steps of the synthesis of the composite film: (a) AuNPs forming irregular patches at
the oil-water interface. (b) Uniform spreading of AuNPs after stirring. (c) AuNPs monolayer after
compression. (d) Cross-linked AuNP monolayer. The monolayer cracked in a way characteristic of stiff
materials. The schemes illustrate the corresponding arrangement of the AuNPs at the oil-water

interface.
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Transfer of the cross-linked monolayer onto a TEM grid

To demonstrate the robustness of the obtained cross-linked monolayer and its stability in air
conditions, the as-prepared monolayer was transferred onto a TEM grid. Such grids possess
circular openings in their structure. The obtained nanofilm was stretched across such
openings, and was supported only on the periphery of each aperture, leaving the most part of
the film unsupported. This provided a direct evidence of the truly free-standing nature of the
film. To transfer the monolayer membrane a Teflon support was placed in the bottom phase of
the compressing device before the addition of the AuNPs. On this holder a TEM grid
(Quantifoil R2/2, 300 Cu mesh) was then placed.

Fig. 43. Photograph showing the Teflon holder and TEM grids immersed in the bottom phase inside the

compression-reaction device, before free-standing monolayer fabrication process.

The grid was present in the device during the whole fabrication process. Once the cross-
linking reaction was completed, 1.5 mL of the upper hexane phase was removed and,
subsequently, 1.5 mL of pure hexane was added. This rinsing procedure was repeated 5 times
to remove any unbound cross-linking agent from the system. Finally, two needles (0.5 mm
diameter) were inserted into the device through its walls — one above the top phase and one in
the bottom of the device, so that the end of the needle was submerged in the aqueous phase —
to allow very slow gravitational outflow of the solvents. As the liquid—liquid interface was
lowered below the level of the TEM grid, the monolayer was deposited on its top. Finally, an
opening (1 x 1 cm?) was made in the top wall of the cylinder through which the grid was
taken out from the device. Before the analysis the grid was immersed in pure chloroform for

0.5 min to remove any organic contaminations such as unreacted or weakly bound cross-
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linking molecules, as well as any polymer residues that may be left on the TEM grid after its

fabrication.

3.7.2. Emulsification-induced transfer of the AuNPs onto the interface (“cargo
mechanism”)

The AuNPs do not adsorb spontaneously at the interface. The key role in the AuNP transfer
mechanism is played by hexane microdroplets that act as the carriers of the AuNPs that
transport them as a “cargo” from the bottom phase to the interface. Transfer of the AuNPs
from the bulk aqueous phase to the oil—water interface is facilitated by the formation of the
oil-in-water emulsion. Vigorous shaking is the simplest way for creation of microdroplets in
the bottom phase. Such mechanical agitation provides input of energy needed for expending
the interface between the two immiscible liquids and the formation of the oil-in-water
emulsion. Another way of microdroplet generation is by inducing a rapid quench of
temperature of a biphasic system, where both phases are saturated with the minor ingredient
(water in the oleic phase, and oil in the aqueous phase) before the quench. In case of the water
— hexane pair when considering liquid-liquid equilibria, a general trend of increasing
solubility of oil in water with temperature is observed.[265] A rapid decline of temperature
leads to a sudden drop of this solubility. The single binary water — oil phase transforms into a
biphasic system, whereby the precipitated hexane in the water-rich phase is in the form of

microdroplets.

Two phenomena are responsible for the emulsification-induced transport mechanism: (i) the
energy barrier due to the partial deprotonation of the aminothiolate ligands occurring during
the transition of the AuNPs from aqueous phase on the oil-water interface and (ii) the
entrapping of the AuNPs at the oil-water interface. The rough approximation of the
deprotonation energy for primary amines is about 20—30 kJ/mol[266] (about 10 kgT per
ligand molecule). The number of ligands on the AuNP of the diameter ~5 nm is estimated as
~400-500.[267] Thus, assuming that from 10 to 100 ligand molecules have to be
deprotonated for the AuNP to be adsorbed on the oil-water interface, the energy barrier is as
big as 10°~10° kgT. Creation of the oil-in water emulsion provides an excitation that is needed
to overcome such a high energy barrier and bring the system to the stable lowest energy state
(Fig. 44). The formation of the oil-in-water emulsion increases the energy of the system in

two ways. First, it increases the total oil-water interfacial area and, consequently, the total
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interfacial energy. Second, it causes the increase of the chemical potential, o, of the oleic
phase. The value of peii grows because the formation of the emulsion causes a substantial
increase of the pressure of the oil within the droplets. The extra pressure is given by the
Laplace formula, Ap = 2y,w/R, where R is the radius of the droplet. Since chemical potential is
an increasing function of the pressure, one has (T, p+Ap) > woil(T, p). The surface tension
between two liquids can be reduced by surfactant or solid particle adsorption.[268]
Adsorption of the AuNPs at the interface gives rise to the decrease of the value of the
oil-water surface tension, yow, by the value Ayqw, Which is approximated [268, 269] as the
product Ayew = EaN,. Here E; is the AuNP adsorption energy, and N, denotes the number of
the adsorbed AuNPs per unit area of the oil-liquid interface. It is the reduction of the
chemical potential L that makes the AuNPs adsorb at the surface of the oil droplets. That is,
the lowering of the interfacial energy resulting from the decrease of the interfacial tension is
not sufficient to overcome the energy barrier and trigger the adsorption. Otherwise, the
AuNPs would spontaneously adsorb also at the planar oil-water interface. The oil-in-water
emulsion is unstable and the oil droplets coalesce to reduce the total interfacial area. In the
process, the droplets driven by the buoyancy forces carry upward the adsorbed AuNPs as their

“cargo”. Eventually, the planar oil— water interface is restored (Fig. 44).

The established interface contains all of the AuNPs that adsorbed at the oil droplets. The
unusual stability of the AuNP monolayer adsorbed at the oil—water interface is a remarkable
feature of the system discussed. Once the AuNPs had adsorbed at the interface it was
extremely difficult to transfer them back into the bulk phase. The monolayer withstood even
re-emulsification of the system. The only way to make the AuNPs migrate back to the
aqueous phase is reduction of the interface area. The strength of the adsorption force can be

explained in terms of the entrapping effect that is shown in the inset in Fig. 44.
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Fig. 44. Explanation of the emulsification-induced adsorption of the AuNPs at the oil-water interface.
Transfer of the AuNPs at the oil-water interface requires overcoming an energy barrier due to partial
deprotonation of the amine moieties. Formation of an unstable oil-in-water emulsion provides an input of
energy necessary to pass this barrier. The AuNPs can adsorb at highly curved surfaces of the hexane
droplets. The droplets coalesce to restore the oil-water interface containing adsorbed AuNPs. Inset:
Entrapping mechanism. Energy of the Janus-like AuNPs at the oil-water interface is smaller than those

in bulk oil and water phases.

The AuNPs coated with aminothiolate ligands that were used possess the ability to alter their
surface charge via protonation/deprotonation processes. As a result, the ligands’ properties
change from highly hydrophilic to hydrophobic, when transferred from acidic aqueous
solution to oleic phase. When brought at the interface, the AuNPs exhibit amphiphilic
properties. Their hydrophobic portions (covered with deprotonated ligands) face toward the
oleic phase, whereas their hydrophilic portions (covered with positively charged ligands) face

the aqueous phase. Such a structure of the NP is often referred as to the Janus-like one.[137,
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270-277] Note that a similar kind of re-distribution of the surface charge, occurring upon
attachment of the AuNPs to the interface, has been reported by Reincke et al.[134, 204] In the
work cited, charged ligands remained on the hemisphere that was submerged in the water rich
phase, and neutral ligands were located on the side immersed in organic phase. Here, the
energy needed to transfer the Janus-like AUNP from the interface to the oleic and water phase
are, respectively, AE,, = nRz[Z(yW —Yo) + Yow] and AEg = nRz[Z(YO = Yw) T Yow]. Here vy, and yy
denote respectively surface tension of the deprotonated AuNP in oleic phase and protonated
AUNP immersed in the aqueous phase. Since the values of the surface tensions vy, and vy, are
roughly similar, both AEy and AE,, are positive. This follows that the AUNP is entrapped in an
energy well. The thermally activated desorption of AuNPs occurs when the depth of the well
(the desorption energy) is 5—10 times larger than the thermal energy.[278] Thus, given the
high resistance of the monolayer to desorption, one expects that the depth of the energy well
in the system considered is many times greater than kgT. The AuNPs did not exhibit a
tendency to transfer from the aqueous to the oleic phase, even at high pH levels. This

indicates that y, > yy and, consequently, AEy > AE,,.

The stability of the AuNPs within the monolayer, combined with their ability to create
chemical bonds with the cross-linking molecule, is a crucial requirement of the presented
fabrication method. Fig. 45 explains the fabrication process.
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Fig. 45. Transfer of AuNPs at the oil-water interface through the “cargo mechanism”. The amphiphilic
(Janus-like) character of AUNPs makes them capable of adsorbing on the surface of hexane droplets
that migrate to the oil-water interface carrying AuNPs as their “cargo”.
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3.7.3. Dependence of the NP susceptibility toward migration on the solution pH

In the method presented AuNPs functionalized with aminothiolate ligands were employed.
These ligands possess a thiol group at one terminal end and an amino group in the opposite
terminal position.[279] The thiol group is used for anchoring of the ligand to the AuNP
surface, whereas the amino group is unbound and has the capability of bonding protons in a
reversible way. An equilibrium between the protonated and nonprotonated amino groups is
established depending on the pH of the solution. At low pH values the AuNPs are strongly
protonated. The protonation degree decreases as the pH value rises.[280] The fraction of
protonated ligands determines the net surface charge of the AuNPs because the protonation
generates a positive charge on the nitrogen atom of the amino group. The possibility of easy
tuning of the AuNP hydrophilicity without the need of any chemical change of the AuNPs
surface offers a means of facile control of the system. Such AuNPs can be easily dispersed in

the aqueous phase and can form very stable monolayers at the oil—water interface as well.

Acidic pH Basic

—

“

Positive NP surface charge Neutral

Fig. 46. pH-controlled behavior of AuNPs: At low pH AuNPs do not exhibit a tendency toward
adsorption at the hexane droplet-water interface. For the range pH 3-10 they adsorb at the droplets. As
pH increases further, a layer of aggregated AuNPs is formed at the interface. Exceedingly high pH

levels lead to the bulk aggregation.

The transfer of the AuNPs from the bulk aqueous phase to the oil—water interface takes place
only for certain pH levels. At high acidic conditions the AuNPs with a high positive charge
are not capable of adsorbing on the surface of the hexane droplets, even under intense
mechanical agitation. On the other hand, strongly basic conditions cause bulk aggregation and
sedimentation of the AuUNPs. Hence, an intermediate value of the protonation must be reached
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for the adsorption of the AuNPs to occur (cf. Fig. 46). We found that the “cargo mechanism”

is operative for the pH in the range from about 3 to 10.

3.7.4. Monolayer covalent cross-linking process

In my approach, I used a water—hexane binary mixture, which forms a biphasic system. This
system consists of two immiscible phases: an oil and a water-rich one. The oil—water interface
Is used here as a template for the self-assembled AuNP monolayer. In the first step, the
AuNPs are introduced onto the oil-water interface. To carry out the cross-linking reaction,
the AuNPs have to be brought close enough to each other so that the cross-linking molecule is
able to attach itself to the ligands bound to two neighboring AuNPs. The reduction of the
interparticle distances is achieved by compression of the oil-water interface area. Because
ligands immersed in the aqueous phase are protonated, the AuNPs possess positive surface
charge. As a result, the electrical repulsion forces effectively prevent the AuNPs from
aggregation. After the compression the AuNPs stay in close proximity to one another within
the monolayer, and are prone to cross-linking. Once the interfacial area is sufficiently
reduced, the AuNPs are chemically bound to create a stable and robust monolayer. A
naphthalene dianhydride derivative, substituted in four positions by alkyl chains (cf. Fig. 47),
was employed as the cross-linking agent. The role of the alkyl chains is to increase the
solubility of the naphthalene molecule in organic solvents, as it is introduced into the system
through the upper oleic phase. The amino terminal groups of the AuNP ligands are capable of
forming spontaneously chemical bonds with various functional groups of organic compounds.
In particular, they create amide bonds with the anhydride moiety.[281] The presence of the
rigid aromatic core separating two reactive groups hiders binding of the linker molecule to the
same AuNP. This feature, combined with the fact that the reaction occurs under ambient
conditions, makes naphthalene anhydride derivative an effective cross-linking agent. The
above described, simple self-designed compression-reaction device built of a polymeric

syringe equipped with two pistons was constructed to perform the fabrication process.
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Fig. 47. Method of obtaining the free-standing nanocomposite film. Subsequent steps of the film
fabrication process, that include: introduction of NPs to the liquid-liquid interface, interfacial area
compression, monolayer cross-linking process in the presence of the cross-linking agent, and finally

removal of the stable monolayer from the compression-reaction device.

The mobile pistons placed at both ends of the cylinder enabled facile compression of the
AuUNP monolayer, and achieving dense packing of the AuNPs that is necessary for the
chemical cross-linking. The cross-linking agent was then introduced into the upper oleic
phase. After the cross-linking reaction was completed, a uniform film floating at the oil—water
interface was formed. As shown in Fig. 50b, the as-obtained film cracked in a fashion typical
of brittle materials. The proper amount of the cross-linking agent was adjusted by trial and
error to provide efficient cross-linking of the monolayer. An excess amount of the linking
molecules leads to coating of the individual AuNPs by the naphthalene derivative molecules.
Saturation of the majority of the surface amine groups with one of the two available
carboxylic dianhydride moieties blocks formation of the covalent bonds between the adjacent
AUNPs. As a result, the integrity of the monolayer film is substantially impaired. On the other
hand, a deficient amount of the cross-linker agent makes it impossible to form a sufficient
number of connections between the neighboring AuNPs. The obtained film is then very

fragile and easily disintegrates.
3.7.5. Cross-linked NP monolayer - the final product
As shown in the SEM experiments, the obtained film is comprised of uniformly distributed,

densely-packed AuNPs. Scarce voids and irregularities are visible within the film structure.

Such imperfections may be caused by insufficient monodispersity of the NPs or perturbations
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occurring during film transferal from the interface onto silicon wafers. Mechanical stress
arising during film transferal is also most likely responsible for the generation of the observed
large cracks of the film. The shape of this crack displays features characteristic of stiff
materials, that is, the sharp mutually matching edges. Such crack shapes are created as a result
of a rupture of a brittle solid. The image presented in Fig. 50b provides additional
confirmation that within the film the AuNPs are permanently linked through chemical bonds.
To further characterize the obtained material, a cross-section of the film transferred from the
oil—water interface onto a silicon wafer was investigated with SEM microscopy. The recorded
micrographs clearly indicate that the film is composed of a single layer of AuNPs spread
uniformly over the silicon substrate. Additional characterization of the film was achieved by
performing STEM experiments, after the deposition of the film on a TEM grid. The obtained
micrographs of the free-standing film confirm the covalent nature of the interparticle bonds
between adjacent NPs. These bonds provide the monolayer film with the necessary stability to
withstand harsh conditions (e.g. during film rinsing, under the influence of an electron beam)
and guarantee the films durability even when extended over holes of a porous grid, and
lacking support from the bottom. The STEM micrographs reveal patches, having the size of a
few micrometers that span over the grid surface. Individual AuNPs within the monolayers
form a densely packed structure, with visible characteristic sharp-edged cracks. Such cracks
are typically formed as a result of a rupture of a stiff material. Note here that similar fracture
patterns have also been observed [282] for NP monolayers that were not covalently cross-
linked. However, these films were deposited on solid substrates, where the adhesion of the
NPs to the solid support strongly affected the mechanical properties of the deposited
monolayer. The film shown in Fig. 51 is spread over a porous carbon layer, and its large
portions are free-standing. These unsupported fragments of the film have contact with the
solid support only at the peripheries of the holes. One may expect that if this film was not
bound covalently, mechanical stress would lead rather to its bursting instead of cracking in
the absence of stabilizing solid support. The STEM analysis showed that the nanocomposite
film possesses both mechanical and chemical durability. It proved to be resistant to the
mechanical stress associated with the deposition on the TEM grid and could withstand intense
rinsing in pure chloroform. The fact that the deposited monolayer films sustained their
integrity during the washing in chloroform provides a strong confirmation of the covalent

cross-linking of the AuNPs. If the film was noncovalently bound, it would instantly dissolve
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and rupture. Cracking of the obtained film may be caused by the evaporation of residues of
the solvent. The solvent evaporation gives rise to the shrinkage of the film and, consequently,

produces compressive stress.

The film was subjected to electron beam radiation during the SEM/STEM experiments. The
monolayer membrane exhibited good resistance to this degrading stimuli. Fairly mild
shrinking of the film took place, which was caused most probably by burning off of the
organic matter. Remarkably, the free-standing film did deform, but bursting did not occur.
Such high durability of the film provides a premise that the AuNPs are covalently bound to
each other within the monolayer. Although the durability of the free-standing membranes is a
good premise of their high mechanical stability, meticulous investigation should be carried
out to characterize the mechanical properties of these films. A remark on the stability of the
obtained film in the high electron beam is in order here: The described composite material is
comprised of inorganic NPs linked covalently together via relatively large organic linkers.
The distance between adjacent NPs corresponds roughly to the double length of the surface
ligands and the cross-linking agent, which equals about 2.5 nm. For comparison, the diameter
of the NP cores is about 6.0 nm. This means that the organic fraction in our composite film is
quite large. Due to relatively low durability of organic matter against exposure to degrading
factors (high voltage electron beam), such films possess lower resistance to degradation under
harsh conditions as compared to films composed of mainly inorganic moieties. The
degradation of the organic matter is responsible for the observed steady drift/shrinkage of the
freestanding film during high voltage electron beam irradiation. This drift unavoidably
deteriorates the quality of the images. Similar destructive effect of the electron beam on
organic matter has already been described.[283] Reports presenting good quality TEM images
of free-standing NP membranes describe materials composed of either multiple layers of NPs
[284] or monolayers of nanoobjects much larger than those used in this study.[285] The
multilayer NP sheets reported in ref. 284 possess a thickness of tens of nanometers which
accounts for their increased robustness toward the SEM electron beam. The significantly
larger surface area of bulkier nanoobjects reported in ref. 285 leads to their stronger
stabilization (through van der Waals forces) in the organic matrix. Also, the character of the
NP— matrix interactions must be taken into account when considering the films’ resistance in
highly degrading conditions. In our study, the NPs are connected with the matrix at a few

points via linkers. The electron beam is less destructive to films bound via van der Waals
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forces, where numerous weak interactions contribute to the integrity of the film, as compared
to films bound by strong but sparse covalent bonds. In the second case the destruction of a

small fraction of the bonds may lead to the discernible disintegration of the membrane.

3.7.6. Demonstration of the mechanical properties of the cross-linked AuNP monolayer

To characterize further mechanical properties of the nanocomposite film, its resistance to
deformations was investigated. For this purpose experiments in which the obtained cross-
linked film located at the oil—water interface in the compression-reaction device underwent
deformations caused by the changes of the curvature of the interface were performed. The
shape of the interface was changed by reducing the distance between the pistons. As a result,
the curvature of the interface increased and induced bending of the film. The film was found
to withstand quite significant increase of the curvature without loss of its integrity (Fig. 49).
The tearing of the cross-linked monolayer occurred at the points that correspond to the highest
mean curvature of the interface. These points were situated in the vicinity of the pistons, at
both ends of the syringe. The generated cracks crossed the whole width of the monolayer
membrane. These characteristic sharply edged cracks, also referred to as the channel cracks,
indicate brittleness of the obtained membrane. Based on the profile of the interface at the
longitudinal cross-section of the cylinder, the critical radius of the curvature was estimated as
about 5 mm. One should keep in mind that the AUNP monolayer was cross-linked at a curved
interface. For this reason the bending stress was due only to the deformations relative to the
initial shape of the oil-water interface. This result indicates that the nanocomposite film is a

quite flexible material.

To demonstrate the robustness of the film, we transferred it onto a piece of brass wire mesh
(mesh size, 0.4 mm; wire diameter, 0.2 mm). As shown in Fig. 48a, the monolayer covered
some portion of the mesh, and displayed characteristic golden gloss. However, probably due
to the solvent evaporation stress, the deposited film was fairly unstable and exhibited a
tendency to rupture. The film transferred onto the TEM grid with smaller mesh size (48 um)

was substantially more stable (Fig. 48b).

108



Two- and three-dimensional nanocomposites containing noble metal nanoparticles functionalized with aminiothioalkyl
ligands

Michalina lwan

Fig. 48. (a) Photograph of the film deposited on a brass wire mesh (mesh size, 0.4 mm), and (b) TEM
grid (mesh size, 48 um).

To capture the changes occurring at the interface during film deformation, following the
increase of interfacial curvature, multiple high-resolution digital photographs of the interface
were taken. As can be clearly seen in the captured digital photographs, tearing of the cross-
linked monolayer occurred in two places near the pistons, in the portions of the film
corresponding to the highest local mean curvature. Importantly, the resulting cracks, indicated
by the white arrows in Fig. 49, run across the whole sample, from one wall of the syringe to

another.
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Fig. 49. Demonstration of mechanical properties of the AUNP monolayer. Subsequent stages of the
deformations of the film located at the oil-water interface. The yellow dashed line represents the initial
position of the mobile piston. When the mean curvature attained a critical value, the film cracked in two
places indicated by the white arrows. The yellow arrows indicate their initial positions. The outer

diameter of the cylinder is 3 cm.

Tearing of the cross-linked monolayer film occurred in two sites in close proximity of the
pistons. The created cracks run across the entire sample and their positions correspond to the
highest local mean curvature.

[ 10 ]
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3.7.7. Structural analysis of the 2D nanocomposites

SEM

Investigation of the NP ordering within the cross-linked NP monolayer was achieved via
SEM microscopy experiments. Arrangement of NPs was examined at high magnifications.
SEM micrographs of the nanofilm’s cross-section provided evidence that the obtained 2D
nanocomposite was indeed composed of a single layer of NPs. Representative SEM images of
cross-linked AuNP monolayer deposited on silicon are shown in Fig. 50.

200 nm

Fig. 50. SEM images of the cross-linked AuNP monolayers deposited on a silicon substrate. (a)
Structure of a uniform film. (b) Shape of the crack indicating that the film broke in a way characteristic of
a solid. (c) SEM image of the AuNP film deposited on a silicon substrate viewed at approximately a 90°

angle demonstrating its monolayer structure.

As can be seen, relatively big uniform portions of the film, up to 12 x 12 umz, were

successfully transferred from the oil-water interface onto the substrate. Higher magnification
of the square area marked in Fig. 50a reveals fairly dense packing of the AuNPs within the

monolayer, which is close to the hexagonal ordering. Voids occupy only a relatively small
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fraction of the film area. The irregularities in the short-distance arrangement of the AuNPs are
likely caused by their polydispersity. Fig. 50b shows a crack in the monolayer caused by
mechanical stress arising during the deposition process and evaporation of the solvent from
the deposited film.

Images of the nanocomposite’s cross-section were also recorded after its transferal from the
oil-water interface onto a silicon wafer. The obtained images clearly show that the film is
composed of a single layer of AuNPs spread uniformly over the silicon substrate (Fig. 50c).
The thickness of the monolayer estimated by the cross-sectional SEM image is ~7 nm. This
value is slightly bigger than the average AuNP core diameter (6.0 nm) and smaller than the
diameter of the AuNP coated with the C8 aminothiolate ligand, AuNP core + 2 x ligand
length = (6.0 + 2 x 1.14) nm = 8.28 nm. One expects that the apparent size of the AuNPs, due
to the deformations of the coating layer, should be smaller than that calculated based on the
AUNP core diameter and the ligand length. Thus, the size obtained from the cross-sectional
SEM images agrees — within the measurement uncertainty (about +£1 nm) — with the estimated
diameter of the C8-coated AuNPs.

STEM

To further characterize the nanocomposite film, the crosslinked AuNP monolayer was
deposited on a TEM grid according to the method described in the Experimental Section and
then analyzed with scanning electron transmission microscopy (STEM). It should be noted
that, importantly, in the TEM grids used in the described experiments, there was no polymer
layer beneath the carbon film. That is, the AuUNP monolayer spreading over the holes in the
carbon film was completely unsupported. The STEM micrographs that are shown in Fig. 51
provide direct proof that the cross-linked monolayer transferred onto the TEM grid forms a

free-standing film.



Two- and three-dimensional nanocomposites containing noble metal nanoparticles functionalized with aminiothioalkyl
ligands

Michalina lwan

Fig. 51. STEM micrographs of the nanocomposite film deposited on a TEM grid. (a) Large-scale view of

the grid covered by the film. (b—d) Subsequent magnifications of the free-standing film spanning over a

hole in the grid.

As can be seen in this figure, the obtained structure is composed of patches of monolayers of
the AuNPs. These patches have sizes of a few micrometers and span over the grid surface.
Note that the film displays characteristic sharp-edged cracks that are usually formed as a
result of a rupture of a stiff material. Magnifications of the film presented in Fig. 51d reveal
also that within the monolayers the individual AuNPs form a densely packed structure
identical to that shown in the SEM image in Fig. 50a. Note here that similar fracture patterns
have also been observed [282] for NP monolayers that were not covalently cross-linked.
However, these films were deposited on solid substrates, where the adhesion of the NPs to the
solid support strongly affected the mechanical properties of the deposited monolayer. The
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film shown in Fig. 51 is spread over a porous carbon layer, and its large portions are free-
standing. These unsupported fragments of the film have contact with the solid support only at
the peripheries of the holes. One may expect that if this film was not bound covalently,
mechanical stress would lead rather to its bursting instead of cracking in the absence of
stabilizing solid support. The STEM analysis showed that the nanocomposite film possesses
both mechanical and chemical durability. It proved to be resistant to the mechanical stress
associated with the deposition on the TEM grid and could withstand intense rinsing in pure
chloroform. The fact that the deposited monolayer films sustained their integrity during the
washing in chloroform provides additional confirmation of the covalent cross-linking of the
AuUNPs. If the film was noncovalently bound, it would instantly dissolve and rupture. The
cracking of the film that can be seen in Fig. 51a was most likely caused by the evaporation of
residues of the solvent. The solvent evaporation gives rise to the shrinkage of the film and,
consequently, produces compressive stress. Also, the composite film could withstand quite
well an exposure to the high voltage STEM electron radiation. This was demonstrated in a
movie recorded during the STEM analysis, showing the free-standing monolayer stretched

over the TEM grid hole treated with a high energy electron beam.

T R

Fig. 52. STEM micrographs showing small portion of AuNP free-standing film. The film stretches under
the exposure to a high voltage electron beam, but does not break apart. The arrow indicates strongly

stretched portion of the film, which, despite the strong deformation, still sustained its integrity.

Snapshots of this movie exposing shrinking of the film are shown on Fig. 53. The movie

reveals that only some shrinking of the film took place, which was caused most probably by
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burning off of the organic matter. A steady drift/shrinkage of the freestanding film were

clearly seen in the STEM movie.
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Fig. 53 Subsequent snapshots of the movie recorded during exposition of the thin film to a high voltage
electron beam of the STEM. The continuous yellow line indicates the position of the film’s edge at the
beginning of the experiment, whereas the dashed line indicates it’s position after the exposition to an
electron beam. The elapsed time of beam exposure is indicated in the top left corner. Shrinking of the

film is clearly visible.

3.8. 3D nanostructures - nanocomposites by covalent bonding between
noble metal nanoparticles and polymer matrix

This section describes the developed method of chemical linking of ex-situ prepared noble
metallic NPs to various polymer matrices (Fig. 54). In the presented method a binding
reaction occurs between the NPs functionalized with aminothioalkyl ligands and polymers
containing at least one of the following reactive functional groups in their structure: the
aldehyde, carboxyl acid, or anhydride acid group or hydroxyl groups that can be oxidized to
carbonyl groups in the reaction conditions. The synthetic procedure details are given and the
structural analysis (performed via SEM, NMR, FTIR) results are discussed. Finally, a
plausible role of the NPs in the covalent bond formation reaction is proposed.
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Fig. 54. Schematic illustration of the nanocomposite fabrication via spontaneous covalent bond

formation between NPs' capping ligands and polymer functional groups.

3.8.1. Nanocomposite preparation

As in the case of 2D nanocomposites, for the fabrication of 3D materials NPs functionalized
with C8 were utilized. In this case of the C8 ligand, a favorable proportion between the
stability of the NPs and the amount of charged, unreactive surface groups can be easily
achieved. In contrast, the C12 ligand due to the length of its aliphatic chain requires a higher
degree of surface protonation to warrant sufficient stability in aqueous environments. This
also contributes to the increased difficulty of the NP functionalization procedure, which
should be conducted at elevated temperatures. Therefore, the ratio of protonated to
deprotonated surface ligands on an individual NP must be higher as compared to the C8
ligand to achieve the same stability. This could lead to a decreased efficiency of the NP —
polymer matrix binding process, due to the reduced amount of reactive, deprotonated ligands
on the NP surface. On the other hand, experiments show that the lowest stability in aqueous
environments is observable in case of the C4 functionalized NPs. This is indicated by the
darker, violet shade of the Au@C4 solution, as compared to the NPs passivated with other

molecules used in the research described herein. Such NPs are inadequate for nanocomposite
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fabrication as aggregation begins to occur in the NP solution prior to the 3D nanocomposite

preparation process.

3.8.1.1. Preparation of the starch-based composites

To obtain the powder starch-AuNPs nanocomposite, to 0.5 g of potato starch 5 mL of
distilled water was added at room temperature. Then 10 mL of aqueous solution of Au@C8
(10 mol NPs L) functionalized with aminothioalkyl ligands was injected under continuous
stirring. Once the sediments settled on the bottom of the vial, the red color of the solution
vanished and the solution became colorless. At the same time, the white precipitate of starch
turned pink. The clear solvent was then decanted and the remaining residue, washed three
times with distilled water and then left to dry at 55 °C for 12 h and then 85 °C for another 3 h.
To obtain the free-floating starch—AuNPs nanocomposite film, to 20 mL of distilled water
heated up to 85 °C 1 mL of starch suspension (0.1 g mL™) was added under intensive stirring.
The obtained solution was stirred for 1h at elevated temperature. During this time the solution
gradually became uniform and lucid. Into another vail 5 mL of AuNPs functionalized with
aminothioalkyl ligand (Au@C4 or Au@C8) was added, and the solution was heated to 85 °C.
Then, 1 mL of the clear starch solution prepared in the previous step was added, and the
obtained mixture was stirred at 85 °C for another 10 min. Next, the sample was cooled to
room temperature and 3 mL of methanol were added dropwise, upon which clouding of the
solution was observed. The mixture was then centrifuged at 9000 rpm for 15 min. Next, the
supernatant was removed, and to the remaining residue (the starch-NPs film) methanol:water
mixtures of the ratios (1:1), (3:1), and (1:0) (v/v) were subsequently added. The mixtures of
increasing methanol content were employed to change gradually the polarity of the solvent
and facilitate peeling off the film from the vial walls. After each addition of the
methanol:water mixture the obtained solution was left for 0.5 h at room temperature. Finally,
the starch-NPs film formed during the centrifugation was detached from the polymer vial

walls.

3.8.1.2. Synthesis of the PVA-based composite film

To obtain the PVA-based nanocomposites (Fig. 65c), an aqueous solution of PVA was

prepared (50 mg mL™) by dissolving 250 mg of the polymer in 5 mL of water heated up to
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70 °C. 3 mL of Au@C8 aqueous solution (10® mol NPs L) was then added to the PVA
solution and the mixture was stirred for 10 min at 70 °C. Finally, the obtained solution was
poured into 50 mL of methanol upon which a precipitate of the composite was obtained. The
PVA-AUNPs film was prepared by dissolving 2.5 g of PVA in 20 mL of aqueous solution of
AuUNPs functionalized with aminothioalkyl ligand (Au@C8 or Au@C12) acidified with 0.4
mL 0.8 M hydrochloric acid. The obtained solution was then heated to 75 °C and kept at this
temperature for 20 min under continuous stirring. After this time the solution was centrifuged
at 5000 rpm for 15 min. To 3 mL of the obtained supernatant 0.5 mL of 86% glycerin was
added. Next, the solution was poured onto a polystyrene hydrophobic polymeric Petri dish
and dried at 60 °C during 24 h. The obtained film could be easily peeled off the Petri dish

with tweezers.

3.8.1.3. Synthesis of the cellulose-based composites

During the preparation of the cellulose-based composite (Fig. 65f) a piece of cellulose paper
(165 mg) was cut and placed in a glass vail. 5 mL of Au@C8 aqueous solution
(10® mol NPs L) was then added into the vial and the obtained mixture was left for 12 h.
During this time gradual lightening of the red color of the solution was observed due to the
attachment of the NPs to the surface of the paper. At the same time, the color of the paper
strip turned pink. After 12 h the paper was removed from the solution. After immersing this
paper in distilled water the solution remained clear and colorless which confirmed that the
detachment of the NPs did not occur.

3.8.1.4. Synthesis of the carboxylmethylcelullose-based composites

To conduct the binding of the metallic NPs (Au@CS8) to the carboxylmethylcelullose (CMC)
(Fig. 65¢), 156.7 mg of CMC was added to 10 mL of an aqueous solution of Au@C8 (10
mol NPs L) under continuous stirring. After 30 min the mixture was poured onto a
polystyrene hydrophobic Petri dish and left until complete evaporation of the solvent at 70°C.
After the water evaporation the obtained film was peeled off.
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3.8.1.5. Synthesis of the P[MA-co-S]-based composites

The P[MA-co-S] copolymer is composed of maleic anhydride and styrene. The P[MA-co-S]-
based composite was synthesized by adding 5 mL of Au@C8 aqueous solution (10 mol NPs
L™?) to 10.5 mg of the polymer. The polymer did not dissolve in the aqueous solution of the
AUNPs, but gradual lightening of the initial red color of the solution was observed, indicating
the attachment of the AuNPs to the surface of the solid polymer. After 12 h the reddish

precipitate was decanted and washed thrice with distilled water to remove any unbound NPs.

3.8.1.6. Synthesis of PVA nanomaterials functionalized with metallic NPs coated with C8
ligand (Ag@(C8, Au@C(C8, Pt@(8)

To functionalize PVA with metallic NPs, 10 mL of methanol and 1 mL of aqueous NaOH
(0.4 M) were added to 100 mg of PVA polymer. The obtained suspension was kept at room
temperature for 15 min, then the supernatant was removed, and to the remaining precipitate
again 10 mL of methanol and 1 mL of NaOH (0.4 M) were added. The suspension was heated
in a water bath at 50 °C during 3 min and then kept at room temperature for another 10 min.
After this time the supernatant was removed. In the next steps, appropriate solution of NPs
functionalized with C8 ligand were added to the basified PVA polymer. For AgNPs and
AUNPs, the NPs were gradually added by repeated addition of 10 mL of methanol, 2 mL of
aqueous solution of metallic NPs (Ag@C8 or Au@C8) and 0.2 mL of aqueous NaOH
solution (0.4 M) (in case of first two repetitions), letting the solution set for 10 min, before
centrifugation at 9000 rpm during 5 min and subsequent removing of the supernatant. This
procedure was repeated 17 times for Au@C8, and 20 times for Ag@C8. In case of the
Pt@C8, the PtNPs solution required concentration before the functionalization with the C8
ligand. To carry out the functionalization, 1 mL of aqueous solution of C8 ligand (10 mM)
was acidified with hydrochloric acid (0.8 M). The obtained solution was heated to 80 °C in a
water bath and 3 mL of the concentrated solution of PtNPs were gradually added, in 100 mL
portions. Once functionalized with the appropriate ligand the solution of Pt@C8 was added
gradually to the basified PVA polymer by adding in subsequent steps (a) 10 mL methanol,
1 mL of Pt@C8 and 0.6 mL NaOH (aq) (0.4 M) (b) 10 mL methanol, 1 mL Pt@C8, 0.6 mL
of NaOH (aq) (c) 10 mL methanol, 1 mL Pt@C8, 0.8 mL NaOH (aq) (0.4 M) (d) 10 mL
methanol, 1 mL Pt@C8, 0.6 mL NaOH (aq) (0.4 M). Each time the resulting solutions were
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slightly basic. After the addition of Au@C8, Ag@C8, or Pt@C8 the obtained solution was
kept for 10 min at room temperatures to allow the NPs to bind with the matrix. Gradual
vanishing of the red (Au@CS8), orange (Ag@C8) or greenish (Pt@C8) color of the solution
and darkening of the precipitate accompanied this process. Finally, the obtained dark red
PVA-Au@CS8, dark orange PVA-Ag@C8 or greenish PVA-Pt@C8 precipitate was washed
three times with 10 mL of methanol. The precipitate was dried at 3 h under vacuum at room
temperature. Half of the obtained PVA-Au@C8 was then sintered at 80 °C during 12 h.

3.8.1.7. Preparation of PVA-based nanomaterials functionalized with unbound
aminothiolalkyl ligand C8

An aqueous solution of aminothioalkyl C8 (10 mM) was prepared in the first step by mixing
together 3.9 mg of 8-aminooctan-1-thiol in the form of hydrochloride salt, 2 mL of distilled
water, and 25 mL of aqueous HCI solution (0.8 M). Then, from the obtained solutions,
mixtures for the functionalization of PVA were prepared by mixing 22 mL of distilled water,
171 pL the C8 ligand solution (10 mM) prepared in the previous step, and 96 pL of aqueous
solution of HCI (0.8 M). In the next step, PVA was basified by adding 10 mL of methanol and
1 mL of aqueous NaOH (0.4 M) to 100 mg of PVA polymer. The obtained suspension was
kept at room temperature for 15 min, then the supernatant was removed and to the remaining
precipitate again 10 mL of methanol and 1 mL of NaOH (0.4 M) were added. The suspension
was heated in a water bath at 50 °C during 3 min and then kept at room temperature for
another 10 min. After this time the supernatant was removed. In the following steps the
solution of the C8 ligand was added gradually by adding each time 10 mL of methanol, 2 mL
of aqueous solution of amine derivative (C8) and 0.2 mL of aqueous NaOH solution (0.4 M)
(in case of first two repetitions), letting the solution set for 10 min, before centrifugation at
9000 rpm for 5 min, followed by removal of the supernatant. This procedure was repeated 17
times. Finally, the obtained white precipitate was washed three times with 10 mL of
methanol. The precipitate was dried for 3 h under vacuum at room temperature.

120



Two- and three-dimensional nanocomposites containing noble metal nanoparticles functionalized with aminiothioalkyl
ligands

Michalina lwan

3.8.2. Structural analysis of the 3D nanocomposites

3.8.2.1. FTIR
Starch-based nanocomposite
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Fig. 55. FTIR spectrum of potato starch and potato starch-AuNPs nanocomposite.

Fig. 55 depicts a comparative graph showing FTIR spectra of the obtained starch-based
nanocomposite, and the unmodified polymer matrix (i.e. virgin starch). Areas where
differences are visible are marked by an pink tint. Arrows indicate the position of bands that
are altered as a result of the formation of covalent bonds between the NPs’ surface ligands
and active groups of polymer matrix. A new peak located at around 1680 cm™ emerged in the
spectrum of the AuNP-modified starch, visible as a widening of the neighboring band. Also,
substantial increase of the intensity of the peak located near 1665 cm™ is observed. This
provides a clear evidence of the formation of the imine bonds.[286] A slight widening of the
peak in the 1220 cm™ region, as well as the appearance of the peaks in the band 1500-1560
cm™ is visible. Both these peaks are due to the terminal amino groups of the ligands on the
NPs’ surface. These ligands are not bound chemically to the polymer matrix. However, they

prove the presence of the functionalized NPs in the matrix.
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Fig. 56. FTIR spectra of (from top to bottom): unmodified PVA polymer, PVA-Au@C8, PVA-Au@C8
sintered at 80 ‘C, PVA modified with free C8.

Fig. 56 depicts a comparative graph showing FTIR spectra of the obtained PVA-based
nanocomposites, and the unmodified polymer matrix (i.e. virgin PVA). Areas where
differences are visible are marked by a pink tint. Arrows indicate bands with a higher
intensity, as compared to the band intensity of the unmodified polymer matrix. The peak at
1760 cm™ corresponds to aldehyde groups existing within the polymeric backbone. A
comparison of the FTIR spectra of unmodified PVA and PVA-Au@C8 clearly show visible
differences indicating the formation of new covalent bonds in the latter case. A considerable
intensification of the signals at 1735 and 1240 cm™ is noticeable. These signals correspond to
the imide or secondary amide groups in the solid state.[286] The strong band at 1735 cm™ is a
sum of two overlaying bands: a band of the aliphatic secondary amides, which is usually
visible as a strong band at 1650-1630 cm™, and an imide band adsorbing at higher
frequencies, up to 1740 cm™.[286] The signal at 1240 cm™ is characteristic for imides in the
solid phase and is due to the C—N stretching of the imide group. An important change in the

spectrum after the functionalization is also discernible as a widening of the broad signal at
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around 1435 cm™. It is caused by the overlaying of this signal with the characteristic
secondary amide band occurring in the band 1565-1475 cm™.[287] Also, widening of the
signal at 848 cm™ is associated with the appearance of a secondary amide band related with
the N-H wagging vibration.[288] Note that the other characteristic amide bands that are
located at around 3400 cm™ are not visible due to the presence of the wide peak associated

with hydroxyl groups in the PVA structure.

The FTIR spectrum of the PVA-Au@C8 nanocomposite after sintering at 80 °C was also
recorded. As can be seen in Fig. 56, after the exposure to the elevated temperature, the signal
at 765 cm™ that is due to the ~NHs;" rocking of amine salts, disappears. This signal originates
from a fraction of the amine groups that form carboxylate aminium salts with acidic groups.
Other characteristic amine salt signals (in the bands 35503355, 3350 3150, and 1560-1625

cm™) are covered by polymer and water bands.

Compared to the spectrum of the unmodified PVA polymer, the FTIR spectrum of PVA-C8,
being the product of reaction between PVA polymer and unbound C8 ligands (synthesized
without the presence of NPs), exhibits growth of the intensity of the right branch of the
doublet signal at about 1710 cm™, which is characteristic for protonated imines.[286] The
FTIR spectrum of PVA-C8 displays also the presence of carboxylate aminium salt, evidenced

by the signal at 765 cm™ corresponding to the rocking of ~NHs" group.
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Fig. 57. FTIR spectrum of PVA polymer modified with AuNPs, AgNPs or PtNPs.
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Fig. 57 shows a comparative graph showing FTIR spectra of PVA-based nanocomposites
obtained using different metallic NPs (Au, Ag, Pt). The FTIR spectra of PVA-Ag@C8 and
PVA-Pt@C8 composites were quite similar to that of the PVA-Au@CS8, displaying signals
of amide and imide bonds, including the appearance of signals at 1735 cm™ and 1240 cm™, as

well as widening of signals as 1435 and 848 cm™.

=  P[MA-co-S]-based nanocomposites

p[MA-co-S}+AuNPs

3350 2850 2350 1850 1350 830 330

cm?

Fig. 58. FTIR spectrum of p[MA-co-S] copolymer and p[MA-co-S]-AuNPs nanocomposite.

Comparison of FTIR spectra of p[MA-co-S] and p[MA-co-S] functionalized with Au@C8
(p[MA-co-S]+AuNPs nanocomposite) shows several evident differences between the two
spectra. After the modification of the copolymeric matrix with gold nanoparticles
functionalized with C8 ligand the intensity of the following signals significantly decreases:
1855 cm™ (a very strong anhydride C=0 antisymmetric stretch), 1780 cm™ (a very strong
anhydride C=0 symmetric stretch), 1220 cm™ (a strong cyclic anhydride or carboxylic acid
signal), 1085 cm™ (a strong anhydride signal), 950 and 920 cm™ (medium carboxylic acids
signals). The formation of amide or imide bonds is supported by the growth of signals at
around 1725 cm™ is visible as an increase of intensity at this frequency. The strong band at

1725 cm™ may be a sum of two overlaying bands: a band of the aliphatic secondary amides,
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which is usually visible at 1650-1630 cm™, and an imide band which adsorbs at higher
frequencies, up to 1740 cm™. A new signal is also seen at 1400 cm™. This signal however
does not indicate the formation of a new bond. It is derived from the small fraction of
anhydride groups that transform into carboxylic acid salts.

3.8.2.2. NMR

PVA-based nanocomposite

66

44

PV A+AUNPS

— VA

Fig. 59. NMR spectra of PVA and PVA-AuNPs " mposite.

Presence of amide covalent bonds was evidenced via *C NMR experiments. A signal at 174
ppm, in the PVA-AUNPs nanocomposite spectra indicated the presence of such chemical
bonds.
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P[MA-co-S]-based nanocomposite

35,5

e P[MA-CO-S]+AU@CB

s B[ A-C0-5]

o 50 100 150 200

ppm
Fig. 60. NMR spectra of P[MA-co-S] and P[iviA-co-5]-AuNPs nanocomposite.

It was found that in the NMR spectrum new signals emerged after the modification of the
polymer matrix. The new peaks appeared at 81 ppm (indicated by a grey arrow on Fig. 60)
and in the range from 95 to 104 ppm. The signal located at 81 ppm is characteristic for the
aminal bonds, whereas the signals in the higher region are due to the formation of the
hemiaminals. The presence of numerous signals in the region 95-104 ppm results from a
number of possible neighboring groups in the polymer chain in the vicinity of the created
hemiaminal bonds. This may be also a consequence of the polydispersity of the polymer chain

length that gives rise to the multiplicity of the peaks.
3.8.2.3. SEM studies
SEM images of the starch—-Au@C8 grain obtained at room temperature shown in Fig. 61

reveal uniform distribution of the NPs on the surface of the nanocomposite. Signs of

aggregation of nanoparticles into larger agglomerates are not visible.
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Fig. 61. SEM images of the starch-Au@C8 powder nanocomposite. The yellow arrow indicates single
AuUNP bound to the matrix.
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Fig. 62. SEM image of the surface of starch-Au@C8 powder nanocomposite demonstrating
homogeneous distribution of the NPs. Approximate sizes of selected NPs are marked.

3.8.2.4. Determination of stability of NP against leaching for the obtained starch-based
nanocomposites

To check the NP light absorption level UV-vis spectroscopic measurements of supernatant
samples, acquired from suspensions of starch, were done. To perform these measurements,
45 mg of the starch— Au@C8 powder nanocomposite was added into 5 mL of distilled water.
After 1 h UV-vis spectrum of the supernatant was recorded. The nanocomposite was then
subjected to 1 h of ultrasonic exposure and 24 h of subsequent soaking, and the UV-vis
spectrum was taken. Both the obtained spectra were found to be identical and displayed no
peaks characteristic for the NPs.
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Absorbance of nanocomposite supernatant before and after sonication
and soaking in water
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Fig. 63. UV-vis absorbance spectrum of the supernatant before (B) sonication and soaking of the
nanocomposite, as well as of the supernatant after the sonication (A) and soaking of the

nanocomposite.

The difference between the spectra obtained after (A) and before (B) sonication was analyzed.
To the values of the resulting difference a linear function ax + b was fitted, where x is the
wavelength measured in nm. The coefficient a was, within statistical uncertainty, equal zero a
= (-1.15 £ 3.22) x 10”7 nm™, whereas the coefficient b had a nonzero value. This proves that
the two analyzed spectra differed only by a constant value that was due to the difference in a
background level. The constant value b, obtained as a result of the fitting, was subtracted from
the spectrum A. The difference between the spectrum B and the adjusted spectrum A is shown
in Fig. 64. This result proved that the release of the NPs actually did not take place.

129



Two- and three-dimensional nanocomposites containing noble metal nanoparticles functionalized with aminiothioalkyl

ligands

Michalina lwan

0,008

0,006

0,004

0,002

250

-0,002

-0,004

0,006

-0,008

0,01

-0,012

Difference in absorption value of nanocomposite supernatant spectra obtained
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Fig. 64. lllustration of the value of difference in absorption between spectra of a nanocomposite

supernatant obtained before and after sonication. The spectrum (A) was adjusted by subtraction of

constant (background) value b.

3.9. Characterization of the synthesized 3D nanocomposites

3.9.1. Starch-based nanocomposites

I have incorporated three types of the NPs into the polymer matrix — the AuNPs, PtNPs, and

AgNPs, all coated with the same 8-merkaptooctan-1-aminium chloride ligand. The materials
obtained with the use of AuNPs, PtNPs and AgNPs are shown in Fig. 65.
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Fig. 65. (a) The starch—-AuNPs nanocomposite thin film floating freely in a water-filled vial. The PVA-
AuNPs (b), and CMC-AuNPs (c) nanocomposite free-standing films. The starch-AuNPs (d), and
starch—AgNPs (e) powder nanocomposite. (f) Paper strip modified with the AuUNPs — an example of the

cellulose—AuNPs nanocomposite.

Importantly, the NPs can be embedded either on the surface or within the bulk of the matrix,
depending on the employed protocol of the composite preparation. When the reaction of the
bond formation between the capping ligands and the surface groups of starch is carried out at
room temperature, the NPs are embedded only on the outer portions of the polymer matrix.
This is caused by the low solubility of starch in aqueous environments at temperatures lower
than 70 °C.[289] Preheating the starch solution to 90 °C prior to the addition of the NPs
results in a homogenous embedding of the NPs throughout the bulk of the polymer matrix.
The starch modification process is facilitated by electrostatic attraction between the positively
charged NPs and the negatively charged starch polymer chains. The positive charge is
provided by the capping ligands possessing primary amine groups in the terminal position
which are easily protonated. The electrostatic interaction allows the NPs to locate themselves
on the polymer chain. The NPs are linked through imine bonds that are formed between the
terminal aldehyde groups of the polymer and the amine groups of the capping ligand. Since
the aldehyde moieties are present only in the terminal positions of the polymer backbone, the
number of the imine bonds formed is expected to be miniscule compared to the total number
of the monosaccharide units. The aldehyde group is liberated in the tautomeric transformation
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between the cyclic and linear form of the terminal glucose unit (Scheme 4b). However, the
total number of the aldehyde groups can be substantially increased during the modification
process either by acidification or oxidation (Scheme 4a). In acidic conditions hydrolysis of the
1,4- or 1,6-glycoside bonds occurs, releasing one aldehyde group per each hydrolyzed bond.
In the case of oxidation, cleavage of the C—C bonds between the second and third carbon
atoms of the glucose ring takes place. Both the hydroxyl groups created are then oxidized
yielding two aldehyde groups per each C—C broken bond.[290] In the case discussed, acidic
hydrolysis is more likely to occur, since the solution of aminothioalkyl-functionalized AuNPs
is highly acidic. However, the oxidation process can also take place due to oxygen present in
the solution. The increase of the number of the aldehyde groups allows incorporation of a
greater amount of the NPs, which is beneficial for the nanocomposite preparation process.
Importantly, the NPs create interconnections between the polymer chains that can compensate
for the linkages lost due to the hydrolysis process. Thanks to these connections the composite

material is gaining the mechanical durability.
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Scheme 4. Pathways of the oxidative conversion of hydroxyl into carbonyl groups, facilitating formation
of covalent bonds with the amine moiety, shown for polysaccharide (a). (b) Structure of two tautomeric

forms (cyclic and linear) of glucose monomer.

The formation of the C-N imine bonds was confirmed by FTIR spectroscopy performed for
the starch-Au@C8 nanocomposites. The evidence of the creation of the covalent bonds
follows from the comparison of the spectra of the unmodified potato starch and the same
polymer modified by the incorporation of Au@C8. The presence of a new peak located at

around 1680 cm™, as well as the substantial increase of the intensity of the peak at 1665 cm™,



Two- and three-dimensional nanocomposites containing noble metal nanoparticles functionalized with aminiothioalkyl
ligands

Michalina lwan

as seen on Fig. 55, evidences the formation of imine bonds.[286] To demonstrate the
durability of the chemical bonds formed between the capping ligands and the polymer matrix
in the presence of the NPs, I performed experiments showing that leaching of the NPs form
the composite into an aqueous environment does not occur during soaking of the
nanocomposite. The NPs were not detached from the surface of the polymer even after
ultrasonic exposure of the nanocomposite in aqueous solutions. On the other hand non-
functionalized NPs or NPs functionalized with nonreactive organic ligands, such as
carbohydrate chains, do not bind to solid matrices at all or form weak bonds. Binding through
the non-chemical bonds (hydrogen bonding, electrostatic interactions, or dispersive forces)
results in a nanocomposites from which the NPs quite easily leach into the environment.
During the experiments | observed that the Martin's AuNPs in neutral pH (in basic and acidic
conditions they become unstable and aggregate rapidly) hardly adsorbed on potato starch, and
the obtained powder nanocomposite had light red color. Moreover, this nanocomposite

slightly stained water a reddish color each time it was immersed in it.

3.9.2. PVA-based nanocomposites

PVA is a widely used synthetic polymer that does not contain carbonyl groups. We employed
it successfully to obtain a free standing nanocomposite film. The modification method
comprised mixing of aqueous solution of the polymer with a solution of the Au@C8 at
elevated temperature followed by evaporation of water. The resulting free-standing
nanocomposite film is shown in Fig. 65b. The modification of PVA is feasible because, as it
has been reported,[288] in oxidizing conditions this polymer undergoes degradation resulting
in a scission of the main chain. This decomposition process involves formation of polyketones
that can be further converted into aldehydes, and carboxylic acid terminated polymers
(Scheme 5). This process is accelerated significantly at high temperatures, which is the reason
why the functionalization should be carried out at elevated temperatures (70 °C). A peak at
around 1760 cm™ in the FTIR spectrum corresponding to the aldehyde group was observed in
the PVA polymer before any processing (see Fig. 56), indicating that the oxidation process
occurs in the solid state at air conditions. The formation of the aldehyde and carboxyl acidic
groups allows for the linking of the polymer with the aminothioalkyl ligands through amide
bonds. The presence of these bonds in the PVA-Au@C8 nanocomposite was evidenced by
13C NMR and FTIR spectroscopy. The FTIR spectra of unmodified PVA and PVA-Au@C8
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that are shown in Fig. 56 exhibit substantial differences. The comparison of these two FTIR
spectra provides a clear evidence for the formation of peptide and imide bonds between PVA
functional groups and the ligand amine groups. Analysis of FTIR spectra of PVA-based
nanocomposites reveal signals characteristic for imides and secondary amides, indicating the
formation of covalent bonds between the polymeric backbone and amine groups of reactive
NPs. The presence of amide bonds was further confirmed by NMR, as a signal at 174 ppm
was visible on the spectra (see Fig. 59). Sintering of the nanocomposites at 80 °C leads to the
disappearance of carboxylate aminium salt signals. This salt is formed as an intermediate
product of the amide formation (see Fig. 67). It follows that some of the amine groups are
initially trapped in the form of carboxylate aminium salts, though they may be transformed
into amides after thermal energy is delivered to the system. That is, complete transformation
of amines into amide groups is possible in the presence of the NPs, but requires heat

treatment.

OH o) o) OH
OH OH OH OH [O] ” ”
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Scheme 5. Pathways of the oxidative conversion of hydroxyl into carbonyl groups, facilitating formation

of covalent bonds with the amine moiety, shown for PVA.

3.9.3. Carboxymethylcellulose (CMC) - based nanocomposites

CMC is an anionic water-soluble polymer derived from cellulose that is commonly used in
the industry. We applied CMC for the preparation of a free-standing nanocomposite film.
Using a method similar to that applied to obtain the PVA-based nanocomposite film, I
incorporated the Au@C8 into the bulk of the polymer matrix. The synthesis was easy to
perform because the capping ligands readily bound to the carboxylic groups of the CMC
chain forming imine bonds. The resulting nanocomposite material had a form of a robust

semi-transparent free-standing film (~0.5 mm thick), which is presented in Fig. 65c. The
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thickness of the film can be easily controlled by the amount of CMC applied onto the Petri
dish.

3.9.4. Poly|maleic anhydride-co-styrene] (P[MA-co-S]) - based nanocomposites

Experiments were also performed using a synthetic copolymer of maleic anhydride and
styrene, P[MA-co-S], as the matrix. The modification process was done by immersing
granules of this polymer in aqueous solution of Au@C8. This procedure is illustrated in
Fig. 66. The presence of carboxylic acid groups in the matrix before functionalization with
nanoparticles, evidenced by FTIR experiments, is not surprising since the anhydride groups
can be easily transformed into carboxylic acid in acid or basic conditions. The aminothiol

molecules readily bound to the polymer due to the presence of acidic anhydride functional

A

o W HO W
o o
~x — NH =

groups in the chain (see Scheme 6).

HO

NH
o
NH =

Scheme 6. Formation of the aminal and hemiaminal bonds between the P[MA-co-S] co-polymer and

amine groups.

The binding occurs through the formation of aminal and hemiaminal bonds, and was
confirmed by *C NMR studies. It was found that in the NMR spectrum new signals emerged
after the modification of the polymer matrix (see Fig. 60). The new peaks appeared at 81 ppm
and in the range from 95 to 104 ppm. The signal located at 81 ppm is characteristic for the
aminal bonds, whereas the signals in the higher region are due to the formation of the
hemiaminals. The presence of numerous signals in the region 95-104 ppm results from a
number of possible neighboring groups in the polymer chain in the vicinity of the created
hemiaminal bonds. This may be also a consequence of the polydispersity of the polymer chain
length that gives rise to the multiplicity of the peaks. To further characterize the material,
FTIR spectra were also recorded for unmodified P[MA-co-S] and the P[MA-co-S]-Au@C8
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nanocomposite (see Fig. 58).The disappearance of the signals corresponding to carboxylic
acid groups occurring due to the formation of bonds between the surface ligands of Au@C8
and the functional groups of the matrix, is observed. In this case amide or imide bonds

formation is the most probable explanation.
(a) (b)

time

(c)

AuNP covered surface

L—J . -
200um AuNP-free interior

Fig. 66. Photograph of a grain of P[MA-co-S] polymer taken 10 min (a) and 24 h (b) after immersion in
aqueous solution of Au@C8. (c) A picture of the cross section of the grain of P[MA-co-S] copolymer
functionalized with Au@C8 at 25 °C. As seen, the NPs are embedded only on the outer portions of the

grain.

3.9.5. Cellulose-based nanocomposites

Cellulose is another example of a natural polysaccharide material that can covalently bind to
the aminothioalkyl functionalized NPs. The binding mechanism is in this case essentially the
same as for starch. The modification procedure was simple, as it consisted only of immersing
of a piece of cellulose paper in an aqueous solution of the Au@C8. The adsorption process
was completed within minutes, and manifested by a change of the color of the sample from

white to pink. The modified paper sample is shown in Fig. 65f.
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3.9.6. The role of NPs in the process of bond formation

The formation of amide bonds from carboxylic acids and amines at ambient conditions is
energetically unfavorable (endoergic) [291] and usually possesses a high energy barrier.[292]
The peptide bond formation is a two-stage process. An acid— base reaction occurs first,

yielding a stable salt according to the equation (see also Fig. 67a):[293]
R-COOH + R’-NH; _—* R-COO HsN"—R’ < > R-CO-NH-R’

It follows that the equilibrium of the bond formation reaction is strongly shifted in the
hydrolysis direction,[294] and does not occur in the opposite direction spontaneously at
ambient conditions.[295] To increase the amide synthesis reaction yield, activating agents or
catalysts must be employed, since direct condensation of the formed salt takes place only at
elevated temperatures (160-180 °C).[296] There are several methods of imide bond creation
described in the literature, but there, like in the case of amides, such reactions take place
between amines and activated carboxyl derivatives such as carboxylic anhydrides or carboxyl
acid chlorides.[281] Inactivated carboxyl acids do not yield imides in reactions with amines.
Acylation of amines by carboxylic esters may also occur, but the reactivity of simple esters
(methyl, ethyl) in this conversion is minor, making catalyst or high pressure utilization
necessary.[297] Imides may also be formed in a reaction between an amide group and an
adjacent ammonium carboxylic salt or carboxyl acid group. However, these reactions require
high temperatures of several hundred degrees.[298] The above examples clearly show that
when an imide is formed at ambient conditions a reaction enhancer is necessary. We have
however observed that both amide and imide bonds were created at room temperature when
the amine-terminated ligand was attached to the NP surface. This follows that in such

conditions the reactivity of the amine terminal group towards peptide and imide bond

formation is substantially enhanced. The reaction Gibbs free energy, AG, is a quantity that

determines the reaction direction, having a negative value for favored reactions and positive

for disfavored ones. Because the enthalpy of the amide or imide formation is negative at

ambient temperatures,[299, 300] the drop of the reaction entropy, AS, is responsible for the

positive value of AG of the amide or imide formation. This is expected since the binding of

the free amines to the polymer backbone considerably reduces their motion liberty (both
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transitional and rotational), significantly decreasing their entropy, and making the

contribution TAS negative. When the ligands are attached to the NPs the loss of entropy is

significantly reduced because the ligands are pre-immobilized prior to the bond formation

reaction. Most likely, in the NP-mediated bond formation the entropy contribution is
substantially diminished. This makes AG negative, allowing the reaction to proceed
spontaneously. The NPs play thus a role of the reaction enhancing agent, since it is the

immobilization of the ligands on its surface that makes the reaction exoergic at ambient

conditions. This role of the NPs is explained schematically in Fig. 67.
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Fig. 67. The energetic states of substrates, intermediate products and final products of peptide bond

formation reaction in the absence (a) and in the presence of the NPs (b).

The fact that the covalent amide bonds are not formed in a reaction between free
aminothioalkyl molecules and PVA matrix, but are evident when the reacting ligands are
attached to the surface of NPs is remarkable. It proves that the presence of the NPs is

necessary for this amide or imide bond formation reaction to occur. The conditions of the
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bond formation reactions of PVA polymer with free ligand (the concentration of the ligand,
pH, the reaction time etc.) were exactly the same as in the case of the bond formation
reactions involving the NPs. This allowed for the elimination of the possibility of any other
factors influencing the reactions investigated. FTIR spectra of the products of the reactions of
PVA with free ligands (PVA-C8) were recorded and compared with the corresponding FTIR
spectra of PVA-Au@C8 nanocomposites. The FTIR spectrum of the mixture of PVA-C8 is
shown in Fig. 56. Compared to the spectrum of the unmodified PVA polymer, the FTIR
spectrum of PVVA-C8 exhibits growth of the intensity of the right branch of the doublet signal
at about 1710 cm™, which is characteristic for protonated imines.[286] The presence of imines
is not surprising as they are formed spontaneously in ambient conditions. The FTIR spectrum
of PVA-C8 displays also the presence of carboxylate aminium salt, evidenced by the signal at
765 cm™ corresponding to the rocking of -NHs" group. This salt is formed instead of amide
bonds, which are not present in the PVA-C8 (see also Fig. 67a). Another evidence of the
important role of the NPs in the binding reaction was provided by the synthesis of the P[MA-
co-S]-Au@C8 composite. The reaction between an amine and acid anhydride functional
group occurs usually in basic conditions (in the presence of triethyl amine).[301] In the
method employed in this work such bonds are formed in acidic conditions, which indicates
that an equilibrium between protonated and neutral ligands must exist on the surface of the
NPs. Even in highly acidic conditions not all ligands are in the protonated state and at least a
small percentage of the ligands remains uncharged. This is consistent with recent reports
[302] showing dependence of ionization of ligands immobilized on the NP surface on the
curvature of the NPs. It was shown that the immobilization of ionizable ligands may influence
their acid-base equilibrium. The equilibrium in such conditions is shifted towards the
uncharged state, compared to ligands in bulk solution, if the curvature of the NP is small.
Because it is expected that the curvature of the NP influences the equilibrium between the
protonated and ambient terminal amino groups of the surface ligands, affecting the rate of the
reaction between these functional groups and the polymer, an extension the method to other
NPs with similar curvature, e.g., carbon NPs, would be possible. Although the principal
assumptions of the method should also apply to such NPs, the functionalization technique
would have to be adjusted. The thiol group does not have high affinity towards the surface of

carbon NPs, therefore a different anchoring group would have to be used.
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4. Summary

The presented dissertation describes synthesis of a 2D, truly freestanding monolayer film
composed of covalently cross-linked gold nanoparticles (AuNPs), as well as 3D polymer-
based nanocomposites, containing metallic NPs chemically bound to the polymeric matrix. In
the first part of my research | focused on designing the chemical structure and developing of a
synthetic protocol for an organic ligand that would provide NPs with desired properties upon
their surface functionalization. Amongst the key anticipated properties, the ability of the NPs
to self-assemble at the liquid-liquid interface, leading to the formation of a stable monolayer,
was fundamental. Since fabrication of robust 2D and 3D nanomaterials requires strong
chemical bonding between the NPs within the nanomaterial, another indispensable feature of
the NPs was the capability of covalent bond formation with reactive organic functional
groups. A group of linear aminothiolalkyl ligands was designed, which possess a thiol group,
with a high affinity to noble metals, in one terminal position, and a reactive amine group in
the opposite terminal position. The distinctive chemical structure of the synthesized ligands
provided NPs with features essential for the fabrication of a 2D and 3D nanostructures.

The development of a proper synthetic procedure for the fabrication of 2D nanomembranes
posed a principal challenge. The issue of selection of a suitable platform for the synthesis of
nanocomposites was resolved in the second part of my research. The biphasic oil-water
system provided a platform (i.e. the liquid-liquid interface) for membrane fabrication. The
chemical structure of the synthesized ligands provided NPs with features essential for the
fabrication of a 2D membrane, constructed of chemically bound monolayer of NPs with the
aid of the chosen reaction platform. These features include: (1) stabilization of NPs at the
interface, preventing their aggregation, even during strong compression of such 2D structures.
This is provided by the presence of a partial surface charge of NPs at the interface due to
protonation of the terminal amine group; (2) anchoring of the NPs at the liquid-liquid
interface, preventing of NP from re-entry into the bulk phase during membrane contraction.
When adsorbed at the oil—water interface, NPS may not escape due to the large energy well.
Additionally, such functionalized AuNPs display the amphiphilic (Janus-like) structure,
wherein protonated ligands are situated in the aqueous phase of the system, and deprotonated
ones are located in the oleic phase. Such positioning of the ligands firmly anchors the NPs,

securing their position at the liquid-liquid interface. Therefore, the described NPs self-
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assemble into a highly stable monolayer at the interface, where unhampered access of the
cross-linking agent is guaranteed. These features make the 2D monolayer fabrication process

feasible.

In the developed fabrication method a high degree of control of the NP bulk—to—interface
migration process was essential. During the conducted research, | found that the pH level of
NP solution influences their surface charge by altering the tendency of detaching of the labile
terminal proton of the surface ligand’s amine functional group. The possibility of easy tuning
of the character of AuNPs coated with aminothiolate ligands, from a hydrophilic to a
hydrophobic one without the need of any chemical change of the AuNPs surface, via the
reversible protonation/deprotonation mechanism offers a means of facile control of the
system. This feature was utilized in the NP monolayer formation process, as the pH level
change influences the NPs’ susceptibility towards migration from the bulk phase to the liquid-
liquid interface. During my research the mechanism of the NPs’ migration was examined in
detail to gain a better understanding of this transferal process, leading to a higher
controllability of the described fabrication method. It was found that to bring the AuNPs at
the oil-water interface, an excitation of the system that leads to the formation of the oil-in-
water emulsion is required. After the excitation, the AuNPs are transported onto the oil-water

interface on the surface of the oil droplets that carry them as their “cargo”.

As one of the milestones leading to successful fabrication of a 2D NP membrane a practical
reaction vessel for this process had to be constructed. Designing and building of such a vessel
was the next important objective in the course of my research. The membrane fabrication
process was executed in a self-constructed reaction-contraction device, equipped with two
mobile pistons, that allowed for precise control of the liquid-liquid interface area. This
enabled the reduction of the distance between neighboring NPs at the interface. Interfacial
reduction was necessary as AuNPs must be in close proximity so that the cross-linking
molecules are able to form covalent bonds with neighboring AuNPs, making chemical cross-

linking efficient.

Enhancement of the membrane robustness and mechanical strength required chemical cross-
linking of NPs once a NP monolayer was obtained at the water-oil interface. Utilization of a
suitable cross-linking agent for efficient chemical binding of NPs was crucial at this stage. As

the cross-linking agent, naphthalene dianhydride derivative, which forms amide bonds with
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the ligand molecules, was used. This naphthalene dianhydride derivative, substituted in four
positions by alkyl chains, bonded with the surface ligands in a spontaneous cross-linking
reaction, occurring at ambient conditions. The cross-linking process required neither reaction
enhancing additives nor harsh reaction conditions. The use of a liquid-liquid interface as the
reaction platform guaranteed unrestricted access of the cross-linking agent to the NPs’

reactive groups.

Obtaining a truly free-standing monolayer NP membrane that would be stable in air
conditions needed appropriate embedment of the nanocomposite on a porous substrate, that
would provide support on the periphery of the film, yet leave its majority portion of the film
completely free-standing. Developing of an appropriate approach for this goal was
challenging. The as-synthesized free-standing film was transferred from the oil-water
interface onto porous grids using a gravitational outflow of solvents from the reaction vessel.
SEM experiments revealed that the obtained film comprises of uniformly distributed, densely-
packed AuNPs, whereas SEM images of the cross-linked AuNP monolayer cross-section
confirmed the single-layer nature of the obtained membrane. STEM images of the cross-
linked AuNP monolayer deposited on a TEM grid confirmed that a truly free-standing,
unsupported monolayer film stretched across openings of the grid was obtained. Moreover,
STEM images revealed that the AuNPs within the free-standing film form a densely packed

structure.

The next part of my research was devoted to developing of an undemanding method of
formation of durable, well-defined 3D nanocomposites, wherein the aggregation of
nanoadditives is inhibited and their detachment from the matrix is hindered. I created a novel
approach to the chemical linking of ex-situ prepared noble metal NPs to various polymer
matrices. In this method, NPs functionalized with the designed aminothiolalkyl ligands are
capable of chemical linking via amide, imide, imine, or aminal bonds with a variety of
polymers possessing carbonyl groups or hydroxyl groups that can be converted, upon
oxidation, into carbonyl groups. This feature of the NPs follows directly from the presence of
the surface aminothiolalkyl ligands. The capability of linking the NPs through different
functional organic groups makes them potentially versatile with respect to the type of cross-
linking agent (2D nanocomposites) and polymeric host matrix (3D nanocomposites). The

foundation of an undemanding character of the developed method was realized since the
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binding of the NPs to the polymeric matrix occurs spontaneously at ambient conditions, and
does not require any external stimuli, such as temperature or UV irradiation. The synthetic
procedure entails merely simple mixing of the chosen polymer, in the form of a solution or
solid with an aqueous solution of the aminothioalkyl functionalized NPs. SEM experiments
revealed that the NPs are distributed uniformly within the resulting nanocomposite.
Aggregation of the NPs in the obtained 3D nanocomposites does not occur due to durable
covalent bonding between the NPs and the polymer matrix. UV-Vis experiments confirmed
that the NPs do not leach from the fabricated 3D nanocomposites when immersed in aqueous

solutions.

Finally, since better understanding of the covalent bond formation mechanism assures
elevation of the possibility of controlled manipulation of the fabrication process, considerable
effort of my research was put to proposing a plausible bond formation mechanism.
Spontaneous formation of durable chemical bonds between aminothioalkyl functionalized
NPs and polymeric chains is possible due to the decrease of the entropy contribution to the
reaction’s Gibbs’ enthalpy, following the initial anchoring of the ligand on the surface of the
NPs. Binding of the amine molecules to the surface of NPs prior to the bond formation

reaction reduces significantly translational, rotational, and vibrational degrees of freedom of

these molecules, and hence leads to the drop of the entropy, AS, of the amide and imide

formation reaction. In the NP-mediated bond formation reaction the entropy contribution is

substantially diminished, leading to a positive value of the AG of the amide and imide

formation. This allows the reaction to take place spontaneously at ambient conditions.
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