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Abstract

As technology advances, surface coatings become more and more important to assure
materials performances. In recent years, molecular coatings have found larger
acceptance and uses. Among them, self-assembled monolayers (SAMs) are attractive
because they are versatile and their manufacturing approach is easy to scale up. Their
mechanical properties, such as elasticity, are generally considered an important quality
indicator. The molecular structure and ordering of SAMs is believed to be one of the key
causes for their mechanical properties. A direct set of structure-property relationships
has not been obtained yet. This is mainly due to the difficulty in achieving mechanical
and structural information about SAMs at the same time. Most information currently
available on intermolecular interactions in SAMs pertains to highly ordered systems on
ideal flat surfaces, i.e. the easiest systems to study.

This thesis presents a novel approach to address the question of determining structure
and mechanical properties of self-assembled monolayers at the same time. The effective
Young’s modulus, E¥, of SAMs was measured using the Atomic Force Microscope
operated in the bimodal excitation and detection mode (bimodal AFM) while at the same
time imaging at high resolution.

Bimodal AFM was first used on alkanethiol molecules self-assembled on Au (111), a
model system for SAMs. Surface elasticity has been reliably determined and found to be
ligand-length dependent. An interpretation of this behavior is provided in the thesis.

A similar investigation has been extended to the characterization of
octadecylphosphonic acid SAMs on Al;03, an industrially relevant system. The
monolayer ordering as a function of monolayer formation time was explored, together
with the evolution of surface elasticity. The latter allows distinguishing between the
consecutive steps of ligand adsorption, monolayer ordering and multilayer formation.
The method developed, i.e. simultaneous imaging and mechanical property derivation,
was extended to provide localization of the chemical species present in thiolated binary
SAMs. Within the systems tested phase separation down to ~10 nm domains could be
observed both in the topography and in the elasticity channel.

In conclusion, the results shown in this thesis demonstrate that bimodal AFM allows for
accurate characterization of surface nanomechanical properties in organic self-

assembled systems, as well as the way those scale with varying molecular ordering.
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Résumé

Avec les récentes avancées technologiques, le choix du revétement de la surface d'un
matériau est devenu de plus en plus important en vue d’obtenir les performances
désirées. Ces dernieres années, les revétements moléculaires ont rencontré un grand
succes et de nombreuses applications importantes ont été développées. Parmi ces
revétements, les monocouches auto-assemblées (SAMs) sont particulierement
attrayantes du fait de leur polyvalence et de leur capacité a étre mises a I’échelle. Leurs
propriétés mécaniques, comme |’élasticité, sont généralement considérées comme un
important indicateur de qualité et sont probablement définies par la structure
moléculaire et 'organisation des SAMs, méme si aucune relation structure-propriétés
n'a encore été obtenue a ce jour. Ceci est principalement di a la difficulté d’obtenir
simultanément des informations d’ordre structural et mécanique. Actuellement, la
majorité des informations disponibles sur les intéractions intermoléculaires présentes
dans les SAMs ont été obtenues a l'aide de systémes hautement ordonnés sur des
surfaces planes idéales qui sont, a I'heure actuelle, les systémes les plus simples a
étudier.

Cette thése présente une nouvelle approche pour aborder la détermination simultanée
de la structure et des propriétés mécaniques de monocouches auto-assemblées. Le
module de Young (E*) des SAMs a été mesuré en enregistrant des images a haute
résolution a l'aide d’'un Microscope a Force Atomique opérant en mode bimodal de
détection et d’excitation (AFM bimodal).

L’AFM bimodal a été utilisé en premier lieu sur des molécules d’alcanethiols auto-
assemblées sur de I'or (Au (111)), un systéme modele pour les SAMs. L’élasticité de la
surface a ainsi pu été déterminée de maniere fiable et s'est avérée étre dépendante de la
longueur des ligands utilisés. Une interprétation de ce comportement est présentée dans
la these.

Une analyse similaire a été réalisée pour la caractérisation de SAMs d’acide
octadécylphosphonique sur de l'alumine, Al;03, un systeme pertinent pour l'industrie.
L’organisation de ces monocouches en fonction de leur temps de formation ainsi que
I’évolution de I'élasticité de la surface ont été étudiés, cette derniere permettant de
différencier les étapes successives de l'adsorption du ligand sur la surface, de

'organisation de la monocouche et, finalement, de la formation de multicouches.



La méthode développée ici, c’est-a-dire I'imagerie couplée a I'établissement simultané
des propriétés mécaniques, a également été utilisée afin de fournir la localisation des
especes chimiques présentes dans les SAMs binaires thiolées. Dans ces systemes, une
séparation de phase allant jusqu’a des domaines d’'une dizaine de nanomeétres a ainsi pu
étre observée a la fois sur les images topographiques et élastiques.

En conclusion, les résultats présentés dans cette thése démontrent que I'AFM bimodal
permet une caractérisation précise des propriétés nanomécaniques des surfaces dans
des systemes organiques auto-assemblés, mais aussi la fagon dont ces propriétés

évoluent avec I'arrangement moléculaire.

Mots-clés : monocouches auto-assemblées, thiols, acide octadécylphosphonique, AFM

bimodal, module de Young, ordre moléculaire.
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Chapter 1

Introduction and thesis structure

1.1. Introduction

Surfaces, the first few nanometers of a material, dominate the way we interact with our
surroundings. From the caution to not touch the hot oven door, to our decision to buy
the soft woolen sweater, every contact with a material, pleasant or not, is guided by our
perception of its surface. As the first line of interaction with the material, it then comes
as no surprise that historically the first aspect of a material to be modified is the surface.
The inventive prehistoric human, using animal fat and wax to stop water permeating his
or her clothes, and the rebellious 21st century teenager dying his or her hair in a vivid
shade of green share more than a common ancestor: they both modify the surface of a
material, altering its properties while leaving the bulk unaffected.

Surface modification is an extremely diverse scientific field, studying the ways with
which physical, chemical or biological features of a surface can be altered and tailored
according to specific needs. Anti-corrosion coatings, self-cleaning paints, antibacterial
and antiviral drugs; they all target the surface of a material aiming at its modification.
One of the most interesting methods of surface modification is the use of organic self-
assembled monolayers.

Organic self-assembled monolayers (SAMs) are highly organized molecularly thin
structures formed by the spontaneous adsorption of active compounds, or ligands, on
suitable surfaces, or substrates, and their subsequent ordering [1]. SAMs offer a unique
platform for basic science research, as well as real-life applications, as they provide an
easy synthetic route to inherently manufacturable and reproducible thin films, altering
the properties of surfaces while leaving the bulk of the substrate unaffected.

The interest in SAMs coincided with and was largely fuelled by the great advent of
nanotechnology, predicted by Feynman in 1959 [2]. Optimization of analytical
techniques such as X-ray Photoelectron Spectroscopy (XPS) allowed the chemical
analysis of the first few atomic layers (~5 nm) of a material. The construction of more
synchrotron light sources popularized their use as a method to characterize materials
with subnanometer resolution. The development of the Scanning Tunnelling Microscope

(STM) in 1981 by Binnig and Rohrer offered an invaluable tool for the visualization of

1



subnanometer size objects on conductive surfaces [3]. The development of the Atomic
Force Microscope (AFM) a few years later, by Binnig, Quate and Gerber, allowed
insulating objects to be imaged with subnanometer lateral resolution [4] and opened the
door to the characterization of intermolecular interactions in virtually any material.

The study of intermolecular interaction in SAMs has been the focal point of numerous
scientific studies since 1983, when the work of Nuzzo and Allara [5] drew attention to
the field.

The issue of molecular arrangement at the nanoscale has been addressed at length,
particularly in the case of SAMs of thiolated molecules on Au (111). A number of models
have been proposed regarding the mode of bond formation and discussing the effects of
this on the arrangement of the ligand molecules, the onset of orientation and ordering,
and formation of densely packed phases. Thiol SAMs have been observed to form a
number of crystalline structures, the appearance and lattice of which depends on a
number of parameters, such as the structure of the ligand and the time of the monolayer
formation.

Alkylphosphonic acid SAMs on metal oxides in general, and Al;03 in particular, are
another interesting and widely studied system. The unique mode of bond formation
between the -PO(OH): headgroup and the -OH rich surface of Al:0z has been
experimentally and theoretically addressed. However, many aspects of the structure of
phosphonic acid SAMs and how this affects their properties still remain unknown.

Even before the official “birth” of the scientific domain, SAMs had been patented
industrial modification processes for metal surfaces, starting as early as 1961 [6].
Application of the scientific knowledge obtained in academia to industrial processes
could set the basis for a more rational approach to the design of industrial practices,
leading to product and process optimization, minimizing material waste and
environmental impact, while favoring sustainable economic growth. However, in the
past fifty-six years during which SAMs have been deposited and studied, it seems that
the paths of academic and industrial research have been only parallel, and often with a
significant lag between them. Synchrotron radiation characterization and high
resolution techniques allowed scientist to gain unique insight on the chemical and
interatomic aspects of SAM formation and organization, focusing on ideal, crystalline
structures on atomically flat surfaces. On the other hand, industrial SAM deposition

favors the use of old, “tried and tested”, processes, which successfully provide the



desired macroscopic properties of the surface, without overtly concerning themselves
with interactions at the nanoscale.

One of the prerequisites for bridging the gap between academia and industry is a
detailed understanding of the exact synthesis-structure-properties relation of the SAMs,
and their quantification using a simple, commercially available, yet effective and highly
sensitive characterization technique.

In this thesis, I propose the use of nanomechanical characteristics as an indication of
molecular ordering in soft matter. To do that, the use of a characterization technique
combining high sensitivity, low loads, small indentation depth and high lateral
resolution is imperative. [ investigate the use of bimodal Atomic Force Microscopy for
the accurate and quantifiable determination of surface elasticity in SAMs, and the
correlation of the macroscopic elasticity of the material to the ordering of the
constituent components, the ligands, at the nanoscale.

The purpose of this study is to demonstrate that nanoscopic interactions, previously
accessible only in highly controlled environments and thus not readily applicable in
large-scale processes, can be probed and interpreted by measuring the macroscopic
elasticity of a soft thin film, using a sensitive, yet commercially accessible and robust

technique.

1.2. Structure of the thesis

An overview of the state of the art on thiol and alkylphosphonic acid SAM deposition,
structure and characterization is the subject of Chapter 2. The basic aspects of
monolayer formation and ordering are discussed, and the areas where further
improvement in the field is possible are highlighted. The hypothesis that forms the
backbone of this thesis is formulated: can we use a macroscopic property of the
materials as an indicator of ligand ordering? I propose the measurement of surface
elasticity, E, and its correlation to parameters proven to influence ligand ordering:
ligand length, ligand stereochemistry, and monolayer formation time. I suggest the use
of an Atomic Force Microscope (AFM) operated in a bimodal excitation scheme as the
main technique for the nanomechanical characterization of SAMs. The technique has
been successfully used on bulk and thin film polymers and polymer blends, as well as
biological structures, such as proteins. However, the use of bimodal AFM for the
accurate and quantitative nanomechanical characterization of SAMs has not been

demonstrated yet.



The basic principles of operation of an AFM in the dynamic, amplitude modulation (AM)
mode are introduced in Chapter 3. The way interatomic forces influence the movement
of an oscillating cantilever is discussed, as well as how these forces can be quantified
and used to extract information on particular material properties. The non-linear
movement of a cantilever under the influence of multiple forces in the same tip-sample
distance is introduced, and the way multifrequency AFM can utilize this non-linearity to
enhance imaging and material contrast is presented. Emphasis is given in the operation
of an AFM under bimodal excitation, and the way nanomechanical properties, such as

elasticity, can be probed and quantified.

In Chapter 4, experimental work on the characterization of thiol SAMs on Au (111) via
bimodal AFM is presented and discussed. A correlation between ligand length and E* is
found and it is demonstrated that a differentiation between SAMs of varying ligands
through surface elasticity is possible. By deconvoluting the effect of the substrate from
E”, the actual Young’s moduli of the tested alkanethiol SAMs are calculated. These values
provided the basis for a comparative evaluation of ligand ordering and how it scaled
with ligand length, for set monolayer deposition conditions. Moreover, they were in
good agreement with previous studies, underlying the robustness of the technique as a
quantitative characterization tool. These observations on the behavior of homoligand
SAMs were used for the characterization of phase separated binary SAMs. The high
lateral resolution of AFM and direct correlation between the topographic and Young’s
modulus channels allowed the identification of chemically different domains and the
localization on the surface of the two types of ligands used, addressing a long-standing
problem in the field of binary SAMs formation and characterization.

Additional AFM images of the samples discussed in Chapter 4 are presented in

Appendix A.

Bimodal AFM was further used for the characterization of octadecylphosphonic acid
SAMs, as discussed in Chapter 5. In this case all SAMs were formed from the same
ligand, while increasing monolayer formation time, tu. XPS and contact angle (C.A.)
characterization of the SAMs allows the formulation of a model describing the kinetic
process of octadecylphosphonic acid (ODPA) SAM formation as a three step process; the
three steps being initial rapid adsorption and formation of a physisorbed, sparse

submonolayer for ty < 1min, formation of a lying-down chemisorbed phase



accompanied by slower ligand uptake and significant increase in ordering leading to a
dense, well-ordered SAM for 2min < ty < 2h, followed by multilayer formation. The
structures corresponding to each step showed remarkably different elasticity and, in the
case of multilayer formation, stability. The rate of monolayer and multilayer formation
has been calculated, by fitting the experimental results to a suitable absorption model. In
addition to the characterization of ODPA SAMs on ideally flat surfaces, E* of
alkylphosphonic acid SAMs grown under industrially relevant conditions on rough
aluminium alloys surfaces was measured via bimodal AFM. The results illustrated the
applicability of bimodal AFM as a characterization technique and possibly quality
control method not only in the context of a laboratory, but also alongside an industrial
production line.

Additional AFM images, XPS data and the fitting details of the absorption models

discussed in Chapter 5 are presented in Appendix B.

Chapters 4 and 5 are written in the form of paper drafts, soon to be submitted.

In Chapter 6 a summary of all experimental results is given, along with some
suggestions on further uses of the technique. In the same way that bimodal AFM allowed
the chemical mapping of a phase separated binary SAM on a flat surface, it can be used
to characterize different steps of different ligand exchange reactions on the surface of Ag
nanocubes. Our preliminary results show that hydrophobic and hydrophilic ligands tend
to displace polyvinylpyrrolidone (PVP) in an entirely different way, the first forming
islands, the latter in a random process over the entire surface. Moreover, it can be used
to rapidly map in situ the evolution of elasticity along the newly formed walls of dividing
bacteria cells. Our preliminary results show that the process is fast and completed in
approximately 20 min, a time frame that makes it very difficult for traditional Atomic

Force Spectroscopy to characterize the entire interface in any level of detail.
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Chapter 2

Organic self-assembled monolayers

Organic SAMs are at the forefront of surface modification methods, due to their inherent
manufacturability and reproducibility. Offering both a platform for basic science
research and multiple applications, certain aspects of their formation have been
extensively characterized; others still remain elusive. An accurate and thorough
correlation between the synthetic procedure followed, the structure, and the properties
of SAMs can provide a valuable tool for the conscious design of experiments addressing
fundamental science questions, and large-scale processes aiming at surface modification
at an industrial level. In this thesis the relationship between the deposition, structure
and nanomechanical properties of SAMs of thiolated molecules on Au (111) and of
alkylphosphonic acids on Al;03 is being studied. My hypothesis is that nanomechanical
characteristics of the SAMs can be correlated to the ordering of the ligands and that a
commercially available bimodal AFM excitation scheme can be used as the means to
accurately, reproducibly and rapidly measure the elasticity of SAM covered surfaces, E".
This chapter is introduced by a general overview of the state of the art of SAM formation
and characterization, in paragraph 2.1, simultaneously highlighting the areas where
further development of the field is possible. The general scheme of SAM deposition is
discussed in paragraph 2.2. The unique mode of bond formation between thiols and Au
and phosphonic acids and Al;03 is described in paragraphs 2.3 and 2.4, respectively.
Aspects pertaining to the ordering of the monolayers are discussed in paragraph 2.5.
The formation of binary SAMs, offering the possibility to further tailor surface
properties, is discussed in paragraph 2.6. Lastly, the kinetic aspects of SAM formation

and ordering are discussed in paragraph 2.7.



2.1. Introduction to organic self-assembled monolayers (SAMs)

Organic self-assembled monolayers (SAMs) are ordered molecular assemblies of active
compounds, called ligands, spontaneously adsorbed on suitable surfaces, or substrates
[1]. This simple synthetic process makes them inherently manufacturable and
reproducible, altering the properties of surfaces while leaving the bulk of the substrate
unaffected. They offer a unique platform for surface engineering, aiming at basic science
research and real-life applications alike.

The properties of SAMs depend, on a fundamental level, on two parameters: their
elemental composition and their structure. In this thesis the relationship between
synthetic parameters, monolayer structure and nanomechanical properties will be
investigated. The interest in the nanomechanical properties stems from the fact that
elasticity is a feature of materials related to the arrangement of their atoms and
molecules. It is therefore hypothesized that a variation in Young’s moduli between
different SAMs would indicate differences related to the degree of ordering of the
ligands. The monolayers studied are thiol SAMs on Au (111) and alkylphosphonic acid
SAMs on Al;0s.

The structure of SAMs is largely determined by the structure of the individual ligands,
their arrangement and ordering, and the experimental conditions selected; most
notably, time.

A number of researchers have reported the formation of ordered, crystalline SAMs,
particularly in the case of thiols [2]-[9]. The degree of ordering has been reported to
vary with the length of the used ligands, but studies on the elasticity of thiol SAMs, both
computational and via Atomic Force Spectroscopy, show a great discrepancy in their
findings [3], [10]-[14].

Regarding the molecular ordering of phosphonic acid SAMs, the general consensus is
that both ordered and amorphous phases are possible [15]-[19]; but the conditions
under which they can form [19]-[26], as well as the actual stability of the SAMs [27]-
[35], remain a source of debate. A study of the temporal evolution of these SAMs from
the amorphous to the ordered state, and the corresponding structural characteristics of
the formed structures, has so far not been performed. No investigation of the elasticity
of alkylphosphonic acid SAMs has been performed either.

Another attractive feature of SAMs is the possibility to further tailor their properties by
combining two ligands. Numerous theoretical studies have addressed the

thermodynamic behavior of binary thiol SAMs on gold substrates, showing that the two



ligands can mix, form domains, or entirely phase separate [36]-[40]. At the moment
however, it is experimentally very difficult to localize each ligand on a surface,
particularly when the formed domains are smaller than 10 nm. If, however, SAMs of
different ligands exhibit different mechanical properties at the nanoscale, the
localization of the molecules in a binary SAM could be performed by mapping this
variation with high lateral resolution.

In the following paragraphs of this chapter the well-established aspects of SAMs’
formation and ordering will be discussed; at the same time the possibilities for further
developments in the field will be illustrated, focusing on the nanomechanical variations
between SAMs. The characterization of the nanomechanical properties of molecularly
thin, largely disordered organic materials grown on much stiffer substrates is, however,
not trivial. Furthermore, direct correlation between topographical and mechanical
features on a surface cannot be readily achieved. In the present thesis the use of the
Atomic Force Microscope (AFM) under bimodal excitation and detection mode (bimodal
AFM) as a sensitive, fast and non-destructive technique, combining the high lateral
resolution of conventional dynamic AFM with the accurate description of the elasticity
of the first few atomic layers of a complex, multilayered surface is proposed. The
experimental results presented in Chapters 4 and 5 demonstrate that the technique
allowed for accurate characterization of surface elasticity in SAMs, as well as the way it

scales with varying ligand length, monolayer formation time and monolayer ordering.

2.2. Deposition of SAMs

The ligands can be deposited on the substrate from a gas or liquid phase. Liquid phase
deposition by immersion of the substrates in a suitable ligand solution is by far the most
used method as it is easily applicable and does not require any sophisticated equipment.
Gas phase deposition would typically yield better ordered SAMs and could circumvent
some problems such as solvent effects and multilayer formation. However, it requires
specially designed reactors and constant gas flow lines and is therefore not the
preferred deposition method.

SAM solution deposition, as shown in Figure 2.1, typically involves three steps: a) initial
ligand physisorption on the surface, b) ligand chemisorption or desorption back into
solution, and c) spontaneous ligand reorganization and ordering, as the system
approaches equilibrium [41]. The headgroup provides the most exothermic process by
reacting with the exposed molecules or atoms of the surface forming covalent bonds,

pinning each ligand molecule into place on the surface. Interchain interactions between
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the spacer chains result in a higher or lower degree of two-dimensional order. It should
be noted that interchain interactions alone are by no means adequate to form an
ordered monolayer; rather, they supplement the ordering allowed by the layer
configuration created by the specific bounding sites of the headgroup. Once the
previously described process has taken place resulting in a monolayer, the exposed

terminal group determines the functionality of the surface [1].

a
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Figure 2.1: Simplified general process of SAM deposition from solution (a) and schematic representation of a
ligand molecule (inset d). The substrate is immersed in a ligand solution for a set time period. The ligand
molecules are initially physisorbed (inset b, i). Some molecules react with the surface via the reactive
headgroup and are chemisorbed, while others are desorbed back to solution (inset b, ii). Under the influence
of interatomic forces, the initially disorganized, lying-down ligand molecules begin standing up, creating
ordered domains (inset b, iii). Additional ligand molecules are adsorbed in the free surface binding sites and
the formation of ordered domains expands to the entire surface (inset b, iv). The resulting SAM is a closely
packed, well ordered molecularly thin structure, chemically attached to the substrate (inset c). The ligand

end functionality is exposed to the environment.
The simple synthetic procedure followed for SAM deposition from solution makes them
inherently manufacturable and thus technologically attractive. All parts of the ligand can

be selected in order to accommodate the particular needs of each application. The

headgroup dictates to which surfaces the ligands can chemisorb.

2.3. Thiol SAMs on Au (111)

Perhaps the most widely studied and better understood self-assembly system, thiol
SAMs on Au (111) surfaces have been a model system for most studies, ever since the

pioneering study of Nuzzo and Allara that first described the spontaneous formation of
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organized monolayers of disulphides on zerovalent Au surfaces [42]. Thiols are
organosulfur compounds with a carbon-bonded sulfhydryl group and the general
structure R-SH. They coordinate strongly to a number of metals, including silver, copper
and platinum, as well as GaAs and InP [41]. Alkanethiolates have been shown to form
highly organized, well-ordered monolayers reproducibly, always leaving the w-
functionalized end exposed to the environment, thus constituting an ideal system to

probe basic surface science problems [43].

2.3.1. The Au-thiolate interface: Binding mechanism, in-plane diffusion and interfacial
disorder

The question of the bond formation between the -SH headgroup and the Au substrate is
one highly debated and still not fully understood, especially as far as the lateral position
of the S atoms at the S-Au(111) interface are concerned. The model initially proposed
[43] entails the adsorption of the ligand on the surface and loss of the thiol hydrogen,
which, in turn, desorbs from the surface as Hz. The presumed product of the reaction is a
gold(I) thiolate (RSAu) adsorbed on metallic Au(0). It has been hypothesized that the S
atoms of the -SH headgroup are bound to the three-fold hollow sites of the Au(111)
lattice, forming a hexagonal v3x+/3R30° overlayer commensurate with the underlying
structure of Au (111) [44], known as the “standard model”. The standard model was
supported by quantum chemical calculations and the fact that S is known to adsorb on
highly coordinated sites on transition metals. The vV3Xxv3R30° mesh has been
experimentally observed via early studies [45]; however, these results pertain only to
the location of the spacer chain and not the lateral position of the S headgroups [46]-
[48]. Later studies [49] showed the existence of a rectangular unit mesh containing four
molecules in two indistinguishable pairs. This c(4x2) supperlattice indicates that there
are in fact two possible binding configurations of the S headgroup, instead of the one
proposed by the standard model. X-ray crystallography and Sum-Frequency Generation
(SFG) [50] data have also shown that the symmetry of an alkanethiol monolayer consists
of a hexagonal lattice of the spacer alkyl chains and a pairing of the S head groups,
leading to the hypothesis of the sulphur pairing model and further contradicting the
standard model. Subsequent simulations investigating the spacing of the S species at the
S-Au (111) interface are in good agreement with the experimental results [51], [52]. It
should be noted that these studies have accounted for possible S-S interactions;
simulations where these interactions are ignored [53]-[55] yield inconclusive results,

not in agreement with experimentally observed structures. An X-ray Standing Wave
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(XSW) study by Fenter et al. demonstrated further excluded the possibility of a single
binding site model and proposed instead the formation of a chemical bond between the
S headgroup and the Au atom of the substrate directly beneath it, along with a S-S
pairing. There is no chemical interaction between the second S atom and the underlying

Au atom [56].

Figure 1.2 (A-C): Some of the reported Au-S binding modes (A). From left to right, the standard model, an Au
adatom-thiolate complex, and the RS - Auad - SR complex. More than one binding mode can coexist in a single

SAM. STM image of a dodecanethiol SAM on Au (111) showing two possible configurations of the ligand, in the
V3xv3 and the c(4x2) lattice (B). STM image of methylthiolate adsorbed at low coverage on Au (111),

showing two trans (CH3)2S complexes and one cis and one trans adatom complexes. Image B reproduced from

http://www.physics.mcgill.ca/~SPM/sensor/AfMgold.htm, image C reproduced with permission from
reference [44].

Recent studies have shown that the formation of a thiol SAM is accompanied by
significant surface reconstruction [57], [58]. Experimental results indicate that the
topmost Au layer can be modeled as a layer including delocalized vacancies and
adatoms, leading to a dynamically restructured S-Au(111) interface. A 2006 study by
Maksymovych et al. proposed the model of two S headgroups forming one bond with the
Au adatom located slightly above a twofold bridge-site, and each forming one more with
an underlying lattice Au atom [59]. Additional support for the hypothesis of the RS-Auaq-
SR complex formation has been provided by a number of simulations and theoretical
calculations [6], [57], [60]-[63].

In spite of the multiple theories and models addressing the S-Au bond, its exact nature
has yet to be determined. It is clear however that its dynamic nature has significant

implications in the evolution of SAMs’ surface morphology. The diffusion of thiolates on
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the free Au(111) surface directly impacts SAM formation density. In-plane diffusion of
thiolates within an already formed SAM and subsequent energetically favorable ligand
reorganization directs ligand packing and, in the case of mixed ligand monolayers, phase
separation or mixing. Lastly, the diffusion of Au atoms leads to an overall restructuring

of the surface, and can lead to or heal surface defects [44].

2.4. Alkylphosphonic acid SAMs on Al,O;

Aluminium is one of the most technologically relevant materials in use today. From
transportation to food packaging and from construction to microelectronics, it is the most
heavily consumed non-ferrous metal in the world, with the annual production for 2016
reaching almost 59 million metric tons [64]. Al:03, both the inert, brittle material
extracted from bauxite and used for aluminium production and the passivating layer that
under equilibrium conditions covers the surface of aluminium, can be used as an
insulator, filler, abrasive or even catalyst. Given the high technological importance of
aluminium and Alz03, it is not surprising that surface SAM depositions would aim at these
materials, and knowledge gained from the study of thiol SAMs would be transferred to
this new system.

Al203 surfaces are in general polar structures. Ab initio thermodynamics and Density
Functional Theory (DFT) simulations show that a fully hydroxylated surface is the
thermodynamically stable state for Al203 [65], [66]. Suitable ligands for the deposition of
SAMs on Al;03 should be molecules with headgroups able to react with the surface
hydroxyls, such as silanes, carboxylic acids, and phosphonic acids.

Chloro- or alkoxysilanes can react rapidly with hydroxylated surfaces to form
monolayers, but can also self-polymerize, resulting in multilayer structures difficult to
control [67], [68]. Carboxylic acids react with hydroxylated surfaces in a much slower
and more controllable way than silanes, but have the disadvantage of forming largely
reversible bonds with the surface -OH groups, thus leading to unstable SAMs [69], [70].
Between the two, one can find organophosphonic acids. Less reactive than silanes but
leading to better chemisorbed monolayers than carboxylic acids, they are a prime
candidate for SAM deposition on metal oxides.

Alkylphosphonic acids are organic phosphorus compounds having the -PO(OH); moiety.
This moiety, being the reactive headgroup of the ligand, can readily react with the
hydroxylated surfaces of oxides, such as Al;03, SiOz and TiO2, via simple condensation

reactions.
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2.4.1. Binding mechanism

Organophosphonic acids can be bound to hydroxylated MeOyx surfaces initially via
physical interactions, such as hydrogen bond formation between the -OH moieties of the
-PO(OH)2 group and the surface, and at a later stage via mono-, bi- and/or tridentate
binding [71]-[74]. A recent study by Bauer et al. has explored in depth the nature of the
formed bonds between Al>03 and phosphonic acids. Protonation of surface -OH groups
by the -PO(OH)z groups leads to an elimination acid-base reaction, allowing the
formation of mono- and bidentate bonds. The third bond is formed when “a dissociated
water molecule reassembles in order to provide an empty adsorption site for the oxygen

atom” from the -PO(OH)2 groups [72], as shown in Figure 2.3.

/N R Il?
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Figure 2.3: Schematic representation of steric configuration of monodentate (a), tridentate (b) and tridentate
(c) coordination of ethylphosphonic acid on the surface of Al203 C-plane (0001). O atoms are brown, Al atoms
are violet, H atoms are grey and P atoms are green. Stepwise condensation reaction between the phosphonic

acid headgroup and the Al203 surface (d). Reproduced with permission from reference [71].

The stability of the formed bonds and, conversely, the resulting SAMs, depends on three
main parameters: a) the interfacial bonding types, b) the adsorption free energy of the -
PO(OH)2 group in comparison to the solvent, and c) the local adsorption geometry.

In a work by Thissen et al. [27] the nature of the bonding between the -PO(OH):

headgroup and different configurations was determined via Polarization Modulation-

Infrared Reflection-Adsorption Spectroscopy (PM-IRRAS) and Diffuse Reflectance

Infrared Fourier Transform Spectroscopy (DRIFT). PM-IRRAS spectra recorded for

octadecylphosphonic acid SAMS grown on native, amorphous Al;03 and DRIFT spectra

recorded for the Al;03 R-plane (1102) indicate that bidentate covalent bonding between
14



the ligand and surface is preferable. In contrast, ionic bonding between deprotonated
-PO3 and surface Al atoms is favored in the case of Al203 C-plane (0001), leaving the
SAMs more susceptible to desorption into a polar medium [75].

Molecular Dynamics (MD) simulations have shown that polar solvents exhibit a certain
affinity towards the polar Al;03 surfaces, forming a dense interface through a H-bond
network, patterned by the crystalline structure of the substrate [76]. As experimentally
shown by Chen et al,, the higher the dielectric constant of a solvent, the higher its affinity
towards the surface, occupying binding sites which the phosphonic acids might occupy,
possibly leading to a local free energy minimum. For the system to reach a global energy
minimum, the solvent molecules must be displaced from the interface by the ligand.
Studies have shown that SAMs formed on oxide-terminated surfaces from solvents with a
high dielectric constants exhibit a higher defect density than their counterparts deposited
from lower polarity solvents [27]-[29], [77]-[80].

The geometrical configuration of the substrate surface also has a significant role in the
number of allowed bonds. The distance between the P in the -PO(OH): and the
underlying Al ions is crucial for the stability of the binding geometry [27], [73], [81]; the

larger the P-Al distance, the more stable the bonding mode [71].

Possible triangular
adsorptionsites
=== Unit cell of Al,0,(0001)

-fully hydroxylated

Figure 2.4 (A, B): Surface lattice and used solvent are parameters that can affect the structure and stability of
alkanethiol SAMs. Top view of the fully hydroxylated Al203 C-plane (0001) surface with all possible triangular
adsorption sites (A, left). Side view of the fully hydroxylated Al203 C-plane (0001) surface showing the
position of the underlying Al ion for all possible triangular adsorption sites (A, right). The tridentate
adsorption of phosphonic acids is only possible in the adsorption sites A and B, while for binding sites C and D
bidentate bonding is the thermodynamic ground state. Reproduced with permission from reference [81].
Simulation snapshots for ethanol on Al;03 C-plane (0001) (left) and R-plane (1102) (right) showing the
formation of a dense solvent layer at the surface-solvent interface. Green and red spheres represent
aluminum and oxygen atoms in the bulk structure, respectively. For both surfaces, surface hydroxyl groups
are illustrated using purple for oxygen and white for hydrogen atoms. Ethanol molecules are represented
using cyan, red and white spheres for methyl (ethyl) groups, oxygen and hydrogen atoms, respectively.

Reproduced with permission from reference [76].
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2.5. Variations in ligand ordering and packing density

The degree of ordering and molecular packing within SAMs significantly affects material
properties such as wetting, friction [4], adhesion, and elasticity [3], [10]-[14], to name a
few. Increase of ligand length, particularly for ligands with alky chains, leads to SAMs of
increased order. The addition of bulky or rigid moieties in spacer chains typically leads
to a decrease in ligand density, usually due to steric hindrance or unfavorable
intermolecular interactions. Charged end groups can enhance SAM ordering via
intermolecular interactions between neighboring moieties [4], or electrostatic repulsive
forces can lead to more disordered structures [19]. The roughness and density of

binding sites of the substrate can also affect the ligand packing density and order.

2.5.1. Ligand length

Interatomic interactions between neighboring spacer chains are the main driving force
for a ligand ordering within SAMs, particularly in the case of alkyl chains. As a general
trend, the addition of -CH2 groups in a chain leads to an increase in attractive van der
Waals interactions between neighboring ligands, stabilizing the chains into a
configuration more perpendicular to the surface. Alkanethiols with fewer than three
carbons in the alkyl spacer chain have been observed to form (3x4) lattices formed by
the RS-Auaq-SR complex in the trans configuration [2]. For longer alkyl chains (3 <n <
12) [3], chain-chain van der Waals interactions lead to a significant energy gain for the
system, as opposed to S-Au interactions, minimizing the tilt of the chains towards the
surface, leading to a more perpendicular orientation and enhancing overall ordering
with fewer gauche defects [4], [5]. Moreover, the c(4X2) lattice is increasingly observed,
with an orthorhombic cis packing structure [6]. As the number of carbons in the alkyl
chain increases further, areas exhibiting the standard model-proposed, vV3x+/3R30°
monoclinic packing structure appear more frequently, as this arrangement allows for
better optimization of the van der Waals interactions than the c(4%2) configuration [7].
Experimental studies of octanethiol SAMs have shown the coexistence of both+/3x
v/3R30° and c(4x2) phases [8]. Mild thermal annealing of the SAMs has been shown to
promote the reorganization of the ligands to one, thermodynamically favorable, phase of

increased order and packing density [9].
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Figure 2.5 (A-H): Schematic representation of molecular ordering in alkanethiol SAMs for ligands of different
length (A). For short-chain alkanethiols substrate-chain forces are dominant and the ligands are almost
parallel to the substrate. As ligand length increases, interatomic forces promote ordering. Denser packing of
better-ordered ligands leads to different thiol lattices. STM images of the 3x4 phase of methylthiolate (B),
ethylthiolate (C), and propylthiolate (D, E) SAMs. The white bars in each image are used to highlight the Au-
adatom-dithiolate unit. Adapted with permission from reference [2]. STM images of the \/ 3x\/ 3R30°lattice in a
decanethiol SAM (the inset shows the same lattice on nonanedithiol) (F) and a rectangular c(4x2) lattice in a
hexanethiol SAM (G). Adapted with permission from reference [82]. The two phases coexist in a highly ordered
dodecanethiol SAM. Reproduced from http://www.physics.mcgill.ca/~SPM/sensor/AfMgold.htm.

Alkylphosphonic acid SAMs with 10 < n < 13 were found by Spori et al. to self-assemble
in relatively sparse and disordered SAMs. Stabilization of these shorter spacer chains
was mainly provided by interatomic interactions with the surface, leading to lower
packing density and order. For longer alky chains (16 < n < 18) the formation of closer
packed, denser SAMs was favored. It should be noted that X-ray Photoelectron
Spectroscopy (XPS) results indicated the favorable mono- or bidentate binding in the

denser monolayers, a conformation energetically more favorable [15]. Expanding on
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these observations, Fukuda et al. fabricated thin film transistors (TFTs) with gate
dielectrics made of alkylphosphonic acid SAMs grown on amorphous Al>03 and their
performance was correlated to ligand ordering. The performance of the TFTs was
measured and found to increase with increasing ligand length, reaching a maximum for
n = 14. Shorter alkylphosphonic acids have a higher defect concentration within the
SAMs, possibly due to lack of cohesive interactions between neighboring ligand
molecules. Somewhat surprisingly, alkyl chains with 16 < n < 18 appear to also
increase the concentration of gauche defects, this time near the SAM-environment
interface [16]. An increase in monolayer ordering with increasing ligand length was also
found by Losego et al. for alkylphosphonic acid SAMs grown on ITO via Near-edge X-ray
Absorption Fine Structure (NEXAFS). It was also demonstrated that the roughness of the
unmodified surface significantly affected tilt angle and molecular ordering in the
deposited SAMs [17]. A theoretical study by Luschtinetz et al. confirmed the
experimentally observed order enhancement by increased ligand length in
alkylphosphonic acid SAMs on Al;03, while also providing an insight in the effect of the
binding mode and surface structure to SAM ordering. The density of available binding
sites on a surface, as discussed in paragraph 2.4.1, limits the concentration of
phosphonic acids in a SAM, such that the maximum theoretical packing of the alkyl
chains cannot be reached. Moreover, monodentate binding allows for a greater number
of ligand chains to chemisorb on the surface, but the rotational flexibility of this binding
mode increases the disorder of the SAMs. On the other end of the spectrum, rigid
tridentate bonding limits the maximum number of ligands that can be adsorbed, leading
to a sparser monolayer, but, as it also does not allow for any rotational movement,

promoting molecular ordering within the monolayer [18].
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Figure 2.6 (A-D): Schematic representation of molecular ordering in alkylphosphonic acid SAMs for ligands of
different length (A). SAMs where the ligand has fewer than 10 C are reported to be disordered. As ligand
length increases, so does molecular ordering, under the influence of neighbor-neighbor chain interactions.
For ligands with more than 16 C defects are introduced at the SAM-environment interface. Low surface
roughness promotes ordering in alkylphosphonic acid SAMs on metal oxides (B, C). Adapted with permission
from reference [15]. Monodentate and bidentate bound phosphonic acids are free to rotate and tilt,
introducing disorder to the SAMs, while tridentate bonding results in a rigid configuration (D). Image adapted

with permission from reference [18].

2.5.2. Effect of spacer chains and end functionalities

Thiol SAMs with polar terminal groups such as -OH and —~COOH appear to lead to better
ligand ordering irrespective of the spacer chain length, possibly as an effect of hydrogen
bonding between the end functionalities [4]. Small and bulky ligands on the other hand,
such as mercaptobenzoic acid [83], 6-mercaptopurine [84], and mercaptosuccinic acid
[85] tend to form sparse SAMs, demonstrating the effect of steric hindrance in ligand
packing.

Similarly, X-ray Reflectivity (XRR) results for phosphonic acid SAMs reported by
Khassanov et al. confirmed that while long alkyl chains tend to form crystalline domains,
the inclusion of charged, fluorinated groups or rigid benzo[b]benzo[4, 5]thieno[2, 3-
d]thiopheny-2-yl (BTBT) groups lead to a molecular tilt in respect to the surface plane
and a lower ligand density. SAM assembly from ligands with the bulky fullerene end

group was dominated by the steric requirements of the fullerene and were thus
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inherently sparse and disordered. The inclusion of simple alkyl chain phosphonic acids

in C60-PA SAMs enhances the overall molecular ordering and packing density [19].
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Figure 2.7 (A-D): XRR determined electron density profiles and predicted structures for SAMs of
alkylphosphonic acids (A), phosphonic acids terminated with fluorinated groups and rigid BTBT groups (B)
and phosphonic acids terminated with fullerenes (C). Reproduced with permission from reference [19]. The
inclusion of bulky and/or rigid groups in the ligand chains reduces overall ordering. Interestingly, linear
alkylphosphonic acid molecules can act as spacers in SAMs of bulky molecules, increasing anew the ordering
of the system, as evident from MD simulations of binary C60-octadecylphosphonic acid:decanephosphonic

acid SAMs (D). Reproduced with permission from reference [86].

2.5.3. Substrate effect

The density of the adsorbed species in a SAM is significantly affected by the density of
the available binding sites and the roughness of the substrate itself (see Figure 2.6 D). A
theoretical study by Luschtinetz et al. confirmed the experimentally observed order
enhancing by increased ligand length in alkylphosphonic acid SAMs on Al>03, while also
providing an insight in the effect of the binding mode and surface structure to SAM
ordering. The density of available binding sites on a surface, as discussed in paragraph
2.4.1, limits the concentration of phosphonic acids in a SAM, such that the maximum
theoretical packing of the alkyl chains cannot be reached. Moreover, monodentate
binding allows for a greater number of ligand chains to chemisorb on the surface, but
the rotational flexibility of this binding mode increases the disorder of the SAMs. On the
other end of the spectrum, rigid tridentate bonding limits the maximum number of
ligands that can be adsorbed, leading to a relatively sparser monolayer, but as it also
does not allow for any rotational movement promoting molecular ordering within the

monolayer [18].
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2.5.4. The role of bimodal AFM in determining ligand packing and ordering

As discussed in paragraphs 2.5.1, 2.5.2 and 2.5.3, most experimental studies presented
typically make use of spectroscopic techniques, often requiring high-energy radiation
sources, and high resolution scanning probe microscopy in order to deduce the
configuration of the molecules within a SAM. A different path, requiring less
sophisticated equipment, would be the experimental observation of properties such as
wetting, friction [4], adhesion and elasticity [3], [10]-[14], and their subsequent
correlation to structural differences between SAMs of different ligands. This approach
can provide valuable information on the effect of small changes in ligand characteristics
to molecular ordering within SAMs, especially in comparative studies. In this work the
variation of elasticity between SAMs of varying length and with different end
functionalities has been determined via bimodal AFM and correlated to structural

differences within the different thiol SAMs studied.

2.6. Binary thiol SAMs: Phase separation and mixing

The use of multiple ligands within a SAM can lead to smoothly tunable surfaces,
combining more than two functionalities in a manner tailored to particular needs and
applications. Mixed ligand SAMs can be formed via coadsorption or desorption and
subsequent adsorption of a different ligand (place-exchange). While mixed ligand SAMs
can be deposited on any substrate and with any ligand, the thiol-gold system is of
particular interest. The mobility of the Au-S species, as discussed in paragraph 2.3.1,
allows mixed ligand SAMs to exhibit phase separation or ligand mixing, as directed in
each case by the interplay between enthalpic and entropic contributions towards free
energy minimization. Ligands of significantly differing height or bulkiness tend to lead to
phase separation in gold nanoparticles [36], [37], [87], and in quenched SAMs on flat
surfaces [38], [87], [88]. Mixed ligand SAMs on flat Au surfaces of alkanethiols of similar
lengths are reported to mix completely, as any entropic gain caused by phase separation
is minimal [39]. The addition of a polar moiety in the spacer chain however can lead to
phase separation, as demonstrated by Smith et al. [40]. In their study they prepared
mixed ligand SAMs via coadsorption of n-decanethiol and an amide-containing
alkanethiol of similar length (3-mercapto-N-nonylpropionamide) using different feed
solution molar ratios. Phase separation, observed for all tested molar ratios, was driven
by free energy minimization; separating the polar group containing molecules from the

crystalline domains of the alkanethiol lead to a significant enthalpy gain.
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Figure 2.8 (A-F): Atomistic simulations results of phase separated equilibrium structures of binary
monolayers of surfactants (A-D) and C4:C6 thiols. STM height image of C4:C6 binary SAM showing phase

separation and domain formation. Reproduced with permission from reference [87].

2.6.1. The role of bimodal AFM in mixed ligand SAM characterization

The experimental verification of the theoretical studies on mixed ligand SAMs is a
widely debated research topic. The presence of different chemical species within a SAM
can be chemically verified by most chemical recognition techniques for powder and
liquid samples, but only a handful of those can be used for SAMs on flat surfaces.
Furthermore, the localization of molecules and domains on a surface remains equivocal.
Experimental studies address domain observation on SAMs on flat gold surfaces by
Scanning Probe Microscopy (SPM) imaging, where height differences are attributed to
expected length differences between the used ligands or standing-up and lying-down
phases. Techniques offering actual chemical recognition on the surface, like Atomic
Force Microscope Infrared-Spectroscopy (AFM-IR) and Atomic Force Microscope Time
of Flight Secondary Ion Mass Spectrometry (AFM-TOF-SIMS) have a lateral resolution
limit too large for the typical size of formed domains. A microscopy technique that
allows the user to locate the chemically different domains on a surface with high lateral
resolution can address the uncertainty that currently prevails all the experimentally
available data.

The high lateral resolution of AFM operated in a dynamic mode makes it a prime
candidate for characterization of nanodomains. As bimodal AFM exhibits high sensitivity
to material properties, it can be used to locate mechanical variations on mixed ligand
SAMs. Any observed differences in the recorded elasticity can then be directly attributed

to topographical features, revealing the local chemical composition of the studied SAMs.
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2.7. Kinetics and stability of SAMs and multilayer formation

2.7.1. Kinetics and stability of SAMs

The kinetics of thiol and alkylphosphonic acid SAMs’ formation are in general two rather
different processes, mainly due to the largely irreversible bonding of the -PO(OH); with
surface -OH species, as opposed to the formation of highly mobile S-Au bonds.

The temporal evolution of thiol SAM formation and ordering via incubation in a ligand
solution can be viewed as a three-step process, with the consecutive steps originating
from the surface and moving towards the film surface, as shown in Figure 2.9. The first
step, initial adsorption of ligands to the gold surface and formation of S-Au bonds, has
been discussed in paragraph 2.3.1. During this rapid step, typically lasting less than 5
min [89], [90], patches of disordered molecules are formed and etch pits appear on the
gold surface [91]-[93]. During the second step, low-ligand density, lying-down phases of
initially ordered ligands [82], [91], [92], [94]-[96], perpendicular to the surface normal-
plane, are formed. The lying-down phases can exhibit different degrees of ordering, the
most common of which are a head-head/tail-tail configuration (striped configuration)
and the arrangement of alkyl chains in adjacent rows, with an out of plain interdigitated
configuration [93], [95], [96]. Ordered lying-down phases can coexist with amorphous,
liquid-like phases. At increased adsorbed ligand concentration, the system evolves to
formation of higher density, close-packed standing-up phases [5], [93], with the ligands’
alkyl chains exhibiting a tilt of approximately 30° relative to the surface normal plane
[97]-]99]. The transition from lying-down to standing-up phases is driven by free
energy minimization via S-Au bond formation and van del Waals interactions between
neighboring alkyl chains [4], [7]. The third reported step of thiol SAM formation takes
place at long monolayer formation times and entails the orientation and aligning of the

end functionalities in the standing-up phases [89], [90].
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Figure 2.9 (A-F): Constant current STM topography images for increasing exposures of Au (111) surface to

mercaptohexanol vapour. Clean ((22x+3) “herringbone” reconstructed) Au (111) surface (A). Striped phase
island formation (arrow) (B) and continued striped phase growth displacing herringbone elbows (C).
Continued striped phase growth with Au pits (arrow) formation becoming visible (D). Nucleation of standing-
up phase (square and arrow) within striped lying-down phase (E) and subsequent growth of standing-up

phase at the expense of the striped phase until saturation (F). Adapted with permission from reference [68].

The temporal evolution of phosphonic acid SAMs formation is a topic still under study
and discussion. In situ AFM studies have shown that initially disordered patches are
formed, which gradually grow and eventually coalesce [20]. Following the formation of a
SAM, multilayer islands are formed [21]-[23], following the Stranski-Krastanov model
[24], [100]. Other studies however have not observed the formation of multilayers and
proposed that in the same or longer time frame only monolayers are formed [19], [25],
[26]. An equally great disparity can be found in the available information regarding the
conditions that allow ligand organization and SAM ordering and the overall stability of
the SAMs. Numerous studies on alkylphosphonic acid adsorption on Al,03 by various
groups have found SAMs formed by ligands of various length to be extremely stable over
time [30], in ambient conditions and aqueous environments [27], [28], at acidic and
alkaline pH [31], and under small mechanical loads [32]. In contrast, a study by
Hauffman et al. has shown that SAMs formed from ethanolic solutions of
octylphosphonic acid are unstable and quick to dissolve, at the same time etching the
underlying native oxide [33], while a study by Branch et al. also found that
octadecylphosphonic acid SAMs lack long-term stability in aqueous environments [34].
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Other studies have further shown that a thermal annealing step is necessary to induce
covalent bonding between the headgroup and the substrate [29], also for
alkylphosphonic acid SAMs on other oxide surfaces [35].

2.7.2. Multilayer formation

Multilayer formation can be either a physical or chemical process. The formation of
chemically bound multilayers is usually controlled and guided by the careful selection of
a reactive or chelating end functionality [101]-[104]. These types of multilayers are
typically very stable and employed as tunable dielectrics.

Physisorbed multilayer formation is usually an inadvertent process, and entails the
loose physisorption of ligand molecules on top of an already formed SAMs via weak
interatomic forces. Physisorbed multilayers are unstable and can typically be removed
easily by rigorous rinsing or mechanical means. The formation of physisorbed
multilayers has been extensively observed in phosphonic acid SAMs, as already
discussed in paragraph 2.7.1.

In this thesis, as will be presented in Chapters 4 and 5, multilayer formation was
observed for mercaptosuccinic acid (MSA) and trimethylaminethiol (TMA) SAMs, as well

as octadecylphosphonic acid (ODPA) SAMs at long monolayer formation time.

Figure 2.10: Displacement of octadecylphosphonic acid (ODPA) multilayer by an AFM tip. Scanning was
performed using a work to free amplitude ratio equal to 0.75, exerting an average force of 10 nN on the
sample. The clear displacement of the physisorbed material by low loads highlights the low mechanical
stability of the multilayer film. Inset indicates scanning time.

2.7.3 The role of bimodal AFM

At different monolayer formation times the ligands adopt a different configuration: from
loosely physisorbed states, to lying down, disorganized islands, to increasing order and
packing density and finally to multilayer formation. Characteristic properties of SAMs,
such as elasticity and wetting, are expected to vary alongside the different formation

states. The different steps of monolayer formation have been recorded for thiol SAMs,
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but in the case of alkylphosphonic acids observation of the temporal evolution of SAMs
and resulting properties is lacking. Bimodal AFM can been used to measure the temporal
evolution of the elasticity of alkylphosphonic acid SAMs and its direct correlation to the
recorded topography. The results can provide information on the evolution of ligand
density and packing with increasing monolayer formation time, ty, and allow the

visualization of different steps in monolayer and multilayer formation.
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Chapter 3

Bimodal Atomic Force Microscopy for the nanomechanical

characterization of organic self-assembled monolayers

As discussed in Chapters 1 and 2, the use of bimodal Atomic Force Microscopy is
proposed for the nanomechanical characterization of organic SAMs. In this chapter the
basis of dynamic AFM will be briefly discussed in paragraphs 3.1 and 3.2. The way
interaction forces between the tip and sample affect the cantilever motion, and how this
effect can be detected and quantified will be discussed in paragraph 3.3. In the context of
this thesis contact mechanics forces dominate the response of the cantilever, and their
modeling will be discussed in paragraph 3.4. Multifrequency AFM, utilizing the non-
linearities of the tip-sample forces to enhance resolution and access information on
material properties will be presented in paragraph 3.5. The theory of bimodal AFM and
its use for the nanomechanical characterization of organic SAMs will be presented in
subparagraph 3.5.5. The derivation of all mathematical expressions for the single mode
excitation has been done following the work of Garcia in reference [3]. For bimodal
excitation, the model used correlating experimental observables to material properties
is presented as derived by Amo et al. in reference [36] and Labuda et al. in reference

[45].
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3.1. The working principle of the AFM

Atomic Force Microscopy is a technique widely applied for the detailed characterization
of surface structures and surface properties. Belonging to the family of Scanning Probe
Microscopy, the heart of an AFM is a cantilever with a microfabricated tip, which is
scanned over a surface in a raster-like pattern. A laser beam is reflected off the back of
the cantilever and the signal is detected by a quartered photodiode. Distortions of the
cantilever during its motion result in a deflection of the beam at a position other than
the center of the photodiode, allowing for tracking of the cantilever motion and
subsequent reconstruction of the surface topography. A controller regulates, collects,
and processes the data, and drives the piezoactuator, or piezo for short, scanner. The
controller consists of a variable number of A/D converters that receive data from the
detection system of cantilever deflections, some D/A converters that give signals to the
piezo, and an interface with a computer that stores data [1].

An AFM can be operated in different modes, depending on the application. The
cantilever can be held static at the base, in which case the microscope is operated in
static mode, or it can be vibrated at the base, usually in a sinusoidal way, in which case
the microscope is operated in dynamic mode.

Dynamic modes of operation are in general advantageous for most applications, as they
typically allow for extremely high resolution while maintaining a gentle interaction
between the tip and the sample. Moreover, the tip motion carries information related to
specific tip-sample interactions and there are several observables sensitive to those
(amplitude (4), frequency (f) or angular frequency (w = 2mnf), phase shift (Ag),
deflection), which can be used to quantitatively characterize materials’ properties at the

nanoscale [2].
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Figure 3.1: Schematic representation of the working principle of an AFM. A cantilever is scanned over a
sample in a raster pattern. The cantilever can be held static or oscillated by the shake piezo. The motion of
the cantilever is tracked by the reflection of a laser beam off the back of the cantilever and to a photodetector
(quartered photodiode). Deviations of the laser reflection from the zero position, caused by interactions of
the tip with the sample, are the feedback signal sent to the control electronics of the system, which monitor

and control the motion of the cantilever.

At present, two dynamic AFM modes are used: amplitude modulation, AM-AFM, and
frequency modulation, FM-AFM. In most cases, where the measurement is performed in
air or liquid, the dynamic AFM is operated in AM-AFM mode. FM-AFM mode is in general
preferred when a higher Q factor can be achieved, such as operation in vacuum or
operation of a higher eigenmode. In the present work the fundamental frequency was
always driven in the AM mode, while the higher eigenmodes were driven in FM. An in-
depth analysis of the two techniques can be provided in reference [3] and chapter 17 of

reference [4] respectively.

3.2. Equation of motion for an oscillating cantilever: The Euler-Bernoulli beam
and the equivalent point-mass model

The purpose during an AFM measurement is to correlate the observables, in the case of

AM-AFM amplitude and phase shift, to tip-sample forces. To do so, it is necessary to

construct a model that describes this relationship.

An AFM cantilever can be modeled as a continuous beam using a modified Euler-

Bernoulli equation, as shown by equation 3.1 [3].
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Where E, I and p the Young modulus, linear moment of inertia and linear mass density
of the cantilever, W, h and L the width, height and length of the cantilever, w(x, t) the
perpendicular from the x axis displacement of the cantilever as a function of distance

from one end, x, and time, t. ay and a, refer to external and internal damping of the

cantilever respectively. F, (x,f) is the excitation force applied to the cantilever,

depending on both distance and time, F, (d) the sum of all tip-surface forces, depending

on the instantaneous displacement of the tip of the cantilever, d = z, + z. For d > 0 the
tip and sample are not in mechanical contact and d is referred to as the instantaneous
tip-sample separation. For d < 0 the two bodies are considered in contact and we denote
d = &, indentation. The delta function 6(x - L) signifies that all forces are applied at the
apex of the cantilever.

Given the complexity of the general Euler-Bernoulli equation, in most cases the well-
known equivalent point-mass model is used. In order to pass from the continuous model
of the beam to an equivalent spring-mass system with discrete solutions, equation 3.1
can be solved by separating the general solution, w(x,t) into a spatial and a temporal

component, X(x) and Y{(t) respectively, as described by Garcia [3]:

w(x, t) = X(x)Y(t) (3.2)
By fixing the beam on one end (X(0)=0, X’(0)=0) and imposing no torque and no internal
force at the free end (X”(L)=0 and X"”(L)=0), equation 3.2 has n discrete solutions, each

one corresponding to one of the eigenmodes of the cantilever. The general solution can

be expressed as a superposition of the solution for each mode, as shown by equation 3.3.

WD = ) XY (6) (3.3)
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Following the solution of Garcia, the spatial component of each eigenmode at the fixed
end and at x=L is defined as X,,(0) = 0 and X,,(L) = 2(—1)", respectively. The temporal

component of the motion follows, for each eigenmode n, is the solution of equation 3.4.

m,wy,

mnYn(t) + Yn(t) + mnwnZYn(t) = 2(_1)n[Fts(d) + Fexc(t)] (3.4)

n

For the tip, its motion can be calculated by setting x = L in equation 3.3, and defining
Zn(t) as the mode projection at the tip end. The actual tip motion is a superposition of the

movement of the cantilever in each eigenmode.
w(L,0) = ) 21" = Y 2z,(0) (3.5)
n=1

n=1

From equations 3.4 and 3.5, the general equation of motion for the tip can be calculated,

as shown in equation 3.6.

mwy,

mz, (t) + Zy () + Mw, 22, (t) = Fg(d) + Foxe (t) (3.6)

n

Equation 3.6 is known as the general form of the equation of motion of an oscillating tip,
or cantilever. When operating an AFM under regular conditions, it is frequently
considered that the total motion is dominated only by the first eigenmode. Moreover,
the cantilever is excited at one frequency, usually at or close to the first eigenmode. The
equivalent point-mass model describing the cantilever in this case is considered a
sinusoidally driven harmonic oscillator with damping, as expressed by equation 3.7,
where F, = QA,/k and ¢ the angle by which the driving force leads the displacement.

This simplification will be revisited in paragraph 3.5.5, were bimodal AFM is introduced.

Mmo,q
0 —7(t) + k,z(t) = Fs + F, cos(wt + @) (3.7)
1

mZ(t) +
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Figure 3.2: Equivalent point-mass representation of a continuous AFM cantilever oscillating in a single
eigenmode. The continuous cantilever is characterized by linear mass density, p., Young’s modulus E., area
moment, I, and length, L. The point mass model is characterized by equivalent mass, Meq and spring constant,
Keq. Reproduced with permission from reference [5].

The steady state solution of equation 3.7 in the underdamped regime, the most relevant

in dynamic AFM experiments, and for Fis = 0 is given by equation 3.8.

z(t) = z, + Acos(wt + @) (3.8)

The experimental observables, amplitude and phase shift, can be expressed as a function

of the excitation frequency, w, as per equations 3.9 and 3.10, respectively.

Aw) = fo/m (3.9)
© T @y — 022 + (ww,/Q)?]V? '
tangp = % (3.10)

o

It is noted that damping modifies the resonance frequency of the oscillator. The new

resonance frequency, wr, is given by equation 3.11.

Wy = W, (1 — L) (3.11)
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For most cantilevers however, when operating in air Q > 10 and the approximation

W, = w, can be made.

3.3. Tip-sample interaction forces and their effect in cantilever oscillation

parameters
In paragraph 3.2 the general equation of motion for the equivalent point mass model of
an oscillating cantilever excited at the fundamental eigenmode, in the absence of Fis was
given. When F;; # 0, a shift of the resonance frequency will be caused, experimentally

observable through amplitude and phase shifts.

3.3.1. Weakly perturbed harmonic oscillator
A first approximation for the effect of linear forces acting on the oscillating cantilever
close to the surface is presented by the model of the weakly perturbed harmonic

oscillator:
FoF (dF)
=F + iz), (z—-2z2,) (3.12)

The tip-sample interaction is characterized by the gradient of the force in respect to

distance, called the tip-sample stiffness, k:

dF
kes = — <E>zo (3.13)

Substituting the new effective spring constant, k.rs = k — k¢, into equation (3.7), the

motion of the cantilever is given by equation 3.14.

MWy 1
0 —7(t) + (k — k¢s)z(t) = Fig + F, cos(wt + @) (3.14)

1

mz(t) +

Conversely, the effective frequency of the cantilever, wey, is calculated as:

wers = (Kegr/m)""? (3.15)
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The frequency shift between the effective and the resonance frequency, Aw, under the

influence of short-range, linear forces is calculated:

WoKis

o (3.16)

Aw = Wepp — Wy = —

As apparent from equation 3.13, the tip-sample stiffness is dependent on the gradient of
the tip-sample interatomic forces. Therefore, if properly interpreted, it can be used as an
indication for the qualitative and quantitative description of those forces. A change in
tip-sample stiffness can be experimentally observed through a frequency shift, as shown
by equation 3.16.

In AM - AFM, the frequency of oscillation is kept constant, and any necessary corrections
in the movement of the cantilever are applied by the electronics of the system to the
amplitude of oscillation, A. In FM - AFM, necessary corrections are applied directly on
the frequency.

Equations 3.12 to 3.16 are true only when the interaction forces induce a frequency shift
without a simultaneous energy transfer, the force gradient is independent of separation
and the tip-sample stiffness is much smaller than the spring constant of the cantilever.
These conditions however are not always met in an AFM experiment. In these cases a
more general expression relating the tip-sample forces to experimental observables

must be used.

3.3.2. The Virial Dissipation method
The Virial Dissipation method, as developed by Garcia and coworkers [6]-[8], relates the
amplitude and phase of an oscillating cantilever to the dissipated energy and the virial of

the force over one period of oscillation:

T
E, =— f F..(d)2(t)dt = #(Aosin(p —4) (317)
0
1 (T kA,
Vs = ?f Fis(d)z(t)dt = —EAcosq) (3.18)
0
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Solving the system of equations 3.17 and 3.18 for 4 and ¢, the following equations are

obtained:

_ 211/2
1+1- (f;v) - 4ﬂ/n) (3.19)

A=4,|2v)? +<

1+1—-(4v)2-4
0= —arctan( — \/ (4v) ﬁ/n) (3.20)
4v
Where v = QV,,/kA, and § = QE./kA,.
The average tip-sample interaction force can also be calculated as:
1/2
kA, AN?
~—21 = (2 3.21
(Frs) ~ 55 [1 (A)] (3:21)

The Virial Dissipation method is applicable for both conservative and non-conservative

interactions.

3.3.3. Net repulsive, net attractive regime and bistability

Considering the net sum of the tip-sample forces, two distinct regimes can be
distinguished: the net attractive and the net repulsive regime. In the net attractive
regime attractive forces are dominant. The sum of the tip-sample interaction forces is
negative, causing a shift of the resonance frequency to lower values and a phase
advance. The tip is not in mechanical contact with the sample. In the repulsive regime
repulsive forces are dominant and the net force acting on the oscillating cantilever is
positive. The resonance frequency is shifted to higher values and a phase lag is observed.
When operating in the net repulsive regime the tip is in intermittent contact with the
sample. In the work presented in chapters 4 and 5 of this thesis the cantilever was

oscillated in the net repulsive regime.
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Figure 3.3: Amplitude and phase versus frequency response of a forced damped harmonic oscillator in the
absence of tip-sample interaction forces (grey solid line). A small attractive force acting on the cantilever
results in a small frequency shift towards lower values, and translates into a phase increase (red dotted line).

A small repulsive force results in a small frequency shift towards higher values, which translates into a phase
decrease (blue dotted line).

One of the effects of the non-linear nature of the tip-sample interactions is the
appearance of non-linear features in the cantilever motion, such as the coexistence of
several oscillatory states. This behavior, called bistability, can be perceived while
scanning as noise, abrupt and chaotic changes in phase and the appearance of features

on the topography that resemble artefacts from a dirty or broken tip.

b -]
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Figure 3.4 (A-C): Schematic illustration of bistability and hysteresis in a one-dimensional non-linear system.
(A) Purely attractive interaction. For small oscillations the tip does not ‘see’ the no-linearity and the

resonance is very well approximated by the harmonic oscillator. For a stronger driving the resonance line in
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the amplitude vs. frequency plot is bent to the left side due to the attractive non-linear interaction. The
resonance folds (red), i.e., there is more than one possible amplitude for a given frequency as for example in
points A and B. This leads to bistability, where the system can oscillate either with a large or a small
amplitude. Between the two stable solutions there is an unstable periodic solution (dotted line). The
bistability is responsible for the hysteresis during a frequency sweep as indicated with the arrows. The black
dashed line is the backbone line of the non-linear resonance. (b) The same plot for a purely repulsive
interaction. (c) Non-linear resonance for a combined attractive-repulsive potential. The two possible

solutions, An and AL are marked. Adapted with permission from reference [9].

Bistability is caused by the fact that more than one solutions of the equation of motion of
an oscillating cantilever are possible for the same frequency, as shown numerically by
Garcia and San Paulo [10]. The two solutions, one at high amplitude (Au) and one at low
amplitude (Ap) can be explained by the coexistence of the attractive and repulsive
regimes. The solution Ay corresponds to the repulsive regime, while Ay, corresponds to
the attractive regime. Experimentally, bistability has been observed by multiple authors

as discontinuities in amplitude versus frequency graphs [11]-[15].
.

Intermitent contact
(repulsion dominant)

Distance

L

Force
o

Non-contact
(attraction dominant)

Free oscillation
(no interaction)

Figure 3.5: Schematic illustration of three distance-dependent regimes of interaction between an oscillating
cantilever and a sample surface. The horizontal dashed lines mark the distance intervals explored by the tip
at the attractive and repulsive interaction regimes, as well as the no interaction regime. Intermittent contact
and non-contact regimes overlap for a small area, resulting in a bistable regime. Adapted with permission

from reference [11].
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3.4. Conservative and dissipative forces in Atomic Force Microscopy

Regardless of whether the net tip-sample interaction force is positive or negative, a
number of different tip-sample interaction forces, Fi, typically act on a cantilever during
one period of oscillation, each influencing the motion of the cantilever differently. The
variety of forces acting during an oscillation period makes it difficult for the tip-surface
interaction to be properly identified and quantified. Under carefully controlled
operating conditions however, it is possible to isolate the type of interaction, extracting
quantifiable information about material properties.

As two general categories of tip-surface interaction types, one can divide the forces into
conservative and dissipative.

Conservative forces for a dynamic AFM experiment performed in ambient conditions,
include van der Waals forces [3], [16], capillary forces [3], [16], [17], and contact
mechanics forces [1], [3]. Contact mechanics forces are considered dominant in the
framework of the presented experimental work and are discussed in detail below.
Dissipative forces are often present in a dynamic AFM experiment and provide an
important source of material contrast. The mechanisms of energy dissipation in dynamic
AFM operated in air can be divided into surface adhesion hysteresis and velocity

dependent processes [16], [18], [19].

3.4.1. Contact mechanics forces

Contact mechanics forces are used to model the interaction between two bodies and
their deformation upon contact. The deformation can be fully recovered, in which case
the contact is described as elastic, partly recovered, with the deformation referred to as
elastoplastic, or permanent, described as plastic deformation. Elastic, plastic, and
elastoplastic deformation can be exhibited by any and all materials, depending on the
applied load and the material properties. The most commonly used contact mechanics
models are presented here, for the elastic contact between a spherical indenter and a
flat surface, which most closely resembles the AFM tip and sample geometries.

A handy tool to determine which model is suitable to describe the contact between a tip
and sample is the adhesion map shown in Figure 3.6, proposed by Johnson and
Greenwood [20]. The map is divided in areas characterized by the ratio of load to

adhesive forces and the elasticity parameter, A.
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Figure 3.6: Adhesion map for the mechanical contact of elastic bodies, showing the range of application for
each contact mechanics model. Adapted with permission from reference [20].
Hertz model
Historically, the elastic contact between two infinite bodies without any adhesive forces
was the first to be mathematically formulated, by Hertz. Hertz contact theory does not
take into account surface or adhesive forces. At zero load there is no contact between
the two bodies. The simple Hertz model for the elastic contact between a spherical
indenter of radius R (in the case of the AFM the tip) and a flat surface is given by
equation 3.22, and describes the relationship between applied load, deformation

(indentation, §) and material properties, in particular effective elasticity as expressed by

Young's modulus [1], [3], [21].
4
Frertz = §T[E*\/E63/2 (3.22)

At this point the distinction between the effective elasticity, E”, and the Young’s modulus
for either body, E; and E> or, in the case of AFM tip and sample, E: and E;respectively,
should be made. E”, as defined by Hertz, is the convoluted elasticity of the indenter, in

this case the tip, and the sample:
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1 _1—1/52_|_1—1/t2 (3.23)
Eerr Es E; '

In the case of soft materials E; « E, resulting in 1 —v,2/E; > 1 —v,2/E,. Moreover,

vs? « 1,leading to 1 — v4?/Es ~ 1/E,. Equation 3.23 can be simplified and E,¢f ~ E;.

Derjaguin-Muller-Toporov (DMT) Model
The DMT theory describes the elastic contact between two bodies, while taking into
account adhesion forces acting outside the contact area, as per equation 3.24 [1], [3],

[22]. The adhesive forces produce a finite contact area, irrespective of the external load.

Fadh = —47TR]/ (324)

y denotes surface energy, with W,,;, = 2y the work required to separate two surfaces in
contact.

The repulsive force between the bodies is described by equation 3.25, and the total force
acting on the cantilever for d < a, is the sum of the adhesive and repulsive force, as

shown in equation 3.26.

4
Frep = §nE*\/§(ao — d)3/2 (3.25)

4 * 3/2
Four = —4mRy +3mE"VR(a, — d) (3.26)

DMT theory is applicable for low adhesion forces and small tip radii.

Johnson-Kendall-Roberts (JKR) model
The JKR theory considers only short-range adhesion forces, given by equation 3.27,
acting inside the contact area [1], [3], [23].

F,an = 37Ry (3.27)

Indentation, 6§, can be calculated as per equation 3.28.
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(3.28)

The contact radius, g, can be expressed as a function of applied and adhesive force:

3R
a="|z|Fe + 6mRY +2 j 3Ry Fycr + (3TRY)? (3:29)

The JKR theory behaves hysteretically and is suitable for highly adhesive systems and

large tip radii.

3.5. Multifrequency Atomic Force Microscopy

As briefly discussed in paragraph 3.2, the motion of an oscillating cantilever is most
frequently considered as dominated by only one flexural mode. However, as short-
distance forces have an extinction length typically lower than that of the commonly used
oscillation amplitude (1 nm versus > 5 nm respectively), a non-linear net tip-sample
force is acting on the cantilever during one period of oscillation. This, intrinsic to the
system, non-linearity, introduces motion components from the higher harmonics,
encoded in the frequency spectra. Following the simple scheme presented by equation
3.7, the experimental observables are mostly used to reconstruct surface topography.
The additional information encoded in the higher frequency components of the motion
is lost.

Multifrequency AFM has been developed recently, in order to address this issue. The
basic concept is to excite the cantilever at multiple frequencies, distinct or a whole band,
and take advantage of the extra experimental observables to gain a particular insight
into materials’ properties (electric, magnetic, mechanical etc.), while using the
fundamental frequency to track the topography. The scheme of multifrequency
excitation also offers the advantage of enhancing the amplitude of the higher
eigenmodes, easing their detection, while the sensitivity of the additional mode is also
enhanced by the coupling between simultaneously excited eigenmodes, improving the

sensitivity of the second mode to material properties [24].
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Multiple schemes of multifrequency AFM have been developed. The most widely used
include multiharmonic AFM imaging, bimodal AFM, band excitation, torsional harmonic

AFM and nanomechanical holography [25].

3.5.1. Multiharmonic AFM imaging

In this mode, the cantilever is excited at one frequency, usually the first eigenmode.
Harmonic frequency components are generated and can be seen in the Fourier space.
The amplitude and phase at the driving frequency are monitored by one lock-in
amplifier, and the received signal is used for imaging. The amplitude of a higher

harmonic is monitored by a second lock-in amplifier and plotted independently [26].

3.5.2. Band excitation

In Band excitation AFM the cantilever is excited by a composite signal generated by a
band of frequencies centered around one of the eigenmodes. The signal, produced in the
frequency domain, is inverse FFT to the temporal space and used to excite the
cantilever. The response temporal signal is then FFT back into the frequency domain
and amplitude-frequency and phase-frequency curves are generated. Using this
information the energy dissipated at each point can be calculated and areas where
different energy dissipation takes place can be highlighted in the produced 2D images
[27].

3.5.3. Torsional harmonic AFM

In torsional harmonic AFM, as in multiharmonic AFM, the cantilever is driven at one
frequency, usually the first eigenmode, and information is collected for additional
frequencies, in this case the torsional harmonics. The cantilevers used for this technique
are usually specially fabricated, with the tip being offset from the main longitudinal axis.
The non-linear tip-sample interaction generates a torque, which, in turn, leads to an
enhanced lateral deflection. The vertical deflection signal is used to plot the topography
of the surface, while the lateral deflection is used for obtaining simultaneous
information on material properties. The torsional harmonics are more sensitive to local
variations in material properties as they are only excited by the tip-sample forces and
not the driving force. Moreover, the torsional harmonics are typically at higher
frequencies than the flexural harmonics. Since the bandwidth is limited by the

frequency, torsional harmonic AFM provides better time resolution [28].
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3.5.4. Nanomechanical holography

In nanomechanical holography both the cantilever and the sample are excited, the first
acoustically as in regular dynamic AFM imaging, the latter mechanically from below. The
mechanical excitation of the sample generates waves, which, as they travel through the
sample, are scattered and deflected by the material’'s subsurface structure. The
propagating waves reaching the surface, exhibiting a phase and amplitude shift
depending on the mechanical properties of the buried structures they have already
interacted with, provide an additional tip-sample interaction force. The main contrast
mechanisms are the amplitude shift between the matrix and the matrix-buried structure
and the phase shift between the matrix and matrix-buried structures. The former is
caused by wave scattering from the buried obstacles. The latter is related to the shift of
the tip-sample interaction stiffness, 4k, due to differences between the tip-matrix
interaction stiffness and the tip-matrix-buried structure stiffness. 4k is related to phase
shift via a coefficient dependent on cantilever, sample and oscillation parameters [29].
Nanomechanical holography, in the form of Ultrasonic Force Microscopy (UFM),
Heterodyne Force Microscopy (HFM), Atomic Force Acoustic Microscopy (AFAM) and
Scanning Near Field Ultrasonic Holography (SNFUH) can provide information on
subsurface structures both in soft and hard systems. However, the complexity of the
required setup and the difficulties of properly interpreting the received data hinder the

wider use of the technique.

3.5.5. Bimodal AFM

In bimodal AFM the cantilever is excited using two driving forces at frequencies
matching two of its eigenmodes, usually the first and second. The complex driving signal
generates a complex movement, described in its general form by equation 3.30 [25],
where g; the temporal component of the movement of the ith eigenmode and n refers to

the harmonics.

M N
z(t) =z, + Z qi(t) =z, + 2 A,cos (nwt — ¢,) (3.30)
i=1 n=1

Equation 3.30 can be simplified for two driving forces to equation 3.31 [30].
z(t) = Ajcos(w it — @q) + Aycos(wyt — @3) (3.31)
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Information on 4;, ¢; and w; is collected from the electronics of the AFM and used to
reconstruct the desired information. Usually the first eigenmode is used to track surface
topography, while the higher eigenmode, carried along the first, is used to extract
information on material properties. Bimodal AFM is compatible with operation both in
air and liquid, and can be performed in the attractive [31], [32] and repulsive [33]-[36]

regime, depending on the information the user wishes to gain access to.
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Figure 3.7: Shape of the first and second eigenmodes for a tipless rectangular cantilever (A). Scheme of the
bimodal tip excitation (B) resulting from the combination of the two frequencies (C). Schematic
representation of a bimodal AFM experiment in the AM-AM configuration (D). Reproduced with permission

from reference [35].

The expression of the experimental observables as a function of any tip-sample
interaction forces can be achieved if the energy conservation theory and the virial
theorem are applied to the tip-sample interaction forces, as demonstrated by Lozano
and Garcia for the continuous beam [30], [37]. Following the mathematical derivation
proposed by the authors, the dissipated energy over one period of oscillation, Ex(i), can
be calculated for each eigenmode as per equation 3.32. Conversely, the virial of each

eigenmode, V:(i), can be expressed by equation 3.33.
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T
E (i) = —j Frs(d)z;(t)dt (3.32)
0

T
Vel = 7 [ Fu(@a(ode (333)

Where d is the instantaneous tip-sample separation, as per equation 3.34, for a

continuous beam.
d=z.+w(L,t) (3.34)

Substituting equation 3.31 into equations 3.32 and 3.33, it can be calculated for each

eigenmode:

E (i) = mkiA; .
ts(@) = 0; (4oising; — 4;) (3.35)
L
_ kiAo,i
Visay = —Z—Q_AiCOS(Pi (3.36)
14

The frequency and spring constant of the higher eigenmodes of rectangular cantilevers
are related to the spring constant and frequency of the fundamental mode as per

equations 3.37 and 3.38 respectively [25], [38].

fo= (:—i)zfl (3.37)
ki = ky (%)g (3.38)

The operator ¢ can be experimentally determined for any cantilever and accounts for the
deviation of the real shape of a rectangular cantilever from the rectangular beam. Some
values for commonly used cantilevers have been determined by Labuda et al. [38]. As

the process for calculating C is not trivial, the value is often set to 2.
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Equations 3.35 and 3.36 show how experimental observables, such as amplitude and
frequency shift, are related to tip-sample processes, allowing for material contrast to be
obtained. Depending on the operating mode (AM, FM, PM), the absence or not of non-
conservative forces, and the specific operating conditions, the above equations can be
further simplified [30], [35], [39], [40]. Equations 3.35 and 3.36 are true for any tip-
sample interaction force, and can thus be solved to correlate the experimental
observables to specific material properties.

One of the most interesting applications of bimodal AFM has been its use for
nanomechanical characterization of soft matter. Operating in the repulsive regime, the
mechanical contact between the tip and the sample can be modeled using a suitable
contact mechanics model and the oscillation parameters correlated to material
mechanical properties [33], [36], [41]. Effective surface elasticity, E* and indentation, 6,

can be calculated for A; > & and a spherical tip shape as per equations 3.39 and 3.40

[ ky* Af,
f(ll Tk o (3.39)

1 kl fo 2 2 2
=—— —A (3.40)
2Q kpdfp, N7t T

respectively [36].
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UHMWPE

Figure 3.8 (A-G): Bimodal AFM can provide accurate nanomechanical characterization of a wide range of
materials, showing good material contrast and obtaining subnanometer resolution. Topography (A), elasticity
(B) and deformation § (C) for purple membrane in buffer solution. The insets show the 3-fold symmetrized
averages of each channel (scale bar 2 nm). Topography (D) and elasticity (E) of a Ce, O, S metal-organic
framework. Reproduces with permission from reference [36]. Elasticity map of ternary polymer blend of
polystyrene (PS), polyethylene (PE) and polypropylene (PP) (G) and elasticity of ultra-high molecular weight
polyethylene (UHMWPE). Reproduced with permission from reference [35].

3.5.5.1. Using Bimodal AFM for nanomechanical characterization of soft matter
Bimodal AFM can provide information on a number of material properties, including
magnetic [42], electrostatic [43], and adhesive interactions [44]. When operating in a
net-repulsive regime, mechanical contact between the tip and sample is achieved [33]. A
suitable contact mechanics model can then be used to model the tip-sample interaction
forces, which, in turn, can be expressed in terms of the cantilever’s characteristics or
parameters of oscillation.

As used by Amo et al. [36] and Herruzo et al. [41], among others, the mechanical
properties of a material in terms of Young's modulus, E, and viscosity, n, can be
correlated to experimental observables as briefly described in paragraph 3.5.5. A
different approach towards a mathematical formulation between F: and experimental
observables, based on the concept of the weakly perturbed oscillator, has been provided
by Labuda et al. [45] and is briefly explained here.

The interaction stiffness between the tip and sample as a function of the vertical

displacement, z, or the indentation depth, 6, can be expressed by equation 3.41.
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oF oF
kint(z) = PR kine(6) = 3% (3.41)

Assuming that the conservative forces are dominant, the contact between the tip and
sample is considered purely elastic [35]. Using a simple general Hertzian contact model
[1], [21], the interaction stiffness between the tip and the sample can be calculated as
per equation 3.42 [45], where E.y is the tip-sample effective Young’s modulus, a. the
contact radius correction factor, L the characteristic length scale of the tip which

depends on tip shape and size, and § the indentation depth.
kine(8) = 2E*a L2~ ™M™ 1 (3.42)

The parameter m € [1,2] is related to tip shape and can take different values within the
defined field. For a paraboloid tip, which most closely resembles a typical commercially
available AFM tip, m = 3/2, L equals tip diameter 2R and ac =+/1/2 and equation 3.42

can be simplified as such:

Kine(8) = 2E*VRS (3.43)

To calculate the time-averaged change in effective stiffness of each eigenmode, Ak;, the
interaction stiffness, kin:(6), will be integrated over one period of oscillation for each
eigenmode. For the first eigenmode, 4k; can be calculated by integrating kin:(6(t)) for
one cycle of oscillation, using a semi-circular weighing function [46], [47] and replacing

the variable §(t) with the modified distance, u = (6,4, — 8)/A1.
2 2
Ak, = ;f kine (Omax — UA1)V 2u —u?du (3.44)
0

For A; > 8,4y it is approximated that v2u — u? = +2u. With this simplification and
replacing equation 3.43 into equation 3.44, the time average change in stiffness of the
first eigenmode can be related to the effective Young’s modulus and maximum

indentation as per equation 3.45.
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R
Aky = |[—=E*Spmax” (3.45)
24,

The higher eigenmode is driven at amplitude Ao, < Ao: [48], [49]. Under these
conditions, 4k; does not vary significantly during one oscillation cycle spanning from -A2
to Az, but does vary as it rides on the oscillation cycle of the first eigenmode [31]. In
order to calculate Akz, kin:(6(t)) is integrated over one period of oscillation of the first

eigenmode.
1 T
By = f i, 5(E)dt (3.46)
0

Substituting t = cos~!(u)/w; and using the weighing function 1/v2u — u2, which, as for

the first mode, can be approximated by 1/v2u, equation 3.46 can be rewritten as:

1 (? 1
Ak, = —f kin: (6 —ul;)—du 3.47
2 T 0 mt( max 1) m ( )

Replacing equation 3.43 into equation 3.47, the time average change in stiffness for the

second mode can be calculated:
—E* Sy (3.48)
The system of equations 3.45 and 3.48 can be solved for Eey and Omax, resulting in

2
E* = _2 4k, (3.49)
RA, Ak,

Ak,
Smax = A1 77 (3.50)
2

equations 3.49 and 3.50.
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In this way, the effective material elasticity as expressed by Young’s modulus, E.f and
the maximum sample indentation, dmax, can be measured experimentally, through Ak;
and 4ko.

Ak; can be experimentally measured as a function of cantilever characteristics and

operating conditions [45], [50]:

w? k. (A, D
Ak = k(: w—cz— 1 +Q—C(XD—TCOS(p> (351)

The proposed equation 3.51 is true for all dynamic AFM operation modes when the
cantilever is driven at resonance. The parameters k. and Q. are characteristics of each
mode of the cantilever. The selection between the operating parameters w, wc, 4r, 4, D, D
and ¢, as to which will be kept constant and which will be left free to vary during an
AFM measurement depends on the selected operating configuration and is eigenmode
invariant.

In the AM configuration, D = D, and w = w,, and one can calculate:

k. A
AkAM = Q—Cfcow (3.52)
Cc

In the FM configuration, A = A, ¢ = /2 and one calculates [47]:

Aw Af
FM _ S ==
Ak 2k, o 2k, 3 (3.53)
In the PM configuration, setting A = Ar and w = w¢:
k. D
AkPM = —= — cosg (3.54)

Qc Dy

Each mode can be used for each driving eigenmode. Of all the possible configuration
combinations, the most widely used are the AM-AM, FM-FM and AM-FM.

In the present thesis the mode bimodal operation was carried out using the AM-FM
configuration (AM-FM, US patents 8,024,963, 7,937,991, 7,603,891, 7,921,466
and 7,958,563 with others pending, Oxford Instruments Asylum Research, Inc., Santa
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Barbara, CA, USA). The first eigenmode was operated in amplitude modulation (AM) and
the higher eigenmode, always the second unless otherwise specified, was operated in
frequency modulation (FM). Under these conditions, Ak, = Ak?™ and Ak, = Ak, and

equation 3.49 can be expanded to an experimentally friendly form:

pro [B2NAike kO o, 1 (3.55)
R Ayi ky f2, 2 cosg,

3.5.5.2. Nanomechanical characterization of SAMs by bimodal AFM in the AM-FM
configuration

In order to obtain an operating conditions-independent nanomechanical

characterization of soft matter in general and organic self-assembled monolayers

(SAMs) in particular, some parameters need to be considered.

Amplitude ratio of fundamental and higher eigenmodes

The ratio of free amplitude between the oscillation parameters of the first and higher
eigenmodes is an important parameter for tuning the cantilever’s response to material
properties [48], [49], [51], [52]. The fundamental and the higher eigenmodes are slightly
coupled, so energy transfer between them is possible, leading to chaotic cantilever
motion [9]. A stabilized repulsive regime in bimodal AFM has been experimentally
observed [53]. Stark demonstrated that for A,; comparable to A,2 the motion of the
cantilever is no longer periodic; rather, quasiperiodic jumps between the attractive and
repulsive regimes are present., while the phase response of both the first and the higher
mode was unstable [51]. Optimum operating conditions were determined for Ao, 1:4,2
equal to 4:1. Gigler et al. further demonstrated that for bimodal operation in the
attractive regime stable imaging and material contrast was obtained for Ao,1:4,2 smaller
than 10:1, while for operation in the repulsive regime the ratio should be maintained
above 10:1 [52].

Regarding material contrast, it was suggested by Stark that the parameter influencing
the AFM operation in the bimodal scheme was in fact the ratio of the energy stored in
each mode, E1:E2, and not the ratio of amplitudes [51]. The experimental and theoretical
results obtained by Kiracofe et al. further supported this claim. Imaging a ternary

polymer blend while maintaining A,,:4,2 > 10:1, it was demonstrated that material
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contrast was reversed when the energy of the two modes was comparable [49]. This

observation can be related to the energy dissipated by each mode.

Work to free amplitude ratio of the fundamental eigenmode

The mathematical formulation previously described, relating experimental observables
to mechanical properties, was carried out for operation in the repulsive regime,
considering only conservative forces. An operational range for A::A,; in which both
mechanical contact between the tip and sample is maintained, while simultaneously no
plastic deformation is induced, needs to be determined. In this regime the measured
moduli are independent of the operating conditions. An octadecylphosphonic acid SAM
was scanned in the AM-FM configuration. A, was kept constant and A; was changed
approximately every 100nm in the slow scan direction. A, 1:4,2 was kept at 50:1. The
sample’s Young’s modulus was calculated at each interval and was found constant for
A1:Aq1 €]0.65, 0.80] (see Figure 3.9). It should be stressed that the absolute values of A;
and A,,; do not greatly affect the measured E values; rather it is the ratio of the two that
significantly affects the force at which the sample is probed. As demonstrated by
Rodriguez and Garcia, when A,,1 > Ao,2, @1 does not show any material contrast [31]. In
fact, solving equation 3.35 for negligible energy dissipation, it is clear that ¢1 depends
only on the ratio Aj:A,:. Therefore, as long as the conditions Ao,1 > Ao,z and Az:Ao: €
[0.65, 0.80] are met, the absolute values of the free and work amplitude of the first mode
can be varied. It should be noted that experimentally it has been observed that

extremely high values of A, 1 lead to high vibrational noise.
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Figure 3.9 (A-C): E dependence on imaging conditions experimentally determined at 400kHz using nominal
tip shape sphere and R = 10nm for ODPA SAMs (A). Work (A1) to free (Ao1) amplitude ratio (B) and
corresponding E* (C).

Tip shape and size

Equations 3.39 and 3.55 have been rigorously derived for a paraboloid tip of radius R.
Nonetheless, the tip shape and size should be calibrated. For the most accurate
calibration, the cantilever tip can be imaged via Scanning Electron Microscopy (SEM);
the radius can be directly measured and the shape confirmed. This method however is
time and resources consuming and, therefore, not ideal for day-to-day use. An indirect
and widely used calibration method involves the scanning of a reference sample of
known mechanical properties; R and shape are backcalculated from the experimentally
recorded values of E and modulated in order to obtain the known value of the sample’s
elasticity. The calibration sample used should have nanomechanical properties close to
the expected values of the material to be measured. In the present thesis all cantilevers
were calibrated on a polystyrene (PS) calibration thin film (12 pm, Bruker, Santa

Barbara, CA, U.S.A.) with nominal Young’s modulus E = 2 GPa.

Cantilever characteristics
As seen in equation 3.55, effective Young’s modulus, E, is calculated as a function of

oscillation parameters and cantilever characteristics like resonance frequency,
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frequency of the higher modes, spring constant of the fundamental and higher modes,
frequency shift of the higher mode. The cantilever characteristics take different values
for different probe types. As a result, the values of E*, as well as dmax, calculated by
bimodal AFM for different probe types will be numerically different, none the least
because the sensitivity of probes with variable stiffness to the same forces will be
different. In order for the obtained data to be comparable it is important that the same
probe type is consistently used for all samples.

This effect can also be seen when different combinations of the first and higher
eigenmodes are used, for example the first and second versus the first and third
eigenmodes. Since E* « k;/f;, where i the higher eigenmode, it can be written, for the

combination first and second:

ke (fa/f)*k: _ 3931k,
f2 B (k2/k1)*fi -~ 6.27f;

E*y, (3.56)

And for the first and third:

ka _ (f/f)%s _ 308k
fz (k3/Kk)*fy  17.55f

E*y s (3.57)

Even though the same material properties will be probed [49], numerically the two
values, E*;, and E*; 3 will be different. It is therefore important for the same

combination of first and higher eigenmode to be consistently used for all samples.

Figure 3.10: Recorded E* of the same area of polystyrene (PS) at 400 kHz (first and second eigenmodes) (A)
and 1 MHz (first and third eigenmodes) (B).
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Chapter 4

Nanomechanical characterization of homoligand and binary
thiolated self-assembled monolayers on Au (111) using bimodal

Atomic Force Microscopy

In this chapter the structure-properties relation of SAMs of thiols of varying length and
stereochemistry is being presented. Using bimodal Atomic Force Microscopy the
effective Young’s modulus, E*, of homoligand SAMs was determined. A clear relation
between ligand length and E* was found, demonstrating that bimodal AFM can be used
to characterize the mechanical properties of molecularly thin, largely amorphous
materials without a dominant effect from the substrate. The effect of the substrate was
deconvoluted from E* and the elasticity of the monolayers was calculated and used as
the basis of a comparative study of the ordering of the deposited alkanethiol SAMs.
SAMs of other thiols were markedly different from alkanethiol SAMs. Even when no
topographical variation was observed, the measured elasticity revealed differences in
the structure of the SAMs, allowing some conclusions regarding potential ligand
ordering within these SAMs to be drawn. Bimodal AFM was further used to image binary
thiol SAMs showing formation of domains smaller than 10 nm. The domains exhibited
different mechanical properties, consistent with the elasticity of SAMs of the constituent
ligands. The direct correlation of the surface elasticity to the topographical features
allows us to localize the position of the two types of used ligands, a feat that has not

been performed before.
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4.1. Introduction

Organic self-assembled monolayers (SAMs) are one of the most convenient ways to
modify surface properties according to particular needs and applications, without
affecting the bulk of a material. SAMs of thiolated molecules on Au (111) are one of the
best studied monolayer systems, as they inherently form well ordered monolayers with
the w-terminal oriented almost parallel to the surface normal via simple incubation of
the substrate in a suitable ligand solution [1]-[3]. Judicious selection of the spacer chain
and end functionalities of a ligand allows the deposition of SAMs with applications
ranging from biomolecule sensors [4] to cell immobilization and from antifouling
coatings to molecular electronics [5]. Of particular interest are binary SAMs, where a
combination of two ligands can allow the controllable formation of highly tailored
surfaces [6].

Despite the significant progress in the study and characterization of binary thiol SAMs,
some questions still remain unanswered. The most pressing question is the localization
of different ligands on a surface. Simulations and theoretical calculations have shown
that binary SAMs can adopt a number of different conformations, spanning from fully
mixed ligands to nanoseparated domains. Scanning tunneling microscopy (STM) studies
have shown the formation of different domains in binary SAMs on flat Au(111) surfaces
[7], and recent studies [8] have allowed gauging of the environment around ligand
domains on nanoparticles. However, the exact chemical mapping of a surface with
lateral resolution on a nanometer scale has not been achieved.

One of the most interesting and still debated aspects of SAMs is their mechanical
properties. Variations in ligand length, bulkiness, rigidity and polarity significantly affect
molecular ordering and packing density. Disordered SAMs should appear softer,
behaving like low-density amorphous polymers. As longer ligands tend to form better-
ordered, almost crystalline phases [9], resulting SAMs should theoretically appear
stiffer. It is therefore hypothesized that the elasticity of organic SAMs can be used as a
quality indicator, providing information on the level of molecular order and ligand
packing. A technique that can spatially resolve mechanical properties of molecularly thin
films with high lateral resolution (< 10 nm) could, in theory, be used as a method to
chemically map a phase-separated SAM.

The first necessary step towards this approach would be establishing a characterization
technique and application protocol that allows one to accurately and reproducibly

characterize the nanomechanical properties of SAMs, while being sensitive to the
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structural variations induced by only slight changes in ligand structure, length or
bulkiness.

Experimental [10]-[14] and computational [15] studies on nanomechanical properties
of alkanethiol SAMs have been performed. The elasticity of the materials was
determined, but a great disparity exists amongst published results, with Young’s
modulus values, E, ranging from 0.18 GPa to 75 GPa. One of the most startling
observations has been the general absence of correlation between ligand length,
ordering and SAM elasticity. Most studies showed little or no correlation between ligand
length and elasticity [13], [15], yet other studies found significant variations of E for
SAMs of the same ligand [11], [12]. In their experimental work, DelRio et al. tried to
address the question of ligand ordering and SAM elasticity [14]. Homoligand thiol SAMs
on amorphous gold substrates were deposited and orientation and alignment of the
ligands were evaluated by near edge x-ray adsorption fine structure spectroscopy
(NEXAFS). Monolayer elasticity was measured by performing a series of force-distance
curves with an atomic force microscope (AFM). A clear relation between ligand ordering
and SAMs’ Young’s moduli, E, was found.

The use of force-distance curves to determine materials’ mechanical properties is a
standard practice in the AFM community, allowing minute control over applied loads
and indentation depth. However, it is typically a very time consuming method, while
little immediate correlation between mechanical and topographical features can be

achieved.
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Figure 4.1: Currently available in literature [10]-[15] thiol SAMs’ Young’s moduli, E, vs. n, where n the number

of carbons in the alkane chain.
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In the present work we investigate the use of bimodal AFM for the comparative
determination of surface elasticity, E”, of surfaces covered by thiol SAMs. The technique
has emerged recently as a method of probing locally and with high lateral resolution
material properties, while concurrently recording surface topography. It has been used
to measure variations in magnetic properties [16], as well as for the nanomechanical
characterization of polymers [17], polymer blends [18] and biomolecules [19], but so far
not for the characterization of molecularly thin materials. It is yet unclear whether the
effect of the substrate will be too significant to differentiate between different ligand
SAMs.

Bimodal AFM combines the typical high resolution of AFM with rapid, accurate and
quantifiable material contrast. Bimodal AFM is a dynamic force microscopy technique,
where the oscillating cantilever is excited simultaneously at two frequencies, usually the
first and second eigenmodes. By introducing a complex, non-linear driving force in the
movement of the cantilever, non-linear forces acting between the tip and the sample can
be probed simultaneously. Moreover, the bimodal excitation signal doubles the
experimental observables; the oscillation parameters of one mode, typically the first, can
be used to track surface topography, while the oscillation parameters of the higher mode

are used to track material properties [17], [20], [21].

4.2. Materials and Methods

The thiolated ligands used were selected based on their well-established ability to form
ordered monolayers. Alkane thiols of varying length were used in order to evaluate the
evolution of surface elasticity with increasing ligand length. Commercially available
alkanethiols (CyH2n+2S), 4-cyano-1-butanethiol and mercaptosuccinic acid were
purchased from Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis, MO, USA) and used
without further purification. Trimethylamine terminated decanethiol was synthesized
in-house. Au (111) surfaces epitaxially grown on mica (thickness 200 nm) were

purchased from Phasis (Geneva, Switzerland) and used without further treatment.
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Table 4.1: Table of thiolated ligands, their chemical formulas and abbreviations used.

Compound name Chemical formula Abbreviation
1-butanethiol C4H10S C4
1-heptanethiol C7H16S C7
1-octanethiol CgHisS OT
1-nonanethiol CoH20S C9
1-undecanethiol C11H24S C11
1-dodecanethiol C12H26S C12
1-octadecanethiol C1sH3sS C18
Trimethylamine terminated decanethiol C13H30NS TMA
4-cyano-1-butanethiol CsHoNS CN4T
Mercaptosuccinic acid C4He04S MSA

Alkanethiol homoligand SAMs were deposited from toluene solutions (Acros Organics,
Thermo Fischer Scientific, Waltham, MA, USA). Binary OT:TMA and homoligand TMA
SAMs were deposited from ethanolic solutions (Acros Organics, Thermo Fischer
Scientific, Waltham, MA, USA).

Monolayer deposition took place via incubation of the surfaces in 10-15 mL of thiol
solution at 60 °C for 48 h, unless otherwise specified. Solution concentration for
homoligand SAMs deposition varied between 0.27 mM and 0.42 mM. SAM formation
was quenched by removal of substrates from the thiol solution and rigorous rinsing in a
solvent stream. Surface incubation was followed by an annealing step, during which the
monolayer-covered surfaces were rinsed and incubated in 10 mL clean solvent at 60 °C
for 10 d, unless otherwise specified. Upon completion of the annealing step, the surfaces
were removed from the solvent, rinsed, dried in a N2 stream and kept under vacuum in
order to remove trapped solvent and avoid environmental contamination.

All AFM experiments were conducted using a commercially available Cypher S or
MFP3D-Bio AFM (Asylum Research an Oxford Instruments Company, Santa Barbara, CA,
USA). Bimodal AFM was performed in the net repulsive regime using the commercially
available AMFM mode (Asylum Research, US patents 8,024,963, 7,937,991, 7,603,891,
7,921,466 and 7,958,563 with others pending) and all data was fitted to the Hertz
model. Commercially available silicon nitride cantilevers with a first mode stiffness, ks,

range between 1.0 and 3.5 nN/nm and fundamental resonance frequency f,: = 50-90
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kHz (AC240TS and AC240TSA, Olympus, Tokyo, Japan) were used. Each cantilever was
individually calibrated for stiffness and sensitivity of the first mode with the Sader
method (GetReal™, Asylum). Stiffness and sensitivity of the higher mode, in this case the
second eigenmode, were calculated as reported in the literature [21], [22]. Probes were
calibrated for tip shape and size before and after measuring each sample, as well as
during each measurement, by scanning a polystyrene (PS) calibration thin film of known
elasticity (Bruker Daltonics Inc., Billerica, MA, USA). Tip radius and shape were changed
as to obtain the known elasticity of PS (2 GPa) for the recorded images.

Free amplitude of oscillation of the first mode was selected between 1.0 V and 2.0 V (50
nm and 100 nm respectively) and work amplitude of the first mode between 0.70-0.75 V
(35-37.5 nm) and 1.4-1.45 V (70-75 nm) respectively. The work to free amplitude ratio
of the first mode was always maintained between 0.68 and 0.75, as discussed in
paragraph 3.5.5.2. The free amplitude of the second mode, Ao, was set at 100 mV (1.3-
1.4 nm).

Image analysis and calculation of E* was performed using the integrated Asylum
Research software (Cypher 14.23.153 and MFP3D 14.23.153, Asylum Research), written
for Igor Pro (Igor Pro 6.37, WaveMetrics, Inc., Lake Oswego, OR, U.S.A.). The operating
parameters (Ao,1, 41, fo,2, Af2) were directly loaded from every file. The spring constant
for the first and second eigenmodes, as well as the tip shape and size, were manually
entered, as determined by the calibration procedures described above. Multiple areas of
every sample were scanned and E* was calculated. The average of all measurements per
surface was used as the average E* of the sample. For every monolayer type samples
were prepared in triplicates and measured individually. The values of E* for every
monolayer reported here represent the average of all three samples.

Static water CA measurements were carried out using the DataPhysics OCA 35
instrument with SCA20 software (DataPhysics Instruments GmbH, Filderstadt,
Germany). The CA of each surface was calculated as the average of 5 drops of 5 pL each.

The CA values reported per monolayer type are the average value for three samples.

4.3.Results and Discussion

4.3.1. Contact mechanics model selection
Under the operating conditions, the tip interacts with short range repulsive forces,

allowing information on the mechanical properties of the sample to be accessed [23]. An
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elastic contact between the tip and sample is assumed. Conservative forces are
considered dominant and non-conservative forces, such as viscoelasticity [18] and
adhesion hysteresis, negligible. Experimentally, the above-mentioned assumptions were
confirmed by performing a series of force-distance curves on the alkanethiol SAMs used.
No SAM showed a viscoelastic response. Moreover, adhesion hysteresis was less than
10% of the applied force for all SAMs, and almost non-existent for freshly prepared

samples (see Figure 4.2).

Force

-150nm -100 -50 0
Ind

Figure 4.2: Force-indentation curves for all tested alkanethiol SAMs. No viscoelastic component can be

observed.

The tip-sample interaction is modeled using the Hertz contact model. Under the
operating conditions no plastic deformation of the monolayers is observed, supporting
the assumption of an elastic contact. In the recorded force-distance curves an adhesive
component was observed. Using the adhesion map proposed by Johnson and
Greenwood [24] and the information on Wagn as extracted from the force curves, the
elastic contact between the tip and sample can be modeled using the Hertz contact
model. Contact models such as the Derjaguin-Mueller-Toporov (DMT) model do take
into account adhesive forces outside the area of contact. The selection of the contact
mechanics model was further confirmed by calculating the effective surface Young’s
moduli, E”, of the used alkanethiol SAMs via force spectroscopy, and fitting the data with
both Hertz and DMT model. The difference between the two values did not exceed

11.7% (maximum difference calculated, for freshly prepared OT SAM), while for most
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SAMs it was found less than 5%. In every case, the difference of E* between the two
models was smaller than the standard deviation of the values within each model. We
therefore conclude that the use of the Hertz model to describe the interaction between
the tip and sample is a fair approximation and does not introduce a significant error in

the calculated values.

Table 4.2: E* for alkanethiol SAMs as determined via force-distance curves and calculated using the Hertz
model (E*Hertz) and the DMT model (E*pmr). The standard deviation (o) of values within each model is larger

than the difference in E* between the two models.

Difference
Sample Ehert; (GPa) o (GPa) Epwmt (GPa) o(GPa)
(Evert— Epmr) %
Ca 1.512 0.592 1.497 0.391 1.00%
c7 1.742 0.670 1.818 0.657 -4.27%
oT 1.919 0.617 1.935 0.586 -0.83%
Cc9 1.739 0.622 1.746 0.874 -0.40%
C11 1.304 0.294 1.347 0.249 -3.24%
C12 1.686 1.112 1.737 0.656 -2.98%
C18 2.178 0.753 1.937 0.639 11.71%

4.3.2. Comparative study of homoligand alkanethiol SAMs

Homoligand thiol SAMs have been deposited and the evolution of the effective Young’s
modulus of a SAM covered surface, E*, with varying ligand length was measured. A SAM
covered surface can be viewed as a composite material, with both elastic phases, the
monolayer and the substrate, contributing to the overall experimentally resolved values
of E*, much like two springs in series. The contribution of the substrate is expected to be
higher for surfaces covered by shorter SAMs, as reported for thin polymer films on hard
substrates [25].

A clear decrease of E* with increasing ligand length could be observed (see Figure 4.3
and Figure 4.4), even for a variation as small as the addition of one -CH: group in the
alkyl spacer chain, indicating that bimodal AFM is capable of distinguishing variations in
elasticity of molecularly thin soft layers on hard substrates. C4 SAMs exhibited the
highest E*, measured at 2.79 GPa + 0.13 GPa. Alkanethiols with 7 < n < 12 showed a
significant decrease in E*and exhibiting a small local maximum for C12. Measured values

were found equal to 1.87 GPa * 0.09 GPa for C7, 1.80 GPa * 0.11 GPa for OT, 1.77 GPa %
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0.29 GPa for C9, 1.75 GPa = 0.19 GPa for C11 and 1.93 GPa £ 0.06 GPa for C12. E* was
minimized for C18 SAMs, the longest ligand used, and found equal to 0.96 GPa + 0.07
GPa.

3. OGPa

Figure 4.3: Typical morphology (brown) and simultaneously recorded corresponding E* (yellow-purple)

images for alkanethiol SAMs of increasing ligand length. The colour scales are the same for all images.
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Figure 4.4: Evolution of average E* vs. n for all tested SAMs, where n the number of carbons in the alkane
chain. The effect of the substrate appears to be more significant for shorter alkanethiol SAMs, giving rise to a

higher measured E*.

Capillary forces between the tip and the sample due to the, unavoidable in ambient
conditions, presence of a thin film of water on the surfaces can affect the accuracy of the
performed measurements. This effect can be experimentally observed as a “softening” of
hydrophilic surfaces, as observed by Scandella et al. [26] and Kiridena et al. [12]. Indeed,
by measuring the elasticity of unmodified Au (111) by bimodal AFM, E is found at
approximately 700 MPa, appearing softer than the organic SAMs.

This effect could become significant particularly if extremely hydrophilic surfaces, such
as unmodified gold, would be compared to hydrophobic surfaces, such as -CHs
terminated SAMs.

Static contact angle (C.A.) values of all alkanethiol SAMS were measured and were found
between 65.3° + 2.4° for C18 SAMs and 86.7° + 2.5° for C9 SAMs. Therefore the
assumption that the capillary forces between each alkanethiol SAM and the AFM tip did

not differ greatly was made.
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Figure 4.5: Static CA of alkanethiols vs. n, where n the number of carbons in the alkane chain, and unmodified
Au (111).

The effect of the surface water layer could be screened out by performing elasticity
measurements in a suitable liquid; however this is beyond the primary scope of this
study, namely to establish a framework that would allow to differentiate between

similar SAMs through their mechanical properties, and was thus not addressed.

4.3.3. Deconvolution of substrate-film elasticity

Having established that even small variations in ligand length lead to measureable
differences in elasticity, we attempted to deconvolute the elasticity of the SAMs, Esam,
from the elasticity of the monolayer-surface complex, E*. To deconvolute the effect of
substrate elasticity from the experimentally determined composite elasticity, E*
equation 4.1 has be employed, as formulated by Xu and Pharr [27] and used by DelRio et
al. [14].

21+v 21 4+v
( sub) (1 _ Io) + ( SAM)
ESAM

E*

N =

[1 — Vsub + (Vsub - VSAM)Il] Io (4-1)

Esub

With vy, Poisson’s ratio of the gold substrate, equal to 0.42, vs4 Poisson’s ration of the
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organic SAMs, equal to 0.44, E,,;, Young’s modulus of the gold substrate, equal to 74
GPa, and I, and I1 weighing functions. The weighing functions [27], as expressed in
equations 4.2 and 4.3 are accounting for Poisson’s ratio effects, and the ratio of

monolayer thickness, t, to indenter radius, R, €.

2
L(§) = %arctanf + %lnlz—f (4.2)
2 1 1+ &2 4
I,(¢) = ;arctanf + m (1 —2vgp)éin 7 1t (4.3)

Equations 4.2 and 4.3 have been rigorously calculated for a flat punch indenter.
However, as the calibration step before each measurement shows, an AFM tip’s
geometry resembles more closely that of a sphere than a punch. In order to be able to fit
our experimental data with the model of equation 4.1, a suitable correction factor must
be calculated.

According to the basic Hertz theory, the force profiles for a spherical and punch indenter

are given by equations 4.4 and 4.5, respectively.

4
F= §E*\/ Rsphere63/2 (44)
F =2RpynchE"6 (4.5)

For a set force, F, in order to obtain the same maximum displacement, 6max, the indenters

of different geometries cannot have the same radius, R. An equivalent radius for a punch

eq

indenter, Rpunch'

can be calculated as a parameter of Rsphere, by solving equations 4.4 and

4.5 for equal F, E” and Omax, as shown in equation 4.6.

2
R;chh = 3V 6max\/ Ryphere (4.6)

R;chh was calculated using the calibrated value for R for every cantilever used and the

experimentally determined average &max, Which under the typically employed working

conditions was approximately equal to 0.5 nm.
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Experimentally determined values for the thickness of the SAMs available in the
literature have been used [14], [28]. For SAMs where no such values were available (C4
and C9) the maximum thickness of the monolayers was calculated by assuming a close
packed configuration of fully extended chains and a 30° tilt relative to the surface
normal plane.

For every SAM studied, § was calculated and an approximate deconvolution of the SAM
elasticity, Esam, from the substrate can be attempted, as shown in Figure 4.6.
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Figure 4.6: Evolution of Esamu vs. n, where n the number of carbons in the alkane chain, after deconvolution of

substrate-film elasticity.

The deconvoluted values for Esau can then be used to gain some information about
ligand ordering within each SAM. Ligand packing density and ordering is affected by
chain length and bulkiness. Alkanethiols with n < 3 tend to from more disordered SAMs,
as substrate-spacer chain interatomic interactions promote a higher tilt of the molecules
towards the surface and an overall disordered configuration. These interactions become
less dominant with increasing ligand length (3 <n < 12) [14], as van der Waals
interactions between neighboring chains promote tail alignment in an almost
perpendicular to the surface orientation [29], [30]. This effect has been demonstrated to
saturate for n > 12 for thiols [14] and for n > 14 for alkylphosphonic acids [31]. The
additional -CH; spacer groups no longer contribute to ordering but rather can lead to a

higher degree of disorder. Their larger number of possible spatial configurations can
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lead to a higher concentration of gauche defects close to the SAM-environment interface.
The calculated elastic behavior of SAMs can be used to give an insight into the possible
degree of ordering of different SAMs. Short C4 ligands appear to lead to softer SAMs,
with Esam equal to 0.32 GPa £+ 0.02 GPa.

Addition of 3 -CH; groups in the spacer chain leads to a significant increase in Esam, to
0.42 GPa *= 0.07 GPa, indicating a large enhancement of ordering for C7 SAMs. Addition
of one more -CH; group leads to further increase of Esau for OT SAMs, a system known
to routinely yield highly ordered monolayers, to 0.48 GPa * 0.04 GPa. Esam continues to
increase upon addition of -CHz groups, with Esay equal to 0.61 GPa + 0.11 GPa for C9
and 0.66 GPa = 0.07 GPa for C11 SAMs, suggesting an additional increase in ligand
ordering. Esam is maximized for C12, reaching 0.76 GPa + 0.10 GPa, but significantly
decreased for C18 SAMs, to 0.48 GPa + 0.04 GPa. This behavior can indicate that
interatomic interactions lead to a maximum degree of ordering for n = 12, but further
increase of the ligand length does indeed introduce disorder to the system, as
theoretically expected.

The general trend of Esam vs. n evolution is in reasonable agreement with the values for
Esam reported by DelRio et al. The arithmetic values of Efm can diverge from those
reported in the literature due to approximations and estimations during the fitting of
the experimental data to equation 4.1, as well as differences in the experimental

procedures followed.

4.3.4. Other thiols

Thiols with a structure different from the linear alkanethiols are expected to result in
monolayers exhibiting varying ligand density and organization. Trimethylamine
terminated decanethiol (TMA), mercaptosuccinic acid (MSA) and 4-cyano-1butanethiol
(CN4T) homoligand SAMs have been deposited and characterized via bimodal AFM.
TMA has a bulky headgroup, MSA is a short, bulky, branched molecule, and CN4T is a
short, linear molecule with an endgroup that can coordinate with Au.

TMA SAMs appear to be composed of taller and shorter areas (see Figure 4.7). The
height difference between the two corresponds to the length of a fully extended TMA
molecule, 1.7nm, leading to the hypothesis that bilayer islands are formed on top of one
fully formed SAM. The average E” of the formed SAMs was measured at 1.32 GPa + 0.18
GPa, much softer than E*of C9 or C11 SAMs. The appearance and behavior of TMA SAMs
could be explained by the formation of sparse, disorganized layers, as the bulky

headgroup discourages the close packing of ligands.
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2.3 GPa

Figure 4.7 (A, B): TMA SAM, topography (A) and E* (B). Islands of approximately 1.7 nm in height can be

observed, causing a variation in E*.

Bilayers appear also to be formed by MSA, with an average height difference from the
underlying phase equal to 0.4nm, equal to the distance between the -SH headgroup and
the 1COOH (see Figure 4.8). What is interesting in this case is that despite the presence
of physisorbed molecules in the SAM, average surface elasticity is close to that of C4
SAMs. It is possible that the charged -COOH groups interact electrostatically with the
gold substrate, providing extra stabilization in an otherwise presumably sparse
monolayer. Moreover, hydrogen bonding between the exposed -COOH groups can
promote the formation of more stable physisorbed islands. MSA SAMs average E* was
found equal to 2.63 GPa + 0.75 GPa, similar to C4 SAM, exhibiting on average E* equal to
2.71 GPa £ 0.13 GPa.

3.7 GPa

2.3

Figure 4.8 (A, B): MSA SAM, topography (A) and E* (B). Islands of approximately 0.4 nm in height can be

observed, causing a variation in E*.

Very interesting is also the case of the cyano- terminated 4-cyano-1-butanethiol (CN4T)
(see Figure 4.9). The short, linear ligands form SAMs that appear generally smooth, but
are much softer than C4 SAMs, with an average E* at 1.07 GPa % 0.04 GPa. The formation
of Au-CN complexes is a well-known reaction [32]. It is therefore hypothesized that the

-CN endgroup of the ligand can coordinate with the substrate, causing the molecules to
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adopt a tilted, sparse and disordered conformation, perceived as softer SAMs.

% 2.5 GPa

Figure 4.9 (A, B): CN4T SAM topography (A) and E* (B). The monolayer appears smooth, topographically

similar to alkanethiol SAMs. The low average E* points to a disordered, lying-down phase.

4.3.5. Binary SAMs: Surface Chemical Recognition

Binary SAMs offer a unique freedom of surface functionalization. By a judicious selection
of the end functionality of two, or more, ligands, SAMs can be tailored to a wide range of
specific applications. Factors like length, bulkiness, and hydrophobicity affect the way
the molecules macroscopically mix or separate into domains [7], [33]-[36]. The
properties themselves of the mixed ligand SAMs can either follow the mixture rule, or,
more often, be the result of interactions between individual molecules.

Bimodal AFM has been shown in paragraphs 4.3.2 and 4.3.4 to offer accurate
nanomechanical characterization of surface - SAMs systems, allowing to distinguish
between alkanethiols differing only in length, as well as possibly sparser or more
disorganized SAMs of bulkier or charged ligands. OT:TMA mixed ligand SAMs have been
formed on Au (111) using a feedstock solution ratio of 20:80. Linear sweep voltammetry
of the binary SAMs showed a peak at approximately -0.93 V, between the peak of
homoligand OT SAMs, at -0.91 V, and TMA, at -0.96 V (see Figure 4.10A). The presence of
both molecules on the surface was further confirmed via XPS, as both N and S were
detected on the surface (see Figure 4.10D, E). The surface concentration of TMA was
calculated at 58%, through the ratio of bound, non-oxidized S to N, equal to S:N
3.09:1.80. STM showed the presence of domains, approximately 10 nm in the lateral
dimension (see Figure 4.10B, C). The height variation between the domains, 0.6 nm,

indicates the formation of an OT-rich and a TMA-rich phase.
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Figure 4.10 (A-E): Linear Sweep Voltammetry (A) spectra of OT, TMA homoligand SAMs and OT:TMA binary
SAM, confirming the presence of both ligands in the binary SAM. STM topography (B, C) showing phase
separation and domain formation. Colour scale range 0.6 nm. XPS N1s (D) and S2p (E) spectra of an OT:TMA
binary SAM. The detection of both elements on the surface confirms the presence of both OT and TMA in the

SAM.

Figure 4.11: Representative topography image of OT:TMA mixed ligand SAM.
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Figure 4.12: OT:TMA mixed SAMs. Different topographical characteristics show differences in E*.

Imaging of the mixed ligand SAMs revealed domains of varying height, spread
throughout the surface (see Figure 4.11). The average surface elasticity, E*, was found
equal to 1.61+0.09 GPa, stiffer than pure TMA SAMs but softer than pure OT. Zooming in
reveals that the observed topographical variance is accompanied by a variance in
surface elasticity, E* (see Figure 4.12). In every case, E* exhibits a non-Gaussian
distribution, which can be deconvoluted into three Gaussian peaks, as shown, for

different areas and magnifications, in Figure 4.13B, Figure 4.14B and Figure 4.15B. Using
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the average E* + o of each peak as the boundary conditions, one can highlight the
topographical features that exhibit the corresponding elasticity, as shown in Figure
4.13C-E, Figure 4.14C-E and Figure 4.15C-E.

Areas with the lowest E* correspond to the highest topographical features, with a
relative height close to 1 nm. Elasticity and height lead to the hypothesis that these areas
are bi- or multilayers, formed possibly due to electrostatic interactions between the
charged headgroup of TMA. Stiffer areas (E* = 1.23 GPa * 0.06 GPa, 1.44 GPa = 0.21 GPa
and 1.22 GPa * 0.36 GPa for Figure 4.13D, Figure 4.14D and Figure 4.15D respectively)
correspond to areas of median relative height, at approximately 300 pm, and are
ascribed to the TMA rich phase. The stiffest areas, with E* higher than 1.97 GPa
correspond to the shortest topographical features, at relative height lower than -300 pm,

and are hypothesized to correspond to an OT rich phase.

m

Figure 4.13: Map of surface elasticity, E*, for an OT:TMA mixed ligand SAM (A). Distribution of E* can be fitted
with three peaks, each centered at a different value (0.90 GPa * 0.15 GPa, 1.23 GPa * 0.26 GPa and 1.97 GPa *
0.58 GPa) (B). By thresholding at E*+ ¢ for the three average E* values, certain topographical features can be
ascribed to each area. Features with an average E* = 0.90 GPa appear as tall islands, and are ascribed to TMA
rich multilayers (C). Features with average E* = 1.23 GPa correspond to areas of median height, surrounding
the multilayers and are ascribed to a TMA rich phase (D). Features with average E* = 1.97 GPa correspond to
the shortest areas and are ascribed to an OT rich phase (E). Blue, red and green areas of the elasticity map (A)
correspond to the three peaks identified in (B). All AFM images correspond to the same area and are 500x500

nm.
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Figure 4.14: Map of surface elasticity, E*, for an OT:TMA mixed ligand SAM (A). Distribution of E* can be fitted
with three peaks, each centered at a different value (1.07 GPa * 0.39 GPa, 1.44 GPa + 0.21 GPa and 2.04 GPa *
0.35 GPa) (B). By thresholding at E*+ ¢ for the three average E* values, certain topographical features can be

ascribed to each area. Features with an average E* = 1.07 GPa appear as tall islands, and are ascribed to TMA
rich multilayers (C). Features with average E* = 1.44 GPa correspond to areas of median height, surrounding
the multilayers and are ascribed to a TMA rich phase (D). Features with average E* = 2.04 GPa correspond to
the shortest areas and are ascribed to an OT rich phase (E). Blue, red and green areas of the elasticity map (A)
correspond to the three peaks identified in (B). All AFM images correspond to the same area and are 200x200

nm.
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Figure 4.15: Map of surface elasticity, E*, for an OT:TMA mixed ligand SAM (A). Distribution of E* can be fitted
with three peaks, each centered at a different value (0.66 GPa + 0.20 GPa, 1.22 GPa + 0.36 GPa and 1.99 GPa +

0.35 GPa) (B). By thresholding at E*+ ¢ for the three average E* values, certain topographical features can be
ascribed to each area. Features with an average E* = 0.664 GPa appear as tall islands, and are ascribed to TMA
rich multilayers (C). Features with average E* = 1.22 GPa correspond to areas of median height, surrounding
the multilayers and are ascribed to a TMA rich phase (D). Features with average E* = 1.99 GPa correspond to
the shortest areas and are ascribed to an OT rich phase (E). Blue, red and green areas of the elasticity map (A)
correspond to the three peaks identified in (B). All AFM images correspond to the same area and are 100x100

nm.
Apart from the localization of the different chemical species on the surface at high lateral
resolution, via their mechanical properties, the area of each peak can be used to estimate

the chemical composition of the SAM. 11.78% of the total area corresponds to a

multilayer, 19.95% to a TMA rich phase and 68.27% to an OT rich phase.

4.4. Conclusions

We have demonstrated the capability of bimodal AFM to accurately measure the surface
elasticity of SAM-covered surfaces, without a dominant effect from the substrate. We

have been able to determine the mechanical properties of SAMs made of chemically
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similar ligands but with varying length, distinguishing the induced change of E* caused
by only a few -CH2 groups.

SAM elasticity can be approximately deconvoluted from substrate elasticity and some
information regarding ligand ordering within each SAM can be gained. Even though the
obtained results are in good agreement with those reported in the literature [14], a
number of approximations and assumptions was made. Further work needs to be
carried out for the derivation of a rigorous model if the determination of elasticity of
only the SAMs is the research question.

Furthermore, we have been able to use bimodal AFM to measure the local variation of
mechanical properties and directly correlate these to topographical features, allowing
the identification of chemically different domains in the 5 - 10 nm range. This approach
addresses one of the most pertinent questions of binary SAMs formation, namely the
arrangement of the two ligands on a flat surface.

All measurements were carried out in ambient conditions using commercially available
AFMs and cantilevers. Without needing synchrotron radiation, ultra high vacuum
conditions or a sophisticated set up, we were able to detect small local variations in

elasticity and use these to map the chemical composition of organic surfaces.
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Chapter 5

Kinetic study of the formation of octadecylphosphonic acid self-

assembled monolayers on Al,0; and the characteristics thereof

Phosphonic acid SAMs provide an attractive surface modification method for Al>0O3
surfaces. In this chapter the effect of monolayer formation time (tm) in the structure and
properties of octadecylphosphonic acid (ODPA) SAMs is discussed. The main
experimental technique is bimodal AFM. The conducted kinetic study, as described in
paragraph 5.3, has revealed that the monolayer formation process can be divided into
three consecutive steps: initial rapid adsorption and formation of a disordered
submonolayer, slower ligand uptake and ordering to create a well ordered monolayer,
and multilayer formation. Each time point is characterized by formations of distinct

degrees of ordering, wettability, morphology and elasticity.
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5.1. Introduction

Phosphonic acids can readily bind to any hydroxylated surface, such as the surfaces of
metal oxides, producing well-ordered self-assembled monolayers (SAMs) [1], [2]. One of
the preferred substrates for alkylphosphonic acid SAM formation, due to its high
technological importance, is Al203. These SAMs have been used as dielectrics in organic
electronics [3]-[5] and shells in Al;03 nanoparticles sensors [6], [7].

Numerous studies have focused on the mode of bonding between the -PO(OH):
headgroup and the surface of Al;03. The general consensus is that phosphonic acids can
bind on a hydroxylated surface through simple condensation reactions, forming mono-
bi- or tridentate bonds [8]-[10]. Even though all bond types are energetically possible,
steric considerations, in particular regarding the accessibility of binding sites by a
partially bound headgroup, can inhibit tridentate binding [8], [11]-[13]. Regardless of
the number of bonds formed though, the P-O-Al bonds are in general stable and in
contrast to the well-known S-Au species, do not exhibit any in-plane mobility; rather,
ligands remain at the binding site where they first adsorbed.

Both theoretical and experimental studies have also addressed the question of ligand
density and ordering within a phosphonic acid SAM on Al;0s. Luschtinetz et al
calculated, using the self-consistent-charge density-functional based tight-binding (SCC-
DFTB) method, that the maximum ligand density on an amorphous surface is
approximately 4.3-4.7 molecules/nm? [14]. Ligand ordering in phosphonic acid SAMs on
metal oxides has been experimentally and theoretically investigated and found to
exhibit a dependence on ligand length [14]-[18]. Alkylphosphonic acids with fewer than
10 carbons tend to form more disordered SAMs. The addition of -CH2 groups in the
spacer chain enhances ligand ordering via intermolecular van der Waals interactions,
effect believed to saturate for chains with 14 C. The addition of further -CH: groups is
believed to introduce gauche defects in the upper part of the SAM.

Despite the significant progress in the study of phosphonic acid SAMs, there is still a
great disparity in the available literature regarding the state of the formed SAMs and
their properties for varying monolayer formation times. While some groups report the
formation of full monolayers in a set time period [18]-[20], others report the formation
of multilayers [21]-[23]. At the same time, there is little available information regarding
the mechanical properties of these SAMs.

Given that the mechanical properties can give valuable information regarding the

ordering and arrangement of molecules within a SAM, as discussed in Chapter 4, we
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believe that their determination can provide information on the configuration of ligands
for varying monolayer formation times. In this study we deposit ODPA SAMs on
amorphous Al;03. SAM deposition was quenched at varying time points, called
monolayer formation time, tu. For every tu the chemical and elastic behavior, as well as
wettability, of the resulting organic layer was studied. By using a commercially available
setup, bimodal AFM [24], [25] imaging of all samples was carried out and the evolution
of surface elasticity, E”, in conjunction with surface topography was monitored.

The obtained results indicated that the same molecule does not adopt a rigid
configuration from the moment of adsorption; rather SAM formation passes through a
number of steps, as an effect of ligand surface concentration and binding mode. It is
hypothesized that ODPA SAMs initially form disordered, lying-down phases, which
gradually evolve to better ordered standing-up phases, even at low ligand uptake rate.
The formation of islands or complete bi- and multilayers on top of a well-ordered ODPA
SAM was observed. Every chemisorbed and physisorbed formation exhibited different
mechanical properties.

The obtained data of surface ligand concentration have also been fitted to a suitable
adsorption model, and two distinct steps regarding adsorption rate were determined.
Moreover, phosphonic acid SAMs were deposited on industrial aluminium alloys of the
line 6xxx, and they were imaged via bimodal AFM. E* was found to vary between
different alloys and the recorded values are in the good agreement with those
established from the study of ODPA SAMs on smooth, stable Al,O3 surfaces. Here it is
demonstrated that bimodal AFM can provide accurate nanomechanical description of
organic SAMs grown on a number of different substrates, including extremely rough
industrial surfaces. Under this light, the use of bimodal AFM as a rapid and robust

technique for the characterization and quality control of industrial products is proposed.

5.2. Materials and methods

TiO2 (110) surfaces with surface roughness less than 0.1 nm were purchased from
CrysTec GmbH. Amorphous Al;03 was deposited on top via Atomic Layer Deposition
(ALD). The end roughness of the surface remained less than 0.3 nm. Surfaces were
activated prior to SAM deposition via Oz plasma etching for 5 min.

Octadecylphosphonic acid (ODPA) was purchased from Sigma-Aldrich (Sigma-Aldrich
Corp., St. Louis, MO, USA) and used without further purification. SAMs were formed via
surface incubation in 1 mM ethanolic solutions for the specified tv (Acros Organics,

Thermo Fischer Scientific, Waltham, MA, USA). SAM formation was quenched by
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removal of the samples from the ligand solution and rigorous solvent rinsing. The
monolayers were dried and kept in vials fluxed with an inert gas (Ar or N2) until used.
X-Ray Photoelectron Spectroscopy (XPS) measurements were carried out using a PHI
VersaProbe II scanning XPS microprobe (Physical Instruments AG, Germany). Analysis
was performed using a monochromatic Al Ka X-ray source of 24.8 W power with a beam
size of 100 pum. The spherical capacitor analyzer was set at 45° take-off angle with
respect to the sample surface. The pass energy was 46.95 eV yielding a full width at half
maximum of 0.91 eV for the Ag 3d 5/2 peak. For all measurements the binding energy
scale was normalized to the position of the -CHz group (284.8 eV). Curve fitting and data
analysis was performed using the PHI Multipak software. The reported XPS values are
the average value for three samples.

Static water contact angle (CA) measurements were carried out using the DataPhysics
OCA 35 instrument with SCA20 software (DataPhysics Instruments GmbH, Filderstadt,
Germany). The CA of each surface was calculated as the average of 5 drops of 5 pL each.
The CA values reported per time point, tv, are the average value for three samples.

All AFM experiments were conducted using a commercially available Cypher S or
MFP3D-Bio AFM (Asylum Research an Oxford Instruments Company, Santa Barbara, CA,
USA). Bimodal AFM was performed using the commercially available AMFM mode
(Asylum Research, US patents 8,024,963, 7,937,991, 7,603,891, 7,921,466 and 7,958,563
with others pending) and all data was fitted to the Hertz model. Commercially available
silicon nitride cantilevers with a first mode stiffness, k;, range between 1.0 and 3.5
nN/nm and fundamental resonance frequency f,; = 50-90 kHz (AC240TS and
AC240TSA, Olympus, Tokyo, Japan) were used. Each cantilever was individually
calibrated for stiffness and sensitivity of the first mode with the Sader method
(GetReal™, Asylum Research). Stiffness and sensitivity of the higher mode, in this case
the second eigenmode, were calculated as reported in the literature [25], [26]. Probes
were calibrated for tip shape and size before and after measuring each sample, as well
as during each measurement, by scanning a polystyrene (PS) calibration thin film of
known elasticity (Bruker Daltonics Inc., Billerica, MA, USA). Tip radius and shape of the
tip were changed as to obtain the known elasticity of PS (2 GPa) for the recorded images.
Free amplitude of oscillation of the first mode was selected between 1.0 V (50 nm) and
2.0 V (100 nm) and work amplitude of the first mode between 0.70-0.75 V (35 - 37.5
nm) and 1.4-1.45V (70-75 nm) respectively. The work to free amplitude ratio of the first
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mode was always maintained between 0.68 and 0.75, as discussed in paragraph 3.4.5.2.
The free amplitude of the second mode, 4o,2, was setat 100 mV (1.2-1.4 nm).

Image analysis and calculation of E* was performed using the integrated Asylum
Research software (Cypher14.23.153 and MFP3D 14.23.153, Asylum Research), written
for Igor Pro (Igor Pro 6.37, WaveMetrics, Inc., Lake Oswego, OR, U.S.A.). The operating
parameters (Ao,1, A1, fo,2, Af2) were directly loaded from every file. The spring constant
for the first and second eigenmodes, as well as the tip shape and size, were manually
entered, as determined by the calibration procedures described above. Multiple areas of
every sample were scanned and E* was calculated. The average of all measurements per
surface was used as the average E” of the sample. For every monolayer formation time
samples were prepared in triplicates and measured individually. The values of E* for

every ty reported here represent the average of all three samples.
5.3. Results and Discussion

5.3.1. ODPA SAMs on flat Al,03

Monolayer formation was monitored ex situ via surface atomic concentration of P as
determined by XPS (see Figure 5.1). An initial rapid adsorption followed by a plateau
can be observed. The rapid adsorption can be explained by the almost immediate
adsorption of ligand molecules on the activated surface, in a sparse and possibly
disordered or physisorbed configuration. As time progresses, more ligand molecules can
chemisorb to the surface, filling in free binding sites until eventually most accessible
binding sites have been occupied by chemisorbed ODPA molecules. For ty = 6 h a second
significant increase in surface P% was observed, possibly due to ligand physisorption on
top of the already formed monolayer. The evolution of ODPA SAMs can then be
described as a three-step process, involving initial physisorption and sparse
submonolayer formation, monolayer formation and ordering and bi- or multilayer

formation.
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Figure 5.1: Evolution of surface atomic concentration of P for ODPA SAMs deposited at increasing tm as

determined via XPS.

The O1s peak has been deconvoluted to peaks corresponding to three chemical species
that could reasonably exist on the surface of the samples: one at 531 eV, corresponding
to Al-O-P, one at 532 eV, corresponding to free P-OH and Al-O from the Al,03 and one at
534 eV, corresponding to free P=0 [27] (see Appendix B, Figure B.11). By calculating the
intensity ratio of the third to the first peak we can estimate the relative density of free
P=0 to bound Al-O-P. Keeping in mind the mono-, bi- and tridentate mode of bond
formation between a -PO(OH)2 headgroup and the Al203 surface, the evolution of the
relative intensity over time can indicated the bonding mode at each tum tested (see Figure
5.2). The ratio at ty= 1 min was calculated at 0.016 * 0.004, and varied little up to, and
including, tu= 30 min, when it was found equal to 0.018 * 0.005. This behavior can be
attributed to an initially very sparse monolayer, where the ligand molecules encounter
no steric hindrance from the neighboring molecules and can thus bond to all accessible
binding sites, allowing for tridentate bonding. At the same time, ligand density is
increasing as more molecules are being added, thus not allowing for a minimization of
unconsumed P=0. At tu = 2h the calculated average P=0:Al-O-P intensity ratio appeared
to decrease further, reaching 0.012 * 0.005, indicating that addition of new ligands was
decelerated, the density of tridentate bound molecules was highest than at any other

time point, and the SAM can be assumed to adopt a well-ordered configuration. At
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higher tu the relative intensity increased significantly, to a maximum value of 0.091 *
0.028 at tw = 48h, indicating a plethora of free P=0, attributed either to the addition of
few molecules into free, yet confined, binding sites, or the onset and evolution of

multilayer formation.
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Figure 5.2: Evolution of calculated P=0:Al-0-P peak area ratio with increasing tu. The chemical species and
the area of their respective peaks are identified from the deconvolution of the O1s peak of the formed SAMs,

as obtained from the XPS spectra.
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Figure 5.3: Bonding modes for alkylphosphonic acids on the hydroxylated surface of Al203. The system passes
from an initial physisorbed state to the mono- and bidentate state. The last moiety from the -PO(OH):
headgroup to be consumed is the =0, reaction of which with the surface leads to tridentate bonding mode.

Reproduced with permission from reference [8].

CA measurements (see Figure 5.4) appear to support our hypothesis of a three step-
process. For tu = 1 min the recorded values are below those typically reported in the
literature for organic SAMs [9], [28], which can be attributed to a higher contribution

from the hydrophilic, still exposed, substrate. As tm increases CA increases, reaching a
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maximum value of 105.5° + 0.5° at ty = 2 h, indicating coverage of the surface by a
gradually better ordered organic film. The subsequent decrease of recorded values can
be attribute to an increasing concentration of exposed hydrophilic -PO(OH). groups,

consistent with the formation of bilayers and mixed termination multilayers.
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Figure 5.4: Evolution of static CA for ODPA SAMs formed at increasing tm. CA of Oz plasma cleaned Alz20s3 is
equal to 40° [9].

Surface topography and elasticity, E, have been recorded by bimodal AFM. For low tu
the surface topographical characteristics were found to follow a narrow distribution,
centered at 0 nm. The distribution broadened for ty = 6 h, became narrow anew for ty =
24 h and finally broadened again for ty = 48 h. It was hypothesized that the initial
narrow distribution represented the addition of more ligand molecules to the flat
substrate and their gradual adoption of an ordered configuration. At tu = 6 h the
broadening of the distribution could be attributed to the onset of multilayer formation
and the appearance of the first islands on top of the well-ordered, underlying
monolayer. Since at ty = 24 h the distribution becomes narrow again, and knowing that
for this time point contact angle is minimized, it was assumed that a complete, or near
complete, bilayer is formed. At tu = 48 h the surface height distribution exhibited

maximum diversity, possibly as multilayer islands are formed on top of the bilayer.
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Figure 5.5: Representative height distribution for ODPA SAMs formed on Al20s for increasing tm. For tw < 2h

most features are centered at Onm, and the distribution is narrow. Increase of tm leads to a broadening of the
height distribution peaks, indicating the appearance of features of varying height, most probably multilayer

islands.

The temporal evolution of E* (see Figure 5.6 and Figure 5.7) can further support our
hypothesis regarding the kinetics of ODPA SAM formation. At tu = 1 min E*was found
equal to 1.486 GPa * 0.139 GPa, value that increased to 2.116 GPa * 0.148 GPa for ty = 2
min. This behavior was attributed to an initially physisorbed, disordered and seemingly
sparse organic layer covering the surface. As ligands began to bind to the surface and
adopt a lying-down configuration, due to dominant substrate-ligand interactions, E*
appears higher, as the contribution of the substrate is higher. This behavior has been
recorded also for short alkanethiol SAMs, as discussed in Chapter 4. The adsorption of
more ligand molecules to the SAM lead to the formation of a denser, yet still not well-
organized submonolayer. As tu increased E” increased further, leading to the hypothesis
that the initially disorganized monolayer gradually adopted a well-ordered
configuration. This evolution, similar to the evolution of thiol SAMs from a lying-down to
a standing-up phase upon increased exposure time to the thiol solution or vapour,
indicated that as ligand density increases, van der Waals interactions between the
neighboring molecules become more significant, allowing the orientation of the ligands
to be almost perpendicular to the surface plane. The maximum value of E*,2.503 GPa *
0.210 GPa, was reached for ty = 2 h. Island formation at tm = 6 h could explain the
observed minimization of E*; formation of a relatively ordered bilayer at tu = 24 h lead to
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a uniform increase of E* along the whole surface. The formation of multilayer islands on
top of the underlying mono- and bilayers at tw = 48 h was further confirmed by a lateral

variation of the recorded E".
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Figure 5.6: Evolution of surface topography and E* for increasing tu. SAM formation progresses from initially
disordered and largely physisorbed submonolayer, at tm = 1 min, to a chemisorbed submonolayer, at tm = 2
min, mostly in a lying-down configuration. Ligand adsorption progresses rapidly, resulting in a disordered
chemisorbed layer for tu= 5 min and 10 min. At 10 min < tv < 30 min ligand surface concentration reaches
the maximum possible value, stage that is followed by significant ordering of the molecules. At tm= 2 h a SAM
with maximum ligand surface concentration and E*is obtained, indicating a dense, well-ordered structure.
Continuous exposure of the already formed SAMs to ligand solution results in the formation of multilayers.
For tu = 6 h the formation of islands on top of the already formed SAM induces an increase in surface
roughness and a decrease of E*. At tu= 24 h the appearance of an almost complete physisorbed layer can be
observed, which further develops into multilayer islands for tm = 48 h. At the intermittent step between the
appearance of islands, E* presents a local maximum, indicating that the physisorbed molecules most likely

exhibit a degree of ordering, possibly forming an almost complete bi- or multilayer.
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Figure 5.7: Evolution of E* over tm. Initial low surface elasticity, E*, can be attributed to an initially
physisorbed disorganized layer of ODPA. Subsequent increase indicates the formation of a chemisorbed
monolayer, of gradually increasing order. Maximum E* for tu = 2h can be attributed to a well ordered, densely
packed ODPA SAM. For higher tv multilayers begin forming on top of the SAMs. It is interesting to note that
even these physisorbed formations exhibit different degrees of ordering and subsequently show varying

elasticity.

The above-presented results indicated that ODPA SAM formation can be seen as a three-
step process. During the first step, for tu < 1min, the ligand molecules form an initially
disordered submonolayer, with a high density of tridentate bonds. For 2 min <ty <2 h,
a small, gradual increase in ligand surface concentration is observed, indicating that
during this second step, already adsorbed molecules begin to form well-ordered
structures. Moreover, a few ligands are further bound to the binding sites freed by the
standing-up ligands. The bulk of ligand ordering and monolayer densification takes
place during this second step. The third step entails physisorption of molecules on top of
the already formed monolayer and bi- or multilayer formation.

In order to quantify the kinetics of ODPA SAM and multilayer formation, surface
coverage was calculated and fitted to a suitable adsorption model, with the adsorption
rate used as one of the fitting parameters.

The models reported in the literature and tested here were the simple Langmuir
adsorption model (L), diffusion-limited Langmuir (DLL), non-diffusion limited second

order Langmuir (SOL) [19], two-step Langmuir (TSL) [29], simple diffusion model (D)
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[19], and the modified Kisliuk (K) model (see Appendix B, Table B.1) [19], [30]. Surface
coverage, 0(t), was calculated as the ratio of experimentally determined surface P% to
average maximum P% for a monolayer (2.1%) as reported in the literature [31], [32].
The data was then fitted to multiple adsorption models via regression analysis, using the
least squares method (see Appendix B, Table B.2). The best fitting was obtained for a
two-step Langmuir model, previously used by Helmy et al. for ODPA SAM formation on

TiOz and given by equation 5.1 [29].

0(t) = 0,(1 — ae ka1t — (1 — a)e Kaz2Cl) (5.1)

The first step of this model can describe the rapid physisorption and adsorption of
ligands on free, easily accessible binding sites on the surface of activated Al,03. During
the first step, up to and including tm = 30 min, 59% of the total material is being
absorbed at a rate Kq1= 2.65x103 (Mxmin)~?, allowing the monolayer to approach the
maximum possible ligand density. During the second step ligand adsorption is much
slower, with adsorption rate ke2= 1.41 (Mxmin)~1. Grouping of tu = 2 h along with ty=
6 h, 24 h and 48 h, when our experimental data shows that multilayer formation takes
place, highlights the importance of continuing incubation of the surfaces in solution even
after maximum ligand density has been reached. During the last stage of monolayer
formation very few additional ligand molecules are added to the surface, but van der
Waals interactions between the already adsorbed molecules enhance ligand ordering. At

this stage the maximum number of tridentate-bound ligands is reached.
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Figure 5.8: Theoretically predicted evolution of ODPA adsorption on Alz03 (solid line) and experimentally
calculated surface coverage, 0(t) (squares). The best fit obtained was produced from a two-step Langmuir

adsorption model.

In the available literature the adsorption rate has been calculated by a number of
different techniques. Koutsioubas et al. used surface plasmon resonance (SPR) [19], and
correlated monolayer thickness to tw. Helmy et al. used thermogravimetric analysis
(TGA) [29], and the total carbon content of the samples was correlated to tm. The
adsorption of ODPA on Al203 has also been semi-quantitatively determined in a study by
Giza et al. [33], who used the quartz crystal microbalance (QCM) to detect the binding of
the ligands on plasma pretreated Al>03. All three studies identified the formation of an
ODPA SAM as a two-step process, involving ligand adsorption and ordering. However, in
all cases different rates for the formation of ODPA SAMs were calculated. Moreover, in
the case of the first two the rate of monolayer formation was significantly lower from
the rate ko1 calculated here. In the case of the TGA study, this difference could be
attributed to the low resolution limit and large relative error of the technique, that may
not allow the detection of the first rapid steps of ligand adsorption. SPR shows in general
lower error limit and higher sensitivity, but it is possible that the technique cannot
accurately detect the rapid steps of ligand adsorption in a sparse lying-down
configuration, leading to the calculation of slower rate of monolayer formation.
Moreover, the surfaces used in the study were not treated prior to introduction of the

ligand solution into the chamber, and therefore the availability of binding sites would be
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low. On the other hand, the QCM study by Giza et al. showed that ligand adsorption was
largely completed after 4 min - 6 min, being in good agreement with the experimental
results presented here. It should be noted that, apart from the high sensitivity of the
technique to binding events, making it perhaps the most suitable method to determine
the kinetic evolution of SAMs’ formation, the surfaces used were pretreated by plasma
etching. This observation highlights that the pretreatment of a surface can be a
significant factor of the kinetics of SAM formation.

To further illustrate this point, 5 Al203 surfaces were rinsed in Milli-Q and isopropanol
to remove dust, dried and incubated in 1 mM ethanolic ODPA solution for 24 h. The
samples were analyzed via XPS and the average atomic surface concentration for P was
found equal to 1.44% * 0.11%. It is reminded that for as short as tw = 1 min the P atomic
surface concentration on SAMs formed on the plasma activated surfaces was found
equal to 1.86% * 0.15%. The removal of organic contaminants from a surface and the
generation of binding sites via a suitable pretreatment method can significantly

accelerate the speed of SAM formation and enhance the final density of the monolayer.

5.3.2. Alkylphosphonic acid SAMs on industrial surfaces

Alkylphosphonic acid SAMs on Al;O3 are an interesting system further from purely
academic research as they are being used for a number of products: from deposition of
organic electronics on extremely smooth surfaces, to monolayers as a form of
pretreatment on industrial aluminium and aluminium alloys surfaces. One of the goals of
this research is to showcase the conditions under which a laboratory technique can be
implemented in the production line of a big company in order to evaluate the quality of
its product. Bimodal AFM was performed on industrial aluminium alloy surfaces of the
line 6xxx, onto which a phosphonic acid monolayer has been deposited. SAMs formed on
different alloys exhibit detectable differences in elasticity. Figure 5.9 shows
representative areas of the imaged samples. Recorded values of E*indicate the formation
of supple organic films, consistent with the short ty used in industrial applications. SAMs

formed on surfaces with the highest surface roughness exhibit the lowest E”.
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Figure 5.9 (A-F): Topography and E* for three different aluminium alloys of the series 6xxx. A correlation

between surface roughness and E* can be observed.

5.4. Conclusions

Having established through our previous study on alkanethiol SAMs on Au (111) by
bimodal AFM that the technique can be accurately used to gauge the mechanical
properties of molecularly thin films with small variations in chemical composition,
bimodal AFM was used to evaluate the mechanical properties of SAMs with different
configurations of the same molecule, as a result of changes in monolayer formation time,
tm. Supported by XPS and CA, we were able to identify three steps of ODPA adsorption
on Al;03: initial rapid adsorption of ligands in multiple binding sites for ty <1 min,
slower adsorption and ligand ordering in the monolayer for 2 min < tu < 2 h and, lastly,
bi- and multilayer formation for 6 h < tw < 48 h.

Using the mechanical properties of SAMs at different time points, we can estimate the
configuration of amorphous hydrocarbon structures, with no need of synchrotron
radiation. Moreover, the mechanical properties and structure of incomplete or
disordered SAMs were probed, and a process at which the highest degree of ligand
ordering and surface concentration can be achieved.

Fitting our data to a suitable adsorption model revealed two steps in the adsorption
process: one extremely rapid, driven by the free energy minimization of the system

through bond formation, and one much slower, corresponding to ligand physisorption.
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Finally, we demonstrate that bimodal AFM can be applied for the characterization of
alkylphosphonic acid SAMs prepared under industrially relevant conditions on
aluminium alloys, without being hindered by the high roughness of the substrate. Our
results indicate that surface roughness can affect the ordering of the monolayers, as
SAMs deposited on alloys with the highest variability in surface features were
characterized by the lowest E". The observed substrate roughness effect can be
explained by entanglement and repulsive interactions between the closely spaced ligand

molecules, hindering the formation of a well-ordered SAM.
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Chapter 6

Summary, conclusions and outlook

6.1. Summary and conclusions

The mechanical properties of a material can offer an indication on its molecular or
atomic structure. Highly organized crystalline materials exhibit very high Young’s
moduli, E; for example, Ediamond iS approximately equal to 1 TPa. On the other hand,
disordered organic materials have much lower elasticity values; E of natural rubber
does not in general exceed 4 MPa. Furthermore, elementally identical materials show
different elasticity depending on the degree of ordering of their constituents. E of low
density polyethylene (LDPE) is only 0.10 GPa, but increases to 0.88 GPa for high density
polyethylene (HDPE). In the same way that the elasticity of bulk materials can be used to
determine their structure, it can provide valuable insight into the level of ordering of
molecularly thin organic films.

The research question addressed in this thesis has been how small changes in the
nanoscale can affect macroscopic properties of SAMs, in particular elasticity. Currently
employed methods of SAM characterization, such as XRR and NEXAFS, are typically
difficult to access, can be applied only for the characterization of SAMs deposited on
ideal (i.e. atomically flat) surfaces and provide information on the average behavior of
the surface. Can a different approach to this problem be found? By detecting changes in
the elasticity, would it be possible to interpret them as indications of the interactions at
play at the nanoscale? The use of commercially available AFMs excited in the bimodal
configuration for the nanomechanical characterization of soft organic molecularly thin
films on significantly stiffer substrates was investigated. The motivation of this study
has been a desire to bridge an apparent lack of cohesion between academic and
industrial practices, stemming from the difficulty of applying the current
characterization methods of the former to the latter.

Bimodal AFM has been used for the accurate nanomechanical characterization of bulk
materials and polymer thin films, but its applicability on the characterization of complex
multilayered materials, such as the monolayer-substrate complex, has not been

demonstrated yet.
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Ligand structure and monolayer formation time, parameters known to affect the
structure and ordering of SAMs, were varied and the surface elasticity of SAMs, E*, was
measured and correlated to them.

Alkanethiol homoligand SAMs were deposited from solution of ligands of varying length.
E” of the different SAMs was successfully measured using the commercially available
bimodal AMFM mode in the Cypher and MFP3D AFMs using commercially available
silicon nitride cantilevers. It was possible to differentiate between the mechanical
behavior of SAMs by chemically similar ligands of varying length. The elasticity of SAMs
of shorter ligands showed a larger contribution of the substrate, with E* of C4 SAMs
found equal to 2.79 GPa + 0.13 GPa. Increase of ligand length resulted in a monotonic
decrease of E*, from 1.87 GPa = 0.09 GPa for C7 SAMs to 1.75 GPa + 0.19 GPa for C11
SAMs. A local maximum for C12 SAMs was observed, with E*= 1.93 GPa + 0.06 GPa.
Further increase of ligand length resulted in minimization of E”, found equal to 0.96 GPa
+ 0.07 GPa for C18 SAMs. These results, apart from clearly showing that differentiating
between chemically similar SAMs based on elasticity was possible, offered the first
indication of molecular ordering in the nanoscale: the local maximum of E* for C12 can
be an indication of better ordering of the ligands than in C7, OT, C9 and C11 SAMs. The
effect of the substrate was deconvoluted from E”, using a formula reported in the
literature and modified to account for the AFM tip geometry. The deconvoluted
elasticity, Esam, was then used to interpret the level of ligand ordering. Short ligands
appeared to form softer, more disordered SAMs, while addition of -CHz groups in the
spacer chain enhanced van der Waals neighbor-neighbor interactions, promoting better
ordering in the system. C12 SAMs were found to be the best-ordered system of all SAMs
studied. C18 SAMs appeared to form much softer SAMs, indicating introduction of
defects by the additional -CHz groups. Having established that bimodal AFM can
differentiate between molecularly thin materials on hard substrates, it was later used to
characterize binary OT:TMA SAMs. The high lateral resolution of the technique has
allowed the identification of chemically different domains, visualizing for the first time
the position of organic molecules in an amorphous thin material at domains smaller
than 10 nm.

The kinetic evolution of ODPA SAM formation on Al>03 was studied. Guided by XPS and
CA data, different regimes of SAM formation were identified and mechanical properties
were attributed to each regime. To the best of our knowledge this is the first time a

direct correlation between stages of monolayer formation, SAM structure, wettability,
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and elasticity has been achieved. Three stages of monolayer formation were identified.
During the first step, for ty <2 min, rapid ligand absorption and adsorption to a lying
down configuration took place. The second step, identified for 5 min < tm < 2 h, entailed
slower ligand adsorption to the free binding sites, maximum tridentate bond formation
and ligand orientation to form well-ordered, densely packed SAMs. At ty = 6 h the third
step was reached, during which multilayers were formed. The XPS surface concentration
data were fitted to a suitable absorption model, allowing the calculation of the
absorption rate for the monolayer and the multilayer formation. We further
demonstrated that bimodal AFM can be used to measure the elasticity of SAMs prepared
on industrial aluminium surfaces. Alkylphosphonic acid compounds have been used for
surface modification in industry since 1961, but this is the first time that a technique has
been proposed to investigate the quality and structure of the monolayers, allowing for
optimization of process and product design.

At this point, it is interesting to draw a brief comparison between the thiol and
alkylphosphonic acid SAMs. The maximum value of E* recorded for ODPA SAMs was
much larger than E* of C18 SAMs. This behavior can indicate that alkylphosphonic acid
SAMs can reach states of higher order than long chain alkanethiol SAMs. This difference
can be a result of the generally more rigid bi- or tridentate binding of the -PO(OH):
headgroup to the hydroxyl-terminated Al;03, which could favor the formation of a
standing up phase. On the other hand, the mobile S-Au bond can allow greater
conformational freedom, allowing the formation of SAMs richer in defects. Ultimately,
the ligand density of phosphonic acid SAMs can be slightly higher or comparable to thiol
SAMs of ligands of similar length, but differences in the binding modes between the

headgroups and the substrates will lead to layers of varying ordering.

6.2. Outlook

The work presented here has demonstrated that bimodal AFM can provide accurate,
reproducible and quantitative characterization of the surface elasticity of molecularly
thin films, without being limited by the type and roughness of the substrate. This
capability of the technique, combined with the typical high lateral resolution of the AFM,
can offer an invaluable tool for the detailed characterization of thin soft films and
surfaces. In conjunction to other techniques, such as ellipsometry or nanoscratching,
further information on the thickness and molecular ordering of the characterized SAMs
can be obtained. The combined results of these techniques can offer an accurate three-

dimensional description of SAMs. Extending the concept further, if time can be viewed as
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a fourth dimension, in situ observation of SAM deposition via bimodal AFM can offer a
four-dimension description of monolayer formation and ordering.

A next step would be to further investigate structural changes in SAMs induced by
branched, bulky, or rigid ligands, as well as phase separation in their binary SAMs.
Preliminary results on the characterization of a binary tert-nonyl mercaptan
(TNM):mercaptopropionic acid (MPA) SAMs show indications of phase separation.
Three phases of different E* appear to contribute to the average elasticity of the
monolayer (see Figure 6.1). The behavior of each one of the two ligands can present
considerable interest as well. TNM is characterized by the substitution of the H atoms in
the -CH2 group closest to the -SH head by two methyl groups. This branching could
induce disorganizing of the monolayer, which should then appear softer. MPA on the

other hand, is a short molecule with a charged endgroup that could promote ordering.

Figure 6.1 (A-E): E* map of binary TNM:MPA SAM (A), distribution of E* and deconvolution to three constituent
peaks (B). The average elasticity of each peak * ¢ was used to identify the topographical features
corresponding to each elasticity value (C-E). Further studies on the E* of homoligand TNM and MPA SAMs is

needed in order to identify the chemical identity of each area. Scan size 145x145 nm.

Ligand exchange reactions can be monitored ex situ by the evolution of surface elasticity.
This can be particularly interesting for substrates other than the simple flat surfaces, for
example Ag nanocubes. Surface-enhanced Raman spectroscopy (SERS) characterization
of polyvinylpyrrolidone (PVP) protected nanocubes at different exchange reaction times
has revealed that the exchange reaction rates and mechanisms are very different for the

hydrophobic OT and the hydrophilic 11-mercapto-1-undecanesulfonate (MUS). AFM
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imaging of the nanocubes after 10 min of PVP exchange by OT revealed the presence of
domains, supporting the hypothesis that OT initially nucleates forming small islands,
and the reaction progresses by slowly replacing the PVP (see Figure 6.2A-C). MUS, on
the other hand, appeared to uniformly and indiscriminately replace PVP from the entire
surface of the cubes (see Figure 6.2D-F). Bimodal AFM can be used to track chemical and

conformational changes in the structure of the SAMs coating the nanocubes.

Figure 6.2 (A-F): Evolution of surface topography of AgNCs upon PVP exchange by OT (A-C) or MUS (D-F).
Exchange of PVP by OT at t = 10 min (A) leads to significant roughening of the surface, as various taller islands
and shorter domains can be observed. The height difference between the two indicates that the taller islands
correspond to not-yet displaced PVP, surrounded by the shorter OT monolayer. At higher reaction times (30 h
(B) and 96 h (C)) the surface of the AgNCs is smoothed significantly, suggesting full displacement of PVP by OT
and subsequent full monolayer formation. The PVP-MUS exchange reaction leads to a largely uniform surface
as early as t = 10 min (D). Surface roughness remains low even at higher reaction times (30 h (E) and 96 h

(F)). Color scale range: 6.5 nm, scale bar: 10nm.

Utilizing further the direct and rapid mechanical and topographical correlation offered
by the technique, biological material can be studied. Preliminary AFM imaging of live
cyanobacteria has shown that the structure of the newly formed bacterial wall in
dividing cells differs significantly from the old wall (see Figure 6.3). The process is
completed in less than 30 min, making techniques such as force mapping unsuitable to
follow the process in situ. Bimodal AFM however can rapidly provide information on the
mechanical properties of the new wall. New walls showing different properties than the

old bacterial walls offer a promising target for the development of novel antibiotics [1].
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Figure 6.3: Overlay of the amplitude on the height channel showing the temporal evolution of the
characteristics of the bacterial wall during the division of a unicellular cyanobacterium cell. The adoption of a
wrinkled structure by the newly formed bacterial wall is a time resolved process. Bimodal AFM can be used to
probe the mechanical properties of the proliferating cells, following cell division in situ. Every image

presented in the figure was recorded in 3 min.

The use of bimodal AFM to detect mechanical properties of soft matter, and the use of
surface elasticity as an indicator of molecular ordering, can offer unique possibilities for
the advancement of the field. The comparative characterization of ordering at the
nanoscale can be accessible for any soft material, without need for synchrotron
radiation sources or limited by the features of the material itself or the substrate.

In this thesis a novel approach to determine the synthesis-structure-properties relation
of organic SAMs was proposed. The method aims at the detection of structural changes
in organic soft materials, by measuring their mechanical properties. The technique
employed, bimodal AFM, has not been used previously for the quantitative
characterization of the elasticity of multilayer materials, particularly not when the upper

layer is a molecularly thin film.
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The work presented here is not an exhaustive description of the field. It is my hope that
the methodology proposed will be further developed and refined in the future, and used
to address questions regarding the structure of complex multilayer materials, in the
frame of both basic and applied research, without necessitating the use of complex and

difficult to access techniques.
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Appendix A

In this section additional AFM images of the homoligand SAM triplicates discussed in
Chapter 4 are presented. The presented information was omitted from the main body of
the thesis for clarity. AFM images were acquired and treated as described in paragraph
4.2.

A particular characteristic of thiol SAMs is their susceptibility to environmental
contamination. Contaminants appear in the AFM topography as large, rounded, tall
features and appear during scanning. To avoid skewing of the data due to their effect,
when the contaminants were many smaller scan sizes were recorded. Their appearance
can be minimized by drying the samples under vacuum for at least 24h.

The replication of the OT:TMA binary SAM is also presented, in Figure A.8, and Figure
A9.
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Figure A.1: Representative topography and corresponding E* for three samples of C4 SAMs. Each row

corresponds to one sample.
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Figure A.2: Representative topography and corresponding E* for three samples of C7 SAMs. Each row

corresponds to one sample.

127



3.25GPa

0.75

Figure A.3: Representative topography and corresponding E* for three samples of OT SAMs. Each row
corresponds to one sample. The large white dots, present especially in the first sample, correspond to

ambient contamination and appear during scanning.
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Figure A.4: C9: Representative topography and corresponding E* for three samples of C9 SAMs. Each row

corresponds to one sample.

129



-2.5
3.25GPa

0.75

Figure A.5: Representative topography and corresponding E* for three samples of C11 SAMs. Each row

corresponds to one sample.
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Figure A.6: Representative topography and corresponding E* for three samples of C12 SAMs. Each row

corresponds to one sample.
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Figure A.7: Representative topography and corresponding E* for three samples of C18 SAMs. Each row

corresponds to one sample.
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Figure A.8: Reproduction of OT:TMA binary SAM showing phase separation. The different domains show

differences in E*, consistent with the variations discussed in Chapter 4.
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Figure A.9: Map of surface elasticity, E*, for the OT:TMA mixed ligand SAM (A) shown in Figure A.8.
Distribution of E* can be fitted with two peaks, each centred at a different value (1.30 GPa * 0.09 GPa, and 1.65
GPa % 0.17 GPa) (B). By thresholding at E** ¢ for the two average E* values, topographical features can be

ascribed to each area (C, D).
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Appendix B

In this section additional AFM images and calculations pertaining to the data discussed
in Chapter 5 are presented. The presented information was omitted from the main body
of the thesis for clarity. AFM images were acquired and treated as described in

paragraph 5.2.

Table B.1: Analytical expression of absorption models proposed in the literature [1], [2].

Model Equation
Langmuir (L) 0(t) = 6,(1 — e kat)
Diffusion limited Langmuir (DLL) o) =6,(1— e-ka\/?)

Non-diffusion limited second order
0(t) = 6,[1— (1 + kat)™']

Langmuir (SOL)

Diffusion (D) 0(t) = kot

Two-step Langmuir (TSL) 0(t) = 0,(1 — ae ka1t — (1 — a)e ka2Ct)
eka(1+kE)t -1

Modified Kisliuk (K) o) =06

o eka(1+k5)t + kE

Table B.2: Fitting results of the experimental data to each model proposed in the literature [1], [2]. NaN

denotes a non-converging model.

Model Fitting Parameters RSS
0o Ka Other

L 0.92 1.63 min-! N/A 0.011

DLL 1.00 0.06 min-1/2 N/A 0.526

SOL 1.14 1.53 min-! N/A 0.324

D - 0.04 min-1/2 N/A 3.689

ko1 = 2.65%103(Mxmin)~
TSL 1.48 a=0.59 0.001
ko, = 1.41(Mxmin)~*

K NaN NaN ke (NaN) NaN
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Figure B.1: Theoretically predicted evolution of ODPA absorption on Al203 and experimentally calculated

surface coverage, 0(t). The best fit obtained was produced from a two step Langmuir absorption model.
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Figure B.2: Representative topography and corresponding E* for three samples of ODPA SAMs at tm=1min.

Each row corresponds to one sample.
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Figure B.3: Representative topography and corresponding E* for three samples of ODPA SAMs at tm=2min.

Each row corresponds to one sample.
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Figure B.4: Representative topography and corresponding E* for three samples of ODPA SAMs at tm=5min.

Each row corresponds to one sample.

139



0.75 nm

-0.75
3.25 GPa

0.75
0.75 nm

— '0.75
0.75

Figure B.5: Representative topography and corresponding E* for three samples of ODPA SAMs at tm=10min.

Each row corresponds to one sample.
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Figure B.6: Representative topography and corresponding E” for three samples of ODPA SAMs at tm=30min.

Each row corresponds to one sample.
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Figure B.7: Representative topography and corresponding E* for three samples of ODPA SAMs at tu=2h. Each

row corresponds to one sample.
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Figure B.8: Representative topography and corresponding E* for three samples of ODPA SAMs at tm=6h. Each

row corresponds to one sample.
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Figure B.9: Representative topography and corresponding E* for three samples of ODPA SAMs at tmu=24h. Each

row corresponds to one sample.
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Figure B.10: Representative topography and corresponding E* for three samples of ODPA SAMs at tm=48h.

Each row corresponds to one sample.
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Figure B.11: Fitted O1s peaks (solid black line) of ODPA SAMs formed at all tested tm. Three peaks are
identified for every SAM, corresponding to different chemical species: Al-O-P at 531 eV (green line), P-OH and
Al-0 at 532 eV (purple line) and P=0 at 534 eV (blue line).
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Swimming, reading, traveling
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