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Abstract

Thin films have been of great interest for more than a hundred years because of their
technological applications and possible usage as interesting system for physicochemical
investigations. The possibility of direct observations of molecular arrangement, which came
with the new imaging techniques in the 1980s (Atomic Force Microscopy, Scanning
Tunneling Microscopy) resulted in a new wave of interest in thin films as a part of
nanotechnology. Among the most promising areas for novel applications of thin films are

organic semiconductors for use in field effect transistors, photovoltaics and spintronics.

Results of several research projects are presented in the thesis. The separated parts are linked
by the main idea of utilization of the Langmuir-Blodgett technique to study the intriguing
behavior of matter in 2D systems as well as the possible applications of the scientific findings.
In the first part of the thesis, properties of thin films of a new class of liquid crystalline
amphiphilic compounds, namely bolaamphiphiles, are presented. A study of the influence of
fluorination on the film stability revealed unusual reversibility and reproducibility of the 7(4)
isotherms of films of partially fluorinated bolaamphiphiles. Monolayers of these compounds
did not collapse during compression at the air/water interface. Ordered lamellar structures
were formed instead. The balance between rigidity and flexibility of the molecules, adjusted
by partial fluorination and the shape of the molecules, was the key factor to avoid irreversible
aggregation of the molecules and to create ordered multilayer structures. These investigations
led to a vast improvement of the general understanding of multilayers formation. A new

mechanism of formation of 3-, 5- and 7- layer films has been proposed.

Further work revealed that no compression was needed to form ordered 3-layer films of
bolaamphiphiles. Simple drop casting experiments gave qualitatively identical results
comparing to those based on the Langmuir-Blodgett method. The self-assembly of
bolaamphiphiles induced ordering in thin films containing other species. Films of mixtures of
gold nanoparticles and bolaamphiphiles exhibited enhanced ordering when compared to films
of pure nanoparticles. Moreover, gold nanoparticles with covalently attached bolaamphiphilic
domains formed ordered supramolecular assemblies over large areas in simple drop casting

experiments.

The results presented in second part of the thesis originated from the above mentioned studies

on mixtures of liquid crystalline compounds and nanoparticles. The Langmuir-Blodgett
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technique was used to create 2D structures of gold nanoparticles. Thus prepared surfaces were
afterwards used as substrates in the chemical vapor deposition process of gallium nitride
(GaN) nanowires growth. On that scaffolding, a third step of material fabrication was
performed. Gold microflowers (Au MFs) deposited from solution preferably appeared at the
top of the GaN nanowires and not in the cavities among them. The obtained morphology of
the final material could be controlled at each step of the preparation process to tailor its
properties for desired purposes. The obtained surface was found to be active in surface
enhanced Raman spectroscopy (SERS) with the enhancement factor around 10°. Prepared
platforms were also suitable for biological and biomedical applications. The label-free
detection of DNA was demonstrated. Prepared substrates gave reproducible SERS spectra
both across a single platform and between different platforms. The average spectral
correlation coefficients (I) was 0.87. Moreover, the obtained material proved to be very

stable.

The third part of the thesis deals with the behavior of a new class of polymers —
hyperbranched polymers — at the air/water interface. Because of their novel molecular design,
a number of unexpected phenomena were observed. The polymer molecules were bound
through the interactions of the terminal alkyl tails. The strength of the interaction might be
adjusted by changing their lengths. The mechanism of the collapse and its reversibility is
discussed in detail. The temperature and/or surface pressure changes induced a first order
phase transition in the monolayer. The overall picture of the transition resembled the solid —
liquid phase transition in two dimensions. Large, organized structures of the polymer were

transferred onto a solid substrate, ensuring stable and uniform coverage of the surface.
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Introduction

1. Introduction

Nanotechnology is a part of science, which deals with self-organization processes, new
materials of various shapes (spheres, rods, wires, half-shells, cubes) and compositions
(organics, metals, oxides, and semiconductors) and devices, which at least one geometrical
dimension is smaller than 100 nm. Such nanosystems can exhibit number of physical
behaviors due to size scaling (superparamagnetism,’ overlapping double layers in fluids?),
which are often based on quantum phenomena (electron confinement,” near-field optical
effects,® quantum entanglement,” electron tunneling® and ballistic transport’). Nanotechnology
is present in everyday life, for instance all electronic devices use microprocessors that are
built in the nanometer scale.® Despite that, there is still plenty of room for novel materials and
devices, which might be created by means of nanotechnology. The possible applications are
medicine, electronics, optoelectronics, biomaterials, energy storage and production. The best
example 1s graphene, one atom thick planar sheet of sp2 bonded carbon atom. Graphene was
explored in 2004,” and Nobel Prize in Physics was awarded to Andre Geim and Konstantin
Novoselov “for groundbreaking experiments regarding the two-dimensional material

graphene” in 2010.

The properties of the matter changes as the size of the system decreases as an effect of
changes of magnitude of various physical phenomena. These include statistical mechanical
effect, quantum size effect (mentioned previously), increase significance of surface tension
and van der Waals interactions and decreased importance of gravity. Changes of properties

often arise from changes of surface area to volume ratio.

Nanotechnology, as a concept, was started by Richard Feynman at an American Physical
Society meeting on December 29, 1959."° The talk entitled “There's Plenty of Room at the
Bottom” described scaling issues. During his talk Feynman announced two awards, 1000 US
dollars each, for the first who could solve them. First one, which involved construction of
nanomotor, was completed by November 1960 by William McLellan. The second challenge —
down-scaling the Encyclopedia Britannica to fit it on the head of a pin; was claimed in 1985
by Tom Newman."" The term “nanotechnology” was first used and defined by Norio
Taniguchi at Tokyo University of Science in a paper from 1974.' He stated that
"Nanotechnology' mainly consists of the processing of, separation, consolidation, and
deformation of materials by one atom or by one molecule." In the 1980s Eric Drexler

emphasized the technological significance of nanoscale phenomena and materials."® In the
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same time new experimental techniques were invented, which gave nanotechnology a great

boost.

The first observations and size measurements of nanoparticles were performed by
Richard A. Zsigmondy in the beginning of 20™ century. He used ultramicroscope with dark
field method to study gold sols and other nanomaterials with size 10 nm and less (Nobel Prize
in Chemistry in 1925)."* In the 1920s Irving Langmuir and Katherine Blodgett focused on
materials one molecule thick (Nobel Prize in Chemistry for Irving Langmuir in 1932).'>'® The
technique developed by them is still in use in modern laboratories. The invention of the
scanning tunneling microscope (STM) in 1981 by Gerd Binning and Heinrich Rohrer (Nobel
Prize in Physics in 1986)'” and atomic force microscopy (AFM) in 1986 by Gerard Binning,
Calvin F. Quate and Christoph Gerber had very big impact on the development of
nanotechnology and nanoscience in general. Mentioned techniques allowed not only
observation of nanoobjects, yet also precise manipulations of single atoms and molecules.'®
Nowadays also transition electron microscopy (TEM) and also scanning electron microscopy
(SEM) are suitable for observation of the nanomaterials. More than eighty years of
development of those techniques resulted in possibility of taking pictures with nanometer
resolution. Nobel Prize in Physics was awarded to Ernst Ruska in 1986, more than 50 years
after he constructed first electron microscope in 1928 and first with better resolution

comparing to optical microscope in 1933.

For years the “top-down” approach has been the mainstream of nanotechnology.'
“Top-down” approach uses larger devices to create smaller ones by directing their assembly
from larger entities. Most of the electronic devices are produced this way. In 1965 Gordon
Moore formulated rule, later codified as Moore's law. It states that silicon transistors undergo
a continual down scaling. Since then, transistors minimum sizes decreased from 10 um to the
range of around 25 nm.?® This seems to be the limit for “top-down” methods. Recently the
“bottom-up” approach became more and more important. It takes advantage of molecular
components properties to assemble into devices and materials by means of molecular

recognitions.”’
1.1. “Top-down” approach

“Top-down” methods are physical and chemical processes of different complexity.

“Top-down” approach often utilizes the traditional workshop or microfabrication methods,
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where externally-controlled tools are used to cut, mill, and shape materials into the desired

shape and order.

One of the most straightforward concepts is to use high energy milling for the preparation of
nanomaterials. Mechanochemistry as a branch of solid state chemistry deals with the
processes which occur due to the application of mechanical energy. Mechanochemical
technology has been applied in many industrial fields: preparation of metallic nanopowders,
alloys, metallurgy, building industry, chemistry, especially catalysis, minerals engineering,

agriculture industry, and pharmaceutical industry.*

The lithographical techniques give better control over the nanoobjects formation. The idea is
based on patterning on large scale, while reducing the lateral dimensions to the nanoscale.
Typically features smaller than 10 um are considered microlithographic, while smaller than
100 nm — nanolithographic. The most commonly used is photolithography. It uses light to
transfer a geometric pattern from a photo mask to a light-sensitive polymer films (photoresists
deposited on the solid substrate). Lasers or other sources of various wavelengths are used to
create images or patterns in photoresist. Photoresist may become soluble or insoluble after
light exposure, depending on the material used. Therefore it is possible to use different
photoresists as templates for deposition of molecules, as well as mask for etching (dry — using
plasma and wet — with use of aggressive liquid solutions). Afterwards photoresist is no longer
needed. It might be removed by treatment with liquid “resist stripper” or with use of plasma
in process called ashing.” In lithographic techniques UV light, X-ray, electron (electron beam
lithography (EBL)) and ion (focus ion beam (FIB)) beam are used. Focused ion beams
(typically using Ga ions, therefore samples are doped with Ga) can directly remove or deposit
material.** The use of electron beam is expensive and relatively slow, therefore it has low
potential for application in industrial manufacturing. Additionally the backscattering of
electrons limits the resolution and contrast.”> Laser patterning has been reported as mask less
approach with a better resolution as compared to the classic photolithography. Such technique
enables precise fabrication of materials, which are hard to machine, such as ceramics and

. 2
semiconductors.?®

For ultimate resolution AFM and STM techniques were employed. By moving individual

nanoparticles or even molecules or atoms, patterns of precise arrangement might be prepared.

These methods are far too slow for industrial applications.'®*’
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Another possibility to control the shape, size and matrix of the nanomaterials is “top-down”
synthesis.”® The set of techniques to control the synthesis of non-spherical particles or
produce multi-component emulsion of monodisperse particles is given by microfluidics.
Integrating microchannels with sensors, actuators or other electronics®’ and introducing new,
smart geometries’’ gave new functionalities. This allowed investigating and using so called
lab-on-chip systems.’’ For example, Doyle and co-workers’® utilized shearing forces of
a photopolymer in a continuous water phase at a specifically-designed microfluidics junction
to produce non-spherical uniform polymer particles on the micron scale. Whitesides and

coworkers ** used similar method to control the size of monodisperse particles.
1.2. “Bottom up” approach

The technology of production of electronic devices based on the “top-down™ approach is
gradually reaching its limits. As device features are down-scaled into sub-100-nm regime the
control over the process becomes limited. Fluctuations of size of manufactured nanodevices
result in significant randomness in characteristics, affecting key parameters, such as e.g.
threshold voltage and on/off currents in case of transistors.’* Moreover, the costs of
miniaturization associated with lithography equipment and operating facilities create an
economical barrier for development of conventional processors and memory chips.*
Therefore a lot of attention is currently paid to development of the “bottom-up” idea.**?’
“Bottom-up” lithography, also denoted as “soft” lithography, has been recognized as
complementary to the widely used “top-down” approach.’® It takes advantage of properties of
molecular components to induce assembly into complex structures due to principles of
molecular recognitions. To achieve more sophisticated devices, hierarchical “building up”

might be used.”” Usually, the very first step of fabrication of complex nanostructures is

surface treatment via chemical modification or thin film casting.*’

It seems that the ideal way of preparation of future electronic devices will combine these two
approaches i.e. facilitating a scaffold, obtained via lithography or other high-precision
“top-down” technique, decorated with a functional pattern of precisely located nanoscale
objects.*’ Selective, controlled patterning of surfaces is therefore a matter of significant
importance. Much effort has to be directed to understand forces governing the self-assembly
processes.”” The very extensive review by Lu and Lieber describes the features and
opportunities of “bottom up” approach for nanoelectronics, and presents were it could merge

with today's technology. Problems that have to be overcome to take such devices towards
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commercial applications are also pointed.”’ Limited understanding of processes and
interactions of self-assembly allows the usage of “bottom up” strategy only in case of
relatively simple systems. To achieve more complicated devices hierarchical self-assembly

might be used, where consecutive steps of self-assembly lead to desired system.

Whole nature is using “bottom up” approach to create as complicated systems as living cells.
Biologically inspired self-assembly gives a variety of possibilities of utilization of specific
interactions (molecular recognition®) in artificial system. For example nucleotide pairs
formation is widely used. Recent review by Cha and coworkers** gives very deep insight into
nanofabrication based on DNA. Also properties of oligopeptides and proteins were utilized
i.e. the formation of peptide ion channels by self-assembly of cylindrical octapeptides tubes.*
Another example is unique stability of porin MspA, channel protein from Mycobacterium

smegmatis, which was used to form artificial nanopores of diameter of around 3.1 nm.*

There is a growing interest in using biomolecules as active components in preparation of new
materials. Biotransformations are highly selective, site-specific and highly efficient under
physiological conditions. For example enzymes can be deposited to form nanostructures of
nucleic acid and proteins directly on the solid substrates.*” While engineers race to downscale
the size of transistors and memory chips, biologists and life scientists have started to use
micro- and nanopatterning for high-throughput detection systems for genomic and proteomic
studies.” The problems that still need to be overcome are incompatibility of biomolecules

with conditions of industrial fabrication such as vacuum and non-aqueous environment.*’

Another possible route for nanofabrication is to take advantage of other specific
inter-molecular interaction, for instance of liquid crystals (LC) properties.”® LC have been
used across multiple disciplines of pure and applied science, including bioscience and
material science. LC flow like a liquid while molecules are still ordered in long range. This
results in anisotropy of physical properties. LC phases are thermodynamically stable states,
hence often called the fourth state of matter. LC self-assemble into variety of structures due to
almost all kinds of supramolecular interactions such as van der Waals, dipolar and
quadrupolar, n-r interactions and charge transfer, metal coordination and hydrogen bonding
etc.”’ Also molecular shape and microsegregation of incompatible parts are important factors
for LC structures. The liquid crystalline states are intermediate phases between amorphous
liquid and crystalline solid. LC phases are called mesophases. The molecules which are able

to form LC phases are called mesogens. The most general classification of LC is based on the
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way how the LC phase is obtained. In case of mesophase appearance due to changes of
temperature — thermotropic; or by dissolving amphiphilic compounds in suitable solvents over
the range of concentration and temperatures — lyotropic LC are distinguished. The LC phases
are also classified due to molecular features (calamitic, discotic, bent core) or assemblies
(nematic, smectic, columnar etc.). Very extensive review by Bisoyi and Kumar™® gives
number of examples of utilization of LC tendency for self-assembly. For instance new
arrangement of gold nanoparticles stabilized with organic shell, which contains molecules

with liquid crystalline moieties is described.
1.3. Surfaces and interfaces

The down-scaling of the dimensions results in different properties of the matter due to
variation in magnitude of physical phenomenon. However, there is one more characteristic
which distinguishes nanoobjects from macroscopic materials. The volume of the object is
proportional to 1’ (r is characteristic length) and surface area to r*. The down-scaling leads to
structures with high percentage of their constituent atoms at a surface. In the most extreme
case almost all atoms may be on the surface. Whitesides ez al.** described surfaces as the state
of matter, where the gradients of properties are greatest. In bulk phases the gradients are
usually zero. The gradients arise from different environment of atoms or molecules at the
surface comparing to those in bulk. This causes the differences of the physical properties e.g.
free energies, electronic states, reactivities, mobilities and structures.”® Therefore there is

a great interest in physics and chemistry of the surfaces, interfaces and thin films.

In the ambient conditions the surface is continuously hit by the molecules of the gas. Freshly
prepared surface becomes covered very quickly. The timescale of the process can be
estimated on the basis of the kinetic theory of the gas. For the air, in room temperature and
under atmospheric pressure, the frequency of the impacts equals 10*” m™ s™. The 1 m” of the
metal surface consists of 10'* atoms; therefore each atom is hit 10® times every second. Even
when the adsorption ratio is very small the surface remains “fresh” and uncovered very
shortly after exposure. Therefore, most of the techniques of molecular resolution work in the
ultrahigh vacuum conditions. The impact frequency of the gas molecules drops to 10° to

10° m™ s (one for a day) in such conditions.

Bare surfaces are of importance in number of fields, for instance in catalysis. However, only

a limited number of materials have surfaces with desired properties. Surface modification
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allows adjusting its properties to specific needs. This is another reason why thin films have
been of interest for more than a hundred years. The possibility of direct observations of
molecular arrangement came with the new imaging techniques in 1980s (AFM, STM). It
resulted in new wave of interest in field of thin films. Among the most promising and novel
areas for application are organic semiconductors for use in field effect transistors,
photovoltaics and, in general, the organic electronics. A vast amount of papers has already
been published on the subject (for examples see the recent review by O’Neill and Kelly>® and
references therein). One of the most intriguing methods of fabrication of organic transistors is
based on self-assembled monolayers and molecular junctions with m-conjugated molecules.”
The limitation of this idea in attempts for miniaturization is unimolecular electronics, already

36 and described in a broad review by Metzger.”’ Another

reported in numerous papers
direction towards nanodevices is provided by spintronics which makes use of quantum
properties of a single molecule. Supramolecular spin valves described in a very recent paper

by Urdampilleta ez al.”® are an example of such spintronic devices.

Preparation of well-defined thin films composed of different kinds of molecules is therefore
crucial to achieve functional nanoscale structures. Among the most widely used techniques of

thin film preparation are: spin coating, layer-by-layer (LbL) deposition,” ™’

1516 electrochemical deposition® and self-assembled

Langmuir-Blodgett (LB) technique,
monolayers (SAMs).* All of them present some advantages for specific applications. Neither
of them is universal and versatile enough to be appropriate for all purposes and to satisfy the
rising requirements of all modern technological challenges. The choice of method of the thin
film casting is dictated by the balance between cost (money and time) and control over the
structure and quality of the created film. For example, assembly at the air/water interface
(Langmuir films) and subsequent transfer of films onto a solid substrate assures very good

61,62

control over the formation process and final structure of thin film. Application of the

method is however limited to fabrication on a small scale, since it is time consuming.

1.3.1. Self-assembled monolayers (SAM)

Bare metal and metal oxide surfaces tend to adsorbate organic materials. Such adsorbates
lower the free energy of the interface between the metal or metal oxide and the ambient
environment.”* Additionally, such organic layers play role in stabilization of nanostructures of

metals and metal oxides. The organic layers prevent the assemblies from aggregation (acting
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as physical or electrical barrier) by decreasing the reactivity of surface atoms or acting like

electrically insulating films.

Self-assemble monolayers (SAM) were introduced in 1980s by Nuzzo and Allara® and by
Whitesides and co-workers.”* SAMs are organic assemblies formed by the adsorption of
molecular constituents from solution or gas phase onto the surface of metals, metal oxides,
semiconductors and liquids (mercury and other liquid metals and alloys). The molecules need
to have a chemical functionalization with a specific affinity for the substrate. The most
interesting group of SAMs derives from the adsorption of alkanethiols on gold, silver, copper,
palladium and mercury. The adsorbates organize spontaneously into crystalline or semi
crystalline structures. Well defined organic surfaces with useful, reproducible and highly

tunable chemical functionalities can be generated.®’

The SAMs are the most elementary form of organic structures ordered at the nanoscale. They
are easy to prepare and do not require specialized equipment or harsh conditions. The
structure of the molecules of adsorbate determines the vertical composition of the SAM. It is
possible to organize organic or organometallic structures at the surface with positional control

of 0.1 nm. Regions of SAM, which are phase separated, can have more than 100 nm® *°

when
- o 67 . 68 69 70 71
microcontact printing (LCP),”" scanning probes,” beams of fotons,” electrons™ or atoms

are used.

1.3.2. Layer-by-Layer deposition

Layer-by-layer (LbL) method was first suggestively described by Iler’® (paper published in
1966) and first performed and established by Decher and co-workers™ at the beginning of the
1990s. The main idea of LbL method is to utilize electrostatic interactions to deposit the
material in controllable manner. Several steps are repeated consecutively to obtain desired
number of layers. First, a charged surface is placed in the solution of substance of opposite
charge (substance A). Relatively high concentration of the substance in solution leads to
excess adsorption of the substance and therefore to charge neutralization and resaturation.
This results in the charge reversal.”> Afterwards, the surface is rinsed with water to remove
excess material. 10% decrease of mass after 5 minutes of washing is observed.”® In the next
step such modified surface is placed in the solution of the substance (substance B) of opposite
charge (to substance A). After deposition of layer of substance B the surface is again washed

with water. Described steps are repeated to obtain a desired number of A B bilayers.
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Beside conventional polyelectrolytes such as poly (allylamine hydrochloride) (PAH),
poly (diallyldimethylammonium chloride) (PDDA), and poly (ethyleneimine) (PEI),
poly (sodium styrenesulfonate) (PSS), poly (sodium vinylsulfonate) (PVS), and
poly (acrylic acid) (PAA)’* also functional poly (p-phenylenevinylene) (PPV) for
light-emitting diodes,”” azobenzene-containing polycation and polyanion for non-linear
optics,”® and poly (amidoamine) dendrimer (PAMAM) and its metal composites’’ have been
assembled via LbL method. Also biomaterials, such as proteins,78 DNA,79 and charged
polysaccharides,* are appropriate for LbL deposition. The list of materials is not limited for
polymeric materials; charged inorganic substances, including colloidal nanoparticles,”' clay,*
nanosheets,83 modified  zeolite crystals,84 two-dimensional perovskite,85 and
polyoxometalates,*® bolaamphiphile monolayers,®” lipid bilayers®™ and stacked dye
molecules® are appropriate for LbL method as well. The usage of the LbL is very broad in
different fields of material science. Extensive review on the recent advances of LbL method

A 90

has been published by Ariga et al.” The biological applications of LbL films have been

. . 1 . .
presented in review by Kotov and coworkers.”’ Both reviews contain over 600 references.

The properties of films obtained via LbL method depend strongly on the thermodynamic
conditions such as: pH, salt concentration, temperature or post processing. For example:
thickness could vary from 0.4 nm to 8 nm over a very narrow pH range in case of weak
electrolytes (PAA and PAH).”> Important case is ionic strength and the type of the ionic
species in solution. Also drying of the sample influences the film structure strongly. Drying at
each step increases the thickness of the films due to enhanced surface roughness.”” The
technique is cheap and not sophisticated. It requires good control over the external

parameters. The biggest drawback is limitation only to charged compounds.

1.3.3. Langmuir-Blodgett technique

Amphiphilic compounds are used as detergents, i.e. have “cleaning properties as dilute
solutions”. The mechanism of cleaning is well known. It is based on the fact, that amphiphiles
have two domains — hydrophobic and hydrophilic. The hydrophobic parts interact with soil
and hydrophilic with water in the same time. Thus soil particles become soluble in water.
Surfactants are also used as emulsifiers. The shape of the molecules and the functional groups
determine the properties and possible applications of surfactants. Depending on length to
diameter ratio surfactants prefer to form micelles, membranes or monolayers in rather dilute

regime.
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The origin of the Langmuir method might be found in experiment conducted by Benjamin
Franklin in 1773. He dropped about teaspoon of oil onto a pond. His intention was to test the
protocol of popular myth of the sailors. Those days during the storm, the barrels of oil were
spilled around the ship to calm down the water. In his original paper from 1774 Benjamin
Franklin stated “the effect of smoothing the waves was not produced”.”® He was very close to
much bigger discovery than just disproving of the oil-dropping myth. Since Franklin knew the
volume of oil used in the experiment and the area of pond covered by oil, he could estimate
the dimensions of the molecule just by dividing the volume by the area. Unfortunately the
knowledge about the dimensions of the molecules was undiscovered for over one hundred
years. Lord Rayleigh was first, who calculated the thickness of the oil layer in Franklin
experiment to be around 2 nm. Additionally he confirmed Avogadro number. At the same
time Agnes Pockels started her work on utilization of the tendency of the oils to form thin
films at air/water interface to describe purity of the water. Her first paper was published in
Nature in 1891.** She prepared the stage for Irving Langmuir, who continued the work on thin
films of fatty acids, esters and alcohols. Langmuir found that the length of hydrophobic chain
do not play important role in thin film formation, therefore molecules are oriented vertically."
He developed special equipment, called Langmuir trough, which is in use until today with
only minor changes (Figure 1). In 1926 Katherine Blodgett, Langmuir's student and
co-worker, discovered the possibility of transfer of Langmuir films onto solid substrates.
There are two main, complementary, techniques for the transfer: Langmuir-Blodgett — the
solid substrate is oriented vertically to water surface'®; and Langmuir-Schaeffer — solid wafer
oriented parallel to the water surface.”> Vincent Schaefer was Langmuir and Blodgett

coworker, who joined the team in 1932.

Figure 1 Scheme showing the most common Langmuir-Blodgett trough setup (equipped with

two movable barriers for symmetrical compression). The film of amphiphilic molecules is
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also presented; the green parts of molecules are hydrophobic tails, and red spheres correspond
to hydrophilic head of the amphiphile. The well in the trough is needed for

Langmuir-Blodgett deposition in order to dip the substrate into subphase.

The results of Langmuir experiments are usually depicted as plots of surface pressure versus
mean molecular area. Surface tension is usually measured by means of Wilhelmy method.”®
The hydrophilic plate, preferably perfectly wettable (platinum is most popular, however
filtration paper or even quartz and mica are in use) is immersed in subphase. The plate is
connected to a very precise balance. The forces acting upon the plate are gravity and surface
tension (downwards, into the water), and buoyancy due to displaced water (upwards). The
measured force F' is composition of those three forces. For rectangular plate of density d,
which geometrical dimensions are w (width), / (length) and ¢ (thickness), immersed in liquid
of density d " for high % (usually around one third of the plate is immersed in subphase; 4< /),

the force F is given by the equation:
F =dgwlt+2ywcos(0.) —d gtwh Equation 1

where y is surface tension, 6. is wetting angle, and g is gravity constant. The Wilhelmy plate

and the forces are depicted in Figure 2.
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Figure 2 Cartoon showing surface pressure measurements by Wilhelmy method. Symbols
correspond to Equation 1. The orientation of Wilhelmy plate (parallel or perpendicular to the
barriers) was found to has influence on recorded m(4) isotherm, especially in case of rigid
films. °” Recently simple new method for measuring the surface shear elasticity modulus and
the dilatational modulus was established. It utilizes the anisotropy of surface tension

measured in different orientations of Wilhelmy plate.”®

Surface pressure 7 is defined as difference of F' between pure solvent (y) and solvent with

compound applied (y*) divided by the perimeter of the sensing plate. Since the gravity and
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uplift part of Equation 1 are constant during the experiment, therefore in case of perfect

wettability (cos(6.) = 1):

2 _ *
= 2y=r) Equation 2
(2t +2w)
For very thin plate (= 0)
r=y-y Equation 3

Surface pressure is a result of a subtraction of surface tension of solvent and solvent with
compound of interest applied at the interface. The only parameter that vary during the
experiment is surface tension y* (after surfactant application), due to changes of available area

per molecule.

Surface tension could be described as model force which pulls molecules from the interface
towards the bulk. This force arises from the lack of symmetry of interactions at the interface.
In the bulk of the liquid phase, each molecule is pulled equally in each direction by
neighboring liquid molecules, resulting in a zero net force. However, at the interface the
interactions with gas molecules are weak. Therefore the molecules at the interface are pulled
down, towards the phase interior. As a result the surface area is minimalized (liquid form
droplets). In case of strong intermolecular interactions the value of surface tension is high
(i.e. for water y=72.8 mN m" at 25°C). Factors like temperature or impurities (especially
surfactants) cause decrease of interaction forces between molecules and therefore decrease of

the surface tension.

Another way to describe the surface tension is in terms of energy. The interior molecules have
as many neighbors as the geometry allows, while at interface half of the neighbors are
missing. The intermolecular interactions lower the energy. In case of a liquid system, the
number of higher energy boundary molecules is minimized to minimize its energy. Therefore

droplet is formed as shape of minimal surface area at given volume.

The same conclusion arises from thermodynamics. Surface tension is defined as a work

needed to change the surface area (work per unit area):

dW = ydA Equation 4
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It might be written as changes of Gibbs free energy G:

oG

y = (_j Equation 5
aA P,T,n

Thermodynamics requires that all spontaneous processes occur with decrease of G. Since y is

constant in given conditions (7, P), from Equation 5 it is clear that the liquid system is

always minimalizing its surface area.

The experimental setup for investigations on thin films, which was developed by Irving
Langmuir, remained almost immutable. The most commonly used equipment consists of
hydrophobic trough, made of PTFE, which is fulfilled with subphase (water, water — alcohol
and water —glycerol mixtures, mercury or even ammonia). On the edges of the trough,
perpendicular to its long axis, the movable barriers are positioned (see Figure 1). The barriers
are usually made of material, which is wettable by the subphase. Beside most common
rectangular troughs with one or two barriers, also round setups are in use with barriers moving
engine in the center of the trough’ or constant perimeter trough with the tape as a barrier,

which folds during compression.'®

The studied amphiphilic compound is applied as a solution in volatile solvent (usually
chloroform) onto the subphase, between the barriers. Usually the working solutions are of
concentration ca. 1 mg ml”, therefore less than 100 pl is applied onto the subphase in case of
troughs of standard dimensions. The standard pipettes are not suitable for volatile solvents,

thus microsyringes or drop-counters are used.

During the experiment the barriers move towards each other, thus surface area between them
decreases. In case of system with non-symmetrical compression only one barrier is present,
which moves towards the edge of the trough. Changes of the surface pressure as a function of
surface area per molecule are recorded. Since the temperature is constant during the
experiment the resultant plot is called 7(4) isotherm. Preferably the speed of barrier
movement should be as slow as possible. In such a case the system is as close equilibrium as
possible. In  fact wusually non-equilibrium processes are observed during
compression/decompression cycles. Another way to conduct experiments is titration of
studied amphiphile while barriers remain static. This method is preferred when very small

changes of the surface pressure are investigated.
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The stability of thin films mainly depends on two factors: on the tendency of molecules for
dissolution into the subphase; and on the mechanical stability of the layer, in order to resist
over-compressions. For insoluble amphiphilic molecules, the equilibrium between Langmuir
film and saturated subphase might be approached very slowly. To consider the stability
criteria the equilibrium spreading pressure (ESP) should be introduced. The equilibrium
spreading pressure is defined as spontaneously generated, when a crystalline phase is placed

in contact with surface of a pure subphase.'"’

The equilibrium spreading pressure corresponds
to the equilibrium pressure between the monolayer (2D state), and the crystal (3D state). To
be in stable equilibrium, the monolayer should not be compressed to the surface pressure
higher than ESP. At any surface pressure higher than ESP, the monolayer has a tendency to
aggregate into crystals by a nucleation and crystalline growth process. Luckily, during
Langmuir experiments, when the monolayer is compressed beyond ESP, the equilibrium is
approached very slowly. Therefore the ESP is generally not attained in the course of
experiments and films could be compressed to higher values of surface pressure. To conclude,
the processes responsible for the monolayer instability occur in long time scale. However, it is

important to consider a floating film as a metastable system rather than an absolutely stable

equilibrium phase.'*

The behavior of the film during compression depends on the nature of the amphiphile,
temperature, subphase composition and compression speed. At the early stage of the
experiment the value of mean molecular area is high and molecules form a two-dimensional
gaseous state (surface pressure lower than 0.1 mN m™"). During compression the mean
molecular area decreases and therefore molecules are forced to interact. First phase, beside
gaseous, i1s a “liquid expanded” and afterwards “liquid condensed”. Further compression
results in the formation of monolayer in solid state, where molecules are densely packed on
the interface. More reliable classification of states of Langmuir films were given by Davies
and Rideal.'” Their approach is based on modulus of compressibility Ci, called static

elasticity €;. The static elasticity is defined as:

£ LfoA Equation 6
=——| — uation
s A\or ), 1

and can be calculated from m(A4) isotherms. The values of static elasticity & for different

phases of the monolayer are given in the Table 1. Great attention is paid especially to the
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self-assembly of Langmuir films and to the alignment mechanism typical for liquid crystals
(LC), 104105106
Table 1 Values of static elasticity corresponding to different 2D phases.

Monolayer state g/ mN m™

Gaseous 0-12
Liquid expanded 15-50
Intermediate 50 -100
Liquid condensed 100 — 250
Solid 250 —2000

1.3.3.1. Layering transition and collapse of the LB films

When the mean molecular area becomes smaller than the area occupied by a single molecule

the molecules explore the third dimension upon compression. The term “collapse” is usually

used to describe a phenomenon of disruption of the monolayer. Understanding this 2D to 3D

transition provides insight into the origin and nature of defects in thin films. Because of

technological (for example coating of optical fibers'®’) and biological (protection of the
108

eyes,'”® the ears,'” inner surface of the lungs''’) importance of thin films, much effort has

been devoted into understanding of the collapse phenomena.

The two-dimensional film finally reaches its stability limit on compression. Usually at this
point a steep m(A4) isotherm abruptly becomes horizontal. The process usually occurs at high
surface pressure. The molecular area reaches a limiting value beyond which the monolayer
cannot be compressed further without destabilizing its 2D nature and yielding the structure in
the third dimension. The surface pressure at collapse determines the minimum surface tension
for the interface. The collapse mechanism determines its reversibility (i.e. how well the
monolayer respreads upon expanding the film). Fluid monolayers collapse at relatively low

" More ordered and rigid

surface pressure via the ejection of materials to the subphase.
monolayers collapse at higher surface pressure, usually by fracturing, followed by a loss of
materials in the subphase or the formation of multilayered aggregates at the air side of the

. 2,112
interface.®

The collapse occurring via fracturing or solubilization is irreversible.'"> The
collapsed materials do not incorporate into the monolayer as the surface pressure is decreased.

When the material spread at the interface contains more than one component it may happened
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that at the collapse some of the components are squeeze out from the monolayer. That leaves

the film enriched in the more rigid components.'"*

At least one biological system needs to take advantage from the reversible collapse of the
film. Lung surfactants are complex mixture of lipids and proteins that line the alveoli and are
responsible for proper functioning of the lung.''> They adsorb rapidly at the air/fluid interface
of the alveoli after being secreted. The functions of lung surfactants are to lower the surface
tension, to reduce the work of breathing and to stabilize the alveoli against changes of
alveolar volume. Therefore the lung surfactants need to form a film which cannot be
destroyed upon changes of surface pressure. Those conditions are fulfilled by the specific
composition. Special proteins are involved in the process of reversible folding/unfolding of
the film during breathing cycles. The foldings are in facts reservoirs where the excess material
is stored during the compression of the film.''® Studies on lung surfactants are great example

of Langmuir technique possibilities in variety of applications.

The monolayer that contains continuous network of the fluid phase separating islands of
ordered and rigid phase, collapses via a reversible, localized, large amplitude buckling
(folding). In such a case the monolayer is flexible enough to bend but retains enough cohesion
to prevent loss of material to the subphase or to the air side of the monolayer. The mechanism
of folding collapse is similar to the behavior of a thin sheet of paper after applying lateral
stress — the paper buckles and folds. The conclusion is that proper rigidity of the film is
needed to observe buckling; the monolayer cannot be too rigid (broken sheets of monolayer
sliding onto each other) or too fluid. Similar collapse mechanism has been also found in case
of films of pure compounds''’ and described theoretically.''® In fact the buckling of the
polymer films were reported for the first time in 1954. However the authors did not connect
the foldings with the reversibility of the collapse. The investigations were performed not

in situ, yet after deposition of collapsed film onto solid substrate.'"’

There are only few examples of well-defined multilayer structures formation upon
compression beyond a monolayer collapse.'?'?""1?%!% Tq distinguish the phenomenon of real
collapse of a monolayer (random 3D-aggregation) from the formation of ordered multilayers,
the term “the layering transition” (after Mohwald'**) is used throughout the thesis for ordered
transition between monolayers and thicker films. The layering transition is a specific type of
phase transition. This term was introduced for the first time to describe gas adsorption on

solid surfaces and building-up of additional layers on the adsorbed monolayer. The analogy of
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formation of multilayers in Langmuir films to the above is very close. There are however
doubts if it is justified to consider it simply as a phase transition in a common sense, because
of the change of dimensionality of the system during the process. The properties of the system
are changing discontinuously when new layers are being built up to the former ones. In this
context a substantial question arises: how many layers the system should consist of to be
treated as a bulk? Gallani ef al.'® considered the layering transitions in Langmuir films of the
paramagnetic molecules known as TEMPO. They concluded that these transitions “can shed a
new light on their behavior in the bulk”. This conclusion is closely related to the question

above, but an answer 1is still unknown.

Trilayers are often formed during compression of monolayers at the air/water interface if no
disordered (irreversible) collapse takes place.'?"?*'*"!*8 The roll over mechanism, which
explains formation of trilayer and not bilayer films, was for the first time proposed in 1979 by
H. E. Ries, Jr (ref. 126). Elongated structures and wrinkles in the film of
2-hydroxytetrecosanoic acid were found with use of electron microscopy after compression of
the film beyond its collapse point and transfer onto solid substrate. The scheme of the
molecular alignment of 8CB (4’-n-octyl-4-cyanobiphenyl) molecules during roll over process
is shown in Figure 4 in ref. 113. The scheme of ro/l over mechanism is also shown in

Chapter 3.2.4 in Figure 19b.

Layering transitions in Langmuir films were intensively studied for a liquid crystalline
compound, well known as 8CB, using: ellipsometry,'®* BAM, 2213031 qyrface potential

131,132

measurements, and optical second harmonic generation (SHG).'"'** The SHG

technique was also used to confirm spontaneous organization of 8CB molecules evaporated

onto solid substrate into multilayer stacks.'’*

Multilayers were observed for other liquid
crystals from the group of cyanobiphenyls as well.”**'* Layering transitions of compound
similar to 8CB (containing a siloxane group attached to the aliphatic chain) at the air/water

interface were also thoroughly studied using the Langmuir technique.'®*'*?

A stepwise
change of the layer thickness was found and additionally proved by X-ray reflectivity (XRR)

1
measurements. 36

1.3.3.2. Interactions with the species within the subphase

The example of Langmuir technique for biological studies of lung surfactants was mentioned.

The Langmuir trough is not suitable for study of a transport across the membrane. The
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monolayers are perfect for studies of interactions between biomolecules and membranes."’
The Langmuir films might be considered as perfect model of biological biomembrane. For
example DNA was found to influence the 7(4) isotherms'® and very recently different types
of four stranded DNA (G-quadruplexes) were distinguished with use of Langmuir

technique.'*’

Large numbers of experiments were conducted in physiological or pseudo physiological
conditions. Not only pure water is used as a subphase, but also electrolytes and polymer
solutions. Such additives change the 7(4) isotherm when compared to one recorded on water
surface. The ions charged oppositely to polar groups of amphiphile form double electrical
layer. This modifies the local dielectric constant and dissociation of the amphiphile. In case of
water the main counter ions to cationic monolayer in the subphase are strongly hydrated OH'.
Ahuja et al."*® performed the systematic studies on the interactions between halogen anions
and head groups of dioctadecyldimethylammonium monolayers. Souza ez al.'*' studied others
anions in this system. The changes of shape of the isotherm were explained as a function of
hydration layer of the anion. The smaller hydratation the bigger influence the anion has on the
behavior of the monolayer. For subphase in which ions like Br', CI' and NOs™ (which interact
strongly with micelles and liposomes of dioctadecyldimethylammonium cations) are present,
recorded isotherms have different general shape and slopes comparing to isotherm recorded
on water subphase. The layers are additionally more condensed. This suggests presence of
different phases during compression. On the other hand the isotherms recorded on solutions of
F and Ac’, which interact weakly with dioctadecyldimethylammonium cations are very
similar to ones recorded on pure water, yet shifted towards bigger values of mean molecular

area.

The interactions of cations and anionic monolayer have been studied for years and hundreds
of papers were published on the topic. This case was intensively studied because the first
Langmuir-Blodgett experiments were performed with use of fatty acids. Here only recent

. . . . 142 . .
paper on specific ions effects is cited. "~ For more details see references therein.

1.3.3.3. Transfer of the LB films onto solid substrates

The Langmuir-Blodgett (LB) and Langmuir-Schaeffer (LS) methods are used to transfer films
onto solid substrate. During the LB deposition the solid substrate is oriented vertically. The

transfer occurs during down- and up-stroke of solid wafer in case of hydrophobic or
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hydrophilic substrates, respectively. During the process the surface pressure is constant. The
novel equipment might automatically compress film to balance the effect of decreased amount
of the compound on the surface of water. Amphiphilic molecules are pushed onto a solid
substrate with constant force. Consecutive steps of immersing and looming of the substrate

might lead to deposition of up to tens of layers.

The LB transfer could be affected by the nature of studied compound (how strong does it
interact with the surface); temperature (influence on rigidity of the film) and surface pressure
(type of 2D phase of the film and average area per molecule affect the surface coverage).
Another important factors are: type of solid surface (how hydrophilic/hydrophobic the surface
1s), speed of deposition (too fast dipper speed results in nonuniform coverage), time interval
between deposition cycles (drying of the film affects roughness) and orientation of the solid

substrate (orientation parallel to the barriers ensure the best quality of the transferred films).

The deposition process is described by the transfer ratio t:

T = 4, Equation 7

45
where Ay is the change of surface area occupied by thin film at subphase and As is the area of

solid wafer. For perfect coverage of the solid substrate the transfer ratio equals 1.

During deposition of several layers three main types of deposition are observed. The most
common are films Y, where layers are deposited during both down- and up- stroke. In such
a case the orientation of consecutive layers ensure the maximal stability of multilayer
coverage. The molecules from neighboring layers interact via compatible parts,
i.e. hydrophilic heads or hydrophobic tails. The nature of the solid substrate (hydrophobic or
hydrophilic) affects only the orientation of the first layer. The films Z and X are deposited
only during down-stroke and up-stroke, respectively. Therefore hydrophobic and hydrophilic

parts of molecules of different layers are forced to be close to each other.'*’

In case of unsuccessful Langmuir-Blodgett deposition it is possible to utilize
Langmuir-Schaeffer method.” In this approach solid substrate is oriented horizontally to the
surface of water and moves towards the film from above. The deposition occurs when the
solid substrate touches the interface. The wafer does not go any deeper. The whole area of
solid substrate is in contact with transferred film at the same time. Since the hydrophobic

parts of molecules are exposed towards air, the solid wafers used in this method are usually
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also hydrophobic to ensure satisfying transfer ratio. After deposition hydrophilic parts of the

molecules are exposed, thus surface becomes hydrophilic.

In case of LB technique the hydrophilic head groups may have a stronger affinity for the
water subphase than for the hydrophilic substrate. This results in a poor adhesion of the first
layer on a hydrophilic support. During the second immersion the film may be peeled off the
substrate and respreads on the air/water interface.'** Under such circumstances, despite the
repeated dipping, only one monolayer could be deposited. To solve this problem, Tamm and
McConnell'* proposed a combined approach to elaborate phospholipid bilayers on
hydrophilic substrate. The first layer is transferred by vertical Langmuir-Blodgett deposition
and the second one by horizontal Langmuir-Schaeffer method. After LB deposition of
monolayer the orientation of the substrate is changed to horizontal. The substrate horizontally
oriented with the face coated by the first layer is slowly lowered until it becomes in contact
with the floating monolayer. Due to tail-to-tail interactions the bilayer is formed. This method
is perfect for the preparation of mixed bilayers, which consist of different types of

amphiphilic compounds (for example second layer might be labeled or doped).

Other approaches have been used, yet not very widely. For example solid substrates oriented
at the different angles to the surface of water have been tested in pseudo Langmuir-Blodgett

setup during up-stroke.
1.3.4. Other methods of thin films fabrication

A great number of techniques of thin film fabrication are available depending on the
requirements. The most trivial are dip coating (immersing the substrate in the solution of
compound of interest or through its film at the interface) and spray deposition. Although they
do not require any specific equipment, the control over the casted films properties is very
limited. Among most commonly used is spin coating (for example to prepare the photoresist
masks for photolithography). The solid substrate is rotating with high rpm speed providing the
uniform spreading of the liquid solution applied on it. The calibration curves correlate the rpm
speed and the viscosity of the applied solution with the thickness of obtained films. The
biggest disadvantage is that up to 95% of material is lost in the process and it is difficult to

obtain layers thinner than 1 pm.
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The sol-gel deposition is used in fields of materials science and ceramics engineering. It was
also recognized as appropriate for thin films preparation.'*® The colloidal solution (sol) acts as

precursor for an integrated network (gel) of either discrete particles or network polymer.

The short review of the methods of thin film preparation presented here was restricted to the
techniques which do not require harsh conditions and complicated equipment. As mentioned
previously depending on the balance of the cost, time and control over the obtained material
properties, the choice of appropriate method should be done. Techniques based on vacuum
evaporation (conventional, electron beam evaporation, molecular beam epitaxy (MBE),
reactive evaporation), sputtering (reactive sputtering, ion beam deposition, bias sputtering and
other), plasma processes, whole set of chemical vapor deposition (CVD) techniques
(metaloorganic CVD (MOCVD), laser induced CVD, electron enhanced CVD, low pressure
and atmospheric pressure CVD and other), electro processes (electroplating, electrolyte
anodization, electrophoretic deposition and other) or thermal processes (thermal oxidation and
polymerization among others) are utilized to prepare thin film of desired material (some
techniques are suitable only for inorganic compounds), thickness, porosity or uniformity at

. 14
reasonable time scale.'*’
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2. Experimental section

2.1. Materials

Commercially available solvents and chemicals were purchased from Sigma Aldrich or

Merck and used as received (if not specified).

2.1.1. Bolaamphiphiles

Bolaamphiphiles'**'*

represent a special type of amphiphiles possessing two hydrophilic
groups attached to both ends of an elongated hydrophobic segment. One of the most
promising classes of rod-like bolaamphiphiles are compounds composed of a rigid
n-conjugated aromatic core which is terminated at both ends with hydrophilic, hydrogen-

150,151,152 . 150,151 152 :
20-LI32 The shape of the core can be linear'™*"' or bent.'*> This

bonding glycerol moieties.
general arrangement may be modified by attachment of additional lateral chains at different
positions. Such modifications give T- (T),'" X- (X),"' or anchor-shaped'>* (A) molecules
(Figure 3). The shape of the molecule, combined with the segregation of the lateral chains
into distinct compartments, determines the bulk properties of the compound. Such concept of
polyphilic bolaamphiphiles leads to a wide variety of highly complex liquid crystalline

soft-matter structures as described recently.'

a) b) c)

X-shaped (X) T-shaped (T) Anchor-shaped (A)
Figure 3 Cartoon showing the shapes of bolaamphiphilic molecules studied in Chapter 3.

In Chapter 3 the results of studies of ten bolaamphiphiles are presented. The molecular
structures of investigated compounds are presented in Figure 4. The figure is repeated in the
thesis for readers’ convenience. Bolaamphiphiles were synthetized in the group of Professor
Tschierske from Martin-Luther-University Halle-Wittenberg. The bulk phase behavior of
studied compounds is presented in Table 2. In case of nonfluorinated compounds X5 and A1

no mesophases were found. In case of nonfluorinated X1 the mesophase was metastable.
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Eight out of ten of studied bolaamphiphiles were partially fluorinated. All fluorinated

analogues were stable liquid crystals with first phase transition temperature below 100°C.

Table 2 Phases and transition temperatures observed in the investigated compounds.

Compound Phase transitions 7 [°C]™
X1 Cr 83 (M 65) Iso
X2 Cr 70 Colsqu/p4mm 94 Iso
X3 Cr<20 GS 50 Colpex/p6mm 67 Iso
X4 Cr 64 Colsqu/p4mm 92 Iso
X5 Cr 113 - -
X6 Cr 96 Colpex/pomm 110
T1 Cr &7 Colpex/pomm 229 Iso
T2 Cr 99 M 180 Col 218
Al Cr 113 - - Iso
A2 Cr 63 Colpex/p3m1 190 Iso
(@] Abbreviations: Cr = crystalline solid, Iso = isotropic liquid,

Colsqu/p4mm = square columnar phase with simple p4mm lattice,
Colpex/p6mm = hexagonal columnar phase with p6mm lattice,
Colyqw/p3m1 = hexagonal columnar phase with trigonal p3ml lattice,

Col = columnar phase with unknown lattice, M = mesophase of unknown

structure, GS = glassy state; values in parenthesis refer to monotropic

(metastable) phases.

Molecules of compounds X1-X4 contained a bolaamphiphilic unit consisting of a rigid linear

p-terphenyl core terminated with two polar groups (glycerol moieties) at both ends. In the

central part of the core two lateral lipophilic chains were attached. The fluorination ratio of

lateral chains increased from X1 to X4. Compounds X5 and X6 consisted of a linear rigid

core which was significantly longer than that in case of compounds X1-X4. The two

additional ethinyl groups were introduced between the phenyl rings. Compound X6 contained

one chain (partially fluorinated) which was much longer than the other (hydrocarbon chain).

Compound XS5 had two relatively short, identical hydrocarbon chains. Compounds X1-X6

were solids in a bulk phase at room temperature and melted at elevated temperatures (between

60 and 115°C). When melted, the fluorinated analogues formed columnar liquid crystalline

phases (Table 2).
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Compound T1 had only one partially fluorinated side-chain attached to the same linear core
as in the case of X1-X4 molecules (shorter). At elevated temperature, i.e. above the melting
point at 7;, = 87°C, the bulk phase of this compound exhibited a liquid crystalline hexagonal
columnar phase (Table 2). Compound T2 had identical side chain as T1, however the core
was longer (with two ethinyl groups as in case of X5 and X6). Mesophases of T2 were

observed between 99°C and 218°C.

The oligo (phenylene ethynylene) cores of compounds Al and A2 were bent. One lateral
chain was attached inside an angle created by the bent core (bay position in anchor-shaped
molecules). Compound A2 was a fluorinated analogue of compound Al. Both compounds
had the same core and the same length of the aliphatic chains. The only difference was the

fluorinated segment introduced in the lateral chain of compound A2.

X1 X4
H H
HO oo OH o] O@—Q—O—O o
HpgC140 FoCa(H,C)s0
X2 X5
HO—S_\ O(CH2)6c4I:9_(—0H HO 0C;oHos ,_(_OH
Ra¥a Ve Ve *alt e e Sy Sing et
H,(C100 H25C 120
X3 X6
HO—B_\ O(CH2)6CGEE(—OH HO O(CHz)11C10F21 OH
HO OO—Q—OO OH HO OH—.— Q Q O OH
H37C4g0 H21C100

Figure 4 Structures of bolaamphiphiles studied in Chapter 3.
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2.1.2. Gold nanoparticles

Gold nanoparticles (Au NPs — bold font is used to distinguish nanoparticles used in
experiments presented here and the literature data) were synthesized according to a procedure
described elsewhere.'”® The primary grafting was subsequently substituted for N,N,N-
trimethyl (11-mercaptoundecyl) ammonium chloride (TMA). Around 10% of original

1 .
> Mean diameter, assessed by means of

undecanethiol ligands were substituted for TMA.
SAXS measurements (not shown) and AFM images analysis was 8.9 nm + 0.8 nm. Au NPs

exhibited a single, moderately narrow peak of zeta potential at +35 mV.
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Figure S Size of Au NPs was determined with use of AFM. Values obtained with AFM and

SAXS were in good agreement.

Total counts

-50 0 50 100 150
Zeta potential / mV

Figure 6 The positive value of zeta potential confirmed the amphiphilic character of Au NPs.
At the end of 10% of thiol chains the polar group was introduced to ensure increased

hydrophilicity of the particles.
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In all the experiments, 1:1 chloroform/methanol solutions of concentration of around
0.5 mg Au per ml of solution were used. The amphiphilic Au NPs formed stable Langmuir
films. Upon spreading at the air/water surface the thiols rearranged, so that the polar groups

. . 1
were in contact with the water surface.'>®

When known volume of solution of Au NPs was spread onto the water surface and
compressed, the collapse point (kink at the isotherm) indicated the point corresponding to
a dense monolayer (see Figure 7a). The area between the barriers at the moment of film
collapse was equal to the maximal area which could be covered by a dense monolayer with
applied amount of solution. If volume of the applied solution was divided by the collapse
point area, the result was the concentration (which can be expressed in pl cm™ i.e. how much
solution was needed to cover 1 cm” with dense monolayer). Such notation was used in drop
casting part of the thesis, since it was difficult to determine the absolute concentration of gold

nanoparticles with required accuracy.

a) Surface per 1 ml of applied solution / cm*mI” b)
0 200 400 600 800 1000

Surface pressure / mN-m™

: T T 7
0 50 100 150 200
Surface per AuNP / nm?

Figure 7 a) The n(A4) isotherm of used Au NPs. The BAM picture of film of pure Au NPs,
taken at around 5 mN m™' is shown as inset; b) SEM image of film transferred at 30 mN m’'

revealed formation of circular domains at the air/water interface; scale bar 2 pm.

2.1.3. Gold nanoparticles with bolaamphiphilic domains attached covalently

The synthesis of gold nanoparticles with covalently attached bolaamphiphilic domains
(B-Au NPs) was performed by Michal Wojcik from the Warsaw University in cooperation
with Professor Carsten Tschierske. Therefore detailed synthetic route and full analytical data

concerning this material could be found in PhD thesis of Michat Wojcik."’
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Figure 8 Cartoon showing gold nanoparticles with around 50% of the n-hexanothiol ligands

substituted with bolaamphiphilic ligands (which structure is also shown).

In the first step Au NPs were synthesized according to the Brust method,"”® using n-hexane
thiol to passivate metal surface. The diameter of the metal particle core (average size of
2.6 nm) was determined from the SAXS measurements and confirmed by TEM imaging (not
shown). The thio-bolaamphiphilic secondary ligand for surface modification of gold
nanoparticles was synthesized from phenolic templates obtained as described in the
literature."”"'*” The molecules of primary grafting layers were partially exchanged for
mesogenic thiols by a ligand exchange reaction.'”” Exchange ratio in the reaction is known to
depend mainly on starting concentration of incoming thiols and time of reaction.'® For
chosen reaction conditions, a 50% exchange ratio was obtained. The ratio of mesogenic to
n-alkyl thiols was determined from integration of '"H NMR signals characteristic for both
molecules. The structure of obtained material is shown in Figure 8. The B-Au NPs were used

as THF solution for Langmuir-Blodgett and drop casting experiments.
2.1.4. Gallium nitride nanowires growth

Thins films containing Au NPs on the silicon wafer were used as a substrate for the GaN
nanowires growth. The experiments were performed with use of a horizontal quartz tube as
a CVD reactor.'” Gallium nitride powder (99.99%, Alfa Aesar) and metallic gallium
(99.999%, Alfa Aesar) were placed in a quartz boat. The solid substrate was placed on top of
the quartz boat in a face-down position, located in the center part of the heating zone. The
system was heated to 930°C under a constant flow of nitrogen (0.6 dm’ min™). After 45
minutes the reactor was cooled down to 730 C and gaseous ammonia (99.995%, Air Liquide)
was introduced with a flow rate of 0.02 dm’ min" (1 minute). Afterwards, the reactor was

cooled down to ambient temperature under a constant flow of nitrogen (1 dm® min™).
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2.1.5. Gold microflowers deposition

Gold microflowers (Au MFs) were deposited from a freshly prepared reaction mixture
containing aqueous solutions of chloroauric acid (HAuCly) and hydroxylamine hydrochloride
(NH,OH"HCI). In the process, hydroxylamine reduced the gold ions to metallic gold. The
formation of flower-like gold microclusters was observed. The reaction was in addition
accelerated'® by the Au-Ga alloy droplets immobilized on the top of GaN nanowires.'®
Solution of chloroauric acid was added dropwise to the solution of hydroxylamine
hydrochloride. As soon as the reagents were stirred, plates covered with GaN nanowires were
placed at the bottom of a vial containing this mixture. After 20 hours the plates were washed

subsequently with water and methanol and then dried in air. The as-prepared surfaces were

then used as platforms in SERS measurements without additional cleaning.

In Chapter S three different rates of Au MFs coverage were prepared. The amount of
deposited Au MFs increased from sample a to ¢. An exemplary mixture used for the process
consisted of one part of 8 mM NH,OH'HCI and 0.6 parts of 5 mM HAuCly. In case of
coverage a the height of the solution column above the substrate was about 10 mm. To
fabricate coverage b, the same ratio and volume of aqueous solutions of NH,OH-HCI and
HAuCl; was used, but the concentrations were 40 mM and 25 mM, respectively. The same
reaction mixture (higher concentrations) was employed in preparation of coverage ¢, however

the height of the solution column above the substrate was about 20 mm.
2.1.5. Hyperbranched polymer Boltorn H3200

Perstop AB (Sweden) produces a series of hydroxyl-functional hyperbranched polyesters
based on 2,2-bis-methylpropionic acid with an ethoxylated pentaerythriol core, designated as
Boltorn H20, H30, and H40. Boltorn H3200, the hyperbranched polymer used in this work,
was synthesized from Boltorn H30 through the esterification of the OH-end groups with

a mixture of eicosanoic and docosanoic acid leading to C20/22 alkyl chains as end groups.

The investigated polymer was characterized with Nuclear Magnetic Resonance (NMR)
spectroscopy. For all samples 'H and >C spectra were recorded on a Bruker DRX Avance
300 MHz. The spectra of the polymer were measured in CD,Cl, and DMSO-d6 solutions at
298 K. All polymer solutions were prepared in the same way. An appropriate amount of the
polymer was placed in a 5 mm NMR tube which was connected to the vacuum line through

a ball joint. The tube with the polymer was kept at high vacuum at 343 K for about 24 hours
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to remove any traces of water. The dry solvent was vacuum transported to the NMR tube.

Then the tube was sealed. The concentration of the solution was established by weight.

Gel permeation chromatography measurements were performed on an Agilent
chromatographic setup coupled to two detectors: a Knauer Refractive Index Detector and
a Wyatt Technology DAWN multi-angle laser light scattering (MALLS) detector. A Polymer
Laboratories PLGel 5 micron MIXED-C column with a length of 300 mm and inner diameter
of 7.5 mm was used. Methylene chloride served as the mobile phase with a flow rate of

0.80 ml min™". The measurements were performed at 303 K.

2.2. Methods

2.2.1. Langmuir films experiments

All solutions for the monolayer spreading were prepared by dissolving the compounds in
chloroform (HPLC grade) to the concentrations ca. 1 mg ml”. If a mixture of two solutions

was required, it was prepared before applying onto the subphase.

To ensure reproducibility of achieved results, prior to every experiment the trough was
carefully cleaned with chloroform, ethanol and rinsed with water. Ethanol 95% (Merck), used
for cleaning the trough and the barriers, as well as the other solvents were of analytical grade.
Ultra-pure water characterized by surface tension 72.75 mN'm” at 20°C and resistivity
18.2 MQ-cm was obtained from the Milli-Q water purification system. Such water was used
as a subphase in all experiments. Any remaining impurities floating on the subphase were
removed in iterated process of putting the barriers together as close as possible and removing

the surface layer of water from in-between the barriers with an aspirator.

The Langmuir-Blodgett trough together with Brewster angle microscope (Nanofilm) and
Kelvin electrode (Treck) were placed on an active anti-vibration table (Newport) and closed

in a Plexiglas box to prevent the films from dust and air-currents.
2.2.1.1. Compression isotherms

Experiments were carried out using the equipment from Nima Technology. The PTFE trough
of size 50 mm x 750 mm x 10 mm was equipped with two hydrophilic barriers for symmetric

compression. The film balance for surface pressure (7) measurements was of resolution
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0.005 mN m™. A rectangular piece of analytical filtering paper (20 mm x 10 mm x 0.1 mm)

was used as a surface pressure sensor. Sensor was calibrated before every experiment.

Langmuir experiments were performed wusing two different strategies (modes) of
measurements: static and dynamic modes. In the dynamic mode only one portion (usually
around 40 pl) of chloroform solution was carefully spread on the surface of water using
a microsyringe (Hamilton). The deposition was performed at the maximal distance between
the barriers, i.e. maximal surface area of the trough. The time delay allowing chloroform to
evaporate after applying the solution was always around 15 minutes. Then the surface area of
the trough available was reduced by a slow uniform motion of the barriers. Usually, films
were compressed/decompressed at a rate of 5 cm®-min” which corresponds to approximately
0.05 - 0.25 nm*molecule™-min™' (exact value depended on the amount and molecular mass of
substance spread in the film). For all the studied compounds, the isotherms of compression
and decompression (hysteresis loops) were recorded at temperature of 23°C (otherwise it is
specified). The temperature was controlled with accuracy + 0.2 °C by using a cooling/heating
circulating bath (Thermo Scientific). Temperature was measured with two Pt100Q2 resistance

thermometers immersed at both ends of the trough and connected to Keithley multimeter.

The static experiments were performed with maximal surface of the trough and the barriers
motionless. Portions of the solution of a volume from 2 to 5 ul were successively deposited at
the air/water interface. After the deposition the system was equilibrated for about 30 minutes

and then the surface pressure was measured.
2.2.1.2. Brewster angle microscopy (BAM)

The trough was equipped with a Brewster angle microscope from Nanofilm Technology
(MiniBAM) of the resolution of 8.3 um per pixel. The technique allowed direct observations
of the films during compression/decompression. Moreover, it was used to qualitatively
distinguish between areas of water surface covered with monolayer or multilayer. Also liquid
and solid phases of the films were distinguished based on the shape of the domains (circular
versus irregular) and the patterns observed at the interface. Magnification of MiniBAM was

not high, so the field of observation was relatively large, i.e. 4.8mm % 6.4mm.
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2.2.1.3. Surface potential

The Kelvin electrode was used to measure the surface potential (4V). A measuring head with
a vibrating electrode from Treck Inc. was mounted on the Langmuir trough. A counter

electrode made of stainless steel was placed on the bottom.

The measured surface potential is related to vertical component of the molecular dipole

moment by Helmholtz equation:

u, =AVA ee, Equation 8

where: 1 = prcosp is the average component of the molecular dipole moment normal to the
plane of the monolayer (f is the angle between the surface normal and the dipole axis), 4y, 1s
the area per molecule, ¢ and & are dielectric permittivity constants of the monolayer (which is
usually taken as 1) and vacuum, respectively. Throughout the thesis no 4V to uL conversion
was done because the dielectric permittivity of the film was unknown. Moreover, it changed
significantly during layering transitions and strongly affected the curve of u1(4). The signal
of surface potential was extremely sensitive to the distance between the vibrating electrode
and the water surface. Therefore it was “zeroed” at the beginning of each experiment and its
stability was always checked before and after cleaning the surface. The level of water was
constant during experiments in Langmuir trough. To assure this, reservoirs with water were

placed inside the protective box, where whole setup was installed.
2.2.1.4. Langmuir-Blodgett technique

The films were transferred onto silicon and mica substrates according to the
Langmuir-Blodgett technique. The dipper speed was always 10 mm minute”. The silicon
wafers used for the experiments were provided by the Institute of Electronic Materials
Technology (Warsaw, Poland). The wafers were cleaned with acetone, then dipped in nitric
acid (30% solution) for 30 minutes and rinsed several times with water. Pieces of mica were
freshly cleaved using scotch tape. Afterwards the mica was rinsed with only water. Both types
of substrates prepared according to above described protocols were hydrophilic. The solid
substrate was immersed in subphase before the spreading of the chloroform solution.

Transfers onto solid substrate were always performed during the upstroke.
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2.2.2. Drop Casting (DC)

In Chapters 3.3, 3.4 and 3.5 the films were casted by spreading a precisely calculated amount
of chloroform solution directly onto the surface of water or hydrophilized silicon wafers. This
method is denoted as drop casting (DC). Volumes of solution spread, v, were calculated

according to the formula:

4,L Equation 9

V=
A,N ,c

where: A4y, — area of casted film (wafer area or water surface area), 4, — area per molecule in
a densely packed monolayer (obtained from Langmuir isotherms), ¢ — concentration of
solution mol dm™ , N4y — Avogadro number, L — demanded number of molecular layers in the
film (1, 2, 3, 5, 7 or 9). The letter L was used to underline the number of molecular layers that

could be formed if a perfectly ordered film was formed.

When the amount of solution calculated according to Equation 9 was spread onto the silicon
surface and the solvent evaporated, XRR patterns were recorded. In case of drop casting (DC)
onto the water surface, the films were transferred onto silicon wafers at a constant surface
pressure, according to the Blodgett method (without compression),'>'® prior to the XRR

measurements.

The spin coating method is known to assure good and homogeneous surface coverage.
However the control over the thickness of the film in demanded regime of several molecular
layers is very limited. Therefore DC was chosen over spin coating to precise control the L

parameter.

In case of films of mixtures of at least two constituents the following methodology was used.
First reference LB experiments were performed i.e. known volumes of solutions of pure
components were spread onto the water surface and compressed. The collapse point (kink at
the isotherm) indicated the point corresponding to a dense monolayer. The area between the
barriers at the moment of film collapse was equal to the maximal area that could be covered
by a dense monolayer by applied amount of solution. If volume of applied solution was

divided by the collapse point area, the result was the concentration (expressed in pl cm™).
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Relations between amounts of components in mixed solutions were denoted throughout the
thesis as ratio of above described concentrations. Such ratios were in fact fractions of surface

occupied of distinct mixture components.
2.2.3. X-ray reflectivity measurements (XRR)

Interference of the waves reflected from the sample surface and the interface between the thin
film and the substrate results in oscillations of the reflected intensity as a function of the
incident angle. The maximum of intensity appears when the phase difference is multiple of

the incident wavelength 4, according to the formula:
mA =2d /07 -25,, m=012.. Equation 10

where: d, is the sublayer thickness, 6; is the wave impinging angle at which the maximum
intensity of reflected beam was measured, and 20 is equal to critical angle of incidence. It is
related to index of refraction, n, by approximate relation » =1 — . For the sample, which
consists of N ideally smooth layers the Parratt approach was used.'® In the kinematical
approximation the reflected X-ray intensity is related to electron density profiles. These
profiles are estimated according to expected structure of the layer. Distribution of electron
density as a function of z-coordinate i.e. distance from the substrate gives the starting
parameters for fitting procedure which simulates the real profile corresponding to the
measured curve of intensity vs. 26 angle. Software package Leptos 4.02 (from Bruker-AXS,
Karlsruhe, Germany) allows to evaluate the layer thicknesses from the angular interval
between the Kiessig fringes recorded for the layer. Detailed description of the basis of X-rays

.. . . 1 . .
reflectivity measurements are given in the reference '® and articles quoted therein.

Samples of monolayers and multilayers for XRR measurements were prepared on silicon
wafers by direct transfer from water surface onto the solid substrate using LB or by DC
technique. The measurements were performed using the X-ray diffractometer Bruker DS
Discover. Cu K, radiation was used and the monochromatic parallel beam was formed by
parabolic Goebel mirror. The system was equipped with Eulerian cradle and reflectometry
sample-stage, which ensured precise sample positioning. Scintillation counter together with
automatic absorber of primary beam allowed for linear dynamic range better than 10° cps;
data were analyzed by fitting to theoretical model using the Leptos 4.02 software package.
The “box model” in which the film was subdivided into slabs of various electron densities

was used. The starting parameters were roughly calculated according to the structure of the
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molecules within the films. The CPK model (from the names of Robert Corey, Linus Pauling
and Walter Koltun) was used for modeling of molecular structures and estimation of

molecular dimensions.

Some fits did not overlap perfectly with measured XRR profiles in a region of very small 20
angles. The area of silicon wafer used for film deposition was smaller than a cross section of
incident beam in plane parallel to the wafer. The incident beam covered not only investigated
sample, but also a part of the stage. This caused a decrease of the reflected wave intensity
when compared to fitted curves. When angles became greater, the area covered by incident
beam decreases and measured signal corresponded to X-rays reflected from the films only

(thus overlapped with theoretical curves).

2.2.4. Scanning electron microscopy (SEM)

Due to Abbe limit the resolution of classical optical microscopes is limited to half of the
wavelength used (around 200 nm). To make it possible to directly observe smaller structures
the beam of electrons of wavelength shorter than light is used. The higher energy of the

electrons the shorter corresponding wavelength is.

Scanning electron microscopy (SEM) images were taken with use of a Zeiss LEO 1530
scanning electron microscope in the InLens detection mode. Since most of the samples were
covered with organic compounds or residues, the energy of electron beam used was relatively

low i.e. lower than 3 kV.

2.2.5. Atomic force microscopy (AFM)

The idea of atomic force microscopy (AFM) measurements is as follow. The tip is placed on
the end of the cantilever. The position of the cantilever is measured by the position of the
laser beam which is reflected on the cantilever top. When the cantilever bends the light is
deflected. The tip is attracted or repulsed from the surface due to electrostatic and
van der Waals interactions. Therefore the surface does not need to be conductive. The
measurements can be performed in three basic modes: contact mode — the tip is in constant
contact with the studied surface and changes its position due to roughness of the sample
(appropriate for the stiff and rigid materials); non-contact mode — the tip is always in some
distance from the surface and the changes of its position occur due to the interactions; and

tapping mode — the tip touches the surface for very short period of time and the movement in
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the XY directions is done when the tip does not touches the sample, what allows the

investigations on the soft materials, which could be scratched otherwise.

The AFM images were acquired both in non-contact (FM) and tapping (AM) mode with the
UHV-350 AFM/STM microscope (RHK Technology, Troy, MI, USA) at room temperature
with base pressure in the low 107° mbar range. The AFM tips were Al-coated silicon
cantilevers Nanosensors PPP-NCHR with a radius of curvature <10 nm, frequency 330 kHz,
force constant 42 N m" (nominal values as reported by manufacturer). The topography,
frequency, phase and amplitude of the cantilever were registered independently. XPMPro 2.0

software was used to control the hardware and to process the obtained scans.

2.2.6. X-ray photoelectron spectroscopy (XPS)

In the photoelectric effect the electrons are emitted from matter as a result of absorption of
energy from electromagnetic radiation. Such electrons are called photoelectrons. Depending
on the used wavelength the ultraviolet photoelectron spectroscopy (UPS) and X-ray
photoelectron spectroscopy (XPS) are distinguished.

The XPS measurements were performed on PHI 5000 VersaProbe spectrometer with
microfocused and monochromatic Al K, radiation. The spectrometer was equipped with
a spherical capacitor energy analyzer with multi-channel detection within a 100 pm x 100 pm
area for XPS analysis. The X-ray beam was incident at the surface at the angle of 45° with
respect to the surface normal. The analyzer axis was also located at 45° with respect to the
surface normal. In the AR mode, the spectra were collected at electron take-off angles 15-70°
relative to the surface plane. Shirley background subtraction and peak fitting with
Gaussian-Lorentzian shaped profiles was performed for all considered photoelectron peaks.
The data were analyzed using the Casa XPS software. Details on the spectrometer and its

arrangement were recently reported by Jablonski.'®

2.2.7. Surface enhanced Raman spectroscopy (SERS)

p-mercaptobenzoic acid (p-MBA) and malachite green isothiocyanate were purchased from
Sigma and used as received DNA oligomers ST20N2 (SHCOTTTTTTTTTTTTTTTTTTTTG
CGGCAATCAGGTTGACCGTACATCATAGCAGGACTAGTTGGTCGCAGTC) were

purchased from Genomed and used as received.
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SERS measurements were carried out on dried samples using a Renishaw InVia Raman
system. The setup was equipped with a 300 mW diode laser emitting a 785 nm line used as
the excitation source. The light from the laser passed through a line filter, and focused on
a sample mounted on an X-Y-Z translation stage with a 20x microscope objective. The
Raman scattered light was collected by the same objective through a holographic notch filter
to block out Rayleigh scattering. A 1800 groove per mm grating was used to provide
a spectral resolution of 5 cm™. The Raman scattering signal was recorded by a 1024 per 256
pixels RenCam CCD detector. The beam diameter was approximately 5 pm. The regular
Raman spectra were acquired for 20 min; for SERS experiments the spectra were acquired for
30-60 s with the laser power measured at the sample being 5 mW. For presentation of the

results, the spectra were normalized by the laser power and the collection times.

The normal Raman and SERS spectra of p-MBA were observed by excitation with a 785 nm

laser. The enhancement factors (EF) were calculated according to the formula:

EF — ISERSNNR

Equation 11
INRNSERS

where Nsgrs and Nxg — number of molecules adsorbed on the SERS probe within the laser
spot area and the number of molecules probed by regular Raman spectroscopy, respectively;
Isgrs and Ing —the SERS intensity of p-MBA onto studied surface and to the normal Raman

scattering intensity of p-MBA in bulk. Iyg and Isgrs were measured at 1077 cm’™.

The SERS samples were prepared by dipping the substrate in 9.0 mL of 1.0 x 10 M solution
of p-MBA. The number of molecules contained in this amount of the solution was 5.4 x 10"
and the surface area irradiated by a 5 pum diameter laser beam was around 19.6 pm’.

Therefore around 4.2 x 10° molecules were present in the laser beam spot.

The regular Raman spectrum was observed for a 100 um thick cell filled with pure p-MBA of
density of 1.06 g cm™. The molecular mass of p-MBA is 154.19 g mol’. Assuming
cylindrical shape of the laser beam in the probe, the irradiated volume was estimated to be
approximately 1.96 x 10> um’. This value was confirmed by registering Raman spectra of
silicon while varying the distance from the focal plane. Under these conditions,
Nar= 8.1 x 10" molecules were irradiated (volume x density x Avogadro’s number/molar

mass).



Experimental section 51

Prior to reproducibility analysis all SERS spectra were processed with a Savitzky-Golay
second derivative method (window size of 50 date points with second order polynomial).
Correlation coefficients between all nonidentical spectral pairs (i#f) in the same date set were
determined from the data'®” according to the formula:

w R -

2 =1 (0)=1)

= Equation 12

Giaj

i,j

where i, j were the indexes of the spectra in the data matrix, £ was the wave number index of
the individual spectra, / was the spectral intensity, W was the spectral range, and g; was the
standard deviation of the spectrum. Once the correlation coefficients P;; were calculated, I,

the average of the off-diagonal correlation coefficient, was determined:

N N
22, 25
== =1L Equation 13
NN 1)

Thus defined " was an easily determined and very useful parameter for quantitative
assessment of spectral reproducibility. I” varied between 0 and 1, where 1 was the case of
identical spectra and 0 the case of completely uncorrelated spectra. I” as defined in

Equation 13 was used to evaluate the reproducibility of multiple measurements.
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3. Results: Bolaamphiphiles

Modern technologies, along with constantly diminishing scale of processes they implement,
bring new requirements for materials with very special properties. Industry and science are
now concentrated mainly on design and processing at the micro- or even nanoscale. To reach
this level of scaling, new functional materials have to be designed, starting from the molecular
level. Progress in organic synthesis can fulfill such requirements. It is now possible to
synthesize new molecules designed for specific purposes. However, for future technical

applications, far more complex and better organized molecular assemblies are necessary.

An observation that partially fluorinated alkanes act like surfactants'®® gave an impulse for

169,170,171

intensive studies on behavior of fluorinated compounds. The Langmuir films of

fluorinated compounds have been intensively studied for the past decade. Films of fluorinated

amphiphiles gained a great importance' >

with the realization of their various possible
biomedical applications. For example such partially fluorinated surfactants were used for
producing the medium with air microbubbles used as a contrast for sonography of living
tissues (like lungs).'” Systematic studies showed an unusual behavior of thin films of
fluorinated compounds. For example m(4) isotherms of Langmuir films of fluorinated
surfactants appeared to be reversible when decompressed before the film collapse.
An important way to increase stability of the monolayer and to prevent an irreversible
3D aggregation was a fluorination of particular parts of the amphiphilic molecules.'”* The

fluorination of parts of the molecules enhanced the stability of these layers due to an increase

of hydrophobicity.'”

In this chapter compounds belonging to the new group of amphiphiles, namely
bolaamphiphiles are investigated. Results of both partially fluorinated and nonfluorinated
analogues are described to evaluate the influence of fluorination on the properties of thin

films of bolaamphiphiles.

Bolaamphiphiles may be regarded as dimeric end-to-end connected amphiphiles. They
stabilize membranes significantly (e.g. monolayer lipid membranes of archaebacteria'’®) and
form other interesting self-assembled structures, such as liquid crystalline phases in the bulk
state,'”” and gels'*® or helical fibers'”® in aqueous systems. Formation of nanowells and pores
in lipid membranes represents an additional example of unique self-assembly capability of

bolaamphiphiles.'*® Flexible bolaamphiphiles can adopt different conformations: a linear or,
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if the hydrophobic moiety is sufficiently long and flexible, also a reversed U-shape.'”
Introduction of a rodlike rigid segment as a hydrophobic moiety between the polar groups
inhibits deformation to a U shaped conformation. A reversed U-shape conformation was also
observed for bolaamphiphiles with a rigid biphenyl moiety and flexible siloxane units
decoupling the rigid core from the head groups. In the monolayers the biphenyl cores are
arranged parallel to the water surface, similar to p-terphenyl amphiphiles reported

. 180,181
previously. %8

The compounds studied here have potential for applications in organic electronics. This
originates from the molecular structure of the core, which consist of stiff m-conjugated
structures. The rod-like m-conjugated moieties introduce extended functionality due to their
possible fluorescent and semiconducting properties, which are of interest with respect to the
potential applications of the formed thin films.'**'** Conjugated systems are typically utilized
for preparation of conducting polymers and compounds applied as organic semiconductors,

. . . . 571
capacitors, transistors, rectifiers or other nanodevices.”> "%
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3.1. Reversibility and reproducibility of z(A4) isotherms

The detailed work on reversibility and reproducibility of Langmuir isotherms of
bolaamphiphiles of different shapes is the main topic of the PhD thesis of Patrycja Niton. My
part of the work in this project was the XRR and XPS measurements and data analysis.
Therefore in this chapter I focused on the alignment of the molecules upon layering transition
(part of the project done by me). The reversibility and reproducibility of 7(4) isotherms of the
films of partially fluorinated bolaamphiphiles are just mentioned as the starting point for my

own research presented in Chapters 3.2 to 3.5.

X1 X2

HO 0C,4Hyg OH HO O(CH,)¢C4Fg ,~OH
R Y Yo At a Vs Sy Uy tat

Hy9C 40 Hy1C00
X4
HO O(CH)aCay r~OH
HO O O OH
FaC4(H,C)s0

The isotherms of compounds with partially fluorinated segments were found to be reversible
and reproducible in spite of the compression far beyond collapse point. The
Langmuir-Blodgett technique has been used for more than one hundred years and no one
reported such reversibility and reproducibility of the isotherms before. Even for the highest
possible compression/decompression rates of 1.50 nm* molecule” min™ (usually experiments
were carried out at much lower speed of the barriers of approximately 0.05 nm® molecule™
min™ for system to be as close equilibrium as possible) the compression and decompression
curves perfectly overlapped. This indicated perfect reversibility of the collapse. Only
polyphiles with fluorinated lateral chains gave such perfectly reversible isotherms. In case of

nonfluorinated compound X1 this process was irreversible.

Three compression/decompression cycles for compound X2 were recorded with high speed
(1.50 nm® molecule” min™). The 7(4) isotherms exhibited almost horizontal plateau typical
for the phase transition (Figure 9). A careful analysis of isotherm gave a ratio of area at the
beginning and at the end of the plateau equal to around three in case of all X-shaped partially

fluorinated bolaamphiphiles. Therefore, the process corresponding to the plateau at the
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isotherms was related to the trilayer formation. It shall be therefore called “the layering

transition” and not a collapse (according to Chapter 1.3.3.1).

Formation of the trilayer structure was additionally verified by means of XRR measurements.
The samples were prepared by transfer of the films at an appropriate surface pressure onto
a silicon substrate according to LB method. For each compound the monolayer was
transferred at the surface pressure below the plateau. The expected trilayer was transferred
well above the plateau, but below the next singularity in the isotherm. Transfer ratios were
always close to unity, often slightly bigger than 1. This indicated that the films on the silicon
wafer (after transfer) were even better organized than on the water surface. For the detailed
results see Chapter 3.2. The obtained reflectivity curves were very similar to those recorded
for freely suspended liquid-crystalline smectic films,'®’ indicating a perfectly layered
structure. A film thickness was obtained as one of the parameters in the equation used to fit

the experimental XRR data.
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Figure 9 Reversible isotherms of compound X2; solid and dotted lines correspond to

compression and decompression runs, respectively.

The biggest challenge was to determine the orientation of the molecules before and after
layering transition within the films. The results obtained for compound X4 were most
appropriate for data analysis because of the symmetry of the molecules. For the experimental
data see Figure 15 in Chapter 3.2. The film transferred at 7 =20 mN m™ (below the plateau
region) had a thickness of 1.45 nm. This value was in good agreement with a monolayer
structure, where the terphenyls lay flat on the surface and the two lateral chains were
perpendicular to the water surface. The film transferred at surface pressure 7 =40 mN m™ had

a thickness of 4.32 nm (approximately three times thicker than monolayer film). The
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presented conformity indicated formation of a well-defined trilayer stack with relatively small

interdigitation of the neighboring layers.

X-ray reflectivity measurements are very sensitive to film thickness, roughness and density
variations in the direction perpendicular to the surface. The method is therefore very suitable
for thin film investigation. The biggest disadvantage is that the data simulation is nonunique,
in the sense that a change of one parameter can be compensated by other subsequent changes
throughout the model structure. Therefore it is crucial to set the starting parameters within

physically reasonable values or determine them by means of other techniques.

The electron densities of the parts of the molecules were roughly estimated by dividing the
number of all electrons by the volume of the parts of the molecule calculated as purely
geometrical values (CPK model). The starting parameters were allowed to vary only in
a reasonable, restricted range (+£10%). Box model was used for fitting XRR patterns of
monolayer films. The molecule was divided into rigid, core section (with glycerol moieties),
Ry and Rr segments. The electron densities of such sublayers differed significantly. Fitting
confirmed the above mentioned arrangement of the molecules in monolayers. The cores were
found to be oriented horizontally and the lateral chains vertically (or slightly tilted) to the

surface.

Much more difficult task was to fit the data obtained for 3-layer films. The number of
sublayers of different electron density increased. It became possible to obtain relatively good

fits from at least two different sets of starting parameters.

In case of the alignment presented in Figure 10 the molecules fulfilled the requirement of
minimization of conformational energy. The X conformation of the molecules was
energetically preferable over the m orientation. The orientation of molecules in the bottom
layer was constrained by the presence of the water surface. For such arrangement a lot of free
space was available between the rigid cores (area of the core was around 1.25 nm?, area of
aliphatic chain around 0.2 nm’ and area of the fluorinated chain around 0.4 nm?).”* The
lateral chains, which belonged to molecules from different layers, were strongly interdigitated
and tilted. Such conclusion was also justified by the analysis of thickness of the layer and the
size of the molecule. If no interdigitation was assumed the thicknes of the trilayer film should
be around 7 nm, i.e. much larger than in fact measured. If maximal interdigitation of side
chains and no tilt were assumed the thickness of the trilayer film of compound X4 should be

around 4.5 nm (4.32 nm was in fact measured). It was difficult to estimate the electron density
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in regions between the cores. Therefore the starting parameters for overlapping chains were
allowed to vary strongly during the fitting process. This lack of constrains resulted in good

quality of the XRR fits.

® OO 10010

RITI

Figure 10 Hypothetical alignment of X-shape molecules (compound X4) within 3-layer

stacks. Presented alignment is based on the assumption, that X geometry is energetically more

preferred than m geometry. Pink color — cores, yellow — Ry segments, green — Rr segments.

The second proposed orientation of the molecules in 3-layer film of compound X4 originated
from the analysis of roll over mechanism (Figure 11). This was used as a hint, and the true
mechanism of multilayer stacks formation is discussed in details in Chapter 3.2.4. The
assumption was that the air/water interface influenced not only the bottom layer, but all
molecular layers. Moreover, the molecules created pairs with back-to-back organization of the
aromatic cores, additionally associated through hydrogen bonds between the glycerol
moieties. Similar structures with a bilayer on top of a monolayer were obtained in computer
simulations'®* for arachidic acid (AA) on water in a presence of calcium ions (chemical bonds
AA-Ca-AA stabilized such structure). Even more ordered trilayer structure was obtained for
AA/pure water system in longer time-scale simulations (see Figure 18 in ref. 184). Similarly
to bolaamphiphiles, the AA molecules in this system were also associated in bilayers through
hydrogen bonds (but in this case formed between carboxylic groups). Another example of pair
formations was described in case of liquid crystalline cyanobiphenyls due to the - stacking

as a bilayer forming factor.

The possibility of the glycerol moieties to be exposed as a top sublayer of the film of
X-shaped bolaamphiphiles was excluded by the contact angle measurements described in

details in Chapter 3.2.3.
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Figure 11 Schematic structure of 3-layer film of X-shaped molecules (compound X4) (left)
and corresponding electron density profile (right). The assumed distribution of electron
density was used as set of starting parameters for fitting procedure. Electron density is the
highest for the sublayer of aromatic cores (pink), medium for the sublayer of the fluorinated

segments (green), and the lowest for the sublayer of the aliphatic segments (yellow).

To distinguish two possible organizations of the molecules in 3-layer films (Figure 10 and
Figure 11) the XPS technique was employed. The samples of films of X4 for XPS were
prepared according to the same protocol as for XRR measurements, i.e. monolayer was
transferred at 20 mN m™ and trilayer at 40 mN m™. In case of XPS, the silicon wafers
appeared to be inappropriate due to silicon dioxide layer at the surface. This made the
F/O atomic concentration ratio analysis unreliable due to additional source of oxygen.
Therefore glass covered with chromium as a sublayer and gold as a top layer was used. Such

substrates were also hydrophilic, therefore LB procedure remained unchanged.

In the arrangement shown in Figure 10 the fluorine atoms should be distributed randomly
within the film interior due to the overlapping of the molecular layers as mentioned
previously. On the other hand in case of arrangement of molecules presented in Figure 11
almost no overlapping was predicted and regions of higher atomic concentration of oxygen
(from glycerol units) and fluorine (Rr segments) should be observed. In fact XPS revealed
fluorine and oxygen rich regions within 3-layer film of compound X4, as shown in Figure 12.
Therefore the m orientation of the molecules in 3-layer films of X-shaped bolaamphiphiles

was confirmed (arrangement shown in Figure 11).
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Figure 12 The relative atomic concentration ratio of fluorine to oxygen at various depth of
the surface and subsurface regions of the trilayer film of X4 is shown. Angles do not
correspond directly to z position of the sublayers in the trilayer film. Cartoon of the molecules
arrangement is shown to illustrate the oxygen and fluorine rich regions in proposed molecular

alignment.

XPS sputter depth profiling was done using 500 eV argon ion beam with the slowest profiling
speed (0.36 nm per minute) and the lowest possible energy. The films of bolaamphiphiles
were found to be very soft and fragile. Therefore the sublayers of 3-layer film were not
removed in controlled way. Disruption of the whole film occurred during the ion
bombardment. Such experiments provided only additional confirmation of  orientation of the

X4 molecules in monolayer film (not shown).
3.1.1. Conclusions

The reproducibility and the reversibility of the trilayer films formation of bolaamphiphiles
was assured by fluidity of the layers. Therefore the reversible layering transition depended on
shape and rigidity/flexibility of different parts of the molecules. The function of the
semi-perfluorinated chains was twofold: 1) they increased the film stability by increasing the
amphiphilicity and 2) the fluorinated chains of medium size increased film fluidity due to the
mismatch of chain diameter (Ry versus Rp), and probably, due to the dipole moment
introduced at the Ry—Ry junctions.'”® Hence, beside the presence of an anisometric rigid unit,
also the partial fluorination of the lateral chains turned out to be a key factor for reversible
formation of stable and well-defined mono- and trilayers. Reversible transition to a bilayer

was reported earlier by Gallani et al.'® for a mesogenic compound with rigid core and two
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chains at both its ends. The fact that one of the aliphatic chains of the molecule of
Gallani e al.'® contained even stiffer segment of alkylosiloxane confirmed presented
reasoning. However, the conclusion of Gallani et al.'® about bilayer created in their film

seems somewhat doubtful. The results presented in Figures 2 and 3 of ref. 185 indicated

rather formation of the trilayer.

The arrangement of molecules in monolayer and trilayer films of X-shaped bolaamphiphiles

was proved as a result of careful analysis of XRR and XPS measurements.
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3.2. Multilayers formation at the air/water interface

In this chapter detailed studies on layering transitions within thin films of compounds
belonging to the groups of X-shaped, T-shaped and anchor-shaped bolaamphiphiles
(Figure 3) are described. Investigated molecules contained a hydrophobic, rod-like or bent
rigid core with two polar groups (glycerol units) on both ends. One or two lateral chains were
attached in the central part of the molecules. The side chains were partially fluorinated.'”* For
comparison, one X-shaped and one anchor-shaped compounds as nonfluorinated analogues
were also studied. A tendency of fluorinated compounds to create very stable and well
defined multilayers was proved. Stacks consisting not only of 3- but also 5-, 7- or even
9-layers were formed by compression of monolayer at the air/water interface. A very
important finding of conducted experiments was a possibility of transferring them onto solid

substrates in a one-step procedure.
3.2.1. Results and Discussion

The studied compounds differed in shape (X-, T- and anchor-shaped) and hence their
properties varied as well. The results for each of three types of molecules are described in
separate sections. The structures of the studied molecules are shown in Figure 4 and repeated
in the beginning of each section. All studied compounds formed stable Langmuir films at the
air/water interface. The partial fluorination in the lateral aliphatic chains prevented them from
a collapse into undefined aggregates even at high compression ratio. During compression the
monolayer films underwent layering transitions to well defined lamellar structures.'” This

was surprising, since studied compounds formed predominately columnar LC phases in

bulk 149,151

Laminated phases (Lam phases) represent a special type of smectic LC phases whereby the
aromatic cores are arranged parallel to the smectic layers. Lamyy,, Lamy and Lams,, phases are
distinguished as having no order (isotropic), only orientational order (nematic), or
orientational and positional in-plane order (smectic), respectively.'® These mesophases can
be regarded as laminated analogues (2D analogues) of the corresponding isotropic, nematic
and smectic bulk phases.'* The data concerning bulk properties of studied bolaamphiphiles is

shown in Table 2.
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3.2.1.1. X-shaped bolaamphiphiles

X1 X3
H9C140 H37C1g0
X2 X4
HO O(CH,)C4Fg OH HO O(CH,)eCyFg OH
e A~ A~
HO O O OH HO O O OH
H21C100 F9C4(H2C)6O

The measurements were performed on the films transferred onto silicon wafers using
Langmuir-Blodgett technique.'>'® It was important to transfer the homogenous (one-phase)
films. Thus the surface pressures chosen for the transfer (given on the graphs) corresponded
to the slopes of the isotherms. Compound X1 had two nonfluorinated side chains of the same
length. The isotherms of surface pressure, z, and surface potential, AV, plotted against
molecular area, 4y, for X1 are shown in Figure 13a. A proof for the trilayer formation during
compression of a monolayer of compound X1 was provided by the XRR measurements,
presented in Figure 13 (graphs d and e). In case of X1 the minima/maxima on the XRR
curves were smeared-out and not well shaped, when compared to the results obtained for
fluorinated X-shaped compounds (verify Figure 14 and Figure 15). The films gave deformed
profiles due to disorder in the layers. The thickness of the films was roughly estimated; it was
related mainly to the locations of the minima of XRR patterns.'®’ The values of thicknesses
estimated from the fits were: for the monolayer d; = 1.52 nm and for the trilayer d; = 4.23 nm.
The ratio d;/d; =2.78 was slightly less than 3, probably because of partial interdigitation of

the molecules in neighboring layers.

Another way to confirm the formation of trilayer of compound X1 was a comparison of the
molecular areas at both ends of the plateau. The plateau region corresponded to the layering
transition. The area occupied by one molecule in a monolayer corresponded to the
A-coordinate of the kink at 7 = 15.9 mN-m™ and it was equal to 4; = 1.07 nm* molecule™.
The molecular area in a trilayer was estimated as A-coordinate of the intersection of
a horizontal line tangent to the curve in the plateau region (here at 7 = 15.9 mN-m™) and the
extrapolated linear part of the curve corresponding to the trilayer compression (here, in range

of t=20.5-23.0 mN-m']) and was equal to 43 = 0.38 nm’-molecule™. The ratio of these two
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values 4;/4; was equal to 2.8 (within uncertainty of the estimation it was considered as close

to 3). This supported the formation of the trilayer in the plateau of 7(A4) isotherm.
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Figure 13 Results for compound X1 (nonfluorinated): a) isotherms of surface pressure, 7, and
surface potential, AV, plotted against molecular area, b) the BAM image taken at
7=0 mN-m" showing coexistence of liquid monolayer and gas phase, ¢) the BAM image
taken at 7 =24 mN-m" showing the collapsing trilayer; scale bars in BAM images correspond
to 500 um. d)-e) the XRR measurements for monolayer and trilayer transferred to silicon

wafers at 15 mN-m™ and 20 mN-m™, respectively.

The film of compound X1 compressed beyond the second kink in the m(4) isotherm at
m=24mN-m" was also transferred onto the silicon wafer. XRR studies did not give any
regular profile. The kink at 7 = 23 mN-m™ corresponded to collapse. Also BAM observations

(image ¢ in Figure 13) showed a rough surface with aggregates.

The isotherm of the surface potential, A4V(A4), presented in Figure 13a revealed that the signal

increased during compression of the monolayer. This was a result of the reorientation of
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aliphatic chains to a tilted/vertical orientation. The surface potential remained almost constant
during trilayer formation. It justified the conclusion that the molecules in the bilayer created
on top of the monolayer had the aliphatic lateral chains in anti-parallel orientation. Their

dipole moments were almost compensated.

Experimental data concerning compounds X2 and X3 is presented in Figure 14 in a similar
manner as for compound X1. All results obtained for compounds X2 and X3 are compared in
Figure 14, showing an incredible similarity. Hence the following discussion of compound X2

applies to compound X3 as well.

The 7(4) isotherm of X2 seems analogous to the one obtained for X1. The first broad plateau
on the 7(4) curve corresponded to the layering transition, i.e. to the coexistence of domains of
different thickness. The inclined parts of the isotherm corresponded to the compression of the
film of uniform thickness. The A-coordinates for the monolayer and the trilayer films were
estimated for constant surface pressure 7 = 20.0 mN-m”, the same way as in the case of
compound X1. The following values were obtained: 4; = 1.06 nm**molecule” and 43 = 0.35
nm’* molecule” for mono- and expected trilayer, respectively. The ratio A4;/4; = 3.0 proved
that at the first plateau the monolayer transforms into a trilayer. On further compression of the
film another kink or inflexion point was visible. The same behavior was seen even more
clearly for compound X3 (see Figure 14). Estimation of the 4-coordinate at this point gave
the value A5 = 0.20 nm**molecule” and the ratio 4,/A5~ 5. This gave a strong inclination that
a S-layer film was observed. As expected, the same analysis for the compound X3 gave the
values of A-coordinates for 1-, 3-, and 5-layer equal to 1.07 nmz'molecule'l, 0.35
nm* molecule™, and 0.21 nm*molecule™, respectively. These values indicated a decrease of
the molecular area by 3.05 and 5.09 times, showing the formation of 3- and 5- layer films.
Also the 2D compressibility of a trilayer was 3 times smaller than that of a monolayer, 5 times
smaller than that of a 5-layer, and so on. In such a case the extrapolation of 4-coordinate for
the 5-layered film to lower surface pressure was not necessary because the extrapolated line is
almost vertical. The curve 7(4) for compression of 5-layer and thicker films was so steep that

the correction would be small and negligible.
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Figure 14 Comparison of results for two X-shaped compounds: a)-d) for X2 and e)-h) for
X3; a) and e): the isotherms of surface pressure and surface potential plotted against

molecular area for X2 and X3, respectively; b)-d): X-ray reflectivity measurements (XRR)
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for 1-, 3- and 5-layer films of compound X2 transferred from air/water interface onto silicon
wafers at surface pressures 17 mN m™, 27 mN m™ and 32 mN m™, respectively; f)-h): XRR
measurements for 1-, 3- and 5-layer films of compound X3 transferred from air/water
interface onto silicon wafers at surface pressures 22 mN m™, 30 mN m" and 34 mN m”,

respectively.

For each compound the films were transferred at a surface pressure corresponding to the
well-defined multilayered structures. The films of compound X2 were deposited at
17 mN'm™ (monolayer), 27 mN-m™ (trilayer) and 32 mN-m™ (5-layer). These of compound
X3 were transferred at pressures of 20 mN-m" (monolayer), 30 mN-m™ (trilayer), and
34 mN-m" (5-layer). The XRR patterns together with fits and film thicknesses are given in
Figure 14 (b-d) for X2 and in Figure 14 (f-h) for X3. The results confirmed the numbers of
layers predicted from the shape of the isotherm. Corresponding ratios of thicknesses between
particular multilayers are collected in Table 3. All results of thickness measurements using

XRR technique are collected in Table 4.

Table 3 The ratios of thicknesses of particular multilayers and monolayer for

compounds X2 and X3.1

compound X2 compound X3

ds/d; =4.07/1.43 =2.85 ds/d; =4.76/1/65 = 2.89

ds/d; =6.70/1.43 = 4.69 ds/d; =7.83/1.65 =4.74

ds/ds =4.07/6.70 = 0.608 = 3/5 ds/ds =4.76/7.83 = 0.608 = 3/5

@] Above values of the ratios are the approximate results because it was neglected in this
estimation that the layer being in contact with air (top layer or monolayer) is thicker than the
other layers, which create the interdigitated bilayers. For that reason the ratios ds;/d; < 3 and

ds/d; < 5 were found. The very close similarity between results for X2 and X3 has to be noted.

The surface potential isotherms of compounds X2 and X3 differed from these recorded for
compound X1 because of the presence of fluorinated segments in one of the lateral chains.
For both compounds the surface potential initially increased because of closer packing of the
molecules. Next the surface potential started to decrease. This was caused by the negative
contribution of the C-F dipoles'® coming from the strongly electronegative terminal fluorine
atoms (the dipoles of C-F in —CF; and C-H in —CHj3 have opposite signs). Weak inflexions

were visible in the AV(A4) curves at the beginning of the plateau. The potential continued to
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decrease to negative values, showing that the compensation of the dipoles in the second and
third layers was not complete. It could be explained by a lack of symmetry in the lengths of
the chains as well as by an imperfect ordering of the chains in the layers. Orientation of the
chains was to some degree random. This means that the fluorinated segment could be directed
“upwards” or “downwards.” However, the “upwards” orientation giving a negative

contribution to the vertical component of dipole moment was apparently preferred.

Compound X4 contained two partially fluorinated lateral chains with the same length and the
same degree of fluorination. This made this molecule symmetrical, thus similar to XI1.
Comparison of the isotherms of surface pressure, 7(4), and surface potential, AV(4), for X1
(shown in Figure 13a) and for X4 (shown in Figure 15a), revealed that in spite of the

symmetry of both molecules their behavior is very distinct.

In the curve of 7#(4) of compound X4 (Figure 15a) three layering transitions were clearly
distinguished. Only the first one was represented by a broad plateau of coexisting films of
distinct thickness. The subsequent transitions were manifested as loops of van der Waals type.
The peaks of metastable states, typical for gas/liquid phase transitions, were visible. The
estimated equilibrium surface pressures of these layering transitions were: 25.5 mN-m’, 38.0
mN'm”, and 48.3 mN-m™. Respective values of 4-coordinates corresponding to well packed
films of different thickness were as follows: 1.12 nmz'molecule'l, 0.37 nmz'molecule'l,
0.22 nm*molecule”, and 0.16 nm*molecule”. Calculated ratios of the molecular areas
showed that the kinks on the isotherm corresponded to the formation of trilayer (decrease of
molecular area by 3.02 times), S-layer (5.09 times) and 7-layer (7.00 times). Such behavior
indicated that further compression of the fluorinated bolaamphiphiles might result in even
thicker films. However, it was impossible to perform such experiments due to technical

limitations of compression ratio of the Langmuir trough used.

The formation of multilayered structures during compression of the monolayer of X4 was also
verified in XRR measurements. The films were transferred onto silicon wafers at surface
pressures: 20 mN'm™' (monolayer), 35 mN'm™ (trilayer), 45 mN-m™ (5-layer), and 55 mN-m"
(7-layer). All results of thickness measurements using XRR technique are given on the graphs
with X-ray reflectivity profiles (Figure 15) and also collected in Table 4. The ratios of
thickness d,/d; of the films confirmed their expected structures and showed partial
interdigitation of the molecules between the layers. These ratios are 2.98, 4.64, and 6.39 for

3-, 5-, and 7-layered films, respectively.
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Figure 15 Results for compound X4 (two fluorinated lateral chains): a) isotherms of surface
pressure, 7, and surface potential, AV, plotted against molecular area, b) BAM image taken at
7~20 mN-m" and 4 = 1.1 nm*-molecule” showing coexistence of monolayer and trilayer at

¢) BAM 20 mN-m’

~
~

the beginning of the plateau, image taken at =« and
A~ 0.5 nm* molecule'showing an increasing area of the trilayer still coexisting with the

monolayer (scale bars in BAM images correspond to 500 pm). d)—g) XRR measurements for
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monolayer, trilayer, 5-layer and 7-layer films transferred to silicon wafers at 20 mN-m™,

40 mN-m’l, 50 mN-m’l, and 55 mN-m'], respectively.

3.2.1.2. T-shaped bolaamphiphiles

L
HO OH

HO O O OH

The m(4) isotherm of compound T1 (Figure 16a) was similar to the isotherms of the
X-shaped molecules. Careful analysis of the shape of the curve indicated an unexpected
behavior of the T-shaped molecules. The “collapse” of the monolayer film occurred at
A;=0.39 nm’ molecule™ which was much less than the projection of the aromatic core lying
flat on the water surface. However, this value agreed with the cross section of the core and the
lateral chain standing perpendicularly to the water surface.'®” The area at which the surface
pressure started to increase rapidly (lift-off) was equal to 1.15 nm’ molecule”. This
corresponded to the area of the molecules lying flat on the surface. The molecules changed
their orientation to tilted and next to vertical upon compression. Very high compressibility
(small slope of the isotherm) just after the point of lift-off also supported the assumption
about rapid decrease of molecular area caused by a change of the molecular orientation. Next
the compressibility decreased to usual values, typical for 2D liquid phases. The “collapse” of
the monolayer of vertically oriented molecules occurred after a small peak. This indicated that
the film became metastable at the onset of the phase transition manifested by the following
plateau. The area at the end of this plateau was 43 = 0.13 nm’ molecule” which supported the
assumption about the formation of a trilayer film in the plateau region (area ratio equals
As3/A; = 3.0). Though the LB trough used was characterized by a high compression ratio, it

was impossible to reach the next layering transitions to obtain thicker stacks of T1.

The BAM images taken for compound T1 and shown in Figure 16 (b and ¢) were very
different from those obtained for other bolaamphiphiles. At the beginning of the plateau very
bright curved lines appeared. High contrast of such structures indicated significant differences
in thickness of the coexisting 1- and 3-layer films. The T-shaped compound T1 formed
3-layer film, analogous to an isolated three layers-stack of a bulk smectic A or smectic C
phase (the molecules are vertical or tilted, respectively). There was no indication of any

in-plane anisotropy, which supported a smectic A like structure instead of a tilted
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smectic C-like structure. The unusual appearance of the thin films of compound T1 in the
BAM images might be explained in terms of high stability and rigidity of the monolayer. It
underwent a first order layering transition which needed nucleation (the metastable state
analogous to “overcooling” was observed as a peak before the plateau) and occurred at
relatively high surface pressure. The trilayer film was formed by nucleation at some defects
(dust particles) present in the film. Afterwards the wrinkles spread parallel to the barriers. The

trilayer film remained fluid even despite the increased rigidity/decreased elasticity.

The T-shaped compound T1 was transferred onto silicon wafers at 40 mN m™ (monolayer)
and at 53 mN m' (trilayer). The XRR profiles (Figure 16d and e) of the films were very
regular. The profile of the film of expected trilayer consisted of more minima and maxima
than it was observed for trilayers of X-shaped molecules. In fittings of the XRR profiles to
theoretical equation,'”” a vertical orientation of the molecules was assumed. The thickness of
monolayer and trilayer films calculated from XRR profiles was 2.72 nm and 7.22 nm,
respectively. The ratio of these thickness values is equal to 2.65, indicating partial
interdigitation of the molecular cores. An analysis of the molecular dimensions of T1 showed
that the thickness of a trilayer film corresponded to three times the length of the cores. Thus
the molecules were standing vertically. The glycerol units of neighboring layers were

interdigitated.

The curve of surface potential, 4V(A4), of T1 shown in Figure 16a was nearly constant at the
beginning of compression in a wide range of values of area per molecule. A decrease of the
surface potential to negative values began at the place where the slope of n(A4) significantly
changes. Such behavior of 4V(A4) indicated that the beginning of the compression occurred
without significant change in orientation of those parts of the molecules which contain strong
electric dipoles. Reorganization of aromatic cores occurred with detachment of one of the
glycerol groups from the water surface. The stiff cores remained strongly tilted. The rapid
decrease of the surface potential with simultaneous increase of the surface pressure was
related to the reorganization of the side chains and aromatic cores perpendicularly to the

air/water interface.

Such reorientation process was additionally confirmed by the analysis of the compressibility
Cs of the m(A4) i1sotherm. The compressibility was unexpectedly high in the regions
corresponding to the 2D gas phase and, surprisingly, also in this part of the 4V(A4) isotherm
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where the surface pressure started to increase. Upon further compression (but before kink) the

compressibility decreased smoothly to values typical for a 2D liquid phase.®

Both 7(4) and AV(A4) curves reached the plateau at around 0.4 nm” molecule™. This confirmed
the formation of trilayer film. The compensation of the dipoles in the second and third layers

was complete as expected for roll over process.
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Figure 16 Results for compound T1 (one partially fluorinated lateral chain):
a) isotherms of surface pressure, 7, and surface potential, AV, plotted against molecular area;
small slope of 7#(4) isotherm at the beginning of compression corresponds to continuous
transformation from planar to vertical orientation of the molecular cores, b) BAM image
taken at 7 ~ 47 mN'm" and 4 = 0.36 nm*-molecule” showing the wrinkles created during
trilayer formation by roll over mechanism, ¢) BAM image taken at 7 ~ 47 mN-m" and
A =0.17 nm* molecule”showing an increasing number of wrinkles with very high contrast
caused by a big difference of thickness. Scale bars in BAM images correspond to 500 um,
d) and e) The XRR measurements for monolayer and trilayer transferred to silicon wafers at

40 mN-m™ and 53 mN-m”, respectively.
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3.2.1.3. Anchor-shaped bolaamphiphiles

A2

0’\0(;‘0H Ho'\o‘/H“o LL o’\O(H‘OH
CeF13

The n(A4) 1sotherm of the nonfluorinated compound A1 (Figure 17) showed a broad plateau at
low surface pressure 7 = 12.5 mN'm™. This indicated a low stability of the monolayer. The
plateau ended with an abrupt increase of the surface pressure at an unreasonably small value
of molecular area. It was an artifact coming from random and irreversible aggregation. In this
case the plateau represented a simple collapse of the monolayer. Transfer of the monolayer
onto silicon wafer at 7 = 10.0 mN'm" allowed XRR measurements. A thickness of the

monolayer equal to 1.56 nm could be estimated.
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Figure 17 Results for compound Al: a) the isotherms of surface pressure and surface
potential plotted against molecular area; b) XRR measurements for the monolayer transferred
onto silicon wafer at surface pressure 7 =20 mN m™. The film of A1 was also transferred at
7=30 mN m', where the 3-layer film was expected. In this case XRR measurements did not
show any regular pattern, proving that only disordered aggregates were created in the film

during compression beyond the local maximum (peak) visible on the z(A) isotherm.

The partially fluorinated anchor-shaped compound A2 was thoroughly investigated. The
behavior of A2 was very different when compared to fluorinated T- and X-shaped
bolaamphiphiles. The results are presented in Figure 18. Two broad plateaus in the 7(4)

isotherm of the anchor-shaped compound A2 separated the steep parts of the compression
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curve. Values of molecular areas corresponding to both ends of the first plateau at
=20 mN'm” were 1.09 nm’molecule” and 0.36 nm*molecule™. Their ratio is equal to 3.02.
The A-coordinates of the second plateau at 7 = 33 mN'm™ were equal to 0.33 nm”molecule™
and 0.12 nm’molecule”, giving the ratio 2.75. This analysis suggested the formation of
a trilayer film by roll over mechanism at the first plateau and subsequent roll over of the
trilayer film at the second plateau. As a result the 9-layer film was formed (ratio of molecular
areas in monolayer and 9-layer is 1.09/0.12 = 9). The constant value of surface potential (also
shown in Figure 18a) in both plateau regions was an additional confirmation of film folding
by roll over. Roll over of well-organized monolayer and trilayer resulted in well-ordered and

compensated dipole moments.

Validity of the above observation was checked by XRR measurements on the films
transferred onto silicon wafers. The recorded XRR profiles are presented in Figure 18 (e-g).
Measurements were performed on uniform films transferred after compression to proper
pressures on the steep part of the z(4) curve: 20 mN'm”, 30 mN'm” and 40 mN'm™.
Assuming that the estimation of the number of layers in the films based on the estimation of
molecular areas was correct, the respective thicknesses should be: d;, d; = 3d;, and dy = 9d,.
Obtained values were d; = 1.43 nm, d3 = 3.71 nm, and dy = 10.5 nm. The average thickness of
each single layer calculated from the thickness of trilayer and 9-layer is equal to
d3/3=124nm and do/9 = 1.17 nm, respectively. These values, when compared to
di =143 nm, showed that the layers were interdigitated. The other calculated ratios,
ds/d; =2.59 and do/d; = 2.83, proved that the double roll over mechanism of folding of the

monolayer and next, of the trilayer was observed.

Analysis of the layer thickness is carried out in the section dealing with the mechanism of
layering transition. It is shown that the thickness of the monolayer, d;, and the top layer in the
multilayer is always larger than that of the other layers, so the value of ds/d; is less than do/d;

(verify with Table 4 and Table 5).
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Figure 18 Results for compound A2 (one partially fluorinated lateral chain): a) isotherms of
surface pressure, 7, and surface potential, 4V, plotted against molecular area: b)-d) BAM
images taken at: b) the beginning of the first plateau, c) the end of the first plateau, d) central
part of the second plateau (fibrous domains are visible at high contrast). Scale bars in BAM
images correspond to 500 um, e)-g) XRR measurements for monolayer, trilayer and 9-layer

films transferred to silicon wafers at 20 mN-m™', 30 mN-m™" and 40 mN-m™', respectively.
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The XRR profiles obtained for the 1- and 3-layers of compound A2 were very similar to the
profiles of partially fluorinated X-shaped compounds. However the profile of the 9-layer film
(Figure 18e) differed significantly. This profile resembled very much the profiles obtained
from thin free-suspended films of liquid crystals'®’ in the smectic phase. In Figure 18e three
higher peaks, corresponding to Bragg reflections, and three lower peaks between each two of
the higher ones were visible. The lower peaks corresponded to typical Kiessig fringes due to
the interference in the film thickness. In thin films it was hard to distinguish between Bragg
reflections and Kiessig fringes. On the other hand, in the limit of infinite thickness the Kiessig
fringes disappeared. The width of the Bragg signals became smaller and limited by the
apparatus resolution. A relation of the number of Kiessig fringes to the number of layers was
given by Holyst.'""” The XRR profile shown in Figure 18e allowed determining the total
thickness of the layer. The discussion presented above proved the existence of nine layers in
the film of A2 transferred at 7 = 40 mN'm™. The compound A2 seems to be the first example
of an amphiphilic compound for which the double roll over mechanism at the air/water

interface was proven experimentally.
3.2.2. Comparison of XRR analysis results

Simple comparison of the numbers in Table 4 showed that the thicknesses of the multilayers
were not completely commensurate with the thickness of the monolayer for particular
compounds. It supported the assumption about partial interdigitation of molecules in the
multilayered films. Table 5 presents the results of another analysis of measured thicknesses.
The increments of thicknesses between trilayer and monolayer, 5- and trilayer, 7- and 5-layer
were calculated and then divided by 2 to obtain an average thickness of each layer in
particular bilayers. Another parameter used in the analysis was the averaged thicknesses of
a single layer in the n-layered film calculated for each film separately. Here the thickness of
the monolayer was subtracted and result divided by n-1. It was assumed that thickness of
monolayer corresponded to the thickness of top layer in multilayer stack. The values of
averaged thicknesses of a single layer of particular compounds were very consistent. This
proved that the top layer in each film was the same as a corresponding monolayer. The

bilayers with partial interdigitation of the molecules were really well defined.
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Table 4 Thickness of the films (nm) of investigated bolaamphiphiles transferred on
silicon wafers determined by means of XRR measurements; numbers of layers in
the films given in top row of the table were estimated from the ratios of molecular

areas at both ends of the plateau corresponding to layering transitions.

compound 1-layer 3-layer S-layer 7-layer 9-layer

X1 1.52 4231

X2 1.43 4.07 6.70

X3 1.65 4.76 7.83

X4 1.45 4.32 6.73 9.27

T1 2.70 7.22

Al 1.56"!

A2 1.43 3.71 10.5

[a] Thickness of the trilayer of nonfluorinated compound X1 was estimated in spite of deformed
XRR profile (poorly defined layers). [b] For nonfluorinated compound A1 only monolayer could
be analyzed; The film transferred on the second slope of the isotherm (above plateau) did not give
any regular XRR profile proving that only disordered aggregates were created in the film during

compression beyond the local maximum (peak) corresponding to the collapse of the monolayer.

Table 5 Comparison of thicknesses (nm) of the top and the single layer composed

in the interdigitated layers as a proof of bilayered structure of multilayers.

averaged thickness of one layer

calculated for two neighboring layers

top l.and 2. 3. and 4. 5. and 6. average of

compound layer™ layer™ layer' layer' n-1 layers'”

X1 1.52 1.36 1.36™

X2 1.43 1.32 1.32 1.32

X3 1.65 1.56 1.54 1.55

X4 1.45 1.441 1.21 1.27 1.30

Tl 2.70 2.26 2.26M"

Al 1.56

A2 1.43 1.14 1.13

[a] thickness of a monolayer, d; taken as thickness of top layer in each multilayer, [b]

average thickness of a single layer in the interdigitated 1% and 2™ layers calculated as



Multilayers

79

dy, = (ds-d,)/2, [c] average thickness of a single layer in the interdigitated 3™ and 4" layers
calculated as ds 4 = (ds-ds)/2, [d] average thickness of a single layer in interdigitated 5™ and
6" layers is calculated as ds¢ = (d-ds)/2, [e] average thickness of a single layer in the
multilayer composed of (r-1)/2 interdigitated layers (n is number of the layers) calculated as
din1 = (dy-d))/(n-1), [f] thickness of the trilayer in compound X4 was probably
overestimated (experimental error), so this value of d;, is also overestimated and, as
a consequence, the value of ds, is underestimated, [g] average thickness calculated for
4 bottom layers in the 5-layer as d; 4 = (ds-d1)/4 = 1.32 nm, [h] in case of compounds X1

and T1, in which only trilayers were detected, these values are the same as d , by definition.

3.2.3. Wetting of the deposited films

Measurements of contact angle of water droplets deposited on the films of bolaamphiphiles
were performed. Possible orientations of the molecules in the upper layer of the multilayered
films were analyzed. Two hypotheses were verified: 1) if the glycerol groups were exposed
then the film should be hydrophilic and the water contact angle should be smaller than 90°; 2)
if the upper layer consisted mainly of —CF; groups then the film should be strongly
hydrophobic and the contact angle with water should be greater than 90°.

According to Israelachvili and Gee,'”! who considered the problem of “molecular roughness”,
it is assumed that surfaces are chemically heterogeneous and not flat on atomic level (have
some roughness). Each chemical moiety present at the surface has contribution to its
hydrophilic/hydrophobic properties. The influence of the distinct parts of the molecules on the
contact angle is expressed as function of the nature and area occupied by the moiety of
interest. Theoretical prediction can be done according to Cassie-Baxter model'™* of the

surface according to the equation:
cosf, = in cosf, Equation 14

where: x; is the area fraction occupied by the chemical moiety of type i and 6; is the contact
angle on this fraction i of the surface. Contact angles, 6., for the relevant chemical moieties

are collected in Table 6.

The exact areas occupied by the moieties of the molecules were not known. It was assumed

that in a monolayer the X-shaped molecules adopt a m-conformation'’®-'**-8!

(in a monolayer
the horizontally oriented cores with both lateral chains sticking-out in the air resembled the

reverse letters m). Assuming area fractions as 0.4 for glycerol and 0.6 for aromatics, and
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contact angles for these parts as 15° and 86° (see Table 6), respectively, the contact angle
0. = 65° was estimated from the Equation 14. In the monolayer a part of the aromatic cores
was covered by the hydrophobic hydrogenated or fluorinated lateral chains. Therefore the
contact angle should be even higher than the estimated 65°. The above mentioned protocol did
not consider that water molecules could be incorporated within the glycerol units. This should
result in increased area fraction of glycerol units and reduce the resulting contact angle. Also,
the ether-type oxygens connecting the alkyl chains to the aromatics were not considered. This

explains why for all monolayers small contact angles were measured, as shown in Table 7.

Table 6 Values of contact angles of relevant chemical moieties appearing in the

bolaamphiphiles reported here.

Polymer SAM on Au SAM on Si ™
Glycerol Dendritic oligoglycerol:
20.0° %4
ROH: <150 1%
Aromatics PS: 87.40 [196] Ph: 73.9°
PS: g6° [17) CH,CH,Ph: 87.9°
Ry PE: 96° 1% CioHai: 1130 1] 98.2°
Paraffin: 108.9° [
R PTFE:  109.2°"°1  CsFyy: 1180 1] 109.6°

Table 7 Contact angles (6.,) of water droplets deposited on films of investigated

bolaamphiphiles transferred on silicon wafers.

compound 1-layer 3-layer S-layer 7-layer 9-layer

X2 52° 72° 69°
X3 48° 72° 73°

X4 51° 70° 67° 75°

Tl 45°/90°1] 89°

A2 52° 55° 49°

[a] The monolayer of T-shaped compound T1 was transferred to silicon wafers at two
different surface pressures: at 7 = 15 mN-m” and 7 = 33 mN-m" the contact angles 45° and

90°, respectively, were measured.
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Relatively small values of contact angles around 50°+2° were obtained for all monolayers of
the X-shaped bolaamphiphiles. For thicker films contact angles were always close to 70°+5°,
and obviously greater than for all monolayers. Such value was obtained independently of the
number of layers. The contact angles for the top layer of the multilayers of X-shaped
molecules were still smaller than expected for alkyl or fluorinated chains. Higher wettability
of the monolayers might be explained by a stronger hydration of the glycerol moieties in the
monolayers because they were in contact with bulk water. Such hydratation increased the
hydrophilicity of the monolayer, also after transfer onto the solid substrates.'”® Additionally
the lateral chains in the top layers were probably more tilted and covered the hydrophilic

moieties of the molecular cores more than in the monolayers.

An interesting result was obtained for compound T1. Because of the intriguing shape of the
isotherm the monolayer of this compound was transferred onto the silicon wafers at two
different surface pressures: at small slope of the curve (7 =15 mN-m™) and at its steep part
(=33 mN-m™". The contact angles 45° and 90°, respectively, were measured. It proved that
initially the core was horizontally oriented on the water surface and the partially fluorinated
chain stuck-out into the air (similarly as in case of X-shaped compounds). The hydrophobic
chain did not (or not completely) cover the hydrophilic glycerol moieties (therefore contact
angle was smaller than in case of X-shaped compounds). Upon compression the molecular
cores were forced to a vertical or tilted orientation (attached to the water surface at one end
only). The lateral chains were approximately parallel to the cores, closely packed and also
tilted. In compound T1 the chain was significantly longer than half of the aromatic core. The
lateral chain (with —CF5 group at the end) was exposed above the glycerol moiety of vertically
oriented core. Hence the hydrophobic chains covered the hydrophilic glycerol groups. It led to
contact angle equal to 90° (hydrophobic surface).

The same contact angle (within experimental error) as for the closely packed monolayer was
obtained for the trilayer of T1. This supported the roll over mechanism. There was no
difference in character of the top layer between mono- and trilayer during this type of layering
transition. In this mechanism the top layer of the multilayered film was the same as in the
monolayer (verify with Figure 19 in next section). Therefore the fluorinated chains of the
T-shaped compound T1 represented a main component of the hydrophobic top sublayer in

both, mono- and trilayer.
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The anchor-shaped compound A2 exhibited a contact angle around 50° for the monolayer.
Similar angles were measured for X-shaped compounds in monolayers, only. For thicker
layers of X-shaped molecules this angle was greater. This suggested that the multilayers are
less hydrophilic than the monolayer. For compound A2 the contact angle was approximately
the same for 1-, 3-, and 9-layered films. The values of contact angle 50°+2° indicated some
degree of hydrophilicity. There was always a bonding of water molecules to the glycerol
moieties on top of the layers. Only one side chain did not cover the hydrophilic glycerol unit
to the same extent as in case of X-shaped compounds. This strongly supported the proposed
roll over mechanism without reorganization of the molecules. There was not (and it should
not be) any change in the hydrophilic character of the monolayer and the top layers of the

multilayers created by roll over.
3.2.4. Mechanisms of layering transitions

The m(A) isotherms and XRR analysis of transferred films provided solid evidence that
multilayer stacks were formed during compression of thin films of partially fluorinated
bolaamphiphiles. 1-, 3-, 5- and in one case 7-layer stacks were formed in case of the X-shaped
compounds X2 - X4 and 1-, 3- and 9-layers for the anchor shaped compound A2 (Table 4). In
this section a new insight into the mechanisms of the formation of distinct multilayered films
at the air/water interface and their layering transitions is demonstrated. Two mechanisms are
explained here i.e. lifting and permeation of the molecules (Figure 19a), and double roll over

(Figure 19b).

Disordered collapse was found if the films were either completely fluid (e.g. amphiphiles with
branched alkyl chains) or too rigid (crystalline). It appeared that chaotic collapse could be
avoided by a well-balanced relation between order and mobility of the molecules. Hence
monolayer-to-multilayer transition was often observed in thin films of molecules combining
rigid and flexible elements e.g. liquid crystalline compounds. For the described molecules this
combination of order and mobility was provided by the combination of rigid aromatic units
with hydrocarbon and semi-perfluorinated chains. The mismatch of cross sectional area of
fluorinated segments Ry and hydrocarbon spacers Ry led to the required fluidity. This was

against intuition, since fluorination made the chains stiffer.

The well-defined multilayers were odd numbered as only in this case the dissymmetry of the

layers was retained. The more hydrophilic parts of the molecules in the first layer were
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exposed to the water surface. The hydrophobic parts of the molecules in the top layer were
exposed to air. This explained why the trilayers existed as a preferred configuration after an
“ordered” (reversible) collapse of the monolayer, eventually followed by formation of
S-layers, 7-layers etc. Bilayers, in which either the polar groups or the lipophilic groups had to
be exposed to both, the water surface and the air, have been rather scarce. 200201 The
molecules of very specific structure, like calixarenes,'”’ were reported as self-assembling to
bilayer structures at the air/water interface. Stable bilayers on water surface could be formed

290 which were also able to create vesicles and membranes in bulk water. Similarly,

by lipids,
the mixtures of phospholipids and cholesterol derivatives were able to form mixed bilayers at

. . 201
air/water interface.?’

The properties of monolayers (like rigidity and viscosity), as well as a interactions in three
dimensions were the key factor deciding whether a bilayer, a trilayer or 3D aggregates were
created during compression. The roll over mechanism was also proposed by de Mul and
Mann'?! to explain a trilayer formation in liquid crystalline cyanobiphenyl derivative 8CB.
The authors presented BAM images with circular domains of a trilayer in coexistence with
a monolayer. The mechanism of double roll over leading to a 9-layered film created by
folding of the trilayer was proposed (see Figure 4 in ref. 121). The existence of a 9-layer film

was not proved by experimental methods.

It seems that the first convincing example of formation of a trilayer and next of a 9-layer by
double roll over is presented here in case of compound A2. The main difference between the
case of A2 and the case of 8CB was the appearance of BAM images. The circular domains
were not seen for films of A2, but the fibrous domains i.e. the wrinkles in the film (Figure
18d). Another case of trilayer formation (compound T1) was presented in Figure 16 (images
b and c¢). Here also the wrinkles caused by folding of the monolayer and following roll over
were perfectly visible in BAM pictures. The mechanism of trilayer formation might be

therefore different in 8CB and in A2 or T1.

The liquid crystals from the group of cyanobiphenyls have a strong tendency for pairing.”*
The pairs of molecules are present even in their bulk phases. The smectic Ay phase of
cyanobiphenyls has a periodicity ranging from 1.3/ to 1.7-/ (/ is the length of the molecule).
Each layer consists of associated pairs of partially overlapping anti-parallel molecules.'***%*
In a monolayer at air/water interface a strong interactions of polar cyano- group with water

stabilize the monolayer of single molecules. During compression the molecules are
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pushed-out of the interface. The lateral interactions between biphenyls occur to be weaker
than the interactions of —CN with the m-electrons of the phenyl ring, which favor the
association process. During collapse of the monolayer the molecules are removed from the
interface and immediately associate into anti-parallel pairs. Bilayer on top of a monolayer is
created. Further compression of the trilayer of cyanobiphenyls leads to 5-layer formation, as it
was proved by ellipsometry and SHG.'™ Similar behavior leading to formation of odd
numbers of layers only was observed by de Garcia Lux et al.'”° in case of partially fluorinated
alkanes (diblock molecules). Surprisingly, these non-polar compounds, called “primitive
surfactants”,”” are able to create monolayers at the air/water interface. According to the
hypothesis of El Abed et al.*** a monolayer of diblock partially fluorinated alkanes on the
water surface is built of anti-parallel molecules. In the papers from the group of
M. P. Krafft'®>!""%!7* 3 mechanism different from the roll over type leading to formation of
odd numbers of layers (1, 3, 5, and so on) is proposed. First, the bilayer of associated pairs is
created on top of the monolayer (trilayer is formed at this stage). Next the bilayer only is
sliding over the monolayer, bending and winding-up to create the 5-layer (see Figure 16 in
ref. 170). This mechanism would leave the bottom layer unchanged. This is unlikely, because
during compression of Langmuir films a simultaneous compression of all layers takes place.
At each infinitesimal step of compression the same number of molecules has to be removed
from each bottom layer to the next subsequent upper layer. This problem does not arise during

a roll over mechanism.

The roll over mechanism allows only for creation of the sequence 1, 3, and 9 layers (as
proved for compound A2 and shown schematically in Figure 19b), but not of 5- and 7-layers
(as in case X-shaped bolaamphiphiles). 1-, 3-, 5-, and 7-layered films in X-shaped
bolaamphiphiles were observed. The system had to be in a LC state with a thermodynamically
stable smectic (lamellar) organization. Thin LC films could be compressed in the direction
parallel to the layers with expansion in the perpendicular direction (and vice versa). In the
very thin films on the water surface this took place in a well-defined stepwise manner.
A probable mechanism of multilayer formation in which the number of layers is stepwise
increasing by 2 is shown schematically in Figure 19a. When the monolayer of molecules in
reverse m-conformation was compressed to maximum, the molecules were forced to “escape
into the third dimension”. They created pairs with “back-to-back™ organization of the
aromatic cores (Chapter 3.1). On further compression of the X-shaped bolaamphiphiles, after

the available area was completely covered with a trilayer, the next bilayer was formed. The
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formation of the second and following bilayers (leading to 5-layer, 7-layer etc.) took place
during simultaneous compression of all previously formed layers. Therefore some molecules
from each previously formed lower layer had to move to the next upper and the top layers
during compression. This allowed the creation of thicker films in the shape of circular islands,
as observed for liquid crystals.'”"'* This process always takes place if the layers have
a sufficient fluidity. Also the barrier for the jumping from one layer to the next should be
sufficiently low. If these requirements are not fulfilled other reorganization processes can
become more favorable. This was the case of compound A2, where a roll over process took
place. In line with this, elongated wrinkles were observed in the BAM images instead of the

circular domains. This indicates an increased layer rigidity, though the layers were still fluid.

a) 1-layer

3-layer

b) 1-layer 3-layer | 9-layer

—— compression —»

Figure 19 Schematic presentation of two versions of possible mechanism allowing formation
of odd numbers of layers with different sequence of thicknesses: dark gray = rigid aromatic
cores (simplified); white circles = polar glycerol groups; light gray = regions of

semi-perfluorinated chains and alkyl chains; a) example of X-shaped molecules exhibiting
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a creation of the tri- and 5-layered films during compression of the monolayer by permeation
mechanism with simultaneous “back-to-back™ pairing of the molecules, b) double roll over of
the monolayer of compound A2 - the trilayer and next the 9-layer are formed during

compression.

Hence, BAM 1mages give a first indication of the type of layering transition. Accordingly,
circular domains appear to be typical for the layering transitions in fluid films, leading to the
sequence 1- 3-, 5,- 7-.... layers upon compression. These films are in thermodynamic
equilibrium. Hence, these transitions (and the corresponding n(A4) isotherms) are reversible.
Roll over can only take place under special conditions; if monolayers and odd-numbered
(2n+1) multilayers are not in equilibrium. In this case the structure of the multilayer film is
determined by the mechanism of its formation. The BAM images do not show fluid circular
domains, but instead elongated wrinkles. Confirmation of a 7o/l over mechanism is provided
by the sequence of 1-, 3-, and 9- layers of A2 upon compression. However, it is questionable
if further compression could possibly lead to 27-layer films. The stiffness of 9-layer film is

expected to lead to a complete collapse, instead.

3.2.5. Multiple transfers of monolayers/multilayers

The defined multilayers obtained by compression of monolayers were quantitatively
transferred onto silicon substrates by the LB technique. However it was not possible to obtain
multilayered structures by consecutive transfer of the monolayers. The monolayer deposited
during up-stroke was always flushed out during down-stroke. It was possible to obtain thick
films (even 30-layered film) by consecutive deposition of multilayers. This might be caused
by the rigidity of such thicker films. The fact that multilayers, in contrast to monolayers, were
not easily removed from the solid substrate during down-stroke can be explained by the
wettability difference between monolayer and multilayer. All linear bolaamphiphiles (except
the bent compound A2) exhibited larger contact angle on the top surface of the multilayer,
than on the monolayer, i.e. multilayer had a less hydrophilic surface. This multiple transfer of
well-defined multilayers onto solid substrates opens new possibility for preparation of

functional surfaces.
3.2.6. Conclusions

The unique feature of partially fluorinated bolaamphiphiles was that the compression of their

Langmuir films led to formation of stable and well defined multilayered structures. All
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fluorinated X-shaped compounds exhibited similar behavior with small differences depending
on the degree of fluorination. Compounds X2 and X3 with only one perfluorinated chain and
a second alkyl chain created 3- and 5-layers. The more symmetric compound X4 with two
perfluorinated chains could be compressed even to a 7-layer film. The T-shaped compound,
T1, with only one fluorinated chain showed very distinct behavior. It created a trilayer after
preceding tilt of the molecular core to vertical/tilted position. In case of the anchor-shaped
molecule A2, 1-, 3-, and 9-layer films were created in the sequence. In two compounds, X1
and A1, which were not fluorinated, only poorly organized monolayer and trilayer (X1) or

only monolayer (A1) were found.

The 3-, 5-, 7- and 9-layer films, created by compression of a monolayer, were transferred onto
solid substrates in a one-step procedure. Such prepared films were afterwards analyzed using
XRR technique and by measurements of water contact angle. Analysis of these results
definitely confirmed the findings concluded from Langmuir isotherms, surface potential

measurements and BAM images.

These studies lead to an improved general understanding of layering transitions in Langmuir
films. Accordingly, trilayer formation is usually observed during compression of monolayers
if a disordered collapse does not take place. Trilayers represent the first step in layering
transitions of liquid crystalline films. By subsequent formation of additional bilayers on top of
the existing layer(s) thicker odd-numbered films (5-layers, 7-layers, etc.) are formed. If such
layering transitions take place under thermodynamic equilibrium conditions, the BAM images
are characterized by the appearance and growth of circular domains with uniform thickness.
Such structures finally coalesce to the next uniform bilayer on top of the existing layer(s).
However, neither the formation of such trilayers nor the observation of these circular domains
can be regarded as a firm proof of a roll over process, as proposed in ref. 121. Only in cases
where a sequence of 1-, 3- and 9-layers is observed during compression, as reported here for
compound A2, one can be sure that the layering transition must occur via a double roll over
mechanism. However, this type of layering transition is rare and seems to be only possible
under special circumstances. Compound A2 provides the first experimental evidence. The
typical BAM images of such transitions are characterized by elongated wrinkles which can be
regarded as a first hint on a roll over process. This also leads to the conclusion that

observation of circular domains during compression excludes a roll over mechanism.
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3.3. Drop Casting

Direct self-assembly on the solid substrate has been reported as an efficient method for
obtaining complex structures from specially designed molecules.””> The preparation of
desired structures as a result noncovalent self-assembly is promising for fabrication of novel
materials. The main problem is that very often random, disordered aggregation takes place
instead of the self-assembly. The outcome of the self-assembly process should depend mostly
on the properties of the molecules. However, there is no clear answer, which parameters are
crucial nor how can the dependence be described. Such knowledge is necessary to properly
design the molecular structure desired for self-assembly and enabling a formation of

functional complex materials.

Aiming to make a contribution to the subject, the unique behavior of molecules from the
group of partially fluorinated bolaamphiphiles was examined.'**'*" Also compounds of
simpler structure were studied for comparison. Studied bolaamphiphiles revealed an unusual
tendency for self-organization into ordered stacks directly on the silicon wafers and at the
air/water interface. No initial compression was needed. Simple drop casting resulted in

trilayer films formation of similar quality as in case of LB.
3.3.1. Results

The methodology described in Chapter 2.2.2 was used to prepare films according to very
simple drop casting procedure. Three distinct surface coverage protocols were compared in
this chapter: 1) Lagmuir-Blodgett (LB) and 2) drop casting onto water and 3) silicon surface
(Figure 20). Parameter L (see Equation 9) corresponded to the number of molecular layers,
that a) was established based on the 7(A) i1sotherms in case of LB films, b) was calculated for
drop casting of the films. In case of DC number L did not always equal number of ordered
layers of molecules in the films. In such case it simply stated how much molecules were

casted onto the surface.
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Langmuir-Blodgett

1. Apply solution
3. Transfer

<=2. Compress

Drop-casting onto water

1. Apply solution
TZ. Transfer

Drop-casting onto silicon
1. Apply solution

‘2\;

. Spread
Figure 20 Cartoon showing three used approaches of thin films preparation.

XRR patterns of drop casted samples were compared with these obtained via
Langmuir-Blodgett method. In most cases small differences were observed. The general
shape of XRR patterns of corresponding samples obtained by different methods was
preserved. The minima of XRR patterns were slightly shifted towards higher values of 26
angle for DC samples. Such shift corresponded to small decrease of the film thickness. There
was no external force applied in DC method, which could impose formation of densely
packed structures. Therefore the resultant structures were looser, molecules were tilted and
films were slightly thinner in comparison with samples prepared via LB method. Such
tendency was noticeable for all studied compounds, both fluorinated and nonfluorinated. The
quality of the films obtained with use of different methods was compared by means of

roughness, obtained as an XRR fitting parameter.
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3.3.1.1. X-shaped bolaamphiphiles
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Values of thickness of films formed by the LB and the DC on the water and silicon surfaces

are compared in Table 8 at the end of the chapter.

Nonfluorinated compounds X1 and X5 formed stable monolayer films both in LB and DC
experiments. Results of XRR measurements of films of X1 are presented in Figure 21a (X5 is
not shown). Thicknesses of monolayer films of X1 obtained by LB method and by DC onto
the water surface were around 1.5 nm and 1.3 nm, respectively.'”®” The electron density
profile, used in the XRR fitting procedure, confirmed the reverse m orientation of the

molecules. The cores were lying flat on the water surface with lateral chains pointing towards

the air (both in LB and DC on water).

Surprisingly, films of compound X1 prepared via DC on silicon differed significantly from
these presented above. The thickness of the obtained layer was around 2.3 nm. This value
corresponded to the length of the core of the X1 molecule. Fitting of XRR profiles confirmed,
that the cores in the monolayer drop casted onto silicon were not parallel to the surface, but
oriented perpendicularly. The explanation for that might originate in competitive interactions
between cores of the molecules and the surface. The Lam-like monolayer (cores parallel to the
surface) was formed when interactions between glycerol moieties and hydrophilic interface
were favorable. The smectic C-like monolayer (cores aligned perpendicularly to the surface)

was formed in case of stronger interactions between the molecules due to the n-m stacking.
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The surface of silicon was not hydrophilic enough (two week interactions with glycerol

domains) for X1 molecules to prefer the parallel alignment as opposite to the surface of water.

a) b)

A L=1Drop cast@ng (silicon) 4 L=3 Drop casting (silicon)
o L=1 Drop casting (water) o L=3 Drop casting (water)
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Figure 21 Comparison of XRR profiles of a) L=1 and b) L=3 films of compound X1
prepared with use of various methods. In case of LB experiments L stands for the number of
molecular layers. It was estimated from the ratios of molecular areas at both ends of the
plateaus on m(A) curves. In case of DC experiments it was equal to the number of demanded
molecular layers calculated according to Equation 9 from the amount of solution casted on

the known area of water or solid surface.

Trilayer stack of X1 was also observed upon DC onto the water surface. However, the layers
within the film were poorly defined. Similar behavior was observed in case of LB films of X1
(see Chapter 3.2.1.1). The thicknesses (around 4.2 nm) were only roughly estimated due to
deformed XRR patterns without any well pronounced minima. DC of film of L = 3 of X1 onto
silicon gave smectic C-like monolayer only (d3 = 2.34 nm). In case of X5 only monolayers
were observed irrespective of the film preparation procedure (d; around 1.4 nm). When the
amounts of solution sufficient to form multilayers were drop casted, aggregates preserving no
specific order were formed. This is in line with LB experiments, which revealed collapse of

film of X5 to a disordered state.

More interesting results were obtained for X-shaped molecules containing partially
fluorinated lateral chains (compounds X2, X3, and X4). When the amounts of solutions used
for drop casting were sufficient only for monomolecular coverage (L = 1), monolayer films
were indeed formed. The orientation of the molecules was the same as in case of LB films
(reverse m orientation). Irrespective of surface type (silicon or water) the cores were lying flat
and side chains were oriented perpendicularly to the surface (see Table 8). The different

behavior of fluorinated and nonfluorinated compounds drop casted onto silicon originated in
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the enhanced amphiphilicity of fluorinated compounds. Increased hydrophobicity of the side
chains due to fluorination resulted in increased general amphiphilicity of molecule. In case of
fluorinated X-shaped compounds the interactions with the silicon were sufficient to induce
parallel alignment and to overcome the intermolecular interactions. The amount of solution
sufficient for obtaining a trilayer (L = 3) was drop casted both onto water and silicon surface.
XRR revealed films of thickness matching perfectly the trilayer stacks (ds = 3d;). The
recorded patterns corresponded to the stacks of predicted thickness (around 4 nm for X2 and
4.3 nm for X4), with well-defined layered structure. The XRR patterns of trilayer films were
fitted with use of the same electron density profiles as in a case of LB films (see Figure 11
and discussion in Chapter 3.1). This proved that the alignment of the molecules of partially
fluorinated X-shaped bolaamphiphiles was identical irrespective of preparation method.

a) b)
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Figure 22 Comparison of XRR patterns of trilayer films obtained via Langmuir-Blodgett
deposition and drop casting of compounds a) X2, b) X4.

XRR patterns of films of partially fluorinated compounds X2-X4 had much more clearly
visible minima (see Figure 22 for X2 and X4 and Figure 26 for X3) than in case of
nonfluorinated compound X1. This indicated small roughness of these films. The fitting

provided values of roughness below 0.5 nm for X2-X4 and more than 1 nm for X1.

There was no significant difference in structure of trilayer films (L =3) of X2 and X4
obtained with use of LB and DC methods. Covering the surface with X2 and X4 to form
S-layer stacks (L =5) gave unexpected results. Applying more molecules of compound X4
than necessary for trilayer stack (L>3), up to L =7, did not change the general shape of XRR
pattern (see Figure 23b and Figure 25b). Only small shifts of minima towards lower 26 angle
values were observed. The fitted values of thickness of the films varied moderately, i.e. from

4.25 nm (L =3) to 4.30 nm (L =7). In case of compound X2 drop casted on the water surface
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for L =35, a highly deformed pattern was recorded (see Figure 23a). Such film was much
more distorted comparing to one obtained via Langmuir-Blodgett method, while trilayer films
(L =3) were of very similar quality. The explanation might be as follow. Compound X2 (one
fluorinated chain) was more flexible than compound X4 (two fluorinated chains). Therefore it
was possible for the X2 molecules to adjust to form thicker stacks. The obtained deformed
pattern might be in fact a superposition of signals from trilayer and other, thicker stacks. Still
X2 was more rigid than X1, so the formed trilayer stacks were relatively stable and did not
collapse into disordered aggregates. Compound X4 formed well-ordered trilayer films in drop
casting. The stiffness of both fluorinated chains prevented self-assembly into thicker stacks
(L>3). Such conclusion is in a good agreement with previous observations: X2 presented
enhanced reversibility and reproducibility over X4 (more flexible molecules could better
adjust during the dynamic process); whereas X4 formed thicker multilayer stacks upon

compression (stiffer molecules were better building blocks for thicker films in LB).

a) b)

A& =5 Drop casting (silicon) ) Drop casting (water)
% L=5 Drop casting (water) n
o L=5 Langmuir-Blodgett
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Figure 23 a) Comparison of XRR patterns of films obtained via Langmuir-Blodgett and drop
casting method of compound X2, b) XRR patterns of films of compound X4 drop casted onto
water surface and transferred onto silicon surface. The number L corresponded to the

expected number of casted layers in DC or was estimated from isotherms in LB experiments.

The constant value of thickness (around 4.3 nm) of the films of L=3, L=5 and L=7 of
compound X4 raised the question concerning the alignment of the excessive molecules in L>3
films. Compound X2 behaved similarly when drop casted onto a silicon wafer (Figure 25).
The formation of trilayer was confirmed by XRR for L = 3 to L = 7. Excessive molecules
should be somehow stockpiled on top of the trilayer. Why they were not detected in XRR
measurements? AFM was employed to solve this apparent paradox. Figure 24 shows the
AFM images of L = 7 films of X4 obtained with use of a) LB (transferred at 55 mN m™) and

b) DC onto the water surface. The roughness of a 7-layer film obtained via LB was of the
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order of 1 nm. This value was in a good agreement with data obtained from fitting of the XRR
profile. In case of film L = 7 prepared by means of DC only an ordered trilayer was formed
(confirmed by XRR). The excessive molecules formed random, disordered aggregates on top
of the trilayer film. Such structures were randomly located and covered only a minor part of
the area; they were not detected by the XRR method. Elongated shapes of the aggregates
indicated presence of a columnar phase as in bulk. The trilayer was formed spontaneously,

independently of the excess of molecules applied on top ofit.

a) b)

40 nm
2 nm

0 nm
0 nm

v: 8.0 um

y: 1.00 um X: 8.0 pm

x: 1.00 pum

Figure 24 AFM pictures of films of L =7 of compound X4 obtained with use of a) LB, b) DC

methods. One should notice different z scales.

5-layer and 7-layer films were not formed during DC directly onto the silicon surface. This
fact needs additional explanation. In case of drop casting of X2 on water it was claimed that
thicker stack could be formed. The surface of water was more appropriate for the self-
assembly of thin films comparing to silicon. Water surface was more hydrophilic and
interacted stronger with glycerol units of the bolaamphiphiles. Moreover, it fluctuated; if

aggregates appeared they could be reassembled.

A proper amount of solution of X2, sufficient only for two molecular layers, L = 2, was
spread on the surface of silicon. Subsequent XRR measurements indicated formation of the
trilayer film. No changes of general shape of XRR patterns for L = 2 to L = 7 was observed
for X2, as depicted in Figure 25. The value of thickness of these films was nearly constant
(around 4 nm). This showed that the formation of the trilayer was energetically favorable. The
molecules aligned as trilayer stacks, even if there were neighboring patches of film of only
monomolecular thickness. This was in line with description of the process of formation of

multilayers in Langmuir experiments presented in Chapter 3.1 and 3.2.



Self-assembly upon drop casting 95

Drop casting (silicon)

Drop casting (silicon)

Intensity
Intensity

4
2 theta / deg. 2 theta / deg.

Figure 25 Results of XRR measurements of films of compounds a) X2 and b) X4 drop casted
directly onto a silicon wafer. L stands for the calculated number of layers casted. In range of

L =2to L="7the XRR patterns always corresponded only to ordered trilayer film.

Compounds X3 and X6 contained two chains of different length. These compounds were
studied as examples of X-shaped bolaamphiphiles with lower symmetry. In the LB
experiments compound X3 formed 3- and 5-layer films (see Chapter 3.2.1.1). The compound
X6 was not discussed in previous chapter, since no multilayers were found during Langmuir
experiments. The behavior of X6 was determined by the molecular structure. Fluorinated
chain of X6 was twice as long as the hydrocarbon chain. This asymmetry made the X6 similar
to T-shaped compounds. During compression one of the glycerol moieties detached from the
water surface and the core of the molecule became perpendicular (or slightly tilted) to the
surface of water. In case of X3 the differences in length of chains were not as pronounced.
Therefore the symmetry was preserved and X3 behaved similarly as other X-shaped

compounds.

Compound X3 formed well defined mono- and trilayer films in DC experiments (Figure 26).
A thicker film was observed only when drop casted onto the water surface (L=5). This was in
good agreement with results obtained for X2 (both X2 and X3 have only one fluorinated
chain). This observation additionally justified the assumption of formation of 5-layer films in
DC experiments in case of X-shaped compounds with only one partially fluorinated chain.
Surprisingly, the film obtained via DC onto the water surface had smaller surface roughness
comparing to LB method. In case of direct drop casting onto a silicon wafer, the XRR pattern

was distorted and poorly developed.

In case of compound X6 both Lam-like monolayer (with cores lying flat on the surface) and

smectic C-like monolayer (with cores perpendicular to the surface) were prepared via DC
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(Figure 27). Multilayer stacks were not observed. This was in agreement with LB
experiments. Only in case of DC onto silicon unexpected behavior of compound X6 was
found. Smectic C-like monolayer was formed even when there was enough space to form
a Lam-like monolayer. As mentioned previously this was caused by the fact that the lack of
symmetry made the X6 behave as a T-shape compounds (see following chapter). Such
behavior was also similar to X1 drop casted onto a silicon wafer (stronger interactions

between cores than cores and surface).
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Figure 26 Comparison of XRR patterns of films of compound X3 prepared via LB and DC.
a)L=3,b)L=5,¢)L=1.

a) b)
1 Lam-like monolayer A Smectic C - like monolayer
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Figure 27 Comparison of XRR of the films of compound X6 when amounts of solution

applied corresponded to a) Lam-like monolayer and b) smectic C-like monolayer.
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Table 8 Thicknesses of films (nm) of X-shaped bolaamphiphiles prepared with
use of LB and DC methods determined by means of XRR measurements. Number
of layers in the films given in the top row of the table was estimated from the
ratios of molecular areas at both ends of the plateaus corresponding to layering
transitions upon compression in Langmuir experiments, whereas in DC
experiments the number of layer of prepared films was controlled by application

of precisely calculated amounts of chloroform solutions.

compound method 1-layer 3-layer S-layer 7-layer

LB 1.52 4231

X1 DC H,0 1.27 4.10®
DC Si 2.28 2.34
LB 1.43 4.07 6.70

X2 DC H,0 1.38 3.97
DC Si 1.36 4.15 4.15 4.17
LB 1.65 4.76 7.83

X3 DC H,0 1.61 4.55 7.28
DC Si 1.52 4.52
LB 1.45 432 6.73 9.27

X4 DC H,0 1.42 4.29 432 4.35
DC Si 1.34 4.25 4.27 4.3
LB 1.421

X5 DC H,0 1.40
DC Si 1.37
LB 1.57% 3511

X6 DCH,0  1.51" 355!
DC Si 2.391)/ 3,441

[a] Thickness of the films of nonfluorinated compounds X1 and X5 was estimated in
spite of the deformed XRR profiles (poorly defined layers). In case of multilayer films of
X5 it was not even possible to estimate the values of thickness of [b] Lam — like

monolayer and [c] smectic C-like monolayer of compound X6.
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3.3.1.2. T-shaped bolaamphiphiles

L
HO

HO O O

The behavior of Langmuir films of T-shaped bolaamphiphiles was affected by the asymmetry
of the molecular structure. The lateral chain was attached slightly closer to one end of the
core. Thus glycerol moieties were not energetically equivalent. This made the detachment of
one of the polar groups from the water surface much easier. The rigid cores of the molecules
reoriented to tilted and finally to vertical position during the compression of the film.
Therefore T1 and T2 formed two types of monolayer films: Lam-like monolayer at a low
surface pressure (cores aligned horizontally) and smectic C-like monolayer at a high surface
pressure (cores perpendicular to the surface of water). T1 actually did form a trilayer film in
Langmuir-Blodgett experiments. Molecules’ alignment was vertical in all the layers, which
resulted in a very densely packed, thick structure. Smectic C-like trilayer was not detected in
case of T2, probably due to the technical limitation of the compression ratio of the Langmuir
trough used. The core of T2 was much longer comparing to T1, therefore it required a higher
compression ratio to align it vertically. The influence of lowered symmetry on the properties

of thin films was described in case of compound X6 as well.

The results of the DC experiments of compound T1 are shown in Figure 28 (results for
compound T2 were qualitatively identical, therefore not shown). It was possible to prepare
both Lam-like and smectic C-like monolayer films of both T1 and T2. Attempt to form
trilayer film (L =3) via drop casting resulted in only smectic C-like monolayer formation. It
was very unlikely for T-shaped molecules to self-assemble into the smectic C-like trilayer
film without any external force. The fluctuations of values of thickness of DC films (silicon
and water) might be caused by difficulties in determination of area per molecule values from
LB experiments. There was no apparent kink or collapse on 7(A4) isotherms corresponding to
the transition between Lam- and smectic C-like monolayers (see Chapter 3.2). The
calculation of expected number of layers L, according to Equation 9, was therefore uncertain.
Probably calculated L did not correspond to dense Lam-like nor smectic C-like films. The

summary of the XRR fitting results is given in Table 9.



Self-assembly upon drop casting 99

Two effects influenced the process of film formation via DC. The lack of symmetry resulted
in energetically nonequivalent glycerol units. Therefore the cores reoriented to vertical
position. Other reason is lowered amphiphilicity of the molecules with only one lateral chain
when compared to X-shaped bolaamphiphiles. Therefore the interactions between such
molecules and hydrophilic surface were not sufficiently strong to overcome the interactions
between adjacent cores.

a) b)
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Figure 28 XRR profiles of films of compound T1. The amounts of solutions used in DC
experiments corresponded to a) smectic C-like monolayer and b) trilayer films. Fitting of the
patterns revealed that only monolayer films were well-ordered in case of DC method. L
corresponds to the expected number of casted layers in DC or is estimated from LB

compression experiments.

Table 9 Values of thickness of films of T-shaped bolaamphiphiles prepared
with use of LB and DC methods and measured by means of XRR.

compound method 1-layer 3-layer
LB 1.16%/ 2.70™ 7.221!
T1 DC H,0 1.5208 /2 411 2.510!
DC Si 1.27%/2.07®  2.45M
LB 1.27% /276!
T2 DC H,0 1.50% /2.49™1 2 6ol
DC Si 1.25" / 1.980!
[a] Lam - like monolayer [b] smectic C-like monolayer

[c] smectic C-like trilayer.
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3.3.1.3. Anchor-shaped bolaamphiphiles

A2

O™y OH  HO™~Y O Z~0""oH
CH OH OH

CeF13

The influence of the shape of the core on thin films formation of the anchor-shaped
compounds Al and A2 was studied. Nonfluorinated compound A1l did not have any
interesting self-assembly properties (not shown). Compound A2 formed a trilayer and 9-layer

film at the air/water interface upon compression in LB experiments.

a) b) 1«
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Figure 29 The results of XRR measurements of films of compound A2. Surprisingly,
a trilayer film is formed in DC experiments on the water surface only; L corresponds to the

expected number of casted layers in DC or is estimated from LB compression experiments.

Compound A2 (Figure 29) spontaneously formed trilayer films when drop casted onto the
water surface, even when excessive molecules were applied (L>3). Drop casting onto a silicon
wafer did not give any interesting results. There were no indications of formation of stacks
thicker than trilayer in DC experiments. Again water surface appeared more appropriate for
self-assembly of multilayer stacks. Compound A2 did not form smectic C-like films, even
despite it had only one lateral chain as T-shaped compounds. This was caused by shape of the
molecules, which limited the interactions between adjacent cores. Moreover, in case of A2 the

symmetry of the molecules is preserved.

The values of thickness of films obtained with use of LB and DC methods for compound A2

are given in Table 10.
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Table 10 Thickness (nm) of multilayers estimated from fitting of XRR patterns
of films of anchor-shaped bolaamphiphiles obtained by DC and LB methods.

compound method 1-layer 3-layer 9-layer
Al LB 1.56
LB 1.43 3.71 10.5
A2 DC H,O 1.39 3.62 3.73
DC Si 1.40 1.42

No tendency for self-assembly in DC experiments was found in case of

compound Al

3.2.3. Discussion and Conclusions

The experimental studies were aimed to evaluate the influence of shape, core length and
fluorination of part of the molecules on the self-assembly properties of bolaamphiphiles.
Literature provided some examples of formation of stable multilayers of other compounds in
Langmuir-Blodgett system.'?*'**'* One of the widely studied was 8CB.'**!2%131-134
Therefore it was chosen as reference compound for test of self-assembly properties in DC
experiments. Surprisingly not even a well-organized monolayer was obtained with use of the
DC method. Also experiments with 8OCB (4’-n-octyloxy-4-cyanobiphenyl) and
perfluorinated 8OCB (to test a stiffer analogue) were performed. Still no tendency for self-
assembly in DC experiments was found. A specially designed, partially fluorinated
nonadecanol abbreviated as C1 (12,12,13,13,14,14,15,15,16,16,17,17,18,18,19,19,19
heptadecafluorononadecan-1-ol) was examined (Figure 30). The compound might be
considered as an analogue of side chains of partially fluorinated bolaamphiphiles. Although
compound C1 formed a trilayer film in Langmuir-Blodgett experiments, it did not reveal any

self-assembly properties when drop casted directly onto the water and silicon surface.
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Figure 30 Set of results for compound C1 (partially fluorinated nonadecanol). Picture a)
shows 7m(4) isotherms and surface potential recorded during compression/decompression
cycle. Characteristic plateau indicates that the layering transition to trilayer film occurred
(ratio of values of area at the beginning and end of the plateau close to 3). This was confirmed
with use of XRR (patterns presented in ¢) for monolayer and d) trilayer film). It was
impossible to fit the XRR pattern obtained for trilayer film with use of reasonable set of
parameters. Therefore only estimated thickness is presented. Picture b) shows the results of

drop casting experiments — only monolayer films were formed with use of this method.

The original idea was to establish, which part of the molecule of a bolaamphiphile was
responsible for its unique properties. The following paragraphs are an attempt to answer this

question.

Nonfluorinated compounds X1, X5 and Al gave unsatisfying results both in LB and DC
experiments. Only the monolayers of X1 and X5 were formed via DC. In case of X1 the
trilayer stack was formed upon DC onto water surface, however not well ordered. Such

behavior is coherent with Langmuir-Blodgett experiments in which fluorination of the lateral
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chains was the key factor for reversibility of Langmuir films and for multilayer stacks

formation.

The partially fluorinated bolaamphiphiles were able to self-assemble into ordered thin films.
The structure of the stacks varied depending on the shape of the molecules. Symmetrical
X-shaped and anchor-shaped bolaamphiphiles tended to form Lam-like, whereas
unsymmetrical X-shaped and T-shaped — smectic C-like films. The surface of water was more
appropriate for the self-assembly process comparing to silicon surface. For example A2
formed trilayer films (L = 3) when drop casted onto the water surface and not onto the silicon
surface. There might be several factors which explain such observation. The interactions
between water molecules and the glycerol units of the bolaamphiphilic cores were stronger
than interactions between silicon surface and glycerol units. Flexibility of the water surface

might have a positive impact on the molecules’ alignment process as well.

Compounds X2-X4 formed monolayer and trilayer films in drop casting experiments (on both
water and silicon surface) as long as appropriate amounts of the solution were used. Further
increase of amount of applied compound obviously increased the thickness of the film. XRR
profiles however still revealed ordering within only a trilayer stacks. It indicated that
molecules above the well-ordered trilayer films remained in a disordered state. This was

confirmed by the AFM measurements.

Compounds which were found to form both Lam-like and smectic C-like films in
Langmuir-Blodgett experiments (X6, T1 and T2) behaved similarly in drop casting
experiments as well. By changing the amounts of applied solution, Lam-like and
smectic-C-like monolayers were prepared. No multilayers were found in this case. X6
behaved as a T-shape compound. One of chains of X6 is significantly longer and fluorinated,

therefore it influenced the properties of the molecule much stronger than the second chain.

Results of drop casting experiments were in line with previously described
Langmuir-Blodgett experiments. In case of LB, increased rigidity of molecules enhanced the
tendency for multilayer stacks formation. However, the stiffer compound (X4) exhibited
a hysteresis loop during the compression/decompression cycles, while the more flexible (X2)
did not. The good balance of the molecules’ rigidity and flexibility was the key factor to
reconcile the possibility of formation (flexibility is needed) and stability (improved by
increased rigidity) of multilayer stacks in LB experiments. The same factors were found to be

important in DC experiments. The non-covalent bondings were not strong enough to stabilize
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the ordering in case of very flexible molecules. On the other hand, if the molecules were too
rigid, they could not adopt the proper orientation in space. At least two structural domains of
the molecule should be stiff to trigger the spontaneous self-assembly. Probably the
bolaamphiphilic properties and the shape of the studied molecules are not the only ones that

allow the self-assembly into ordered stacks.

The DC experiments confirmed the assumption made in previous chapter, that the molecules
create pairs with back-to-back organization. Attempt to form the 2-layer stack of compound
X2 in drop casting experiments was performed. The obtained film was in fact a trilayer with
patches of just monomolecular thickness or just clean silicon surface. The relation of
interactions between molecules and between molecules and surface were important factor for
thin films formation. The interactions between the cores are weaker than between the
hydrophilic surface and the molecules in case of symmetrical X-shaped and anchor-shaped
and stronger for unsymmetrical X-shaped and T-shaped bolaamphiphiles. This reasoning

explained formation both Lam-like and smectic C-like films.

The observation of spontaneous formation of ordered stacks might be of great importance,
e.g. as an alternative to SAM formation. The very simple procedure of coverage preparation
provides uniform films of practically no limitations in terms of the coated area. This
procedure seems to be ideal for industrial applications. As has been proved, self-assembly
properties can be tuned by careful adjustment of few parameters at the stage of designing the
structure of the molecules. There are no apparent obstacles on the way to utilizing hereby
described phenomena in a much wider range of new compounds. This can lead to preparation
of different functional molecules capable of efficient and non-demanding self-assembly into

well-ordered thin films.
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3.4. Ordering of gold nanoparticles in thin films of

bolaamphiphiles

Gold nanoparticles have recently attracted a lot of interest due to their possible applications in
electronic and optoelectronic devices.”® Moreover, they have bio-nanotechnological
potential, which stems from versatile synthetic routes for surface bio-functionalization.”®” The

Au NPs are applicable in preparation of logic gates,”®® catalysts,”* biosensors,?'? fuel cells,*"’

2 4

solar cells,”'? super hydrophobic surfaces,””> nanotips®'* and platforms used in SERS.*"

Various concepts concerning organization of Au NPs at the nanometer scale have already

7

been described: Langmuir-Blodgett method,”'® electrodeposition,”’’ covalent bonding to

. . . .21 21 22
surface, organization at the interface (solvent-air,”'® water-hydrocarbon,”"® water-alcohol**’)

224
and

or on variety of templates such as block copolymers,**' DNA,*** peptides,*’ nanotubes
many more.””> Described methods have limitations, which influence possible applications to
very specific purposes or allow only small scale fabrication. The easy and fast method for the
preparation of the uniform 2D nanostructures of Au NPs with the control over the parameters
of the process (like interparticle distance, shape and size of the domains, the percentage

coverage) is needed for the industrial purposes.

The tendency of the bolaamphiphiles for self-assembly into ordered thin films, described in
Chapter 3.3, can be transferred onto other species. The preparation of ordered patterns of
nanoparticles in bolaamphiphilic matrix is presented. The method is based on the drop casting

of mixtures of amphiphiles and nanoparticles directly onto the solid substrate.

Yang and coworkers®® reported the enhanced ordering in gold nanoparticles 2D lattices.
Excess free ligands added to the mixture improved significantly properties of the obtained
films. The work was focused on the Langmuir-Blodgett films. In hereby presented case,
partially fluorinated bolaamphiphiles gave qualitatively the same results in LB and drop
casting experiments. Tests with other amphiphiles proved that there was no trivial link
between these two methods. The tendency of bolaamphiphiles for self-assembly into thin
films was rather unusual. Other examples of surfactant that enhanced ordering of Au NPs
lattices directly at solid surface were not found. In this chapter the results obtained for
bolaamphiphiles are compared to those obtained for arachidic acid and liquid crystalline

amphiphilic compound 8CB, as the ordering compounds in the mixtures with Au NPs.
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3.4.1. Results

The protocol describing preparation of mixtures of surfactants and Au NPs was described in
Chapter 2.2.2. The ratios of surface concentrations were used to describe the DC mixture
composition. Such concentrations were expressed in terms of amounts of solutions needed to
cover 1 cm’ of surface with dense monolayer in (ul cm?). The values of surface
concentrations were determined according to the m(A4) isotherms of compounds of interest
(dividing the area of the film at the collapse point by the amount of applied solution). The
ratio of surface concentrations indicated the surface fractions covered by mixture constituents.
This description was used for the clarity of the presentation and for readers’ convenience.
Moreover, there was no need to determine the exact molar concentration of the Au NPs

solutions, which could cause unnecessary errors.

The mixtures of bolaamphiphiles and Au NPs were prepared before the experiments. The
microsyringe was used to apply proper amounts of two-component solutions directly onto the
silicon wafers. The volume of applied solution was a controllable parameter. It strongly
affected the obtained morphology. For example in case of mixture of concentration ratio 1:1
(the same area covered by both components) the most intuitive was film in which each
component (Au NPs and additive) covered 50% of the area of the substrate. As a result dense
monolayer was formed, and the Au NPs surface coverage was 50%. However, it was easy to
apply twice as much solution to provide as much Au NPs to cover 100% of the available
surface. In such a case the relatively small molecules of the second component were forced to
be located in the empty voids between the Au NPs, or at the top or bottom of Au NPs lattice.
Usually the amount of applied solution was no greater than to obtain only dense monolayer,
and not multilayer stacks. Otherwise it was specified (as for example in case of film presented

in Figure 31b).

Two films are compared in Figure 31 to prove the enhanced ordering in drop casted films of
mixtures of bolaamphiphiles and Au NPs. Picture a shows SEM image of the pure Au NPs
drop casted directly onto the silicon wafer. The amount of the Au NPs was calculated to
cover 100% of the area of the silicon substrate. The film was strongly distorted. Big voids
with no Au NPs and regions of multilayers stacks were present. The image b shows the
morphology of the film of the mixture of Au NPs and bolaamphiphile A2 prepared via DC
method. The amount of Au NPs was the same as in case of picture a, and A2 was an additive

(ratio 1:1). The ordering of Au NPs in bolaamphiphilic matrix is obvious.
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Figure 31 SEM images of drop casted films of Au NPs obtained with use of a) pure Au NPs
solution and b) mixture of Au NPs and bolaamphiphile A2 (concentration ratio 1:1, total
applied amount of solution is greater than needed to cover the substrate with composite film

of monomolecular thickness). Scale bar 200 nm.

As described previously (Chapter 3.3) the films of bolaamphiphiles obtained via
Langmuir-Blodgett and drop casting methods were very similar. In hereby presented case the
formation of ordered films of bolaamphiphiles induced the ordering of the Au NPs. Therefore
there was possibility to overcome the Langmuir-Blodgett technique limitation and prepare the
patterns of Au NPs in a very simple, one step procedure. Moreover, the drop casting allowed
preparing films, which could not be obtained via LB method. For example films of the
mixture of Au NPs and A2 of surface concentration ratio 1:1 (as in Figure 31b) were
transferred according to Langmuir-Blodgett method at surface pressure 21 mN m™ (Figure
32a), 30 mN m™ (Figure 32b) and 37.5 mN m" (Figure 32c). Even despite the Langmuir
trough used in the experiment offered big compression ratio, it appeared impossible to
compress the film so far to obtain 100% Au NPs coverage. The limitations of LB technique
allowed forming of the films of only up to 85% Au NPs surface coverage (A2 formed
multilayers, therefore it could effectively cover smaller area than 50% even despite 1:1 ratio).
The films of 100% Au NPs coverage were obtained via DC method just by applying properly

calculated amounts of solution (Figure 31b).

Figure 32 The comparison of films of Au NPs : A2 mixtures obtained with use of LB method
transferred at different surface pressure a) 21 mN m™, b) 30 mN m™" and ¢) 37.5 mN m".
Scale bar 500 nm.
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The n(A4) isotherms of mixtures of bolaamphiphile A2 and Au NPs are shown in Figure 33.
The shape of the curves evolved from characteristic for pure Au NPs towards pure A2. The
controllable parameters were: concentration ratio and surface pressure at which the transfer
was performed. In case of 1:1 surface fraction of each component in monolayer film was .
The amount of applied solution was adjusted to obtain monolayer composite film. However
A2 tended to form multilayer stacks upon compression. The coverage fractions were changing
due to layering transitions of A2. Only one third of the A2 molecules were still in contact with

surface upon first layering transition (i.e. Au NPs coverage should equal around 75%).
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Figure 33 7(A4) isotherms of mixtures of Au NPs and bolaamphiphile A2 of different surface

concentration ratios.

In the drop casting method the controllable parameters were: concentration ratio and the
amount of solution applied directly onto the surface. The parameters for DC method were
adjusted to fit the LB condition. The morphologies and surface coverage obtained with use of
LB and DC methods were very similar (Figure 34). The concentration ratio of the mixture

was 1:3 (Au NPs : A2) and surface pressure at which the transfer was performed 30 mN m™.

Figure 34 Films of mixtures of Au NPs and bolaamphiphile A2 of concentration ratio 1:3;
a) pattern obtained with use of LB technique and b) corresponding film prepared with use of

drop casting method. Scale bar 500 nm.
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Among bolaamphiphiles A2 gave the best enhancement of the ordering. In Figure 35 the drop
casted films of mixtures of surface concentration ratio 1:1 of bolaamphiphile X2 (Figure 35a)
and liquid crystalline 8CB (Figure 35b) are shown. The amount of applied solution was
calculated to obtain 100% of Au NPs surface coverage. The images in Figure 35 should be
compared with Figure 31b for A2. The influence of surfactant structure was obvious.
However, there were no guidelines what the dependence was. Even in relatively small group
of compounds, such as partially fluorinated bolaamphiphiles, the differences of behavior were
very big. Probably the main factors were general shape and rigidity of the molecules. In
Chapter 4 results of the Langmuir-Blodgett experiments of 8CB and Au NPs mixtures are
described. The LB films of 8CB and Au NPs mixtures differed dramatically from those
obtained via DC.

Figure 35 SEM images of drop casted films of mixtures of Au NPs and a) bolaamphiphile
X2, b) 8CB. Surface concentrations ratio 1:1, the volume of applied solution was enough to
cover 100% the of desired surfaces with Au NPs, therefore it was greater than to form

monomolecular mixed films. No ordering was visible. Scale bar 200 nm.

3.4.2. Conclusions

The presented work was focused on example of system, which was efficient for simple
surface patterning with Au NPs. The method of preparation of controllable 2D patterns of
Au NPs with use of direct drop casting of mixtures of nanoparticles and surfactants (in
general, not only bolaamphiphiles) were main topic of patent application, submitted to the

Polish Patent Agency in June 2011.

Previous reports on the colloidal particles with non-zero charge at the surface revealed the
tendency for rafts formation. The patterns evolved towards net-like structures with increase of
surface coverage.”’ In case of pure Au NPs the same behavior was noticed (compare
Chapter 2.1.2 and Figure 31a). For films of mixtures of Au NPs and bolaamphiphile A2 the

enhanced ordering of Au NPs was observed. The mechanism involved was similar as
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described by Lau and coworkers,”?® i.e. excess of surfactant reduced the attractive forces
between the Au NPs moving the system from kinetically trapped state to an ordered state,
which was thermodynamically more favorable. The authors found the ordering only in
microscale droplets. They utilized LB method and could not reach the 100% Au NPs surface
coverage. The DC method allowed to overcome this problem and simplified the whole

process. Also multilayer films formation was possible with use of DC method.

The presented Au NPs patterns were used as substrates for chemical vapor deposition (CVD)
process of gallium nitride (GaN) nanowires growth. Gold was catalyst in this process; GaN
nanowires appeared only in spots where Au NPs were deposited. An example is shown in
Figure 36. Presence of additional amphiphilic compounds did not influence the process of

GaN growth.

Figure 36 GaN nanowires prepared on the surface shown in Figure 31b. Scale bar 10 um.

Results presented in this chapter are rather preliminary. More efforts are needed to evaluate
the influence of the controllable parameters, as type of surfactant, solvent, temperature or
concentrations (not only concentration ratios) on the process and obtained morphology. The
biggest advantage of presented method is that it does not require any equipment beside
microsyringe. It might be used as complementary method for spin coating for patterning of

parts of the scaffold prepared according to “top-down” approach.
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3.5. Gold nanoparticles with covalently attached bolaamphiphilic

domains

Ordered structures of nanoparticles could be obtained either by the self-organization of
particles capped with specific thiols, assembly on modified substrates or with use of
templates.””® Self-assembly of ligand-protected nanoparticles is a relatively simple and well
established technique. The interparticle distance is typically tuned by changing the ligand
molecules. Several research groups evaluated the effect of monofunctional ligands, such as
alkyl thiols (or dithiols), alkylamines, ammonium salts, and alkyl silanes on the self-assembly
of nanoparticles.””” Also the ligands baring the aromatic domains,>® liquid crystalline
moieties™ or allowing the multiple H-bonding were investigated.”>' Number of applications
of nanoparticles arrays such as catalysts for templated nanowire growth for dye-sensitized
solar cells,”* catalyst layers in fuel cells,” electrical transducers of chemical or biological
binding processes™” etc., required control over interparticle spacing in the 10-50 nm regime.
Ligands based on alkane chains allowed the adjustment of the interparticle spacing in the
sub-5 nm range.”> The diblock copolymer method assured the spacing control only in a range

2
above 25 nm.>**

Here the results on controlled self-assembly of Au NPs functionalized with
bolaamphiphiles are presented. Such ligands influenced not only interparticle distance, but

also the arrangement of the particles in 2D films.

3.5.1. Results and Discussion

Only one paper published until now on bolaamphiphiles — Au NPs system was found.”’ The
authors reported that the adsorption of a bolaamphiphilic surfactant at the surface of Au NPs
increased the stability of the system and allowed a reversible aggregation upon pH changes.
In this chapter Au NPs with covalently attached bolaamphiphilic ligands were investigated.
The ligand consisted of a terphenyl rigid core with two hydrophilic glycerol domains at the
end, and a side chain with thiol group as a linker (see Figure 8). The surface behavior of gold
nanoparticles comprising unusual coating ligand with a bolaamphiphilic domain (B-Au NPs)
was investigated as a continuation of work presented earlier in the thesis. The ligand, which
was used, was in fact a T-shaped bolaamphiphile. Therefore it was expected to enhance
ordering of the B-Au NPs due to bolaamphiphiles tendency for self-assembly. The
bolaamphiphilic ligands constituted 50% of all ligands at the surface of Au NPs. The

bolaamphiphilic ligands were introduced in exchange reaction, and the primary grafting
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consisted of classical thiols. The best amphiphilic properties were assured by the hexanothiol

ligands as primary grafting.

The THF solutions of B-Au NPs were spread at the air/water interface. The n(A4) isotherms
were recorded simultaneously with the BAM picture acquisition — both are shown in
Figure 37. The shape of the 7(4) isotherm revealed two different compression regions. Up to
10 mN m™, the slope of the isotherm was small. It corresponded to the rearrangement of
ligands on the surface of B-Au NPs. This part of the isotherm corresponded to the
compression of liquid expanded phase. It was possible to observe this process, because the
ligands were large comparing to the metallic core of the B-Au NPs (core diameter of around
2.6 nm). Narrow plateau at around 10 mN m™ was visible. It corresponded to the liquid
expanded — liquid condensed phase transition. Further compression caused a steep increase of
the surface pressure and corresponded to packing of non-overlapping spheres of
nanoparticles. Because of very high compressibility of the film (significant changes of
available area resulted in small changes of the surface pressure) it was impossible to reach a
collapse pressure and record full isotherm. Further compression above 42 mN m™ was
impossible due to technical limitations of the Langmuir trough, i.e. limited ratio of maximal
to minimal available area between movable barriers. However, a bend of the 7(4) isotherm

was observed above 40 mN m™. It probably corresponded to the onset of the collapse of the

238 239

film. Similar isotherms were observed by others in case of Au NPs

NiCo alloy NP**° or FePt alloy NP.**!

as well as Ag NPs,

surface pressure / mN m’
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surface concentration / cmzul'1

Figure 37 The n(A4) isotherm of the B-Au NPs. The inset shows the BAM picture taken at
around 30 mN m™ (scale bar 500 um).

The Langmuir-Blodgett method was used for film deposition at surface pressures up to

41 mN m™. The transfer ratio was insufficient (less than 0.3) and surface coverage was not
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satisfactory even in case of very high values of surface pressure. Therefore a very simple
alternative method of film formation was used, i.e. drop casting of precisely calculated
amounts of a solution directly onto the solid surface.*** To determine the proper parameters

for such sample preparation the 7(A4) isotherms were analyzed.

Thus prepared samples were further studied with use of XRR and AFM. The AFM images
shown in Figure 38 revealed the uniform morphology of the film over large area (image a).
The film of single particle thickness was formed. The circular and densely distributed
domains were observed. The diameter of such domains was highly monodisperse (around
30 nm). The interior of the domains was empty (images ¢ and d). The B-Au NPs were located

at the rim, forming ordered array of nanorings at the silicon surface.
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Figure 38 a) AFM non-contact mode image of large area of the thin film of B-Au NPs, b)
topography obtained in tapping mode, ¢) AFM tapping mode and d) phase contrast image.
Scale bar 200 nm.



114 Gold nanoparticles with covalently attached bolaamphiphilic domains

Topography of the sample and phase of the cantilever oscillations, measured relative to the
drive signal oscillations, were registered simultaneously during a tapping mode AFM scan
(Figure 38c and Figure 38d). Strong phase contrast observed in tapping mode scan is usually
attributed to difference in mechanical properties of materials on the heterogeneous surface**

— in this case between the Si substrate and the layer of B-Au NPs.

To obtain reliable results of XRR fitting it was crucial to set the starting simulation
parameters within physically reasonable values. The geometrical model, which takes into
account only length of bonds and the angles between them (CPK model) was used. The
starting parameters were based on the dimensions of primary and secondary ligands of the
B-Au NPs. The starting parameters could vary only in a reasonable, restricted range (£10%).
Only the diameter of the metallic core of the gold nanoparticles was kept constant (2.6 nm).
This value was obtained from SAXS measurements of Au NPs with primary ligand. The
obtained thickness of the B-Au NPs film, i.e. 5.01 nm (see Figure 39) was in good agreement
with the SAXS measurements of the diameter of the B-Au NPs proving ordered monolayer

formation.
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Figure 39 a) The XRR pattern and fit curve. The calculated thickness of the film was
5.01 nm, b) density profile used for fit preparation.

As a result of fitting of XRR patterns, the density of the Au sublayer was obtained (it was

** In case of a perfect coverage of the

allowed to vary, while its thickness was constant).
surface with gold, this value should be equal to the density of gold (for dense 2D lattice of
Au NPs 0.74 x density of gold). The decrease of the simulated values corresponded to the
decrease of the B-Au NPs surface coverage. Influence of the organic moieties on the density
profile at the same z distance from the substrate as gold sublayer was practically neglectable.

The density profile obtained as a result of XRR fitting is shown in Figure 39b. The obtained
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density of the metallic core sublayer was 2.16 g cmi™. This value corresponded to the surface
coverage of 11.1%. To compare this value with the experimental results a simple geometrical
model of the B-Au NPs arrangement was used (see Figure 40). It was assumed that the
B-Au NPs centers were located 15 nm from the center of the round shape domain. This
assumption was based on the surface topography determined with use of AFM (see Figure
38b). Since the diameter of the B-Au NPs was around 5 nm, the diameter of the domain was
32.5 nm. The metallic cores of the B-Au NPs were on average 2.6 nm in diameter. Therefore
they only covered a part of the domains — a ring of inner and outer diameters equal 28.7 nm
and 31.3 nm, respectively. As a result only around 14.8% of the domain was covered with the
sublayer of gold. If close packing of the domains at the surface was assumed, this value
should be multiplied by the factor 0.74 for the domains array. This procedure gave a total
surface coverage of 10.9%. Presented conformity and the very good quality of the fit gave

great confidence in the obtained simulated parameters.

Figure 40 Model of the B-Au NPs arrangement in 2D system. The nanorings form a densely

packed array upon simple drop casting.

The formation of rings of NPs was already reported and several mechanisms were proposed.
Microrings were formed by kinetic processes driven by solvent evaporation, such as hole
nucleation in unstable wetting layers,”* cell wall formation by Rayleigh-Benard
convection,?*® “breath figures™ created by the condensation of water droplets on the rapidly
cooling wetting layer’*” and contact line pinning during surface dewetting.”*® Till now the
formation of nanorings was reported only in case of magnetic NPs due to dipole-directed
assembly.”*” Moreover, the rings obtained in all of these cases were sparsely distributed at the
surface. Above explanations did not apply to B-Au NPs. They did not have any magnetic
properties, observed nanorings were far too small to be formed by a kinetic process and the

obtained arrays were densely packed.

The formation of nanoring arrays of B-Au NPs was governed by the interactions between
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rigid cores of bolaamphiphilic moieties. Used bolaamphiphilic ligand belonged to the group
of T-shaped bolaamphiphiles and had similar structure as the compounds studied previously
in Chapters 3.2.1.2 and 3.3.1.2. Partially fluorinated T-shaped bolaamphiphiles formed two
types of monolayer films: Lam-like monolayer (cores aligned horizontally) and smectic
C-like monolayer (cores perpendicular to the surface). It was assumed that the reason for such
behavior was the balance of interactions between cores comparing to interactions with the
surface. Moreover, the T-shaped bolaamphiphiles formed columnar phases in bulk with the
cores forming stems and the side chains in the space between the columns. In case of
B-Au NPs the ligands were attached covalently, what restricted the possible alignment.
However the linkers were flexible, what might allow the proper orientation in space of the
liquid crystalline domains. In such a confined system the estimated distance between rigid
cores was very similar as in case of a bulk phase. As well as in case of bulk Colyex phases of
the T-shape bolaamphiphiles, the m-m stacking between terphenyl cores of B-Au NPs
governed the nanorings formation at the surface. In Colyex phase the distance between
terphenyl cores of T-shape bolaamphiphiles was around 0.5 nm. Taking into account the fact
that the rigid terphenyl core was not perfectly flat and the influence of glycerol moieties, this
value was in reasonable agreement with the distance predicted for mn- m stacking (around
0.4 nm).>° The inner radius of the circular domain of the B-Au NPs was around 13.7 nm,
what corresponded to the circumference of 86 nm i.e. around 172 bolaamphiphilic domains
arranged perpendicularly to the surface. On the other hand it was easy to calculate how much
ligands could be attached to the metallic core. The metallic core area was around 21.22 nm’
(47r) and the minimal area occupied by one hydrocarbon chains was 0.205 nm?”.** Therefore
the number of bolaamphiphilic ligands (50% of all ligands) per one B-Au NP was around 50.
In case of only 6 major directions around 8 bolaamphiphilic moieties of one B-Au NP should
be inside the circular domain (in the orientation schematically depicted in Figure 40).
Therefore there should be around 19 B-Au NPs at the rim of the domain. This corresponded
to the circumference of the rim of 94.81 nm. That gave the radius of the domain (to the center
of the B-Au NPs) of 15.1 nm, i.e. great agreement with the experimental data and with the
model based on assumption that the bolaamphiphilic domains were oriented in the same
manner as in Colyex phase. This track led to the conclusion, that the bolaamphiphilic moieties
of the B-Au NPs inside the circular domains had the same orientation as in Colyex bulk phase,

i.e. the same interactions played role in the thin film formation of B-Au NPs.
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3.5.2. Conclusions

For the first time the assembly of bolaamphiphiles — Au NPs hybrid structures on a solid
surface was shown. The thin film was prepared according to a simple procedure of drop
casting of a precisely calculated volume of a solution (based on LB experiments) directly onto
the solid surface. The obtained films were of uniform morphology over large area. The
B-Au NPs self-assemble into nanorings of diameter of around 30 nm with an empty interior.
Such pattern, schematically depicted in Figure 40, was confirmed by means of AFM and

XRR measurements.

The ability to produce nanostructured surfaces over macroscopic areas is likely to be of

crucial importance for the integration of nanotechnology into commercial devices.
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4. Results: Formation of net-like patterns of Au NPs in

liquid crystal matrix

4.1. Introduction

Thin films of periodically organized nanoporosity are very important topics in contemporary

251 . . .
research.””! One- and two-dimensional networks of nanoparticles are among the most

257 252

applicable ones. Cellular structures were obtained in case of Au NPs™" as well as Ag NPs
or Co NPs.”>® In the review by Srivastava and Kotov the authors described the possible
applications of unique optical (spectroscopy), magnetic (bio-imaging) and electronic (single
electron transistors) properties of such structures.>* 1D array of Pd NPs was used to
manufacture a gas sensor.”> In another example, a DNA detection sensor was based on a 2D
structure of Au NPs.”® An interesting paper by Kane et al.”>’ described the Au NPs net,
which exhibited electronic switching based on gating by metabolic activity of yeast cells
deposited on the structure. The cells played the role of a moiety sensor. Coupling between

biochemical processes of cells and electronic properties of the net was predicted to have

potential applications in electrodes of biofuel cells and biosensors.

Net-like structures were also found in Langmuir-Blodgett systems. Gold nanoparticles were

259260 \what resulted

mixed with amphiphilic molecules such as polymers™® or phospholipids,
in net-like morphology of the films. Hassenkam et al.>> described a mechanism of formation
of a net-like structure by hydrophobic Au NPs. Authors proved it to be invalid in case of NPs
with hydrophilic ligands. The main idea was that the nanoparticles acted as impurities. As
such they were repulsed to the edges of domains solidifying during compression of the LB
films. Mogilevsky et al.*®® confirmed such explanation by systematic studies on behavior of
Au NPs in LB films of a number of phospholipids. Net-like structures were observed only in
case of the Au NPs mixtures with phospholipids exhibiting liquid expanded — liquid
condensed phase transition. The Au NPs were “frozen out” to the borders of the domains of
the condensed phase. The mechanism of formation of the observed maze-like structures was
based on the following assumptions. 1) It was energetically favorable for the amphiphilic
molecules to occupy the entire water surface. 2) The Au NPs formed close packed 2D
hexagonal rafts; direct contact between the hydrophobic Au NPs and water surface was

unfavorable. In such case the surfactant molecules served as a template. The nanoparticles

were lifted from the water surface and accumulated on the edges of the condensed phase.
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Lifting was confirmed by means of XRR measurments.”>® In this model the increase of
hydrophilicity of the Au NPs should result in different morphology of the film. The Au NPs
should compete for the area at the water surface with phospholipids, rather than be easily
lifted. This was in fact the case — amphiphilic Au NPs (15% of OH groups at the ends of
coating molecules) were found not to create any net-like structures in a matrix of

phospholipids.

In this chapter a new system for preparation of net-like structures of controlled morphology
based on amphiphilic Au NPs is presented. When mixed with a liquid crystalline 8CB and
compressed, the stable Langmuir films were formed. During the decompression a net-like
structure appeared. It was easily transferred onto solid substrates according to LB method.
The average area of a unit cell of the net was controllable. It depended on the value of the
surface pressure and, therefore, on the total available area of the water subphase during the

transfer of the structure.

The liquid crystals were recognized as an ideal template for the “bottom-up” approach of
preparation of more complex nanostructures. The recent review by Kumar and Bisoyi’
concerning LC as an emerging avenue of soft self-assembly refers to around ninety articles

showing possibilities of utilization of LC properties.

Chain-like structures were observed in bulk liquid crystal matrix before. Described
mechanism of formation of such structures was however based on colloidal interactions. Such
explanation arose from the orientational elastic energy of the anisotropic host fluid, within
which the particles were suspended.”®’ Therefore it was not applicable in case of

Langmuir-Blodgett films of Au NPs — LC mixtures.

The mixtures of Au NPs and liquid crystals in 2D systems were also studied previously.
However, no net-like structure was described until now in such system. For instance
Vijayaraghavan and Kumar described the ordered structure of Au NPs in a matrix of

a discoitic LC.?%?

Pressure induced layering transitions in thin films of 8CB have been intensively
studied.'**!?11%133 Thys behavior of 8CB in LB systems is well known and described.
Behind the collapse point the molecules do not form disordered aggregates. Instead a process
of formation of a well-defined multilayer occurs. The plateau region of the #(4) isotherm

corresponds to formation of liquid domains of a trilayer film. At the end of this plateau, the
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entire film consists of a trilayer stack. Upon further compression a rise of surface pressure is
observed. The second collapse point corresponds to a very close packed trilayer film. Further
decrease of available area leads to a break of the trilayer film and formation of even thicker

multilayer stacks.'?""'?

4.2. Results

A study of thin films of mixtures of Au NPs and 8CB is hereby presented. Au NPs used in
the experiments were of diameter 8.9 nm. Around 10% of dodecanothiol ligands was
substituted with TMA (N,N,N trimethyl (11-mercaptoundecyl) ammonium chloride). This
assured the amphiphilic character of Au NPs. For the sake of convenience, concentrations of
solutions used in LB experiments were expressed as volumes of the solution needed to cover
1 cm? of the surface with a dense monolayer (see Experimental section; Chapter 2.1.2). Such
description made it easy to follow the evolution of patterns with changes of the Au NPs
surface coverage. For example, a ratio of 1:1 corresponded to film in which both components
covered the same area in the monolayer. In case of ratio 1:27 area covered by 8CB was 27
times greater than by Au NPs (as long as film is no thicker than monolayer). Such ratios

corresponded in fact to surface fractions of mixtures constituents.
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Figure 41 The 7(A4) isotherms of mixtures of Au NPs and 8CB of different composition. The
x axis 1is scaled so that the amount of Au NPs per area unit is the same in all the plots, and the

amount of 8CB vary.

The influence of changes of the concentration ratio of the components on the obtained 7(4)
isotherm was investigated. The results are presented in Figure 41. The isotherms were scaled

with respect to the area occupied by Au NPs. It was assumed that the diameter of Au NPs did
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not change significantly during the compression/decompression process. Therefore the
scaling, based only on the area occupied by both 8CB molecules and Au NPs, was linear.
With changes of proportions of the two components, the shape of the isotherm evolved from
one characteristic for pure Au NPs (see Experimental section) towards the shape obtained for
pure 8CB (see Figure 1 in Ref. 121). The isotherm of sample of a 1:27 ratio had
a characteristic plateau, which corresponded to the formation of a trilayer film of 8CB. In case
of an isotherm of a 1:1 sample the character of the curve was predominantly determined by

the compression of a film of Au NPs; no plateau was visible.

compression

15 mN/m

A

decompression

Figure 42 BAM pictures of a film of a mixture of Au NPs and 8CB of composition 1:9.

The net-like structure is visible only during the decompression. Scale bar 500 um.

The brighter domains observed in the BAM images corresponded to the more reflective
regions, populated by the Au NPs.**> BAM images were captured in real time during.
Exemplary BAM pictures taken during compression/decompression cycle (film of a 1:9
mixture) are shown in Figure 42. The morphology observed during compression did not
differ from the one for pure Au NPs spread at the air/water interface (for comparison see
Figure 7b). The BAM pictures shown in the bottom row of Figure 42 revealed the formation
of the net-like structure of Au NPs in 8CB matrix during decompression. The film was
initially compressed to 18 mN m™ and then immediately decompressed. The net-like structure
was visible in BAM pictures during the decompression starting from around 15 mN m™. It
was not visible in range of surface pressure from 18 mN m” to 15 mN m™ due to the limited
resolution of the used equipment. This was overcame by using SEM. Very similar patterns of

far smaller unit cells were observed, when the samples were transferred at surface pressures
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up to 17 mN m™. However, initial compression to higher values of surface pressure (at least

18 mN m™) was needed.

The SEM images of mixtures of different compositions are presented in Figure 43. The films
were transferred according to the Langmuir-Blodgett method. Films were initially compressed
to 18 mN m™ and then decompressed to the surface pressure of 15 mN m™. Then the transfer
was started after a time interval of 3 minutes. The SEM images of films prepared from
mixtures of composition ratio 1:6 (Figure 43c) and 1:9 (Figure 43d) revealed the net-like
structure of Au NPs of very similar morphology as that observed with use of BAM. As the
amount of Au NPs in the mixture increased, aggregates started to appear and the structure
was strongly deformed (Figure 43a and Figure 43b). On the other hand, in case of a film of
composition 1:27 (small amount of Au NPs) the net units were open and not well marked

(Figure 43e).

Figure 43 SEM pictures of films transferred at 15 mN m™ of Au NPs and 8CB mixtures of
different compositions: a) 1:1, b) 1:3, ¢) 1:6, d) 1:9, e) 1:27 compressed initially to
18 mN m™ and f) 1:9 without initial compression and no time interval before the transfer.

Scale bar represents 20 pm.
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SEM picture of a film transferred at 15 mN m™ without initial compression step and no time
interval is shown in Figure 43f. The sample prepared according to such protocol
corresponded to the structure of the film observed during compression (see Figure 42). No
net-like structure was detected, which was in line with the BAM observations. The net-like
structure was not present during the compression step, up to approximately 18 mN m™. In
case of a film transferred immediately after reaching the target surface pressure of 18 mN m™,
the Au NPs were relatively densely distributed at the surface. It was difficult to determine
whether the net-like structure was present. If this was the case, the size of a unit cell of the net
was very small — in the range of dimensions of the net “frames” composed of Au NPs

(Figure 45a). Therefore any kind of structure was practically undistinguishable.

The influence of time interval between reaching the target pressure and transfer was
investigated. The films were transferred onto solid substrates without the initial compression
above the target surface pressure (equal 15 mN m™). The films were conditioned at such
pressure, prior to the transfer, for a certain period of time. The pictures in Figure 44 show the
evolution of morphology towards the net-like structure. SEM pictures of films of composition

ratio 1:9 after 10 to 90 minutes of time interval prior to the transfer are presented.

Figure 44 SEM images of films of 1:9 composition transferred after a) 10 min, b) 30 min,
¢) 60 min, d) 90 min of conditioning at a surface pressure equal 15 mN m™ without initial

compression; scale bar 20 pm.

Presence of organic compounds (8CB and thiols at the Au NPs surface) might be undesirable

for further usage of the surface covered with Au NPs net-like structure. Therefore the samples
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were dipped in the NaBH, solution for 2 hours. Such preparation was recognized to reduce the

S-Au bonds. This procedure resulted in a bare gold surface without any organic residues. The

net-like patterns were preserved (Figure 45b).>*

Figure 45 SEM images showing a) net-like structure transferred at 18 mN m™ and b) net-like

structure shown in Figure 43d after treatment with NaBH,4. Scale bars 10 pm.
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Figure 46 Average size of a unit of a net-like structure versus area of the water subphase

upon decompression of a film of mixture of composition 1:9 from 15 mN m™.

During the decompression process the area of the unit cell of the net-like structure increased,
as could be noticed in Figure 42. Therefore the morphology of the films was controlled not
only by means of the composition ratio of the 8CB and Au NPs mixture. Also the surface
pressure during the decompression and available area of the subphase influenced the

morphology of the films. The average area of the net unit cell within the film of composition
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ratio 1:9 during the decompression from 18 mN m™ was determined. The decompression
started just after reaching the surface pressure of 18 mN m™. The barriers moved at a speed of
4 cm® min™ (the slowest possible). The result of analysis of unit cell size correlated with the
7(A) decompression curve is shown in Figure 46. The first point at the plot was based on the
analysis of the SEM picture of the film transferred onto solid substrate at 15 mN m™. Further
analysis was based on the BAM images. The increase of the average size of the net unit cell

could be stopped at desired positions of the movable barriers.

In the beginning of the decompression process the single cell of the net grew and the “frames”
were thinning. At some point the net units began to merge. There was a limit of the expansion
of the structure (maximal average area of the unit cell was around 0.15 mm?®). The histograms

show a significant increase of polydispersity of the unit cells upon decompression.

XRR pattern was recorded for film of composition ratio 1:9 transferred at 15 mN m™ after
initial compression to 18 mN m™ (Figure 47). The CPK model was used for determination of
the simulation starting parameters based on the dimensions of 8CB and the organic shell of
the Au NPs. Additionally the radius of the metallic core of the gold nanoparticles was kept
constant and equal to the value obtained from SAXS measurements. The starting parameters
could vary only in a reasonable, restricted range (£10%) Only the density of the sublayer of
the metallic core of Au NPs was not restricted at all. Three different models of molecular
arrangement of the net-like structure were tested: 1) the Au NPs were in contact with the
surface of the substrate, 2) the Au NPs were placed on the top of a monolayer of 8CB, 3) the
Au NPs were placed on the top of a trilayer of 8CB.
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Figure 47 a) Open circles — XRR profile of sample of mixture composition 1:9 transferred at
15 mN m™; solid curve — simulated curve, b) density profile used for XRR pattern simulation,

corresponding to Au NPs located on the top of 8CB monolayer.
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The best fit was obtained in case of a model that assumed Au NPs placed on the top of
the monolayer of 8CB. The film thickness (9.8 nm) was greater than the dimensions of the
nanoparticles (8.9 nm). The maximum density of the metallic core sublayer was found at
a distance of 5.4 nm from the substrate. This was where, on average, the centers of the Au
NPs were located. Therefore the distance from 5.5 nm to 9.8 nm from the substrate surface
(i.e. 4.3 nm) corresponded to the radius of an Au NP. Thus the thickness of the layer placed
underneath the Au NPs was around 1.2 nm. In a fully extended conformation the 8CB
molecule is around 1.8 nm long. Therefore some interdigitation of aliphatic chains of 8CB

and organic shell of Au NPs was observed.

The lifting of Au NPs during the net-like structures formation was observed previously by
Hansen et al.”>® This observation is discussed in more detail later as a part of the discussion

on the mechanism of formation of the Au NPs net-like structures (Chapter 4.3).

Moreover, detailed studies on the distribution of the nanoparticles within a composite film
were performed. XRR was an optimal technique for such investigations due to its sensitivity
to electron (and hence mass) density variations perpendicular to the solid substrate. As a

244
d.”™ In case

result of fitting of XRR patterns, the density of the Au NPs sublayer was obtaine
of a perfect coverage of the surface with gold, this value should be equal to the density of
gold. The value of the simulated density of the gold sublayer corresponded to the decrease of
the coverage of the surface with Au NPs. Influence of the presence of the organic moieties at
the same distance from the substrate as the metallic core was practically neglectable. The
value of density of the Au NPs sublayer was compared with the expected density for a single
layer of Au NPs. The value 2.3 g cm™ indicated that 12% of the surface was covered with
Au NPs. The coverage of the surface with Au NPs estimated from the SEM image (see

Figure 43d) was around 13.5 % (based on the image analysis). The results obtained with use

of SEM and fitting of XRR patterns were in a very good agreement.
4.3. Discussion

The Langmuir films of mixtures of 8CB and Au NPs formed a net-like structure, wherein
Au NPs aggregated around nanoparticle-free areas. The SEM images indicated that the
obtained structure was uniform over large film area. Similar structures were previously found
in phospholipids and polymer matrixes at the air/water interface.”*****% In case of relatively

small amounts of Au NPs incorporated within the LC matrix analysis of the m(A4) isotherms
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indicated no significant alterations of compression properties and layering transitions of 8CB.
Only in such case the well-ordered net-like structures were formed. Increased amount of the
Au NPs in the mixture led to disordered films with large aggregates. Too small amount of

Au NPs was insufficient to form a complete net.

The gold nanoparticles acted as impurities dissolved in a 2D solvent. The limited solubility of
the particles in the LC film might cause diffusion-limited growth of a fractal, net-like
structure.”®> The model proposed by Hassenkam et al.>® was found to work in case of
hydrophobic Au NPs. The authors did not find any structure of this kind in case of mixtures of
surfactants and Au NPs of increased hydrophilicity. It was explained in terms of competition
of the interactions between Au NPs themselves and Au NPs and the water surface. For
instance the hydrophobic Au NPs did not interact strongly with the water surface. Therefore
they could be lifted and “frozen out” from the domains of the condensed phase of second
constituent of the mixture. Lifting was confirmed by means of XRR measurements. The
increased hydrophilicity of the Au NPs resulted in different morphology of the film. In such
case the Au NPs competed for the area at the water surface with template molecules.
Therefore they were not easily lifted. Amphiphilic Au NPs (15% of OH groups at the ends of
coating molecules) were found not to create any net-like structures in a matrix of

phospholipids.

The model presented in the aforementioned publication was still valid for system studied here.
Lifting of the Au NPs from the water surface was observed in 8CB (Figure 47), even despite
the used Au NPs were amphiphilic. Moreover, similarly as in case of completely hydrophobic
Au NPs, the Au NPs used during presented studies (10% of polar groups in the outer shell)
tended to form rafts at the air/water interface. Such behavior indicated that the interactions
between Au NPs were stronger comparing to interactions between Au NPs and the water
surface.””” Such statement raised a question: why Hassenkam and coworkers did not find the
net-like structure in case of amphiphilic Au NPs and phospholipids mixtures? The
interactions between OH groups introduced to the outer shell of the Au NPs (15% of coating
thiols) were fairly strong, comparing to the interactions between phospholipid molecules and
the water surface. Therefore the phospholipid could not act as a template. Au NPs were not
lifted from the water surface during the compression of the Langmuir film. In presented case
the balance between these interactions was different. This was because 1) different
amphiphile (8CB) as the matrix and 2) only 10% of the thiols coating the Au NPs had a polar
group attached at the end of the chain.
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In case of phospholipids the 2D liquid expanded phase decreased in size, whereas the 2D
condensed phase increased as the compression proceeded. The Au NPs were frozen out of the
liquid phase and end up in the boundaries between the condensed phase domains. The
analysis of the isotherms of the films of mixtures of 8CB and Au NPs indicated a slightly
different mechanism. The domains of multilayer stacks, and not a 2D condensed monolayer,
acted as the phase that caused the net-like structures formation. Net-like structures appeared
upon film compression to more than 15 mN m™. In case of mixture compositions 1:6, 1:9 and
1:27 such value of surface pressure corresponded to a point at the second slope of the
isotherm, behind the plateau. It is well known and proven that the plateau in the isotherm of
8CB corresponds to formation of a trilayer. In case of film of 1:9 composition, the observed
surface coverage upon trilayer formation should equal 1:3 (8CB occupied 3 times smaller
area than in monolayer film), i.e. around 25% of the surface should be covered with Au NPs.
However at ©1 = 15 mN m™ the Au NPs coverage of around 13% was observed. This
corresponded to a coverage ratio around 1:7. Not all of the 8CB molecules formed densely
packed trilayer domains in the observed film. This could be easily explained by the fact that
the net-like structure was decompressed (from 18 mN m™') prior to the transfer (at
15 mN m™). As a result, a decrease in density of the packing of the molecules was observed.
Therefore the densely packed trilayer film should not be observed. Rather a coexistence of
a trilayer and a monolayer film of 8CB as a matrix for the structure of Au NPs should be
expected. The fitting of XRR profile indicated that the Au NPs were lifted from the surface
by around 1.2 nm. Therefore Au NPs were placed on the monolayer of 8CB and the
particle-free cavities were filled with the trilayer domains of 8CB of rather loose compaction

of molecules.

The Au NPs surface coverage in case of sample of composition ratio 1:9 transferred at
18 mN m™ reached a value of around 28% (Figure 45b). As was already mentioned, in case
of formation of a trilayer film of 8CB at the whole available area of the water surface, the
Au NPs surface coverage should equal 25%. The observed, higher value indicated that the
8CB exhibited a layering transition to thicker films. Such behavior of 8CB was previously
recognized.'?"'** The second plateau at the m(4) isotherm was not visible as the Au NPs
altered the compression properties of the composite film. The effective surface fraction of
Au NPs was larger in case of multilayer films of 8CB, and determined the properties of the

composite Au NPs/ 8CB multilayers films.
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Overall, the process of the formation of Au NPs net-like structures required the initial
compression of the films of Au NPs and 8CB mixtures. During this process the trilayer film
of 8CB was formed and Au NPs were “frozen out” and appear at the domains® border. The
compression to around 18 mN m™” was sufficient for the process to take place. When the
initial compression was stopped at 15 mN m™, the process took much more time. An interval
of 90 minutes was needed for the Au NPs to rearrange and appear at the domains’ border.
This was probably caused by the difference in the compaction of the molecules — the higher
the surface pressure was the more condensed phase was formed at the air/water interface and
the faster the “freezing out” process was. The image analysis of the films of composition ratio
1:9 transferred at 15 mN m™ with no initial compression with varying time interval prior to
transfer (3 min to 90 min) revealed that the Au NPs surface coverage was almost constant
even despite different morphology of the samples (see Figure 43d, Figure 43f and Figure
44). This confirmed 2D rearrangement (“freezing out”) of the Au NPs during the net-like

structure formation due to condensed domains formation.

The decompression of the films of studied mixtures resulted in an increase of average size of
the unit cell of the structure. This was due to a layering transition within the 8CB domains,
i.e. formation of a monolayer from thicker stacks. As a result, the 8CB molecules occupied
a larger area. Due to the decompression of the multilayer stacks the average area of unit cell
could increase by factor smaller than 10 (depending on the number of layers in multilayer
stacks). However, SEM and BAM observations revealed an increase of the unit cells from
around 2200 pm” (at 15 mN m™) to around 0.15 mm’ (at 0 mN m™). This implied an increase
of the unit cell by a factor of around 70. Such effect was caused by further decompression of
the 8CB monolayer from 2D solid to a 2D liquid phase. The process of unit cells growth
stopped at some point (see Figure 46) — probably when the 2D gaseous phase of 8CB
appeared.

4.4. Conclusions

This study presents a systematic investigation of self-assembly of amphiphilic Au NPs in a
liquid crystalline matrix of 8CB at the air/water interface. The Langmuir films of mixtures of
8CB and Au NPs formed a net-like structure, wherein Au NPs aggregated around Au NPs
free areas. The net-like patterns appeared due to the initial compression to at least 18 mN m™,

as a result of formation of condensed phase of domains of a multilayer film of 8CB. The



130 2D Net-like patterns of Au NPs

nanoparticles acted as impurities in the liquid crystalline matrix and were “frozen out” to the

edges of the LC domains. At lower surface pressures such process was very slow.

An analogous mechanism of formation of net-like patterns was reported previously for
hydrophobic Au NPs. Its validity was hereby confirmed also in case of amphiphilic Au NPs
(with 10% of charged ligands). The average size of the unit cell proved to be fully
controllable during film decompression. The net-like patterns of the desired average unit cell
area were easily and effectively transferred onto a solid substrate with use of the

Langmuir-Blodgett technique. SEM images indicated that the structures were uniform over

large areas.
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5. Results: Three steps of hierarchical “bottom up”

self-assembly towards stable and efficient SERS platform

Introduction of the significant enhancement of the intensity of the vibrational spectra by
a rough metal surface transformed Raman spectroscopy into an ultra-sensitive, ultra-rapid and
universal analytical technique.”*® The typical enhancements obtained due to this phenomenon
were in the range of 5 to 8 orders of magnitude compared to regular Raman signal. Higher
values, up to 10" were reported in case of single molecule Surface Enhanced Raman
Spectroscopy (SERS). Such strong signal came from molecules located in the “hot spots”.*®’
Although SERS was discovered more than 30 years ago,”®® the dramatic increase in research
activity in this field occurred very recently, mostly due to development of nanotechnology
and improved instrumentation. Proper design of the platforms — surfaces, on which
measurements were performed — was the key factor for the practical use of SERS. Although
anumber of excellent reviews discussed the considerable progress that has been made
towards improving and optimizing SERS substrates,”® the construction of ultra-sensitive,
stable and highly reproducible SERS substrates still remains a challenging problem. Carefully

designed nano- and microstructures easily assembled in “bottom-up” processes can be one of

its best solutions.

The platform based on Au MFs deposited on flat surface, which was developed in
Department of Soft Condensed Matter IPC PAS by Katarzyna Winkler, was SERS active and
reproducible, however relatively unstable and difficult to handle. The reason why much effort
was done to introduce three steps of material preparation and to optimize parameters of each
of them, was to reach the desired balance between stability and enhancement factor of the
SERS platform. Au MFs deposited on a flat surface were SERS active, yet unstable. Au MFs
deposited on a surface covered completely with GaN nanowires were stable and reproducible,
but enhancement factor dropped to around 10%. Therefore scaffold of GaN nanowires, which
covered only some part of the substrate, was chosen for new SERS platforms based on

Au MFs.
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5.1. SERS platform fabrication — three steps of “bottom up”

self-assembly
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Figure 48 Cartoon showing three steps of SERS platform preparation
5.1.1. 1 step — Net-like patterns of Au NPs

Formation of 2D pattern of Au NPs on solid substrate was a first step of the hierarchical
self-assembly of SERS platform preparation. The Langmuir-Blodgett technique was used to
deposit the Au NPs onto a silicon wafer. First Langmuir films of pure Au NPs were
transferred. The Au NPs formed two dimensional droplets. Upon compression the Au NPs
surface coverage increased. Eventually the droplets merged. Films were transferred at surface
pressures ranging from 1 mN m™ to 39 mN m™'. By changing the surface pressure at which
the transfer was performed, the fraction of surface covered with gold was adjusted. Since used
Au NPs had amphiphilic character they were easy to handle in Langmuir-Blodgett

experiments (see Experimental section).

Transfer of films of pure Au NPs even at very low surface pressures resulted in minimal
surface coverage of around 20%. To obtain smaller values mixtures of Au NPs and liquid
crystalline amphiphilic compound 8CB were used. The 8CB matrix acted twofold: 1) it
diluted the Au NPs in 2D system (decreased Au NPs surface coverage) and 2) induced
formation of net-like patterns of Au NPs. The Au NPs behaved as impurities in liquid
crystalline matrix and were “frozen out” from the condensed domains of 8CB upon
compression to at least 18 mN-m™. As a result net-like patterns appeared. The average area of
unit cell was easily controllable as the pattern expanded during the decompression of the film.

The thin films of mixtures of Au NPs and 8CB were described in Chapter 4.
5.1.2. 2" step — GaN nanowires

Some of the possibilities of further application of net-like structures of metal nanoparticles

were shown in the literature, e. g. a bio-detector utilizing electronic switching based on gating
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by metabolic activity of yeast cells deposited on such a structure.””’ A novel route of
modification of such structures transferred onto the solid substrate that could extend its
possible usability is demonstrated. The CVD method was employed to grow GaN nanowires
on the silicon surface covered with a net of Au NPs. The CVD process utilized gold droplets
as a catalyst for GaN nanowires growth, due to the VLS mechanism.'®' Therefore the GaN
nanowires appeared only where the Au NPs were deposited. SEM pictures of the obtained
morphology after the CVD process are shown in Figure 49a and Figure 49b. Presence of
organic compounds (8CB and thiols at the Au NPs surface) did not interfere with the CVD
process — similar morphology for samples that were dipped in the NaBH4 solution for 2 hours
prior to the GaN growth was observed. Such preparation of the sample was recognized to

reduce the S-Au bonds and resulted in a bare gold surface without any organic residues.***

Figure 49 SEM images of the surface prepared by Au NPs pattern deposition followed by
induced growth of GaN nanowires with use of CVD method. Scale bars a) 250 um, b) 5 um,
(Au NPs and 8CB mixtures — net-like patterns), ¢) 2.5 um (pure Au NPs — circular domains).

5.1.3. 3" step — Au microflowers

The third step of the nanostructure fabrication was the deposition of Au MFs, based on
a protocol described elsewhere.'® The morphology of single Au MF is shown in Figure 50b.
The Au MFs were preferably deposited at the GaN nanowires and not in the cavities between
them. This was a result of the GaN nanowires formation procedure which results in Au-Ga
alloy droplet on the top of each nanowire.'®' Figure 50a shows Au MFs deposited on the net
of GaN nanowires of relatively large average area, therefore the hierarchical structure is

clearly visible (this sample was not used as SERS platform).
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Figure 50 a) Au MFs deposited on the network of GaN nanowires of large average area of
unit cell. The interiors of the network unit cells are empty. Hierarchical structure of the
obtained material is clearly visible; scale bar 50 um, b) SEM image of a single Au MF; scale

bar 2.5 pm.

The surface coverage with Au MFs was easily controlled by changing the parameters of the
deposition process (like time of deposition and the concentration of the solution used). It was
possible to cover the obtained GaN scaffold completely with Au MFs. In such a case the
morphology of the film was very similar as in samples obtained in a procedure omitting the
CVD process. However, the presence of GaN nanowires significantly improved the stability

of the Au MFs at the surface.

Using reaction mixtures of different concentration of reagents three different surface
morphologies were prepared. The amount of deposited Au MFs increased from surface a to c.
In case of sample a the amount of Au MFs was very limited. The Au MFs were located only
on the GaN nanowires. In case of sample ¢ the surface coverage was almost complete, and the
Au MFs were deposited also in cavities of the GaN scaffold. The pictures b (surface b)
and ¢ (surface ¢) in Figure 52 show the morphology of obtained SERS platforms.

5.2. SERS platform properties

Molecules of p-mercaptobenzoic acid (p-MBA) were adsorbed from a 10° M ethanol solution
onto prepared surfaces. SERS spectra are presented in Figure 52. The spectra of p-MBA were
dominated by the bands around 1077¢cm™ and 1587cm’1, which were assigned to vcs, and vce
stretching vibrations, respectively (a; vibrational modes).””® In the SERS spectra an apparent
enhancement of the bands around 1432, 1394 and 1142 cm™ (b, vibrational modes) was also
observed. The enhancement of the b, modes, which were closely related to the thiol group
vibrations, suggested that the p-MBA molecules were adsorbed onto the Au MFs film

through their sulfur atoms and were perpendicular to the surface.
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The main motivation to introduce the additional steps of preparation of SERS platforms based
on Au MFs was to improve their stability and at least preserved the enhancement factor at the
same level as for Au MFs deposited on flat surface. As reported previously such platforms
were sensitive and reproducible, however they were not stable enough for commercial
applications. The idea was to deposit the Au MFs on the GaN nanowires. The stability was
expected to increase because the tip of the GaN nanowire was in fact a nucleation center for
Au MFs growth. It appeared however that when a substrate completely covered with GaN
nanowires was used to deposit Au MFs on it (Figure 51), the material was almost inactive as
a SERS platform (EF did not exceed 10%). Therefore the coverage of GaN nanowires was
decreased to find the proper balance between EF (0% of GaN) and stability (100% of GaN).

Figure 51 The morphology of the film of Au MFs deposited on the surface completely
covered with GaN nanowires. Scale bar 20 pm. The Au MFs coverage corresponds to sample

¢ (highest studied coverage). Obtained SERS enhancement factor was not higher than 10°.

5.2.1. Optimization: Au MFs surface coverage

Au MFs were expected to be responsible for Raman enhancement. Therefore three surfaces,
which differed only in the amount of applied Au MFs were tested. As a scaffold the net-like
structure of GaN nanowires was judiciously chosen. GalN nanowires were grown on the
Langmuir-Blodgett film of mixture of 8CB and Au NPs transferred at 15 mN m™, after initial

compression to 18 mN m™ .

The highest EF' of SERS intensity was obtained for p-MBA adsorbed on surface ¢ (Figure
52¢) — of highest Au MFs coverage. EF in this case was 7.2 x 10° and was more than 100 to
1000 times greater than for morphologies b and a, respectively. A low EF value was obtained
on the surface a, characterized by the lowest surface coverage and Au MFs’ size. The value
of EF obtained for sample ¢ was compared to the EF of a platform based on Au MFs

deposited on a flat surface (around 2 x 10°). The net-like scaffold of GaN nanowires, which
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covered around 15% of the surface of the substrate, had only a minor influence on the SERS

enhancement properties of Au MFs.
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Figure 52 a) SERS measurement of p-MBA at three surfaces obtained with use of a three-
step hierarchical self-assembly process. The surfaces a, b, ¢ based on the 2D net of Au NPs
(in 8CB, transferred at 15 mN'm™, composition ratio 1:9) with GaN nanowires and Au MFs
coverage ranging from the lowest (a) to almost complete (¢). The morphologies of surfaces b
and ¢ are depicted in b and ¢ respectively; scale bars 20 pm and 10 pum, respectively. The

artificial white lines correspond to the net at which the Au MFs are preferably deposited.
5.2.2. Optimization: stability

First the influence of GaN pattern on enhancement factor and platform stability was
investigated. Afterwards, the most stable and efficient SERS platform was further tested. It
appeared that obtained platform was extremely time stable and resistant for mechanical

damage.

The influence of the amount of GaN nanowires on the SERS platform properties was
evaluated. All the compared platforms were covered with Au MFs as surface ¢ (the largest
used coverage). They differed only in the pattern of Au NPs deposited on the solid wafer in
the first step of platform preparation. Variations in Au NPs coverage corresponded to the

percentage of area covered by GaN nanowires. Two parameters — EF' and stability were
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compared. As mentioned EF should decrease and stability increase with increasing amount of
GaN nanowires. Therefore the balance between these two opposite features should be

maintained.

The stability of prepared platforms was studied over a period of 12 days. Samples were stored
in 10° M p-MBA solution at room temperature. SERS spectra were captured every 24 h from
the same sample (Aex = 785 nm, ¢ = 60 s). In Figure 53 the stability of Au MFs deposited on
roughened silicon and on GaN net-like scaffold is compared. The p-MBA spectral band
positions and relative intensities did not vary significantly over the course of 12 days.
Although the peak intensities of p-MBA on both surfaces were comparable on the first day
(see inset in Figure 53), peak intensities for the Au MFs on the bare surface decreased
dramatically as time passed. By the third day, the 1077 cm™ peak intensity of the p-MBA
diminished to the point where no data could be acquired. On the other hand the 1077 cm’
peak intensity of the p-MBA on the Au MFs/GaN scaffold remained nearly constant over the
period of 12 days.
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Figure 53 The peak intensity at 1077cm™ of samples stored in p-MBA solution. During the 12
days of the test, Au MFs deposited on GaN scaffold remained SERS active. Inset shows the

initial p-MBA spectra on Au MFs and Au MFs on the net based GaN scaffold.

In Figure 54 the complete comparison of properties of Au MFs deposited on GaN scaffold is
presented. The stability was determined by comparing the changes of 1077 cm™ peak
intensity of the p-MBA after three days of storage in 10° M p-MBA solution at room
temperature. The stability is expressed as percentage of the intensity measured at third day in

relation to first day.

In case of LB film of pure Au NPs (2D droplets) the lowest coverage was around 20%. To

obtain smaller values of Au NPs surface coverage 8CB as a matrix was used. The highest
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Au NPs coverage of net-like pattern (in 8CB matrix) was around 28%. The net-like patterns
(Au NPs and 8CB) gave better stability of the platforms than 2D droplets (pure Au NPs) of
similar surface coverage. Here the Au NPs coverage is compared since it corresponded

directly to the amount of GaN nanowires after second step of platforms preparation.
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Figure 54 The comparison of properties of obtained SERS platforms as a function of GaN
nanowires surface coverage: a) EF (line shows only trend), b) stability as a percentage of EF

on day 3 in respect to initial EF.

To examine strength of immobilization/adhesion of Au MFs to the Si-GaN a “scotch tape”
test was performed. The morphologies of the films of Au MFs on silicon wafer and on the
GaN scaffold were observed using SEM before and after putting and peeling a scotch tape off
it. The Au MFs were removed almost completely from the surface of roughened silicon. The

presented material (Au MFs/GaN) was only slightly affected by the tape (Figure 55).

et |

Figure 55 Au MFs deposited on a) roughened silicon, b) GaN net-like scaffold. Scotch tape
had only small influence on the morphology of the studied platform. In case of roughened

silicon almost 100% of Au MFs was removed by the scotch tape. Scale bar 50 um.

Moreover, the obtained surfaces retained their SERS enhancement properties over time
(Figure 56). Over a period of more than six months of storing at room temperature the
enhancement factor of surface ¢ (around 15% of GaN net-like scaffold) decreased very

moderately, from 7.2 x 10° to 1.8 x 10°.
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Figure 56 Comparison of SERS spectra of p-MBA recorded on a) of fresh platform and

b) after six months of storage in ambient conditions.

5.2.3. Reproducibility of SERS spectra
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Figure 57 SERS spectra of p-MBA from six different measurements and second derivative of

SERS spectra with calculated cross correlation coefficient /" of 0.87

For all the spectroscopic experiments, presented in following parts of the chapter, the best
platform was used. The highest Au MFs coverage (as in surface c¢) was prepared on GaN
net-like scaffold, which covered around 15% of the substrate. A series of vertically displaced
SERS spectra of p-MBA is shown in Figure 57a. The spectra were acquired at various
positions on the same substrate and also on different substrates. In each sampled region the
same modes appeared with extremely high reproducibility with only a slight variation in
amplitude for some of the higher wavenumber modes. The normalized second derivatives of
the SERS spectra are shown in Figure 57b (displayed without offset). The almost complete
overlap in features observed in the second derivative spectra indicated that the differences in

the SERS spectra were primarily caused by intensity and/or baseline variations. The
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possibility of variations in peak positions or in relative peak intensities was excluded.
A quantitative metric of the high degree of reproducibility was observed. I” was calculated as
a cross-correlation between all pairs of spectra. An average /" of 0.87 was obtained. Similar
results of excellent reproducibility were found in case of SERS spectra acquired for the other

analytes (malchit green; not shown).
5.2.4. Label-free detection of DNA

To examine the viability of prepared surface as a general SERS platform for a variety of
biological applications the DNA sequence was tested. Most of the methods of DNA analysis
required the use of a sensitive and specific label. Often a fluorescent dyes were used, which
were attached to either the 5’or 3’ terminus, or to one of the bases. In the case of molecular
fluorophores, overlapping spectral features and nonuniform fluorophore photo-bleaching rates
led to several potential complications. The Raman spectroscopy offered a very useful
alternative technique with several important advantages as an analytical tool. This method
provided rapid analytical capability and allowed measuring of structural fingerprinting owing
to its narrow and resolvable bands. It led to a label-free strategy based on the potentially great

sensitivity of SERS.

The crucial aspects of the SERS based method of DNA detection are reproducibility and
stability of SERS signals from SERS-active surfaces in time. Especially reliable
reproducibility and good time stability of SERS substrates are highly important properties for
fabrication DNA hybridization assay. Typical assay steps include: culturing of the sample,
modification of SERS surface, immobilization of single-stranded oligonucleotide (ssDNA
probe) on the modified surface, performing hybridization, washing and reading the results.

The processing time can be long (up to 32h).

Figure 58 shows the SERS spectra for adsorbed ST,0N2 DNA sequence (after washing). The
concentration of DNA was 10°° M. The spectra were collected after 20 min, 60 min, 2 h,
6 h and 36 h of storage in ambient desktop conditions. The data in Figure 58 contains results
from the spectra of three similar experiments on different pieces of the same substrate. The

SERS study revealed the excellent reproducibility and stability of our surface.

The SERS spectra of DNA display the two major bands. The 731 cm’™ band is assigned to

a breathing mode; and the multi-component band peaking at 1330 cm™ is assigned to mixed

271

in-plane stretching motions of the six-member ring (ring skeleton vibration).”"" The intensity
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of the strongest band at 731cm™ was reduced approximately by only 10% after 36 hours of
keeping the surface on the shelf. We cannot detect any peak shift or appreciable change of
intensity of other DNA bands. These results demonstrate outstanding stability characteristics

enabling clear and unambiguous detection of DNA.
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Figure 58 SERS spectra of ST,0N2 DNA sequence (SHC,TTTTTTTTTTTTTTTTTTTTGCG
GCAATCAGGTTGACCGTACATCATAGCAGGACTAGTTGGTCGCAGTC)  adsorbed
from 10° M concentrations obtained after (a) 20 min, (b) 60 min, (c) 2 h, (d) 6 h and (e) 36 h

of storage in ambient conditions.
5.3. Conclusions

A successfully designed and conducted multi-step “bottom-up” procedure of preparation
a functional surface of desired properties is presented. It is based on formation of net-like
structures of Au NPs. GaN nanowires were grown on such matrix using the CVD method
according to the VLS mechanism. The Au NPs structures acted as a catalyst, determining
distribution of the GaN nanowires at the surface. Such scaffolds were afterwards utilized as
substrates for deposition of gold microflowers. The procedure led to a new, stable SERS
platform offering very good sensitivity and reliable reproducibility of results. It combined the
mechanical endurance provided by the GaN nanowires with great enhancement factor
allowed by specific distribution of gold microflowers on top of them. It was demonstrated
how beneficial for the properties of the final structure the merging of different surface
modification techniques was. In consecutive steps of self-assembly, relatively simple
procedures can be used to obtain complex structures of controllable morphology. Selective
decoration of surface with nanoscale objects and spatial control over the self-assembly

process are of particular importance for material science.
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6. Results: Phase transitions in monolayer formed by
hyperbranched polyester with alkyl-terminated branches

at the air/water interface

Molecular films of polymers spread at the air/water interface and their transfer onto solid
substrates have been the subject of extensive research for many years. Thin films of polymers
are used in variety of applications in the fields of optics, biosensors, coatings,
microlithography and electronics. Many types of synthetic polymers and biopolymers have
been studied as monolayers at the air/water interface and on solid substrates.>’* In recent years
Langmuir and Langmuir-Blodgett molecular films of amphiphilic dendritic polymers have

. . 276-284
been also investigated.”’*>*

Highly branched dendritic macromolecules with a complex architecture and a large number of
surface functional groups are a relatively new class of polymers. Their properties are different
from those of linear polymers of the same molecular mass. Dendritic macromolecules show
lower flexibility, a significant chain-end group effect, lower viscosity in solutions and a high
solubility in common solvents. The two main classes of dendritic macromolecules are random
hyperbranched polymers and dendrimers. As opposed to dendrimers random hyperbranched
polymers are in fact mixtures of species differing in molecular weight and the degree of
branching. Dendrimers and hyperbranched polymers have similar properties. Nevertheless
hyperbranched polymers have more possibilities of potential applications, because they are

less expensive and simple to produce.

In contrast to dendrimers, hyperbranched polymers can be easily prepared in a one-pot
procedure by means of single monomer methodology or double-monomer methodology.*”
Many commercially available compounds can be used as monomers in these systems, which
should extend the availability and accessibility of hyperbranched polymers with various end
groups, architectures and properties.”’* The properties of hyperbranched polymers are affected
by the nature of the backbone, functionality of terminal groups, the degree of branching, the

chain length between branching points, and the molecular weight distribution.>”

End-capping of the hydrophilic dendritic macromolecules with hydrophobic alkyl chains
makes the modified molecules amphiphilic. These macromolecular amphiphiles form well

defined monolayers both at the air/water interface and on solid substrates. Most of the
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research reported in the literature concern modified dendrimers of different generations.
Sayed-Sweet et al.”’® investigated poly (amidoamine) (PAMAM) dendrimers modified with
aliphatic chains with 8, 10 and 12 carbon atoms. The authors showed that the properties of the
modified PAMAM dendrimers at the air/water interface strongly depend on dendrimer
generation. In their experiments the length of the terminal alkyl chains did not significantly
influence the surface area occupied by the dendrimer molecules at the collapse point. The
authors also proved that modified dendrimers with guest molecules placed in the interior void
space were able to form monolayers at the air/water interface. Schenning et al.*’” investigated
poly-(propylene imine) dendrimers modified with palmitoyl chains, alkyl chains containing
azobenzene chromophore and adamantane. From Langmuir experiments the authors
concluded that the dendrimer molecules were able to rearrange themselves to form
monolayers. The dendrimer core of the molecule was in contact with the water subphase and
the alkyl terminal chains were all pointing towards the air, forming a parallel — packed

hydrophobic layer.

The transfer of the third-generation PAMAM dendrimer end-capped with dodecyl chains onto
hydrophobic silicon wafers was investigated by Tanaka er al?’® At the beginning the
dendrimer molecules were in contact with the surface through alkyl chains. The authors
suggested that during the drying process the silicon surface became hydrophilic. At the same
time the PAMAM molecules turned upside down. Poly (propylene imine) dendrimer modified
with dialkyl sulfide chains self-organized into monolayers in the same fashion as dendrimers
end-capped with alkyl chains.””’ Investigations of the surface behavior of multidendron

1289281 gtudied the structure and

structures were also reported in the literature. Saville et a
kinetics of surface phase transitions in monolayers formed by polyether bidendrons based on
3, 5-dihydroxybenzyl alcohol. The authors investigated the influence of the molecular weight

and compression rate on the shape of Langmuir isotherms. Pao et al.**

investigated second-
and third-generation polyether monodendrons with end groups functionalized with
hydrophobic Ci;H,s alkyl tails and a hydrophilic ester or crown ether in the core. X-ray
reflectivity data suggested that at higher surface pressures the alkyl tails were extended and

perpendicular to the surface of the water.

The structure of monolayers formed by the amphiphilic dendrimer macromolecules raises the

question of the surface behavior of hyperbranched polymers. Are the similarities of
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dendrimers and hyperbranched polymers big enough for polymers to form supramolecular

structures at surfaces and interfaces analogous to dendrimers?

Zhai et al.*® investigated the influence of the degree of hydrophobic substitution of the end
groups of second generation hyperbranched polyesters on the behavior at the surfaces and the
air/water interface. The polyesters were functionalized with stearic acid. The experiments
showed that at high surface pressure, the alkyl tails became arranged in an up-right orientation
with dense liquid-crystalline like ordering of the quasi-hexagonal type. The authors suggested
that in contrast to modified dendrimers irregular branching and random attachments of the
terminal alkyl tails in hyperbranched polymers prevented the formation of regular lateral
ordering and crystallization of the alkyl tails within Langmuir monolayers. Ornatska et al.***
investigated the formation of the monolayer at the air/water interface by the hyperbranched
polymer Boltorn H40 modified with palmitoyl chloride and the transfer of the monolayer onto
the silicon substrate. The polymer used in the experiments had 80 % terminal hydroxyl groups
substituted with palmitic acid. As reported by the authors, the modified polyester formed
a stable monolayer at the air/water interface. Uniform dense Langmuir-Blodgett monolayers
with an effective thickness of 3 — 4 nm were observed for the polymer molecules transferred

onto the solid substrate at different surface pressures.

The current state of knowledge leaves the influence of temperature and the length of the alkyl
terminal tail on the properties of thin films of hyperbranched polymers unknown. In this
contribution the surface behavior of polyester with the terminal hydroxyl end groups
esterified with a mixture of eicosanoic and docosanoic acid is described. The terminal tails of
the studied polyester are much longer than in the other studies reported in the literature.
Presented results together with the literature reports give the opportunity to elucidate the
significance of the length of the terminal alkyl tails for the process of monolayer formation.
This contribution also aims at an understanding of the influence of temperature on monolayer

formation by modified hyperbranched polyesters at the air/water interface.
6.1. Results and Discussion

6.1.1. Characterization of polymer

Studies presented in this chapter focused on the self-assembly behavior of hyperbranched

polymer Boltorn H3200 at the air/water interface and on solid substrates. The polymer was
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the hyperbranched polyester Boltorn H30 (Perstorp AB) with terminal OH groups
functionalized with a mixture of eicosanoic and docosanoic carboxylic acids. The structure of
this hyperbranched macromolecule is presented schematically in Figure 59. The molecular
mass and the number of terminal OH groups of a hyperbranched polyester depended on the
degree of polymerization. The core polymer (Boltorn H30) used in this study was a third
generation polyester synthesized from 2,2-bis (hydroxymethyl) propionic acid (bis-MPA)
with ethoxylated pentaerythriol as the core molecule. The structure of the core polyester with
the terminal OH groups was characterized by '"H NMR spectroscopy. Analysis of the NMR
data revealed that the polymer molecule consisted on average of 15.4 monomeric units and
had 19.3 OH terminal groups. The number average molecular weight of the unmodified
polymer was estimated to be 2080 g mol”. From the methylene signals of the bis-MPA the
degree of branching (DB) was estimated to be 0.45. The value of DB indicated that the
structure of Boltorn H30 resembled a star — like polymer. The characterization of the
polyester presented here is in agreement with the literature data reported for the same

material, 28>-2%¢
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Figure 59 2D sketch of the third generation polyester with end groups modified with

eicosanoic and docosanoic carboxylic acids.

The structure of polyesters with substituted terminal OH groups (Boltorn H3200) was also
analyzed by 'H NMR spectroscopy. The number of substituted terminal groups was

determined. It was estimated that over 98 % of OH groups reacted. Within the accuracy of the
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characterization method it was assumed that all the terminal groups of polyester H30 were

esterified with the fatty acids.

BC NMR spectra of polyester H3200 in dichloromethane with the addition of Cr(acac); were
measured. From the spectra the average length of the alkyl tail attached to the terminal OH
group was estimated. The terminal alkyl chain on average consisted of one methyl group and
19.5 methylene groups. '"H NMR and ">C NMR spectra for polymers H30 and H3200 are not

shown.

In summary the number average molecular weight of polymer H3200 estimated from NMR
measurements was 8200 g mol”. The number average molecular weight (A,), weight average
molecular weight (M,) and polydispersity index (PI) estimated from GPC MALS
measurements were 8400 g mol”, 17600 g mol”, and 2.1 respectively. The number average
molecular weights obtained from NMR and GPC measurements agreed reasonably well.
Throughout this study the M, obtained from NMR analysis was used to estimate the number

average surface area occupied by the polymer molecule.
6.1.2. Monolayers at the air/water interface at low surface concentrations

The hyperbranched polyester functionalized with fatty acids forms an amphiphilic compound
with well-defined and separated polar and hydrophobic fragments. The internal part of the
polyester molecule consists of hydrophilic carbonyl and alkoxy groups, while the terminal
aliphatic chains form hydrophobic external shell. When placed at the air/water interface the
internal part of the macromolecule prefers to be in contact with the water subphase. The

hydrophobicity of these macromolecules depends on the length of the terminal alkyl chains.

In the experiments presented in this paragraph the behavior of the monolayers formed by the
modified hyperbranched polyesters at high surface areas per molecule (low surface
concentrations) was studied. The experiments were performed in the static mode, i.e. portions
of the polymer were successively deposited on the surface of the water keeping the total
surface area of the trough constant. After deposition of a portion of the polymer the system
was equilibrated for a period of about 30 minutes. Then the surface pressure was measured.
The results of the static mode measurements performed at room temperature (296 K) are

presented Figure 60.
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Figure 60 a) Surface pressure — surface concentration 7(c) isotherm at 296 K for polyester
H3200, b) plot of n/RTc versus surface concentration, ¢) logarithmic plot of surface pressure

m versus surface concentration c.

The m(c) data obtained in the static mode (open circles) are shown in Figure 60a. A typical
monotonic dependence of the surface pressure on the surface concentration was observed. At
surface concentrations up to 1.8 mg m™ (7.57 nm” molecule™) the changes of surface pressure
on the deposition of the portions of the polymer were very small. Beyond this concentration
the surface pressure started to increase and finally at about 2.5 mg m™ (6.81 nm” molecule™)
a steep surface pressure increase was observed. The crossover from the dilute (gas-like)
regime to the intermediate (semi-dilute, analogue of the liquid expanded phase) regime
occurred at an overlap surface concentration ¢* = 1.8 mg m™. From the overlap concentration
c* obtained from the n(c) data at a temperature of 296 K the radius of gyration R, was

estimated according to the formula:

=—r Equation 15
RN, 1

g



148 Hyperbranched polyester Boltorn H3200

where N4 — the Avogadro number. At the overlap concentration a polymer molecule occupied

on average surface area of about 7.6 nm’ and R, was found to be 1.6 nm.

In Figure 60a the results of measurements performed by the dynamic method are also shown
for comparison. The Langmuir isotherm obtained in dynamic mode was shifted to higher
surface pressures. Similar effect was reported by Hilles et al.”’” In presented case the

difference between the isotherms obtained by both methods was not as pronounced.

At low surface concentration, in the intermediate concentration regime c<c*, the surface

pressure may be expressed by a virial expansion truncated to the first order term: ***

T = RTL\/CIJF A5 (T)e” + } Equation 16

n

M, is the number average molecular weight of a chemical species present at the surface. 4%,
is the second virial coefficient with the second subscript referring to the dimensionality of the
system. From the Equation 16 it is clear that both M, and A°,, can be estimated from a plot of
m/RTc versus c. This was done in Figure 60b where the data points of Figure 60a were
plotted on these coordinates. The estimated number averaged molecular weight from surface
measurements was about 17200 g mol”. This value was higher than the number averaged
molecular weight obtained from the NMR and GPC characterizations. The effect led to the
conclusion that the polymer molecules formed aggregates at the air/water interface even at
very low surface concentrations. The negative sign of the surface second virial coefficient
indicated that the air/water interface at 296 K was a poor solvent for the polyester H3200. The
effect was attributed to a limited penetration of water into the polyester kernel of the polymer
molecule. Strong interactions of the polyester molecules with each other and weak
interactions with the water surface certainly influenced the structure of the monolayer, phase

transitions occurring in the monolayer and a mechanism of a collapse.

The data presented in Figure 60a showed that the deposition of the next portion of the
polymer at the interface above a concentration of 2.5 mg m™ resulted in a lowering of surface
pressure. This observation suggested that the structure of the monolayer formed above the
overlap concentration finally prevented the additional portion of the material from being
smoothly spread at the surface of the water. As a result the static method was not appropriate
for the investigation of Langmuir molecular films of polyester H3200 at higher surface

concentrations.
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The logarithmic plot of surface pressure 7 versus surface concentration ¢ is presented in
Figure 60c. The scaling theory was originally worked out for linear polymers. It predicted
that within the intermediate regime (an analogue of the semi-dilute regime in bulk polymer
solutions) the relation between surface pressure and surface polymer concentration could be

expressed by:**®

wocce’ Equation 17

where y=2v/(2v-1) and v - Flory’s exponent for the radius of gyration. The v exponent
obtained by fitting the experimental data to Equation 17 was equal 0.55. This result again
indicated that the air/water interface was a poor or ® solvent for the polyester H3200. Thus

the measurements in dilute and intermediate regimes gave consistent results.

In the above considerations validity of the Equation 17 and the scaling theory for the
hyperbranched polymers at the air/water interface is assumed. The virial expansion of the
surface pressure is obtained by a purely phenomenological procedure. No information about
the structure of the polymer molecules is introduced. Thus the conclusions drawn from
application of Equation 17 to the hyperbranched polyester placed at the air/water interface
are entirely justified. However, the scaling theories for polymers in solutions and at interfaces
are derived assuming linear structure of macromolecules. At concentrations higher than the
overlap concentration the chains overlap and entangle. The behavior of hyperbranched
macromolecules in solutions and at interfaces is different than linear polymers. At
concentrations higher than the overlap concentration these molecules do not penetrate each
other but rather contract. As a result they do not entangle and mainly interact through the
terminal functional groups. Nevertheless, it seems that the scaling relation obtained for the
hyperbranched polyester follow the same scaling low as found for chain macromolecules in

the semi-dilute region at the air/water interface.

6.1.3. Monolayers at the air/water interface at high surface concentrations

The experiments presented in the previous paragraph (Figure 60) focused on the behavior of
the monolayers at high surface areas per molecule (low surface concentrations). The
experiments were performed in the static mode. It was shown that in these experiments the
high surface concentration (low surface area per molecule) region was not accessible.
Langmuir experiments in high concentration regime were performed in the dynamic mode.

Langmuir isotherms were recorded with simultaneous surface potential measurements and
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BAM observations. Surface pressure () — surface area per molecule (4) isotherms are

presented in Figure 61.
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Figure 61 Surface pressure — area isotherms for polyester H3200 at different temperatures:

a) high and medium temperature regions, b) low temperature region.

All the isotherms obtained were repeatable, what was an indication that stable monolayers
were formed at the air/water interface. At low surface area per molecule the surface pressure
was small. The compression of the monolayer resulted in a steep surface pressure increase.
Further compression resulted in a steep surface pressure increase. During this process the
structure of the monolayer was changed to the liquid condensed type. Further compression
caused that eventually the Langmuir m(4) curves bent. Beyond the bend the isotherms
continued with a smaller slope. All the measured 7n(A) isotherms had a characteristic shape

with a change in the slope occurring after the initial steep surface pressure increase.

From the course of the #(4) curves depicted in Figure 61 two temperature regimes were
distinguished: the high temperature region (283.15 K — 323.15 K) and the low temperature
region (278 K — 280 K). At temperatures equal to or higher than 283.15 K the lift-off surface
area, at which the 7 value started to increase, slightly depended on temperature. On the
contrary, the slope of the initial surface pressure increase significantly depended on
temperature. In the high temperatures regime the higher the temperature the steeper was the
slope of the 7(A4) curves. It was also shown that lowering of the temperature from 323.15 K to
283.15 K resulted in a disappearance of the bend (e.g. compare the isotherms at 283.15 K and
313.15 K). Lowering of the temperature below 283.15 K gave rise to the appearance of the
bend on the 7(A4) curve but at much lower surface area per molecule. This temperature effect

suggested that structural changes in the monolayer occurred.
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At temperatures lower than 283.15 K the shape of the #(A4) curves was very similar to that
observed at higher temperatures (see Figure 61b). There was, however, a significant
difference: the lift-off surface area significantly depended on temperature (decreases with
decreasing temperature), while the slope was almost independent of temperature. As it was
mentioned, in this temperature region the surface areas per molecule at the bend on the 7(A4)
curves was much lower than those at higher temperatures. Formation of multilayered
aggregates is a possible explanation of the effect. At low temperatures the aggregates were
likely to form already at low surface concentrations just after deposition of the polymer at the

interface.

The polar core of the polymer H3200 molecule is flexible and the spatial arrangement of the
terminal tails determines the surface area occupied by the whole molecule. Thus taking the
known cross sectional surface area per alkyl chain in the monolayer state as 0.205 nm’, one
can estimate the average surface area of the polyester H3200 molecule to be approximately
4 nm” molecule™. This is the lowest possible value of the average surface area per molecule in

the monolayer formed by this polymer at the air/water interface.

In performed experiments in the high temperature region the isotherms started to bend at the
surface area per molecule of about 4.5 nm’® molecule™. According to above considerations, in
this region all the polymers molecules were incorporated into the monolayer. Thus the onset
of the bends on the isotherms corresponded to the compact arrangements of the
macromolecules in the monolayer. It was a straightforward conclusion that at this point the
polymer molecules arranged into monolayer started to explore the third dimension.

A common name for such a process is a collapse.

The two-dimensional film on compression finally reaches its stability limit and explores the
third dimension via collapse. The mechanism of the collapse was studied carefully for lipids,
fatty acids, alcohols and esters.''>*® For detailed description on this phenomenon see

Chapter 1.3.3.1.

The n(A) isotherms obtained for the polyester H3200 (Figure 61) did not show any plateau
region. Beyond the bend the isotherms showed a steady increase in the surface pressure upon
compression. The shape of the isotherms indicated the change of the structure of the
monolayer during the collapse. Although the hyperbranched polyester molecules resembled in

some respect lipid molecules the collapse mechanism was probably different. The tendency of



152 Hyperbranched polyester Boltorn H3200

the polyester molecules to aggregation and their comparatively weak affinity to the water
surface, as was discussed in the previous chapter, probably gave rise to a unique mechanism
of the 2D to 3D transition. The fact that polymer was multicomponent systems might also

influence the mechanism of the collapse.
6.1.4. Brewster angle microscopy and surface potential

Figure 62 shows the Langmuir isotherm obtained in the dynamic mode at 296 K together
with BAM images and surface potential measurements. The BAM images obtained below the
bend and above the bend at the onset of collapse are shown in Figure 62b. The numbers in
Figure 62a indicate the points at the isotherm at which the BAM images were taken. The
BAM image taken at a surface pressure around 0 mN m™ (image 1) revealed that the polymer
formed pieces of the condensed phase floating at the water surface. The condensed phase
formed sharp-edged panes resembling ice-floe. The islands of the condensed phase were
randomly distributed in size. The panes of the condensed phase were in equilibrium with the
surface gas phase at this temperature. The direct phase transition from the gas phase to the

condensed phase was also observed in monolayers of fatty acids.”**!

From the BAM images
in Figure 62b it was concluded that the floes of the condensed phase had a uniform texture
and thickness. This observation justified the conclusion that in the condensed phases the
aliphatic tails were perpendicular to the surface of the water. The islands of the condensed
phase merged upon compression. BAM image 2 in Figure 62b obtained at about 2 mN m’'
illustrates these processes. The increase of the surface pressure to about 3 mN m™ resulted in
the formation of a uniform monolayer (image 3). On further pressure increase no visible
changes in the structure of the monolayer was observed. Close to the bend the process of
collapse started (image 4 in Figure 62b). The rigid monolayer fractured along straight strips.
This proved the formation of multilayered aggregates at the air side of the interface. The
BAM images obtained in the static mode experiments at surface concentrations close to these

marked in Figure 62a showed the same overall picture of the processes occurring at the

interface (not shown).
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Figure 62 Surface pressure — area isotherm for polyester H3200 at 296 K, a) compression
pressure — area isotherm and related surface potential: solid line — Langmuir isotherm, solid
points — surface potential, b) BAM images of H3200 monolayers at the air/water interface for

pressures indicated in picture a. Scale bars 500 pm.

The formation of panes of the condensed phase at the air/water interface is unusual for

monolayers of polymers. The formation of structures of this type has been reported for long

d*? and

292,293
L=

chain carboxylic acids. BAM images of monolayers of stearic aci
7-(2-antryl) heptanoic acid®”’ at the air/water interface presented by Angelova et a
showed similar floe-like structures as those observed in this study. In contrast to results

presented here, their BAM images revealed different tilt directions of the aliphatic chains in
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different panes. Comparison of obtained results with the results of Angelova et al.****%
justified two important conclusions: (1) the terminal aliphatic chains of the polymer H3200
dominated the process of the formation of the condensed phases; (2) in the monolayer, the
terminal aliphatic tails were perpendicular to the surface of water. These conclusions are in

line with the literature reports.**>*%*

Simultaneously with the surface pressure the surface potential was measured using the
Kelvin-electrode method. Figure 62a shows the course of the surface potential as a function
of surface area per molecule on compression of the H3200 monolayer at 296 K. At larger
areas per molecule up to 8.5 nm® molecule™” the surface potential was small. This indicated
that the panes of the condensed phase were sparsely distributed at the surface of the water. On
compression the area available for the panes diminished and finally some of them enter the
focal area of the electrode. At this moment a jump in surface potential was observed. On
further compression the surface potential rose slowly indicating merging of the panes. The
process was completed at the area per molecule corresponding to the bend on the m(A4)
isotherm. Compression beyond the bend did not influence the surface potential. This behavior
was consistent with the overall picture of monolayer formation by the polyester molecules
described above. At higher temperatures there was no jump on the surface potential curves
(not shown). Nevertheless a fast and steep continuous increase of the surface potential was
observed during compression at temperatures higher than 303 K. The surface potential
reached a plateau just before the bend on the m(4) curve similar to the behavior observed at

lower temperatures.

The BAM images of polyester H3200 monolayers at 279.65 K and 323.15 K together with
corresponding 7(A4) isotherms are presented in Figure 63. At low temperatures multilayered
aggregates of the polymer molecules were also present at the interface, as shown in images 1
and 2 in Figure 63b. The BAM images of the surface phases at 323.15 K clearly showed that
at very low surface pressure (image 3 in Figure 63b) liquid phase was in equilibrium with the
gas phase at the interface. As m increased, the amount of the gas phase decreased (image 4 of
Figure 63b). At 7 = 3 mN m" uniform monolayer was formed (image 5 in Figure 5b).
Further surface pressure increase caused collapse of the monolayer (image 6 in Figures 5b).
Since the monolayer was fluid at temperature 323.15 K, the mechanism of the collapse was
apparently different than that at temperature 296 K. The BAM image 6 (Figure 5b) suggested

that at the collapse aggregates in the form of vesicles were formed.
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Figure 63 a) Surface pressure — surface area isotherms of polyester H3200 measured on
compression at two temperatures 279.15 K and 313.15 K, b) BAM images of H3200

monolayers at the air/water interface recorded at the points indicated in a. Scale bars 500 pm.
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6.1.5. Phase transitions

Phase transitions in Langmuir monolayers have been extensively investigated. In particular
structures and phase transitions of the monolayers of fatty acids, fatty acids esters and long
chain aliphatic alcohols at the air/water interface are well established.”* For these systems
gaseous, liquid expanded, liquid condensed and solid phases are observed. In the liquid
condensed and solid phases molecules are aligned parallel to each other. The difference
between the phases is in the orientation of the chains. They are either tilted or perpendicular
with respect to the water surface. The phase transitions in monolayers of long chain
amphiphilic compounds are usually of the first order. Temperatures and pressures of the phase

transitions depend on the length of the alkyl tail.

Structure of molecular films formed by linear polymers at the air/water interface differs from
the structure of monolayers of fatty acids. In these systems macromolecules lie flat at the
surface of water and typically gel, glass, layering or liquid — solid transitions are observed. As
can be expected behavior of dendritic polymers (dendrimers and hyperbranched polymers)
with the terminal groups modified with alkyl tails at the air/water interface differs from the
behavior of linear polymers. It has been proven that dendritic polymers form stable
monolayers. However, Up to now no general view on the structure and phase transitions in

molecular films formed by these molecules has been presented.

As discussed in the presiding chapter, our study of the morphology of polyester H3200
monolayers performed by means of BAM imagining showed that the morphology was similar
to those observed for fatty acids. These results indicated that functionality of the terminal
groups controlled the formation of the hyperbranched polyester monolayer. It was expected
that the end groups functionality influenced also the surface phase transitions in the
monolayers. However, the types and schemes of the phase transitions in the polyester

monolayers were not necessarily the same as in the fatty acid monolayers.

The changes of the structure of the polyester monolayer with temperature at low surface
pressure (7 ~ 0 mN m™) were observed by means of BAM. The results are shown in Figure
64. The experiment was started at about 323 K. The monolayer was liquid. Then the
temperature was decreased and the changes in the structure of the monolayer were detected.
With temperature decreases the oval drops of the liquid phase disappeared. Figure 64 shows

an emerging condensed phase with sharp edges upon temperature decrease. There were also
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voids of irregular shape seen at the interface. When the temperature reached 289.15 K panes
of the condensed phase were formed. This experiment clearly showed that the phase transition
in the monolayer of the polyester H3200 at the air/water interface occurred between the liquid

and the condensed phases.

(a) 289 K (b) 313K (c) 323K

A

Temperature

Figure 64 BAM images of surface phase transition occurring with temperature decrease.

In Figure 65 the change of surface area with temperature at constant surface pressure of about
4 mN m is presented. A surface area per molecule step increase between 293 K and 303 K is
clearly visible. This fact indicates that the phase transition in the monolayer observed on the

BAM images in Figure 64 is of the first order.
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Figure 65 Surface area per molecule versus temperature at constant surface pressure of

7=4mNm".

Figure 66 shows the static elasticity (Equation 6) as a function of surface area per molecule
calculated along the 7(A4) isotherms presented in Figure 61. In all temperatures one maximum
at the elasticity curve was observed. The curves started with a relatively low value at a higher
surface area and in the high temperature range reached maxima at the surface area equal about

4.5 nm* molecule”. The maximum corresponded to the point of inflection on the 7(4)
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isotherm. At this point the molecules were in the most compact arrangement possible for the
monolayer. It was also the point where collapse started giving rise to the band at the n(A4)
curve. The surface area at the maximum was practically independent of temperature in the
range 283 K — 323 K. Compression of the monolayer beyond the inflection point resulted in
a steep decrease of the elasticity modulus as a result of the collapse. Then the elasticity

modulus stabilized at low level.

The elastic modulus at the onset of the collapse was constant at temperatures in the range
323.15 K —303.15 K. It decreased with decreasing temperature from 293.15 K to 283.15 K,
then again increased with further temperature decrease below 283.15 K. The changes in the
elastic properties of the monolayer corresponded to the changes of the surface area per
molecule at the phase transition presented in Figure 65. The behavior of the elastic modulus
as a function of temperature also suggested that between 293 K and 303 K the phase transition

occurred.

The changes in the elastic properties of the monolayer suggested that structure of the
monolayer changed and what follow the mechanisms of the collapse in the three temperature
ranges were different. At the highest temperatures (323 K — 303 K) the monolayer was fluid.
The surface areas corresponding to onset of the collapse in the high temperature region were
about 4.5 nm® molecule”. This value indicated the compact arrangement of the polymer
molecules in the monolayer at the onset of the collapse. Since the polyester molecules were
not soluble in water and the interface was for them a poor solvent (as shown in the previous
chapters), it was plausible that over this temperature range the collapse occurred via buckling.

This was consistent with the BAM observations presented in the preceding chapter.

----280.35K
80+ =0 - - 283.15K

N e 303,15 K
% ——313.15K

surface area / nm”molecule’

Figure 66 The static elasticity (&) calculated along the 7(A4) curves at different temperatures.
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During the experiments over the temperature range 293 K — 283 K the monolayer was below
the temperature of the phase transition (see Figure 65). In this temperature regime the
polymer molecules present at the interface self-assembled into monolayer without excess of
the surface pressure. Hence the surface pressure needed for the formation of the monolayer
was lower and the apparent compressibility modulus was lower (higher compressibility) than
for the films at higher temperatures. At temperature of about 280 K aggregation of the high
molecular mass fractions of the polyester started just after deposition of the polymer solution
at the interface and even before evaporation of the solvent. These aggregates built into the
monolayer. In this situation the molecular film formed at the interface contained multilayer
structures just from the beginning. As a result the apparent surface area per molecule was
smaller than for the closed packed arrangements of the molecules in the monomolecular layer

observed at higher temperatures.

Observations made on the influence of temperature on the process of spreading of the
polymer solution at the air/water interface supported the presented supposition. The solution
used in the experiments was stored at room temperature and not in a refrigerator, as it is
usually done in case of chloroform solutions. When cooled down to about 4°C during
overnight refrigeration, the solution became turbid. When used for the m(4) measurements
performed at room temperature gave isotherms strongly shifted towards smaller values of
surface area per molecule. The solution removed from the refrigerator and kept at room
temperature finally homogenizes. Ten minutes after clarification, the solution was deposited
onto the surface of water. The isotherm recorded at 296 K (the temperature of the water
subphase) resembled those recorded at 278 K. Isotherms recorded after 2, 6 and 12 hours
were still shifted toward lower surface areas per molecule. Not until 24 hours after low
temperature incubation were the isotherms repeatable and not shifted. Similar behavior was
observed for freshly prepared solutions, for which the dissolution of the polymer through
sonication of the sample was not good enough. After 10 minutes of sonication the shift of the
isotherms was still observed. The experiments showed that apart from sonication it was
necessary to keep the samples at room temperature at least for twelve hours to obtain
repeatable isotherms. The explanation for this behavior is in line with the observations
presented above. At low temperatures the aggregation of the polyester molecules occurred in
the solution that is spread over the surface of the subphase. In fact it did not matter how the
aggregates appear at the interface: from the spread solution; or formed due to low temperature

of the subphase. The final results in both cases were the same: the three dimensional
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aggregates occupied on average smaller area per molecule in comparison to molecules

arranged into monolayer.
6.1.6. Reversibility of Langmuir isotherms

Figure 67 shows the compression and decompression isotherms and related BAM images at
296 K. The compression — decompression experiments clearly showed that the compression

process was not reversible at this temperature.
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Figure 67 a) Compression and decompression n(A4) isotherms at 296 K: black solid squares
and solid black line — decompression, grey open squares and a solid grey line — compression,
b) BAM images of H3200 monolayers at the air/water interface taken at 8 mN m" during

compression (1) and decompression (2). Scale bars 500 um.

Figure 67a shows the 7(A4) curve recorded on expansion at 296 K. Expansion began at about
12 mN m™, just before the bend on the isotherm - after formation of the uniform monolayer.
Expansion of the surface area from about 4.7 nm® molecule™ to 7.5 nm” molecule™ almost did
not change the surface pressure. The BAM image taken during expansion did not show any

detectable changes in the structure of the monolayer (image 1in Figure 67b). As can be seen
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in Figure 67a the monolayer expanded beyond 7.5 nm” molecule™ cracked. At the same time
a sudden drop of the surface pressure was observed. The crack of the monolayer may be
clearly seen in image 2 in Figure 67b. The mechanism of the fracture of the monolayer
during expansion could be explained as follows. During compression, just before the bend on
the 7(A4) isotherm, where the formation of the monolayer is completed, the polymer molecules
were organized into the most compact arrangement. However, the air/water interface was not
a perfectly flat plane. It fluctuated and as a result surface waves were created. The large plane
of the polyester monolayer was not perfectly stiff and fluctuated along with the surface of the
water. Close to the bend the monolayer was bounded by the barriers and this prevented it
from breaking. When the barriers started to move back the large plane of the monolayer, still
intact, but detached from the barriers, floated freely on the water surface. The surface area and
the structure of the floe did not change; as a result the measured surface pressure did not
change too. The movement of the barriers induced larger surface fluctuations. Now the
monolayer was not supported by the barriers and the freely floating large plane of the
monolayer, being fragile, finally broke into pieces. The size of the pieces depended on the
size of the surface fluctuations. This reasoning was additionally supported by the fact that the
breaking of the monolayer occurred at a random surface area per molecule in repeated

experiments.

An experiment of expansion of the monolayer started beyond the bend was also performed.
The result is presented in Figure 68. Expansion was started at about 15 mN m™ just after the
bend of the 7#(4) curve. The increase of the surface area per molecule resulted in a smooth
pressure decrease down to 7 mN m™. During this process, strips of the monolayer unfolded
and again formed a uniform molecular film. Then the film cracked. A sudden pressure drop
on the 7(A4) curve was observed, similar as in the decompression experiments started before
the bend. Repeated expansion experiments were qualitatively identical although the particular

values of the surface area and surface pressure at the crack were different.

During the expansion experiments the surface potential remained constant at the level reached
at the end of the process of monolayer formation. An example of the results is presented in
Figure 68. The constant value of the surface potential during decompression till to a very
large area per molecule indicated that the monolayer broke into floe-like pieces. At the same

time the panes of the condensed phase remained in the focal area of the electrode. In each



162 Hyperbranched polyester Boltorn H3200

pane the polyester molecules were tightly bounded through terminal groups and the tails
remained straighten with the position perpendicular to the surface of the water.
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Figure 68 Surface pressure — area isotherm and related surface potential for polyester H3200
at 296 K. Grey curves and open points — compression (grey curve and open circles — 7(A)
isotherm, open squares — surface potential). Black curves and solid points — decompression

(black curve and solid circles — 7(A4) 1sotherm, solid squares — surface potential).

The influence of temperature on the shape of the expansion isotherms was also investigated.
The results are presented in Figure 69. The difference in the course of the isotherms below
and above the phase transition temperature was evident especially in the decompression run.
At 296 K (Figure 67a) a sudden jump in the surface pressure due to fracture of the monolayer
was observed. At 323.15 K (Figure 69c¢) the surface pressure decreased monotonically during
expansion as it was expected for liquid monolayer. At 303.15 K and 313.15 K (Figure 69 a
and b), when more time was needed for the panes to “melt” and spread over the water surface,
the isotherms gradually decreased to zero surface pressure. The decompression isotherm at
303.15 K decreased very slowly since this temperature was close to the transition temperature
and melting of the monolayer and spreading of the polymer molecules at the interface were

very slow.

At lower temperatures the decompression curves run always above the compression isotherm.
In view of the information presented in the literature the course of the decompression
isotherms for the polyester monolayer is very unusual. In the ideal case, when isotherms are
completely reversible the decompression isotherms follow exactly the compression 7(A4)
curves. It is a consequence of a perfect spread out of the molecules forming the monolayer

with decreasing surface pressure. If during the decompression monolayer does not split into
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separate molecules and aggregates are present at the interface, the surface pressure is lower
than during the compression process at the same surface area per molecule. The effect is

a result of a smaller amount of species present at the interface.
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Figure 69 Compression and decompression surface pressure — surface area isotherms at three
temperatures. Grey curves and open points — compression. Black curves and solid points —

decompression.

The monolayer of the polymer H3200 formed at lower temperature did not spread during
decompression. It detached from the barriers and remained intact. The surface pressure
remained at a high level and it was almost constant because the freely floating monolayer had
the same structure as at the end of the compression process. The sudden drop of the surface
pressure corresponded to the break of the monolayer into a number of small panes as was
revealed by BAM observations. Such floe — like panes spread over the whole available area of
the water surface. The fact that the surface pressure did not always drop to 0 mN m™ might be
caused by the attachment of some of smaller panes to the surface pressure sensor (Figure 68).
The increase of the temperature resulted in improved spreading of the molecules forming the
monolayer upon decompression. At 303 K the process of the spreading of the monolayer

occurred. However, it was slow because the film was closed to the phase transition and just
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started to “melt”. As a result the decompression curve was still above the compression curve.
At temperatures much higher than the phase transition temperature, e.g. 323 K, with
decreasing surface pressure the fluid monolayer spread out at the interface like the liquid film.

As a result decompression curve lied below the compression 7z(4) curves (Figure 69c¢).
6.1.7. Langmuir-Blodgett molecular films

Within this study, LB-transfer of a monolayer of H3200 from the air/water interface onto
silicon and mica substrates were performed. The silicon wafers and freshly cleaved mica were
used. The measurements of the contact angle of a water drop placed on the surfaces indicated
that surfaces of both silicon and mica substrates were really hydrophilic. The monolayers
were transferred at a temperature of about 296 K during the upstroke of vertically placed
substrates. The transfer of the monolayer was conducted before the onset of the collapse at
7=10 mN m"'. An AFM image of the surface of the silicon substrate after the transfer of the
monolayer is presented in Figure 70. AFM observation revealed that the prevailing part of the

surface of the substrate was covered with the monolayer.
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Figure 70 a, b) AFM images of the Langmuir-Blodgett monolayer for polymer H3200
deposited at the silicon substrate at a surface pressure 10 mN m™ and a temperature of 296 K,

¢) cross sections of the monolayer along the lines indicated in picture a.
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As it is shown in Figure 70a the structure of the monolayer transferred onto the silicon
substrate was not uniform. Upon compression the pieces of the phase formed at the interface
started to interact. However, they did not merge perfectly leaving voids in the monolayer
clearly visible in the AFM images. Figure 70c shows the height profiles along the lines
indicated in Figure 70a. The height of the monolayer obtained from AFM measurement was
about 2 nm. From the geometry of the chemical bonds in aliphatic hydrocarbons it was
estimated that the length of the fully extended terminal tails in polymer H3200 was in the
range of from 2.6 to 2.8 nm. It was reasonable to assume that the hydrophilic interior of the
polymer lied flat on the silicon surface. Thus the thickness of the LB film of the polyester
should be greater than 3 nm. In this case agreement between the experimental and the

calculated height of the aggregates was poor and further investigations were needed.
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Figure 71 X-ray reflectivity data for the Langmuir-Blodgett monolayer of polymer H3200
deposited at the silicon substrate at a surface pressure 10 mN m™ and at temperature of 296 K.
Grey crosses — experimental points, black curve — fit, inset shows the electron density profile

used for fitting procedure.

In the next step X-ray reflectivity (XRR) studies of the sample were performed. The
experimental and simulated XRR profiles are presented in Figure 71. Well-developed
intensity curves with well-defined minima were obtained. The CPK model was used for
modeling of molecular structures and estimation of molecular dimensions. The reflectivity
data was analyzed using the box model of the electron density profile.'” For the simulation
purposes the polymer film was divided into three sublayers of different electron densities. The
thickness of each sublayer was estimated from the geometry of the molecule. Final result of
the fits gave the average total thickness of the polymer layer equal 3.3 nm. The thickness of
the waterlogged part of the polyester interior was about 0.3 nm. The intermediate part of the
polyester interior had a thickness of about 1 nm. The external part of the monolayer composed

of the aliphatic tails had a thickness of about 2 nm. It was difficult to determine precisely the
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position of the connection between the tail and the interior of the polymer. The thickness of
the aliphatic sublayer was in good agreement with the length of the aliphatic tail estimated

from the geometry of the hydrocarbon chain.

The transfer of H3200 monolayer onto the mica substrate was performed at the same
conditions as for the deposition of the polymer onto the silicon substrate, i.e. upstroke at
7=10 mN m" and at a temperature of 296 K. The AFM images of the surface of mica after
the transfer showed similar morphology as in case of films transferred onto silicon. The
surface was almost completely covered with the polymer monolayer of uniform thickness

with some voids remaining after merging of the panes.

The monolayer was also transferred onto the silica substrate at temperature of 323 K. The
transfer was conducted during the upstroke of vertically placed substrate. In the first
experiment the monolayer was transferred before the collapse, at 7 = 27 mN m™.
A noncontact AFM image of the surface of the silicon substrate after the transfer of the
monolayer is presented in Figure 72. At this temperature the voids were also visible in the
transferred monolayer. Although they were significantly smaller than those observed at lower

temperature.

Figure 72 AFM image of the Langmuir-Blodgett monolayer of polymer H3200 deposited at
the silicon substrate at a surface pressure 27 mN m™ below the onset of the collapse and

a temperature of 323 K.

In the second experiment performed at temperature 323 K the monolayer was transferred after
the collapse, at 7 = 37 mN m". A non-contact AFM image of the surface of the silicon

substrate after the transfer of the monolayer is presented in Figure 73. The folds (buckles)
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and structures resembling vesicles are clearly seen. This observation supports the supposition

that at higher temperatures folding was the mechanism of the collapse.

10.0 nm

-0.0 nm

Figure 73 AFM image of the Langmuir-Blodgett monolayer of polymer H3200 deposited at

the silicon substrate at a surface pressure 37 mN m™ after the collapse; temperature 323 K.
6.2. Conclusions

Langmuir film experiments at the air/water interface demonstrate that the polymer H3200
molecules are able to arrange themselves into monolayers. The hydrophilic interior of the
macromolecules is in contact with the water subphase and the alkyl chains are arranged
perpendicular to the interface forming a hydrophobic layer. The self-aggregation of the
polymer H3200 molecules at the air/water interface stem from the properties of the terminal
alkyl terminal groups. The structure of the monolayer depends also on temperature. At higher
temperatures (> 303 K) the monolayer forms a liquid surface phase. In the temperature range
293 K — 303 K a phase transition in the monolayer occurs. The transition from a condensed
surface phase to the liquid phase occurs with a step change of the surface area per molecule.
This effect indicates that the phase transition is of the first order. The transition is clearly seen
in BAM images and exerts influence on m(4) isotherms, elastic modulus and course of the
decompression isotherms. This type of the phase transition is for the first time found in

monolayers formed by polymers.

At lower temperatures below 293 K the collapse occurs via fracturing and formation of the
3D structures at the air side of the interface. This collapse is irreversible, and the collapsed

materials do not incorporate into the monolayer as the surface pressure is decreased. At higher
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temperature (e.g. 323 K) the collapse of the monolayer occurs through the buckling
mechanism. The BAM images taken at the interface and the AFM images of the collapsed

monolayer transferred onto the solid substrate support this conclusion.

The polymer H3200 monolayers were transferred onto solid substrates. The AFM images of
the molecular films transferred onto the solid substrates show that the structure of the
monolayer is not uniform. There are places at the surface densely covered by the polymer
molecules, but also there are voids in the monolayer. The thickness of the monolayer obtained
from the XRR measurements confirms that the terminal aliphatic chains of the polymers

H3200 molecules are arranged perpendicular to the surface of the substrate.
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7. Summary and conclusions of the thesis

Thin films became the hot topic in 1920s and 1930s. Langmuir and Blodgett work in General
Electric’s laboratories resulted in creation of multilayer antireflective coatings on glass. The
first great achievement of utilization of thin films in field of material chemistry was the
world's first 100% transparent, or truly "invisible," glass. Nonreflective glass eliminated
distortions from reflected light in a wide variety of optical equipment including eyeglasses,
telescopes, microscopes, cameras and projector lenses. After a first wave of great interest this
seemed to be the end of the development of the thin films. The Nobel Prize was awarded to
Langmuir and researchers believed that nothing more was left to explore. The comeback of
the surface chemistry to the mainstream of science occurred in the beginning of 1980s.
Development of the experimental techniques allowed the observations of the matter down to
one molecule or even atom. It became possible to study the alignment of the molecules and to
control the formation of nanostructures. Thin films appeared to be important part of newly

born nanotechnology.

Several research projects were described in presented thesis. Two main ideas of
Langmuir-Blodgett (LB) technique were explored. First the physicochemical properties of
novel classes of compounds (bolaamphiphiles and hyperbranched polymers) in 2D systems
were investigated. Secondly, utilization of LB for material preparation was presented,

i.e. fabrication of platform for surface enhanced Raman spectroscopy (SERS).

e Chapter 3 is devoted to thin films of partially fluorinated bolaamphiphiles of different
shapes. The compression/decompression cycles during Langmuir experiments were reversible
and reproducible. This was caused by the reversible layering transition and formation of
ordered multilayer stacks at air/water interface. In the following experiments it appeared that
compression is not necessary for partially fluorinated bolaamphiphiles to form ordered
trilayer films both on water and solid substrates. Such structures were prepared according to
simple drop casting, due to true self-assembly. The tendency of bolaamphiphiles for

self-assembly was used to prepare ordered films of gold nanoparticles.

o Chapter 3.2. Layering transitions from monolayer to multilayer films were described.
The monolayers did not collapse during compression. Ordered lamellar structures were
formed instead. The balance between rigidity and flexibility of the molecules was the key

factor opposing irreversible aggregation of the molecules. The properties of molecules
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were adjusted by partial fluorination and by changing the general geometry of the
molecules (X-, T- and anchor-shaped). Several peaks and plateaus were observed in the
Langmuir isotherms of the investigated compounds. The first plateau always
corresponded to the formation of a trilayer films. Further compression gave different
results depending on the shape and degree of fluorination of the molecules. Only partially
fluorinated compounds formed well defined multilayers created in reversible process.
Anchor-shaped bolaamphiphiles formed a trilayer and, subsequently, a 9-layer film due to
a double roll over mechanism. This was the first experimental proof of such subsequent
process of 9-layer film formation. In contrast, when the trilayer films of X-shaped
bolaamphiphiles were compressed, S-layer and 7-layer films were created. For this
process new mechanism of multilayers formation was proposed. X-ray photoelectron
spectroscopy (XPS) and X-ray reflectometry (XRR) was used to evaluate the thickness
and molecular alignment of the layers. Perfect fits of the XRR data to theoretical
equations supported the conclusion that the multilayers were well-ordered lamellar
structures. The multilayer films with a thickness of up to nine layers were transferred
onto solid substrates in a single step procedure. The ordering of the films was not
disturbed during the transfer. These investigations led to general understanding of
multilayer formation in Langmuir-Blodgett systems. The main part of the results
presented in Chapter 3.1 was published in Soft Matter (2012). The XRR analyses
constituted significant part of the publications in Chemical Communications (2010) and

Chemistry — A European Journal (2011).

Chapter 3.3. In the next step of studies it was found that the compression was not needed
to form ordered trilayer stacks of bolaamphiphiles. Partially fluorinated bolaamphiphiles
of different shapes showed a tendency for spontaneous self-assembly into well-defined
layered films at the air/water interface and on solid substrates. The developed method of
preparation of such films was very simple and effective. Precisely calculated volume of
solution of known concentrations was spread (drop casted) directly onto the surface of
water or silicon wafer. Analysis of XRR patterns revealed no differences between films
prepared with use of drop casting (DC) and via typical Langmuir-Blodgett technique.
However only in case of trilayer films. Irrespective of expected thickness of drop casted
films only a trilayer was detected by XRR as an ordered part of the film. The excessive
molecules formed random aggregates, which were located on top of lamellar trilayers. In

LB experiments stacks of thickness up to nine molecular layers were found. The ordering
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of the trilayer was induced by the hydrophilic surface. This influence was effective only
in relatively short range. Therefore no thicker films were formed as a result of DC
process. Nevertheless, such simple procedure of preparation of well-ordered thin films
may significantly facilitate and improve the preparation processes of organic electronic

materials. Results of this project are currently in preparation for publication.

o Chapter 3.4. The exceptional tendency of bolaamphiphiles for self-assembly was
utilized. Drop casted films composed of mixtures of bolaamphiphiles and Au NPs
exhibited enhanced ordering when compared to films of pure Au NPs. The patent
application submitted to Polish Patent Office in 2011 was based on this phenomenon

(P-395009).

o Chapter 3.5. The self-assembly properties of gold nanoparticles with covalently attached
bolaamphiphilic ligands (B-Au NPs) were described. Uniform films were formed over
large areas upon simple drop casting. The films consisted of densely packed nanorings of
diameter of around 30 nm, with the B-Au NPs at the rim and an empty interior. The
manuscript presenting this part of the thesis is currently in preparation for publication in

Chemical Communications.

¢ In Chapter 4 formation of net-like structures of gold nanoparticles (Au NPs) in a matrix of
liquid crystalline amphiphile4'-n-octyl-4-cyanobiphenyl (8CB) at the air/water interface was
described. After initial compression to at least 18 mN m™', decompression of the Langmuir
film of a mixture containing both components (8CB and Au NPs) resulted in development of
net-like structures. The average size of a unit cell of the net was easily adjustable by changing
the surface pressure during the decompression of the film. The net-like patterns of different,
adjusted average unit cell areas were transferred onto solid substrates (Langmuir-Blodgett
method). SEM and XRR proved that the patterns were not disturbed over large areas of the
solid substrates. XRR data revealed lifting of the Au NPs from the surface during the
formation of the film. A molecular mechanism of formation of the net-like structures was
proposed and discussed. The manuscript describing formation of net-like patterns in 8CB
matrix was recently accepted for publication in Journal of Nanoparticle Research (2012). Also
the described method of surface coverage was submitted as patent application to Polish Patent

Office in 2011 (P-397169).

e Chapter 5. Innovative application of a true “bottom-up” approach was reported. In this thesis,

three consecutive self-assembly steps were utilized for the formation of complex SERS
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platform. First the Langmuir-Blodgett technique was used to deposit gold nanoparticles on the
solid substrate. Thus prepared surfaces were afterwards used as substrates in the chemical
vapor deposition process of GaN nanowires growth. On such scaffolding, a third step of
material fabrication was performed. Au MFs deposited from solution preferably appeared at
the top of the GaN nanowires and not in the cavities in between. The obtained morphology of
the final material was controlled at each step of the preparation process to tailor its properties
for desired purposes. Prepared surfaces were tested as SERS platforms. The enhancement
factor was around 107 in case of p-mercaptobenzoic acid (p-MBA). Presented platforms were
also suitable for biological and biomedical applications. The label-free detection of DNA was
demonstrated. Obtained substrates gave the reproducible SERS spectra both across a single
platform and between different platforms. The average spectral correlation coefficients (I')
was 0.87. Moreover, the obtained material proved to be very stable. The presented complex
structure demonstrated therefore advantages of the two surface functionalization concepts it
comprised: 1) GaN scaffold and 2) Au MFs coverage. Proposed approach eliminated their
major drawbacks. It combined high SERS enhancement factor of Au MFs deposited on flat
surface and good durability of microflowers deposited on a surface completely covered with
nanowires, which were almost not SERS active. First the patent application was submitted
(P-397249) in 2011. Very recently the results presented in Chapter 5 were also submitted as
scientific paper to Chemistry of Materials.

Chapter 6. Langmuir and Langmuir-Blodgett molecular films of hyperbranched polyester
with alkyl-terminated branches (H3200) were studied using surface pressure and Kelvin
potential measurements, Brewster Angle Microscopy (BAM), X-Ray Reflectivity (XRR), and
Atomic Force Microscopy (AFM) over a temperature range of 278 — 323 K. At the air/water
interface experiments were performed using two different strategies (modes), i.e. static and
dynamic modes. Amphiphilic hyperbranched polyesters formed stable and well defined
monolayers at the air/water interface. Experiments performed at small surface concentrations
(large surface area per molecule) in the static mode showed that the air/water interface was a
poor or ® solvent for polyester H3200. In the temperature range of 283 — 313 K already from
very low surface pressures ice floe — like structures of a condensed phase were formed as
revealed by BAM. The floes of the condensed phase merged at higher surface pressures and
the uniform monolayer was formed. Temperature dependence of the area per molecule at
constant surface pressure of 4 mN m” indicated that a phase transition occurred in the

monolayer. The results of the surface pressure (7) — surface area per molecule (A)
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measurements, supported by the BAM images, performed at different temperatures justified a
conclusion that the phase transition from the condensed phase to a surface liquid phase
occurred between 293 K and 303 K. Compression — decompression m(4) experiments
performed at lower temperatures showed that the compression process was not reversible. The
m(A) experiments performed at higher temperatures clearly showed that the compression
process became reversible at 323 K. The monolayers were transferred onto silicon and mica
substrates using the Langmuir-Blodgett procedure. The transferred molecular films were
characterized with use of the AFM and XRR. The results obtained indicated that alkyl
terminal tails of the polyester were arranged perpendicularly to surface of the substrate and
the hydrophilic core of the polymer was in contact with the substrate. Results presented in this

chapter were recently submitted for publication in Langmuir.
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