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From Functional Group Ensembles to Single Molecules:
Scanning Force Microscopy of Supramolecular and Polymeric Systems

Chapter 1
Self-Assembly and Technology on the Nanometer Level:
Merging of Top-Down and Bottom-Up Approaches
Technology develops rapidly towards miniaturized devices on a nanometer scale.1 The
line widths in computer chips have decreased from 10 µm in the 1970's to currently widths in
the order of 0.25 µm following the general trend predicted by Moore.2,3,4,5 For devices in
information6 and sensor technology7 a similar development of miniaturization can be
recognized. The silicon-based computer chip technology is a typical example of "classical"
miniaturization. In a so-called "top-down" or "engineering down" approach, the size of devices
is reduced by known or novel techniques, e.g. the well established technology of (optical)
lithography,8 or the novel "soft" lithography,9 respectively. An alternative approach is a
"bottom-up" strategy which takes advantage of one of the key principles in Nature, namely
self-assembly. It relies on assembling larger functional structures by using non-covalent
interactions10,11 starting from small, often non-functional building blocks. There are abundant
examples for the formation of highly sophisticated functional structures and assemblies based
on this principle (vide infra).12 In supramolecular chemistry the natural systems are mimicked
by constructing large structures using non-covalent self-assembly13 of artificial or modified
natural building blocks.14,15,16
"Nanotechnology" has been one (if not the) buzzword in the scientific literature for
several years.17 Drexler provided a visionary definition of nanotechnology as a technology
involving "[...] molecular machines or molecular assemblers [...]".18 A more practical definition
was given by Rohrer, who received the Nobel price together with Binnig for the invention of
the scanning tunneling microscope (STM).19 Rohrer defined nanotechnology as a "[...] one to
one relation between nanometer scale objects and microscopic or nanometer scale objects
[...]".20 According to Rohrer's definition, the development of technology as briefly described
above can be regarded as development towards nanotechnology. In order to reach a true
nanometer size regime (1 - 10 nm) the merging of top-down and bottom-up approaches seems
necessary:21 On one hand it is likely that the corresponding structures will be assembled from
smaller building blocks, on the other hand one must achieve a controlled positioning of the
nanometer-sized objects (devices, sensors etc.). In any of these objects, surface properties
become ever more important because of the rapidly increasing surface to volume ratio with
decreasing size of the objects, and because of the central importance of surface properties for
self-assembly in general.

1.1

Self-Assembly as Strategy for a Bottom-Up Approach

The examples of self-assembly in Nature are abundant and living organisms are the
outstanding result.12 Living organisms are built from cells which themselves are encapsulated
by fluid lipid bilayers, such as phospholipid bilayers.22,23 The corresponding amphiphilic
building blocks are structurally relatively simple (Chart 1.1).
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Typical phospholipids (phosphatidyl-choline, left, and phosphatidylethanolamine, right) which are the fundamental building blocks for cell
membranes in higher plants and animals.12,22

In cell walls, these bilayers also contain large numbers of intrinsic proteins (see
schematic drawing in Figure 1.1). The role of these proteins includes the transfer of
metabolites to cells, signal transduction, and immuno-response control.12,22,24 Examples of
small, simple proteins that provide functionality to the lipid bilayer membranes, such as ion
selective permeability, are valinomycin and gramicidin A.24 These ionophores were successfully
incorporated into lipid bilayers formed on microcontact printed self-assembled monolayers in
an attempt to construct a sensor in a combined bottom-up - top-down approach.25,26,27,28

Figure 1.1

2

Schematic drawing of a lipid bilayer cell membrane with incorporated ion
channels (after reference 31).

Merging of Top-Down and Bottom-Up Approaches
Of course, one can find much more complicated proteins, DNA,29 or aggregates
including enzymes, cells, and viruses, but the simple examples serve the purpose of
exemplifying the principle of self-assembly and the functionality of the resulting aggregates. In
essence, all these systems are constructed from small building blocks, namely sugars, amino
acids, and phospholipids,12,22 and only the assembled structure of these blocks is functional.
Artificial systems can be obtained by taking advantage of the principles of selfassembly.13 Non-covalent interactions between rather simple amphiphilic molecules, such as
fatty acids or phosphatidylcholines, can lead to the formation of ordered structures in aqueous
solution10 or at the air-water interface.30 Depending on the molecular structure and the
preparation conditions micelles, liposomes (vesicles), or monolayers can be formed (Figure
1.2).10,31

Figure 1.2

Schematic drawings of a micelle (left), a liposome (middle), and a monolayer
at the air-water interface (right).

A large number of architectures can be constructed with simple surface active
molecules in 2 and 3 dimensions. Examples include monolayers of fatty acids at the air-water
interface,30 self-assembled monolayers (SAMs)32,33 on solid substrates,34,35,36,37,38,39,40,41,42,43
Langmuir-Blodgett (LB) multilayers,30,31 self-assembled multilayers of ω-carboxyalkanethiols
and Cu2+,44 layer by layer deposited polyelectrolytes,45 etc. (Figure 1.3). All these structures,
which can possess a high degree of structural,46 conformational,47 or translational48 order, are
formed spontaneously which is partly a consequence of the surface activity of the constituent
molecules.49
CH3 CH3 CH3 CH3 CH3CH3

S

S

S

S
Au

Figure 1.3

S

S
h y dro ph ilic s u bs trate

Schematic representation of a SAM of octadecanethiol on gold (left) and a LB
multilayer of a fatty acid on a hydrophilic substrate (right).
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In supramolecular chemistry non-covalent interactions10,11 are used to fabricate much
more sophisticated functional structures. Here examples include polymers held together by Hbonding,50 the so-called 'dendritic box',51 metallodendrimers based on coordination chemistry52
(Figure 1.4), rosette structures,53 'molecular tennisballs',54 or nanotubes.55

Figure 1.4

Metallodendrimer wedge with sulfide group for attachment on gold surfaces.56

It becomes evident that the molecules and aggregates synthesized in a controlled
manner by (supramolecular) chemistry these days are already approaching or have reached the
nanometer size regime in bottom-up direction.57 A parallel development in inorganic chemistry
is the synthesis and functionalization of nanometer sized rods, e.g. nanotubes or nanorods
based on carbon, silicon, or other materials.58,59,60,61 Thus, nanometer-sized functional objects
with well-defined geometry can already be synthesized.

1.2

Scanning Probe Microscopy as Enabling Technology in a Top-Down
Approach

Surface properties are of central importance for self-assembly in general.10,11,12,13,14,15 In
addition, the surface to volume ratio is rapidly increasing with decreasing size of the objects.
For instance, the surface to volume ratio for a buckminster fullerene molecule (C60) is 6 orders
of magnitude larger than a typical head of a needle.62 For technology on the nanometer scale it
appears to be essential that fundamental problems of surface science can be studied and
understood on a nanometer level. In addition to nanometer or molecular scale characterization
techniques, it is necessary to manipulate (position) nanometer-sized objects by some means.
Scanning probe microscopy (SPM), including atomic force microscopy (AFM)63 and scanning
tunneling microscopy (STM),64 as a true enabling technology offers the possibility of both
nanometer (molecular) level investigation and manipulation.65

4

Merging of Top-Down and Bottom-Up Approaches
STM and AFM possess (sub-)nanometer resolution. The true resolution is determined
primarily by the sharpness of the probe tip, the experimental set-up and conditions. While
atomic and (sub)molecular resolution are readily obtained with STM,66 force microscopy
requires ultrahigh vacuum to achieve true atomic and molecular resolution (sub-nanometer).
For instance the visualization of atomic scale details of (semi)conductors, such as the Si(111)
(7×7) reconstruction,67 mobility of defect sites,68 and resolution of defect sites in isolators by
AFM in high vacuum were reported.69
True resolution on a nanometer scale can already be obtained routinely under ambient
conditions. Buckminster fullerene molecules (C-60, diameter 1.1 nm)70 can be easily visualized
using STM (Figure 1.5, left). In addition, imaging of the atomic or molecular lattices of
crystalline surfaces (e.g. poled films of tetranitrotetrapropoxycalix[4]arene)76 is possible with
AFM (Figure 1.5, right).71 Furthermore, measurements on nanometer-sized objects can be
performed by AFM under physiological conditions in liquids. Enzyme reactions on DNA were
studied in vitro without interfering with DNA or enzyme activity.72,73,74

Figure 1.5

Unprocessed STM image of a layer of C-60 on Au(111) (left, z-scale 1.5 nm)75
and unprocessed AFM image of a poled film of tetranitrotetrapropoxycalix[4]arene (right, insets: autocovariance filtered section and 2-D fast
Fourier transform).76 In the lower left and upper right part of the STM image
two tightly packed areas can be distinguished which differ in height (mono- vs.
bilayer or monolayers on gold terraces with different height). In addition,
several individual C-60 molecules can be recognized.77 As measured by AFM,
the tetranitrotetrapropoxycalix[4]arene molecules form a rectangular lattice
with lattice constants of a = 9.3 ± 0.3 Å and b = 11.7 ± 0.3 Å.76
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A large number of research groups has investigated the possibilities of manipulating
small, sometimes nanometer-sized objects on the surface using both AFM and STM. A first
breakthrough was the controlled positioning of xenon atoms on a nanometer level at
temperatures close to 0 K using an STM.78 More recently another group at IBM managed to
position porphyrin molecules with similar precision at room temperature,79,80 and built an
abacus with individual buckminster fullerene molecules as beads on a copper surface.81,82
Further examples include the controlled positioning of gold nanoparticles using an AFM,83
AFM tip-assisted reactions at surfaces (µm size regime),84 and the manipulation of single
carbon nanotubes (diameter several nm) using AFM or STM tips.60,61,85 In addition, the use of
carbon nanotubes as actual tips in STM and AFM has been described in the literature.61,85 In
light of Rohrer's definition20 (vide supra) all these manipulations can be regarded as elements
of nanotechnology. Since nanostructures, which were prepared in a bottom-up approach, were
manipulated by a top-down approach technology (SPM), the possibility and necessity of a
combination of the two approaches is clearly manifested.

1.3

Concept and Thesis Work

The merging of bottom-up and top-down approaches (self-assembly and nanometer
scale characterization and manipulation by scanning probe microscopy, respectively) with its
implications as discussed above forms the framework for this Thesis. The experimental work
spanned the whole range from synthesis of self-assembling molecules, nanometer level
manipulation to micrometer and nanometer scale characterization of surfaces of self-assembled
monolayers (SAMs) and polymers by AFM and other methods.
Different surface analytical techniques which provide "in depth" resolution in
measurements of chemical composition in the nanometer domain, such as X-ray photoelectron
spectroscopy (XPS) and secondary ion mass spectrometry (SIMS), exist.86 The
characterization of the lateral distribution of functional groups on (organic) surfaces, however,
can at present be performed with a resolution of several hundred nanometers.87 Due to the
technological importance of various surface treatment procedures, e.g. for polymer surfaces,88
it is imperative to enhance the resolution to the nanometer range also in the lateral direction.
As mentioned before, scanning force microscopy (SFM) offers the possibility of probing the
surface with nanometer resolution. It was shown previously89 that it is in principle possible to
study the interactions between functional groups on the tip and the sample surface with
chemical specificity by using chemically modified probe tips (chemical force microscopy,
"CFM", Figure 1.6).90
The objective of this Thesis work was to extend the use of CFM to technologically
relevant polymer surfaces. The ultimate aim was the laterally resolved detection of functional
group distributions in surface-treated or functionalized polymers on a sub-100 nm level. In
order to achieve this aim, it was necessary to first investigate important surface properties of
model surfaces using SFM. Model surfaces included SAMs of organosulfur compounds on
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gold, thin films of low molecular mass compounds, and structured, modified, or functionalized
polymer surfaces. Parallel to the experiments towards the detection of functional group
distributions in polymers, the focus was shifted from probing continuum properties to probing
non-continuum properties. In situ measurements of reaction kinetics using "inverted CFM" on
a scale of 10 - 100 molecules, and the measurement of single supramolecular host-guest
interactions were achieved.91 Finally, experiments were carried out towards the controlled
positioning of nanometer-sized functional metallodendrimer molecules using SFM.

S F M tip

Figure 1.6

Schematic drawing of the contact zone between SFM tip and surface where
interactions between functional groups on both monolayer modified tip and
sample surfaces are measured in CFM.89,90 Typical SFM cantilevers have a
length of 100 µm - 200 µm, the base of the pyramidal tip is ca. 4 µm wide, and
at the apex the tip has a radius of 10 - 100 nm. In CFM the interactions can be
estimated to consist of ca. 10 - 100 molecular pairs.89,90

During the course of this Thesis the synthesis of a large variety of novel functional
symmetric and unsymmetric disulfides was accomplished. Investigations of fundamental
structure-property relationships of SAMs of these and other thiols, sulfides, and disulfides on
Au(111) are discussed in Chapter 3. The lattice structure of SAMs of these compounds on
Au(111) was imaged by SFM with molecular (lattice) resolution. Based on the lattice
structure, information on the tilt angle of the molecules could be obtained. Furthermore, an
information or "penetration" depth of the SFM tip could be estimated from results obtained on
unsymmetric disulfides with different chain lengths. SAMs of the synthesized
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fluoroalkyldisulfides were shown to be useful for liquid crystal alignment. For instance,
homeotropic or planar anchoring of nematic liquid crystals could be achieved by slightly
varying the structure of the disulfides. In addition, cluster size effects were investigated
spectroscopically in SAMs of mixed hydrocarbon-fluorocarbon disulfides and mixtures of the
corresponding thiols.
As shown in Chapter 4, numerous factors were found to influence friction and pull-off
forces measured by SFM with SAM-functionalized probe tips. Studies were carried out on thin
films of tetranitrotetrapropoxycalix[4]arene, electrospun polymer fibers, lamellar polymer
crystals, lipid mono- and bilayers, as well as SAMs of various organosulfur derivatives on gold.
These samples allowed us to vary surface energy, structure and phase state of mono- and
bilayers,92 anisotropic crystal structure,93 and actual tip-sample contact area.94 The results
showed that friction forces can be dominated by molecular scale orientation, conformational
disorder, or differences in surface mechanical properties. In contrast, pull-off forces on
similarly flat samples can be reliably used in order to differentiate different exposed functional
groups by CFM.
Anisotropic friction was also measured on uniaxially oriented polymers which is
discussed in Chapter 5. Friction data was collected in molecularly resolved SFM line scans
which displayed a molecular stick-slip behavior. For both polyethylene and polytetrafluoroethylene the systematic variation of the observed friction forces with the relative scan
angle between fixed SFM scan direction and polymer chain direction could be described semiquantitatively with the "Cobblestone model" of interfacial friction.
The characterization of modified polymer surfaces using SFM with functionalized tips
is presented in Chapter 6. Probing the interactions between ensembles of functional groups led
to a correlation of pull-off forces and the degree of functionalization of surface-treated
polymers and rubbers, such as polypropylene, polyethylene, polydimethylsiloxane,
unvulcanized and vulcanized EPDM rubbers, and butyl rubber. Surface treatments included
oxyfluorination, chlorination, fluorination, chromic acid oxidation, and plasma treatments. In
particular, the pull-off forces measured with carboxylic acid functionalized tips in ethanol were
found to correlate with the hydrophilicity of the surfaces as determined by contact angle
measurements.
High resolution mapping of functional group distributions in (modified) polymers is
shown in Chapter 7 to be possible in systems that contain ionizable functional groups (e.g.
carboxylic acid or amino groups). pH dependent pull-off force measurements yielded force
pKa values which were different from pKa values of the ionizable species in solution. Pull-off
force images acquired at different pH showed inhomogeneous adhesion and thus
inhomogeneous distributions of functional groups on a sub-50 nm scale. These results can be
regarded as the first high resolution application of chemical force microscopy in studies on
functional group distributions on polymers (Figure 1.7).
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S F M tip

Figure 1.7

Schematic diagram of CFM on modified polymer surfaces.

As described in Chapter 8, the kinetics of surface reactions could be followed in situ on
a non-continuum level (10 - 100 molecules) by inverted chemical force microscopy. In this
novel approach the reactants are immobilized on the SFM tip rather than on the sample surface
(Figure 1.8), hence the name. Pull-off forces between the reactant-coated tip and an inert
substrate are monitored as a function of time. It was shown that SAM structure and reactivity
in ester hydrolysis reactions can be successfully correlated.

S F M tip

Figure 1.8

In situ force measurements by inverted CFM showed reactivity differences in
SAMs of different structures. The alkaline hydrolysis of ester moieties was
studied.
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The interaction between β-cyclodextrin and ferrocene moieties could be resolved in
dynamic force spectroscopy experiments (Chapter 9, Figure 1.9). The unbinding force for a
single cyclodextrin-ferrocene pair was shown to be "quantized" and to be independent of the
loading rate. This is the first example for supramolecular single molecule force spectroscopy on
small molecules and the first report on single molecule force spectroscopy for interactions with
fast unbinding kinetics.

S F M tip

Figure 1.9

Schematic drawing of supramolecular host - guest interactions as measured by
single molecule force spectroscopy between ferrocene moieties and βcyclodextrin derivatives on Au(111).

Chapter 10 describes the investigation of the controlled positioning of
metallodendrimers by means of directed assembly using SFM. The mechanism of dendrimer
wedge insertion into SAMs was investigated. In particular, the effect of the initial SAM
quality, the concentration of dendrimer solution, and the assembly time were studied. Directed
assembly was shown to be in principle feasible to create areas with high concentration of
dendrimer molecules on a scale of 200 nm.
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From Functional Group Ensembles to Single Molecules:
Scanning Force Microscopy of Supramolecular and Polymeric Systems

Chapter 2
Self-Assembled Monolayers, Polymers, and Scanning Force
Microscopy: Model Systems and Tools for Fundamental
Studies
This Chapter serves as a brief introduction to the self-assembled
monolayer model systems and the polymeric materials, as well as to
the method of scanning force microscopy, which were used and
investigated throughout this Thesis. The general framework for the
following chapters is provided and specific relevant topics are
highlighted.

2.1

Self-Assembled Monolayers (SAMs)

The fundamental understanding of phenomena and processes such as adhesion,
bonding, wetting, friction and lubrication, biocompatibility, protein and cell adhesion, sensing,
or passivation requires studies on well-defined model systems.1,2,3 The design of the model
surfaces must be versatile and flexible in order to independently vary the significant parameters.
These parameters include surface free energy, functional group density, functional group
distribution in many component systems,4 conformational order, surface area requirement and
orientation of functional groups, surface roughness and topography, phase state of regions near
the interface,5 or surface crystal structure.
Model surfaces can be obtained by using "thin films". These can serve either (a) as
simplified model systems which possess the essential structural or functional requirements of
more complex assemblies or (b) as thin coatings for corresponding substrates. For instance,
lipid bilayers prepared by the Langmuir-Blodgett technique1,6 are used as model systems for
lipid membranes7 or biomedical surfaces,8 or self-assembled monolayers (SAMs) as model
systems for polymers.9 Examples for the second case are surfactant monolayers on mica,10
SAMs,1,2,11 self-assembled multilayers,12 Langmuir or Langmuir-Blodgett films,6,13 or layer by
layer deposited polyelectrolyte films (Figures 2.1 and 2.2).14 More specifically, the tuning of
surface properties by deposition of SAMs of organosulfur compounds on coinage metals15 or
semiconductors,16 organosilanes on oxidized silicon or glass substrates,17 high TC
superconductors,18 or silica particles19 is well documented in the literature. For example the

wettability of SAMs on gold with e.g. water can easily be varied by changing the terminal
functional group of the ω-substituted alkanethiol20 or by varying the ratio of two different
thiols in mixed SAMs.21
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Schematic drawing of a self-assembled monolayer (A)1,2 and a self-assembled
multilayer (B).12
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Figure 2.2

Schematic drawing of a Langmuir-Blodgett multilayer with a noncentrosymmetric layer structure (A)1,6 and a layer by layer deposited
polyelectrolyte multilayer (B).14

In addition to their use for plain surface modification, SAMs can be regarded as
platform in supramolecular chemistry for the development of a bottom-up approach.22,23 In the
simplest design a monolayer can be considered, which incorporates e.g. sensor molecules,24
electro-active molecules,25 or molecular switches.26 Further functionalization or chemical
reactions can be subsequently employed to build multilayered functional structures.12,27
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In this Thesis, SAMs of ω-substituted alkanethiols, disulfides, and sulfides on gold were
investigated extensively as model surfaces, as well as integral parts of the chemically modified
atomic force microscopy (AFM) probe tips in chemical force microscopy (CFM). Therefore, a
number of aspects including SAM formation, structure, and stability, as well as some specific
systems, will be discussed in more detail with an emphasis on organosulfur derivatives on gold.

2.1.1 SAM Formation
SAMs on solid substrates can be formed by various methods. These include deposition
from solution,28 deposition from vacuum,29 and microcontact printing.30 In all cases the
monolayers are formed spontaneously. Often highly ordered SAMs with high structural and
translational order (2-D lattice structure) can be obtained.
The adsorption kinetics of n-alkanethiols onto Au(111) in solution were investigated by
numerous groups using different analytical techniques. These include ellipsometry,20a contact
angle (wettability) measurements,20a FT-IR spectroscopy,31 radio labeling,32 quartz crystal
microbalance (QCM) measurements,33 surface plasmon resonance (SPR) spectroscopy,34
STM,41,42 and AFM.43 Recent experimental evidence obtained by second harmonic generation
(SHG) measurements35 shows that impurities adsorbed on "clean" Au(111) substrates play an
important role in determining the kinetics. These impurities are replaced by the adsorbing
alkanethiol molecules. Similarly, SAMs of short n-alkanethiols are replaced by long-chain
thiols.36 In general, the adsorption is assumed to be a two-step process. In the first step
physisorption of thiol molecules occurs which can be described by a Langmuir adsorption
isotherm. In a second step significant rearrangement and reorganization of the alkyl tails takes
place and the sulfur atoms bind to the gold (chemisorption). The presence of the rearrangement
during the second step is supported by the observation that for both alkanethiols and
dialkylsulfides annealing of the SAMs during adsorption significantly improves the monolayer
quality.37,38 The actual binding of the sulfur atom to the Au(111)39 was measured by SHG35 or
XPS.40
The mechanisms involved in the formation of SAMs of alkanethiols on Au(111) from
the gas phase41 and from heptane solution42 have been studied recently on a molecular scale
using STM and AFM.41,42,43 STM observations clearly support the proposed two-step
mechanism. Initially, physisorbed molecules with considerable mobility are observed. During
the first step, a monolayer coverage of physisorbed n-alkanethiol molecules in a so-called
striped phase is achieved. The molecules are oriented with their molecular axis parallel to
surface.44 In the second step, the molecules rearrange, possibly driven by lateral interactions,
forming densely packed domains in which the molecules are oriented with the molecular axis
close to the surface normal. The adsorption mechanism for SAMs prepared by microcontact
printing (µCP)30 is less well understood.45 The adsorption under pressure is very rapid and high
quality SAMs prepared within a few seconds were reported.46 An important parameter in the
preparation of microcontact-printed SAMs is the concentration of the thiol-containing "ink"
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solution. For concentrations below 10 mM the lattice structure of the SAMs shows clear
deviations from the c(4×2) superlattice of the (√3×√3)R 30° lattice structure.47,48
For bis(n-alkyl)disulfides, which are believed to form SAMs identical to the
corresponding n-alkanethiols,49 it is assumed that the mechanism for SAM formation is also
similar to that of the thiols. However, there are only few reports on the adsorption kinetics and
subsequent chain rearrangement in the literature.50 For a number of disulfides, especially for
disulfides with bulky substituents, the surface coverage was observed to be lower compared to
the corresponding n-alkanethiols.51,52 It is likely that steric effects can play an important role in
the adsorption and / or the rearrangement step of the self-assembly.
The reports on dialkylsulfide-based SAMs53 are complicated by the fact that the
adsorption conditions (especially the temperature) are crucial for obtaining high quality
SAMs.54 While adsorption from solution at room temperature leads in most cases to
physisorbed SAMs,53e self-assembly at 60°C was shown to result in an increase of the number
of bound sulfur atoms.54,55 These observations can be attributed to the inherently lower affinity
and weaker bonding of dialkylsulfides to Au(111) as compared to n-alkanethiols.

2.1.2 SAM Structure
The structure of SAMs is the result of a complex interplay of different interactions.
These interactions, which are depicted schematically in Figure 2.3, include the binding of
adsorbate head group to the substrate, the intermolecular stabilization due to van der Waals
interactions (e.g. for n-alkane derivatives), dipole, or π-π interactions, the physical size of the
tails or attached functional / structural groups, and the thermally induced motion of the chain
termini.
surface group

(derivatized)
alkyl chain

therm al m otion, disorder

interchain interactions

chem isorption at the surface
head group
Figure 2.3

Schematic diagram of interactions in SAMs (after reference 1).

The actual binding of thiols and disulfides to Au(111) is still a topic of controversy in
literature. The generally accepted opinion that thiols and disulfides bind as thiolates2 was
questioned by Fenter et al.56 who could interpret grazing incidence X-ray diffraction data only
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by postulating the existence of dimerized (disulfide) species.57 In contrast, the binding of
dialkylsulfides to Au(111), which was until very recently debated,53d,58 seems now to be
understood.54,55
As implied in Figure 2.3, the possible terminal functional groups in ω-position must not
compete with the sulfur-containing groups in the adsorption step onto gold.20 Exceptions are
isonitriles, and functional groups that contain sulfur, selenium, or phosphorous. The most
common functional groups59 do not interfere with the binding of the thiol or disulfide group to
the gold. Thus, the originally high energy surface of gold60 can be modified in almost any
possible manner. If the surface properties are in a first approximation attributed to the exposed
functional groups, these properties span for example the whole range of properties from
hydrophobic (methyl) to hydrophilic (hydroxyl) and acidic (carboxylic acid) to basic (amino).
For n-alkanethiols and disulfides, as well as for a number of substituted thiols and
disulfides highly ordered 2-D lattice structures were reported in the literature. For SAMs of nalkanethiols on Au(111) a (√3×√3)R 30° lattice structure (Figure 2.4) was initially reported
based on electron diffraction results.47,61 This structure requires that the alkane chains are tilted
by ca. 30° with respect to the surface normal direction (vide infra).62 More recently,
experiments with He diffraction at low temperatures and grazing angle X-ray diffraction were
reported. In these studies a (4×2) superlattice of the (√3×√3)R 30° lattice structure was
discovered.63 In addition, a small dependence of the lattice structure on n-alkanethiol chain
length could be measured.64
Scanning probe microscopy, including STM and AFM, can provide similar information
in real space.48,65,66 However, the contrast mechanisms involved in AFM and especially in STM
have been subject of on-going discussion in the literature. The initial STM experiments on
SAMs on gold were performed with rather high tunneling currents due to technical limitations.
Therefore the STM tip considerably penetrated into the monolayer. The recorded images
correspond very likely to images of electronic states of the gold perturbed by the sulfurcontaining headgroup of the adsorbate.67 In recent years, STM experiments were carried out
with much smaller tunneling currents (higher gap resistances).68 Results obtained in these
measurements indicated that electronic states of the alkane chain, as well as the terminal
functional group contribute to the contrast.69 However, there seems to be still a significant
effect of the STM tip being in contact with or penetrating into the SAM.70 Due to the
limitation of small tunneling currents, long chain compounds and materials with low tunneling
efficiency, such as fluorocarbon chains, cannot be investigated routinely by STM.
AFM images of SAMs on gold were shown to provide accurate information on the
lattice structure (distances and angles),71 but as AFM tips are not indefinitely sharp (contact
mode AFM tip radii are in general in the order of 10 nm - 100 nm) the information is averaged
over the contact area between tip and surface. In the best cases this contact area has a radius r
of ca. 1 - 2 nm, assuming a spherical tip and a flat substrate.72 Taking the penetration depth of
the AFM tip into account72 and keeping the imaging forces73 below ca. 50 nN,74 it is clear that
23

AFM provides information about the tail group lattice structure (chain segments near the
surface) and not the lattice of the sulfur atoms.
As mentioned before, the (√3×√3)R 30° lattice structure formed by n-alkanethiols on
Au(111) is concomitant with a tilt angle of the alkane chains of ca. 30° with respect to the
surface normal direction. The binding of the sulfur atoms to the three-fold hollow site is
energetically favored over bridging sites.39 However, the distance between the sulfur adatoms
on the Au(111) (4.97 Å) is larger than the van der Waals-diameter of the all-trans hydrocarbon
chain (ca. 4.2 Å).75 In order to maximize the intermolecular van der Waals interaction the
alkane chains must tilt. A calculation showed that two minima for the energy as a function of
interchain distance (tilt angle) exist at 4.24 Å (0°) and 4.97 Å (30°), respectively.62b The
nearest neighbor distance in SAMs of n-alkanethiols was found to be 5.0 Å.61,63,64,65,66,71b

Au

dAu

S

a
b

Figure 2.4

(√3×√3)R 30° lattice structure formed by n-alkanethiols on Au(111). The
sulfur atoms (dark circles) bind to the threefold hollow site of the Au(111) (Au:
bright circles). The distance between the sulfur adatoms a is √3 × the Au-Au
distance (dAu = 2.88 Å). The lattice of the sulfur atoms is rotated by 30° with
respect to the underlying Au(111).2

Perfluorocarbon chains which possess a helical conformation have a much larger
diameter (ca. 5.6 Å)76 than their hydrocarbon analogues and in addition, they are stabilized
intramolecularly.77 The tilt angle of fluorinated alkanethiols in SAMs on Au(111) with respect
to the surface normal direction is much smaller and the nearest neighbor distances in the 2-D
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lattice in SAMs are larger. The experimentally determined tilt angles are close to zero71a,78,79
and the nearest neighbor distances were found to be 5.8 Å. 71a,78 The lattice formed by partially
fluorinated thiols of the structure HS-(CH2)2-(CF2)n-CF3 can be described as high order
commensurate c(7×7) structure.71a
These examples of n-alkane and partially fluorinated n-alkanethiols gave an impression
of the interplay between the involved interactions. The structures seem to be dominated by
preferred binding site for sulfur on the substrate and the maximized van der Waals interaction
of the adsorbate tails. However, there are examples where the interactions between functional
or structural groups and their physical size dominate over the substrate - headgroup
interactions. SAMs of azobenzene-,80 as well as triphenylene-substituted81 thiols and disulfides
were found to form end-group dominated lattice structures on Au(111). These structures are
incommensurate with the substrate lattice. Aromatic π-π interactions lead to face to face or
face to side stacking of the azobenzene moieties and to columnar stacking of the triphenylenes,
respectively (Figure 2.5).

A u (111 )

Figure 2.5

AFM image of SAM of triphenylene-substituted 11-hydroxyundecanethiol (left)
and schematic drawing of columnar edge-on orientation of the stacked
triphenylene cores (right).81 The stacked triphenylene rings form rows which
order in a parallel fashion.
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2.1.3 SAM Stability
The stability of self-assembled monolayers is a crucial issue because the interesting
phenomena and processes mentioned in section 2.1 can involve environmental, thermal, or
mechanical stresses at the surface and thus at the monolayer.
The thermal stability of SAMs is rather limited. Order - disorder transitions which can
be understood as "melting" of the internal structure of the SAMs were measured by FT-IR,82
NMR,83 and diffraction techniques.63 At temperatures of ca. 45 - 65 °C the intermolecular
stabilization (e.g. by van der Waals interactions) is no longer pronounced. As the binding of the
alkanethiols to the gold itself is not very strong (binding energy of 120 kJ/mol)84, thermal
desorption sets in at temperatures of around 80 °C.48b,85 While n-alkanethiols desorb rapidly at
temperatures of > 100 °C,85 SAMs composed of molecules with additional strong
intermolecular interactions (such as aromatic π-π interactions86 or hydrogen bonding)79,87 are
more stable. Polymerization reactions,88,89,90,91 crosslinking,92 as well as the use of multiple
attachment points93,94,95 are obvious strategies to improve the thermal (and general) stability of
SAMs.
SAMs of alkanethiols were found quite early to be relatively unstable in pure solvents
at elevated temperatures.20a The desorption under these conditions is a consequence of the
thermodynamic non-equilibrium state of SAMs in contact with a solution of indefinite
dilution.96 Although there is a tendency for molecules of a SAM to desorb in pure solvent,
there is a kinetic barrier for desorption in most solvents at room temperature.96 For several
solvent systems however, there is evidence that SAMs of n-alkanethiols partly desorb even at
room temperature.32 SAMs are stable in certain aggressive solutions such as etching solutions
for Au (cyanide).97 Several very aggressive solutions including I3- or hot aqueous KOH
solutions were shown to disrupt SAMs on gold.98 A general feature of organosulfur-based
SAMs on gold (and on other metals such as silver) is the limited stability towards UV
irradiation in the presence of oxygen.99,100 The oxidation of sulfur creates loosely bound
molecules that desorb spontaneously in solution or even upon rinsing the SAM with pure
solvent. This apparent instability forms the basis for photolithographic patterning of
monolayers.101 A related method to create patterns in SAMs is the use of electron beams.102
The mechanical stability of SAMs was investigated in detail.103 Experiments were
described in the literature that aimed at mechanical patterning of SAMs of n-alkanethiols on
gold.104 Scalpel blades,104a AFM104b or STM104c tips were used for this purpose. While SAMs
are not damaged during scanning with an AFM tip under pressures of up to 2.4 GPa in air,74 in
situ replacement of SAMs under a scanning AFM tip (force threshold of ca. 5 nN) in presence
of thiol solution has been reported ("directed assembly").105 These results indicate that wear of
SAMs during AFM experiments can be prevented if the imaging forces73 and the tip radii are
chosen correspondingly. The pressures required to damage SAMs can be reached with stiff
cantilevers or sharpened AFM tips only.106
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2.1.4 Specific SAM Systems
A brief discussion of the most commonly applied self-assembled monolayer systems on
various substrates will complete the review on SAMs as model systems and materials.
2.1.4.1 Thiols, Disulfides, and Sulfides on Au
Since the first report on SAMs of cyclic disulfides on gold by Nuzzo and Allara,28 and
the subsequent pioneering work in the groups of Nuzzo, Allara, Whitesides, and others in the
field, a rapid development has taken place. There have been numerous studies on very
fundamental aspects of the physics and chemistry of these SAM systems, e.g. on the
determination of Gibbs free enthalpy of the formation of SAMs33 or the nature of the binding
of thiols to Au(111).56 Additional efforts were directed towards possible applications in
sensors24 or in soft lithography.30,46 The synthetic routes for introduction of variable functional
groups in ω-position of alkanethiols are well described and the characterization techniques
have reached a certain level of maturity.
2.1.4.2 Thiols on Other Substrates
Numerous other substrates have been investigated for the formation of SAMs based on
alkanethiols. These include silver,15,107 copper,15,107b-d,108 iron,109 iron oxide,110 gallium
arsenide,16 mercury,111 nickel,112 or platinum.113 The affinity of the thiols to different substrates
differs somewhat, but for all substrates reasonably well ordered SAMs were reported. The
binding positions as well as the interatomic spacings for the substrates are very different. For
instance, molecules in SAMs of n-alkanethiols on Ag possess a very small tilt angle with
respect to the surface normal direction, whereas thiols on GaAs have a much larger tilt angle.
2.1.4.3 Silanes on Oxidized Silicon and Glass
The use of non-metallic substrates for SAMs is required in numerous applications due
to (a) optical (transparency) reasons,114 (b) the requirement of silicon-based technology,115 or
(c) other electrooptical reasons.116 The silane chemistry needed to functionalize silanol groups
which are present on oxidized silicon, silicon nitride, or glass is known for quite some time.
Silica and its chemical functionalization has been previously studied.19 Trichloro- or triethoxyfunctionalized silanes are used for example in modifications of silica particles for rubber
applications.19 The interest for silane-based chemistry in monolayer research has been
promoted by Sagiv and co-workers.1,17 Most commonly trichlorosilanes are used.
The requirement for a successful functionalization of e.g. silicon is the presence of
silanol functional groups. These react in a condensation reaction with e.g. trichlorosilanes.117 In
an idealized reaction, in the presence of some traces of water, trichlorosilanes additionally
crosslink with each other (Figure 2.6).1 If a SAM with a large number of covalent silane substrate bonds (Si-O) is formed, this SAM will be very stable.118 Compared to a gold - sulfur
bond this bond is significantly stronger. In addition, the silane molecules are crosslinked.
However, in practice it is difficult to obtain good control over the covalent linkage with the
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substrate and the crosslinking density.119 Compared to thiol chemistry, the trichlorosilane
systems have two clear disadvantages. Firstly, there is a limitation in terminal functional groups
one can introduce in a 1-step surface modification. Functional groups which possess active
hydrogen atoms must be protected during the self-assembly. Thus, a subsequent deprotection
or functionalization reaction at the surface is necessary. There are numerous methods
developed for this purpose.1,17 Secondly, the order in silane-based SAMs is often inferior to
thiol-based SAMs. Depending on the preparation parameters (e.g. temperature) FT-IR spectra
indicate conformational disorder.120 Translational order (2-D lattice / crystal structure) is in
many cases absent.121
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Schematic drawing of the idealized condensation reaction of trichlorosilanes
on oxidized silicon which leads to an internally crosslinked SAM.

Similarly to alkanethiols, trichlorosilanes can be stamped onto oxidized silicon
substrates. Nuzzo and co-workers have developed routes which allow one to fabricate micronscale electronic devices using a combination of microcontact printing and chemical vapor
deposition (CVD).122 In addition, interfacial chemical reactions have reached a high degree of
sophistication, partly driven by the need for post-assembly functionalization (vide supra).
Recently, interfacial reactions were performed locally using scanning probe techniques.
Scanning with a catalytically active AFM tip on a SAM which exposes azide functional groups
allowed Müller et al. to site-specifically react these azide groups to amines.123 Sagiv and coworkers extended a related approach to perform electrochemistry at SAM surfaces locally on a
sub-µm level.124
In conclusion, silane-based SAMs are similarly well-developed and understood as thiolbased SAMs. It depends on the purpose or application in question which of the different
systems is chosen.
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2.1.5 From 2-D to 3-D Structures Using SAMs
SAMs are a useful basis or platform for the construction of more complex 3-D
structures.22,23 SAMs can be prepared in a well defined, highly ordered fashion. Incorporated
functional groups can be positioned in a way such that they remain accessible to external
reagents and do not hinder chemical reactions with crowded transition states. In the literature
there is an abundance of reports on complex structures which have been synthesized starting
with relatively simple SAMs of alkanethiol derivatives. The coupling reactions can lead to the
formation of covalent bonds125 or can utilize non-covalent interactions (supramolecular
chemistry). Examples include complexes held together by hydrogen bonding126 or host-guest
interactions (chelate - ligand,24a-c,e complexation of ammonium ions with crown ethers).127 A
striking example of directional growth of defined structures from a solid support is the growth
of polypeptide helices starting from a surface-immobilized part of a polypeptide.93
A very similar strategy for synthesizing so-called polymer brushes,128 is the
polymerization starting from a surface-immobilized initiator. This approach was first reported
by Rühe.129 Using a mono-, di-, or trichlorosilane-functionalized AIBN derivative130 as
immobilized initiator classical monomers such as methylmethacrylate can be polymerized using
free radical polymerization. Polymer brushes with thicknesses of > 1 µm have been reported.131
Meanwhile this strategy has been extended to metathesis ring opening polymerization,132 living
cationic,133 and living free radical polymerizations.134 The strategy was also used by Abbott and
coworkers to amplify the structure of patterned SAMs by ring opening polymerization of εcaprolactone.135
The fabrication of multilayer structures with controlled architecture (orientation of
molecules in layers) has attracted interest in the past decades due to the potential use of such
structures in the development of materials with non linear optical (NLO) properties. For such
materials non-centrosymmetric structures must be prepared (compare Figure 2.2 A).136 One
possible strategy towards multilayered films based on self-assembly is the formation of selfassembled multilayers.12 ω-carboxyalkanethiols were self-assembled onto gold and
subsequently treated with a solution of Cu2+ salt. Onto the resulting modified SAM another
monolayer of the thiol could be deposited (Figure 2.1 B). Repeated cycles of adsorption and
treatment with Cu2+ salt resulted in a defined multilayer structure. Using this simple approach
controlled multilayers can be grown to generations of 6 layers or higher.
A combination of self-assembly and polymers provides a route to patterned functional
polymeric surfaces. Microcontact printing and subsequent layer by layer assembly of
polyelectrolytes has allowed Hammond and coworkers to fabricate laterally patterned
multilayer structures.137 These multilayers can in principle be useful in LED applications.138
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2.2

Polymers and Surface Treatments

In many technological and everyday applications polymers are used due to their simple
mass production, their low cost, and their excellent processing characteristics. As the surface
properties of polymers are quite often relatively poor, additional surface treatments must be
carried out. For example, painting, metallizing, bonding, and printing require a good substrate
adherence which is related to high surface energy.139 Therefore, polyolefin films are often
subject to a corona discharge140 or flame treatments141 after processing. The modified surfaces
contain a number of different polar functional groups as a result of this treatment. Surface free
energy and hence important properties related to this quantity can be adjusted in a certain
range.
Polymers can be used to form structured surfaces on various length scales.
Geometrically structured surfaces on different length scales are well-known. Examples include
oriented extended chain crystals that exposed crystal facets on top of the oriented fibrils
(polymer interchain distances: 5 Å to 8 Å; fibril diameters: tens to hundreds of nanometers)
and lamellar crystals grown from solution (folds with regular spacings in the range of several Å
were reported).142 In addition, chemically structured surfaces of phase-separated polymer
blends or microphase-separated block copolymers with different morphologies can be
prepared.143

2.2.1 Structured Polymer Surfaces
Polymers can be classified as either semicrystalline or glassy / amorphous materials.144
Exceptions of fully crystalline materials are very rare. Examples have been reported for
topochemically polymerized monomer single crystals of e.g. diacetylene derivatives,145 dioxane
or trioxane crystals.146
The principal morphological building block in the crystalline phase of semicrystalline
polymers is the lamella.147 Single lamellar crystals of various polymers have been studied since
the 1930's.148 The thickness of lamellar crystals (d), depending on the crystallization
temperature, is in the order of tens of nanometers. Since the contour length of the chain
molecules is typically between one and several micrometers and since the polymer chain
direction is parallel to d,149 the polymer chain must fold back and forth in the lamella (Figure
2.7).150 The nature of the folds on the lamella surface, the so-called fold plain, remains a topic
of discussion in the literature.142,151 For polydimethylsilane folds with regular spacings in the
range of several Å (measured by AFM) were reported.142 Friction mode AFM showed in
addition clear evidence for a directionality of the fold surface.152 Sectorization and friction
anisotropy have meanwhile been observed for a number of different polymers, including
polyoxymethylene,152 polyethylene,153 and poly(4-methyl-1-pentene).154
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d

Figure 2.7

Schematic diagram of sharp chain folding in a lamellar polymer
crystal.148,150,151,152,153,154

Under high pressure or during deformation (tensile strain or compression)144 extended
chain crystals of polymers can be formed. Microtomed fibrils were shown by AFM to expose
known crystal facets at the surface155 with regular arrangement of substituents156 or
heteroatoms157 in the polymer backbone. Rather ideal uniaxially oriented samples with a single
crystal-like texture can be prepared by plain strain compression of high density polyethylene
(HDPE) or nylon 6.158 Microtomed surfaces of such HDPE specimens were shown by AFM to
exposed fibrils with both (ac) and (bc) crystal facets of orthorhombic PE.159 Further methods
to prepare structured samples with uniaxially oriented polymer fibrils include friction
deposition of thin polytetrafluoroethylene (PTFE) films.160 These films, which give rise to
macroscopic161 and nanometer level162 anisotropic friction, are highly oriented on a molecular
level.163
In addition to geometrically structured surfaces, polymer blends and microphaseseparated block copolymers can be used to create chemically structured surfaces. While
polymer blends are difficult to control with respect to domain size and shape distribution
(surface vs. bulk),164 block copolymers offer unique possibilities in terms of degree of order,
control of morphology, or texture with respect to a surface.
Polymers are usually mutually immiscible.165 The so-called χ12 interaction parameter
can be used to predict miscibility of different polymer combinations. In block copolymers
composed of immiscible blocks A and B (general structure (A-B, or A-B-A), macroscopic
phase separation is not possible because the blocks are covalently linked together. As a result
distinct microphase separated morphologies can be observed after annealing. Typical examples
for the morphologies of diblock copolymers are depicted in Figure 2.8. The observed
morphology depends on the value of χ12, the total chain length, and the relative length of the
blocks.
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Figure 2.8

Microphase-separated morphologies observed in diblock copolymers.

Typical dimensions of the phases (e.g. diameter of cylinders) are in the order of 20 - 50
nm. In bulk, there is a certain grain size (within a grain there is one orientation of the structure
with respect to a reference coordinate system). The alignment of the structure (uniform
texture) is of course of great interest. Controlled alignment can only be achieved in special
cases (vide infra).166
Solution casting or spin coating are the easiest ways to obtain thin films of block
copolymers. Depending on the film thickness, the polystyrene cylinders in polystyrenepolybutadiene-polystyrene (SBS) triblock copolymers were believed to be oriented parallel or
perpendicular to the substrate.167 The observations of a hexagonally packed array of dots and a
meandering structure by AFM can be easily reproduced using commercially available SBS
triblock copolymers.168 Casting films from dilute solution onto mica affords thin films with a
hexagonally arranged dot-like structure, while more concentrated solutions result in thicker
films in which a meandering structure becomes visible (Figure 2.9).

Figure 2.9
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Tapping mode AFM height images of microphase separated Kraton (SBS)
triblock copolymer films on mica. The samples were prepared by casting a film
onto mica from dilute (left) and concentrated (right) solutions in toluene
without subsequent annealing.169
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For diblock copolymers with lamellar morphology the texture can often be controlled.
Based on the surface and interfacial free energies, one component tends to favor the contact
with the substrate. Thus, ordering of the lamellae with the interfaces between the phases in an
orientation parallel to the surface can be achieved. Depending on the thickness of the film, the
regularity of the structure varies since the film as a whole will be terminated by the lower
surface energy component.170
Electrical field-assisted orientation,171 as well as compatibilization of the interface using
a corresponding random block copolymer adsorbed to the substrate172 have been investigated
by Russell and co-workers. The texture in films of asymmetric polystyrenepoly(methylmethacrylate) diblock copolymer with cylindrical poly(methylmethacrylate)
microdomains could be successfully oriented parallel to the substrate in an electric field.171
Another strategy to orient the microphase separated morphology is by roll-casting.173
Further treatment, for instance selective removal of one of the phases, of the
microphase-separated films by means of reactive ion etching, plasma, or ozone treatments was
shown to result in masks for possible lithographic applications.174 Thus, in addition to a lateral
structure, a vertical structure could be implemented.175 Finally, loading one of the blocks
selectively with nanoparticles promises to be a strategy for further structuring of polymer
surfaces.176

2.2.2 Surface Treatments of Polymers
The possibilities for controlling and manipulating the interfacial chemistry of polymers
deserve a more detailed discussion. In comparison to surface modifications with monolayers
(vide supra), polymer surface treatments are seldom selective. A number of different functional
groups is created at the same time, although in certain cases, the ratio between different
species can be controlled by the process parameters.177
Different polymer surface treatments can be distinguished, including gas phase
reactions,178 irradiation chemistry,179 wet chemistry,180 plasma treatments,181 such as low
pressure glow discharge182 and corona183 treatments, flame,184or high temperature
treatments.185 Gas phase and solution chemistry can be understood reasonably well because the
reactive species are relatively few, and moreover, they are well defined and known. The
plasma, flame, and corona treatments involve numerous highly reactive species e.g. ions,
radicals, atoms, molecules, electrons, or metastable species which result in a multitude of
possible reaction pathways.
Two representative surface modification methods, oxyfluorination of isotactic
polypropylene (iPP),186 chromic acid oxidation of LDPE,180,191 and additionally plasma
polymerization of allylamine in low pressure glow discharge187 will be briefly discussed due to
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their general importance.188 The surface properties of samples prepared by these treatments
were investigated using scanning force microscopy and related methods as described in this
Thesis. This justifies a more detailed introduction of these methods.
In the process called oxyfluorination, 186,188 the polymer is treated in a gas mixture of
oxygen, nitrogen, and fluorine. By varying the treatment time, temperature, relative gas
concentrations, and possible pre-treatment, such as corona treatment, samples with different
surface free energies can be obtained.189 The presence of oxygen during the fluorination of
hydrocarbons leads to the formation of different oxygen-containing functional groups, such as
carbonyl groups, α-fluorocarboxylic acids, peroxides, hydroxyl groups, ether groups, and acid
fluoride groups that hydrolyze slowly in presence of atmospheric moisture to yield carboxylic
acids.190
The wet chemical oxidation of LDPE by chromic acid was investigated by Whitesides
and co-workers.191 The results of complementary wetting (contact angle), X-ray photoelectron
spectroscopy (XPS), and attenuated total reflection (ATR) FT-IR experiments3 on oxidized
and subsequently derivatized LDPE led to an understanding of the corresponding surface
chemistry of oxidized LDPE. This included the number and the nature of the surface functional
groups introduced by the treatment (> 50% carboxylic acid groups) and the dynamic processes
occurring at the surface when in contact with different solvents. For example, upon heating in
air or argon, the carboxylic acid groups were shown to become buried in regions of the
interface which cannot be probed by contact angle measurements. Subsequently, the acid
groups could be recovered by heating the LDPE samples in boiling water. In contrast to the
oxyfluorination (vide supra), the chromic acid oxidation is concomitant with pronounced
etching of sample surface.191 SEM micrographs revealed a pitted surface, and also the mass
loss as a function of treatment time indicated severe corrosion of the PE at higher treatment
temperatures.191
Plasma treatments (low pressure glow discharge) are versatile methods to modify and
functionalize polymer surfaces.181 In addition to a broad range of surface characteristics which
can be obtained by introducing different functional groups (by changing the type of gas
hydrophilic and hydrophobic surfaces can be achieved),192,193 deposition of polymers,187
immobilization of e.g. surfactant molecules,194 or etching of the specimen surface195 can be
utilized to tailor surface properties by this technique. As mentioned before, corona discharge
treatments are technologically widely used in polyolefin film production.183 However, a
problem frequently encountered is the limited shelf-lifetime of hydrophilic polymer surfaces
prepared by plasma treatments.177,196 The formation of polymer films by plasma deposition is a
very attractive approach to thin coatings prepared in a "clean" process. Precursor molecules,
which are introduced into a low pressure glow discharge chamber using a carrier gas, are
activated in the plasma. Activation refers to dissociation and radical formation. Polymerization
reactions initiated by these radicals can lead to the reaction with monomers and monomer
fragments in the chamber. The reaction can take place in the plasma, as well as on the surface
of the substrate. If suitable monomers are chosen, a more or less cross-linked film can be
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deposited. Plasma polymerized films have been reported to show interesting characteristics,
such as improved adhesion197 or improved blood compatibility.198 Similarly to plasma modified
or functionalized polymer surfaces (vide supra) aging problems can be encountered in plasma
polymerized films. These are thought to be related to trapped radicals which lead to chemical
aging when the films are in contact with air (oxygen).199

2.2.3 Surface Characterization of Polymers
The characterization and analysis of modified or treated polymer surfaces is of great
fundamental and practical importance. The treatments described in section 2.2.2 often result in
the formation of numerous different functional groups due to the presence of different reactive
chemical species and due to the possibility of different reaction pathways. Surface
characterization techniques must therefore be sensitive to these different chemical
functionalities. At the same time they must be extremely sensitive to very small amounts of
material and should possess true surface sensitivity.
There is no technique that is capable of providing all the desired information. In the
best cases a combination of experimental techniques3 allows one to draw conclusions regarding
for example qualitative (functional groups) and quantitative (percentage) chemical
composition, orientation and conformation of functional or structural groups, interactions
between functional groups (e.g. hydrogen bonding), oxidation states of selected elements,
topography, or mechanical properties (e.g. hardness, stiffness, elastic modulus) of the surface.
The techniques commonly applied can be grouped into spatially averaging and spatially
resolved techniques. Examples for the first group are contact angle (wettability) measurements
(information depth: several Å),3 FT-IR spectroscopy (grazing angle or attenuated total
reflection modes) (about 1 µm),200 conventional XPS (ca. 3 nm to 10 nm),200 and secondary
ion mass spectrometry (SIMS) (depth profiling possible due to ion milling).200 Depending on
the surface sensitivity (information depth) and the detailed information extracted by these
methods200 average information about e.g. surface energy and chemical composition including
identification of some functional groups is accessible. A complete analysis of the different
functional groups however, usually requires the chemical derivatization of the surface
functional groups and subsequent analysis by the techniques listed.3,191,196
In order to obtain spatially resolved information on a sub-10 µm level one can use some
of the already mentioned averaging techniques which have been technically refined to probe
smaller sampling areas (increased sensitivity, reduced beam intensities). Well-known examples
are small area XPS201 and time of flight (TOF) SIMS.202 The current resolution is in the order
of µm for XPS, while a resolution of several 100 nm can be achieved with SIMS in the best
cases. Limitations are of course the requirement for high vacuum and the problem of beam
damage. Similar problems with beam damage (or the need to coat non-conductive polymer
samples with a conducting layer) can hamper the applicability of electron microscopies
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(scanning electron and transmission electron microscopy, SEM and TEM, respectively).203
Energy dispersive X-ray adsorption spectrometry can be utilized to differentiate different
elements, albeit without real surface sensitivity.
A relatively recent development in the field of spatially resolved surface
characterization techniques is the invention of scanning probe microscopies (SPM), including
scanning tunneling microscopy (STM),204 atomic force and scanning force microscopy (AFM
and SFM, respectively, also see section 2.3).205,206 AFM can provide information on the sample
topography on a scale of hundreds of micrometers down to several nanometers, depending on
the roughness of the specimen and the shape and sharpness of the tip.206 Further techniques are
friction force or lateral force microscopy (LFM), force modulation AFM, intermittent contact
(including "tapping mode"207 and "pulsed force mode"208) AFM, and indentation AFM.209
These modes promise to give access to information on adhesion, friction, and surface
mechanical properties, such as hardness, stiffness, elastic modulus down to a sub-100 nm to
sub-50 nm scale (see section 2.3).
Knowledge of the surface energy is very important for properties including printability,
adhesion, or biocompatibility (vide supra). The free energy of polymer surfaces which can be
adjusted or controlled by various treatments as discussed earlier, depends on the type and the
relative amounts of the functional groups present. Usually the surface energy per unit area (or
surface tension)210 is calculated based on results of contact angle measurements with different
liquids. Depending on the choice of the theory, different results can be obtained.211 For
example, the surface energy of oxyfluorinated polymers (vide supra) has been discussed by
several authors.190a,212,213,214,215 The surface polarity determination was based on Wu’s harmonic
mean approach213,215 and Zisman’s critical surface tension approach.214 Van Oss and Good et
al.216,217 showed that it is possible to treat the surface polarity phenomenon in terms of Lewis
acidity and basicity. In the framework of the Good-van Oss acid-base interaction theory
different surface free energy parameters are calculated: the total surface free energy γ, the acidbase component of the surface free energy γsAB, the Lifshitz - van der Waals interaction
parameter comprising dispersion, orientation, and induction forces γsLW, the acidic term γs+, and
the basic term γs-. This can be done by using results of contact angle measurements obtained
with e.g. diiodomethane, glycerol, and water as probe liquids.
The impact of the type and relative surface concentration of the different functional
groups on the final surface characteristics is obvious as the functionalities contribute to the
different surface free energy parameters in different ways. The application of the
characterization technique in assessing wettability as well as the different wetting theories treat
the surface and its properties as a continuum. However, interpretations regarding important
issues such as adhesion and biocompatibility are often based on discussion of distinct
properties of localized functional groups. Poly(ethyleneoxide) or oligo(ethyleneoxide) chains
are often utilized to prevent protein attachment to surfaces in biological environments.218 It
was found that in addition to the "correct" functional group (oligo(ethyleneoxide)) the
conformation of this group is of crucial importance in preventing protein adhesion.219 While
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helical PEO segments were shown to prevent the attachment of proteins, the all-trans
conformer does not. In a hypothetical situation of a mixed population of helical and all-trans
segments in a surface functionalized with a small surface concentration of PEO, protein
attachment would depend on the local distribution of the conformation. However, there seems
to be no experimental technique available that can provide information about functional group
distributions, leave alone conformational distributions, laterally resolved on a sub-100 nm scale
(if not sub-µm scale).201,202 A possible strategy which has been pursued in detail in this Thesis
is the combination of the broad range of magnification available in force microscopy, together
with specific interactions (adhesive forces) between functional groups in the so-called
"chemical force microscopy" (CFM) approach.220,221,222,223

2.3

Scanning Force Microscopy (SFM)

The central role of force microscopy as high resolution characterization technique and
tool in this Thesis warrants a closer look at the basic principles of SFM. In addition, areas such
as intermolecular forces, interfacial friction, and contrast mechanisms in SFM are briefly
discussed.
2.3.1 Force Microscopy
In contact mode atomic force microscopy205 a very sharp tip, which is attached to a
flexible spring (the so-called "cantilever" with a typical spring constant of 1.0 - 0.1 N/m), is
brought into contact with the sample surface (Figure 2.10). While the sample is scanned under
this probe, the deflection of the cantilever is measured in order to obtain the surface profile or
topography of the specimen ("constant height mode").
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Figure 2.10

Cantilever and photodiode (left) and schematic diagram of contact mode AFM
(right).
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More commonly, a feedback loop holds a certain deflection of the cantilever constant
by adjusting the sample height (z) ("constant force mode"). A graphic representation of the
adjustment of specimen height z yields the sample topography (isoforce surface). The
deflection of the cantilever is a result of the repulsive and attractive interactions between the
atoms of the tip and the atoms of the sample surface, hence the name force microscopy. The
nature of the various tip - sample interactions and their dependence on the tip - sample distance
will be described in the subsequent paragraphs.
AFM tips are often pyramidal shaped, with a radius of curvature at the apex between
10 and 100 nm nanometers.224 SEM images of two typical cantilevers and a tip are shown in
Figure 2.11. The tip radius can also be determined based on high resolution SEM images or
calibration gauges such as SrTiO3 crystals.225

Figure 2.11

SEM image of contact mode AFM cantilevers (left) and tip (right).

The cantilever deflection can be monitored by an optical beam technique. Other
possibilities to measure the deflection include STM,204 or other techniques.226,227 In the optical
beam set-up, laser light is focused onto the end of the cantilever. The reflected light is collected
by a 2- (NanoScope II)228 or 4-quadrant (NanoScope III)228 position-sensitive photodiode. The
4-quadrant photodiode can measure deflections in vertical (surface normal) and horizontal
(lateral) direction. The principle is summarized in the scheme shown in Figure 2.10.
A piezoelectric crystal positioner is used in order to position the sample accurately.
Depending on the scanner type (piezo tube length) the maximum scan sizes vary between ca. 1
µm and several hundred micrometers. The accuracy of positioning is in the best cases 0.01
nm.229
AFM experiments are usually performed in ambient conditions although the presence of
a contamination layer (including water) gives rise to sometimes significant capillary forces.230
In addition to measurements in air, experiments can be performed in other gases, in liquids, or
in (high) vacuum. The problem of capillary forces can be easily eliminated by performing
measurements in liquids utilizing a liquid cell.231 Limitations of contact mode AFM include
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very rough samples, samples with high adhesion such as glues, as well as most types of
liquids.232,233 The true resolution for imaging is limited by the shape and the radius of the
tip.234,235 The data, i.e. topography (height), can be displayed graphically using a color scale to
indicate the height of each point observed (see Figure 2.9). A significant difference between
AFM and scanning electron microscopy (SEM) for imaging surface topography is that AFM
gives a quantitative surface profile.
Contact mode AFM can also be used to measure both repulsive and attractive forces
between sample and surface with a high accuracy ("force spectroscopy").236 Examples include
electrostatic forces, electrostatic double layer forces, hydrogen bonding, van der Waals
interactions, and magnetic forces. The resolution limit for an optical detection system and
spring constants used in our experiments has been estimated to be in the order of 10-11 N.237
Depending on the detection system, the force constant, the stiffness, and the resonance
frequency of the cantilever even smaller forces are in principle measurable. In a force
spectroscopy experiment the sample is moved up and down (in and out of contact with the tip)
at a fixed position (x, y). In Figure 2.12 the corresponding movements of piezo (sample) and
cantilever deflection are schematically depicted. The resulting force-distance plot ("force
curve") is shown in Figure 2.13.
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Measurement of force distance curves (schematic representation).

The sample is approaching the tip (1, top); at some distance the gradient of the force
overcomes the cantilever spring constant and the tip jumps into contact (2); further movement
up causes a deflection of the cantilever (3), during retraction the tip sticks usually much longer
(4) and snaps off when the spring constant overcomes the force gradient (5, bottom). The
adhesion between tip and sample is characterized by the so-called pull-off or pull-out73 force
(snap off). A quantitative determination of forces requires a thorough calibration of the
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cantilever spring constant.238 Despite the large number of different methods,239 an accurate
quantitative and non-destructive calibration remains difficult.240,241

Figure 2.13

Schematic force-distance plot.

In contact mode AFM, friction forces can be measured simultaneously with the
topography in constant force mode. In order to maximize the sensitivity of friction force
measurements the sample is scanned in an angle of 90° with respect to the long axis of the
cantilever. The torsion of the cantilever around its long axis is measured with the 4-quadrant
photodiode (see Figure 2.10). Quantitative measurements of friction forces are complicated by
the geometry of the triangular shaped cantilevers242 and the difficulty of accurate calibration243
of the lateral force spring constant.
A number of different AFM modes have been developed in recent years,244 primarily
driven by the need to reduce shear forces which can cause problems in contact mode AFM.245
In addition, these new modes can be useful to probe adhesive or surface mechanical properties,
and thus achieve contrast between different materials. Intermittent contact modes, such as
tapping mode AFM,228 use oscillating cantilever / tip assemblies to minimize contact time,
contact forces, and especially eliminate shear forces between tip and sample surface.207,208
Tapping mode AFM relies on a similar set-up as contact mode AFM. However, in tapping
mode (in air) a stiffer cantilever is used (k = 20 - 80 N/m). This cantilever is excited to vibrate
near its resonance frequency by an oscillation piezo. The feedback loop uses the amplitude
rather than the deflection as control variable. When the cantilever is vibrating far away from
the sample surface in air (or liquid) the vibration is damped only by the molecules in the gas (or
the liquid). Close to a sample surface, the vibration is further damped. The original amplitude
A0 is reduced to A depending on the distance to the surface. The feedback loop holds a certain
amplitude damping constant, e.g. 90% of A0, while the piezo scans the sample under the tip cantilever assembly. Typically, a high A/A0 ratio is chosen in order to keep the contact time
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and peak forces during one cycle of oscillation to a minimum (intermittent contact).246 The
comparison of the vibration of the oscillating piezo and the vibration of the cantilever in time
yields useful information on the interaction of tip and sample surface. A change in the phase
difference between excitation vibration and vibration of the cantilever can be used to obtain
contrast due to different surface characteristics related to materials properties (tapping mode
AFM phase imaging).247 These include, depending on the operation conditions, differences in
adhesion or differences in Young’s modulus.207,248,249,250

2.3.2 Forces
The interaction of the AFM tip and the surface will be determined by the interaction
between the molecules (functional groups) or atoms on the surface of the sample and the tip.
In order to describe and understand AFM force curves and images, all relevant forces, such as
electrostatic forces between charged species (Coulomb forces), dipolar interactions, van der
Waals forces, or H-bonding must be considered.251
2.3.2.1 Relevant Forces in Force Microscopy
The operation of contact mode AFM in the constant force mode is in general based on
repulsive Born interactions. The situation can be understood in general terms considering a
typical interatomic potential, for example the Lennard Jones potential (6-12 potential) depicted
in Figure 2.14.252,253

w (r) F (r)

r

Figure 2.14

Lennard Jones potential w(r) and force F(r) between two atoms as a function
of separation distance r. Attractive forces possess per definition a negative
sign.

The operation point is usually located at interatomic distances shorter than the
minimum. The pronounced dependence of the potential (force) on the separation distance
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ensures a high sensitivity of the AFM experiment. In order to obtain a more realistic
description, one must consider a many body interaction instead of simply two atoms because
the interaction takes place between many atoms of the sample surface and also many atoms of
the tip.254
The forces between two molecules or more realistically between objects such as
spheres and planes, can be described by force laws. These functions have been described in
detail in the literature.251,255 In Table 2.1 relevant expressions for the interaction of dipoles,
charges etc. are summarized.

Table 2.1

The most relevant interaction energy - distance expressions for force
microscopy (after references 251 and 255).
Force
Interaction potential
between
and
London - van der Waals
non-polar molecule non-polar molecule
w (r) = - c1 r-6
(dispersion)
Keesom - van der Waals
dipole
dipole
w (r) = - c2 r-6
(orientation)
dipole
non-polar molecule
w (r) = - c3 r-6
fixed dipole
non-polar molecule
w (r) = - c4 r-6
dipole
fixed dipole
w (r) = - c5 r-3 *
charge
non-polar molecule
w (r) = - c6 r-4
charge
dipole
w (r) = - c7 r-4
charge
fixed dipole
w (r) = - c8 r-2 *
Coulomb
point charge
point charge
w (r) = z1 z2 c9 r-1
hydrogen bond
donor
acceptor
w(r) ≈ - c10 r-2

r: separation distance; ci constants; zi charge; * for fixed dipoles the sign of the interaction depends on the
orientation of the fixed dipole with respect to the charge or the mutual orientation of the dipoles, respectively.

These fundamental relationships for dipoles etc. are derived from general theories
which can in principle describe the idealized geometry of the actual AFM experiment (i.e.
sphere against planar surface). In order to describe the interaction of two bodies A and B with
each other it is necessary to calculate the interaction energies. This can be achieved by the
summation of the corresponding pair potentials. For van der Waals interaction energies, which
decay with r-6 for small molecules, the interactions become much more long ranging (Table
2.2).
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Table 2.2
Van der Waals interaction potentials between two bodies.
Body 1
Body 2
Interaction potential
atom (molecule)
planar surface
w(r) = - π C ρ / (6 r3)
sphere
planar surface
w(r) = - A R / (6 r)
planar surface
planar surface
w(r) = - A / (12 π r2)
per unit area
with the Hamaker constant A, with the coefficient in the atom - atom pair potential C, the sphere
radius R, the separation distance r, and the number density ρ.

The Derjaguin approximation256 allows one to relate the force laws for curved surfaces
and the interaction free energy between planar surfaces (equation 2.1).
F(r) = 2 π [R1 R2 / (R1 + R2)] w(r)

(2.1)

For two spheres with radius R1 and R2 in contact the interaction energy w(r) is the
surface free energy γ. Hence the adhesive force Fad can be related to γ (equation 2.2).
Fad = 4 π γ R1 R2 / (R1 + R2)

(2.2)

with w(r = σ) = 2 γ
In the force laws given in Table 2.2 the Hamaker constant A was used. It is defined as
A = π2 C ρ1 ρ2

(2.3)

with the coefficient in the atom - atom pair potential C, ρ1 and ρ2 the number density of
atoms in the two bodies 1 and 2.257 Macroscopically, the Lifshitz van der Waals contribution to
the surface tension (γLW, section 2.2.3) can be combined to a single global property which is
quantitatively described by the Hamaker constant. This is in contrast to the acid - base
properties (related to γAB) as briefly discussed above which comprise two completely different
properties which vary independently and are not additive.
The Hamaker constant258 can be calculated based on the Lifshitz theory259 of van der
Waals forces. In this continuum theory the atomic structure is completely ignored, thus
problems with simple addition of pair potentials and the definition of A (equation 2.3) are
circumvented. For the interaction of two identical phases 1 across medium 2 the Hamaker
constant can be calculated following an approximation by Israelachvili (equation 2.4).251 For a
determination of A the dielectric constants and refractive indices must be known.
A = ¾ kT [ε1-ε2/(ε1+ε2)]2 + 3I/(16 √2) (n12-n22)2/(n12+n22)3/2

(2.4)260

with ionization potential I, dielectric constants εi, and refractive indices ni.
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For the interaction of phase 1 and phase 3 across medium 2 the Hamaker constant can
be positive or negative, depending on the dielectric constants εi. For instance, repulsion (A <
0) can be observed if ε1 < ε2 < ε3 or if ε1 > ε2 > ε3. Identical bodies always show attraction in a
liquid. The Lifshitz theory was successfully applied by Spencer and coworkers in order to
increase the contrast in pull-off force measurements on polymers in liquids. In addition, the
discrimination of different apolar polymers was achieved.261 It must be noted that the
determination of the ni / εi was crucial for a successful application of the theory as stated by
these authors. The solution-cast polymer films contained residual solvent which changed the
optical properties significantly.
For charged surfaces, electrostatic and van der Waals forces must be considered. The
interaction potential for double layer forces and van der Waals forces are combined in the
Derjaguin, Landau, Verwey, Overbeck (DLVO) theory.262 For the interaction between two
spheres the total DLVO interaction potential is given by
w(r) = [64 π k T R ρ∞ γ2 / (κ2)] exp(- κ r) - [A R / (6 r)]

(2.5)

with the sphere radius R, the Debye length 1 / κ, ρ∞ the number density of ions at ∞,
the Boltzmann constant k, and γ = tan h[ψ0/103] (with surface potential ψ0).
The DLVO theory was used by several groups to quantitatively evaluate force
measurements between spherical micrometer sized silica particles glued to AFM cantilevers
and surfaces in electrolyte solutions.263 In addition, the surface pKa of carboxylic groups
exposed in SAMs on Au(111) was determined using this approach.264 Compared to bare or
chemically modified AFM tips, this method has the clear advantage of a better defined tip
geometry.

2.3.2.2 Hertz Model
In addition to the forces between AFM tip and the sample surface, it is important to
consider how the two contacting surfaces will be deformed during scanning or contact in a
force spectroscopy experiment. The simplest approach to describe the contact mechanics of
two interacting bodies was derived by Hertz.265 In the Hertz theory only elastic deformations
of the contacting surfaces are considered, thus the adhesion is neglected. The following
equations which describe the relation of the contact area A, the reduced modulus K, and the
load L for the contact of a sphere and a planar surface can be derived.
A = π (R/K L)2/3
with the reduced modulus

K = 4/3 [(1-ν12)/E1 + (1-ν22)/E2]-1

ν denotes the Poisson's ratio and E the Young's modulus.

44

(2.6)
(2.7)

Model Systems and Tools for Fundamental Studies
2.3.2.3 JKR Model
Unlike the Hertz theory, the Johnson-Kendall-Roberts (JKR) theory of contact
mechanics takes adhesion into account.266 Recently, this theory of continuum contact
mechanics was shown to yield a reasonable description of CFM data.220,222 For the interactions
between a sphere and a planar surface, a general equation relating contact area and load can be
derived (equation 2.8).
A3/2 = π3/2 R / K [L + 3 π R γ + √ (6 π R γ L + (3 π R γ)2)]

(2.8)

The derivative of A with respect to load yields the minimum for the contact area (area
at pull-off) which can be transformed to equation 2.9.
FPull-off = - 3/2 π R W12

(2.9)

The work of adhesion W12 can be expressed as a function of the surface free energies of
the tip (γ1), the sample γ2, and the corresponding interfacial free energy γ12 (equation 2.10).
W12 = γ1 + γ2 - γ12

(2.10)

Thus, the different free energies γi can in principle be experimentally determined based
on AFM pull-off force measurements. These equations form the basis for CFM and allow one
to discriminate between different materials.220,222

2.3.3 Friction
In addition to adhesion measurements, measurement of friction forces (or lateral forces)
by SFM can be used to differentiate materials. The understanding of the fundamentals of
interfacial friction has been emerging in the last decades.267 For instance, the pioneering work
of the group of Israelachvili is based on measurements with the surface forces apparatus
(SFA).5,251,268 With a SFA the interaction of two contacting cylinders of mica (coated with e.g.
surfactant monolayers) during normal and lateral displacement can be measured accurately. In
contrast to AFM, the normal and lateral forces can be measured directly, as well as the contact
area and the separation distance between the mica cylinders. The possibility to measure all
relevant parameters directly allowed Israelachvili et al. to develop quantitative models for
interfacial friction. In particular, friction was shown to be related to adhesion hysteresis rather
than adhesion itself.268
Two friction forces, namely static friction and kinetic friction force, can be
distinguished. The static friction force FS describes the force necessary to initiate sliding
friction of a body on a surface. The kinetic friction force FK is the force needed to keep the
body in sliding friction. In general, static friction is larger than kinetic friction (FS > FK).
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An early description of friction, Amontons' law,269 describes the relation between
friction force Ffriction and applied load L (equation 2.11).
Ffriction = µ L

(2.11)

where µ represents the friction coefficient.
The equation has been modified to account for adhesion that is observed at zero
270

load.

Ffriction = α L + F(0)

(2.12)

with constants α and F(0) which are related to the chemical composition of the
interface.
For a single asperity contact the friction force Ffriction is proportional to contact area A
(equation 2.13).
Ffriction = τ A

(2.13)

τ denotes the interfacial shear strength.271
The contact area A can be calculated according to the JKR theory. Recent experimental
data (high vacuum AFM measurements on mica) could be fitted well using this approach.272

2.3.3.1 Cobblestone Model of Interfacial Friction5
The Cobblestone model of interfacial friction has been developed by Israelachvili et
al.
following earlier models such as the Coulomb model.273 The friction of an AFM tip
asperity sliding over a crystalline surface can be described analogously to reference 5 (Figure
2.15). Ideally, in adhesional contact at rest, the outermost atom(s) of the tip fit snugly between
the atoms of the crystal surface. Upon applying a lateral force on the tip, the tip will move
laterally and in the normal vertical direction by small distances d0 and d, respectively. The
general equation for both static and kinetic friction force Ffriction can be given in the following
form:
5,268

Ffriction = ε ( 2E0A/D + L) d/d0

(2.14)

where ε is the energy fraction dissipated during the kinetic friction process, E0 is the
energy per unit area needed to separate the tip from contact to infinity, A is the contact area,
and L the load on the tip.
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Schematic representation of the events occurring during sliding motion of an
AFM tip over an ordered surface (after references 5 and 268).

In addition to the Cobblestone model, SFA experiments led to the construction of
friction phase diagrams.268 A similarity between polymer viscoelasticity and sliding friction in
general was proposed including the time-temperature superposition principle. An important
aspect for the friction results presented in Chapter 4 is the assumption268 that the originally
proposed (physical) interpenetration of contacting surfactant monolayers in SFA experiments
can be extended to include dipole or molecular reorientations at the sliding interface. Thus,
sliding friction between a bare Si3N4 AFM tip and a monolayer is included in the theoretical
framework.

2.3.3.2 Friction Anisotropy
The phenomenon of friction anisotropy is well-known on a macroscopic scale. It can be
measured for instance in uniaxially oriented thin films of PTFE deposited by sliding
friction.160,163 The friction coefficient measured parallel to the orientation direction is much
smaller than in the perpendicular direction.161 The application of PTFE coatings on razor
blades is based on this effect.274 Similar observations were made on a nanometer level162 and
are a consequence of anisotropic interactions between AFM tip and sample surface.
Examples of atomic scale friction anisotropy were reported for mica,275 highly oriented
pyrolytic graphite (HOPG),276 molecular crystals, and other materials.277,278,279,280,281 For
numerous cases the "rest" positions of the tip atoms on the crystal lattice of the surface in the
stick-slip motion277 were identified.282
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Anisotropic friction can be observed by AFM as well on polymer lamellae grown from
solution (vide supra).152,153,154 As will be discussed in more detail in Chapters 4 and 5 the
Cobblestone model of interfacial friction can be useful to interpret and understand the friction
data obtained on polymer lamellar crystals,283 and uniaxially oriented polymers.284

2.3.4 High Resolution SFM Imaging
The "high resolution" imaging capabilities of AFM have already been mentioned in
sections 2.1.2 and 2.3.3. An example of high resolution imaging of thin films of
tetranitrotetrapropoxycalix[4]arene was shown in Chapter 1. In polymer science there are
numerous examples of molecularly resolved AFM images of crystalline facets of oriented
polymers.285 Another field in which AFM provided many insights in the lateral organization on
a molecular level is thin films. SAMs,66,70,71,72,78,80,81 LB-films,206c,277,286 as well as surfactant
monolayers on various substrates10 could be imaged with a resolution that allowed one to
determine the lattice symmetry, as well as lattice constants.
Despite the apparent resolution one must keep in mind that due to the actual size of the
contact area between tip and sample surface, true atomic or molecular resolution (resolution
better than 1 nm) is very difficult to achieve in conventional contact mode AFM. There are
only a few reports that claim the imaging of atomic scale defect sites by this technique.287 In
addition, there are theoretical considerations that estimate the limit of resolution to ca. 1.0 0.5 nm.288 For specialized intermittent contact experiments in UHV conditions true atomic
resolution (imaging of defect sites of e.g. the Si(111) (7 × 7) reconstruction) was reported.289
The contrast mechanism for contact mode AFM is still not completely understood. It is
fair to say that AFM averages the information (repulsive interaction) resulting from the
electron density distribution at the surface over the actual contact area. Due to this averaging,
defect sites, such as lattice vacancies, are usually not imaged in the Å-scale. Therefore, it must
be stressed that AFM can image with a so-called "lattice resolution". Nevertheless, the
information obtained about lattice distances and symmetries is highly accurate.290 Throughout
this Thesis high resolution AFM images with lattice resolution will be presented and discussed.

2.3.5 "Chemical Force Microscopy"
Topographic information, as well as information on friction, adhesion, or mechanical
properties of surfaces can be obtained with very high lateral resolution using scanning force
microscopy (vide supra). In order to follow the strategy briefly mentioned before, i.e. the
combination of the broad range of magnification available in force microscopy together with
specific interactions between functional groups in order to detect and identify functional
groups with sub-100 nm resolution, a method called chemical force microscopy (CFM) was
developed by Lieber and coworkers.220,221,222,223 As described in this Thesis, the method can be
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applied to the study of a variety of systems including organic mono- and bilayers, polymers,
and surface treated polymers. The projected aim of mapping of functional group distributions
with sub-50 nm resolution can, in some cases, be accomplished.291
The central idea of CFM is to control the interaction between tip and sample surface by
chemically modifying the tip (Figure 2.16).292 SFM tips are covered with a thin film of gold and
subsequently with a SAM of ω-functionalized alkanethiols following the approaches described
in section 2.1.
The interaction between such chemically modified tips and well-defined model surfaces
composed of SAMs on gold which expose different functional groups at the surface was
shown to depend on the nature of the interacting functional groups. These observations were
consistently made in both pull-off force and friction measurements.293 This strategy was
demonstrated for a number of surfaces, liquid environments (including variable pH) and also
AFM imaging modes.222,294,295 Recently, tapping mode phase imaging with modified tips was
employed in liquid to differentiate differences in adhesion.296 The use of carbon nanotube
modified tips which were also chemically modified pushed the theoretical resolution limit to the
extreme.297b,c,g

S F M tip

Figure 2.16

Schematic drawing of SAM modified SFM tip used for CFM and interactions
between exposed functional groups on the contacting surfaces.

Meanwhile a number of groups have reproduced the original contact mode results and
complemented the observations and the results of the Lieber group.298 One of the spectacular
results is the chiral recognition reported by McKendry et al.299 A very closely related field is
the so-called single molecule force spectroscopy.300,301 Here AFM tips are functionalized e.g.
with ligand molecules. Specific interactions with surface-immobilized receptors are measured.
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Examples include exclusively relatively large molecules, often with biological relevance, such
as DNA,300c cell adhesion molecules,300d or streptavidin.300a,b As described in Chapter 9 of this
Thesis, this method can be extended to measure individual supramolecular host-guest
interactions of small molecules which possess fast unbinding kinetics.

2.3.6 "Nano-Manipulation"
After discussing the controlled formation of nanostructures using self-assembly and
supramolecular chemistry, and scanning probe techniques as enabling technology, the question
of possible manipulation of these structures on a small scale, possibly nanometer scale, needs
further discussion. In addition, a brief description of nanometer scale pattering for possible
application in information technology (data storage) is also given.
As the experimental work described in this Thesis was carried out on scanning force
microscopes, only the role of SFM in nanoscale manipulation will be described.302 The most
simple way of manipulating any surface is by tip induced wear or deformation ("ploughing").
There are numerous reports on tip induced surface patterning in the literature.303,304 The
mechanism for polymer surface deformation is not yet completely understood, but plastic
deformation must play an important role.305 A more advanced approach is the in situ
displacement of n-alkanethiol molecules in SAMs in the presence of a solution containing a
different thiol.105 This method of directed assembly is capable of producing (essentially 2-D)
nanostructures (feature width: ca. 10 nm). In combination with a subsequent growth of a
structure in 3-D (bottom-up) using interfacial chemical reactions, good control in 3-D may be
obtained.
In addition to taking advantage of the accurate positioning of SFM it might required to
pick up and deposit matter with an AFM tip. Examples of nanoparticle positioning were
described.306 In an effort to characterize the electronic properties of carbon nanotubes, these
were positioned in a controlled way on electrodes using an AFM.297e
Performing chemistry locally on a nanometer level is clearly a challenge for the future.
The ultimate aim is the controlled delivery of reagents to selected sites on a surface. The
development towards this aim has included AFM approaches in which the tip serves to
transmit or carry a stimulus. Müller et al. used an catalytically active tip (hydrogen adsorbed to
the tip) to convert surface bound azide groups to amines only in areas where the tip was in
contact with the sample.123 As reported by the group of Sagiv electrically conductive tips can
serve as electrodes to perform electrochemistry at the silane SAM - surface locally on a subµm level.124
Another future challenge is the development of ever smaller devices. Miniaturized
devices possess the capabilities to not only find applications in future technology, especially
information technology, but to shape the development of technology and the world in the
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future. In information storage applications there is a periodic cycle of doubling the memory
capacity.307 The development is currently aiming towards the so-called "0.1" (0.1 µm)
barrier.308 At this point it is not clear which technology will be employed to mass fabricate
microchips (at low costs) that possess these very small feature widths in the transistors which
are positioned and wired on these chips.309 In addition to the problem of limited lateral
resolution for conventional or newer lithographies, side effects due to the small dimensions,
such as tunneling currents, external resistances, leakages, and resistive-capacitive delays, must
be overcome.310
A possible alternative based on mechanical data storage has been recently described.311
Two approaches to scanning probe based data storage have been developed by IBM.312 The
first technology utilizes a tip which rests on a rotating thermoplastic disk. To store data, heat
from an electric pulse is conducted through the tip and softens instantaneously the surface of
the polymer material. The applied force causes a depression in the recording material, which
can be read out by the same tip by monitoring the deflection while scanning over the surface.
Using this technology it is currently possible to reliably read and write data at a density of 64
gigabits per square inch. This density is about 100 times that of a CD-ROM. The data rate of
this system is 10-megabit per second which is comparable to that of a 8x CD-ROM. Currently
IBM is testing small arrays of tips in order to increase the overall data rate further.
The second technology aims at increasing the AFM storage data rate into the gigabit
per second range by employing an array of many cantilevers scanning at the same time and
operating in parallel over a static substrate ("Millipede").312,313 The writing is done
thermomechanically. For this purpose, each of the cantilevers is equipped with a
thermoresistive heating device. Polymer resists as well as other organic materials are tested as
storage media. After reporting the first fully functional two-dimensional array consisting of 25
cantilevers in a 5-by-5 array with integrated tip heating and bit sensing,313 currently a 1,024cantilever array is developed.314 The goal is to store 1 terabit (or 125 gigabytes) on a 3.5-cmsquare (1.4-inch-square) surface, which is about the equivalent of 200 hours of compressed
video. These examples of recent developments show that technologies which are alternatives
to the existing hard drive technologies develop rapidly and that scanning probe methods might
have a significant contribution in this field, or more generally in information technology in the
future.
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From Functional Group Ensembles to Single Molecules:
Scanning Force Microscopy of Supramolecular and Polymeric Systems

Chapter 3
SAMs of Thiols, Disulfides, and Sulfides on Au(111):
Synthesis and Characterization*
This Chapter describes the synthesis of various disulfides and thiols,
as well as the preparation of self-assembled monolayer (SAM) model
systems, their characterization, and subsequent investigation with
regards to fundamental structure - property relationships. In
particular, scanning force microscopy (SFM) was used to unveil the
lattice structure of numerous SAMs of thiols, disulfides, and sulfides
both on sputtered and annealed Au(111). Interesting characteristics
including lattice structure were found to be chain length-dependent.
Information on the tilt angles of the molecules and insights in the
SFM imaging mechanism itself could be extracted from the
measurements of the tail group lattice structures. The results
discussed in this Chapter form the basis for the application of SAMs
for the functionalization of SFM tips described in the following
Chapters.

3.1

Synthesis of Adsorbate Molecules

Alkanethiols and alkyldisulfides are interesting materials for self-assembly on metal
surfaces.1,2 Functional groups can be easily incorporated in ω-position of the alkane chain and a
large variety of functionalized compounds is known. Hence SAMs with very different surface
properties can be produced. As discussed in the following paragraphs, the use of
unsymmetrically substituted disulfides is a versatile approach to control the composition and
properties of SAMs on a molecular level.
_________________________________________________________________________________________

* Part of the work described in this Chapter has been published: Schönherr, H.; Vancso, G. J.
Polym. Prepr. 1996, 37(2), 612; Schönherr, H.; Vancso, G. J. Langmuir 1997, 13, 3769;
Schönherr, H.; Vancso, G. J.; Huisman, B.-H.; van Veggel, F. C. J. M.; Reinhoudt, D. N.
Langmuir 1997, 13, 1567; Chechik, V.; Schönherr, H.; Vancso, G. J.; Stirling, C. J. M.
Langmuir 1998, 14, 3003; Nelles, G.; Schönherr, H.; Vancso, G. J.; Butt, H.-J. Appl. Phys.
A 1998, 66, S1261; Schönherr, H.; Vancso, G. J Polym. Prepr. 1998, 39(2), 904;
Schönherr, H.; Vancso, G. J. Materials Science and Engineering C 1999, 295, in press;
Schönherr, H.; Vancso, G. J.; Huisman, B.-H.; van Veggel, F. C. J. M.; Reinhoudt, D. N.
Langmuir 1999, 15, 5541.

It is generally assumed that self-assembly of alkanethiols and the corresponding
disulfides onto Au(111) leads to the formation of virtually identical SAMs (Figure 3.1). There
is ample experimental evidence that this assumption is fulfilled.3,4 Scanning tunneling
microscopy (STM) results provided direct evidence for the proposed scenario shown in Figure
3.1.5 Both chains of an alkyl-hydroxyalkyldisulfide were shown to assemble in neighboring
positions.5 Thus, the ratio of exposed functional groups on the surface is per definition 1:1, and
in absence of lateral mobility the mixture is homogeneous down to a molecular level.6,7 The
bond between the adsorbate molecules and the substrate is as stable as for n-alkanethiols.
Therefore, SAMs of unsymmetric disulfides are attractive model systems.

HS

S S S S S S S S S S S S

S S

Au

Figure 3.1

Schematic drawing of self-assembly of n-alkanethiols and disulfides on gold.8

The synthesis of ω-functionalized thiols which form SAMs on e.g. gold substrates is
well-described in the literature.9,10,11 Synthetic routes to ω-functionalized disulfides are also
well-established, especially since disulfides can often be easily obtained from the corresponding
thiols by oxidation.12,13,14 A number of thiols, as well as symmetric and unsymmetric disulfides
discussed in this Thesis were synthesized for the corresponding experiments. The following
paragraphs summarize the syntheses.
3.1.1 Synthesis of Symmetric Disulfides15
Apart from the oxidative treatment of ω-functionalized alkanethiols by e.g. iodine or
oxygen, simple esterification reactions can be used to synthesize a diversity of disulfides
containing ester groups in the alkane chain.13 Starting from a bis-(ω-hydroxyalkyl)disulfide and
conventional carboxylic acids, both mono- and di-ester derivatives can be synthesized using the
standard esterification reaction with dicyclohexylcarbodiimide (DCC) and 4dimethylaminopyridine (DMAP) (Scheme 3.1).16 Purification by column chromatography on
silica yields the di-ester derivatives in isolated yields up to 80 %. The corresponding monoesters can be obtained by changing the stoichiometry (vide infra). The analogous reaction
which starts from diacid disulfides and long chain alcohols has been carried out. Both methods
allow one to synthesize fluorocarbon disulfides, as well as disulfides containing diacetylene
groups midway in the chain.17 In Chart 3.1 the symmetric disulfides synthesized and studied in
this Thesis are shown.18 The characterization data of all compounds described here are
summarized in Chapter 11 (Appendix).
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DCC,
DMAP
S CH2 CH2 OH
S CH2 CH2 OH

Scheme 3.1

S CH2 CH2 O CO (CH2)n CH3

+ H3C (CH2)n CO OH
CH2Cl2

S CH2 CH2 O CO (CH2)n CH3

Synthesis of symmetric ester disulfides. The reaction also works with
fluorinated and partially fluorinated carboxylic acids.

S

(CH2)2 O CO (CH2)n CH3

S

(CH2)2 CO O (CH2)n

(CF2)m CF3

S

(CH2)2 O CO (CH2)n CH3

S

(CH2)2 CO O (CH2)n

(CF2)m CF3

1 (n = 6), 2 (8), 3 (10), 4 (12), 5 (14), 6 (16)

12 (n = 1, m = 5), 13 (n = 2, m = 5)

S

(CH2)2 O CO (CF2)6 CF3

S

(CH2)n O CO (CF2)8 CF3

S

(CH2)2 O CO (CF2)6 CF3

S

(CH2)n O CO (CF2)8 CF3

14

15 (n = 2), 16 (6), 17 (11)

Chart 3.1

Symmetric disulfides synthesized in this work.

3.1.2 Synthesis of Unsymmetric Disulfides15
For the synthesis of unsymmetric disulfides two pathways were chosen. The first
pathway utilizes the same chemistry as described in section 3.1.1. The corresponding monoesters can be easily separated by chromatography from the di-esters due to the polar hydroxyl
group. Subsequently, the mono-esters are reacted with a second carboxylic acid and DCC in
the presence of DMAP to afford the corresponding unsymmetric disulfides (Scheme 3.2).13,19,20
DCC,
DMAP
S CH2 CH2 OH
S CH2 CH2 OH

S CH2 CH2 O CO (CH2)n CH3
S CH2 CH2 O H
+
HO CO (CH2)m CH3

Scheme 3.2

S CH2 CH2 O CO (CH2)n CH3

+ H3C (CH2)n CO OH
CH2Cl2

S CH2 CH2 O H

DCC,
DMAP
S CH2 CH2 O CO (CH2)n CH3
CH2Cl2

S CH2 CH2 O CO (CH2)m CH3

Synthesis of unsymmetric ester disulfides.

The mixed disulfides synthesized according to Scheme 3.2 are shown in Chart 3.2.
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S

(CH2)2 O CO (CH2)16 CH3

S

(CH2)2 O CO (CH2)n CH3

7 (n = 15), 8 (14), 9 (13), 10 (12), 11 (11)

Chart 3.2

Unsymmetric disulfides synthesized in this work.

A second route to unsymmetric disulfides is a two-step synthesis. As depicted in
Scheme 3.3, an alkanethiol is reacted at room temperature with the Mitsunobu reagent
(diethylazodicarboxylate) to afford the corresponding adduct.21 After column purification the
adduct is refluxed with a second alkanethiol to yield exclusively the unsymmetric disulfide.
This reaction was useful to synthesize both unsymmetric alkyl-fluoroalkyldisulfides (Chart 3.3)
and alkyl-ω-hydroxyalkyldisulfides (vide infra).

R1 SH

+

Scheme 3.3

O
O
C N N C
OEt
EtO

Et2O
25oC

H
O
O
C N N C
OEt
EtO
S

R2 SH

R1 S
R2 S

reflux

R1

Synthesis of unsymmetric disulfides.
S
S

(CH2)2 NH CO (CF2)n CF3
(CH2)m CH3

18 (n = 7, m = 11), 19 (7, 15), 20 (7, 17), 21 (6, 11), 22 (8, 11), 23 (10, 11), 24 (12, 11)

Chart 3.3

Unsymmetric disulfides synthesized in this work.

3.1.3 Synthesis of Fluorinated Amide Thiols15
Following a procedure developed by Erdelen et al.22 a series of analogous fluorinated
amide thiols was synthesized (Scheme 3.4, Chart 3.4). The use of this simple reaction is limited
by the solubility of the fluorocarbon compounds. Long chain compounds with -(CF2)n- (n = 10,
12) gave only very poor yields of the corresponding thiols.
(NEt3 )
F3 C

(CF 2)n CO O Et

+

F3 C

HS CH2 CH2 NH2

(CF2 )n CO NH

Et2 O

Scheme 3.4

Synthesis of fluorinated amide thiols.
HS

(CH2)2 NH CO (CF2)n CF3

25 (n = 6), 26 (7), 27 (8), 28 (10), 29 (12)

Chart 3.4
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Fluorinated amide thiols synthesized in this work.

(CH2 )2 SH

3.1.4 Synthesis of ω-Functionalized Thiols and Disulfides15
For the functionalization of scanning force microscopy tips, as well as for the
preparation of model substrates with variable surface energy, different ω-functionalized thiols
and disulfides were synthesized.11a,23 In Chart 3.5 the corresponding compounds are shown.
S
S

(CH2)n CH3
(CH2)11 OH

HS (CH2)10 X
X=

30 (n = 11), 31 (15)

CH2 OH ;
32

HS (CH2)2
37

(CF2)9 CF3

S (CH2)10
S (CH2)10
Y=

Chart 3.5

3.2

34

Y
Y

CH2 OH ;
33

COOH

COOH ;
35

(CH2)2 NH2
36

Functionalized thiols and disulfides.

Characterization of SAMs of Mixed Hydrocarbon-Fluorocarbon Disulfides

A thorough characterization of self-assembled monolayers (SAMs) of organosulfur
compounds on gold is a prerequisite for subsequent studies which are using these layers as
model systems. Valuable information can be obtained by contact angle measurements
(wettability), ellipsometry or surface plasmon resonance (SPR) spectroscopy, FT-IR
spectroscopy, electrochemistry, and scanning force microscopy (SFM) measurements. This
information comprises functional groups exposed at the surface (surface energy and
heterogeneity), film thickness, presence and orientation of chromophores, tilt angle of
molecules, defect density (capacitance, resistivity, etc.), and translational order (tail group
lattices), respectively. Due to the large number of different SAMs described and discussed as
model systems in this Thesis it is impossible to present the characterization data for all of these
systems. In specific cases characterization data are presented. One examples which provides
novel fundamental information on cluster sizes and interactions within SAMs is discussed in
more detail. Other specific SAM systems will be described in the corresponding Chapters.
The formation of SAMs based on unsymmetric hydrocarbon-fluorocarbon disulfides
was investigated in detail in order to address the following fundamental questions: (1) Is the
proposed mechanism for assembly of mixed disulfides correct (Figure 3.1)? (2) What is the
relation between SAMs of unsymmetric disulfides with respect to mixed SAMs prepared from
1:1 mixtures of the corresponding thiols (coadsorption)? (3) Are there indications for (micro-)
phase separation? The investigation included contact angle measurements, X-ray photoelectron
spectroscopy (XPS), and FT-IR spectroscopy. The compounds studied are shown in Chart 3.6.
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Chart 3.6

HS

(CH2)n CH3

n = 11, 15, 17

HS

(CH2)2 NH CO (CF2)7 CF3

26

S

(CH2)2 NH CO (CF2)7 CF3

S

(CH2)n CH3

18 (n = 11), 19 (15), 20 (17)

Thiols and disulfides studied by XPS and FT-IR.

The wettability of the SAMs by water indicated that there is a pronounced difference
between samples prepared from unsymmetric disulfides and 1:1 mixtures of the corresponding
thiols (Table 3.1). The relatively low contact angles for the coadsorbed layers indicate a
preference for n-alkanethiol adsorption (vide infra).

Table 3.1

Contact angles measured with water.

Compound
20
19
18
26 : C18H37SH
50/50 mixture
26 : C16H33SH
50/50 mixture
26 : C12H25SH
50/50 mixture
C18H37SH
C16H33SH
C12H25SH
26

Advancing contact angles*
116°
116°
115°
112°

Receding contact angles*
101°
101°
97°
98°

113°

97°

111°

92°

110°
107°
99°
122°

96°
97°
82°
108°

* measurement precision 1° - 2°
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The preference for n-alkanethiol adsorption from mixed solutions is supported by the
XPS results. The ratio of the atomic concentrations for fluorine and carbon for SAMs of 26
and the mixed disulfides yield a linear relationship when plotted against the theoretical ratio
(Figure 3.2). This result agrees very well the assumed 1:1 stoichiometric ratio of hydrocarbon
and fluorocarbon segments in the SAMs of the mixed disulfides (Table 3.2). In contrast, the
coadsorbed SAMs show a significantly decreased content of fluorine for dodecanethiol/26
mixtures,24 while for hexadecane/26 and octadecanethiol/26 mixtures no fluorine is detected in
the samples.

Table 3.2

F/C ratios as determined by XPS (atomic % without use of sensitivity factors)25
vs. theoretical ratio for SAMs prepared from solutions of disulfides 18 - 20,
thiol 26, and a 50 / 50 mixture 26 : C12H25SH.

F/C ratio

26

18

19

20

50 / 50 mixture 26 : C12H25SH

theory
experiment

1.545
2.080

0.738
1.248

0.629
1.090

0.586
0.997

0.738
0.826

2.4

E xp erim enta l F/C ratio

2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

T h e oretical F /C ratio
Figure 3.2

Experimental (XPS)25 vs. theoretical F/C ratios for SAMs of compounds 26, 18,
19, and 20.
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The preferred adsorption of n-alkanethiols from mixed solutions is also confirmed by
the FT-IR spectroscopic data. The occurrence of C-F vibrations is detected only for the
unsymmetric disulfides and the coadsorbed SAM with dodecanethiol. For the latter case
however, the adsorbance is much lower than for the disulfides. The FT-IR spectra are shown in
Figure 3.3.

Figure 3.3

FT-IR spectra showing the C-H stretching vibrations (left) and the amide II
and C-F stretching vibrations (right).

The spectra show all the bands expected based on the structure of the adsorbates.22b
The most important bands are the C-H stretching vibrations as well as the amide II band (Table
3.3) since these are indicative for conformational (dis)order in the alkane segments and the
degree of hydrogen bonding between neighboring amide groups, respectively.22b A comparison
with the peak positions observed for the C-H stretching vibrations of the methylene groups in
SAMs of octadecanethiol shows that the alkane segments in SAMs of 18, 19, and 20 are in a
conformationally disordered "liquid-like" environment. As seen from the spectra (Figure 3.3)
and the list of peak positions (Table 3.3), the amide II band is observed at 1540 cm-1 for all
SAMs of mixed disulfides, while the pure 26 shows this vibration at 1543 cm-1.26 The shift is
indicative for weaker hydrogen bonding due to the geometrical constraints and the presence of
neighboring molecules in the disulfide-based SAMs. Furthermore, the hydrogen bonding does
not depend on the length of the alkane chain.
These observations indicate that microphase separation in hydrocarbon and
fluorocarbon domains is absent. The two chains of the unsymmetric disulfides, which likely
bind in neighboring positions, must possess negligible lateral diffusion constants at room
temperature.27 The latter conclusion is further supported by a distinct 2-D lattice structure
determined for SAMs of the unsymmetric disulfide 18 (vide infra) as well as the differences in
tribological behavior of the disulfides (Chapter 4).
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Table 3.3

Assignment of selected FT-IR bands.

Band
νas CH2
νsym CH2
amide II
axial CF2 stretch
perpendicular CF2 stretch

26
1543 cm-1
1335 cm-1
1375 cm-1
1270 cm-1

18
2924 cm-1
2855 cm-1
1540 cm-1
1335 cm-1
1375 cm-1
1270 cm-1

19
2924 cm-1
2855 cm-1
1540 cm-1
1335 cm-1
1375 cm-1
1270 cm-1

20
2924 cm-1
2855 cm-1
1540 cm-1
1335 cm-1
1375 cm-1
1270 cm-1

C18H37SH
2918 cm-1
2850 cm-1
-

As mentioned above, the position of the amide II band is very sensitive to the presence
of H-bonding between neighboring amide groups. The H-bonding in SAMs is much less
efficient than in bulk crystals due to the parallel alignment of the molecules on the surface.26 In
a simulation study of the fluorinated thiol 2628 a meandering structure of H-bonds was
predicted. The decrease of the wavenumber for the amide II band to 1540 cm-1 in SAMs of the
disulfides rules out a similar meandering structure in a microphase separated SAM (vide
supra). Hence the fluorocarbon thiolates must form small localized clusters.29 The cluster size
cannot be determined precisely at present. STM might be an option if true molecular resolution
can be achieved.5

3.3

Lattice Structures of SAMs on Au(111) Determined by SFM

Scanning force microscopy is a powerful tool to image surface crystal structures and in
particular the tail group lattice structure of SAMs. There have been several reports in the
literature on SFM studies on alkanethiols,30 fluorinated alkanethiols and alkyldisulfides,31 and
also substituted thiols and disulfides.14,31c,32,33 With the exception of a single study,34 all
experiments reported in the literature were carried out on annealed Au(111) samples which
exhibit flat terraces.35
In chemical force microscopy (CFM), SAMs are assembled onto tips which are coated
with gold by evaporation or sputtering. In order to understand and possibly compare structure
- property relationships on these substrates and on (ideally flat) Au(111), SFM experiments
were performed on a large variety of monolayer systems on both sputtered gold and annealed
Au(111). As reference SAMs n-alkanethiols30 and 1H, 1H, 2H, 2H-perfluorododecanethiol31a,b
SAMs were used.
The morphology of sputtered gold (Figure 3.4) and annealed, flat Au(111) (Figure 3.5)
is very different. The grains obtained by sputtering (or evaporation) expose small patches of
Au(111) facets at the surface.36 On the triangular terraces of annealed gold, the Au(111) lattice
is exposed over distances of up to several micrometers. In this case, the edges of the terraces
correspond to next neighbor (NN) directions of the Au(111) as indicated schematically in
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Figure 3.5. Thus, by comparison of terrace edge orientation and SAM lattice orientation, the
mutual orientation can be easily determined.

Figure 3.4

The low resolution SFM image of sputtered gold on mica reveals the granular
structure (left, z-scale 25 nm), while the unprocessed high resolution image
shows the frequently found Au(111) patches (right, insets: 2-D fast Fourier
transform, autocovariance pattern).

Figure 3.5

SFM image of triangular Au(111) terraces obtained by annealing (left, z-scale
3 nm) and schematic drawing of the orientation of the hexagonal Au(111)
lattice on the terrace (right).

The measurement of lattice constants requires a precise calibration of the instrument
which takes the influence of sample height into account.37 The measurements reported in this
Thesis were corrected for sample height using calibration factors obtained on either mica
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(sample of identical height) or, as mentioned above, on SAMs of n-alkanethiols and 1H, 1H,
2H, 2H-perfluorododecanethiol 37 on Au(111) with the same height (Figure 3.6).38,39,40 The
hexagonal tail group lattice structures of the SAMs (ddodecanethiol = 5.0 Å, 30° rotation of NN
direction; d (37) = 5.8 Å, 30° rotation of NN direction) agree very well with literature data.30,31
SAMs of dodecanethiol possess a (√3×√3)R30° structure30,38,39,41 and 1H, 1H, 2H, 2Hperfluorododecanethiol31b forms a high order commensurate c(7×7) structure (vide infra) on
Au(111).

Figure 3.6

High resolution SFM images (unprocessed) of dodecanethiol (left) and 1H, 1H,
2H, 2H-perfluorododecanethiol 37 (right). The insets show an autocovariance
filtered section and the 2-D fast Fourier transform (FFT).40

3.3.1 Information on Tilt Angle of Molecules in SAMs
As discussed in Chapter 2, the tilt angle of the molecules in SAMs of e.g. alkanethiols
on gold depends on the binding site on the corresponding gold crystal facet42,43 and on the
maximized van der Waals interaction between neighboring molecules.44 The experimentally
determined lattice constant of octadecanethiol SAMs (5.0 Å) corresponds to a surface area
requirement of 21.7 Å2/molecule. This value clearly depends on the average tilt angle of the
molecules. The densest possible packing of alkane chains with perpendicularly oriented
molecules (interchain distance of ca. 4.2 Å) corresponds to an area per chain of ca. 15.3 Å2.44
Thus, based on the experimentally determined lattice constants and the corresponding surface
area requirements indirect information on the tilt angle of the molecules can be obtained.
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3.3.1.1 SAMs of Y-Type Thiols on Au(111)45
In the "Y-type" thiol 44 shown in Chart 3.7, two alkane chains are connected to a
single thiol group. The SAMs of these compounds were synthesized and thoroughly
characterized as described in reference 45. It is worth mentioning that the FT-IR spectra of this
compound showed a completely different ratio of the absorbance for C-H stretching vibrations
of methyl to methylene groups as compared to n-alkanethiols. This observation can be
attributed to the reduced tilt angle of the alkane chains.46
CO (CH2)15 CH3
HS CH2 CH
NH (CH2)15 CH3
Chart 3.7

44

Y-type thiol 44.47

SFM scans performed in ethanol (imaging forces48 were reduced to 2 nN or less) on
SAMs of thiol 44 revealed two different lattices, a hexagonal and an oblique, respectively. As
the images were relatively noisy, the autocovariance filtered images are shown (Figure 3.7).

Figure 3.7

Autocovariance filtered SFM images of the two lattices found for the Y-type
thiol 44 on Au(111).40

The area per chain for thiol 44 is significantly reduced for both the hexagonal and the
oblique structure. The interchain distances (Table 3.4) found in crystalline areas of the SAMs
indicate a reduced tilt angle as compared to octadecanethiol which was used as a reference.
Based on a linear approximation the tilt angle can be estimated to be ca. 14°. This agrees very
well with the estimate based on FT-IR spectroscopy (ca. 15°).49
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Table 3.4

Lattice parameters and symmetry of SAMs of 44 as measured with SFM.

Compound
octadecanethiol
44
44

Lattice symmetry
hexagonal
hexagonal
oblique

Lattice constants
5.0 ± 0.2 Å
4.6 ± 0.2 Å
4.4 ± 0.2 Å
4.5 ± 0.2 Å

Angle
60 ± 2°
60 ± 3°
70 ± 4°

Area per chain
21.7 Å2
18.3 Å2
18.6 Å2

3.3.1.2 SAMs of Resorcin[4]arene and Calix[4]arene Sulfide Derivatives on
Au(111)50,51
A second example of an estimation of tilt angles based on SFM results was a study on
SAMs of resorcin[4]arene (cavitand) and calix[4]arene sulfide derivatives on Au(111).52 The
structures of the investigated adsorbates are shown in Chart 3.8. Compared to the
resorcin[4]arene the calix[4]arene cavity is much more flexible.53
The SFM images acquired on these monolayers were found to depend crucially on the
imaging force (see also section 3.3.2.1). For imaging forces higher than a certain threshold, a
periodicity of 4.2 Å - 5.0 Å (depending on the adsorbate structure) was observed in all cases.
This periodicity was attributed to the closely packed alkane segments underneath the
corresponding resorcin[4]arene50 or calix[4]arene cavity.51 This interpretation is based on the
surface area requirement, the presence of the cavities as seen in other characterization
experiments, and the non-destructive SFM experiment.

45
Chart 3.8

46 R = H
47 R =C(CH
C (C3H)33)3

Structure of resorcin[4]arene tetrasulfide adsorbate 45 and calix[4]arene
tetrasulfide adsorbates 46, 47.
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Typical high resolution SFM images of SAMs of the adsorbates shown in Chart 3.8 on
Au(111) are presented in Figures 3.8 and 3.9. The lattice constants of the hexagonal lattices
are indicative for the presence of different structures in the alkyl portion of resorcin[4]arene
and calix[4]arene SAMs. While the resorcin[4]arene possesses perpendicularly oriented alkyl
chains (d = 4.2 Å), the tilt angle of the alkane segments of the calix[4]arene derivatives (d =
4.9 Å) is close to that of n-alkanethiols and dialkylsulfides (vide infra). For 45 the lattice
formed by the cavities could also be imaged. The data is summarized in Table 3.5.

Figure 3.8

Unprocessed SFM image of resorcin[4]arene tetrasulfide adsorbate 45 on
Au(111) obtained with an imaging force of ca. 25 nN (insets: autocovariance
pattern, 2-D fast Fourier transform).40

Figure 3.9

Unprocessed SFM image of calix[4]arene tetrasulfide adsorbate 46 (left) and
t-butylcalix[4]arene tetrasulfide-adsorbate 47 (right) on Au(111) (insets:
autocovariance pattern, 2-D fast Fourier transform).40
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Table 3.5

Lattice constants of investigated receptor adsorbates.
Adsorbate
Resorcin[4]arene 45
Calix[4]arene 46
Calix[4]arene 47

Lattice constant d [Å]
(hexagonal lattice)
11.6 ± 0.4;
4.2 ± 0.2
4.8 ± 0.1
4.9 ± 0.2

3.3.2 Information / Penetration Depth in SFM Measurements on Monolayers
In the previous paragraphs the information on monolayer structure which can be
obtained directly (lattice constants and symmetry) and indirectly (tilt angles) from SFM results
was discussed. However, it is also possible to gain information on the SFM imaging
mechanism based on e.g. force dependent imaging. This is discussed in the next section.

3.3.2.1 SAMs of Receptor Adsorbates on Au(111)50
The imaging mechanism which allows one to obtain lattice resolution in SFM
experiments is still unknown. The observations discussed in this section might contribute to a
better understanding of the process.
As described briefly in section 3.3.1.2, the lattice structures observed in SFM images of
SAMs of resorcin[4]arene sulfides on Au(111) depend on the imaging force. In molecularlyresolved images, two hexagonal periodicities with lattice constants of 11.6 ± 0.4 and 4.2 ± 0.2 Å
were observed. These two periodicities could be observed separately, as well as in a few cases
simultaneously, by changing the imaging force. A typical AFM image of a monolayer of 45 on
annealed gold showing a hexagonal lattice with a periodicity of 11.6 ± 0.4 Å is presented in Figure
3.10 (left). A second periodicity with a lattice constant of 4.2 ± 0.2 Å could be observed at the same
position on the sample after increasing the imaging force48 from < 10 nN to 20-30 nN (Figure 3.8).
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Figure 3.10

SFM image of SAM of 45 (left) and computer-generated image of the cavities
in top view (right).54 The periodicity of 11.6 Å was observed with a force of ca.
5 nN (image size 17.8 nm × 17.8 nm; inset autocovariance).55

The experimentally determined distances are assigned to different parts of the adsorbates;
the 11.6 Å repeat distance is related to the lattice of the resorcin[4]arene recognition sites56 of the
adsorbates, while the smaller repeat length fits well with the interchain distance of a closest packing
of alkyl chains.44 The very complex multibody interaction57 between the atoms on the SFM tip and
the atoms on the sample surface (the atoms are located in different "depths"; they are in thermal
motion near the chain ends;58 the molecules might rearrange easily under pressure)59 is forcedependent. Alternatively one could say that this interaction depends on the penetration /
compression of the SAM. Under a small normal force the repulsive interactions between the tip
atoms and the outermost part of the molecules in the SAM (electron density distribution of the
cavities) dominate, while at higher normal forces the contribution of the electron density distribution
of the tightly packed alkane segments dominate. This qualitative interpretation is supported by the
exclusive observation of the alkane segment periodicities in case of the calix[4]arene derivatives
with flexible cavity (vide supra).
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3.3.2.2 SAMs of Fluorinated Amide Thiols on Sputtered Gold20
A transition of the lattice symmetry as a function of imaging force was observed for a
series of SAMs of fluorinated amide thiols on sputtered gold. While the short chain derivatives
with n = 6 and 7 (Chart 3.9, Figure 3.11) were originally found to possess a distorted hexatic
lattice, the derivative with n = 8 showed a hexagonal lattice. A reinvestigation of the SAM
structure by SFM performed under controlled imaging forces revealed a force dependence of
the observed images.
HS

(CH2)2 NH CO (CF2)n CF3

25 (n = 6), 26 (7), 27 (8)

Chart 3.9

Investigated fluorinated amide thiols.

Table 3.6

Summary of lattice symmetries and lattice constants observed with an imaging
force of ca. 10 nN. The lattice constants were calculated as an arithmetic
average of all observed values and are stated ± the standard deviation.

*)

Compound no.

Lattice symmetry

25

distorted hexatic*

Lattice constant
a = (5.5 ± 0.3) Å
b = (6.1 ± 0.3) Å
c = (5.6 ± 0.3) Å

26

distorted hexatic*

a = (5.6 ± 0.3) Å
b = (6.2 ± 0.3) Å
c = (5.6 ± 0.2) Å

27

hexagonal**

(5.8 ± 0.3)Å

A limited number of domains shows a hexagonal lattice with d = (5.7 ± 0.3) Å

**) By increasing the imaging force to approximately 80 nN, the symmetry changes to distorted
hexatic: a= (6. 3 ± 0.3) Å, b = (5.6 ± 0.2) Å, c = (5.5 ± 0.2) Å60

The structural results based on SFM measurements are shown in Table 3.6. For the
thiol with n = 8 a transition of the tail group lattice structure was found at imaging forces of ≥
80 nN. For imaging forces below this threshold a hexagonal lattice was observed, for higher
forces the lattice appeared distorted. The force dependence of the measured lattice symmetries
for different chain lengths suggests that the AFM tip penetrates into the SAM and probes at
least partially the interior of the SAM.28
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Figure 3.11

Unprocessed SFM images of SAM of 26 showing the distorted hexatic tail
group lattice. 40

3.3.2.3 SAMs of Unsymmetric Dialkyldisulfides on Au(111)19
SAMs of several symmetric and unsymmetric long-chain diethylalkanoat-disulfides on
Au(111) were studied by SFM in order to obtain information about the origin of image
contrast. As depicted in Figure 3.12, the idealized SAM structure of neighboring chains with
differences in the chain length between zero and five methylene units provides a basis for an
estimation of the tip penetration depth.
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Schematic drawing of SAM structure of mixed disulfide 11 with chain length
difference of 5 methylene groups.

Independent of the chain length differences, the SAMs of compounds 7 - 11 were
shown to crystallize in well ordered domains. Based on a quantitative analysis, the lattices
observed for all SAMs described in this section can be described as hexagonal, with lattice
constants of 5.3 Å. This value agrees with parameters obtained earlier on a hexagonal lattice of
SAMs of 2,2’-bis(diethyldodecanoat)-disulfide.39 Despite the differences in chain length the
AFM images show a hexagonal periodicity. Thus, the tip must have penetrated into the SAM
(Figure 3.12). Based on the difference in chain length between the two substituents of disulfide
11, the penetration depth of the tip can be estimated to be at least 6 Å (with an imaging force
of about 1 nN). For SAMs of diethylalkanoat disulfides the image contrast is therefore not
entirely due to the terminal functional groups of the molecules, but due to the lattice formed by
the closely packed alkane chains in the lower part of the monolayer. These observations can be
used to estimate Young's modulus E for the SAMs based on Hertz theory.19,61
z = 9/16 [(1-ν2)/E]2 F2/R

(3.1)

With penetration depth z = 6 Å, normal force F = 2 nN, tip radius R = 5 nm,62 and
Poisson number ν = 0.3, one can estimate E = 1.3 GPa. Since a penetration depth of 6 Å is
probably a lower limit for the true value, the estimated modulus is an upper limit. The modulus
value agrees reasonably well with literature data reported by Thomas et al. (E = 1.0 GPa)63 and
by Kiridena et al. (E = 0.6 GPa).64

3.3.3 Chain Length Dependent Lattice Structure of SAMs on Au(111)
Interesting observations of chain length-dependent properties, such as imaging force
dependence, have been discussed previously in this Chapter. During the systematic study of
organosulfur compounds with internal functional groups and their SAMs on Au(111) another
chain length-dependent property was discovered, namely the lattice structure.
3.3.3.1 SAMs of Dialkyldisulfides on Au(111)
First, we will consider the lattices found for the disulfides listed in Chart 3.10. For
these, the introduction of the ester group midway in the chain is a significant perturbation. The
packing of the molecules in the lattice is different from n-alkanethiols, for which the repeat unit
value is 5.0 Å (vide supra).30,34,39 The lattice constant of the hexagonal lattice for compounds
with n = 8, 10, 12, and 16 is increased to 5.28 Å.19,39
S
S

(CH2)2 O CO (CH2)n CH3
(CH2)2 O CO (CH2)n CH3

1 (n = 6), 2 (8), 3 (10), 4 (12), 5 (14), 6 (16)

Chart 3.10

Structure of disulfides investigated.
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For compounds with n = 10 and 8, domains with a different lattice structure are also
found. These structures can be described as centered rectangular (n = 10), and oblique (n = 8).
For n = 6 no crystalline lattice could be imaged.19 Based on the results summarized in Table 3.7
and the data published in literature for a large number of compounds,65 two cases can be
distinguished: a hexagonal and a centered rectangular tail group lattice. The latter seems to be
favored in case of a more elliptical cross section of the molecule.66
Table 3.7
Lattice constants and symmetries found for SAMs of disulfides on Au(111).
Compound
Lattice Symmetry
Angle [°]
Lattice constant [Å]
1
no lattice observed
hexagonal
60
5.2
2
oblique
71
4.7; 5.5
hexagonal
60
5.3
3
centered rectangular
78
5.2
hexagonal
60
5.3
4
hexagonal
60
5.3
5
hexagonal
60
5.3
6

3.3.3.2 SAMs of Fluorinated Amide Thiols on Au(111)
The tail group lattice structure of the fluorinated amide thiols shown in Chart 3.9 was
also found to depend on the chain length. However, the lattice symmetry remained the same.
For short fluorocarbon segments, the NN direction of the fluorocarbon tails was parallel to the
NN direction of the Au(111), while for longer segments the mutual orientation was rotated by
30° (Table 3.8). This corresponds to a transition from a commensurate p(2×2) structure67 to a
high order commensurate c(7×7) structure (Figure 3.13). The c(7×7) structure has been
reported for partially fluorinated thiol such as the reference compound 1H, 1H, 2H, 2Hperfluorododecanethiol31 and partially fluorinated ester disulfides.27a,39

a

b

Au

Figure 3.13
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Au

Commensurate p(2×2) structure (left, a) and high order commensurate c(7×7)
structure (right, b) of fluorinated thiols and disulfides on Au(111). The lattice
constant is in both cases 5.8 Å.

Table 3.8

Lattice constants, relative tail group lattice orientation and closest
commensurate tail group lattice (imaging force < 1 nN).

Compound

Lattice constant
(± 0.2 Å)

25
26
27

5.7 Å
5.7 Å
5.7 Å

Lattice orientation with respect
to Au(111)
(± 3°)
0°
0°
30°

Closest commensurate tail
group lattice
p(2×2)
p(2×2)
c(7×7)

3.3.3.3 SAMs of Fluorinated Disulfides on Au(111)
A very similar transition of the lattice orientation with respect to the underlying
Au(111) was observed for the fluorinated disulfide system shown in Chart 3.11.68 For short
alkane segments a commensurate p(2×2) structure (Figure 3.13, left) is formed and for longer
segments a high order commensurate c(7×7) structure is observed (Figure 3.13, right).

S

(CH2)n O CO (CF2)8 CF3

S

(CH2)n O CO (CF2)8 CF3

15 ( n = 2), 16 (6), 17 (11)

Chart 3.11

Symmetric fluorinated disulfides with different alkane segment length.84

Typical tail group lattices observed in the SFM images are shown in Figure 3.14. The
transition from a commensurate p(2×2) structure to a high order commensurate c(7×7)
structure (Table 3.9) can be tentatively attributed to transition from substrate-induced tail
group lattice orientation to a tail group-dominated structure (compare schematic balance of
forces in Chapter 2).
Table 3.9

Lattice constants, relative tail group lattice orientation and closest
commensurate tail group lattice for SAMs of compounds 15 - 17.

Compound
-(CH2)n-

Lattice constant

Lattice orientation with respect
to Au(111)

Closest commensurate tail
group lattice

15, n = 2
16, n = 6
17, n = 11

5.7 ± 0.2 Å
5.7 ± 0.1 Å
5.7 ± 0.2 Å

0° ± 3°
0° ± 3°
30° ± 3°

p(2×2)
p(2×2)
c(7×7)
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Figure 3.14
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Unprocessed SFM images of 15 (top, left), 16 (top, right), and 17 (bottom) on
Au(111) (insets: 2-D fast Fourier transform, autocovariance pattern).40

3.3.4 Lattice Structure of SAMs of Dialkylsulfides on Au(111)51
Regarding the adsorption chemistry of the compounds discussed so far, there are two
main differences. Thiols and disulfides are thought to chemisorb onto gold, while sulfides, such
as the cavitands and calix[4]arene derivatives described in sections 3.3.1.2 and 3.3.2.1, are
assumed to only physisorb onto gold.69 In the following paragraph the lattice structure of
SAMs of dialkylsulfides on Au(111), as well as the interaction of the sulfide moieties with the
substrate are described.
The formation of SAMs of dialkylsulfides on Au(111) has been until recently a topic of
debate in the literature, mainly due to the erroneous report by Porter et al.70 which stated that
carbon-sulfur bond cleavage would occur. Direct71 and indirect evidence50,51,52,56,72 proved that
the proposed cleavage does not take place.73 Furthermore, the interaction between
dialkylsulfides and gold, as well as the adsorption kinetics, have been controversially
debated.69,74 However, the preparation of SAMs of sulfide derivatives on gold at elevated
temperature, as described by the group of Reinhoudt,50,56,72 is known to produce defect-free
monolayers. In addition, this procedure was recently shown by XPS to produce SAMs in
which the sulfur is bound to 100% to the gold.52,75
The interaction of (thiol-free)50,51,71 dialkylsulfides and Au(111) during assembly from
solution at higher temperatures results in morphological changes of the Au(111) substrate very
similar to the corresponding thiols (Figure 3.15).76 SFM revealed depressions with depths of a
single or multiple steps in the Au(111) indicating a strong interaction of sulfides with Au(111).

Figure 3.15

SFM images of hexadecanethiol (left), and dihexadecylsulfide 49 (middle and
right) SAMs on Au(111) (z-scale 7.5 nm).

In addition, it was possible to image the SAMs of didecylsulfide and dihexadecylsulfide
with molecular lattice resolution on Au(111) (Figure 3.16). Thorough calibration
measurements with hexadecanethiol showed no difference in lattice constants and tail group
lattice orientation with respect to Au(111). It can be concluded that dialkylsulfides form a
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(√3×√3)R30° tail group lattice structure on Au(111). The corresponding results are
summarized in Table 3.10.

Figure 3.16

Unprocessed SFM image of didecylsulfide 48 (left) and dihexadecylsulfide 49
(right) on Au(111) (insets: autocovariance pattern, 2-D fast Fourier
transform).40

Table 3.10

Lattice parameters of SAMs of sulfides 48, 49, and reference compounds on
Au(111).

a

Compound

Lattice constant

Closest commensurate tail group
lattice

Didecylsulfide (48)

4.9 ± 0.3

-a

Dihexadecylsulfide (49)

4.9 ± 0.2

(√3×√3)R30°

d21-Decanethiol

5.0 ± 0.1

(√3×√3)R30°

Hexadecanethiol

5.0 ± 0.1

(√3×√3)R30°

For 48 a determination of the orientation of the adsorbate lattice with respect to the underlying
Au(111) lattice was not achieved. Hence, in this case no lattice structure could be assigned.
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3.3.5 Lattice Structure of SAMs of Thiols and Disulfides on Sputtered Gold20
After discussing a variety of organosulfur-based SAMs on Au(111) and their lattice
characteristics as determined by SFM, it is important to compare these results to SFM results
obtained on sputtered gold. As mentioned previously, sputtered gold is used for SFM tip
functionalization described later. Therefore the knowledge of the structural properties of
SAMs on sputtered gold with its small Au(111) patches is essential in order to understand the
properties of the SAMs at the apex of the SFM tip. A first result of AFM studies of SAMs on
sputtered gold has already been discussed in section 3.3.2.2. A large variety of SAMs of thiols
and disulfides on sputtered gold was investigated and compared to SAMs on Au(111). The
compounds studied are shown in Chart 3.12.

S

(CH2)2

O CO (CH2)2

(CF2)7 CF3

HS

S

(CH2)2

O CO (CH2)2

(CF2)7 CF3

25 (n = 6), 26 (7), 27 (8),

(CH2)2 NH CO (CF2)n CF3

40*

S

(CH2)2 CO O (CH2)n

(CF2)m CF3

S

(CH2)2 NH CO (CF2)n CF3

S

(CH2)2 CO O (CH2)n

(CF2)m CF3

S

(CH2)m CH3

12 (n = 1, m = 5), 13 (2, 5), 38 (2, 7)

18 (n = 7, m = 11)

S

S CH2 CH2 O (CH2)20 CH3

S

(CH2)2 O CO (CF2)n CF3
(CH2)2 O CO (CF2)n CF3

14 (n = 6), 15 (8)

HS

(CH2)17 CH3

S CH2 CH2 O (CH2)20 CH3
66*

S CH2 CH2 O (CH2)2

(CF2)9

CF3

S CH2 CH2 O (CH2)11 CH3
39*

Chart 3.12

Compounds used for formation of SAMs on sputtered gold. Several compounds
were available from previous studies (*).13,27a,31c

The results can be easily summarized. There were no significant deviations of the SAM
tail group lattice structures on sputtered gold as compared to Au(111). n-Alkanethiols were
shown to possess a hexagonal lattice with d = 5.0 Å,77 hydrocarbon disulfides with ester
groups in the chain show a hexagonal lattice with d = 5.3 Å, fluorocarbon thiols and disulfides
with ester or amide groups in the chain show a hexagonal lattice with d = 5.8 Å, and mixed
hydrocarbon-fluorocarbon disulfides have a (hexagonal) lattice constant of 6.1 Å.
Representative images are shown in Figure 3.17. The results are summarized in Table 3.11. It
can be concluded that the grains on sputtered gold expose to a large extent Au(111) facets at
the surface. However, it should be noted that the size of the resolved lattice structure was
smaller than observed on flat Au(111).20
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Figure 3.17

Unprocessed SFM image of SAMs of 40 (A, air), 26 (B, ethanol), 18 (C, air),
and 15 (D, air) on sputtered gold.20,40

Conventionally, the preparation and characterization of SAMs on gold is carried out on
evaporated or sputtered gold without subsequent annealing.78 The surface energy is
independent of the nature (granular or terraces) of the gold substrate. Similarly, the average tilt
angles and the order as determined e.g. by FT-IR are indistinguishable. From the SFM results
one can conclude that the properties of the SAMs which can be related to the structure, such
as tail group lattices and tilt angles, are locally very similar on sputtered gold and on Au(111).
If effects of domain boundaries are negligible, the same can be assumed for the mechanical
properties and the tribological behavior which are probed on larger areas79 for which FT-IR
data can be considered representative.80
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Table 3.11

Summary of observed lattice symmetries and lattice constants observed with an
imaging force of ca. 10 nN.
Compound no.
C18H37SH
6
8
12
13
14
15
18

Lattice symmetry
hexagonal
hexagonal
hexagonal
hexagonal
hexagonal
hexagonal
hexagonal
hexagonal

25

distorted hexatic*

Lattice constant
(5.1 ± 0.2) Å
(5.9 ± 0.2) Å
(5.9 ± 0.2) Å
(5.9 ± 0.2) Å
(5.9 ± 0.3)Å
(5.8 ± 0.3)Å
(5.8 ± 0.3)Å
(6.1 ± 0.3) Å
a = (5.5 ± 0.3) Å
b = (6.1 ± 0.3) Å
c = (5.6 ± 0.3) Å

26

distorted hexatic*

a = (5.6 ± 0.3) Å
b = (6.2 ± 0.3) Å
c = (5.6 ± 0.2) Å

27

hexagonal**

(5.8 ± 0.3)Å

38
39
40
66
Au (111)

hexagonal
hexagonal
hexagonal
hexagonal
hexagonal

(5.9 ± 0.3)Å
(6.2 ± 0.2) Å
(5.8 ± 0.2) Å
(5.3 ± 0.2) Å
(2.9 ± 0.1) Å

*)

A limited number of domains show a hexagonal lattice with d = (5.7 ± 0.3) Å

**)

By increasing the imaging force to approximately 80 nN, the symmetry changes to distorted
hexatic: a= (6. 3 ± 0.3) Å, b = (5.6 ± 0.2) Å, c = (5.5 ± 0.2) Å.

3.4

Chain Length-Dependent Liquid Crystal Alignment on SAMs of
Fluorinated Disulfides

After discussing the results of SFM measurements on a variety of SAMs and the
corresponding lattice structures, the Chapter will be completed by results on wettability of
fluorinated SAMs by nematic liquid crystals. These experiments can be regarded as
characterization, as well as a possible application of the SAMs.
The ordering of liquid crystals on SAMs has been an area of intensive research in recent
years. Abbott et al.81 and Evans et al.82 have shown that the factors which contribute to the
alignment of liquid crystalline materials on top of monolayers include surface energy, distance
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from the substrate, the type of metal on which the SAMs are deposited, the type of
evaporation (isotropic vs. oblique), and even the number of carbon atoms in the alkanethiol
used (odd-even effect).83 In the following paragraph the influence of chain length in SAMs of
fluorinated ester disulfides on the alignment of cyanobiphenyl liquid crystals is discussed (Chart
3.13).
S

(CH2)n O CO (CF2)8 CF3

S

(CH2)n O CO (CF2)8 CF3
C N

15 (n = 2), 17 (11)

Chart 3.13

Fluorinated disulfides and the liquid crystalline 4-cyano-4'-pentylbiphenyl (5CB).84

Using a Brewster-angle evanescent field ellipsometric technique developed by Evans et
the orientation of the liquid crystal molecules at and near the interface between SAM
al.
and liquid can be determined (Figure 3.18).
85,86
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Figure 3.18
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Measurement of the orientation of 5-CB on SAMs of fluorinated disulfides with
different alkane segment length.86 The normalized difference of Brewster angle
θB measured at a specific temperature and the Brewster angle θB* measured
for substrate - isotropic interaction is plotted as function of the temperature
difference T -Tisotropic-nematic

The liquid crystalline material is brought between two SAMs of the corresponding
disulfide. While changing the temperature, the specific order parameter is determined by
measuring the position of the Brewster angle θB. The angle is defined as the angle with respect
to the surface normal at which the real part of the ellipticity is zero. As shown in Figures 3.18
and 3.19, the orientation of pentyl-cyanobiphenyl molecules differs as a function of chain
length in the SAMs.

Figure 3.19

For n = 2 planar anchoring was observed and for n = 11 homeotropic
anchoring, respectively.

The orientation behavior can be understood considering the different dispersive
interactions, i.e. the dispersive interactions between gold and the 5-CB and the fluorinated
SAM and the liquid crystal molecules. For short alkane segments, the dispersive interactions
owing to the metal cause a planar alignment, while for long alkane segments the contribution
of the fluorocarbon chains dominates, resulting in a homeotropic alignment. Thus, the
alignment behavior of l.c. materials can be affected and controlled by structural variations in
the SAMs. Interestingly, the chain length differences also give rise to different tail group lattice
structures (vide supra) and distinctively different tribological properties of these SAMs
(Chapter 4).

3.5 Experimental
Substrate and SAM Preparation. Evaporated gold substrates (borosilicate glass, 2
nm Cr, 250 nm Au) were purchased from Metallhandel Schröer, Lienen (Germany). Au(111)
samples were prepared by flame annealing in a high purity hydrogen flame for 10 minutes. The
substrates showed numerous Au(111) terraces of several µm2 size. On the annealed substrates
equilateral triangular terraces were frequently found (Figure 3.5). On these terraces the
Au(111) lattice could be imaged by AFM (d = 2.8 Å).36 SAMs were formed on annealed
Au(111) by assembly from dilute (0.1 - 1.0 mM) solution of the corresponding adsorbate in
ethanol, dichloromethane, or chloroform/ethanol (40/60, v/v) for 16 hours. Monolayers of the
sulfide derivatives were prepared at 60° C. After the assembly, the samples were rinsed with a
large volume of chloroform, ethanol, and water (Millipore), respectively. The samples prepared
at 60° were allowed to cool to room temperature over a period of three hours before taking
them out of the solution and subsequent rinsing.
Scanning Force Microscopy (SFM). The SFM data were acquired on a NanoScope
II or a NanoScope III multimode force microscope (Digital Instruments (DI), Santa Barbara,
CA, USA) operated in contact mode. Silicon nitride cantilever - tip assemblies (DI) with a
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nominal spring constants between 0.06 and 0.38 N/m were used. The images were obtained in
air as well as in ethanol or in water (using a DI liquid cell). Prior to the experiments the AFM
setup was equilibrated until the drift was eliminated. The calibration in lateral direction was
based on the results obtained for mica or n-alkanethiol SAMs on Au(111). This eliminates any
effect of specimen height.37 The vertical direction was calibrated by imaging single steps in the
Au(111) terraces. The data was evaluated following the procedure given in references
19,20,39,50. The lattice constants were calculated as an arithmetic average of all observed
values of all measurements and are stated ± the standard deviation. Data for further SAMs can
be found in the Appendix (Chapter 11).
FT-IR Spectroscopy, Contact Angle Measurements, XPS. The FT-IR data was
obtained at the University of Delaware on a IBM/Bruker Model 98 evacuable FT-IR at a
resolution of 4 cm-1. The angle of incidence was 83°. 8000 scans were recorded in order to
increase the signal to noise ratio. SAMs of deuterated octadecanethiol on gold were used as
reference. Contact angles were measured at the University of Delaware on a Ramé-Hart Model
100-00 goniometer. The XPS data was acquired at the University of Washington on a Surface
Science Instruments X-probe spectrometer (SSI, Mountain View, CA, USA). A detailed
description can be found in references 29 and 87.
Brewster Angle Ellipsometry. The experimental setup is described in detail in
references 85, 86.
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Timoshenko, S. P.; Goodier, J. N. Theory of Elasticity; McGraw-Hill, New York,
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1970) is an oversimplification as e.g. adhesion is completely neglected. However, it can
be used to obtain a rough estimate.
For these experiments supersharp tips (Olympus, Tokio) were used.
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1883.
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See reference 19 and references therein.
For long alkane segments the effect of the ester group, which causes the elliptical
cross-section, is overcome.
This is to our knowledge the first time that a p(2×2) structure was observed for
fluorinated SAMs on Au(111).
Two other systems are presented in Chapter 11 (Appendix). Similar to the results
discussed in Chapter 3, a transition form a p(2×2) to a c(7×7) structure with increasing
chain length was observed for one of these.
In several reports the interaction was characterized as „physisorption“: (a) reference 2c;
(b) Lavrich, D. J.; Wetterer, S. M.; Bernasek, S. L.; Scoles, G. J. Phys. Chem. B 1998,
102, 3456.
Zhong, C.-J.; Porter, M. D. J. Am. Chem. Soc. 1994, 116, 11616.
Beulen, M. W. J.; Huisman, B.-H.; van der Heijden, P. A.; van Veggel, F. C. J. M.;
Simons, M. G.; Biemond, E. M. E. F.; de Lange, P. J.; Reinhoudt, D. N. Langmuir
1996, 12, 6170.
(a) Thoden van Velzen, E. U.; Engbersen, J. F. J.; Reinhoudt, D. N. J. Am. Chem. Soc.
1994, 116, 3597; (b) Thoden van Velzen, E. U.; Engbersen, J. F. J.; de Lange, P. J.;
Mahy, J. W. G.; Reinhoudt, D. N. J. Am. Chem. Soc. 1995, 117, 6853; (c) Huisman,
B.-H.; Rudkevich, D. M.; van Veggel, F. C. J. M.; Reinhoudt, D. N. J. Am. Chem. Soc.
1996, 118, 3523.
Very recently, Porter et al. themselves presented evidence against their original
statements and results. The purity of their compounds was very low: Zhong, C.-J.;
Brush, R. C.; Anderegg, J.; Porter, M. D. Langmuir 1999, 15, 518.
Grunze et al. showed that the assembly kinetics at room temperature are very slow and
only incomplete SAMs are formed: Jung, C.; Dannenberger, O.; Xu, Y.; Buck, M.;
Grunze, M. Langmuir 1998, 14, 1103.
Due to spin-orbit coupling the S2p region in the XPS spectra consists of a doublet
(S2p1/2 and S2p3/2). The two peaks possess a fixed intensity ratio of 1 : 2. The signals
which are located at ca. 163 - 164 eV, are shifted by 1.2 eV to lower energies upon
binding to gold. Thus, by evaluating the corresponding ratios of S2p1/2 and S2p3/2 peaks
the amount of bound sulfur can be estimated.
(a) Delamarche, E.; Michel, B.; Gerber, Ch.; Anselmetti, D.; Güntherodt, H.-J.; Wolf,
H.; Ringsdorf, H. Langmuir 1994, 10, 2869; (b) McCarley, R. L.; Dunaway, O. J.;
Willicut, R. J. Langmuir 1993, 9, 2775; (c) Stranick, S. J.; Parikh, A. N.; Allara, D. L.;
Weiss, P. S. J. Phys. Chem. 1994, 98, 11136; (d) Schönenberger, C.; SondagHuethorst, J. A. M.; Jorritsma, J.; Fokkink, L. G. Langmuir 1994, 10, 611; (e) Poirier,
G. E. Langmuir 1997, 13, 2019; (f) Dishner, M. H.; Hemminger, J. C.; Feher, F. J.
Langmuir 1997, 13, 2318; (g) Poirier, G. E. Chem. Rev. 1997, 97, 1117.
For n-alkanethiols this has been reported previously (reference 34).
Evaporated and sputtered gold are considered to expose mainly Au(111) facets.
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For friction measurements (section 4.2.4) the scan size (200 nm) was chosen
significantly larger than the estimated contact area between tip and surface.
This conclusion is essential for the investigation of tribological behavior. Friction
measurements on rough surfaces (e.g. sputtered gold) are often hampered by the
coupling of the SFM topography signal into the friction signal.
(a) Drawhorn, R. A.; Abbott, N. L. J. Phys. Chem. 1995, 99, 16511; (b) Gupta, V. K.;
Millner, W. J.; Pike, C. L; Abbott, N. L. Chem. Mater. 1996, 8, 1366; (c) Millner, W.
J.; Gupta, V. K.; Abbott, N. L.; Tsao, M.-W.; Rabolt, J. F. Liq. Cryst. 1997, 23, 175.
Evans, S. D.; Allinson, H.; Boden, N.; Flynn, T. M.; Henderson, J. R. J. Phys. Chem. B
1997, 101, 2143.
Abbott, N. L. Curr. Opinion Coll. Interface Sci. 1997, 2, 76.
The SAMs were characterized by contact angle measurements and XPS (see Chapter
11, Appendix).
Evans, S. D.; Allinson, H.; Boden, N.; Henderson, J. R. Faraday Disc. 1996, 104, 37.
Al Khairalla, B.; Allinson, H.; Boden, N.; Evans, S. D.; Henderson, J. R. Phys. Rev. E
1999, 59, 3033.
Tsao, M.-W.; Rabolt, J. F.; Schönherr, H.; Castner, D. G. to be submitted.
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From Functional Group Ensembles to Single Molecules:
Scanning Force Microscopy of Supramolecular and Polymeric Systems

Chapter 4
Friction and Pull-Off Force Measurements Using SFM with
Self-Assembled Monolayer-Functionalized Probe Tips*
The functionalization of scanning force microscopy (SFM) probe tips
can be very useful to control the interactions between tip and sample
surface. The tip functionalization using self-assembled monolayers
(SAMs), as well as the characterization and the stability of the
modified tips are described in this Chapter. Subsequently, results of
pull-off force and friction measurements are discussed. The factors
which influence the observed magnitude of friction are shown to
include the actual tip-sample contact area, surface energy, structure
and mechanical properties of SAMs, as well as lattice orientation and
anisotropic crystal structure. In contrast, pull-off forces can be
interpreted more straightforward in terms of surface energy which is
related to the functional groups exposed at the surface.

4.1

SAM-Functionalized Probe Tips

Interactions between a sharp probe tip and the sample surface form the basis for force
microscopy.1 These forces depend on the chemical and physical characteristics of the
contacting bodies.2 Given a particular tip material one is limited to the inherent interaction of
this material with the sample surface in a chosen environment. The functionalization of force
microscopy tips, which is known for a number of years, can be employed in order to control
_________________________________________________________________________________________

*
Part of the work described in this Chapter has been published: Schönherr, H.; Vancso,
G. J. Polym. Prepr. 1996, 37(2), 612; Jaeger, R.; Schönherr, H.; Vancso, G. J.
Macromolecules 1996, 29, 7634; Jaeger; R.; Bergshoef, M. M.; Martín i Batlle, C.; Schönherr,
H.; Vancso, G. J. Macromol. Symp. 1998, 127, 141; Schönherr, H.; Kenis, P. J. A.; Engbersen,
J. F. J.; Harkema, S.; Hulst, R.; Reinhoudt, D. N.; Vancso, G. J. Langmuir 1998, 14, 2801;
Vancso, G. J.; Schönherr, H. Polym. Prepr. 1998, 39(2), 1237; Schönherr, H.; Vancso, G. J.
Polym. Prepr. 1998, 39(2), 904; Jenkins, A. T. A.; Boden, N.; Bushby, R. J.; Evans, S. D.;
Knowles, P. F.; Miles, R. E.; Ogier, S. D.; Schönherr, H.; Vancso, G. J. J. Am. Chem. Soc.
1999, 121, 5274; Schönherr, H.; Vancso, G. J. Materials Science and Engineering C 1999,
295, in press; Vancso, G. J.; Schönherr, H. in Microstructure and Microtribology of Polymer
Surfaces; Tsukruk, V. V.; Wahl, K. J. (Eds.); ACS Symposium Series 741, 1999, chapter 19, in
press; Schönherr, H.; Vancso, G. J. ACS Symposium Series 1999, in press.

tip-sample interactions.3 The first studies on chemically modified tips aimed at optimized
imaging conditions on rough surfaces.4 In addition, the modification of tips with µm-sized
spherical particles, such as silica, is known. This approach allowed Ducker and coworkers to
probe the interaction between individual colloidal particles and various surfaces.5 The potential
for "chemical imaging" (spatially resolved imaging of interactions between tip and surface)6
using pull-off forces and / or friction was realized by several groups.7,8,9,10,11 Another
breakthrough in using modified tips is the measurement of interactions between individual
molecules, such as DNA, proteins, receptors and guests ("single molecule force
spectroscopy").12,13,14 In this Thesis numerous SFM results are described which were obtained
using chemically modified tips. Therefore it is necessary to describe the procedures and discuss
the stability of the functionalized SFM tips, as well as the pull-off and friction forces between
functionalized tips and various surfaces in more detail.

4.1.1 SFM Tip Functionalization
The modification of SFM tips aims at the introduction of preselected functional groups
at the apex of the tip. The most important requirement for successful tip functionalization in
general is the "quality" of the monolayers on the tips themselves.15 It is of course very difficult
or almost impossible to characterize the monolayer exactly at the apex of a SFM tip.16
Therefore it is important to choose a SAM system which is generally applicable for the
introduction of a large variety of functional groups and, at the same time, allows one to obtain
highly reproducible high quality layers.15 The tip material is often silicon or silicon nitride. The
use of silane chemistry, which appears straightforward, does not meet the criteria mentioned
before. Especially the conformational order and the firm attachment of functionalized silanes
suffer in reproducibility.17,18 Therefore, the functionalization of SFM tips described in this
Thesis was based on self-assembled monolayers of organosulfur compounds on gold, as
discussed in Chapters 2 and 3.
Initially, the commercially available cantilevers and tips were coated with a thin film of
gold. As described in the Experimental part of this Chapter (4.3), titanium was used as
adhesion promotor when the evaporation was done in high vacuum. For most experiments the
coating was performed with a sputtering apparatus. Onto these gold-coated tips SAMs of the
corresponding thiols or disulfides were assembled from solution. An idealized drawing of a
modified tip is shown in Figure 4.1. This schematic drawing is an oversimplification as it
implies (a) a symmetric shape of the tip, (b) a homogeneous, flat film of the metal, and (c) a
rather perfect, domain boundary-free monolayer which seems to possess a different structure
(e.g. area per molecule) depending on the radius of curvature of the surface. These issues will
be discussed in more detail in the following paragraphs.
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Figure 4.1

Schematic drawing of a gold / SAM modified SFM tip used for CFM. The filled
circles denote the chemisorbed thiol groups and the open circles the exposed
functional groups of the adsorbed ω-functionalized alkanethiols.

4.1.2 Characterization of Modified Tips
The characterization of the shape and the radius of curvature of the modified SFM tips
can be achieved by various methods (vide infra). The analysis of the monolayers is very
difficult since the standard characterization techniques for SAMs can often not be employed
due to the small size of the tip.16,19 Here one must rely on indirect information or
characterization of SAMs on substrates, such as mica or glass, which were coated together
with the tips in the same sputtering apparatus and subsequently functionalized in the same thiol
solutions.20
4.1.2.1 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is widely applied to image SFM tips in order to
determine the tip shape and the tip radius. As the modified tips are coated with a thin film of
gold, problems with charging of the surface inside the SEM are reduced.21 It must be
mentioned that this technique can only be applied after an SFM experiment due to (a) beam
damage of the SAMs22 and (b) contamination of the surface with traces of pump oil. The
increase in tip radius due to the gold coating (thickness here ca. 150 nm) is illustrated in Figure
4.2. Due to the limited resolution of the instrument the gold grains on the coated tip cannot be
resolved.

Figure 4.2

SEM images of uncoated (left) and gold coated SFM tip (right).
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The morphology of the gold coating can be visualized using a high resolution SEM. In
Figure 4.3 a top view of a SAM-coated SFM tip is shown. The gold grains with a typical
diameter of 30 nm - 70 nm are clearly seen.23,24

Figure 4.3

High resolution SEM image of a gold / SAM coated SFM tip.

4.1.2.2 Scanning on SrTiO3 Crystals25
An elegant way of characterization of tip radii was proposed by Sheiko et al.25 These
authors describe the use of the heat-treated surface of SrTiO3 single crystals26 which expose
well-defined ridges with a known spacing and geometry.27 For a certain range of tip radii and
aspect ratios the tip radius can be determined. SFM measurements on a SrTiO3 crystal were
made with SFM tips prior to and after coating with gold. In Figure 4.4a, corresponding cross
sections of contact mode SFM scans are presented. The images were acquired with the same
tip imaged by SEM (Figure 4.2). The uncoated tip can follow reliably the corrugations of the
crystal surface, while the coated tip with its increased radius of curvature is no longer able to
do so. Note that lattice resolution on oriented polymer samples can be achieved even after
sputtering of ca. 150 nm of gold (Figure 4.4b).
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Figure 4.4a

Cross sections of SFM height images made on SrTiO3 crystal25 with SFM tip
prior to (left) and after gold coating (right).

Figure 4.4b

Despite the increased radius, gold-coated tips can be used to obtain molecular
resolution images of uniaxially oriented PTFE as shown in this high resolution
SFM image.28 The interchain distances correspond very well with the expected
value.29

4.1.2.3 Pull-Off Forces30
Indirect information on the exposed functional groups at the surface of modified tips
can be obtained by performing pull-off force measurements on known standards. This method
requires knowledge of the relation between exposed functional groups and predicted pull-off
forces. There are reports on numerous combinations of interacting functional groups in
different media (solvents, dry gases) published in the literature.7,8,9,10 In addition, several
groups used continuum contact mechanics to calculate absolute numbers for surface and
interface free energies of these surfaces.7,8,9,10
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The pull-off force distributions measured with a carboxylic acid (-COOH) terminated
tip on SAMs of octadecanethiol and 11-mercaptoundecanoic acid 34 on sputtered gold, and
pull-off force distributions measured on SAMs of octadecanethiol and bis-(12aminododecyl)disulfide 36 on annealed gold are shown in Figure 4.5a and Figure 4.5b,
respectively. The data of each Figure was acquired with a different tip. It is evident that polar
functional groups and methyl groups can be distinguished easily using carboxylic acid modified
tips in ethanol and that these SAMs can serve in principle as standards for calibration.31
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Histograms of pull-off forces measured with a -COOH tip on -COOH (left) and
-CH3 terminated SAMs (right) in ethanol (curves: Gaussian fits). The average
pull-off forces are 1.21 ± 0.51 nN (-COOH) and 0.42 ± 0.25 nN (-CH3).
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Histograms of pull-off forces measured with a -COOH tip on -NH2 (left) and CH3 terminated SAMs (right) in ethanol (curves: Gaussian fits). The average
pull-off forces are 0.90 ± 0.22 nN (-NH2) and 0.12 ± 0.08 nN (-CH3).
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4.1.3 Stability of Modified Tips
The stability of the SAMs, as well as the gold coating on the modified tips is an
important issue. The pressure between tip and sample surface can reach values of several ten to
hundred MPa.32 During pull-off force measurements the SAM / gold assembly at the tip apex
must withstand small repulsive normal forces33 and during friction measurements lateral shear
forces. These forces can be adjusted by the operator. If the modified SFM tips are used in a
scanning imaging mode, e.g. in friction mode, the adjustment of the feedback loop is crucial to
avoid high forces. Despite an optimized feedback loop, steps and other topographical features
can result in high peak forces. Therefore, the stability of the modified tips was tested prior to
application of the method to various systems.

4.1.3.1 Stability of SAMs on Au
The lattice structure of a large variety of SAMs was imaged on sputtered gold on mica
or glass.34,35 Images with lattice resolution were obtained on a variety of SAMs34 with normal
forces between 0.1 nN and ca. 125 nN without any evidence for monolayer damage as seen in
lower resolution SFM images of the scanned areas (Figure 4.6).36 The substrates were sputtercoated together with the SFM tips. These substrates can be considered good model surfaces
for the modified tip if influences of the substrates on the structure of the gold and adhesion
differences between the gold and the different substrates can be neglected. It can be concluded
that SAMs on sputtered gold on glass or mica can withstand the pressure and the lateral forces
of a scanning SFM tip.37 In addition, the lattice structure of the SAMs was the same on
atomically flat Au(111) and sputtered gold, which implies that the curvature of the gold grains
has a negligible influence on the SAM structure.38

Figure 4.6

SFM images of sputtered gold on mica (left, z-scale 25 nm) and SAM of
fluorinated thiol 37 on the same substrate (right, image size 8.0 nm × 8.0 nm).
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4.1.3.2 SEM
SEM did not provide information about tip damage unless the gold was damaged. The
rupture of the gold coating was concluded from the observation of surface charging in the
SEM which was observed in a few cases only. SFM tips which were intentionally subjected to
very high (peak) forces occasionally revealed damage of the coating near the apex (Figure 4.7).
In other cases the damage could not be resolved due to instrumental limitations.39

Figure 4.7

SEM images of intentionally damaged tips. The abraded material is
accumulated on the sides of the pyramid (left). The high resolution SEM image
(right) of a different tip reveals a disrupted gold coating at the very apex.

4.1.3.3 Pull-Off Forces After High Peak Forces
Force dependent wear of SAM / Au modified tips were carried out in air on (a) rough
samples (terrace boundaries of Au(111) which possess sharp steps with up to 50 nm height
differences, 1.5 µm line scans) and (b) on atomically smooth mica (300 nm line scans). The
results suggest that a certain threshold force for the tip damage exists.40 On the SAM covered
Au(111) sample with sharp edges a normal force of ca. 50 - 60 nN is sufficient to change the
pull-off characteristics of the tip (increase in force). After increasing the normal force to > 100
nN the tips showed a very large pull-off force suggesting a flattened apex (large contact area).
On mica, a methyl functionalized tip and a silicon nitride tip showed comparable pull-off force
characteristics after scanning with normal forces up to 100 nN. Tips terminated by carboxylic
acid groups showed very large pull-off forces (240 nN) before scanning. After scanning with a
normal force of 270 nN the pull-off forces measured decreased significantly to ca. 150 nN.
This observation is indicative of a reduced contact area due to SAM and / or Au damage.
In conclusion, the normal forces must be minimized in order to prevent damage to the
tip apex. On chemically homogeneous samples pull-off force measurements are indicative of
changes in tip chemistry or quality after use of high forces.
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4.1.3.4 Pull-Off Forces vs. Time
The stability of the tip in time in liquid media is another important aspect. Pull-off
forces were measured for various tip sample combinations as a function of time. The average
pull-off force did not change significantly e.g. for the combination octadecanethiol tip vs.
octadecanethiol SAM in aqueous NaOH for more than 60 minutes (Figure 4.8).

30

Pu ll-off force [nN ]

25

20

15

10

5

0
0

500

1000

1500

2000

2500

3000

t [s ]

Figure 4.8

Pull-off forces between octadecanethiol modified tip and octadecanethiol SAM
in aqueous NaOH (0.1 M) as a function of time t.

In addition, the force titration experiments described in Chapter 7 were highly
reproducible over periods of several hours. The only long term stability problems observed in
experiments described in this Thesis involved sulfide-based cyclodextrin derivatives (Chapter
9). After each cycle (recording 400 force distance curves in water, injecting of aqueous
solution of external guest, recording 400 force distance curves in this solution, and thorough
flushing with pure water), the number of observed individual pull-off events comprising the
rupture of host-guest complexes was reduced by ca. 25%.41

4.2

Force Microscopy Using Chemically Modified Tips

Before applying chemically modified SFM tips in measurements on surface treated
polymers and other samples, the method in general must be tested. The following paragraphs
describe the results of pull-off force measurements that were carried out in order to reproduce
literature results. Force measurements were extended to polymer surfaces and the influence of
surface roughness on the results was assessed. In addition, the limitations of friction
measurements for chemical imaging were investigated.
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4.2.1 Pull-Off Forces Measured on SAMs of Thiols, Symmetric and Unsymmetric
Disulfides: Proof of Principle
Most results published in the literature on the use of "chemical force microscopy"
describe the interaction between functional groups of SAMs exposed on the surfaces of both
tip and sample.7,8,9,10 Therefore, similar systems were investigated first. In particular, SAMs
composed of disulfides (symmetric and unsymmetric) were investigated in detail.
In preliminary experiments we were able to reproduce the measurements of Frisbie et
al. who found a pronounced difference between the interaction of e.g. carboxylic acid (COOH) groups with methyl and carboxylic acid groups (Figure 4.5, Table 4.1). In
measurements with disulfides it was found that the interaction of hydroxyl groups (-OH) with
each other is larger than the interaction of -OH groups with -CH3. We observed that the
interactions of both -OH and -CH3 functionalized tips with SAMs of mixed hydroxyl-alkyldisulfide 30 (the surface is composed of a 1:1 ratio of CH3 / OH) are characterized by an
intermediate pull-off force (Figure 4.9). However, if one takes the standard deviation into
account, the broad distribution of forces does not allow an exact discrimination (Table 4.1).
7a

Figure 4.9

Distributions of pull-off forces observed with different tips on various SAMs in
ethanol.

Finally, the pull-off forces between methyl and trifluoromethyl (-CF3) functionalized
tips and -CH3 or -CF3 surfaces become indistinguishable. Methyl, trifluoromethyl, and mixed
methyl/trifluoromethyl surfaces were obtained by self-assembly of disulfide 66, thiol 26, and
mixed alkyl-fluoroalkyl-disulfide 41 on gold.
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Table 4.1

Results of selected pull-off force measurements performed with thiol or
disulfide modified tips and samples in ethanol (mean ± standard deviation)
and selected literature data for comparison.

-COOH
-CH3

Average pull-off
force [nN]
results
1.21 ± 0.51
0.42 ± 0.25

Average pull-off
force [nN]
literature data
1.3;9c 1.3;9c 2.3 7
0.7;9c 0.3;9c 0.3 7

-COOH
-COOH

-NH2
-CH3

0.90 ± 0.22
0.12 ± 0.08

1.2;9c 0.79c
0.7;9c 0.39c

-OH
-OH
-OH

-CH3
-CH3 / -OH
-OH

0.18 ± 0.11
0.39 ± 0.12
0.54 ± 0.40

0.39c

-CH3
-CH3
-CH3

-CH3
-CH3 / -OH
-OH

0.94 ± 0.23
0.87 ± 0.18
0.62 ± 0.37

0.99c

-CF3
-CF3
-CF3

-CF3
-CH3 / -CF3
-CH3

0.26 ± 0.16
0.41 ± 0.11
0.42 ± 0.30

-

-CH3
-CH3
-CH3

-CF3
-CH3 / -CF3
-CH3

0.24 ± 0.22
0.19 ± 0.17
0.41 ± 0.21

-

Functional group
on tip

Functional group on
sample

-COOH
-COOH

0.99c

0.19c

4.2.2 Pull-Off Forces Measured on Polymers: Effect of Actual Contact Area on PullOff Forces ("Artifacts")
The measurements reported in 4.2.1 were performed on sputtered gold which
possessed a granular morphology. The rms roughness of such a surface is still relatively small
(Rrms = 3.6 nm). Polymers, however, can easily possess roughnesses of several tens of
nanometers. Based on simple geometric considerations one can expect a distribution of contact
areas which should broaden with increasing roughness. In Figure 4.10 a height and a
corresponding pull-off force image42 are shown which were recorded with a -CH3 terminated
tip on an octadecanethiol SAM on a granular gold surface. The influence of the tip-sample
contact area is clearly seen. The pull-off forces are smallest on top of the grains where the
contact area is minimized, while the highest forces are measured between the grains. The
differences in contact area on this chemically homogeneous surface can already give rise to
artifacts in CFM.
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Figure 4.10

Height (left) and pull-off force images (right) of octadecanethiol SAM on
granular gold surface obtained with -CH3 terminated tip in air. The gray scale
denotes: bright (low forces) to dark (high forces), -5 nN - -21 nN.

Artifacts due to contact area variations can also be observed when features of several
hundred nanometers are imaged. In order to illustrate this problem, polymer fibers
(polyvinylalcohol (PVA), polyethyleneoxide (PEO)) prepared by electrospinning43 were
imaged on SAMs and other well-defined substrates, such as mica and highly oriented pyrolytic
graphite (HOPG), using functionalized tips. The pull-off force differences between the polymer
and the substrates varied systematically when fibers with a diameter of one or several
micrometer were imaged (Figure 4.11). However, as seen already at low magnification, the
adhesive forces do not seem to be homogeneous.44

Figure 4.11
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Pull-off force images of electrospun PEO fibers on -CH3 SAM on granular
gold surface obtained with -COOH tip (left) and -CF3 tip (right) in air (scan
size 9.1 µm). The gray scale denotes: bright (low forces) to dark (high forces),
-2 nN - -10 nN. The contrast in pull-off forces between fiber and -CH3 SAM
depends on the tip functionality.
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For thinner fibers the pull-off force images revealed a clear inhomogeneous pull-off
force on the polymer fiber itself (Figure 4.12). The occurrence of areas of high and low
adhesive forces which are oriented parallel to the fiber axis can be attributed to an increased
and decreased effective contact area between the side of the tip as compared to the tip apex.
As the fiber shape is not a priory known, no definite conclusions about the chemical identity
can be obtained.

Figure 4.12

Height (left) and pull-off force images (right) of electrospun fiber of PVA on
SAM of octadecanethiol. The gray scale denotes: bright (low forces) to dark
(high forces), -4 nN - -30 nN.

These observations demonstrate that force data must be interpreted carefully. In
particular, attention must be paid to avoid coupling of the topography into the force images.
On the other hand, the pull-off forces can reveal differences between the polymer and different
substrates with a relative contrast which depends on the functional groups exposed on the tips
(Figure 4.11). Therefore chemical imaging of polymers with different degree of surface
functionalization seems to be possible.44
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4.2.3 Differentiating Surface Energy vs. Mechanical Property Contributions in
Force and Friction Measurements45
In the previous paragraphs the use of pull-off force measurements with chemically
modified tips has been discussed as means to extract information about the functional groups
exposed at the surface. Alternatively, friction measurements were discussed by various authors
to provide similar information. In the following section an example is described that
demonstrates the limitations of friction mode for imaging with "chemical sensitivity".7-9 The
model system consists of a microcontact printed SAM (exposed functional groups: hydroxy
and cholesterol) on gold. Onto the SAM a lipid mono- / bilayer is deposited as shown
schematically in Figure 4.13.45,46

Figure 4.13

Schematic drawing of bilayer deposition by vesicle fusion on patterned SAMs
prepared by microcontact printing.45

The patterned monolayer samples were imaged before and after bilayer formation by
SFM in different environments (air, liquids) using tips with different functionalities in order to
determine the factors that are responsible for the observed contrast in friction mode.
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The friction force (in air prior to the unrolling of the vesicles) observed on the
hydrophilic area of mercaptoethanol was significantly higher than the friction force on the
hydrophobic areas composed of CPEO3 SAM (Figure 4.14). The same trend was observed in
pull-off force images. Capillary forces due to adsorbed water are to a large extent responsible
for the observed differences in friction and pull-off forces. On the hydrophilic mercaptoethanol
parts, the water layer can be expected to be significantly thicker than on the hydrophobic
cholesterol (c.f. contact angles results).

Figure 4.14

SFM friction force micrograph obtained with an unmodified SFM tip on
patterned SAM in air. The square exposed hydroxy groups while the
surrounding area exposed cholesterol groups at the surface. Dark tones denote
low friction (z = 0.0 V), bright tones denote high friction (z = 1.0 V).

Measurements in ethanol were carried out using tips modified by self-assembled
monolayers in order to control the interaction between tip and surface. For -COOH tips, pulloff forces measured on the hydroxy terminated area were larger than on the hydrophobic
cholesterol parts, while for -CH3 probes, the opposite trend was observed. These trends are in
good agreement with the trends published in the literature.7,8,9,10 Untreated silicon nitride tips
showed no significant contrast in pull-off forces. However, friction measurements made using CH3 and -COOH functionalized tips and unmodified silicon nitride tips in ethanol revealed that
the mercaptoethanol part always shows higher friction than the cholesterol part.
It is evident that the pull-off forces for the -CH3 probe did not correlate with the
observed friction. These observations indicate that the mercaptoethanol part is disordered and
therefore may give rise to considerable friction due to energy dissipation in the SAM.47 Thus,
in order to interpret the friction and pull-off force images, both the interaction between
functional groups (adhesion) as well as structural parameters (contact area48 and energy
dissipation) must be taken into account.

121

Prior to the unrolling of the vesicles, the friction observed in water on the
mercaptoethanol part is lower than on the CPEO3 part. The contrast observed is dominated by
hydrophobic forces.7b The mercaptoethanol-functionalized parts of the sample are solvated to a
much higher degree than the hydrophobic CPEO3 parts. Therefore, the contact area, as well as
forces between the tip and the CPEO3 part are higher than on the mercaptoethanol parts.9b
Consistently, the pull-off forces were higher on the CPEO3 part. The friction forces show the
same trend which indicates that the adhesion forces dominate the interaction between tip and
surface in this case. By using chemically modified (hydrophobic) SFM tips the contrast in the
friction and pull-off force images prior to the unrolling of the vesicles could be enhanced
(Figure 4.15).

Figure 4.15

SFM friction force micrograph (left, z = 0.2 V) and pull-off force image (right,
z = -20 nN) measured with a -CH3 modified tip on patterned SAM prior to
bilayer deposition. In the pull-off force image darker color corresponds to
higher forces.

After the unrolling of the vesicles the friction contrast was reversed in measurements in
water (Figure 4.16). Now the mercaptoethanol areas showed higher friction. The lateral force
on each of the patterns was uniform which is indicative of a uniform mono- / bilayer formation
on the patterned SAM. The observed contrast cannot be explained by different forces between
tip and surface functional groups because the functional groups exposed at the surface are the
same. However, the mechanical properties of the lipid monolayer on the more rigid CPEO3
part are different from the more fluid lipid bilayer on top of the mercaptoethanol.49 At a given
imaging force, the SFM tip penetrates more into the lipid bilayer, and consequently the contact
area between tip and sample is increased. This results in an increase in friction since (in the
absence of wear) the friction force is directly proportional to the contact area [ FFriction = τ A,
were FFriction denotes the friction force, τ the interfacial shear strength and A the contact
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area].47c,48 Clear contrast is also seen in the pull-off force image (Figure 4.16). This contrast
may be attributed to inelastic deformation.49

Figure 4.16

SFM friction force micrograph (left, z = 0.4 V) and pull-off force image (right,
z = -20 nN) measured with an unmodified tip on patterned SAM after bilayer
deposition. In the pull-off force image darker color corresponds to higher
forces.

When tips functionalized with octadecanethiol were used, the relative image contrast in
the friction images remained unchanged as compared to silicon nitride tips. As there was
virtually no adhesional contrast, mechanical properties of the mono- / bilayer assembly are
most important in determining the friction contrast. Data from separate pull-off force
measurements are summarized in Table 4.2. All observations are consistent with the general
interpretation of the image contrast (vide supra) and the expected7,8,9,10 interaction between
tips functionalized with octadecanethiol and hydrophilic surfaces in water. The scanning force
microscopy results indicate the formation of a more rigid monolayer on top of the cholesterol
areas and the formation of a more fluid bilayer on the mercaptoethanol parts of the patterned
SAM.
Table 4.2

Pull-off force data obtained in separate force measurements.
Silicon nitride
Silicon nitride Octadecanethiol Octadecanethiol tip
tip on OH

tip on CPEO3

tip on OH

on CPEO3

Prior to vesicle
unrolling

0.1 nN

0.3 nN

1.2 nN

13.0 nN

After vesicle
unrolling

3.0 nN

0.5 nN

0.4 nN

0.4 nN
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4.2.4 Assessing the Effect of Phase State of Monolayer Films50 on Friction in SelfAssembled Monolayers (Chain Length-Dependent Friction)

In section 4.2.3 there were already several indications that (a) there is no simple
relationship between friction and pull-off forces, and that (b) the tribological behavior is
influenced by the mechanical properties of the monolayer investigated. In order to study the
influence of the mechanical properties in more detail, the friction force between standard Si3N4
tips and a variety of SAMs of fluorocarbon and hydrocarbon thiols and disulfides formed on
Au(111) was investigated. These SAMs can be shown to possess different degree of
conformational order.51
S

(CH2)2 O CO (CH2)n CH3

S

(CH2)2 O CO (CH2)n CH3

3 (10), 6 (16)

HS
Chart 4.1

(CH2)11 CH3

Methyl- (-CH3) group terminated compounds used for friction measurements.

All the SFM experiments were performed on flat, triangular shaped Au(111) terraces
(Figure 3.5). The friction measured by SFM with a silicon nitride tip on SAMs of disulfides 3
and 6 as well as SAMs of dodecanethiol are summarized in Figure 4.17. Despite insignificant
differences in pull-off forces,52 the friction coefficient53 is clearly different for all these SAMs.
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Friction force vs. load plot for hydrocarbon thiol and disulfides.
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The contact angles measured with water were found to be slightly lower for the
disulfides than for SAMs of n-alkanethiols (θa =106 ± 2° for 3, 108 ± 2° for 6, and 109 ± 2° for
dodecanethiol, respectively).54 As mentioned before, the pull-off forces measured did not vary
significantly. Clearly, any frictional differences that may exist between the hydrocarbon
disulfides with n = 10 (3), n =16 (6), and dodecanethiol should be related to structural
differences of the SAMs. The disulfides and dodecanethiol form SAMs on gold with
significantly different structural order as shown by FT-IR spectra (Figure 4.18). The peak
positions for the C-H stretching vibrations indicate that the SAM of the disulfide 3 is more
“liquid-like“, whereas SAMs of 6 is more “crystal-like“ but still less ordered than SAMs of e.g.
octadecanethiol.55 The better order of 6 as compared to 3 can also be deduced from the
progression bands seen in the low energy region of the FT-IR spectra (Figure 4.18, right).
These progression bands indicate an all-trans conformation of the alkane chains for monolayers
of 6.54
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FT-IR spectra of SAMs of compounds 3 and 6 showing the C-H stretching
vibrations (left) and the C-O stretching vibrations (right). The peak width at
half maximum for e.g. the asymmetric C-H stretching vibration of the
methylene groups is significantly smaller for 6 (n = 16).56 In addition the peak
maxima for 6 are located at lower wavenumbers and the progression bands
which are typical for an all-trans conformation of the hydrocarbon chains can
be seen. Both observations are indicative for a more "crystal-like" order in
SAMs of 6.

The ester bond in the disulfides 3 and 6 can be expected to introduce gauche defects in
the lower region of the alkane segment, and thermal motion causes some disorder near the
chain termini.57 The previous arguments (differences in measured contact angles, and peak
positions and band widths in FT-IR) do not rule out the possibility of the formation of a closely
packed layer for molecules of short chain length.58 As the SAMs show a 2-D translational
order, the peak positions of SAMs of 3 found in FT-IR do not mean that the SAM is in a
"liquid" state (in the sense described for surfactant monolayers e.g. in reference 59), but in an
"amorphous" phase state. SAMs of dodecanethiol can be considered to be "solid-like", while
SAMs of 6 are in an intermediate state. The observed magnitude of friction follows the
expected trends based on Israelachvili's model.59
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The friction force vs. load plots for the hydrocarbon-fluorocarbon systems (Figure
4.19) show that the mixed disulfides possess the largest magnitude of friction despite
insignificant differences in the pull-off forces.60 In light of the discussion of the structural
differences (vide infra) it seems reasonable to attribute the observed large magnitude of
friction of the mixed disulfides to additional active modes of energy dissipation which can be
related to differences in the phase state of the SAMs.

Figure 4.19

Friction vs. load plot for SAMs of compounds 18, 19, 26, and dodecanethiol
(top), and for SAMs of 43, 42, 3, and 15 (bottom).

For the mixed hydrocarbon-fluorocarbon systems we have found earlier that the
fluorocarbon chain imposes a nearly parallel orientation of the alkane chain with respect to the
surface normal. As shown in Chapter 3,61 the peak positions of the very broad C-H stretching
vibrations of these SAMs are indicative of conformationally disordered chains. The orientation
of the fluorocarbon segment is virtually unchanged as compared to the symmetrical
fluorocarbon disulfide,54 thus the disordered alkane chain should possess more vibrational and
rotational modes than in the symmetric compound (n-alkanethiol).
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For all the systems studied,62 the pull-off forces as measured by SFM and the advancing
contact angles obtained with water did not correlate with the observed trend in friction. Thus,
unlike for other thin films of hydrocarbon and fluorocarbon molecules,63 the exposed functional
groups are not the dominating factor for determining the magnitude of friction. Surface energy
as well as a postulated size effect of the terminal functional groups64 cannot account for the
observed friction data. The systems varied in the order of the alkane chain as detected e.g. FTIR and in area per molecule / chain (“packing density“) as measured in molecularly resolved
SFM images. In general, the differences in friction correlate with these structural differences. It
is reasonable to assume that the increased disorder for "amorphous"-like59 SAMs facilitates the
excitation of more vibrational and rotational modes, which can dissipate the energy, as
compared to more "solid"-like59 SAMs.62
These results for highly ordered model systems are clearly relevant for friction force
microscopy in general. The "phase state"59 is not restricted to monolayers. Chain
interpenetration or reorientation of dipoles at the interface, as well as dissipation of energy in
vibrational and rotational modes can occur for any sample. An application of friction mode
SFM in CFM is therefore rather questionable as unknown heterogeneous samples can very well
possess inhomogeneous reorientation of dipoles or locally different compliance leading to
different contact areas and thus friction. As shown here, these differences are not necessarily
be related to chemical composition.

4.2.5 Friction Anisotropy
Another drawback of friction mode CFM is the phenomenon of friction anisotropy.
Until recently, only a limited number of examples of anisotropic friction on the nanometer scale
had been reported. Anisotropic friction has been observed for various materials with oriented
surface structures such as highly oriented pyrolytic graphite,65 lipid bilayers,66 lamellar polymer
crystals,67 uniaxially oriented polytetrafluoroethylene28,68 and polyethylene,28 and
transcrystallized poly(ethylene oxide).69 The friction anisotropy in these samples is in all cases
due to the different azimuthal orientation of structurally equivalent domains or features. The
domains can consist of crystal lattices,65,66,68,70 polymer lamellar crystal fold planes,67 or
lamellar polymer crystals.69 The directionality of friction forces was also recently attributed to
different tilt angles of molecules.71 All these observations of friction differences are not at all
related to differences in surface energy or chemical composition in the sense of CFM.

4.2.5.1 Directional Folds on Single Polymer Lamellae
The folded sections of polymer molecules in the fold plane of solution-grown lamellar
crystals72 can cause anisotropy of friction (Figure 4.20). This has been observed for a variety of
materials, such as POM, PE, and poly(4-methyl-1-pentene).67,73 The explanation proposed for
this observation is based on the presence of oriented folds at the surface of the fold plane.
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In this Thesis, solution grown lamellar crystals of PE on mica were studied by friction
force microscopy using unfunctionalized tips in air, as well as in water. The friction anisotropy
shown in the corresponding micrographs was well pronounced. Friction is found to be higher
in the sectors denoted with A (A') in Figure 4.20 which have the growth edge almost
perpendicular to the fast scan direction. The relative friction measured by LFM on PE crystals
in different orientations, as well for the same crystal after manual rotation of the specimen, was
in all cases related to the orientation of the crystal edges (which coincide with the fold
directions as depicted in Figure 4.20) with respect to the fixed scan direction.

B

Fold

A

B’

A’

Figure 4.20

LFM image of a solution grown PE lamellar crystal obtained in air (z = 0.2 V)
(left); the directions of the chain folds are schematically indicated (not to
scale, right).

The observations can be understood based on the Cobblestone model of interfacial
friction. For the fold surface of the solution-grown lamellar crystal the ratio of d/d0 (Figure
2.15, equation 2.14), and thus the friction force, will depend on the direction of the lateral
movement of the sample under the tip. The effective d in the fold direction is expected to be
lower as compared to the value of the effective d in the fold-perpendicular direction as the
outermost atom(s) of the tip can „slide“ in the grooves defined by the chain folds. During the
friction process, which occurs perpendicular to the folds, the tip apex will „bump“ into the
folds (provided that the chain folds are predominantly directional within each sector, compare
Figure 4.20, right).
By performing line scans in dependence on the normal force and the scan velocity on
the crystal shown in Figures 4.20, we could construct a friction "phase diagram"59 between
silicon nitride and PE lamellar crystals (Figure 4.21).
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Figure 4.21

Friction vs. normal force vs. scan velocity for high friction sector (top, left),
low friction sector (top, right), and difference in friction between sectors
(bottom) measured on PE lamellar crystal in air.

The difference in friction between high and low friction sectors (A and B, respectively),
was found to increase with normal force and scan velocity (Figure 4.21, bottom). The
observed friction behavior can be described in first approximation assuming a time (or sliding
velocity) dependence of the friction signal similar to linear polymer viscoelasticity.74 The pulloff forces, however, are the same on all different sectors on the sample (Figure 4.22). As the
surfaces of the lamellar crystals are composed of folded polyethylene chains,75 which differ
only in orientation, the homogeneous pull-off forces are not surprising.
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Figure 4.22

Pull-off force image of the lamellar PE crystal shown in Figure 4.20. Bright
tones correspond to low pull-off forces (-50 nN), dark tones to high forces (-80
nN).

The friction and pull-off force of PE in air have lower values compared to mica, while
in water (Figure 4.23) the friction and pull-off force values are higher.76

Figure 4.23

Friction force image (left, z-scale: dark 0.0 V - bright 0.5 V) and pull-off force
image (right, z-scale: bright -1 nN - dark -60 nN) on a PE lamellar crystal
obtained in water.

The example of lamellar PE crystals illustrates that the interpretation of friction images
may require detailed knowledge about the specimens and that this can be a shortcoming of
friction mode CFM on oriented samples.
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4.2.5.2 Friction Anisotropy on Rectangular Crystal Structure in Films of
Tetranitrotetrapropoxycalix[4]arene77
A second example for friction anisotropy was found for unpoled, annealed films of
tetranitrotetrapropoxycalix[4]arene (Chart 4.2).77,78 Films of 51 with a typical thickness of 200
nm were prepared by spin-coating.

51

Chart 4.2

79

Tetranitrotetrapropoxycalix[4]arene 51

These films possess a complex multidomain structure with 2 types of domains (denoted
I and II). The domains can be distinguished based on optical, morphological, as well as
tribological differences.77 Friction force micrographs obtained with untreated tips exhibit clear
differences between the two types of domains, see Figure 4.24. For normal forces below ca.
240 nN to 275 nN, the friction with a silicon nitride tip on domain II was higher than on
domain I.80 In the tapping mode phase images the different domains could also be identified
(no image shown). A phase shift is observed for type II domains, relative to type I domains.81
The differences in friction between the two domains types I and II can either be caused
by the presence of different crystal facets of the same crystal structure, or by different crystal
structures. In order to establish the origin of the friction signal, the pull-off force of silicon
nitride tips was measured for the two types of domains. In water, the average pull-off force on
domain type I (F = 3.1 ± 0.6 nN) is ca. 2.4 times higher than on domain type II (F = 1.3 ± 0.4
nN). Such a large difference is a strong indication that different functional groups are exposed
at the surface of the two domains.82
In recent papers describing the use of chemically modified SFM tips7,8,9,10 it was shown
that, for several systems, a direct relationship exists between the pull-off force and the friction
force. In contrast, the results presented in the previous paragraphs lead to the conclusion that
pull-off and the friction forces are not necessarily correlated. In case of the films of
tetranitrotetrapropoxycalix[4]arene however, the observed difference in friction for different
types of domains (I and II) can be attributed to the different functional groups exposed at the
film surface.83
The friction of the two types of domains shows an unusual load dependence as it is
depicted in Figure 4.24. In this Figure, two friction force images of the same area are shown,
obtained with different normal forces in air. The left image was captured with a normal force of
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ca. 225 nN, while the right image of the same area was acquired with a normal force of ca. 325
nN.

Figure 4.24

Friction image of multidomain structure of thin unannealed films of 51 imaged
at two different normal forces (left: ca. 225 nN; right: ca. 325 nN). Some type I
and type II domains are marked. For details see text.

Although all type I domains have identical appearance in SFM height images and in
optical micrographs, two domains of type I, which are marked as Ia and Ib in Figure 4.24, can
be distinguished by friction force microscopy. The domains of type Ia show a similar friction
as domains Ib at low forces, but at higher normal forces there is a clear difference. This
difference in friction is not due to differences in functional groups exposed to the surface, as is
the case for type I and type II domains (vide supra), since the pull-off forces for domains of
type Ia and Ib measured under water are identical. In addition, the appearance of the terracelike morphology of both domains of type I is the same. Domains Ia and Ib do differ, however,
in the orientation of the parallel cracks84 observed in the optical and the SFM micrographs,77
with respect to the scanning direction. This is a clear indication that the frictional difference in
type I domains correlates with the orientation of the surface crystal lattice (friction
anisotropy). This relation between the macroscopic friction anisotropy and the structure at the
molecular level was further investigated by high resolution SFM (vide infra).
In order to determine the packing of the molecules and to prove the hypothesis that the
regular spacing of the cracks in type I domains correlates with the underlying crystal structure,
high resolution SFM imaging in contact mode was performed. For type I domains it was
possible to image the lattices of the surface crystal structure. Two different surface lattices,
which require the same area per molecule (Table 4.3), can be observed in high resolution SFM
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images. One lattice has a rectangular symmetry (Figure 4.25, left) while the other possesses a
pseudo-hexagonal symmetry (Figure 4.25, right). These two structures probably represent two
different facets of the same bulk crystal structure (vide infra). However, the coexistence of
different polymorphic forms, e.g. as observed for PPTA by SFM,85 cannot be excluded.

Figure 4.25

Unprocessed high resolution SFM images obtained in type I domains (insets:
autocovariance pattern, 2-D fast Fourier transform) displaying two distinct
lattice structures.

Figure 4.26

Depth view of (010) facet (left) and top view of (011) facet (right) of the bulk
crystal structure of 51 as determined by X-ray diffraction.

By X-ray crystallography on bulk single crystals an orthorhombic unit cell with lattice
repeat units of a= 23.94 Å, b= 33.01 Å and c= 20.59 Å was determined.86 The a and c lattice
distances of the X-ray structure match well with the twofold of the lattice parameters as found
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by SFM for the rectangular symmetry (Table 4.3). Furthermore, the pattern observed by SFM
matches perfectly with the number and orientation of the calix[4]arene molecules on the ac
face ((010) facet) (Figure 4.26, left). It can be concluded that the SFM height images show
each of the molecules exposed at the crystal surface, but details, such as the precise orientation
of molecules or functional groups, are not clearly resolved.
After examination of all facets of the single crystal X-ray structure a pseudo-hexagonal
packing of the calix[4]arene molecules was found in the (011)-facet (Figure 4.26, right). This
structure has lattice constants of 11.9 and 11.4 Å with an angle close to 60° which is close to
the hexagonal lattice constant of 11.6 ± 0.3 Å as found by SFM (Table 4.3).87,88 Other crystal
facets, which might have been visualized, could be excluded based on the area per molecule
requirements (Table 4.4). The (010) and (011) facet show areas per molecule that agree to
within the experimental error with the SFM results.

Table 4.3
Lattice
Symmetry
Hexagonal
Rectangular

Table 4.4

Lattice constants of crystal structures as found by SFM in type I domains.
Lattice Parameter
Angle
Area per Molecule
[Å]
[°]
[Å2]
d = 11.6 ± 0.3
x = 10.0 ± 0.2
y = 11.8 ± 0.2

60 ± 2
90 ± 1

116.5
118.0

Area per molecule for different crystal facets of the single crystal structure of
51.
Crystal Facet
Area per Molecule
[Å2]
(001)
174.4
(010)
123.2
(100)
197.6
(011)
116.4

Therefore it is likely that the hexagonal lattice as imaged by SFM represents a different
facet of the same crystal structure. The repeat distance in the plane normal to the (011) facets
was found by single crystal crystallography to be 8.7 Å, whereas the repeat distance normal to
the (010) facet was found to be 8.25 Å.77 Since the repeat distance in the films was determined
to be 8.9 Å by X-ray diffraction (vide supra) the bulk crystal structure is probably the one with
the (011) facet parallel to the surface. The coexistence of a second surface lattice, the (010)
facet, can be attributed to partial surface relaxation resulting in epitaxial growth of the (010)
facet on the (011) facet.89
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The friction anisotropy observed for type I domains of the calix[4]arene films (vide
supra) can be attributed directly to the orientation of the lattice since in a large number of
domains the orientation of the rectangular lattice was found to be parallel to the crack
direction. The y direction was found to be oriented parallel to the crack direction, thus the low
friction direction is the x-direction of the crystal structure as determined by SFM. The
orientation of the molecules in both surface crystal structures is similar (compare Figure
4.26).90 In both (010) and (011) facets, the orientation of the nitro groups and thus the
orientation of the dipole moments of the molecules exposed to the surface is highly
anisotropic. Therefore the interaction of the SFM tip with the surface of the film is also
expected to be anisotropic and consequently lattices with different orientation of the lattice
(dipoles) with respect to the scanning direction result in different friction forces.
It can be concluded that friction force measurements must be interpreted carefully. The
contrast observed is often not related to different chemical composition or different exposed
functional groups, but rather to surface mechanical properties, energy dissipation, or friction
anisotropy due to orientation of molecules. In contrast to this result, measurements of pull-off
forces were found to correlate well with the nature of the exposed functional groups in absence
of inelastic deformation. Thus, pull-off force measurements will be used in the subsequently
described studies on polymer surfaces in order to characterize the effects of surface treatments
(Chapters 6 and 7).

4.3

Experimental

AFM. Triangularly shaped silicon nitride cantilevers and silicon nitride tips (Digital
Instruments (DI), Santa Barbara, CA, USA) were covered with 50 - 70 nm of gold in a Balzers
SCD 040 sputtering machine at an argon pressure of 0.1 mbar. For several experiments thicker
films were deposited (for details see text). The gold covered tips were then functionalized with
11-mercaptoundecanoic-acid (-COOH), octadecanethiol (-CH3), 11-hydroxy-undecanethiol,
perfluorononanoic-acid-(2-mercaptoethyl)amide (-CF3),91 following the procedures described
previously.92 The spring constants for vertical deflection of several of the cantilevers were
calibrated using reference cantilevers.93 For most experiments relative forces were determined
only. Thus, one must take an error for the determined forces of ca. 15 % into account.7b,94 The
use of normalized pull-off forces leads to a cancellation of the spring constants and the tip
radius (assuming the JKR theory is an applicable description).7,8,9,95 However, in order to
calculate absolute values of e.g. work of adhesion or surface free energies one requires an
applicable theory.96 The SFM measurements were carried out with a NanoScope III AFM
(Digital Instruments (DI), Santa Barbara, CA, USA) in the contact mode. AFM scans were
performed in air, or in ethanol (p.a., Merck) utilizing a liquid cell (DI). The LFM data was
obtained by scanning the sample under the tip at an angle of 90° to the long axis of the
cantilever. The corresponding normal forces (applied load + pull-off force) were measured
prior to and after the collection of the friction data. The lateral force spring constant was
calibrated as described in reference 97 (double beam approach). It was calculated as 97 N/m
for cantilevers with a spring constant of 0.12 N/m. Due to variations in the tip/sample contact
area, only the results obtained using a single cantilever/tip assembly can be compared.
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Sample Preparation. SAMs of the different thiols and disulfides were prepared from
0.1 - 1.0 M solution in ethanol or dichloromethane on either sputtered gold on mica or glass
(Balzers SCD 040 sputtering machine at an argon pressure of 0.1 mbar) or Au(111) as
described in Chapter 3. Assembly times were usually 15 hours. After assembly the samples
were rinsed with pure solvent and dried in a nitrogen stream.
The polymers samples were prepared as reported earlier for PE lamellar crystals67 and
for the electrospun fibers.43
Details on the materials used for microcontact printing, as well as the vesicle fusion
onto the SAMs can be found in reference 45.
Thin films of tetranitrotetrapropoxycalix[4]arene were prepared in a clean room facility
with dust class 100 and 50 % relative humidity by spin-coating of a chloroform solution of
tetranitrotetrapropoxycalix[4]arene98 on Pyrex glass (2 sec. 200 rpm, >40 sec 1600 rpm). This
gave films with thicknesses in the range of 190-210 nm as determined with a Sloan Dektak
3030. After spin-coating, the films were annealed on a hot stage at 150°C for at least 3
minutes.
SEM. The conventional SEM images were obtained with a Jeol JSM-T 220A electron
microscope at a voltage of 20 - 30 kV. High resolution images were recorded on a LEO 1550
at Akzo Nobel Central Research (Arnhem).
FT-IR. The FT-IR data was obtained at the University of Mainz on a Nicolet 5DXC
FT-IR spectrometer which was equipped with a FT80 specular reflectance set-up (Spectratech
Inc.). The chamber of the instrument was purged with dry air. The spectra were taken with a
resolution of 2 - 4 cm-1 (2000 scans). A baseline correction was carried out.99
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The quality can only be assessed by a combination of characterization techniques. The
data which is essential for the application as coating for SFM tips includes exposed
functional groups (wettability), conformational order (FT-IR spectroscopy), and
translational order (SFM or STM).
The area of interest has a typical extension of only several (nm)2 (see Chapter 8).
There are numerous reports on silane modified tips. However, in light of the general
difficulties with silane chemistry in obtaining reproducibly highly ordered SAMs, the
conclusions must be regarded more critically than for thiol systems. Monolayers which
are not tightly packed can be expected to rearrange easier under loading. In addition,
terminal functional groups may be buried in the layer itself which results in different
exposed functional groups depending on the medium.7c
An alternative way of modifying AFM tips, which relies on physisorption of PTFE
molecules, was described in the literature: Howald, L.; Lüthi, R.; Meyer, E.; Güthner,
P.; Güntherodt, H.-J. Z. Phys. B 1994, 93, 267.
The pyramidal tips used in this Thesis have typical dimensions of 4 µm (length of base
and height).
The wettability of modified SAMs by the assembly solution is often an indication for
the success of the modification. For example, SAMs of fluorinated thiols and disulfides
become autophobic. The wetting behavior of the gold-coated chip which carries the
cantilever and the tip can be assessed by visual inspection.
The observation of massive surface charging in SEM is a good indication for a
damaged gold coating.
See e.g.: David, C.; Müller, H. U.; Volkel, B.; Grunze, M. Microel. Engin. 1996, 30,
57.
The grain size of the gold can be measured by SEM directly. Information on the grain
size can also be obtained by e.g. tapping mode AFM on the cantilever substrate chip or
the cantilever legs.
The observation of a granular surface leads to the question whether a "radius of
curvature" of such a tip makes sense at all. As the angle between cantilever beam and
surface can also vary depending on the tilt angle of the SFM optical head, it remains
difficult to decide which gold grain(s) were in contact with the sample surface.
Sheiko, S. S.; Möller, M.; Reuvekamp, E. M. C. M.; Zandbergen, H. W. Phys. Rev.
Part B 1993, 48, 5675.
The crystals were initially cut parallel to the (305) direction. After polishing, the
crystals were annealed for 20 h at 1100°C in flowing oxygen.
Calibration methods for LFM measurements are discussed in: Carpick, R. W.;
Salmeron, M. Chem. Rev. 1997, 97, 1163.
For an in depth study using SAM-modified tips for molecular resolution imaging of
uniaxially oriented polymers see Chapter 5 and the following references: (a) Schönherr,
H.; Vancso, G. J. Macromolecules 1997, 30, 6391; (b) Schönherr, H.; Vancso, G. J.
Polymer 1998, 39, 5705.
See Chapter 5.
Weisenhorn, A. L.; Maivald, P.; Butt, H.-J.; Hansma, P. K. Phys. Rev. B 1992, 45,
11226.
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The observed trend (e.g. -COOH - -COOH > -COOH - -CH3) can be understood based
on acid-base and hydrogen-bonding considerations (see Chapter 6).
If the tips are very sharp, pressures up to GPa can be reached: (a) Liu, G.-Y.;
Salmeron, M. Langmuir 1994, 10, 367; (b) Lio, A.; Morant, C.; Ogletree, D. F.;
Salmeron, M. J. Phys. Chem. B 1997, 101, 4767.
The repulsive force can be limited by using a trigger.
See also Chapter 3.
SAMs of octadecanethiol were imaged before on sputtered gold: Butt, H.-J.; Seifert,
K.; Bamberg, E. J. Phys. Chem. 1993, 97, 7316.
SAMs of n-alkanethiols were reported to be reversibly displaced by pressures of ca. 2.4
GPa and higher.32
The lateral forces in these experiments can be roughly estimated to be of the order of
10 - 50 nN.
Schönherr, H.; Vancso, G. J. Langmuir 1997, 13, 3769.
The high resolution SEM could only be used for a limited number of measurements.
Wear, flattening, or total abrasion cannot be unequivocally distinguished.
Sulfide-based adsorbates were therefore not used for tip modification. It should be
noted, however, that even for n-alkanethiols partial desorption of SAMs in solvents and
water was reported: Schlenoff, J. B.; Li, M.; Ly, H. J. Am. Chem. Soc. 1995, 117,
12528.
In the so-called force-volume images the pull-off forces can be graphically displayed in
a layered image. Pull-off forces larger than a certain value are displayed in a color
scaling. As attractive force has per definition a negative sign, the color scaling ranges
from dark tones (high pull-off force) to bright tones (low pull-off force).
(a) Jaeger, R.; Schönherr, H.; Vancso, G. J. Macromolecules 1996, 29, 7634; (b)
Jaeger; R.; Bergshoef, M. M.; Martín i Batlle, C.; Schönherr, H.; Vancso, G. J.
Macromol. Symp. 1998, 127, 141.
These experiments were carried out in dry air because PVA and PEO dissolve in water
and ethanol. In general, hydrophilic tips gave higher pull-off forces on the PEO fiber
whereas hydrophobic tips gave a lower forces, respectively.
We have demonstrated that micro-patterning of thiol-terminated lipophilic SAMs can
be used to support lipid membranes that meet the key criteria required for use as
potential biosensors: They are integral, i.e. sufficiently blocking for lipid bilayer ion
channel selectivity to be observed, they are formed over hydrophilic SAM regions
(mercaptoethanol) and thus should have a water layer under the bilayer which is
important for addition of more complex ion channels, especially large proteins. The
bilayers appear to be relatively fluid (from comparing the frictional forces of the lipid
covered cholesterol and lipid covered mercaptoethanol areas): Jenkins, A. T. A.;
Boden, N.; Bushby, R. J.; Evans, S. D.; Knowles, P. F.; Miles, R. E.; Ogier, S. D.;
Schönherr, H.; Vancso, G. J. J. Am. Chem. Soc. 1999, 121, 5274.
The geometry of the stamp was varied for SFM measurements in liquids because of the
rather limited scan size in comparison to the distances between the wells.
(a) Xiao, X.; Hu, J.; Charych, D. H.; Salmeron, M. Langmuir 1996, 12, 235; (b) Lio,
A.; Charych, D. H.; Salmeron, M. J. Phys. Chem. B 1997, 101, 3800; (c) reference 27.
For an example on patterned SAMs see: Bar, G.; Rubin, S.; Parikh, A. N.; Swanson, B.
I.; Zawodzinski Jr., T. A.; Whangbo, M.-H. Langmuir 1997, 13, 373.
Dufrêne, Y. F.; Barger, W. R.; Green, J.-B. D.; Lee, G. U. Langmuir 1997, 18, 4779.
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For a definition of "phase states" (solid-like, amorphous-like, and liquid-like), see
references 59.
Molecular resolution SFM images proved the high degree of lateral order in the films
for all compounds (see Chapter 3).
Pull-off forces of 45 ± 15 nN were measured for all the hydrocarbon SAMs.
The friction coefficient µ can be defined as: µ = dFFriction/dL, with friction force FFriction
and external load L.
Schönherr, H.; Ringsdorf, H. Langmuir 1996, 12, 3891.
The qualitative characterization of the environment of the alkane segments in SAMs
was based on the comparison of peak positions observed for liquid and crystalline
alkane chains according to Ulman, A. Introduction to Ultrathin Films, From
Langmuir-Blodgett Films to Self-Assembly; Academic Press, Boston, 1991.
Assignment of bands in FT-IR spectra shown in Figure 4.18: 54
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νa (CH2)
2883
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2855
2851
2851
νs (CH2)
(1383)
1392
1383
δ (CH3)
1385
1167
1178
ν (C-O)
Camillone III, N.; Chidsey, C. E. D.; Liu, G.-Y.; Putvinski, T. M.; Scoles, G. J. Chem.
Phys. 1991, 94, 8493.
By means of SFM, the lattice of these two disulfides and homologues with n = 8 - 16,
[Jaschke, M.; Schönherr, H.; Wolf, H.; Butt, H.-J.; Bamberg, E.; Besocke, M. K.;
Ringsdorf, H. J. Phys. Chem. 1996, 100, 2290] as well as unsymmetric bis(alkyl)disulfides [Nelles, G.; Schönherr, H.; Jaschke, M.; Wolf, H.; Schaub, M.; Küther, J.;
Tremel, W.; Bamberg, E.; Ringsdorf, H.; Butt, H.-J. Langmuir 1998, 14, 808; Nelles,
G.; Schönherr, H.; Vancso, G. J.; Butt, H.-J. Appl. Phys. A 1998, 66, S1261], could be
imaged with molecular (lattice) resolution. The nearest neighbor distances of 5.3 Å
found for disulfide 3 and 6 suggest that that hydrocarbon chains have a slightly
increased tilt angle as compared to n-alkanethiols.
(a) Gee, M. L.; McGuiggan, P. M.; Israelachvili, J. N.; Homola, A. M. J. Chem. Phys.
1990, 93, 1895; (b) Israelachvili, J. N.; Chen, Y.-L.; Yoshizawa, H. in Fundamentals of
Adhesion and Interfaces; Rimai, D. S.; DeMejo, L. P.; Mittal, K. L. (Eds.); VSP, 1995,
pp. 261 - 279.
The measured pull-off forces were for dodecanethiol 47 ± 15 nN, for the fluorinated
thiol 26 33 ± 15 nN and for the mixed disulfides (18, 19) 46 ± 18 nN.
Tsao, M.-W.; Rabolt, J. F.; Schönherr, H.; Castner, D. G. to be published.
For further fluorocarbon systems (see Appendix) a very similar systematic correlation
of friction and structure was found.
(a) Overney, R. M.; Meyer, E.; Frommer, J.; Brodbeck, D.; Lüthi, R.; Howald, L.;
Güntherodt, H.-J.; Fujihira, M.; Takano, H.; Gotoh, Y. Nature 1992, 359, 133; (b)
Fujihira, M.; Morita, Y. J. Vac. Sci. Techn. B 1994, 12, 1609; (c) Overney, R. M.;
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Meyer, E.; Frommer, J.; Güntherodt, H.-J.; Fujihira, M.; Takano, H.; Gotoh, Y.
Langmuir 1994, 10, 1281; (d) Ge, S.; Takahara, A.; Kajiyama, T. Langmuir 1995, 11,
1341.
Kim, H. I.; Koini, T.; Lee, T. R.; Perry, S. S. Langmuir 1997, 13, 7192.
Mate, C. M.; McCelland, G. M.; Erlandsson, R.; Chiang, S. Phys. Rev. Lett. 1987, 59,
1942.
Overney, R. M.; Takano, H.; Fujihira, M.; Paulus, W.; Ringsdorf, H. Phys. Rev. Lett.
1994, 72, 3546.
(a) Nisman, R.; Smith, P.; Vancso, G. J. Langmuir 1994, 10, 1667; (b) Smith, P. F.;
Nisman, R.; Ng, C.; Vancso, G. J. Polym. Bull. 1994, 33, 459.
Vancso, G. J.; Förster, S.; Leist, H. Macromolecules 1996, 29, 2158.
Vancso, G. J.; Schönherr, H. in Microstructure and Microtribology of Polymer
Surfaces; Tsukruk, V. V.; Wahl, K. J. (Eds.); ACS Symposium Series 741, 1999,
chapter 19, in press.
Further examples for friction anisotropy can be found in reference 27.
Liley, M.; Gourdon, D.; Stamou, D.; Meseth, U.; Fischer, T. M.; Lautz, C.; Stahlberg,
H.; Vogel, H.; Burnham, N. A.; Duschl, C. Science 1998, 280, 273.
(a) Frank, F. C. Disc. Farad. Soc. 1949, 5, 48; (b) Schlesinger, W.; Leeper, H. M. J.
Polym. Sci. 1953, 11, 203; (c) Fischer, E. W. Z. Naturforschung 1957, 12A, 753; (d)
Keller, A. Phil. Mag. 1957, 2, 1171.
Pearce, R.; Vancso, G. J. Polymer 1998, 39, 6743.
The relative values of the dissipative and the conservative energy contributions during
sliding friction vary as a function of scan velocity. According to the time-temperature
superposition principle, increasing velocity corresponds to decreasing temperature. The
friction forces observed in our experiments increase with increasing sliding velocity.
This increase corresponds, for the given materials, to an increase of dissipative energy
loss (related in the first approximation to the loss tangent, tan δ, of the polymer
surface). In other words, the polymer surface behaves more "solid-like" with increasing
sliding velocity. The friction force (similar to tan δ) according to this model should
possess a maximum if either the temperature is decreased, or the sliding velocity is
increased. This surface "solidification" temperature is below ambient for the PE
lamellar crystals for the sliding velocities and load values one can reach in the LFM
experiments.
For a discussion of the nature of the fold surface see Chapter 2.
The friction and pull-off forces measured on PE in air have lower values compared to
mica since in air high capillary forces on the hydrophilic mica dominate the tip sample
interaction. In contrast, in water the friction and pull-off force values are higher on the
PE due to strong hydrophobic forces.
Schönherr, H.; Kenis, P. J. A.; Engbersen, J. F. J.; Harkema, S.; Hulst, R.; Reinhoudt,
D. N; Vancso, G. J. Langmuir 1998, 14, 2801.
The poled films were found to exhibit NLO properties: Kenis, P. J. A.; Noordman, O.
F. J.; Schönherr, H.; Kerver, E. G.; Snellink-Ruël, B. H. M.; van Hummel, H. J.;
Harkema, S.; van der Vorst, C. P. J. M.; Hare, J.; Picken, S.; Engbersen, J. F. J.;
Vancso, G. J.; van Hulst, N. F.; Reinhoudt D. N. Chem. Eur. J. 1998, 4, 1225 and
references therein.
Kenis, P. J. A. Ph.D. thesis; University of Twente, 1997.
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As shown in reference 77 the friction force vs. normal force plots showed a crossing for
type I and type II domains at 240 - 275 nN.
(a) Tamayo, J.; García, R. Langmuir 1996, 12, 4430; (b) Bar, G.; Thomann, Y.;
Brandsch, R.; Cantow, H.-J.; Whangbo, M.-H. Langmuir 1997, 13, 3807; (c) Bar, G.;
Thomann, Y.; Whangbo, M.-H. Langmuir 1998, 14, 1219; (d) Bar, G.; Brandsch, R.;
Whangbo, M.-H. Langmuir 1998, 14, 7343.
Type I domains expose both nitro and propoxy groups (Figures 4.25 and 4.26), while
optical microscopy suggests that the molecules in type II domains are lying on their
sides. For type II domains in different orientations the observed complete extinction or
transparency suggests a rotation perpendicular to the dipole axis. For the AFM force
measurements the contact area between the tip and the sample surface has been
assumed to be the same for both types of domains.
The relative magnitude of the friction measured in the different domain types is inverted
as compared to the situation in air. In water hydrophobic forces are responsible for the
large pull-off forces observed with hydrophobic surfaces, whereas in air usually
capillary forces dominate and consequently higher friction is observed for more
hydrophilic surfaces.
During cooling, the crystallized material may suffer from internal stress due to
differences in thermal expansion coefficient of the glass substrate and the annealed film
of 51, which leads to periodic cracks whose directions have a defined relation with the
crystal lattice.
(a) Snétivy, D.; Vancso, G. J.; Rutledge, G. C. Macromolecules 1992, 25, 7037; (b)
Glomm, B. H.; Grob, M. C.; Neuenschwander, P.; Suter, U. W.; Snétivy, D.; Vancso,
G. J. Polymer Commun. 1994, 35, 878; (c) Rutledge, G. C.; Snétivy, D.; Vancso, G. J.
‘Studies of High Performance Fibers by Atomic Force Microscopy and Molecular
Simulation’, Atomic Force Microscopy / Scanning Tunneling Microscopy; Cohen, S.
H. et al. (Eds.); Plenum Press, New York, 1994, pp. 251.
Crystals were grown from chloroform/methanol79 in order to avoid inclusion of
dichloromethane as observed earlier by Kelderman et al.: Monoclinic, C2/c, a= 14.83
Å, b= 16.64 Å, c= 17.48 Å (Kelderman, E.; Derhaeg, L.; Verboom, W.; Engbersen, J.
F. J.; Harkema, S.; Persoons, A.; Reinhoudt, D. N. Supramolecular Chemistry 1993, 2,
183). These lattice distances differ considerably from the lattice distances found by
SFM. This can be attributed to the presence of one dichloromethane molecule per
calix[4]arene in the unit cell of the single crystal.
In the determination of the hexagonal lattice constant, a difference was observed in the
average lattice constant in different directions. For example: 11.5 and 11.7 ± 0.3 Å for
one set of micrographs and 11.4 and 11.7 ± 0.3 Å for another set of micrographs,
recorded on a different day. Since the difference between the two lattice constants is
smaller than the standard deviation, we report an average value of 11.6 ± 0.3 Å,
although there is an experimental indication that the structure as observed in SFM is
not perfectly hexagonal, in accordance with the (011) facet of the single crystal X-ray
structure.
A second hexagonal structure in accordance with the AFM results could be a
modification of the AC-face (010) in which one row of molecules is translated by half a
molecule in the a-direction (¼a). However, this option is less probable due to the
resulting steric hindrance of the neighboring calix[4]arene molecules in the b-direction.
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The fact that the (010) facet is formed epitaxially on top of the (011) facet can be
explained by the similarity of the lattice distances as found by SFM [20.0 Å × 23.6 Å
(010) and 20.3 Å × 23.4 Å (011)] and single crystal X-ray [20.6 Å × 23.9 Å (010) and
19.4 Å × 23.9 Å (011)].90
Although the molecules are organized in a pseudo hexagonal lattice in the (011) facet,
they are all oriented with the molecular dipole-axis perpendicular to the a-axis (similar
to the (010) facet). Crystallographically, both facets possess rectangular symmetry
which results in the observed friction anisotropy.
Lenk, T. J.; Hallmark, V. M.; Hoffmann, C. L.; Rabolt, J. F.; Castner, D. G.; Erdelen,
C.; Ringsdorf, H. Langmuir 1994, 10, 4610.
(a) Jaschke, M.; Schönherr, H.; Wolf, H.; Butt, H.-J.; Bamberg, E.; Besocke, M. K.;
Ringsdorf, H. J. Phys. Chem. 1996, 100, 2290; (b) Schönherr, H.; Vancso, G. J.
Polym. Prepr. 1996, 37(2), 612; (c) Schönherr, H.; Vancso, G. J. Macromolecules
1997, 30, 6391; (d) Schönherr, H.; Hruska, Z.; Vancso, G. J. Macromolecules 1998,
31, 3679; (e) Schönherr, H.; Vancso, G. J. J. Polym. Sci. B, Polym. Phys. 1998, 36,
2486.
Cantilevers were calibrated using micromachined cantilevers (Park Scientific
Instruments, Sunnyvale, CA, USA) with exactly known spring constant. The procedure
as well as the specifications are given in: Tortonese, M.; Kirk, M. Proc. SPIE 1997,
3009, 53.
Variations of the spring constants within one wafer were shown to be up to ca. 15%.7b
In the experiments discussed in this Thesis the thickness of the gold was kept constant
within one series of experiments by coating a large number of tips simultaneously.
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From Functional Group Ensembles to Single Molecules:
Scanning Force Microscopy of Supramolecular and Polymeric Systems

Chapter 5
Anisotropic Friction of Uniaxially Oriented Polymers*
Scanning force microscopy is used to study the tribological properties
of uniaxially oriented polymers on a molecular level. The packing of
polymer molecules in crystal facets on top of the exposed fibrils as
well as friction anisotropy were observed with unmodified and SAMmodified SFM tips. The magnitude of friction depends systematically
on the angle between fixed scan direction and chain orientation of the
polymer molecules. This angular dependence is predicted by the
"Cobblestone model" of interfacial friction.

5.1

High Resolution Imaging of Uniaxially Oriented Polymers Using SAMModified SFM Tips

Friction and lubrication are phenomena which play a crucial role in various aspects of
our daily life, however the physics of friction is only partly understood.1,2,3,4 Even conceptually
simple systems, such as highly ordered monolayers, are often too complicated to allow one to
predict the magnitude of friction and to identify which parameter (e.g. molecular conformation,
dispersion, packing arrangement, or chemical composition) is most important for the
tribological behavior.5,6 For monolayers of surfactant molecules on (atomically smooth) mica, a
large body of data obtained by surface forces apparatus measurements have been reported.7
Polymer surfaces are usually both structurally and chemically much less homogeneous than
such model systems. Thus, it is not surprising that the tribology of polymers is only poorly
understood.8 In an effort to investigate the friction behavior of polymers from a molecular
point of view, and in particular the directionality of friction forces, uniaxially oriented polymers
were investigated by scanning force microscopy (SFM) using chemically modified tips. These
samples are ideal model systems since they can be locally sufficiently flat and well-ordered on a
molecular scale. The sample preparation and characterization using SFM are described before
the results on tribology are discussed.
__________________________________________________________________________
*
Part of the work described in this Chapter has been published: Schönherr, H.; Vancso,
G. J. Macromolecules 1997, 30, 6391; Schönherr, H.; Vancso, G. J. Polymer 1998, 39, 5705;
Vancso, G. J.; Schönherr, H.; Snétivy, D. in Scanning Probe Microscopies in Polymers;
Ratner, B. D.; Tsukruk, V. (Eds.); ACS Symposium Series 694, 1998, Chapter 4, pp. 67;
Vancso, G. J.; Schönherr, H. Polym. Prepr. 1998, 39(2), 1237; Vancso, G. J.; Schönherr, H. in
Microstructure and Microtribology of Polymer Surfaces; Tsukruk, V. V.; Wahl, K. J. (Eds.);
ACS Symposium Series 741, 1999, chapter 19, in press.

5.1.1 High Density Polyethylene (HDPE)
A first set of HDPE specimens was oriented by uniaxial compression in a channel die.
These samples were characterized by Argon and coworkers by small angle X-ray scattering,
wide angle X-ray scattering, optical and electron microscopy.9 The compressed HDPE shows a
macroscopic "single crystal-like" texture. The crystallographic a, b, and c directions of the
orthorhombic unit cell of PE correspond to the three directions of the channel die, the loading
direction, the constraint direction, and the flow direction, respectively. Thus by microtoming
the specimen in the corresponding direction the crystallographic (ac) or (bc) facets can be
exposed. On the microtomed samples the periodicities of the orthorhombic unit cell of PE in
the a, b, and c directions were previously imaged by SFM utilizing Si3N4 tips.10 The typical
fibrillar morphology of the oriented HDPE is shown in Figure 5.1. The fibril direction
corresponds to the flow direction in the channel die.

Figure 5.1

Contact mode SFM image of the microtomed surface of oriented HDPE.

On top of the fibrils the polymer chains are found to be tightly packed.11 High
resolution SFM images for the different facets obtained with untreated SFM tips are displayed
in Figure 5.2.
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Figure 5.2

High resolution SFM images (friction mode) of the a (a), b (b), and c (c)
repeat distances of orthorhombic PE on microtomed surfaces of uniaxially
oriented HDPE obtained with unmodified SFM tips in air.12 The arrows
indicate the orientation of the polymer chains (flow direction).

The packing of the PE chains can also be visualized with chemically modified SFM tips.
An unfiltered friction force nanograph of the (bc) facet of the HDPE crystal obtained with a CF3 terminated tip is shown in Figure 5.3.13 The parallel lines correspond to tightly packed
polyethylene chains. The average distance which was measured to be 4.8 Å corresponds to the
lattice parameter b of the orthorhombic unit cell of PE (b = 4.946 Å).18 The image contrast is
dominated by a molecular stick-slip process.14 The quality of the resolution of the image is
comparable to images taken with unmodified tips (vide supra).
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Figure 5.3

High resolution SFM image of the (bc) facet on microtomed surfaces of
uniaxially oriented HDPE obtained with -CF3 modified SFM tip in air.12

These results prove that although the tip used is modified (which is concomitant with
an increase in tip radius)15 it is still possible to image with sub-nanometer lattice resolution.
The interchain distances measured in a large number of SFM images16 are in good agreement
with the previously reported data10,17 and with the known lattice constants of orthorhombic
PE.18
The forces between the tip and the surface, however, are influenced by the tip
modification. The pull-off forces measured with hydrophobic SFM tips (-CH3, -CF3) on the
HDPE in air showed a significant decrease as compared to untreated or hydrophilic (-COOH)
tips. The pull-off force, and thus the lowest possible imaging force,19 was significantly less for
the modified hydrophobic tips.20 The decrease in pull-off force can be interpreted as a result of
the reduction of capillary forces.6,21,22 In Figure 5.4 representative force-distance plots of an
unmodified and a -CF3 terminated tip are shown.

Figure 5.4
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Force-distance plots of an unmodified (left) and a -CF3 terminated tip (right)
measured on HDPE in air.23

A second set of HDPE samples was prepared by sliding orientation of a HDPE
specimen on heated glass.24 The details of the friction deposition and sliding orientation
process are similar to PTFE which will be discussed in paragraph 5.1.4. The orientation of the
worn surface of the HDPE sliders was observed by SFM. On these surfaces both the (ac) and
(bc) crystal facet of orthorhombic polyethylene could be imaged with molecular resolution
(Figure 5.5).25 The interchain distances of 4.94 ± 0.35 Å (bc) and 7.44 ± 0.35 Å (ac) agree
very well with the crystallographic repeat lengths found in orthorhombic PE.18
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High resolution SFM images of the surface of a worn slider of HDPE (top).
The crystallographic b (left) and a (right) repeat distances of orthorhombic PE
are both found on these surfaces.12 The measured distances are shown in the
corresponding histograms for b (bottom, left) and a (bottom, right).

149

5.1.2 High Pressure Crystallized Polyethylene (PE)
Chemically modified SFM tips which expose hydrophobic functional groups and thus
lower the adhesive forces were applied to another type of polyethylene samples. These samples
were prepared by microtoming and subsequent permanganate etching of PE which was
crystallized under high pressure.26 These samples were much rougher than the PE specimens
obtained by channel die compression and subsequent microtoming. The micrograph shown in
Figure 5.6a reveals the presence of stacked lamellae.27 Similar to the samples discussed above,
the corresponding repeat distances of orthorhombic PE could be imaged (Figure 5.6).18,28

Figure 5.6a
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SFM micrograph (a, z-scale 150 nm) and high resolution SFM images (b - d)12
of the surface of a microtomed sample of high pressure crystallized PE imaged
with -CF3 terminated tips in air. The crystallographic c (image b), a (image c),
and b (image d) repeat distances of orthorhombic PE can be imaged on these
surfaces. The arrows indicate the direction perpendicular to the lamella edges.
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The corresponding histograms of the measured repeat distances of PE (bc
facet left, ac facet right).

5.1.3 Nylon 6
Nylon 6 which was oriented by channel die compression29 similarly to the HDPE (vide
supra) was also investigated as possible candidate for tribological studies. The nylon samples
were much more difficult to microtome. Unlike the HDPE no homogeneous slices could be cut
even at low temperatures. Therefore some samples were fractured at liquid nitrogen
temperatures with a razor blade. High resolution imaging of the exposed surface proved
difficult with unmodified tips due to high adhesive forces. Despite the high forces, periodic
features in the nanometer range could be resolved (Figure 5.7).

Figure 5.7

SFM height micrograph (left, z-scale 100 nm) and high resolution SFM image
(right) of the fracture surface of nylon 6 oriented by channel die compression
imaged with unmodified tip in air.12 The periodic features observed in the high
resolution images are oriented parallel to the expected flow direction.29
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Using hydrophobic -CF3 terminated tips, the capillary forces in air were significantly
lower. Compared to the measurements with unmodified tips the resolution was poor. The
periodicity was resolved as parallel rows. The observed repeat distances (Figure 5.8) of 4.9 ±
0.2 Å and 4.5 ± 0.5 Å correspond to ½ of the crystallographic repeat distances in the chain
perpendicular direction of the α modification of nylon 6 (a = 9.56 Å). 30 The bulk crystal
structure was shown to be the α modification.29 In the γ modification a repeat distance of c =
4.78 Å is known.31 Based on the distances determined by AFM the crystallographic facet
captured in Figure 5.7 could not be unambiguously identified.
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3.0

4.0

5.0

6.0

7.0

8.0

Interchain distance [A]

Histogram of the repeat distance observed by SFM on the microtomed surface
of nylon 6 oriented by channel die compression with a -CF3 terminated tip
(left) and an unmodified tip (right) in air.

5.1.4 Polytetrafluoroethylene (PTFE)
The surfaces of worn PTFE sliders used for friction deposition of PTFE onto glass
substrates32 was investigated by a combination of scanning electron microscopy (SEM) and
SFM. Similarly to the films which are deposited on the glass substrate,33,34 the surface of all the
investigated PTFE sliders showed uniaxial orientation in the sliding direction on the
micrometer and nanometer scale. In low magnification SEM images oriented features in the
sliding direction could be seen on the slider surface (Figure 5.9a). Furthermore, individual
fibrils and bundles of (micro)fibrils could easily be distinguished. The surface of worn sliders
frequently contained lumps of polymer material from which fibrils and microfibrils were torn
(Figure 5.9b). These lumps of material could also be found on the glass surface (Figure 5.9c).
Apparently the fibrils were pulled from the corresponding piece of PTFE.
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Figures 5.9

(a) SEM image of the surface of a PTFE slider oriented at a temperature of
220°C (marker 10 µm); (b) SEM image of the surface of a PTFE slider
oriented at a temperature of 100°C (marker 10 µm); (c) SEM image of the
PTFE film transferred to the glass substrate. In the initial stage of friction
deposition an inhomogeneous film with lumps of polymer is transferred
(marker 5 µm); (d) SEM image of the surface of a PTFE slider oriented at a
temperature of 50°C (marker 1 µm). The small cracks are caused by beam
damage.

Pooley and Tabor32 observed the deposition of lumps mainly at the beginning of the
sliding process of PTFE. During later stages of the sliding process a coherent film was
deposited onto the glass substrate. These films were used by Wittman and Smith33 as substrates
which have remarkable orienting properties. Polymers, liquid crystals, and other materials can
be oriented when friction deposited PTFE is used as a substrate. The region on the slider
where the unoriented bulk is transformed to a fibrillar morphology can be seen in Figure 5.9d.
This transition is reminiscent of the (micro)necking region described by Peterlin.35
The ordered surface could be imaged with higher resolution using SFM. In Figure 5.10
a - d, a sequence of images of the fibrillar morphology can be seen. These micrographs were
captured in air.
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Figure 5.10

SFM height images (top, z-scale: 250 nm) and friction force nanographs
(bottom)12 of the surface of a PTFE slider, which has been oriented at a
temperature of 220°C, imaged in air. The parallel lines correspond to tightly
packed PTFE chains oriented in the sliding direction.

The rather perfect order of the PTFE fibrils and microfibrils on a molecular scale could
be routinely detected by SFM (Figures 5.10c and d). The crystal structure of the PTFE could
be resolved. The nanograph presented in Figure 5.11 was obtained with a -CF3 terminated tip
in ethanol. Note that the lateral force image (right) shows the same periodicities as the
simultaneously captured height image (left). The contrast in the lateral force mode is due to a
molecular stick-slip process.14
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Figure 5.11

Dual height (left) and lateral force (middle) nanograph of the highly oriented
surface of a PTFE slider imaged with a -CF3 functionalized tip in ethanol.12
The measured interchain distances are plotted in the histogram on the right
hand side.

The observed interchain distance of 5.6 (± 0.3) Å corresponds well with the crystal
structure of the hexagonal IV phase of PTFE (5.67 Å).36

5.2

Friction Anisotropy37

In recent years it has been demonstrated that also adhesion (or adhesion hysteresis)
plays an important role in friction.7 Israelachvili and co-workers could show that friction and
adhesion hysteresis are in general directly correlated if certain assumptions are fulfilled.7 They
have proposed models based on surface forces apparatus (SFA) experimental data, e.g. the
Cobblestone model of interfacial friction.7b Several groups applied continuum contact
mechanics (e.g. Johnson-Kendall-Roberts (JKR) theory)38 to describe experimental friction
data measured between flat surfaces and nanometer sized contacts.39
The uniaxially oriented polymer surfaces discussed in the previous paragraphs are
excellent model surfaces since they possess (a) flat areas over many times the contact area
between SFM tip and surface,40 (b) a high degree of order on a molecular scale, and (c) the
relative orientation of polymer chain direction and (fixed) scan direction can be easily adjusted
by manually rotating the specimen in the SFM. In the following paragraphs the results obtained
in studies on the tribology and the friction anisotropy of the most well-defined samples, the
HDPE oriented by channel die compression and the PTFE, will be discussed.
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5.2.1 Friction Anisotropy of HDPE
The friction between the HDPE surface and different functionalized tips was measured
as a function of the applied normal force.6a,13,41 As mentioned earlier, it was possible to image
the polyethylene sample with molecular resolution with all tips (silicon nitride as well as the
different functionalized tips) in both height and friction modes. The friction data was obtained
by evaluating the so-called friction loops (Figure 5.12a).14 In Figure 5.12b results of friction
force vs. load plots are shown measured on the (bc) facet of the PE crystal using tips modified
with different SAMs in air.42 The reduction of friction forces of a tip functionalized with a
fluorinated thiol compared to a silicon nitride tip is obvious. For different tip modifications
different friction forces were measured (Figure 5.12c). The magnitude of friction obtained at a
given normal force decreased in the following order: -CH3 > -COOH > -CF3.

Figure 5.12a Typical friction loops for scans perpendicular (left) and parallel (right) to the
polymer chain direction with a -CF3 modified tip.
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Figure 5.12b Friction vs. external load plots for fluorinated tip vs. unmodified tip measured
on HDPE in air.
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Figure 5.12c Friction vs. normal force plots for different tip functionalities measured on
HDPE in air.
It can be seen in Figure 5.12 that the observed friction signal depends (a) on the
orientation of the crystallographic c direction of the crystal with respect to the scan direction
(perpendicular or parallel) and (b) on the functionality at the surface of the tip. As expected
from previous measurements on highly oriented films of PTFE on glass,43 the friction measured
perpendicular to the polymer chains was significantly larger than the friction measured along
the chains.

R atio friction pe rpen dicular
vs. para llel

The friction signal which was measured when scanning perpendicular to the
polyethylene chains was about 4 times greater than the friction signal that was measured when
scanning along the chains.44 This ratio was in first approximation independent of both the tip
functionality and the normal force (Figure 5.13). This observation indicates that the friction
anisotropy is due to the polyethylene surface crystal structure because all the isotropic
contributions to the total friction are cancelled by taking the ratio of the friction forces
observed for the two relative scan directions. These isotropic contributions include the surface
free energies45,46 and the (unknown) influence of the capillary forces.6,21
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For forces exceeding 20 nN, the friction increased approximately linearly with the
applied load. This has been reported for a number of systems studied by LFM with and without
functionalized tips.5b,45,46 For very small forces, however, there is a clear deviation from this
linearity (Figure 5.12c). The curves for scans parallel and perpendicular to the polymer chain
direction for each tip must meet in the origin of the co-ordinate system as at zero normal force
there cannot be any friction between the tip and the surface. By comparing the slopes of the
two different curves for each tip modification it becomes evident that this requires the curves
to be non-linear. Thus, the empirical extension of Amontons' law (FFriction = µ FN), which is
valid for friction between macroscopic objects, to a linear relation (FFriction = α FN + F(0)),46c
does not seem to be valid for very small forces.47 Here FFriction denotes the friction force, µ the
friction coefficient, FN the normal force, and the slope α and the intercept at zero load F(0),
which are both related to the chemical composition of the surface (see Chapter 2).

Friction signal [V ]

In order to characterize the angular dependence of the friction force, the friction forces
between silicon nitride tips and the HDPE specimen were measured for different relative
orientations of the specimen with respect to the (fixed) scan direction. A clear increase in
friction force with increasing relative angle was observed (Figure 5.14). The angular
dependence is evaluated in the framework of the "Cobblestone model" of interfacial friction in
paragraph 5.2.3 in more detail.
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Friction vs. normal force plot for HDPE measured for different relative scan
angles with a Si3N4 tip in air.

5.2.2 Friction Anisotropy of PTFE48
Anisotropic friction was also measured on the crystal facets of uniaxially oriented
PTFE. The magnitude of friction measured with different functionalized tips in air and in
ethanol revealed differences which can be attributed partly to adhesion and partly to the
mechanical properties of the SAMs on the tip.49 In Figure 5.15 the results of friction
measurements of different tips (a) in air and (b) in ethanol are shown. Pronounced differences
are found for the unmodified and the methyl-terminated tips.50 In general the magnitude of
friction measured in ethanol is reduced to the situation in air due to a decreased contribution of
adhesion.
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Friction vs. normal force measured with chemically modified tips in air (left)
and ethanol (right) on uniaxially oriented PTFE perpendicular to the polymer
chain direction.

The anisotropy of the friction force as measured by LFM with unmodified tips is shown
in Figure 5.16 (ethanol) and Figure 5.17 (air). The magnitude of friction is significantly higher
for scans performed perpendicular to the polymer chain direction as compared to the parallel
direction. Furthermore, the friction force vs. normal force dependence is not always linear.
Linearity was reported earlier51 although a single asperity contact is predicted to show a nonlinear dependence.39 The ratio of friction measured at an angle with the polymer chain direction
to friction measured parallel to the polymer chain direction was found to be higher for PTFE
than that for HDPE (vide supra). As seen in Figures 5.16 and 5.17, the friction force measured
in scans parallel to the PTFE chains is almost constant and its magnitude is close to the noise
level of the experiment. A small change in relative scan angle of 7°, however, leads to a
significant increase of friction (Figure 5.16).
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Friction vs. normal force for different relative scan angles measured with a
Si3N4 tip on oriented PTFE in ethanol.
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Friction vs. normal force for different relative scan angles measured with a
Si3N4 tip on oriented PTFE in air.

5.2.3 Cobblestone Model of Interfacial Friction7
In Chapter 2 the general equation for both static and kinetic friction force F in the
"Cobblestone model" of interfacial friction was given in the following form:
F = ε ( 2E0A/D + L) d/d0

(5.1)

where ε is the energy fraction dissipated during the kinetic friction process, E0 is the
energy per unit area needed to separate the tip from contact to infinity, A is the contact area,
and L is the load on the tip (for d, d0, D, and D0 see Figure 2.15). In the case of uniaxially
oriented polymer surfaces consisting of fibrillar extended-chain crystals, the ratio of d/d0 and
thus the friction force, is expected to depend on the relative angle between chains and fixed
scan direction. Estimates for d0 values can be obtained experimentally in SFM scans.52 The
quantity d0 depends on the relative scan angle γ (angle between fast scan axis and polymer
chain direction) while d can be assumed to be constant. From geometrical considerations it can
be shown that:
d0 (γ) = d0 (90°) / sin γ

(5.2)

Thus, if we assume that E0, A, and ε are independent of the relative scan direction and
L is constant, the friction should vary systematically with the scan angle. The friction data
measured can be reasonably well described by a sin γ / d0 (90°) dependency as predicted by
equations 5.1 and 5.2 for both PTFE and HPDE (vide supra). In Figures 5.18 and 5.19
experimentally determined friction force as a function of relative scan angle as well as the
corresponding fits based on equations 5.1 and 5.2 are given.
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Figure 5.18. Experimentally determined friction signal53 vs. relative scan angle for HDPE
(bc facet). The corresponding fits are based on equations 5.1 and 5.2.54
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Figure 5.19. Experimentally determined friction signal53 vs. relative scan angle for PTFE.
The corresponding fits are based on equations 5.1 and 5.2.
In the chain-parallel direction, only the HDPE showed a periodic stick-slip behavior
with a repeat distance of ca. 2.5 Å. This distance is equal to the repeat length of all-trans
polyethylene chains.10,18 For PTFE the LFM friction loops in our experiments did not reveal
any stick-slip behavior. Thus, in this case, we cannot determine the value of d0 in the chainparallel direction. In this case we can, however, assume that the value of d is close to 0.55
Based on equation 5.1, the friction anisotropy is therefore expected to be larger for PTFE
compared to HDPE. With a semi-quantitative comparison of friction forces predicted by
equation 5.1 on one hand and experimental results obtained on highly oriented polymer
surfaces on the other hand, one can in principle measure or calculate the energy fraction
dissipated during the kinetic friction process.

5.3

Experimental

Tip Modification. Triangular shaped silicon nitride cantilevers and silicon nitride tips
(Digital Instruments (DI), Santa Barbara, CA, USA) were covered with 50 - 70 nm of gold in
a Balzers SCD 040 sputtering machine at an argon pressure of 0.1 mbar. The gold covered tips
were then functionalized with 11-mercaptoundecanoic-acid (-COOH), octadecanethiol (-CH3),
or fluorinated thiol 26 (-CF3), following the procedures described in Chapters 3 and 4.
SFM. The SFM measurements were carried out with a NanoScope III AFM (DI) in
the contact mode. AFM scans were performed in air, or in ethanol (p.a., Merck) utilizing a
liquid cell (DI). The LFM data was obtained by scanning the sample under the tip at an angle
of 90° to the long axis of the cantilever. The direction of the polymer chains, the
crystallographic c direction, was adjusted parallel or perpendicular to this scan direction by
manually turning the sample. The friction force was measured by recording friction loops for
10 to 15 nm line scans at a scan rate of 19 to 36 Hz for different setpoints after correcting the
offset. The corresponding normal forces (applied load + pull-off force)19 were measured prior
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to and after the collection of the friction data. The torsional spring constant was calibrated as
described in reference 6a (double beam approach). It was calculated as 97 N/m for cantilevers
with a spring constant of 0.12 N/m. Due to variations in the tip/sample contact area, only scans
along and perpendicular to the polymer chain direction which were performed with the same
tip, could be compared. From a large number of experiments we could nevertheless conclude
that a clear trend exists for the differences in friction of tips modified with different ωfunctionalized thiols. All images shown in this work correspond to unprocessed raw data. The
high resolution SFM images were evaluated by calculating the average interchain distance from
cross-sectional plots. Up and down scans were averaged in order to eliminate effects of the
thermal drift. The instrument was recalibrated by imaging a sample of mica with exactly the
same height after each set of experiments.12
SEM. For scanning electron microscopy imaging a thin layer of gold was sputtered
onto the polymer specimens in a Balzers SCD 040 sputtering machine at an argon pressure of
0.1 mbar. The SEM images were obtained with a Jeol JSM-T 220A electron microscope at a
voltage of 20 kV.
Sample Preparation. PTFE samples were machined from PTFE (Teflon) rods which
were obtained from Warehoused Plastic Sales Inc. (Toronto, Canada). The orientation of the
sample surface was achieved by manually sliding the PTFE specimens over a cleaned glass
slide in a Mettler FP 82 HT microscope hot stage at a specific temperature. Samples were
prepared at temperatures between 20°C and 250°C. PE specimen were prepared in a similar
manner from HDPE samples (BASF, trade label HDPE 6031 HX). The sliding was performed
at 120°C. The HDPE and nylon 6 samples oriented by channel die compression are generous
gifts received from Professor A. Argon (MIT). The specimens were prepared and
characterized as reported in the literature.9,10,29 The high pressure crystallized PE (MW = 55000
g/mol) was donated by Professor A. Galeski. It was crystallized under a pressure of 6 kbar as
described in reference 26.
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From Functional Group Ensembles to Single Molecules:
Scanning Force Microscopy of Supramolecular and Polymeric Systems

Chapter 6
Characterization of Modified Polymer Surfaces Using
Scanning Force Microscopy: Probing Interactions Between
Ensembles of Functional Groups*
Surface modifications of polymers are technologically important to
obtain desirable surface properties. In order to characterize the effect
of these treatments on a nanometer scale, pull-off forces between SFM
tips functionalized with self-assembled monolayers (SAMs) of alkane
thiols and chemically modified or functionalized polymer surfaces
were measured. The average pull-off forces can be correlated with the
surface energy of the corresponding polymer. The interactions
between ensembles of functional groups on the modified SFM tips and
polymer surfaces follow the trends reported for SAM surfaces in the
literature. The method is shown to be limited to flat polymer surfaces.

Macromolecular materials with good bulk characteristics often possess poor surface
properties.1 The surface properties of polymers, however, have a profound influence on the
final product application. For example, painting, metallizing, bonding, and printing require a
good substrate adherence.2 Thus, apolar polymers such as polyolefins are usually surfacemodified in order to introduce polar functional groups which improve adhesion. The
modification of polymer surfaces is therefore an area of tremendous scientific and commercial
interest.
Surface modification of polymers can be accomplished for instance by corona, flame, or
plasma treatments, and wet chemistry.1,3 The resulting chemical composition at the surface can
___________________________________________________________________________
* Part of the work described in this Chapter has been published: Schönherr, H.; Vancso, G. J.
Polym. Prepr. 1996, 37(2), 612; Schönherr, H.; Vancso, G. J. Macromolecules 1997, 30,
6391; Schönherr, H.; Hruska, Z.; Vancso, G. J. Macromolecules 1998, 31, 3679; Schönherr,
H.; Vancso, G. J. J. Polym. Sci. B, Polym. Phys. 1998, 36, 2486; (e) Schönherr, H.; Vancso,
G. J. Polym. Prepr. 1998, 39(2), 1177; Schönherr, H.; Vancso, G. J. PMSE. Prepr. 1999, in
press; Trifonova, D.; Schönherr, H.; van der Does, L.; Janssen, P. J. P.; Noordermeer, J. W.
M.; Vancso, G. J. Rubber Chem. Techn. 1999, in press.

be measured with numerous techniques which provide average information on e.g. functional
groups. Whitesides et al.4,5 have demonstrated that a combined approach with contact angle
measurements (wettability), X-ray photoelectron spectroscopy (XPS), and attenuated total
reflection FT-IR (ATR FT-IR) provides detailed and defined in-depth information on the
composition of treated polymer surfaces. The information depth is several Å for contact angle
measurements, up to 10 nm for XPS, and about 1 µm for ATR FT-IR.
The disadvantage of all these methods however, is their limited lateral resolution. For
example, in conventional XPS the area analyzed at the sample surface has dimensions typically
between 0.1 mm to few millimeters, whereas small area XPS used for photoelectron imaging is
limited to a lateral resolution of 10 µm.6 The lateral resolution is better for ion microscope
imaging with secondary ion mass spectrometry (SIMS); however, the resolution in typical
practical implementations is in the order of some 100 nm.7 Thus, it is not surprising that little is
known about the lateral distribution of the functional groups generated by the surface
treatments of polymers.8
Chemical force microscopy (CFM), which is based on measurements of the interactions
between functional groups exposed on a sample surface and functional groups attached to a
SFM tip (Scheme 6.1), has allowed several groups to quantitatively measure pull-off and
friction forces between the tip and films consisting of functionalized SAMs. Depending on the
exposed functional groups and the medium attractive van der Waals forces, forces between
dipoles, H-bonding, and electrostatic repulsion may occur. The lateral resolution of force
measurements in SFM is usually at least one order of magnitude better than for the
conventional
polymer
surface
characterization
techniques
mentioned
9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26
above.

S F M tip

Scheme 6.1
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Schematic drawing of interactions between functional groups exposed on a
modified SFM tip and functional groups on surface treated polymers.

Probing Interactions Between Ensembles of Functional Groups
In the following paragraphs the first systematic studies aiming at using chemical force
microscopy to study polymer film surfaces with varying degrees of surface functionality are
summarized.27 As depicted in Scheme 6.1, the interactions between functional groups on the
tip and functional groups on the polymer surface were studied. The ultimate goal of these
studies is to obtain new and more detailed insights into the lateral distribution of functional
groups with a resolution in the nanometer range. As a step in this direction, the results on a
series of SFM measurements that successfully correlate the pull-off forces between chemically
modified SFM tips and various polymer films are presented.

6.1

Oxyfluorinated Isotactic Polypropylene

The first set of experiments was carried out on oxyfluorinated28,29,30,31,32 isotactic
polypropylene (iPP) films. In addition to XPS surface analysis and pull-off forces measured
between chemically modified SFM tips and the treated iPP films, the acid/base surface
characteristics of the films were estimated by contact angle measurements.
The effect of surface treatments with fluorine-containing gas mixtures on the wettability
of polyolefines has been described previously.28,29,33,34 The wettability was found to be largely
influenced by the amount of oxygen present in the fluorine/nitrogen gas mixtures, as well as the
treatment time and process temperature. In addition, it was confirmed that the polymer
surfaces became more hydrophilic after oxyfluorination. The acid-base interaction theory was
used to determine the surface free energy parameters γsLW (Lifshitz - van der Waals interactions
comprising dispersion, orientation, and induction forces), γs+ (acidic term), and γs- (basic term)
of several oxyfluorinated iPP films.35,36 These parameters were related to the experimentally
determined pull-off forces between chemically modified SFM tips and the treated iPP films.
6.1.1 XPS and Contact Angle Measurements
The XPS analysis of the oxyfluorinated iPP films revealed that fluorine and oxygen
atoms were incorporated into the polymer in the top 5 - 10 nm of the surface (for a discussion
of surface - interface see references 4, 5). The XPS results are summarized in Table 6.1.
Table 6.1

Surface chemical composition of oxyfluorinated iPP films (XPS).
Sample

Carbon

Fluorine

Oxygen

no.

%

%

%

untreated

100

-

traces

1

59

27

14

5

77

4

19

150

57

24

19
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The surface treatment resulted in an increased hydrophilicity of the initially apolar
polymer surfaces. The contact angles measured with water, glycerol, and diiodomethane are
listed in Table 6.2. A series of iPP films with increasing hydrophilicity was obtained by
variations of the surface treatment parameters.

Table 6.2

Advanced contact angles67 of oxyfluorinated iPP films.
Sample

θa (water)

θa (glycerol)

θa (diiodomethane)

no.

[°]

[°]

[°]

untreated

99.8

87.5

63.3

1

74.9

66.4

62.9

5

66.0

61.2

61.0

150

51.1

56.4

57.9

By using equations 6.1, 6.2, and 6.3, the surface free energy parameters were
calculated according to reference 36. The parameters used to characterize surfaces include γsLW
(Lifshitz - van der Waals interactions), γs+ (acidic term), and γs- (basic term).

γsLW = γD (1+cos θD)2 /4

(6.1)

γG (1+cos θG) - 2 √(γsLWγGLW) = 2 √(γs+γG-) + 2 √(γs-γG+)

(6.2)

γW (1+cos θW) - 2 √(γsLWγWLW) = 2 √(γs+γW-) + 2 √(γs-γW+)

(6.3)

In equations 6.1, 6.2, and 6.3, θ denotes the measured advanced contact angles, and the
subscripts D, G and W denote diiodomethane, glycerol, and water, respectively. The
combination of the acidic and basic terms yields the acid-base component of the surface free
energy, γsAB(equation 6.4).

γsAB = 2 √(γs-γs+)

The total surface free energy γ can be calculated according to equation 6.5:
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(6.4)
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γ = γsLW + γsAB

(6.5)

The results of a numerical analysis using the experimental contact angle values are
summarized in Table 6.3. The acid-base parameters of the surface treated iPP films are listed
together with the corresponding parameters of the test liquids used in the contact angle
measurements.

Table 6.3

Surface energy parameters of test liquids and oxyfluorinated iPP films.
γsLW

γs+

γs-

γsAB

γ = γsLW + γsAB

Sample

[mN/m]

[mN/m]

[mN/m]

[mN/m]

[mN/m]

Water

21.8

25.5

25.5

51.0

72.8

Glycerol

34.0

3.9

57.4

30.0

64.0

Diiodomethane

50.8

0

0

0

50.8

untreated

26.7

0.02

1.1

0.3

27.0

1

26.9

1.2

10.3

7.0

33.9

5

28.0

1.2

17.2

9.1

37.1

150

29.8

0.7

34.3

9.8

39.6

As expected, the oxyfluorination process significantly increased the surface free energy.
It is interesting to note that the basic term γs- is more informative about the surface changes
introduced by oxyfluorination than the term γsAB, which is influenced by the values of both the
acidic and basic terms. By comparing the surface energy terms of samples no. 5 and no. 150, it
becomes evident that although the value of γsAB increases only slightly by 0.7 mN/m, the basic
term γs- shows an almost twofold increase.
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6.1.2 Roughness Analysis
Tapping mode SFM37 images revealed some roughening of the surface due to the
chemical modification. A typical SFM height image of an untreated iPP film can be seen in
Figure 6.1 (left). The machine direction of the untreated film (calendering) can be easily
recognized. In addition, filler particles were found to be located at the film-air interface. After
oxyfluorination, the surface morphology still exhibited ridges due to the calendering process.
However, the filler particles were partially removed and the roughness was increased. A typical
tapping mode SFM micrograph of an oxyfluorinated film is represented in Figure 6.1 (right).

Figure 6.1

Tapping mode SFM height images (z scale = 100 nm) of untreated (left) and
oxyfluorinated iPP films (right).

The mean roughness RA of a surface is defined as the standard deviation of the height
with respect to the center plane within the scan area selected. The RA values for all films were
obtained by evaluation of (14 µm)2 scans according to the following equation:

∑ (z

RA =

x ,y

− z x ,y)

2

x =1,N
y =1,M

(N − 1)(M − 1)

where N and M are the number of pixels in the x and y directions, and
pixel height with respect to the center plane height Z x,y for the pixel (x,y).

(6.6)
Z x ,y

is the image

The RA values calculated were averaged using at least 5 different images obtained at
different locations on the sample surface. In Figure 6.2 the roughness data is plotted for films
with different surface tensions. An increase of the standard deviation of the roughness data

172

Probing Interactions Between Ensembles of Functional Groups
indicates a somewhat less uniform roughness distribution with increasing treatment dose. The
substrate roughness is of considerable importance for the evaluation of the force measurements
presented below. The pull-off force depends on the contact area between tip and sample.
Therefore, the effect of excessive etching, which is concomitant with a significant increase in
roughness, may mask specific interactions between the tip and the sample surface. The
variation in roughness for the films described in the present section is much less pronounced as
e.g. in the gas phase fluorination of rubbers such as EPDM where the roughness increases from
initially 30 to 50 nm to a final value of 300 nm after one hour of treatment.38 Thus, only a
minor influence of the sample topography on the force measurements is expected.

Figure 6.2

Average roughness RA of oxyfluorinated iPP films with different total surface
free energies γ.

6.1.3 Pull-Off Force Measurements Using Functionalized Tips
As mentioned, the pull-off forces for different tip - sample combinations (all composed
of highly oriented self-assembled monolayers of terminally functionalized thiols on gold) in
ethanol were reported by Lieber et al.10 In general, there is a trend that equal functional groups
interact most strongly with each other. This trend can be understood on the basis of surface
free energy considerations. The interaction between -COOH groups is e.g. stronger than the
mixed interaction between -COOH groups and -CH3 groups. Methyl (-CH3) groups have an
intermediate pull-off force.39 The results of the present study are summarized in Figures 6.3
and 6.4. All different polymer surfaces were probed with the same cantilever/tip assemblies
during one set of measurements ensuring no variations in the radius of curvature of the tip.
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Variations in the contact area between consecutive force curve measurements are kept at a
minimum and the cantilever spring constant is unchanged.
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Histograms of pull-off force obtained with a -COOH tip (left) and an
unmodified Si3N4 tip (right) on untreated and oxyfluorinated iPP films in
ethanol. The total surface free energies γ of the polymer films are shown.

-CH3

Figure 6.4
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Histograms of pull-off force obtained with a -CH3 tip on untreated (left) and
oxyfluorinated (right) iPP films in ethanol. The total surface free energies γ of
the polymer films are shown.
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Table 6.4

Pull-off forces normalized to the value found for the film with γ = 39.6 mN/m
measured (a) with a -COOH functionalized tip, and (b) with a -CH3
functionalized tip in ethanol.
(a) -COOH Tip
Sample / γ [mN/m]
27.0
33.9
37.1
39.6

F(x) / F (39.6 mN/m)
0.16
0.23
0.47
1.00

Sample / γ [mN/m]
27.0
39.6

F(x) / F (39.6 mN/m)
1.57
1.00

(b) -CH3 Tip

The variations in the observed pull-off forces for the methyl group functionalized tip
are much smaller than for the carboxylic acid functionalized tip. In Figure 6.4 the results
obtained with a -CH3 terminated tip were plotted only for the untreated film and for the most
hydrophilic film. In Table 6.4, the ratio of pull-off forces for a given film with respect to the
film with the highest surface tension are summarized for tips with -COOH and -CH3
functionalities. Note that by taking the ratios (normalized pull-off forces) the cantilever spring
constant is canceled and the calibration of the spring constant (see e.g. reference 10) therefore
does not play a role.
Measurements with unmodified (hydrophilic) Si3N4 tips have also been carried out in
ethanol. The corresponding normalized pull-off forces are given in Table 6.5. The “chemical
specificity“ is demonstrated by the ratio of the pull-off forces greater than 1.0 for the -CH3 tip
and less than 1.0 for the -COOH and the Si3N4 tips.

Table 6.5

Pull-off forces normalized to the value found for the film with γ = 39.6 mN/m
measured with a Si3N4 tip in ethanol.
Sample / γ [mN/m]

F(x) / F (39.6 mN/m)

27.0

0.18

33.9

0.30

37.1

0.40

39.6

1.00
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In Figure 6.5, the normalized pull-off forces of the different tips used in this study are
plotted as a function of the total surface free energy γ.40 The dependence is clearly non-linear41
and can be explained by considering the relation between the pull-off force and surface free
energies. According to the JKR theory42 the adhesion force Fad at pull-off depends linearly on
the work of adhesion WST:

Fad = - 3/2 π R WST

(6.7)

where WST is the work of adhesion and R the radius of the tip.

The work of adhesion is given as

WST = γS + γT - γST

(6.8)

where γ S and γ T are the surface free energies of the sample and the tip (in contact with
ethanol), and γST is the interfacial free energy of the two surfaces in contact.

Figure 6.5
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Normalized pull-off forces [F(x)/F(39.6 mN/m)] as a function of the total
surface free energy γ. For the guidance of the eye the data points have been
connected by lines.
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Unfortunately, the interfacial free energies γST of the (treated) polymer surfaces and the
functional groups on the tip are not known. Thus, it is not possible to determine both γS and γST
in a single experiment or to predict the dependence of the pull-off forces on the total surface
free energy. We attribute the observed non-linear relationship between adhesion force and total
surface free energy to the combined contribution of both the surface free energy of the polymer
surface and the interfacial free energies.
The interaction between the tip and the polymer surface can be understood by taking
the mechanisms of surface modification during oxyfluorination into account. The presence of
oxygen during the fluorination of hydrocarbons leads to the formation of various oxygen
functionalities such as carbonyl groups, α-fluorocarboxylic acids, peroxides, hydroxyl groups,
ether groups, and acid fluoride groups that hydrolyze slowly in contact with atmospheric
moisture to form carboxylic acids.33,34,68 The hydroxyl, carboxyl and carbonyl (enol form)
groups that participate in hydrogen bonding increase the value of γs+. The electron donor
functionalities such as carbonyl (keto form), epoxy, ether, and ester groups influence strongly
the value of γs-. The hydrogen bonding ability of fluorine is considered to be low,30,31 so its
influence on the surface acid/base behavior is probably not important. The combined
interaction of this ensemble of functional groups with the highly ordered surface of the SAM at
the apex of the SFM tip results in the observed pull-off forces. The distributions observed can
be attributed to variations in the contact area between tip and sample surface as well as
variations in the local distribution of functional groups.
The results presented here clearly prove that contact angle measurements that have a
penetration depth of several Ångstrom,4,5 and average pull-off force values determined by
SFM using functionalized tips in a selected medium provide essentially similar information.
Correlation of the results on oxyfluorinated iPP films can be done successfully by using the
theory of surface acidity/basicity by Good and co-workers.36 However, it should be noted that
unlike wettability studies with contact angle microscopes, SFM possesses a high lateral
resolution. The limit of resolution in force measurements and chemical specific imaging is
governed by the tip radius and has been estimated to be in the order of 10-20 nm.10 In the first
publications on chemical force microscopy it was anticipated that this technique could, in
principle, be very valuable for the determination of functional group distributions on modified
polymer surfaces.10 The question of lateral distribution of functional groups on the iPP films
studied here will be addressed in Chapter 7.
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6.2

Chromic Acid Treated, Annealed, and Reconstructed Low Density
Polyethylene

In the second section of this Chapter, the results of a systematic study on the surface
properties of chromic acid oxidized low density polyethylene (LDPE) by scanning force
microscopy and contact angle measurements are presented.43 The study focused on (a) the ex
situ analysis of the sample topography in tapping mode and in situ contact mode SFM
measurements of the morphology development during etching, and on (b) the characterization
of the surface energy by measuring contact angles and the pull-off force characteristics of the
LDPE surfaces utilizing SAM-functionalized SFM probes. This work was carried out as a
second step towards the development of a technique that will allow one to map functional
group distributions on treated polymer surfaces with high lateral resolution.

6.2.1 Contact Angles and Surface Roughness
The surface treatment of the LDPE films resulted in a marked increase of the
hydrophilicity. In Figure 6.6a the values of the advancing contact angles for two sets of
modified LDPE films are shown. The modification was performed in chromic acid at 72 °C and
at 77°C, respectively. The wettability with water increased initially, and leveled off rapidly with
increasing treatment time. However, the reaction between the polymer and the chromic acid
proceeded despite reaching the limiting values of contact angles as shown by tapping mode
SFM. The roughness RA of the film surface increased rapidly during the first 5 to 10 minutes,
and changed much more slowly afterwards (Figure 6.6b). Usually the RA values did not change
significantly after 15 minutes of treatment.

Figure 6.6a
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Advancing contact angles44 vs. treatment time measured with H2O on LDPE
treated with chromic acid.
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Figure 6.6b

Average roughness RA vs. treatment time on LDPE treated with chromic acid
as determined by tapping mode SFM.

The SFM images evaluated in the roughness analysis clearly showed a corroded
surface. Typical tapping mode SFM images of untreated LDPE and oxidized LDPE can be
seen in Figure 6.7. The initial morphology which consisted of stacked lamellar features45 in the
matrix of amorphous polymer changed markedly. Initially, the stacks of lamellae became more
clearly exposed which is indicative of preferred etching of the amorphous phase. After a few
minutes, the stacked lamellae appeared corroded. There was no pronounced difference in
appearance for samples treated for 12 or 15 minutes and samples that were oxidized up to 60
minutes.

Figure 6.7

Tapping mode SFM height images (z-scale dark to bright 300 nm) of untreated
(left) and chromic acid treated LDPE sample (right).
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6.2.2 In Situ SFM on Morphology Development
In order to monitor the etching process in situ, contact mode SFM measurements were
performed at room temperature in the liquid cell filled with chromic acid. It was possible to
follow the corrosion in real-time because the reaction proceeds much more slowly at room
temperature as compared to treatments at elevated temperatures.4 In Figure 6.8, a series of
SFM images are shown taken after selected reaction times. The arrow marks a morphological
feature which did not change during the etching process. The stacks of polyethylene lamellae
became more clearly exposed at early stages of etching, while at later stages a granular
morphology was observed.

Figure 6.8
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Contact mode SFM height images (z-scale 100 nm) captured in situ during
chromic acid treatment of LDPE at room temperature. Treatment times
(minutes) are shown at the top left corner of the images.
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6.2.3 Pull-Off Forces on Chromic Acid Treated LDPE
The pull-off force measurements of untreated and (only) chromic acid treated LDPE
films utilizing chemically modified, as well as unmodified SFM tips showed unexpected results.
According to the results obtained on oxyfluorinated iPP, which agree with the trends reported
by Lieber et al.,10 the magnitude of the pull-off force measured in ethanol is in general higher
for hydrophilic tips and hydrophilic samples compared to interactions between hydrophilic tips
and hydrophobic samples. Yet, for all tips, regardless of the functionality and the medium (air,
ethanol), we found a significantly higher average pull-off force on the untreated (hydrophobic)
LDPE films. The normalized force data obtained with different functionalized tips, as well as
unmodified silicon nitride tips in air and in ethanol is shown in Figure 6.9.46
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Figure 6.9

Advancing contact angles measured with H2O (error ± 2°), average roughness
RA (error ± 5 nm), and normalized pull-off forces in % (error ± 15%)
measured with different SFM tips in different media on LDPE treated with
chromic acid for different times. The error bars have been omitted for clarity
(y-axis: for units see corresponding symbols).

The SFM images showed that the crystalline parts are at least initially much less
affected by the chromic acid than the amorphous parts of the semicrystalline polymer surface.
As the glass transition temperature of the amorphous phase of PE (Tg ≈ -80°C)47 is far below
room temperature, we can expect that the polymer chains are quite mobile in the amorphous
phase. During the approach of the SFM tip in force measurements (approach-retract cycles),
the surface of the polymer will be deformed slightly and the tip will be in contact with both
crystalline and amorphous phases.48 However, in the chromic acid treated samples the
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amorphous phase is etched preferentially, and thus we expect that the exposed surface contains
a much higher fraction of the crystalline phase. As a result, the effective contact area between
tip and sample is drastically reduced due to sharp lamella edges, steps etc. which result in a
small pull-off force (see Figure 6.7 and schematic illustration in Figure 6.10).

6)0 7LS

Figure 6.10

6)0 7LS

Schematic illustration of the contact area between tip and different LDPEs. In
untreated LDPE, both the crystalline and the amorphous phase are exposed
(left), whereas in chromic acid treated LDPE, predominantly the crystalline
phase in form of isolated stacks of lamellae is exposed at the surface (right).
The contact area is much higher for the untreated LDPE in which the flexible
polymer chains of the amorphous phase might reorganize under the pressure of
the tip and cover large parts of the tip surface. The polar functional groups
introduced by the chromic acid treatment were not included in the scheme.

The counter-intuitive results of the pull-off force measurements suggest that variations
in the true contact area are responsible for the observed trend in the pull-off forces. On the
surface of the unmodified semicrystalline polymer, the SFM tip has a much larger contact area
than on the etched polymer surface where sharp crystalline features are exposed. This
difference in contact area masks the differences in pull-off forces one would expect to detect
due to the introduction of polar groups.
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6.2.4 Pull-Off Forces on Annealed and Reconstructed Oxidized LDPE
The discussion above indicates that the comparison of SFM force measurements (as
well as CFM in general) is limited to results obtained on surfaces of similar roughness and
“mechanical properties“ (phases). Therefore, we annealed and reconstructed the LDPE
surfaces which were previously etched by chromic acid as described in the literature.4,5,49 The
annealed samples were hydrophobic (90° > θa > 80°), whereas the reconstructed samples had
lower contact angles (60° < θa < 75°). The reconstruction roughened the surface only slightly
(RA of annealed samples: 32 ± 5 Å; RA of reconstructed samples: 38 ± 5 Å) while the wetting
data was consistent with the burial and subsequent recovery of polar functional groups (see
Figure 6.11). Tapping mode SFM images did not reveal significant differences in morphology
between annealed and reconstructed samples.
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CO O H
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Figure 6.11

H

After reconstru ction in wa ter
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HO

HO O C

After an nealing in argon

Schematic illustration of effects of annealing in argon at 80°C and
reconstruction in boiling water on functional groups located at or near the
surface of chromic acid oxidized LDPE. Polar groups become buried in
regions deeper than 5 - 10 Å from the surface during annealing in argon.
Surface reconstruction in boiling water leads to exposure of polar groups at
the surface again.

These films were investigated by pull-off force measurements utilizing chemically
modified SFM tips. The histograms of pull-off forces obtained using two independent samples
and a pair of carboxylic acid and methyl functionalized tips are shown in Figure 6.12. The force
data was acquired in ethanol. The histograms show some scatter which can be partially
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attributed to the inherent fluctuations of pull-off forces10 and partially to the variation of
contact areas between tip and sample. The average pull-off forces however, are clearly
different for samples with different surface energies (Figure 6.13).
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Figure 6.12

Histograms of pull-off forces measured with functionalized SFM tips in ethanol
on different chromic acid oxidized and subsequently annealed / reconstructed
LDPE surfaces.

In Figure 6.13a, the dependence of the average pull-off force measured with -COOH
and -CH3 tips on the cosine of the contact angle is plotted.50 The inversion of the forces
measured in this study on LDPE (positive slope for -COOH, negative slope for -CH3 tips)
proves a "chemical contrast" in our measurements. The observed trend is in agreement with
data obtained on well defined model systems (patterned self-assembled monolayers of ωfunctionalized thiols on gold).10,11 In addition, it shows that for meaningful experiments,
variations of the true contact area between tip and surface due to differences in surface
roughness must be small. The normalized pull-off force of one series of LDPE films prepared
in the same batch was measured with the same -COOH tip in ethanol (Figure 6.13b). The force
depends approximately linearly on the cosine of the contact angle for cos θ ≥ 0.1. For
hydrophobic surfaces with cos θ < 0.1, the measured pull-off forces become very small (close
to the noise level of this particular experiment), and consequently the normalized force is close
to zero.
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Figure 6.13a Pull-off forces as a function of cos θ (θ: contact angle measured with water)
measured with different functionalized SFM tips (denoted by functionality and
no.) in ethanol.
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Figure 6.13b Normalized pull-off forces on annealed or reconstructed LDPE films prepared
in the same batch measured with a -COOH tip in ethanol vs. cos θ.
These results demonstrate that the surface characterization using chemically modified
SFM probes works indeed on similarly flat polyolefin surfaces. The different variables which
contribute to the observed pull-off forces not only include the surface free energy of the
monolayer on the tip, the surface free energy of the surface, and the (unknown) interfacial free
energy between tip and surface, but also the size of the true contact area.51,52 Thus, it is
necessary to avoid this possible pitfall in pull-off force measurements. For flat polymer surfaces
the introduction of polar functional groups can be detected with chemical sensitivity and
nominally high resolution. The laterally resolved mapping of functional group distributions is
described in Chapter 7.
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6.3

Crosslinked Rubbers and Elastomers

In various applications surface-modified crosslinked polymeric materials are used. In
order to extend the CFM approach to this class of materials, the surface properties of a variety
of technical rubbers and elastomers were investigated. The samples included crosslinked
polydimethylsiloxane (PDMS, argon plasma treatment), ethylene-propylene-diene terpolymer
(EPDM) rubber (modified with fillers; fluorination), and butylrubber (chlorination).
6.3.1 Polydimethylsiloxane
The originally hydrophobic PDMS sample became hydrophilic after the plasma
treatment.53 In Figure 6.14 the pull-off force distribution for untreated and plasma treated
samples measured with -CH3 and -COOH functionalized tips in ethanol are shown.
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Pull-off forces measured with modified tips on untreated and plasma treated
PDMS in ethanol (the average pull-off force is stated ± standard deviation).
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The correlation of the observed differences in the pull-off force as a function of the
surface energies provides the basis for SFM with chemical specificity on rubbers. Consistent
with the results reported for iPP and LDPE, following the surface treatment, the pull-off forces
measured with hydrophilic -COOH tips increased, while the pull-off forces measured with
hydrophobic -CH3 tips decreased.

6.3.2 EPDM Rubber
The microdispersion of silica and carbon black-based filler particles in unvulcanized and
vulcanized EPDM rubbers was investigated by SFM. In particular, force volume (FV)
imaging54 and the analysis of measured pull-off forces allowed us to differentiate between the
filler particles and the rubber matrix, as well as between different types of filler particles.55
In general, one of the disadvantages of silica as a filler is the weak silica - rubber
interaction, and the strong silica - silica interaction. The use of modifiers, such as the
organosilane Si 69,56 improves the dispersion of silica in rubber. This can be considered as an
indication for reduced filler-filler interaction. Pull-off forces can be used to detect the tip-tosample adherence.14,57 A Si tip, which can be considered in the first approximation as
representative of an unmodified silica surface (it contains predominantly silanol groups at the
surface), was utilized. Force volume (FV) images were obtained illustrating the variations of
the pull-off forces on rubber and filler particles, respectively.
In Figure 6.15 height and FV images recorded simultaneously for Compounds 1, 2 and
3 are shown (compound 1: unvulcanized EPDM filled with modified silica; compound 2:
unvulcanized EPDM filled with carbon black; compound 3: unvulcanized EPDM filled with
unmodified silica). We attribute the scattered bright areas (low pull-off forces) on the FV
images to filler aggregates and the dark areas to the rubber matrix. The explanation of the
higher pull-off forces observed in the rubber areas, as compared to the filler, is that the true
contact area is larger in case of the rubber than for the porous filler particles.19d Consequently,
the force required to pull the tip out of contact on the surface of the rubber is also higher. In
addition, the adhesion contrast may be partially attributed to inelastic deformation.51b Pull-off
forces measured from the FV images on the aggregates of different fillers varied as well. This
is indicative of differences in the chemical composition of the different fillers and can be
understood on the basis of surface energy arguments taking capillary forces into account. The
average value of the pull-off force measured for carbon black (hydrophobic) with the Si tips
was found to be 22 nN, for modified silica (intermediate hydrophobicity) 38 nN, and for
unmodified silica (hydrophilic) 46 nN. Assuming that in this case the difference in porosity of
the fillers does not influence the pull-off forces, we can conclude that the adhesion between the
Si tip and fillers is correlated with the surface energy (and thus indirectly chemical
composition) of the filler particles. The adhesion results presented above clearly prove the
usefulness of SFM force measurements for studies of filler-loaded elastomer systems. As
reported in the literature and shown in this Thesis, the method allows one to go even a step
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further and to differentiate functional groups exposed at surfaces specifically. However,
measurements in air are in general limited due to the fact that capillary forces can mask the
specific interactions between functional groups.

Figure 6.15
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Height (left) and force volume images (right) obtained with a Si tip in air: a)
unvulcanized EPDM filled with modified silica, compound (1) (image size (1.6
µm)2, z-scale: 150 nm, dark to bright: -82 nN to -38 nN); b) unvulcanized
EPDM filled with carbon black, compound (2) (image size (1.0 µm)2, z-scale:
200 nm, dark to bright: -67 nN to -22 nN); c) unvulcanized EPDM filled with
unmodified silica, compound (3) (image size (1.1 µm)2, z-scale: 100 nm, dark
to bright: -67 nN to -46 nN).
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In addition, fluorinated EPDM rubber was investigated using unmodified silicon nitride
tips in ethanol.58 The average pull-off force on the treated samples was drastically reduced
(Table 6.6). The reduction of the forces can partly be attributed to the decreased surface
energy of the fluorinated material.

Table 6.6

Pull-off forces measured with unmodified Si3N4 tip on different EPDM rubbers
in ethanol.

Sample
EPDM (untreated)
EPDM (5 minutes fluorination)

Average pull-off force [nN]
1.47 ± 0.55
0.16 ± 0.20

6.3.3 Butylrubber59
For the butylrubber, chemical specificity and a significant influence of the medium (as
predicted by the theory for ethanol and water, see references 10b, 18) were observed by CFM.
The average pull-off force measured with -COOH terminated tips in water on untreated
butylrubber is much higher than on the chlorinated rubber due to strong hydrophobic forces. In
ethanol the interaction is apparently dominated by the increased surface energy of the
chlorinated rubber. The results obtained with -COOH modified tips are summarized in Table
6.7.

Table 6.7

Advancing contact angles θa measured with ultrapure water and pull-off forces
on butylrubber and chlorinated butylrubber measured in different media with COOH modified tips.

Sample

θa (H2O)

Average pull-off force

Average pull-off force

(H2O)

(ethanol)

Untreated butylrubber

112°

39.30 nN

0.29 nN

Chlorinated butylrubber

88°

0.20 nN

0.52 nN

It can be summarized that pull-off forces can be used to characterize surface treated
polymer, as well as elastomer surfaces. The trends in pull-off forces are in general in agreement
with the original trends obtained on SAMs.10
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6.4

Plasma Polymerized Allylamine Films60,63

Thin plasma polymerized allylamine films were also characterized using chemically
functionalized SFM tips. These films can be prepared as described in references 60 and 61 by
polymerization of allylamine in a pulsed plasma.62 Due to the high density of amino
functionalities, these films are potential candidates as substrates for studies involving the
growth of cells on surfaces. Allylamine was polymerized in a pulsed glow-discharge plasma
reactor.63 By a variation of the duty cycle (ratio of plasma on / off times) the film thickness as
well as the content of aminogroups can be controlled (vide infra). Pull-off force measurements
were carried out on plasma polymerized allylamine films of different thickness and different
process parameters in order to quantify the amino group content (Table 6.8).
Thickness data,64 process parameters of the plasma polymerized allylamine
films studied.
Pressure
Gas flow
Peak
Duty cycle Equivalent Deposition
Film
[mbar]
[sccm]
power [W] [ms / ms] power [W] time [min.] thickness
100/0 (CW)
0.20
8
50
50
30
1180 nm
0.20
8
50
10/40
10
30
160 nm
0.20
8
50
10/90
5
30
60 nm
0.20
8
50
10/240
2
30
24 nm

Table 6.8
Film
1
2
3
4

As seen in the FT-IR spectra of a series of films (Figure 6.16), the "duty cycle" had a
dramatic effect on the nitrogen / carbon ratio. The broad absorbance for the amino groups (ca.
3200 - 3500 cm-1) increased with increasing off-times, while the aliphatic C-H stretching
vibrations (ca. 2800 - 2900 cm-1) and the typical nitrile band at ca. 2200 cm-1 were drastically
reduced.
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Transmission FT-IR spectra for allylamine films on Si with different duty
cycles.
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The estimated nitrogen / carbon ratio as measured in XPS experiments rises steadily
from 0.22 for films prepared with continuous wave to 0.32 for low duty cycles. The latter
value is almost identical to the N/C ratio of the monomer (0.33). The pull-off force
measurements were carried out in ethanol using -COOH modified SFM tips.65 The interaction
between amino groups and carboxylic acid groups was shown in Chapter 4 to be stronger than
the interaction between methylene groups and carboxylic acid groups. The average pull-off
forces for the films describe above were estimated from the corresponding distributions (Figure
6.17). The data are summarized in Figure 6.18 as a function of the duty cycle. The trend of
increasing average pull-off forces with increasing off times and its apparent correlation with the
increasing N / C ratios as seen in FT-IR and XPS (vide supra) is evident.
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Thus, SFM force data obtained with chemically modified tips was successfully
correlated with the qualitative amino group content of these plasma polymerized films. The
homogeneity of the distribution of the amino groups in these very flat films was investigated in
more detail in Chapter 7.

6.5 Experimental
Isotactic Polypropylene (iPP)
Sample Preparation. Isotactic polypropylene films (SOLVAY ELTEX P KL 177)
were oxyfluorinated at 60°C in a F2/N2/O2 gas mixture. By varying the treatment time and the
gas composition, different surface compositions were achieved.
XPS. The XPS surface analysis was performed on a SSX 100 ESCA spectrometer
(Surface Science Laboratories) at the University of Namur (Belgium). All spectra were taken
at an electron take off angle of 35°.
Contact Angle Measurements. Contact angles were measured with water (Milli-Q),
glycerol, and diiodomethane on a contact angle microscope (G2, Krüss, Hamburg, Germany).
The advanced contact angles were measured as described in reference 67 with the syringe
remaining in the drop at all times. The contact angles were measured on both sides of the drop
and the results were averaged. The contact angles on oxyfluorinated polyolefin surfaces
changed significantly during several weeks after the original oxyfluorination treatment. The
chemical changes on the surface included hydrolysis of the acid fluoride groups to the
corresponding acid groups, or peroxy radical stabilization leading to the formation of oxygen
containing groups.68,69 Stable contact angles were measured ca. 5 weeks after the treatment.
The surface free energy parameters were calculated according to reference 36.
Low Density Polyethylene (LDPE)
Materials. Additive-free LDPE films (low density polyethylene, thickness 0.2 mm, type
2300, crystallinity 29%, melting temperature 111°C, as determined by DSC) were obtained
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from DSM (Geleen, The Netherlands).70 Samples were cut in pieces of ca. 2 cm x 5 cm. After
refluxing in dichloromethane (p.a., Merck) for 30 minutes, the films were rinsed with pure
solvent and dried in vacuo. The absence of additives was proven by ATR FT-IR spectroscopy
(results not shown).
Surface Modification. The surface modification was performed according to the
procedure published by Whitesides and co-workers.4 Briefly, specimens of the LDPE films
were added to a stirred mixture of CrO3 (Aldrich), H2SO4 (98%, Merck), and water (29/29/42
by weight) at a selected temperature (72 - 77 °C) in such a way that the films remained below
the surface of the liquid at all times. After removal from the solution, the films were rinsed with
an excess of Millipore water. The samples were then immersed into concentrated HNO3 (70%,
Merck) for 1 minute at 72°C. 4 After rinsing with Millipore water the films were blown dry in
an argon stream and further dried in vacuo at room temperature. The annealing was performed
for a selected time in a test tube (filled with high purity argon) which was immersed into a
temperature controlled bath at 80°C. The distribution of the functional groups at the surface of
the samples was reconstructed by immersion of the specimens into boiling Millipore water for
1 minute.4
Contact Angle Measurements. The contact angles were measured on a Kruess G1
contact angle microscope with Millipore water as probe liquid. Advancing, receding, and
sessile drop contact angles were measured. After the oxidative treatment with chromic acid,
the hysteresis was found to be quite large. Here we state exclusively advancing contact angles.5
The error in the contact angles was estimated to be ± 2°.
Rubbers
Materials. The EPDM rubbers and fillers have been described in reference 55b. The
butylrubber (Polysar Butyl) was produced by Bayer (Leverkusen, Germany). The chlorination
was performed according to industrial standard methods (WOCO GmbH, Bad Soden,
Germany). For the fluorinated EPDM rubber see reference 38.
Plasma Polymerized Allylamine
Materials. Details on the preparation, characterization, and swelling behavior of the
allylamine films can be found in references 60 and 63. The films for the current studies were
extracted in cold ethanol for 24 h.
Scanning Force Microscopy and Tip Modification. Triangular shaped silicon nitride
cantilevers and silicon nitride tips (Digital Instruments (DI), Santa Barbara, CA, USA) were
covered with 50 - 70 nm of gold in a Balzers SCD 040 sputtering machine at an argon pressure
of 0.1 mbar. The gold covered tips were then functionalized with 11-mercaptoundecanoic-acid
(-COOH) or octadecanethiol (-CH3) following the procedures described in references 19a,b
and Chapters 3 and 4.
The SFM measurements were carried out with a NanoScope III multimode SFM (DI).
Tapping mode SFM scans were performed with untreated silicon cantilevers/tips in air
(cantilever resonance frequency f0 = 280-320 kHz). The force measurements were performed
with unmodified silicon nitride tips and modified tips in ethanol (p.a., Merck) or Milli Q water
utilizing a liquid cell (DI). The force distance curves were obtained on at least 10 different
positions of each sample, and the pull-off forces of single events were plotted in a histogram.
The values of at least 2 independent tip - sample combinations were averaged.
For in situ contact mode SFM experiments on chromic acid etching of LDPE, a liquid
cell (DI) was used. After filling the liquid cell with Millipore water, the instrument was
equilibrated. The water was then exchanged with chromic acid. Although the laser light
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reflected from the cantilever is absorbed partly in the solution, image quality was not
significantly compromised (as compared to imaging in water or diluted chromic acid).
For the roughness analysis, tapping mode SFM images of 14.0 µm x 14.0 µm (iPP) or
5.0 µm x 5.0 µm (LDPE) were captured with the same tip, thus a constant tip radius was
maintained. The mean roughness RA was calculated according to equation 6.6.
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The pull-off force is proportional to the work of adhesion (equation 6.7), while the
work of adhesion is the sum of the surface free energies of the functional groups (tip
and sample) in contact with the liquid minus the interfacial free energy (equation 6.8).
For the symmetric cases the work of adhesion is two times the surface free energy. As
stated in equation 6.5, the total surface free energy can be written as sum of Lifshitzvan der Waals and acid - base contributions. The acid - base parameters for -CH3
terminated SAMs are zero. If we assume that in a first approximation the Lifshitz-van
der Waals surface free energies are very similar for -COOH and -CH3 SAMs, it follows
that γCOOH > γCH3. Furthermore, the positive interfacial energy between -COOH and CH3 groups (van Oss, C. J. in Polymers and Interfaces II; Feast, W. J.; Munro, H. S.;
Richards, R. W. (Eds.); Wiley & Sons, New York, 1993, Chapter 11, pp. 267 - 290)
reduces the work of adhesion for this combination as compared to the combination CH3 - -CH3. Thus, the acid - base contributions of the COOH-terminated SAMs are
responsible for the observed trends. The trends can also be qualitatively explained by
the fact that forces involving dipoles and hydrogen bonding (-COOH - -COOH) are
stronger than pure dispersive van der Waals attraction (-CH3 - -CH3) in ethanol.
The ratio of pull-off forces for the -COOH modified tips was found to depend
approximately linearly on the basic part of the surface free energy of the oxyfluorinated
iPP surfaces. Qualitatively the same result was obtained for the hydrophilic Si3N4 tip.14
According to the interpretation of the wetting data, the Si3N4 tip can be considered
acidic. The order of pull-off forces was reversed for hydrophobic -CH3 tips which is
indicative of “chemical contrast”.
The trend is also found to be non-linear for total surface free energies γ derived
according to different methods, e.g. Fowkes treatment.
The Johnson-Kendall-Roberts (JKR) theory of contact mechanics predicts the force (at
pull-off) that is required to separate a tip of radius R from a planar surface as shown in
equations (6.7) and (6.8); Johnson, K. L.; Kendall, K.; Roberts, A. D. Proc. R. Soc.
London A 1971, 324, 301.
The oxidation of low density polyethylene (LDPE) by chromic acid was investigated by
Whitesides and co-workers. The results of complementary wetting, X-ray
photoelectron spectroscopy (XPS), and attenuated total reflection (ATR) FT-IR
experiments on oxidized and subsequently derivatized LDPE led to an understanding of
the surface chemistry. This included the number and the nature of the surface functional
groups introduced by the treatment (> 50% carboxylic acid groups) and the dynamic
processes occurring at the surface when in contact with different solvents. For example,
upon heating in air or in argon, the carboxylic acid groups were shown to become
buried in regions of the interface which cannot be probed by contact angle
measurements. Subsequently, the acid groups could be recovered by heating the LDPE
samples in boiling water.4,5
Receding contact angles were for all treated samples below 10°.
Smith, P. F.; Chun, I.; Liu, G.; Dimitrievich, D.; Rasburn, J.; Vancso, G. J. Polym.
Engin. Sci. 1996, 36, 2129.
In air, the pull-off forces between the SFM tip and the surface are in general dominated
by capillary forces. In ethanol, however, the interaction between functional groups was
shown to dominate the pull-off force characteristics.10,39 Polar functional groups (e.g.
carboxylic acid, -COOH) were found to interact more strongly with each other than
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with methyl-groups, while the interaction of methyl-groups with each other possesses
an intermediate value. Our wettability data supports the literature results4 which state
that chromic acid oxidation of LDPE introduces polar functional groups, mainly
carboxylic acid groups (-COOH) in the polymer.43 Therefore in air, water condensation
will be more pronounced on the hydrophilic (treated) polymer films, which is expected
to result in a higher pull-off force on the modified surfaces.
Polymer Handbook, Brandrup, J.; Immergut, E. H. (Eds.); Wiley-Interscience, New
York, 1989, p.V/19.
In the SFM software of DI, a threshold trigger allows one to minimize the load during
each cycle of the pull-off force measurement. Nevertheless, even a minimized force in
the order of several nN will compress the surface somewhat.
The annealing was performed in an argon atmosphere at 80°C for times ranging from 1
to 5 minutes. Longer annealing times or higher temperatures were found to result in a
surface similar to the untreated LDPE concerning the roughness values and wetting
data. The reconstruction of the annealed surface was done by immersion of the samples
into boiling water for 1 minute. Pull-off forces measured in air using unmodified SFM
tips showed higher pull-off force values on the reconstructed (hydrophilic) LDPE
surfaces. Thus, SFM force measurements on the surface of these LDPE films are not
obscured by the reduced contact area which was found on acid treated films
immediately after treatment.
According to Young's equation, the cosine of the contact angle is a measure for the
difference of interfacial free energies γSV - γSL (γ represents the interfacial free energy, S
denotes solid, V denotes vapor, and L liquid, respectively) and serves as a measure for
the hydrophilicity of the surface studied (see reference 5 for a discussion of contact
angle measurements and wettability of polymer surfaces).
(a) Variations in contact area due to different mechanical properties which result in
differences in pull-off forces as measured by SFM have been observed e.g. for lipid
bilayer systems: Dufrêne, Y. F.; Barger, W. R.; Green, J.-B. D.; Lee, G. U. Langmuir
1997, 13, 4779; (b) In addition, variations in contact area are thought to be responsible
for the differences in friction observed by SFM on patterned self-assembled monolayers
which cannot be detected by any other technique: Bar, G.; Rubin, S.; Parikh, A. N.;
Swanson, B. I.; Zawodzinski Jr., T. A.; Whangbo, M.-H. Langmuir 1997, 13, 373.
Especially in semi-crystalline polymers, topographical differences between amorphous
and crystalline phases lead to differences in the contact area between SFM tip and
polymer, and thus differences in the pull-off force. In some cases, this increase or
decrease of the contact area is much larger than the differences in adhesion per unit
area due to the contacting functional groups. Therefore, in these cases, variations of the
contact area are responsible for the observed pull-off force characteristics.
PDMS samples were extracted in dichloromethane using a Soxhlet apparatus. After
drying, the specimens were treated in a RF-plasma (Fisons barrel etcher PT7150,
frequency 13.56 MHz, Ar+ plasma, pressure 70 Pa, power 100 W, etching time 120 s).
Immediately after the treatment the samples were stored under water. Water contact
angles (after subsequent storage under water) were measured with a video contact
angle system 2500 XE from AST products. Prior to the plasma treatment the PDMS
had a contact angle of 101 ± 2°, after the treatment 42 ± 3°. Additional XPS analyses
(ESCALab 200, VG Scientific) of the treated sample surface revealed significant
oxidation of the siloxane network.
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The scale of the FV images is by convention from high pull-off forces (dark) to low
pull-off forces (bright).
(a) Wolf, S.; Görl, U.; Wang, M.-J.; W. Wolf Eur. Rubber J. 1994, Jan., 16; (b) Korel,
W. A.; Hoetelmann, K.; Plueddemann, E. Kunststoffe 1975, 65, 760; (c) Wolf, S. Kaut.
Gummi Kunstst. 1997, 30, 516; (d) Tapping mode AFM phase imaging was also found
to be particularly useful for imaging of the filler aggregates and for the visualization of
single primary filler particles (Trifonova, D.; Schönherr, H.; van der Does, L.; Janssen,
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From Functional Group Ensembles to Single Molecules:
Scanning Force Microscopy of Supramolecular and Polymeric Systems

Chapter 7
High Resolution Mapping of Functional Group Distributions
in Modified Polymers*
In this Chapter the results on laterally resolved imaging of functional
group distributions on a sub-50 nm level using scanning force
microscopy with chemically modified tips are presented for the first
time. pH-dependent pull-off force measurements carried out on
oxyfluorinated films of isotactic polypropylene using OHfunctionalized tips revealed a "force pKa" of 5.5 to 6.5. Laterally
inhomogeneous pull-off forces were related to variations of local
"pKa" values and different local hydrophobicity, and thus to
inhomogeneous distribution of the polar functional groups introduced
by the surface treatment on a sub-50 nm scale. In a second set of
experiments the distribution of functional groups was investigated in
thin plasma polymerized allylamine films. For these samples a "force
pKa" of 5.2 to 6.2 was detected which was independent of the content
of amino groups in the films. The results constitute a significant step
towards the ultimate aim of detecting functional group distributions in
surface-treated or functionalized polymers with a lateral resolution in
the sub-50 nm range.

As discussed in Chapters 2 and 6, apolar polymers, such as polyolefins, are frequently
modified by various surface modification methods in order to enhance biocompatibility or
adhesion. 1 While different surface analytical techniques which provide "in depth" resolution
are available, the lateral resolution which can at present be achieved is of the order of several
hundred nanometers at best. 2,3 Thus, it is not surprising that little is known about the
functional group distributions in surface-treated polymers. As described in this Chapter, the
extension of the CFM approach to aqueous environments with variable pH, allows one to
study the lateral distributions of functional groups at surfaces on a sub-50 nm scale and thus
provides novel insights in surface modification processes of polymers (Figure 7.1).

__________________________________________________________________________
* Part of the work described in this Chapter has been published: Schönherr, H.; Hruska, Z.;
Vancso, G. J. PMSE Prepr. 1999, in press.
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Figure 7.1

7.1

Schematic diagram of force measurements with chemically modified SFM
probe on polymer containing functional groups at the surface. Depending on
the exposed functional groups and the medium attractive van der Waals forces,
forces between dipoles, H-bonding, and electrostatic repulsion may occur. By
performing pH dependent force measurements the environment of ionizable
functional groups can be studied with high resolution.

Oxyfluorinated Isotactic Polypropylene

In the previous Chapter, the pull-off forces measured on treated polyolefins in ethanol
were correlated with the surface energy of the polymer films.4 Laterally resolved pull-off force
measurements in ethanol were usually inconclusive due to the limited dynamic range of the
pull-off forces measured and due to the width of the pull-off force distributions. In addition,
the absence of coupling of topography into the force images5 was difficult to prove. In order to
achieve high resolution mapping of adhesive forces related to functional group distributions,
pH dependent experiments6 were carried out on the same iPP specimens studied in Chapter 6.
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7.1.1 Measurements of Average Pull-Off Forces
The differences in surface energy as measured with -COOH terminated tips in ethanol,
can be also recognized for measurements with OH-terminated tips in aqueous solutions at low
pH (Figure 7.2). The only ionizable functional groups on the oxyfluorinated iPP are carboxylic
acid groups.7 At low pH these groups are completely protonated.8
10
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Average pull-off forces measured with -COOH terminated tips on modified
polyolefin surfaces in ethanol (left)9 and with -OH terminated tips on
oxyfluorinated iPP in water (pH 3.8, right) as a function of cos θ (θ: contact
angle measured with water).

The oxyfluorination introduces a variety of functional groups at the surface of iPP.
These include carbonyl groups, α-fluorocarboxylic acids, peroxides, hydroxyl groups, ether
groups, and acid fluoride groups that hydrolyze slowly in contact with atmospheric moisture to
form carboxylic acids.7 By performing pH dependent pull-off force measurements the
contribution of the ionizable functional groups (carboxylic acids) can be separated from the
rest. In aqueous solutions, the sum of the different attractive forces is counteracted by the
electrostatic repulsion of deprotonized carboxylic acid groups if the pH is close to or higher
than the pKa of these groups. Thus, in these systems the balance of attractive forces and
repulsive electrostatic forces is measured as "pull-off force".10
In these studies, hydroxy-terminated (-OH) tips were used as these do not show any
pH dependence in force measurements,10 while the interaction between these hydrophilic tips
and various surfaces is relatively weak in aqueous environment.11 By measuring pull-off forces
as a function of pH, a corresponding "force titration" curve and a "force pKa" value can be
obtained.12 The area which is probed can be estimated to be of the order of 10-17 m2.13 As
displayed in Figure 7.3, the pull-off forces on the iPP film with γ = 33.9 mN/m show a clear
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dependence on the pH of the solution. Although the forces measured show a broad
distribution, the mean values are clearly separated.

Figure 7.3

Histograms of pull-off forces measured with a OH-terminated tip in buffered
solutions on oxyfluorinated iPP with surface tension γ = 33.9 mN/m (curves:
Gaussian fits).

From these distributions the average pull-off forces were calculated. The corresponding
results can be plotted as a force titration curve (Figure 7.4).
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204

Force titration of oxyfluorinated iPP (γ = 33.9 mN/m) using OH-terminated
SFM tips.

Average pull-off force [nN ]

Average pull-off force [nN ]

Between a pH of 5.0 and 6.8 there is a drastic change in magnitude of the average pulloff force. These results are qualitatively similar to contact angle titration curves.2c,10a,b In
contact angle measurements however, the information is averaged over a much larger area.
The CFM data shown allows one to roughly determine a surface "force-pKa". This "forcepKa" is higher than the thermodynamic pKa for carboxylic acids in solution (pKa < ca. 5.0).8,14
As a charge is more stabilized in a solvent of high dielectric constant ε, such as water, as
compared to a hydrophobic (low ε) environment, the pKa of functional groups exposed in
different environment can differ quite dramatically.15 The shift to higher force pKa observed in
the experiments on oxyfluorinated iPP films8 is thus indicative of a hydrophobic environment of
the carboxylic acid groups in the iPP. In Figures 7.5 a complete set of experiments on four
different iPP films is shown. While the untreated film does not show any pH dependent
behavior the oxyfluorinated films do.
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Force titration of an untreated iPP (top, left) and three oxyfluorinated iPP
films using OH-terminated SFM tips. The total surface tension values as
determined in Chapter 6 are indicated. The error bars correspond to the
standard deviation of the average value calculated from the corresponding
histograms.

On average, the different oxyfluorinated iPP films did not show a significant difference
in "force pKa". In principle, measurements in solutions with smaller increments of the pH
values near the inflection point are necessary to determine the "pKa" more precisely.12
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7.1.2 Laterally Resolved Pull-Off Force Measurements
The adhesion data on the samples discussed in the previous section were collected at
many spots of the sample surface. The results, which are averaged over all data points, do not
differ in principle from other averaging techniques. The precise positioning of the sample and
the very small area at pull-off in AFM however, allow one to acquire the pull-off forces as a
function of precise lateral displacement. Only in position-resolved force measurements one can
take full advantage of the high resolution microscopic nature of the experiment and thus obtain
novel insight into forces and adhesive properties on a nanometer scale.
For this purpose, pull-off forces were measured in so-called force volume images at pH
values between 3.8 and 8.8. The measurements were performed after a long equilibration
period of up to 8 hours in order to minimize the drift. In all cases the drift could be minimized,
and more importantly, the pull-off force data did not change in time. This indicates that the
surface is in equilibrium with the water.16 In Figure 7.6 a dual height17 and force image of the
most hydrophilic oxyfluorinated iPP (γ = 39.6 mN/m) is shown. The film surface is fairly flat,
and the patches of high pull-off force observed do not correspond systematically to depressions
or elevations. Apparently the functional group distribution is not homogeneous (vide infra).

Figure 7.6

Height (left) and pull-off force (right) images of oxyfluorinated iPP (γ = 39.6
mN/m) at pH 6.1. In the height image, the color scales goes from dark (0 nm)
to bright (100 nm). In the force image dark color indicates high adhesion (-0.5
nN), bright color indicates low adhesion (≈ 0 nN).18

The force images acquired at pH 3.8 often showed significant local variations in pull-off
force (Figure 7.7). At pH 8.0 the interaction was exclusively repulsive for the most hydrophilic
sample (γ = 39.6 mN/m). The observation of patches where high forces are measured at pH
close to the "pKa", and the observation of homogeneous repulsion at pH > "pKa" indicate that
the local functional group distribution cannot be homogeneous.
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Figure 7.7

Pull-off force images of oxyfluorinated iPP (γ = 39.6 mN/m) at different pH.
On the right side force distance curves measured at the points indicated by
arrows are depicted. In the force images dark color indicates high adhesion (1.5 nN, -0.5 nN, and ≈ 0 nN for pH 3.8, pH 6.1, and pH 8.0, respectively),
bright color indicates low adhesion (-0.1 nN, ≈ 0 nN, and ≈ 0 nN for pH 3.8,
pH 6.1, and pH 8.0, respectively).
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All pull-off force images acquired at pH < 8.0 often showed significant differences in
pull-off force. This is further illustrated in detail in Figure 7.8. Arrows indicate small areas of
high pull-off force measured at pH 6.8, which can be interpreted as areas where the carboxylic
acid groups are protonated (vide infra). The diameter of these areas is ca. 30 nm. For higher
pH values (pH > 8.0) only repulsion is detected. Similar observations are made for the iPP film
with γ =37.1 Nm/m (Figure 7.9).

Figure 7.8

Pull-off force images of oxyfluorinated iPP (γ = 39.6 mN/m) at pH 6.8 (left) and
pH 8.8 (right). Dark color indicates high adhesion (-0.3 nN for pH 6.8, ≈ 0 nN
for pH 8.8), bright color indicates low adhesion (0 nN for pH 6.8 and pH 8.8).

Figure 7.9

Pull-off force images of oxyfluorinated iPP (γ = 37.1 mN/m) at different pH. In
the force images dark color indicates high adhesion (-1.3 nN, -0.4 nN for pH
6.1 and pH 8.0, respectively), bright color indicates low adhesion (-0.2 nN and
≈ 0 nN for pH 6.1, and pH 8.0, respectively).
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The areas in which attractive interactions are measured at pH 6.1 contain carboxylic
acid groups with a higher "pKa" compared to the regions where repulsion is observed. This
can be tentatively attributed to a difference in local hydrophobicity.15 The most hydrophobic
local environments will be the areas where the deprotonation of carboxylic acid groups is least
favored. Thus, these areas will will be more protonated at pH 6.1 compared to the more
hydrophilic areas.
The results for the more hydrophobic sample (γ = 33.9 mN/m) are a bit less conclusive
as the coupling of topography into force data cannot be excluded similar to the hydrophilic
samples (Figure 7.10). For the hydrophilic samples homogeneous repulsion can be achieved at
high pH in the same areas where inhomogeneous adhesion was observed at somewhat lower
pH.19 This is not possible for films with γ = 33.9 Nm/m. This observation can be partly
attributed to the lower surface energy, but may also be due to a more inhomogeneous
distribution of the carboxylic acid groups themselves.

Figure 7.10

Pull-off force images of oxyfluorinated iPP (γ = 33.9 mN/m) at different pH. In
the force images dark color indicates high adhesion (-3.5 nN, -1.5 nN for pH
6.1 and pH 8.0, respectively), bright color indicates low adhesion (-0.3 nN and
≈ 0 nN for pH 6.1, and pH 8.0, respectively).

It can be concluded that there is clear evidence for inhomogeneous adhesion on various
oxyfluorinated iPP films which can be related to locally inhomogeneous "pKa" and thus
hydrophobicity. Areas of high adhesion possess higher "pKa" compared to low adhesion areas.
This information can be collected locally with a practical resolution of ca. ≤ 20 nm. The
occurrence of a inhomogeneous distribution of the functional groups on length scales of
several tens of nanometers could be due to a different reactivity of the crystalline and the
amorphous regions of the semicrystalline iPP in the oxyfluorination treatment. Further
investigations are however needed in order to corroborate this tentative interpretation.
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7.2

Plasma Polymerized Allylamine

A second set of polymer samples was investigated using the same strategy as discussed
in the previous paragraphs. In these films amino groups are present which will be protonated at
low pH. In the plasma polymerized allylamine films coupling of topography into the force
images can be neglected due to the featureless, flat surface of these films.20

7.2.1 Average Pull-Off Force Measurements
Depending on the duty cycle, the plasma polymerized allylamine films showed a
pronounced difference in amino group content as seen in FT-IR and XPS measurements. These
results were confirmed by CFM pull-off force data obtained with -COOH terminated tips in
ethanol (Chapter 6). In the average pH dependent force measurements there was surprisingly
no pronounced difference between films prepared with different pulsed plasma deposition
conditions. In Figure 7.11 a typical force titration curve is shown. Due to the protonation of
the amino groups the pull-off forces decrease significantly for pH values below 5.5.
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Force titration of plasma polymerized allylamine film.21

The data obtained in experiments with 6 different films22 were normalized and plotted
in one graph (Figure 7.12). Despite the scatter of the data points one can clearly notice the
reduction of the adhesive interactions between pH 6.2 and 5.2.
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Figure 7.12 Normalized force titration curves of six different plasma polymerized allylamine
films.22 The data were normalized to the pull-off force measured at pH 8.0.

Typical pKa values of conventional amines in solution are in the range of 10.5.23 A
comparison with the force data presented here indicates that the local environment of the
amino groups in the allylamine films is somewhat hydrophobic. Upon lowering the pH the
amino groups resist protonation as the stabilization of the charge is low in the (hydrophobic)
environment. This causes a shift of the thermodynamic pKa, and thus also the force pKa
measured by AFM, to lower values. Similar shifts have been previously reported for -NH2
terminated SAMs.10a,24 For disordered SAMs of amino-terminated silanes, a force pKa of 3.9
was reported previously in the literature.10a,24 In general, these shifts are in accordance with
simulation data.25
In all the allylamine films studied here there seems to be on average little difference in
local hydrophobicity. A possible explanation is the reorganization of the thin polyallylamine
films in contact with water. The films consist of a flexible network26 which should facilitate
rearrangements of amino groups.
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7.2.2 Laterally Resolved Pull-Off Force Measurements
The laterally resolved measurements of pull-off forces with OH-terminated AFM tips
on plasma polymerized allylamine films at pH 5.2 showed inhomogeneities of adhesive
interactions on a sub-50 nm scale. In contrast, the interaction between the tips and the polymer
surface became almost exclusively repulsive at pH 3.8 (Figure 7.13). An inhomogeneous
coverage of the surface, i.e. areas covered with polymer and areas without film coverage, can
be excluded since the observations were fully reproducible after changing the pH.27

Figure 7.13
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Height (left) and pull-off force (right) images of a plasma polymerized
allylamine film (175 W, 10/40) obtained with OH-terminated tips at different
pH. In the height image, the color scales ranges from dark (0 nm) to bright (25
nm). In the force images dark color indicates high adhesion (≈ 0 nN, -2.0 nN
for pH 3.8 and pH 5.2, respectively), bright color indicates low adhesion (≈ 0
nN and -0.1 nN for pH 3.8 and pH 5.2, respectively).

On a number of different films similar trends were reproducibly observed (Figure 7.14).
Analogous to the oxyfluorinated iPP films it can be concluded that the distribution of the
functional (amino) groups is inhomogeneous. Differences in the local hydrophobicity can be
assumed to cause a shift of the "pKa". In general, the more hydrophobic the local environment
is the lower the "pKa". Thus, at pH 5.2 areas with high adhesion correspond to the more
hydrophobic regions. The origin of the inhomogeneous distribution of functional groups is not
known at present.

Figure 7.14

Pull-off force images of a plasma polymerized allylamine film (175 W, 10/10)
at different pH. In the force images dark color indicates high adhesion (-0.1
nN, -0.5 nN for pH 3.8 and pH 5.2, respectively), bright color indicates low
adhesion (≈ 0 nN and -0.1 nN for pH 3.8 and pH 5.2, respectively).

The data shown in this chapter constitute to our knowledge the first results on laterally
resolved imaging of functional group distributions on polymers on a sub-50 nm level using
scanning force microscopy with chemically modified tips ("chemical force microscopy"). pHdependent pull-off force measurements carried out on oxyfluorinated films of isotactic
polypropylene and plasma polymerized allylamine using OH-functionalized tips revealed
laterally inhomogeneous pull-off forces. These inhomogeneous forces can be related to
variations of local "pKa" values and different local hydrophobicity, and thus to inhomogeneous
distribution of the polar functional groups introduced by the surface treatment (amino groups
in the polymerized allylamine) on a sub-50 nm scale.
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7.3

Experimental

Sample Preparation. See Chapter 6.
Scanning Force Microscopy and Tip Modification. Triangular shaped silicon nitride
cantilevers with silicon nitride tips (Digital Instruments (DI), Santa Barbara, CA, USA), which
were coated with 2 nm Ti and 75 nm Au in high vacuum (Balzers), were functionalized with
11-hydroxyundecanol following the procedures described in Chapter 6. The SFM
measurements were carried out with a NanoScope III multimode SFM (DI) with modified tips
in buffered aqueous solutions of constant ionic strength utilizing a liquid cell (DI).28 The force
distance curves used for construction of force titration curves were obtained with at least 10
different positions for each sample. For laterally resolved pull-off force measurements the AFM
was operated in the force volume (FV, DI) mode. Only subsequent up and down scans which
showed the same force characteristics were considered.
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The scale of the FV images is from high pull-off forces (dark) to low pull-off forces
(bright) as attractive interactions possess by convention a negative sign.
In the experiments it was checked that the tip overcomes the repulsive electrostatic
force caused by the deprotonated acid groups. For a discussion of erroneous AFM
height images on charged surfaces see: Dufrêne, Y. F.; Barger, W. R.; Green, J.-B. D.;
Lee, G. U. Langmuir 1997, 13, 4779.
For roughness data measured by tapping mode AFM see chapter 6.
Peak power 175 W, duty cycle 10/10.
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The films with the following deposition parameters were investigated: Ppeak = 175 W;
duty cycle = 10/10, 10/40, 10/90. The roughness RA of these films was 1.0 ± 0.2 nm as
determined by tapping mode AFM.
Typical pKa values measured for amines in solution are: methylamine (10.6),
dimethylamine (10.7), ethylamine (10.7), propylamine (10.6) (Risch, K.; Seitz, H.
Organische Chemie; Schroedel, Hannover, 1981; p. 115).
The extraordinary low pKa which was confirmed by independent contact angle
titrations (4.3), was explained by the conformational disorder of the silane SAM. The
disorder leads to a exposition of hydrophobic methylene groups.
Smart, J. L.; McCammon, J. A. J. Am. Chem. Soc. 1996, 118, 2283.
Due to the presence of highly reactive species in the plasma crosslinking of the
deposited polymer films occurs. The crosslinking is seen in swelling experiments (van
Os, M. T.; Menges, B.; Förch, R.; Knoll, W.; Timmons, R. B.; Vancso, G. J. MRS Bull.
in press).
Further support is the observation of practically pH independent force measurements
on a bare Si wafer used as substrate for polymer deposition. Here the adhesion was
homogeneous.
The ionic strength was 1.87 × 10-3. Phosphate and acetate buffers were used.

From Functional Group Ensembles to Single Molecules:
Scanning Force Microscopy of Supramolecular and Polymeric Systems

Chapter 8
Kinetics and Domain Formation in Surface Reactions by
Inverted Chemical Force Microscopy and FT-IR Spectroscopy
Atomic force microscopy (AFM) and FT-IR spectroscopy were applied
to monitor the kinetics of the alkaline hydrolysis of ester groups at the
surface of self-assembled monolayers. The difficulties of thermal drift
and limited resolution in AFM imaging due to the finite size of the
contact area between AFM tip and surface are circumvented by a
novel approach, which we termed “inverted” chemical force
microscopy. In this approach the monolayer (i.e. sample) to be studied
is immobilized at the surface of the tip, hence the name inverted. In
situ force distance measurements using AFM tips coated with the
reactants are capable of following reactions on a scale of less than
100 molecules. Monolayer structure-related reactivity differences,
observed by inverted chemical force microscopy on the nanometer
scale, agree well with macroscopic behavior observed by FT-IR.
These results together with additional force microscopy data support
the conclusion that for SAMs with closely packed ester groups, the
reaction spreads from defect sites, causing separation of the
homogeneous surface into domains of reacted and unreacted
molecules.

Self-assembled monolayers (SAMs) of organic molecules on solid substrates are
becoming increasingly important for various technologies as discussed in the introductory
Chapters. Areas of possible application range from surface modifications for wettability
control,1 tribology2 or lubrication, to sensors,3 devices, or surface patterning (soft
lithography).4 Beyond their practical importance, SAMs offer unique opportunities to enhance
fundamental understanding of interfacial phenomena.1 They can serve as well defined model
systems to understand the behavior of surfaces at the ultimate limit of atomic detail. The
application of CFM in ex situ studies on surface energies and functional group distributions of
polymers was discussed in Chapters 6 and 7. Although surface science techniques are generally
developing rapidly and allow one to characterize surfaces with improving spatial resolution,5 in
situ molecular level studies of chemical reactions have largely eluded surface scientists until
recently. Therefore, if one wants to obtain a better understanding of these processes at the

level of single molecules, novel approaches must be developed to examine chemical reactions
occurring at surfaces and interfaces.
When functional groups are confined in closely packed molecular arrays, their reactivity
often changes. For example, Töllner et al. reported significantly enhanced catalysis of acetone
hydrogenation probably because of enforced (favorable) orientation of a rhodium complex
incorporated in corresponding Langmuir-Blodgett films.6 Penetration of external reagents to
functional groups buried in a well-packed monolayer is usually restricted, and reactivity is thus
reduced. It was shown earlier that monolayers of aliphatic esters with the carboxyl group
buried ten methylene groups below the surface show a remarkable stability towards transesterification.7 Well-packed monolayers of isonicotinate esters were shown to hydrolyze only
very slowly.8 Many biological reactions occur at similarly well-ordered interfaces. The course
of such important reactions, however, remains largely unknown and they could be susceptible
to the procedures described here.
The recent developments in the field of scanning probe techniques promise to give
novel insights in processes at surfaces or interfaces. Surface studies with nominal nanometer
resolution can be carried out in different media or environments. It is therefore not surprising
that surface processes have already been studied with high resolution scanning probe
microscopies.9 Ex situ AFM using chemically modified tips has been shown to provide
information about surface energy changes related to interfacial reactions.10 Previously, in situ
AFM was applied predominantly to monitor topographical changes, e.g. in crystal growth or
dissolution,11 in crystallization of polymers from the melt,12 and in solid state isomerization
reactions.13
All the aforementioned observations are, in general, limited by the finite contact area
between AFM tip and the sample surface. Depending on the radius of curvature of the AFM
tips, on the materials properties, and on the imaging force, the radius of the contact area can be
estimated to be between 2 and 5 nm.14 As a consequence, the true resolution is often much
lower than the nominal accuracy of positioning the specimen and the sensitivity of height or
lateral force data.15,16 The "high" resolution obtained with conventional contact mode AFM
(e.g. for periodic lattice structures found for SAMs)17 can be considered a "lattice resolution".
As shown recently,18 lattice resolution can be considered as an average over the periodic
electron density distribution of the actual contact area. In any case, the true resolution of AFM
in imaging of surface reactions in liquid can be assumed to be no better than several nm.
In addition, thermal and instrumental drift make high resolution imaging of chemical
reactions very difficult to often impossible. Since the area imaged is changing constantly, and
furthermore "reference points" such as topographical features might change as well as a
consequence of the reaction, the lateral resolution is practically below the true physical
resolution discussed above.
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8.1

The Principle of Inverted CFM

In this Chapter a novel approach to study surface reactions of organic thin films with
true nanometer resolution using AFM is described. In this novel approach the reactants are
immobilized on the SFM tip rather than on the sample surface (Figure 8.1).19 Pull-off forces20
between the tip coated with the reactant and an inert surface are monitored as a function of
time. The contact area of the tip at pull-off in such experiments using non-reactive SAMs
deposited on Au(111) (as inert samples) varies between approximately 10 - 100 effectively
interacting molecular pairs.21,22

A F M tip

C H2
O

C H2
OH

O C

inte ra c tio n s

C H3

A u(111)

Figure 8.1

In "inverted" chemical force microscopy the pull-off forces of a reactantcovered AFM tip are measured in situ during the conversion of the reactive
groups. The interaction between tip and inert surface varies with the extent of
the reaction. The approach is depicted schematically for the reaction of ester
groups to hydroxyl groups in aqueous NaOH.

Depending on the changes in the pull-off forces with the extent of the reaction, the
effective force per interacting molecular pair, as well as the number of interacting pairs, can
vary.23 Thus, one can, in principle, monitor chemical reactions with a resolution of the number
of contacting molecular pairs in AFM force measurements provided that the conversion of the
reactants to products is accompanied by changes in the pull-off forces. The force contrast can
be controlled since the magnitude of the pull-off force depends on the choice of the inert
substrate.24 Thus, a large variety of different systems can, in principle, be studied. As
demonstrated here, the kinetics of surface reactions can be followed in situ on a noncontinuum level (10 - 100 molecules) by this technique, which we termed "inverted" chemical
force microscopy.
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In macroscopic context, probing surface reactions averaged over a large area can be
achieved e.g. by Fourier transform infrared (FT-IR) spectroscopy.25 A full understanding of
surface chemistry requires models which allow one to relate macroscopic kinetics observed
e.g. by FT-IR to molecular level observations by AFM.
In the following paragraphs a number of different experiments will be discussed. The
structure of the SAMs of compounds 52 - 54 (Chart 8.1) was first investigated in detail using
contact angle, FT-IR spectroscopy, and surface plasmon resonance spectroscopy. Then the
alkaline hydrolysis of the SAMs was studied by ex situ FT-IR spectroscopy. The hydrolysis
reaction was further investigated in situ by "inverted" chemical force microscopy. Finally,
additional results were obtained by in situ AFM.
O
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Compounds used for the formation of self-assembled monolayers.

Self-Assembled Monolayer Structure

In this study SAMs of the ester terminated thiol 52, the corresponding symmetrical
disulfide 53, and the half ester-disulfide 54 were investigated. Close packing in the monolayers
of esters 52 and 53 was concluded from thickness (surface plasmon resonance spectroscopy)
and wettability measurements (Table 8.1).
Table 8.1

SAM characteristics.

Compound
52
53
54
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Advancing
70°
66°
57°

Contact angles (water)
Sessile
Receding
68°
64°
62°
56°
52°
44°

SPR thickness, Å
11
11
12
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FT-IR spectroscopy data were consistent with literature data on similar films.26 The
asymmetric stretching vibrations νa(CH2) at 2919-2920 cm-1 are typical of well-packed alkane
chains in an all-trans conformation27 and the ν(C-O) vibration at 1259-1262 cm-1 was shifted
to higher frequencies as compared with bulk spectra (1240-1242 cm-1), showing strong lateral
interactions between adjacent carbonyl groups in ordered quasi-crystalline environments.28
SAMs of 54 showed a higher frequency for the νa(CH2) vibration (2922 cm-1) and the water
contact angle of SAMs of 54 was lower than those of 52 and 53, indicating partial exposure of
hydroxyl groups at the monolayer surface.29 Molecular (lattice) resolution AFM measurements
performed in water revealed a hexagonal tail group lattice structure with a lattice constant of
5.2 ± 0.2 Å (vide infra).18 Monolayers of 52, 53, and 54 thus possess a well-packed structure.
AFM friction force measurements (vide infra) were consistent with the interpretation that the
hydroxyl and ester groups in the monolayer of 54 are evenly distributed down to the level of
the lateral size range of the contact area between AFM tip and sample surface.30

8.3

Ester Hydrolysis Studied Ex Situ by FT-IR

Reactions were carried out in 1.0 M aqueous sodium hydroxide at room temperature.
Macroscopic kinetics were determined by FT-IR spectroscopy following the decrease of the
integrated intensity of the ν(C=O), ν(C-O), and δs(CH3) vibrations ex situ. SAMs of thiol 52
(and disulfide 53) reacted much more slowly than SAMs of the mixed disulfide 54 (Figure 8.2).
Kinetics of the mixed disulfide 54 were exponential while 52 and 53 showed sigmoid behavior.
The half reaction times are listed in Table 8.2. For the mixed disulfide 54, the pseudo first
order rate constant kFT-IR was 1.00 × 10-2 s-1.
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Hydrolysis ([1-x] as a function of reaction time t; with extent of reaction x) in
1 M NaOH as determined by FT-IR spectroscopy for thiol 52 (left) and
disulfide 54 (right).
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Table 8.2

Half-reaction times τ1/2 as determined by FT-IR (ex situ hydrolysis in 1.0 M
NaOH)
SAM
52
53
54

τ1/2
1644 s
684 s
72 s

In monolayers 52 and 53 which present a close-packed surface, access of hydroxide
ions to the carboxyl groups appears to be hindered even though the reactive carboxyl groups
are buried only a few angstroms below the surface. Similar sigmoid behavior is found, for
example, in perfect crystals which often exhibit low initial reactivity.31 In these cases defects at
the crystal surface may allow a slow initial reaction and acceleration is observed as more
reactive sites become exposed.32 SAMs of esters 52 and 53, at half hydrolysis (i.e. at 50%
conversion), would at first sight appear equivalent to the mixed disulfide 54. Reaction of esters
52 and 53 at 50% conversion is however, ca. 10-20 times slower than that of ester 54.33

8.4

Ester Hydrolysis Studied In Situ by Inverted CFM

The origin of the striking reactivity difference mentioned at the end of the previous
paragraph must lie in the structure of the surface of the SAMs. Thus, it is of interest to obtain
structural and compositional information with a high resolution, preferably at the molecular
scale. In situ information on the composition of the reacting monolayers was obtained by the
"inverted" chemical force microscopy approach described in section 8.1. In these experiments,
the force required to pull the AFM tip coated with 52, 53, or 54 away from contact with an
inert octadecanethiol SAM on flat Au(111) was followed in real time in situ during the
hydrolysis.
The change in surface composition could be measured accurately because the
hydrophobic force between ester (the reactant) and alkyl-terminated surfaces is large. Average
pull-off forces measured between neat ester-SAMs and methyl-terminated tips were found to
be 9 ± 2 nN, whereas neat hydroxyl-terminated SAMs and methyl-terminated tips show an
average pull-off force of 0.4 ± 0.3 nN (Figure 8.3). These forces follow the trend predicted by
the Johnson-Kendall-Roberts theory of contact mechanics.19,34 As the sampling area (contact
area at pull-off) of the functionalized AFM tip is between 10 and 100 molecules depending on
the actual tip radius,19 the reaction can be studied in a highly localized fashion.
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Histograms of pull-off forces measured with a single octadecanethiol
functionalized tip on neat SAMs of thiol 52 and 11-mercaptoundecanol in
water. The average pull-off forces measured in this particular experiment were
10.4 ± 0.9 nN and 0.8 ± 0.6 nN, respectively.

The Au(111) substrates used are atomically smooth over distances of several hundred
nanometers with only occasional steps and depressions present (Figure 8.4). With highly
ordered octadecanethiol SAMs on top of these substrates it is ensured that the interaction
between tip and surface takes place between exactly the same functional groups at the tip apex
and a homogeneous inert substrate.

Figure 8.4

Tapping mode AFM height image of Au(111) surface covered with inert
octadecanethiol SAM (z-scale from black to white: 5.0 nm).
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The individual reaction profiles for thiol 52 and disulfide 53 showed significant
induction periods which depend on the hydroxide concentration (Figure 8.5; Table 8.3). For
SAMs of the mixed disulfide 54 no induction periods were observed. Test experiments with
(inert) octadecanethiol-coated tips showed that SAM damage can be excluded and that the
SAM / gold assembly stays intact over the typical experiment times. The AFM results are
summarized in Table 8.3.
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Pull-off forces measured during hydrolysis as a function of reaction time t of
SAMs of 52, 53, 54, and octadecanethiol (blank) in 0.1 M NaOH followed by
inverted CFM. Results of representative individual experiments are shown.

The conversion x, of ester groups to hydroxyl groups was calculated from:
x = [F0 - Ft]/[F0 - F∞]

(8.1)

where F0, Ft and F∞ denote the measured average pull-off force at t = 0, at t = t and t =
∞, respectively.10a This equation is based on the assumption that the forces change linearly with
the work of adhesion (equation 2.9). The surface free energy of the tip and the interfacial free
energy are assumed to be only influenced by changes in the endgroup while the surface free
energy of the inert substrate is assumed to be constant (equation 2.10).10a
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Table 8.3

Kinetics of in situ hydrolysis of SAMs on gold-covered AFM tips.
Average half reaction
time τ1/2, (s)
Range of induction periods (s)
365
0 - 560
28
0

SAM
52
53
54

Concentration NaOH (mol/l)
1.00
1.00
1.00

52
53
54

0.10
0.10
0.10

965
630
220

0 - 1100
150 - 435
0

52
53
54

0.01
0.01
0.01

2298
1655
889

1305 - 1677
100 - 1267
0

In Figure 8.6, the results of four different experiments for thiol 52 performed under
identical conditions are shown. The individual reaction profiles showed a wide distribution of
induction periods, indicated by the arrows.
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Figure 8.6

Hydrolysis ([1-x] as a function of reaction time t; with extent of reaction x) of
SAMs of 52 in 0.1 M NaOH followed by inverted CFM. Results of four
individual experiments are shown. Induction periods (as indicated by arrows)
vary between 0 and 1000 seconds. Following the induction periods the
reactions proceed at similar rates.
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The contact area between the tip and the surface at pull-off is smaller than the typical
domain size in SAMs.35 If the reaction starts at defect sites, variable induction periods are to be
attributed to the time elapsed before a defect is formed in the contact area between estermodified tip and alkyl-terminated inert surface. If a defect is already present in the contact
area, the observation of the reaction starts right away, and the induction period is small or nonexistent. If there are no defects in the contact area, the reaction is not observed until a defect is
formed, or the reaction front reaches the contact area. This interpretation is in good agreement
with an estimate of the domain size based on the observed induction times and reaction
kinetics.36 From the data summarized in Table 8.3 a maximum domain size of 3.2 ± 0.2 nm for
thiol 52, and 2.6 ± 1.2 nm for the symmetric disulfide 53 can be estimated. These values are in
agreement with literature data.37
It can be concluded at this point that the observed distribution of induction periods is a
strong indication of separation of reacted (-OH) and unreacted (-O-CO-CH3) terminal groups
during the hydrolysis. Thus, the profiles of the different experiments shown in Figure 8.6 differ
because inverted CFM follows the reaction highly localized.
The macro-kinetic profiles can be obtained by averaging many AFM experiments.
These profiles were found to be qualitatively very similar to the FT-IR profiles. The reaction of
SAMs of half-ester disulfide 54 (Figure 8.8c) gives an average second order rate constant kAFM
= 2.4 × 10-2 l mol-1s-1 which is in good agreement with the value obtained by FT-IR (Figures
8.7 and 8.8).38 By contrast, the SAMs of both thiol 52 and symmetrical disulfide 53 showed
sigmoid profiles for the average kinetics (Figure 8.8). Macro-scale kinetics determined by FTIR can thus be reproduced by averaging snapshots of the reaction of 10-100 molecules from
the AFM experiments.
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Figure 8.7
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The pseudo first order rate constants for the hydrolysis reaction observed for
54 by inverted CFM depend linearly on the concentration of NaOH. An
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Course of the hydrolysis ([1-x] as a function of reaction time t; x denotes the
extent of the reaction) as measured by FT-IR (A, B) for 1 M NaOH and
measured by inverted CFM (C, D) for various concentrations. The inverted
CFM data was obtained by averaging over many individual experiments. Note
the different time scales. The lines correspond to exponential or sigmoid fits,
for details see text.

In Situ AFM Imaging of Hydrolysis

Further indication for the formation of domains of reacted and unreacted molecules
during the hydrolysis reaction is obtained from in situ contact mode AFM experiments with
uncoated tips on SAMs of 52 and 54 on flat Au(111) substrates. As shown in Figure 8.9, the
friction force observed on Au(111) terraces covered with a SAM of 52 changes significantly
during hydrolysis. After ca. 4 minutes the smooth image which shows only the step edges of
the Au surface began to change to an image exhibiting a “rippled” appearance. The
inhomogeneous friction producing the ripples increased and then disappeared during the course
of the reaction. We postulate that the observed “ripples” are related to inhomogeneous
adhesion, and hence friction,19,21 because of the formation of domains of reacted and unreacted
molecules during the course of reaction.39
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Figure 8.9

In situ AFM (friction mode with unmodified tip) of hydrolysis of a SAM of 52
on Au(111) in 1 M NaOH (bright color corresponds to high friction; z-scale
from black to white: 0.05 V). The images were captured after 4 minutes (A), 10
minutes (B), 13 minutes (C), and 24 minutes (D), respectively.

The inhomogeneous friction producing the ripples can be evaluated by analyzing the
deviation of the friction for each pixel from the mean value similar to a roughness RA
analysis.40 The corresponding roughness data as a function of reaction time are shown in
Figure 8.10. The friction contrast peaks after ca. 15 minutes for thiol 52, while there is no
contrast change for mixed disulfide 54. These observations are in agreement with the FT-IR
and inverted CFM results.
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Roughness analysis of friction images of SAM of 52 (left) and disulfide 54
(right) for hydrolysis in 1 M NaOH.

The lattice of the SAMs could be imaged with molecular (lattice) resolution prior to
and after the hydrolysis on the Au(111) terraces shown in Figure 8.9. In Figure 8.11 the
corresponding high resolution lattice images are shown.

Figure 8.11

Unprocessed AFM images of SAM of 52 prior to (left, H2O) and after (right,
NaOH) hydrolysis in 1 M NaOH (inset: 2-D fast Fourier transform).

229

The fact that lattice imaging was possible prior to and after the hydrolysis demonstrates
that SAM damage can be excluded as origin for the disappearing inhomogeneity of the friction
images of 52. The true resolution of the friction measurements can be assumed to be in the
order of 2 - 5 nm which is a typical size for domains in SAMs.35,39 As the friction contrast did
not change significantly in SAMs of the mixed disulfide 54, the inhomogeneous friction
observed for thiol 52 strongly suggests that the reaction proceeds inhomogeneously.
The scenario proposed for the reaction in well-packed SAMs is depicted schematically
in Figure 8.12. The mechanism shown is consistent with the AFM and FT-IR data and
accounts for the reactivity differences between half-reacted monolayers of 52 and 53 on the
one hand and the monolayers of 54 on the other. The macro-compositions are the same, but
while the layer of 54 remains homogeneous, 52 and 53 separate into domains of reacted and
unreacted molecules during the hydrolysis.

A

Figure 8.12
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B

Schematic representation of (A) inhomogeneous reactions for SAMs of thiol 52
and disulfide 53 and (B) the homogeneous reaction of mixed disulfide 54. The
reaction of 52 starts at defect sites (indicated by arrows) and creates domains
of reacted and unreacted molecules. The reaction then proceeds at these
domain boundaries until all molecules have reacted, while for 54 the reaction
occurs homogeneously.
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8.6

Experimental

Materials. Compounds 52 - 54 were synthesized as described elsewhere.41 The crude
products were isolated by flash chromatography and characterized by 1H, 13C NMR, IR
spectroscopy, mass spectrometry, and elemental analysis. HPLC grade dichloromethane and
ethanol were purchased from Aldrich and used as such. Millipore Milli-Q water was used in all
experiments.
Preparation of SAMs. SAMs for FT-IR analysis were self-assembled onto evaporated
gold as described in reference 42. Briefly, gold substrates were prepared by thermal
evaporation of 5 nm of Cr followed by 100 nm of Au onto silicon wafers which were precleaned by heating in piranha solution (7:3 mixture of conc. sulfuric acid and 30% hydrogen
peroxide) at 90°C for 1 h. Caution! Piranha solution reacts violently with almost any organic
materials and should be handled with utmost care! Prior to deposition of monolayers, the gold
substrates were treated with conc. HNO3 for 10 min, washed exhaustively with water and
ethanol and dried. Monolayers were prepared by dipping the pre-cleaned substrates into 1 mM
solutions of compounds 52, 53, or 54 in dichloromethane for 16 h at room temperature. The
substrates were then rinsed with dichloromethane and ethanol and dried. SAMs for lattice
imaging and in situ imaging of the reaction on Au(111) substrates were prepared similarly on
annealed Au(111) substrates described in reference 43.
Instrumentation. IR spectra of monolayers were determined with a Perkin-Elmer
1725 X instrument fitted with an MCT detector and a grazing angle accessory (Spectra-Tech
Inc.). Freshly cleaned (conc. HNO3, 10 min) bare gold slides were used as background. The
sample compartment of the spectrometer was purged with nitrogen. Surface plasmon
resonance (SPR) data were acquired using an instrument built in the University of Sheffield
giving a resonance angle resolution of 0.006°. The values of thickness were calculated from the
shift of resonance angle using the standard Fresnel equation,44 assuming the dielectric constant
of the film to be equal 2.1. Contact angles were recorded with a CCD camera attached to a
Power Macintosh computer. Water drops (1 µl) were generated with a micrometer syringe
(Agla). Electronic images of sessile, advancing, and receding drops were stored in the
computer and analyzed using ClarisDraw software. At least three drops were analyzed for each
slide.
AFM and Tip Modification. Triangular shaped silicon nitride cantilevers and silicon
nitride tips (Digital Instruments (DI), Santa Barbara, CA, USA) were covered with 50 - 70 nm
of gold in a Balzers SCD 040 sputtering machine at an argon pressure of 0.1 mbar or
alternatively with ca. 2 nm Ti and ca. 75 nm Au in high vacuum (Balzers). The gold covered
tips were then functionalized with SAMs of 52, 53, or 54 following the procedures described
in Chapter 3.10b,10c,42 The SFM measurements were carried out with a NanoScope II and a
NanoScope III multimode SFM (DI) utilizing a liquid cell. The force measurements were
performed with modified tips, and the imaging with unmodified silicon nitride tips,45
respectively. Cantilever spring constants were calibrated as described in reference 46.
Inverted CFM. The functionalized AFM tip was placed in the liquid cell. After a brief
equilibration period in ultrapure water the tip was engaged on an octadecanethiol SAM on
Au(111) and a set of force distance curves was recorded. After withdrawal of the tip the cell
was flushed with more than 20 times the cell volume of aqueous NaOH. After a stable
photodiode reading the tip was engaged again. Immediately after engaging force distance
curves were recorded in intervals of 30 (60) seconds. The mean of 10 individual pull-off
events, measured after each 30 seconds (each minute for slow reactions), was calculated.
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Chapter 9
Individual Supramolecular Host-Guest Interactions Probed by
Dynamic Single Molecule Force Spectroscopy
For the first time supramolecular host-guest interactions of small
molecules with fast unbinding kinetics were successfully studied by
dynamic single molecule force spectroscopy. The unbinding force
between ferrocene moieties immobilized on AFM tips and βcyclodextrin receptors in highly ordered self-assembled monolayers
on Au(111) was found to be 56 ± 10 pN. This single host-guest
complex rupture force was found to be independent of the loading rate
which is indicative for a thermodynamically controlled experiment.

After describing the results of measurements between ensembles of molecules and the
in situ studies of reaction kinetics at the surface of modified AFM tips, the detection of
individual supramolecular interactions will be discussed in this Chapter. The lock and key
principle1,2 can be regarded as the central principle for molecular recognition in Nature.3
Supramolecular chemistry mimics Nature e.g. by using artificial receptors for selective
recognition.4 It is fair to say that molecular recognition by synthetic receptors in solution has
reached a high level of sophistication.5
With the invention of scanning probe techniques, such as AFM, real space nanometer
scale structural characterization and measurements of forces with piconewton resolution have
become possible with the same instrument.6,7 Consequently, much effort has been devoted to
measurements of single molecule interactions.8,9 These studies on the lock and key principle on
the level of individual molecules focussed primarily on natural receptors with relatively high
molar masses and thus sizes, and very slow unbinding kinetics.10 In this Chapter, a study of
supramolecular host-guest interactions between small molecules is reported. Interactions
between β-cyclodextrin (β-CD) receptors in highly ordered SAMs on Au(111) and ferrocene
moieties immobilized on AFM tips were measured in dynamic force spectroscopy
measurements.

9.1

Characterization of SAMs of β-Cyclodextrin Derivatives on Au(111)

For the current studies self-assembled monolayers of β-CD heptasulfide derivative 56
OH on Au(111) were used (Chart 9.1, Figure 9.1). β-CD, which is a cyclic heptamer of
glucose, is well known to bind apolar guests, such as ferrocene, adamantane etc., in aqueous
environment.11 The receptor was immobilized in SAMs on Au(111). These SAMs were
investigated by a variety of techniques to ensure that the monolayers fulfill the requirements for
a successful determination of single molecular interactions on the level of small molecules.12,13

OH
O
O
HO

0 .62 n m

OH

0 .79 n m
1.5 4 nm

Chart 9.1

Space-filling models of β-cyclodextrin cavity in top- and side-view (left and
middle, respectively) and molecular structure (right).

These requirements are (a) high structural order of the assembly (preferably 2dimensional translational order) and (b) optimized functional design in order to expose the
cavity in an accessible manner. In particular, the interactions of β-CD with the anionic guest 8anilino-1-naphthalenesulfonic acid (1,8-ANS) in solution were monitored by electrochemical
impedance spectroscopy (EIS).14
The response curve of β-CD monolayer 56 OH for 1,8-ANS is shown in Figure 9.1.
Even at very low concentrations of guest high responses are obtained.15 The complete
complexation curve shows that the charge-transfer resistance reaches a plateau-value at
concentrations around 100 µM.16 These results prove that 1,8-ANS binds effectively to the
cyclodextrin cavities. Thus, 1,8-ANS can be used to reversibly block the receptor sites in force
spectroscopy measurements (vide infra).
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56 O H
Figure 9.1

Structure of β-CD sulfide adsorbate 56 OH (left) and dependence of the
charge transfer resistance RCT of the β-CD monolayer on the concentration of
anionic guest (1,8-ANS) obtained by electrochemical impedance spectroscopy
measurements (right). The solid line is a fitted Langmuir isotherm.16

The degree of lateral order of the SAMs of different permethylated CD sulfide
derivatives on Au(111) was investigated by AFM using unmodified tips.17 SAMs of α-CD (55
OMe), β-CD (56 OMe), and γ-CD (57 OMe)18 on Au(111) were imaged with minimized
forces in water. A clear periodic lattice was observed for the β-CD sulfide derivative (Figure
9.2), while the α-CD and γ-CD SAMs showed almost exclusively periodicities in form of
parallel lines. However, the distances between the periodic features correspond to the
approximate size of the adsorbate molecules. The measured repeat distances are summarized in
Table 9.1.

Table 9.1

Lattice constants found for methoxy-substituted CD adsorbates on Au(111).
Adsorbate

α−CD 55 OMe
β−CD 56 OMe
γ−CD 57 OMe

Lattice constant hexagonal
lattice
(20.2 Å)*
20.6 ± 1.3 Å
≈24.0 Å**

Angle
60 ± 4°
≈ 60°**

* For α−CD only parallel lines were observed. The repeat distance is based on the assumption of a hexagonal
lattice; ** For γ−CD only very few images showed a lattice. A large number of images in which with parallel
lines were observed are not included in the analysis.
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The successful imaging of these SAMs was much more difficult as compared to the
SAMs described in Chapters 3 and 8. This can be attributed to the limited mechanical stability
of the arrangement of the cavities. The area requirements of cavity and alkyl chain underneath
do not match as perfectly as for the cavitand SAMs.

Figure 9.2

9.2

AFM images of SAMs of methoxy-substituted β-CD sulfide derivatives on
Au(111) obtained in water. Unprocessed friction image (inset: autocovariance
filtered section, left) and autocovariance filtered height image of a different
SAM (right).

Dynamic Single Molecule Force Spectroscopy

As described in the previous Chapters of this Thesis, the interaction between ensembles
of selected functional groups can be successfully studied by AFM using chemically modified
probe tips.19,20,21,22 In addition, forces between single molecules were previously studied with
various techniques, including AFM and optical trapping techniques,8,9 predominantly on
molecules with relatively high molecular masses and thus sizes. Examples include e.g. binding
of cell adhesion proteoglycans8d or complementary strands of DNA.8c
Gaub and co-workers showed that single molecule adhesion forces for biotin and
different (strept)avidins seem to correlate with the enthalpy of the binding reactions for
different avidin - biotin pairs.8a,8b,23,24 These conclusion have been questioned recently based on
loading rate-dependent measurements.10,25
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Force Spectroscopy
The complexation behavior of SAMs of β-CD 56 OH was measured by single molecule
force spectroscopy (Figure 9.3). Gold-coated AFM tips were modified with a mixed SAM of
2-hydroxy-ethanethiol and 6-ferrocenyl-hexanethiol. As shown by additional cyclic
voltammetry experiments the mixed SAMs contained 1 % - 2 % 6-ferrocenyl-hexanethiol.26

Figure 9.3

Schematic drawing of single molecule force spectroscopy between an AFM tip,
modified with a mixed SAM of 2-hydroxy-ethanethiol and 6-ferrocenylhexanethiol, and a SAM of β-CD on Au(111).

Force-distance curves measured with these functionalized tips on SAMs of β-CD on
atomically smooth Au(111) in pure water showed multiple pull-off events as shown in Figure
9.4. After replacing the water by an aqueous solution of the external guest (1,8-ANS, 100
µM), the number of resolved pull-off events was drastically reduced. In ca. 50 % of the forcedistance curves "normal" single pull-offs were observed (Figure 9.4). The other force-distance
curves showed up to three pull-offs, indicating some residual free β-CD cavities.
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Figure 9.4

Force-distance curves recorded for interaction between tips covered with
mixed hydroxyl-ferrocene SAMs and β-CD 56 OH substrate in water prior to
addition of 1,8-ANS (top), after the addition of 1,8-ANS (bottom). The loading
rate was 5.00 × 104 pN/s. The interpretation of the multiple pull-off events and
their reduction or absence in presence of 1,8-ANS is depicted schematically on
the right.

After replacing the solution by pure water, the multiple pull-offs were observed again
(Figure 9.5). The observations can be interpreted as blocking of the β-CD cavity by the
external guest. The electrochemical impedance spectroscopy results fully support this
interpretation (vide supra).

Figure 9.5
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Force-distance curves recorded for interaction between mixed hydroxylferrocene tip and β-CD 56 OH in water prior to addition of 1,8-ANS (A), after
the addition of 1,8-ANS (B), and after a subsequent flush with water (C).

Force Spectroscopy
Control experiments were carried out with 2-hydroxy-ethanethiol and octadecanethiol
modified tips (no guest) on β-CD SAMs and with mixed 2-hydroxy-ethanethiol and 6ferrocenyl-hexanethiol modified tips on octadecanethiol and 2-hydroxy-ethanethiol SAMs (no
host). The corresponding force-distance curves showed "normal" (single) pull-offs which
indicated the absence of specific interactions (Figure 9.6). The magnitude of the pull-off forces
in the control experiments is characteristic for interactions measured in water.21c,21h

Figure 9.6

Control experiments were carried out on a pure β-CD 56 OH SAMs on
Au(111) using octadecanethiol (A) and 2-hydroxy-ethanethiol functionalized
tips (B) [no guest], and on octadecanethiol (C) and 2-hydroxy-ethanethiol (D)
SAMs on Au(111) using the mixed hydroxyl-ferrocene-modified tips [no host].

The occurrence of multiple individual pull-off events during one retraction of the
sample from the tip can be attributed to the rupture of host-guest complexes at the edge of the
contact area between probe and surface.8 As seen in the corresponding test experiments (vide
supra), the multiple pull-off events were only observed with mixed hydroxyl-ferrocene
functionalized tips on β-CD SAMs. The analysis of the individual pull-offs revealed a
"quantized" adhesion force. In the histograms shown in Figure 9.7, distinct force maxima could
be observed.
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(a) Histograms of individual pull-off forces measured in AFM force-distance
curves between SAMs of β-CD 56 OH and mixed hydroxyl-ferrocene tip in
water; (b) correlation analysis of the histogram prior to addition of 1,8 - ANS
(insets: data acquired after blocking of cavity and flushing with water).27

The normalization of the data is summarized in Table 9.2. These maxima were also
confirmed in the correlation analysis which is included in Figure 9.7. The positions of these
maxima were not altered after blocking of the cavities with 1,8-ANS and subsequent removal
by flushing with water.28,29

Table 9.2

Normalized maxima observed in histograms shown in Figure 9.7.
Maxima in force (pN)
56
113
170
226
283
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Normalized force
1.00
2.02
3.04
4.04
5.05

Force Spectroscopy
Recently, the loading rate dependence of forces measured between biotin and
streptavidin (or avidin) was reported.10 Thus, in order to check whether the rupture force of
the ferrocene - β-CD complexes is rate-dependent, the adhesion between ferrocene and β-CD
was measured over a frequency range of three decades. No significant dependence of the hostguest complex rupture force on loading rate could be detected for loading rates between 2.00
× 102 and 2.34 × 105 pN/s (Figure 9.8).30 The local maxima in the pull-off force histograms are
multiples of 56 ± 10 pN regardless of the loading rate as confirmed by a correlation analysis.31
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Figure 9.8

Rate dependence of single host-guest rupture forces.

This observation supports the interpretation that the experiment is carried out under
thermodynamic control. The decomplexation itself is fast compared to the force spectroscopy
experiment.30 As long as the exerted force is smaller than the rupture force, spontaneous
decomplexation and recomplexation occur at the edge of the contact area between tip and
sample. The exertion of force is translated into strain energy in the spacer of the ferrocene
guest on the tip and the alkyl chains of the β-CD adsorbate. On the time scale of the host-guest
binding kinetics, the tip remains stationary and rapid spontaneous decomplexation still occurs.
As long as the strain energy in the bound state is overcome by the energy release upon
complexation recomplexation remains possible. Retraction of the tip occurs when the strain
energy becomes larger than binding energy.
In the theoretical analysis of the physics of bond rupture, four different regimes were
predicted by Evans, Ritchie et al.10,24 For very small loading rates, the spontaneous dissociation
of the complex is the most frequent process and the most frequent rupture force f* is zero.32
Subsequently, there are three further regimes showing rate dependence. In the slow loading
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regime f* grows as a weak power of the loading rate, in the fast loading regime there is a
logarithmic dependence of f* on rate, and in the ultrafast loading regime only viscous frictional
drag retards the separation. Based on the comparison of equilibrium kinetics and in particular
the insignificant loading rate dependence in our experiments, we can assume that we measure
the ferrocene - β-CD interactions in the slow-loading regime. Unlike for the complicated
interactions between streptavidin and biotin which involve multiple barriers, it can be assumed
that there is in our case only a single barrier on the decomplexation pathway. However, due to
the fact that the AFM experiment is slow relative to the unbinding kinetics, the corresponding
distances xβ10 cannot be determined from the slope of the force versus loading rate plot. Future
work on the β-CD SAMs must certainly address the measurement of single complex rupture
forces for guests with different complexation constants and the influence of temperature on the
values measured.33
In conclusion, the complexation behavior of ferrocene moieties in highly ordered SAMs
of β-CD on Au(111) was investigated by single molecule force spectroscopy. Multiple pull-off
events were observed for the interaction between ferrocene (immobilized in a mixed hydroxylferrocene SAM on an AFM tip) and β-CD SAM on Au(111) in water. Addition of a guest
(1,8-ANS) causes reversible blocking of the cavities. The adhesion between β-cyclodextrin and
ferrocene moieties was found to be a multiple of 56 ± 10 pN. The observed "quantum" of
adhesion force can be identified as the value for the rupture force of a single ferrocene - β-CD
complex. This single host-guest complex rupture force was found to be independent of the
loading rate which is indicative for a thermodynamically controlled experiment.

9.3

Experimental

Materials. The synthesis of the cyclodextrin adsorbates and 6-ferrocenyl-hexanethiol,34
which was carried out by Dr. M. W. J. Beulen, is described in reference 12. 1,8-ANS, 2hydroxy-ethanethiol, and octadecanethiol were purchased from Aldrich and used as received.
Electrochemical
Impedance
Spectroscopy.12
Electrochemical
impedance
spectroscopy measurements were performed and analyzed by Dr. M. W. J. Beulen as described
reference 12. Measurements were performed in an aqueous solution of 0.1 M K2SO4 and 1
mM K3Fe(CN)6/K4Fe(CN)6. The starting volume of the electrolyte solution in the
electrochemical cell was 60 mL. Guests were titrated from stock solutions: 3.5 mM 1,8-ANS
in an aqueous solution of 0.1 M K2SO4 and 1 mM K3Fe(CN)6/K4Fe(CN)6. The experimental
titration curve of the β-CDOH monolayer was fitted with the program Table Curve V 1.0 by
Jandel Scientific.
Cyclic Voltammetry.12 The composition of the mixed monolayer of 6-ferrocenylhexanethiol and 2-hydroxy-ethanethiol used in the AFM-measurements was determined by
separate cyclic voltammetric experiments. The redox signal of the ferrocene unit was
integrated in cyclic voltammograms measured in 0.1 M NaClO4 for monolayers of different
ratios of the two adsorbates in the adsorption solution (1-100% Fc).
AFM and Tip Modification. Triangular shaped silicon nitride cantilevers and silicon
nitride tips (Digital Instruments (DI), Santa Barbara, CA, USA) were coated with 50-70 nm of
gold in a Balzers SCD 040 sputtering machine at an argon pressure of 0.1 mbar or alternatively

246

Force Spectroscopy
with ca. 2 nm Ti and ca. 75 nm Au in high vacuum (Balzers). The tips were immersed in 1 mM
solutions of the corresponding thiols in ethanol:chloroform (1:2). A 99:1 mixture of 2hydroxy-ethanethiol and 6-ferrocenyl-hexanethiol, pure 2-hydroxy-ethanethiol, and pure
octadecanethiol were used. After 10-15 hours the cantilever substrates were rinsed with pure
solvent and dried briefly in air. Without delay the cantilevers were mounted in the liquid cell
(DI) of a NanoScope III multimode AFM (DI). After an equilibration period of ca. 1 hour in
pure water the tip was engaged on a SAM of β-CD 56 OH on Au(111) and 300 to 400 forcedistance curves were recorded at different positions on the sample surface. The maximum
external load was limited to < 1.0 nN. The loading rate was varied between 2.4 × 105 pN/s and
2.0 × 102 pN/s. After withdrawal of the tip, the cell was flushed with more than 20 times the
cell volume of aqueous 1,8-ANS (100µM). After a brief equilibration period the tip was
engaged again on the β-CD SAM incorporating 1,8-ANS guest and a second set of force
curves was recorded. After withdrawal of the tip from the surface, the cell was flushed with
pure water. The repeated force measurements in absence and in presence of 1,8-ANS were
carried out up to 4 times. In the course of the experiments the number of the pull-off events in
pure water was reduced after each 1,8-ANS - water cycle. The reference measurements with
2-hydroxy-ethanethiol and octadecanethiol functionalized tips were all carried out in pure
water. The piezo positioner was calibrated in z-direction by measuring step heights of
Au(111).35 The cantilever spring constants were calibrated as described in the literature.36 The
relative error of this method has been estimated to be smaller than 16%.36
Data Evaluation. For quantitative analysis 100 force curves of a given set were
analyzed. The observed individual pull-off events were analyzed individually and plotted in
histograms. A correlation analysis was carried out by calculating f(k) = f(k) ∗ f(k+x) with x
between 0 and 1.0 nN.
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tip as a result of the experiment or the flushing of the liquid cell. It should be noted
however, that the positions of the maxima in the force histograms do not change.
The maximum contact area between the tip and the monolayer was estimated based on
the Johnson-Kendall-Roberts theory of contact mechanics.22 The number of ferroceneterminated molecules in the estimated maximum contact area of the mixed SAM can be
estimated to be ~ 14 - 28 molecules (assuming a homogeneous dispersion of the 1% 2% of ferrocene-terminated thiol in the SAM). This agrees reasonably well with the
experimental observation of ca. 10 - 20 interactions per pull-off event. The load (L =
1.0 nN), surface energy per unit area (W = 10-3 N/m), and tip radius (R = 100 nm) were
experimentally determined. The following parameters for the SAMs were assumed:
Young's modulus E = 0.5 GPa, Poisson's ratio ν = 0.3.
The rate constant for decomplexation kd can be estimated based on the known K =
2400 M-1 for the complexation of ferrocene carboxylic acid in β-CD (Godínez, L. A.;
Schwartz, L.; Criss, C. M.; Kaifer, A. E. J. Phys. Chem. B 1997, 101, 3376) and the
assumption of diffusion limited complexation with a kc of 108 to 109 (M2 s)-1. The
estimated value for kd is of the order of 105 to 106 (M s)-1. Thus, processes occur on a
time scale of 10-6 s, while the AFM is limited to measurements on the order of 10-4 s 10-3 s and slower.
The error was calculated based on Gauss error analysis: ∆F = [((dF/dk) ∆k)2 + ((dF/dz)
∆z)2]1/2.
In the experiments of Evans, Ritchie et al.10 the number of binding events in one cycle
of the experiment was reduced to < 1 (probability of successful binding < 1.0). From
the histograms of the single complex rupture forces the most frequent rupture force f*
was determined. As the unbinding occurs on a timescale of microseconds while the
AFM experiment is limited to the millisecond range, most unbinding events will not be
detected in the experiments discussed in this Chapter. As only the observed individual
pull-off events were evaluated, the histograms in Figure 9.7 cannot be used to
determine the most frequent rupture force f*.
Within a series of similar host-guest complexes a linear relationship between rupture
forces and thermodynamical binding enthalpies may exist. A conversion of the rupture
force to binding enthalpy is, however, not generally possible since the experimentally
determined force is the derivative at a single inflection point of the potential energy
curve while the binding enthalpy results from the integration of the path of binding.
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From Functional Group Ensembles to Single Molecules:
Scanning Force Microscopy of Supramolecular and Polymeric Systems

Chapter 10
Towards Controlled Positioning of Nanometer-Sized
Molecules in SAMs: AFM-Directed Assembly of
Metallodendrimers*
Replacement of alkanethiol molecules and filling of defects in SAMs
on Au(111) can be used to incorporate different sulfide containing
dendrimer and hemicarceplex molecules into monolayers. The
resulting mixed monolayers were characterized by multimode AFM.
Individual immobilized dendrimer molecules were visualized. In
addition, the insertion mechanism was investigated and the process
was followed in situ by contact mode AFM. The initial SAM quality
was found to have no significant influence on the surface
concentration of dendrimer wedges. In contrast, an increase of the
concentration of the dendrimer solution resulted in an increase of the
number of observed molecules. The controlled positioning of sulfide
derivatized metallodendrimers by means of tip-assisted directed
assembly using AFM is described. Areas with high dendrimer
concentration on a scale of 200 nm could be created.

10.1

Surface-Confined Dendrimers: Isolated Nanosize Molecules

Although current technologies allow patterning on the submicrometer level, there is
considerable interest to further decrease feature sizes to the nanometer domain.1 In the design
and manufacturing of nanosize devices2 the components may consist of single large functional
molecules. As outlined in Chapter 1, the fabrication of structures in the nanometer domain can
be accomplished by a combined bottom-up / top-down approach. One can identify two
essential requirements. These are (a) the simple synthesis of large functional molecules and (b)
the controlled positioning of these molecules, e.g. by probe microscopic techniques.
Dendrimers are molecules of nanometer size dimensions with well-defined tree-like
__________________________________________________________________________
* Part of the work described in this Chapter has been published: Huisman, B.-H.; Schönherr,
H.; Huck, W. T. S.; Friggeri, A.; van Manen, H.-J.; Menozzi, E.; Vancso, G. J.; van
Veggel, F. C. J. M.; Reinhoudt, D. N. Angew. Chem. Int. Ed. Engl. 1999, 38, 2248.

architecture which can be synthesized in a limited number of steps. In recent years a large
variety of dendrimers with various cores, monomeric units, and functional groups have been
reported.3,4
Surface confinement of dendrimers via self-assembly on gold seems a promising
strategy to fabricate nanostructures in 2 and possibly 3 dimensions.5 Until recently,6 only a few
studies have addressed thin films of dendrimers, for example in spin-cast films.7 Spontaneous
surface confinement has been achieved by Crooks et al., who attached dendrimers on gold
surfaces via the dendrimer endgroups.8,9 The strategy pursued by Huisman et al.6 to construct
structures with nanometer dimensions relies on the self-assembly of specifically designed
dendritic wedges. These are easy to synthesize and functionalize. Potentially, they can be
chemically modified after surface confinement.10 Different dendritic wedges and their insertion
behavior into SAMs of different alkanethiols on Au(111) similar to the report by Bumm et al.11
were investigated by AFM (Figure 10.1).

Figure 10.1
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Proposed filling of defects in SAM of decanethiol by sulfide-derivatized
metallodendrimer wedge (top) and proposed insertion of hemicarceplex into
SAM of decanethiol (bottom)6a.

AFM-Directed Assembly of Metallodendrimers
A first class of sulfide functionalized wedges is based on non-covalent interactions
("metallodendrimer"; Chart 10.1), analogously to the metallodendrimers reported previously.12
A second series is based the well-known chemistry developed by Fréchet and co-workers
(Chart 10.2). Additional experiments were carried out with sulfide derivatized hemicarxeplexes
(Charts 10.1 and 10.2).6a,13

Chart 10.1

Scheme of metallodendrimer wedge 61 (generation 2). A similar wedge with a
C22 alkane chain instead of the sulfide anchor was investigated (64).6
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Covalent dendrimer wedges 62, 63 (left)6a and hemicarceplex 65 (right).
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Surface confinement of dendrimer molecules by insertion into SAMs was chosen as a
means to isolate and study individual molecules.14 The surface concentrations which can be
achieved by insertion are very low.15 The analysis of the fabricated assemblies is impossible
with conventional surface analytical techniques such as FT-IR or XPS.16 Thus, we chose AFM
to study the surfaces of these mixed SAMs. In Figure 10.2 AFM images of different layers
produced by insertion of nanometer-sized molecules are shown. For comparison, a test
experiment with metallodendrimer wedge 64 which does not possess a sulfide anchoring group
is also included.

Figure 10.2
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AFM images of different layers produced by insertion of nanometer-sized
molecules in SAMs of deuterated decanethiol: Metallodendrimer 64 without
sulfide moiety (z-scale 5.0 nm), metallodendrimer 61 (z-scale 3.0 nm), covalent
dendrimer 63 (z-scale 3.0 nm), and hemicarceplex 65 (z-scale 2.5 nm). The
images were obtained by tapping mode AFM in air except for the
hemicarceplex 65 which was imaged in contact mode in water.

AFM-Directed Assembly of Metallodendrimers
In the corresponding images isolated round features which correspond to individual
molecules can be recognized. The lateral sizes are larger than expected for the corresponding
generations due to tip convolution while the height is smaller due to flattening of the adsorbed
molecule or compression due to the tip. It should be noted that an increase in feature width and
height with increasing generation of the dendrimer was measured repeatedly. The sizes as
determined by AFM are as follows: 60 (height 0.6 ± 0.2 nm; width 20 ± 4 nm); 61 (height 0.9
± 0.2 nm; width 23 ± 9 nm); 62 (height 0.8 ± 0.2 nm; width 16 ± 4 nm); 63 (height 1.0 ± 0.2
nm; width 18 ± 4 nm); 65 (height 0.8 ± 0.2 nm; width 11 ± 3 nm).17

10.2

Investigation of the Insertion Process

The kinetics of the insertion of the metallodendrimer wedges into SAMs of deuterated
decanethiol was estimated by counting the number of molecules on flat terraces (Figure 10.3).
A marked increase in number of adsorbed molecules with increasing insertion time was
observed.
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Figure 10.3

Kinetics of the insertion process of 61 into SAMs of deuterated decanethiol.

Additional electrochemical measurements indicate that the solvent mixture of
dichloromethane and nitromethane creates relatively rapidly defects in the original decanethiol
SAM.6 Such an instability of SAMs against solvents has been previously reported by Schlenoff
et al.18 These authors used radio labeling experiments to prove desorption of thiols in various
solvents. It is reasonable to postulate that the defects which are created due to desorption of
thiol molecules are filled by the sulfide derivatized dendrimer wedges. Simple interdigitation of
the alkane chains of the sulfides into the original SAM can be excluded based on test
experiments with wedge 64 (vide supra).
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In order to gather more information on the actual process of dendrimer attachment, in
situ contact mode AFM imaging of the insertion process of the metallodendrimer adsorbate
into SAMs of deuterated decanethiol was carried out. The reaction was studied for three
different concentrations of metallodendrimer, 44 µM, 22 µM, and 11 µM, respectively. After
capturing an image of the target area the tip was withdrawn from the surface and continued
scanning in a distance of several hundred nanometers from the surface. For the next image the
tip was engaged with minimal forces again. Representative images of corresponding
experiments performed with adsorbate solution of different concentrations are shown in
Figures 10.4 - 10.6. Only for concentrations of 44 µM significant deposition of nanometersized particles was observed. For lower concentrations the surface of the SAM-covered
Au(111) became rougher and only few isolated particles became visible.

Figure 10.4

In situ contact mode AFM of the insertion reaction (c61 = 11 µmol/l). The
images were acquired after 100 minutes equilibration in the solvent mixture
plus 12 minutes in contact with the metallodendrimer solution (A), plus 144
minutes (B), and plus 275 minutes (C). The arrows point at a characteristic Au
terrace (height scale 5.0 nm).

Figure 10.5

In situ contact mode AFM of the insertion reaction (c61 = 22 µmol/l). The
images were acquired after 46 minutes equilibration in the solvent mixture plus
4 minutes in contact with the metallodendrimer solution (A), plus 114 minutes
(B), and plus 358 minutes (C). The arrows point at a characteristic boundary
between two Au terraces (height scale: 5.0 nm).
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Figure 10.6

In situ contact mode AFM of the insertion reaction (c61 = 44 µmol/l). The
images were acquired after 55 minutes equilibration in the solvent mixture plus
4 minutes in contact with the metallodendrimer solution (A), plus 47 minutes
(B), plus 65 minutes (C), and plus 96 minutes (D). The arrows point at a
characteristic Au terrace (z-scale: 3.0 nm).

From these data it can be qualitatively concluded that the assembly / insertion of
dendrimer molecules depends on the concentration of the metallodendrimer wedge. For
concentrations of 22 µmol/l and lower only very few elevated features corresponding to
dendrimer molecules can be imaged. A quantitative analysis is not possible since bound and
unbound molecules cannot be unequivocally distinguished, and more importantly, the AFM tip
was found to have an effect on the process. As seen in Figure 10.7 (left), the central area in
which the AFM tip was scanning in a distance of several 100 nm in solution is covered with
significantly less material compared to the outer region.19,20 After flushing the liquid cell with
pure solvent mixture, most of the material is removed.
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Figure 10.7

In situ AFM images acquired on the sample shown in Figure 10.6, which was
left in contact with the dendrimer solution (c61 = 44 µmol/l) for > 240 minutes
(left). An image obtained at a different position after repeated flushing with the
pure solvent indicated that most of the adsorbed aggregates are thus removed
(right) (z-scale 75 nm).

Further ex situ experiments of the insertion process were carried out with the covalent
dendrimer wedge 63. The wedges were inserted into 11-hydroxyundecanethiol SAMs from
solutions in dichloromethane. The dependence of the surface concentration of wedge 63 on the
concentration of the assembly solution is shown in Figure 10.8.21

N um b er o f m o le c u les / µm

2

350
300
250
200
150
100
50
0
0.0

0.1

0.2

0.3

0.4

C o ncentration de ndrim e r [m M ]

Figure 10.8

258

Surface concentration of wedge 63 as a function of concentration of assembly
solution. SAMs of 11-hydroxyundecanethiol were assembled for 5 h,
subsequently the SAMs were placed in solutions of different concentration of
dendrimer wedge 63 in CH2Cl2 for 3 h. The data of two independent sets of
experiments is shown (error bars: standard deviation).

AFM-Directed Assembly of Metallodendrimers
The inhomogeneous distribution of the dendrimer molecules can be seen in Figure 10.9
(left). While there are numerous molecules in the upper part of the partially corroded gold
terraces,22 the lower right part is almost empty.

Figure 10.9

Tapping mode AFM image of wedge 63 inserted in SAM of 11hydroxyundecanethiol (z-scale 5 nm).

In addition to the concentration dependence, the influence of the defect density of the
original hydroxy-terminated SAM on the number of adsorbed molecules was investigated. The
quality of the original hydroxy-terminated SAM was varied by reducing the immersion times
systematically from several hours to few minutes. As seen in Figure 10.10 there was no
significant influence of the initial SAM quality. Thus, the formation of defects can be attributed
in a first approximation to the influence of the dendrimer solution on the SAM.
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Figure 10.10 Surface concentration of wedge 63 as a function of immersion time (log scale)
of SAM of 11-hydroxyundecanethiol. After SAM formation the substrates were
placed in a solution of dendrimer wedge 63 in CH2Cl2 (0.4 mM) for 3 h.
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All the results described in these paragraphs show that the insertion of sulfide
derivatized dendrimer wedges into SAMs of alkanethiols is a way of immobilizing nanometersized molecules, albeit without control over the positioning. Based on the electrochemistry and
AFM data a mechanism for the insertion can be postulated, which consists of a combined
solvent-induced desorption of molecules in the original SAM and filling of the created defects
sites by sulfide-functionalized dendrimer molecules. The concentration of the defects is difficult
to control precisely, and more importantly, the distribution of these possible attachment sites is
not homogeneous. The use of AFM in order to control the position of the attachment is
described in the following section.

10.3

AFM Tip-Assisted Directed Assembly

The use of scanning probe microscopy for nanopatterning has been described in the
literature. A large number of groups has been investigating the possibilities for manipulation of
small, sometimes nanometer-sized objects on the surface using both AFM and STM. The
controlled positioning on a nanometer level of xenon atoms at temperatures close to 0 K23 and
more recently, the positioning of porphyrin molecules at room temperature was achieved by
STM.24,25 In addition, AFM and STM can be used in nanofabrication of metal clusters.26
Further examples include the controlled positioning of gold nanoparticles using an AFM,27
AFM tip-assisted reactions at surfaces,20,28,29 and the manipulation of single carbon nanotubes
(diameter several nm) using AFM or STM tips.30 The simplest way of manipulating any surface
is by tip induced wear or deformation ("ploughing").31,32
Experiments were described in the literature that aimed at mechanical patterning of
SAMs of n-alkanethiols on gold.33 Scalpel blades,33a AFM33b or STM33c tips were used for this
purpose. The mechanical stability of SAMs was also investigated in detail.34 While SAMs are
not damaged during scanning with an AFM tip with contact pressures of up to 2.4 GPa in air,35
in situ replacement of thiol molecules in SAMs under a scanning AFM tip at low forces in thiol
solutions has been reported ("directed assembly").36 This latter approach of directed assembly
was pursued in order to create patterns of metallodendrimer wedges on SAMs of decanethiol.
The strategy is shown schematically in Figure 10.11.
By scanning a SAM of decanethiol with high forces using a sharp tip the
conformational order of the thiol SAM is locally disturbed.37 This is expected to facilitate the
replacement of the decanethiol molecules because the internal stabilization of the SAM by van
der Waals forces is disrupted, and solvent and competing sulfide molecules can penetrate easier
into the SAM. It must be prevented that many neighboring thiol molecules become physically
removed from the gold surface by the scanning AFM tip because the exposition of bare gold
would render unspecific adsorption14 possible.
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Figure 10.11 Schematic diagram of directed assembly. Shear forces produced by a scanning
AFM tip cause conformational disorder in the alkanethiol SAM which
facilitates replacement of molecules in an "aggressive" solvent. Defects are
refilled by metallodendrimer wedges which are present in the solution at very
high concentrations compared to the thiol molecules.
The directed assembly of metallodendrimer molecules was attempted by scanning a
rectangular area of an decanethiol SAM in a solution of 61 with high forces (ca. 100 nN). The
result is shown in Figure 10.12.

Figure 10.12 Magnified section of contact mode AFM images (z-scale from black to white:
5.0 nm) of decanethiol SAM on Au(111) prior to scanning with ca. 100 nN
normal force (left) and pattern of metallodendrimer assembled into a
rectangular area scanned by the AFM tip with high force (right). The arrow
points at the patterned area. The step height (ca. 0.8 nm) corresponds to a
single layer of dendrimer wedges.
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Prior to scanning with high forces, typical triangular terraces as well as two curved
edges can be seen in the target area (Figure 10.12, left). After scanning the rectangular area
once, the same area was imaged after several minutes with minimized forces (ca. 1 nN). A
clearly elevated rectangular area is recognized in Figure 10.12 (right).
The step height (ca. 0.8 nm) is in agreement with the height of the individual dendrimer
molecules measured previously (Figure 10.13). Within the rectangular area no individual
molecules could be resolved which may be due to a relatively close distance of the wedges in
this area. This result proves that it is in principle possible to direct the assembly of the
dendrimers, possibly on a scale of several tip-surface contact areas (ca. 10 nm).

Figure 10.13 Section analysis of AFM image shown in Figure 10.12.

It must be noted however, that the pattering was difficult to control and is at this point
far from being optimized. When low forces were applied no apparent change in dendrimer
surface concentration was observed, while too high forces led to clear damage of the SAM or
the gold substrate. In addition to these problems, the inherent spontaneous insertion of wedges
into the alkanethiol SAMs as described in the previous sections limited the time for the
controlled assembly.
Performing chemistry locally on a nanometer level is clearly a challenge for the future.
The ultimate aim appears to be the controlled delivery of reagents to selected sites on a
surface. The development towards this aim has included AFM type approaches in which the tip
serves to transmit or carry a stimulus.28 The real challenge however, remains the control on a
true nanometer level which required an optimized AFM system in order to eliminate drift etc.
and an optimized surface chemistry in order to release reagents on demand.
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10.4

Experimental

General. The synthesis of the dendrimers as well as the preparation conditions for
monolayers can be found in reference 6.
Scanning Force Microscopy. The SFM measurements were carried out with a
NanoScope III multimode SFM (DI). Tapping mode SFM scans were performed with
untreated silicon cantilevers/tips in air (cantilever resonance frequency f0 = 280-320 kHz). The
instrument was operated at frequencies slightly lower than the natural resonance frequency of
the cantilever. The amplitude damping ratio was adjusted to 0.9. Contact mode measurements
were performed under liquid in a DI liquid cell. For imaging and directed assembly silicon
nitride tips (DI) were used. Prior to filling the liquid cell with solvent, the setup was
equilibrated for several hours in order to minimize the drift. The piezo scanner was calibrated
in z-direction by measuring step heights of Au(111).38
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Appendix
In this Appendix additional data, lists of structures and
compound numbers, as well as symbols which were used in this
Thesis are listed. Additionally, the characterization data of the
synthesized organosulfur compounds are given.

11.1

Characterization of SAMs on Au(111)

In the following paragraphs additional data on lattice structures, tribological properties, as well
as characterization data of SAMs are summarized.

11.1.1 Lattice Constants as Determined by SFM
SFM data of the disulfides and thiols shown in Chart 11.1 are summarized in Tables 11.1 and
11.2.
S

(CH2 )2 CO O (CH2 )n

(CF2)m CF3

HS

S

(CH2 )2 CO O (CH2 )n

(CF2)m CF3

52

12 (n = 1, m = 5), 13 (n = 2, m = 5), 38 (n = 2, m = 7)

HS

(CH2 )11 OH

(CH2)4
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S CH2

(CF 2)9

CF 3
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(CH2 )2 NH CO (CF2 )10 CF3

28

Chart 11.1

Compounds for SAMs on Au(111) studied by SFM.

Table 11.1

Lattice constants for hexagonal tail group lattices of SAMs of thiols and disulfides on
Au(111).
compound
lattice constant
(5.8 ± 0.2) Å
12
(5.8 ± 0.2) Å
13
(5.8 ± 0.2) Å
38
(5.3 ± 0.2) Å
52
(5.8 ± 0.3) Å
28
(5.7 ± 0.1 )Å
67

11.1.2 Lattice Orientation with Respect to Au(111)
For several fluorinated SAMs the tail group lattice structure could be determined. The tail
group lattice of thiol 67 is not rotated with respect to the underlying Au(111), thus a p(2×2) structure is
formed (Figure 11.1).1,2 The SAMs of compound 19 form a c(7×7) structure (Table 11.2).

Figure 11.1

Unprocessed SFM height image of SAM of aromatic thiol 67 on Au(111); insets:
autocovariance-filtered image and 2-D FFT..

Table 11.2

Lattice structures of hexagonal tail group lattices of SAMs of thiols and disulfides on
Au(111).
lattice constant / Å
orientation with respect to Au(111)
lattice structure
5.8 ± 0.2
0°
p(2×2)
5.8 ± 0.2
30°
c(7×7)
5.7 ± 0.1
0°
p(2×2)

compound
12
38
67

11.1.3 Friction Data of Fluorinated SAMs1,2
The magnitude of friction measured between Si3N4 tips and SAMs of fluorinated thiols and
disulfides was found to qualitatively correspond to the internal stabilization of the SAMs due to dipolar
interactions, aromatic π - π stacking, and hydrogen bonding. No significant differences in pull-off forces
were measured.
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Friction data for fluorinated compounds on Au(111). The magnitude of friction
increases with decreasing stabilization within the SAM (parallel dipoles < aromatic π
- π stacking < hydrogen bonding).

11.1.4 Characterization Data of SAMs of Fluorinated Disulfides

S

(CH2 )n O CO (CF2)8 CF3

S

(CH2 )n O CO (CF2)8 CF3

15 (n = 2), 16 (6), 17 (11)
Chart 11.2

Structure of Fluorinated Disulfides

SAMs of disulfides of 15 - 17 were investigated by SFM and were shown useful for liquid
crystal alignment (Chapter 3). Here additional characterization data are summarized.

Table 11.3

Contact angles measured with water on SAMs of 15 - 17 on Au(111).
compound
advancing contact angle
receding contact angle
15
119°
107°
16
119°
107°
17
119°
108°

Table 11.4
Element

C 1s
O 1s
F 1s
S 2p
Au 4f

XPS analysis of SAMs of 15 - 17 on Au(111).3
15 (n = 2)
16 (n = 6)
atom %
atom %
Take-off
0º
60º
0º
angle
26.2
32.1
29.5
8.6
7.7
4.7
42.8
48.6
46.2
1.3
1.6
2.1
21.1
10
17.5

60º

17 (n = 11)
atom %
0º

60º

34
6.4
49.5
1.8
8.3

33.9
8.8
27.9
2.9
26.5

42.8
9.9
32.5
2.8
12.0

A comparison of the experimentally determined atomic concentrations with the theoretical
composition as a function of number of methylene groups is shown in Figure 11.3.

Figure 11.3

Comparison of experimental and theoretical XPS data for SAMs of 15 - 17.

269

11.2

Polymer Chain Stretching by AFM

When pull-off forces were measured on polymer surfaces, in most cases there were no
qualitative differences of the observed force-distance curves as compared to e.g. SAMs on gold. Sharp
and well-defined snap-offs were measured except for a limited number of samples. As shown below,
there are clear indications that poly(ε-caprolactone) and poly(allylamine) chains were picked up and
subsequently stretched by the retracting AFM tip (Figures 11.4 and 11.5). These events were observed
only occasionally,4 thus further analysis of polymer elasticity was not attempted. The elasticity of single
polymer chains can in principle be calculated from reconstructed force - separation curves, and a fit of
the extension by the freely joint chain model or the wormlike chain model, as shown first by Lee et al.5
Recently, numerous reports on the elasticity of single macromolecules determined by this method have
been published.6

Figure 11.4

Force-distance curves recorded with a COOH-terminated tip on poly(ε-caprolactone)
in ethanol. After a sharp pull-off at small separation distances, the force becomes
attractive again. In this regime the polymer chain(s) are stretched. The observation of
multiple stretching events in one curve (left) can be attributed to adsorption of
multiple chains with different effective length.

Figure 11.5

Force-distance curves recorded with a COOH-terminated tip on plasma polymerized
poly(allylamine) in ethanol.
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11.3

AFM images of Oriented Polymers

11.3.1 PTFE Coatings on Commercial Razor Blades
The SFM studies on the friction anisotropy of oriented PTFE were reported in Chapter 5. The
pronounced dependence of the magnitude of friction forces on the relative orientation of the molecules
with respect to the (fixed) scan direction, and in particular the vanishing friction forces for scans along
the polymer chain direction has a commercial application. Razor blades are coated with PTFE. The
images shown in Figure 11.6 were obtained near the ultimate edge of commercial blades which have
been used repeatedly for shaving under non-standardized conditions. The periodic array of PTFE chains
is clearly resolved. The orientation direction on both the fibrillar and the molecular level corresponds to
the shaving direction. The observed interchain distances (5.6 ± 0.3 Å) agree very well with the results
obtained on e.g. oriented PTFE sliders (see Chapter 5).

Figure 11.6

Contact mode AFM height images (left: z = 100 nm) of used PTFE-coated razor
blade (Gillette "Sensor"). The elongated fibrillar structures, which were observed
close to the ultimate edge of the blade (left), were oriented perpendicular to the edge
(in shaving direction). On top of the fibrils the crystal structure of PTFE could be
visualized (right).

11.3.2 Electrospun PEO Fibers
Fibers were prepared by electrospinning of solutions of polyethyleneoxide (PEO),
polyvinylalcohol (PVA), poly(dimethylferrocenylsilane), nylon 4,6 etc.7 These fibers were shown to
have diameters between ca. 15 nm and several micrometers. For PEO, periodic structures could be
imaged on top of the fibers (Figure 11.7). These structures could be identified as turns of the PEO
helices exposed at the fiber surface.8
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Figure 11.7

11.4
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Contact mode height (left, z = 150 nm), tapping mode height (middle, z = 15nm), and
high resolution friction mode (right) AFM images of electrospun PEO fibers.

Compounds and Abbreviations
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In addition, diacetylene containing disulfides were synthesized:
S CH2 CH2 O CO (CH2 )8

C C

(CH2 )m CH3

S CH2 CH2 O CO (CH2 )8

C C

(CH2 )n CH3

n, m = 4, 9, 11

These did not polymerize in SAMs on Au whereas the bulk material polymerizes easily in UV light as
detected by Raman spectroscopy. This can be tentatively attributed to the disorder in these SAMs as
measured by contact angle and FT-IR measurements.
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11.5

Abbreviations and Symbols Frequently Used in this Thesis

Techniques
SPM scanning probe microscopy
STM scanning tunneling microscopy
AFM atomic force microscopy
SFM scanning force microscopy
CFM chemical force microscopy
LFM lateral force microscopy
XPS X-ray photoelectron spectroscopy
FT-IR Fourier transform infrared (spectroscopy)
SIMS secondary ion mass spectrometry

Polymers
iPP
isotactic polypropylene
PE
polyethylene
LDPE low density polyethylene
HDPE high density polyethylene
PTFE polytetrafluoroethylene
PEO polyethyleneoxide
PVA polyvinylalcohol
PDMS polydimethylsiloxane
EPDM ethylene-propylene-diene
terpolymer (rubber)

Physical quantities or constants
γι
surface free energy of surface i
γ
(total) surface free energy
AB
γs
acid-base component of the surface free energy
LW
Lifshitz - van der Waals interaction parameter comprising dispersion, orientation, and
γs
induction forces
+
γs
acidic term of the surface free energy
γs
basic term of the surface free energy
(advancing) contact angle (subscripts D, G and W denote diiodomethane, glycerol, and
θa
water, respectively)
w(r) potential as function of separation distance r
F(r) force as function of separation distance r
r
separation distance
Fad
adhesive force
FPull-off pull-off force
Ffriction friction force
static friction force
FS
kinetic friction force
FK
ε
energy fraction dissipated during the kinetic friction process
E0
energy per unit area needed to separate the tip from contact to infinity
A
contact area
K
reduced modulus
L
external load
ν
Poissons ratio
E
Young's modulus
W12 work of adhesion
µ
friction coefficient
F(0) friction force at zero load
τ
interfacial shear strength
d, d0 distances
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11.6

Synthesis and Characterization Data9

General Methods. 1H-NMR spectra were recorded with a Bruker AC 250 (250 MHz). Chemical shifts
are reported in parts per million (ppm) downfield to TMS. Fast atom bombardment (FAB) mass spectra
were recorded with a Finnegan MAT 90. m-NBA was used as a matrix. Elemental analyses were
performed in the Department of Analytical Chemistry at the University of Twente.
Synthesis. All reagents were of the highest commercially available purity and used without further
purification unless mentioned.
Compounds 1 - 6 were synthesized as described previously.10 Compounds 7 - 11 were synthesized by
reacting 2-hydroxyethyl 2’-(octadecanoyloxy)ethyl disulfide10 (1 equiv.) with the corresponding
carboxylic acid (1.05 equiv.) (Aldrich), dicyclohexylcarbodiimide (1.5 equiv.) (Aldrich), and 4dimethylaminopyridine (0.1 equiv.) (Merck) at 0°C in dichloromethane (p.a., Merck) overnight. After
the evaporation of the solvent, the residue is purified by column chromatography on silica (eluent =
chloroform) to yield the desired mixed disulfide. The isolated yields and characterization data of the
synthesized disulfides are summarized below.
Bis-2, 2’-(octanoyloxy)ethyl disulfide.
1
1
Yield: 80 %; Characterization: white solid; Rf (CHCl3): 0.6; H-NMR (250 MHz, CDCl3): δ [ppm]
4.32 (t, 4H, CO-O-CH2), 2.91 (t, 4H, S-CH2), 2.31 (t, 4H, CO-CH2), 1.61 (m, 4H, CH2), 1.24 (m, 16
H, CH2), 0.87 (t, 6H, CH3); Elemental anal. Calcd. (for C20H38O4S2, 406.64 g/mol): C, 59.1; H, 9.4; S,
15.8; Found: C, 58.9; H, 9.2; S, 16.0; FAB-Mass: m/z = 406.2 (Calcd. for C20H38O4S2 406.22).
Bis-2, 2’-(decanoyloxy)ethyl disulfide.
2
1
Yield: 80 %; Characterization: white solid; Rf (CHCl3): 0.6; H-NMR (250 MHz, CDCl3): δ [ppm]
4.32 (t, 4H, CO-O-CH2), 2.91 (t, 4H, S-CH2), 2.31 (t, 4H, CO-CH2), 1.61 (m, 4H, CH2), 1.24 (m, 24
H, CH2), 0.87 (t, 6H, CH3); Elemental anal. Calcd. (for C24H46O4S2, 462.75 g/mol): C, 62.4; H, 10.01;
S, 13.8; Found: C, 62.0; H, 9.9; S, 13.8; FAB-Mass: m/z = 462.2 (Calcd. for C24H46O4S2 462.28).
Bis-2, 2’-(dodecanoyloxy)ethyl disulfide.
3
1
Yield: 80 %; Characterization: white solid; Rf (CHCl3): 0.6; H-NMR (250 MHz, CDCl3): δ [ppm]
4.32 (t, 4H, CO-O-CH2), 2.91 (t, 4H, S-CH2), 2.31 (t, 4H, CO-CH2), 1.61 (m, 4H, CH2), 1.24 (m, 32
H, CH2), 0.87 (t, 6H, CH3); Elemental anal. Calcd. (for C28H54O4S2, 518.86 g/mol): C, 64.8; H, 10.5;
S, 12.4; Found: C, 64.6; H, 10.5; S, 12.4. FAB-Mass: m/z = 518.0 (Calcd. for C28H54O4S2 518.34).
Bis-2, 2’-(tetradecanoyloxy)ethyl disulfide.
4
1
Yield: 74 %; Characterization: white solid; Rf (CHCl3): 0.6; H-NMR (250 MHz, CDCl3): δ [ppm]
4.32 (t, 4H, CO-O-CH2), 2.91 (t, 4H, S-CH2), 2.31 (t, 4H, CO-CH2), 1.61 (m, 4H, CH2), 1.24 (m,
40H, CH2), 0.87 (t, 6H, CH3); Elemental anal. Calcd. (for C32H62O4S2, 574.96 g/mol): C, 66.9; H, 10.9;
S, 11.1; Found: C, 66.7; H, 10.2; S, 11.2; FAB-Mass: m/z = 574.4 (Calcd. for C32H62O4S2 574.40).
Bis-2, 2’-(hexadecanoyloxy)ethyl disulfide.
5
1
Yield: 77 %; Characterization: white solid; Rf (CHCl3): 0.6; H-NMR (250 MHz, CDCl3): δ [ppm]
4.32 (t, 4H, CO-O-CH2), 2.91 (t, 4H, S-CH2), 2.31 (t, 4H, CO-CH2), 1.61 (m, 4H, CH2), 1.24 (m,
48H, CH2), 0.87 (t, 6H, CH3); Elemental anal. Calcd. (for C36H70O4S2, 631.07 g/mol): C, 68.6; H, 11.2;
S, 10.2; Found: C, 68.1; H, 10.5; S, 10.1; FAB-Mass: m/z = 630.5 (Calcd. for C36H70O4S2 630.47).
6

Bis-2, 2’-(octadecanoyloxy)ethyl disulfide.
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1

Yield: 70 %; Characterization: white solid; Rf (CHCl3): 0.6; H-NMR (250 MHz, CDCl3): δ [ppm]
4.32 (t, 4H, CO-O-CH2), 2.91 (t, 4H, S-CH2), 2.31 (t, 4H, CO-CH2), 1.61 (m, 4H, CH2), 1.24 (m,
56H, CH2), 0.87 (t, 6H, CH3); Elemental anal. Calcd. (for C40H78O4S2, 687.18 g/mol): C, 69.9; H, 11.4;
S, 9.3; Found: C, 70.0; H, 11.5; S, 9.2; FAB-Mass: m/z = 687.0 (Calcd. for C40H78O4S2 686.53).
2-(Octadecanoyloxy)ethyl 2’-(heptadecanoyloxy)ethyl disulfide.
7
1
Yield: 87 %; Characterization: white solid; Rf (CHCl3): 0.62; H-NMR (250 MHz, CDCl3): δ [ppm]
4.32 (t, 4H, CO-O-CH2), 2.91 (t, 4H, S-CH2), 2.31 (t, 4H, CO-CH2), 1.61 (m, 4H, CH2), 1.24 (m,
54H, CH2), 0.87 (t, 6H, CH3); Elemental anal. Calcd. (for C39H76O4S2, 673.15 g/mol): C, 69.6; H, 11.4;
S, 9.53; Found: C, 69.4; H, 11.3; S, 7.9; FAB-Mass: m/z = 672.4 (695.4 M+Na) (Calcd. for
C39H76O4S2 672.51).
2-(Octadecanoyloxy)ethyl 2’-(hexadecanoyloxy)ethyl disulfide.
8
1
Yield: 86 %; Characterization: white solid; Rf (CHCl3): 0.62; H-NMR (250 MHz, CDCl3): δ [ppm]
4.32 (t, 4H, CO-O-CH2), 2.91 (t, 4H, S-CH2), 2.31 (t, 4H, CO-CH2), 1.61 (m, 4H, CH2), 1.24 (m,
52H, CH2), 0.87 (t, 6H, CH3); Elemental anal. Calcd. (for C38H74O4S2, 659.12 g/mol): C, 69.2; H, 11.3;
S, 9.7; Found: C, 69.2; H, 11.3; S, 9.2; FAB-Mass: m/z = 658.4 (681.4 M+Na) (Calcd. for C38H74O4S2
658.50).
2-(Octadecanoyloxy)ethyl 2’-(pentadecanoyloxy)ethyl disulfide.
9
1
Yield: 83 %; Characterization: white solid; Rf (CHCl3): 0.62; H-NMR (250 MHz, CDCl3): δ [ppm]
4.32 (t, 4H, CO-O-CH2), 2.91 (t, 4H, S-CH2), 2.31 (t, 4H, CO-CH2), 1.61 (m, 4H, CH2), 1.24 (m,
50H, CH2), 0.87 (t, 6H, CH3); Elemental anal. Calcd. (for C37H72O4S2, 645.10 g/mol): C, 68.9; H, 11.2;
S, 9.9; Found: C, 69.3; H, 11.5; S, 9.8; FAB-Mass: m/z = 644.3 (667.3 M+Na) (Calcd. for C37H72O4S2
644.49).
2-(Octadecanoyloxy)ethyl 2’-(tetradecanoyloxy)ethyl disulfide.
10
1
Yield: 72 %; Characterization: white solid; Rf (CHCl3): 0.62; H-NMR (250 MHz, CDCl3): δ [ppm]
4.32 (t, 4H, CO-O-CH2), 2.91 (t, 4H, S-CH2), 2.31 (t, 4H, CO-CH2), 1.61 (m, 4H, CH2), 1.24 (m,
48H, CH2), 0.87 (t, 6H, CH3); (C36H70O4S2, 631.07 g/mol); FAB-Mass: m/z = 630.3 (653.3 M+Na)
(Calcd. for C36H70O4S2 630.47).
2-(Octadecanoyloxy)ethyl 2’-(tridecanoyloxy)ethyl disulfide.
11
1
Yield: 75 %; Characterization: white solid; Rf (CHCl3): 0.62; H-NMR (250 MHz, CDCl3): δ. [ppm]
4.32 (t, 4H, CO-O-CH2), 2.91 (t, 4H, S-CH2), 2.31 (t, 4H, CO-CH2), 1.61 (m, 4H, CH2), 1.24 (m,
46H, CH2), 0.87 (t, 6H, CH3); (C35H68O4S2, 617.04 g/mol); FAB-Mass: m/z = 616.3 (639.3 M+Na)
(Calcd. for C35H68O4S2 616.45).
3,3'-Dithiopropionic acid-(1H,1H-perfluoroheptylester) was obtained by reacting 0.50 g 3,3'12
dithiopropionic acid with 1.57 g 1H,1H-perfluoroheptanol (Fluorochem), 1.03 g DCC and 0.03 mg
DMAP in 20 ml dichloromethane for 24 hours at room temperature. Purification of the reaction mixture
by flash chromatography (eluent = CHCl3) gave 1.82 g 3,3'-dithiopropionic acid-(1H,1H,2H,2Hperfluorooctylester).
1
Yield: 87 %; Characterization: white solid; Rf (CHCl3): 0.58; H-NMR (250 MHz, CDCl3): δ [ppm]
4.56 (t, CF2-CH2); 2.88 (m, 4H, S-CH2); 2.77 (m, 4H, CO-CH2); Elemental anal. Calcd. (for
C20H12F26O4S2, 874.38 g/mol): C, 27.5; H, 1.4; S, 7.3; Found: C, 27.3; H, 1.4; S, 7.2; FAB-Mass: m/z
= 873.9 (Calcd. for C20H12F26O4S2 873.96).
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3,3'-Dithiopropionic acid-(1H,1H,2H,2H-perfluorooctylester) was obtained by reacting 0.50 g
13
3,3'-dithiopropionic acid with 1.82 g 1H,1H,2H,2H-perfluorooctanol (Fluorochem), 1.03 g DCC and
0.05 mg DMAP in 20 ml dichloromethane for 24 hours at room temperature. Purification of the
reaction mixture by flash chromatography (eluent = CHCl3) gave 1.81 g 3,3'-dithiopropionic acid(1H,1H,2H,2H-perfluorooctylester).
1
Yield: 84 %; Characterization: white solid; Rf (CHCl3): 0.57; H-NMR (250 MHz, CDCl3): δ [ppm]
4.41 (t, 4H, O-CH2); 2.90 (t, 4H, S-CH2); 2.75 (t, 4H, CO-CH2); 2.4-2.6 (m, 4H, CF2-CH2); Elemental
anal. Calcd. (for C22H16F26O4S2, 902.22 g/mol): C, 29.3; H, 1.8; S, 7.1; Found: C, 29.3; H, 1.6; S, 7.4;
FAB-Mass: m/z = 901.9 (Calcd. for C22H16F26O4S2 901.99).
Bis-(2, 2’-(perfluorooctanoyloxy)ethyl) disulfide can be obtained in the reaction of 2.00 g bis14
(2-hydroxyethyl) disulfide (Merck), 3.74 g perfluorooctanoyl chloride (Riedel de Haen), 1.40 g pyridine
in 25 ml dichloromethane at 0°C. The mixture was poured on ice after stirring at room temperature for
5 hours, and extracted with 3 x 20 ml CH2Cl2. After washing with dilute aqueous HCl and water, the
organic phase was dried over Na2SO4. The crude product was purified by flash chromatography (silica,
chloroform). Both mono- and diester can be obtained.
1
Yield: 48 %; Characterization: white solid; Rf (CHCl3): 0.70; H-NMR (250 MHz, CDCl3): δ [ppm]
4.60 (t, 4H, O-CH2); 3.00 (t, 4H, S-CH2); Elemental anal. Calcd. (for C20H8F30O4S2, 946.34 g/mol): C,
25.4; H, 0.9; S, 6.8; Found: C, 25.3; H, 0.9; S, 6.6; FAB-Mass: m/z = 945.9 (Calcd. for C20H8F30O4S2
945.92).
Disulfides 15 - 17 were prepared similar to the symmetric disulfides described above by esterification of
the corresponding bis-(2-hydroxyalkyl) disulfides with perfluorodecanoic acid using DCC and DMAP.
Column chromatography yields the diester as white powders.
Bis-(2, 2’-(perfluorodecanoyloxy)ethyl) disulfide.
15
1
Yield: 24 %; Characterization: white solid; Rf (CHCl3): 0.71; H-NMR (250 MHz, CDCl3): δ [ppm]
4.63 (t, 4H, O-CH2), 3.01 (t, 4H, S-CH2); C24H8F38O4S2 Calcd. 1146.37 g/mol; FAB-Mass: m/z =
1146.5 (Calcd. for C24H8F38O4S2 1145.91).
Bis-(2, 2’-(perfluorodecanoyloxy)hexyl) disulfide.
16
1
Yield: 30 %; Characterization: white solid; Rf (CHCl3): 0.72; H-NMR (250 MHz, CDCl3): δ [ppm]
4.60 (t, 4H, O-CH2); 3.00 (t, 4H, S-CH2); 1.70 (m, 4H, CH2); 1.20 (m, 12H, CH2); C32H24F38O4S2
Calcd. 1258.51 g/mol; FAB-Mass: m/z = 1257.9 (Calcd. for C32H24F38O4S2 1258.03).
Bis-(2, 2’-(perfluorodecanoyloxy)undecyl) disulfide.
17
1
Yield: 32 %; Characterization: white solid; Rf (CHCl3): 0.75; H-NMR (250 MHz, CDCl3): δ [ppm]
4.60 (t, 4H, O-CH2); 3.00 (t, 4H, S-CH2); 1.70 (m, 4H, CH2); 1.32 (m, 32H, CH2); C37H44F38O4S2
Calcd. 1338.72 g/mol; FAB-Mass: m/z = 1338.2 (Calcd. for C37H44F38O4S2 1338.19).
The unsymmetric disulfides 18 - 24 were synthesized according to reference 10 by refluxing the
corresponding fluorinated amide thiol (compounds 25 - 29) and the adduct of diethylazodicarboxylate
and the corresponding n-alkanethiol in dichloromethane or chloroform and subsequent purification by
column chromatography.
Dodecyl-(2-perfluorononanoicacid-ethylamide) disulfide.
18
1
Yield: 37%; Characterization: white solid; Rf (CHCl3): 0.70; H-NMR (250 MHz, CDCl3): δ [ppm]
6.84 (s, 1H, N-H), 3.75 (q, 2H, NH-CH2), 2.81 (t, 2H, S-CH2), 2.69 (t, 2H, S-CH2), 1.67 (m, 2H,
CH2), 1.25 (m, 18H, CH2), 0.87 (t, 3H, CH3); elemental analysis: Calcd. (for C23H30F17NOS2, 723.59
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g/mol): 38.18 % C, 4.18 % H, 44.63 % F, 1.94 % N, 2.21 % O, 8.86 % S; found: 38.25 % C, 4.16 %
H, 8.42 % S; FAB-Mass: m/z = 723.2 (Calcd. for C23H30F17NOS2 723.14).
Hexadecyl-(2-perfluorononanoicacid-ethylamide) disulfide.
19
1
Yield: 25 %; Characterization: white solid; Rf (CHCl3): 0.63; H-NMR (250 MHz, CDCl3): δ [ppm]
6.82 (s, 1H, N-H), 3.75 (q, 2H, N-CH2), 2.82 (t, 2H, S-CH2), 2.69 (t, 2H, S-CH2), 1.67 (m, 2H, CH2),
1.24 (m, 28H, CH2), 0.87 (t, 3H, CH3); Calcd. C27H38F17NOS2, 779.69 g/mol; FAB-Mass: m/z =779.5
(Calcd. for C27H38F17NOS2 779.20).
Octadecyl-(2-perfluorononanoicacid-ethylamide) disulfide.
20
1
Yield: 24 %; Characterization: white solid;; Rf (CHCl3): 0.67; H-NMR (250 MHz, CDCl3): δ [ppm]
6.82 (s, 1H, N-H), 3.75 (q, 2H, N-CH2), 2.82 (t, 2H, S-CH2), 2.69 (t, 2H, S-CH2), 1.67 (m, 2H, CH2),
1.24 (m, 32H, CH2), 0.87 (t, 3H, CH3); Calcd. C29H42F17NOS2, 807.75 g/mol; FAB-Mass: m/z = 807.7
(Calcd. for C29H42F17NOS2 807.23).
Dodecyl-(2-perfluorooctanoicacid-ethylamide) disulfide.
21
1
Yield: 30 %; Characterization: white solid; Rf (CHCl3): 0.70; H-NMR (250 MHz, CDCl3): δ [ppm]
6.84 (s, 1H, N-H), 3.75 (q, 2H, NH-CH2), 2.81 (t, 2H, S-CH2), 2.69 (t, 2H, S-CH2), 1.67 (m, 2H,
CH2), 1.25 (m, 18H, CH2), 0.87 (t, 3H, CH3); Calcd. C22H30F15NOS2, 673.58 g/mol; FAB-Mass: m/z =
674.1 (+1H) (Calcd. for C22H30F15NOS2 673.15).
Dodecyl-(2-perfluorodecaanoicacid-ethylamide) disulfide.
22
1
Yield: 18 %; Characterization: white solid; Rf (CHCl3): 0.70; H-NMR (250 MHz, CDCl3): δ [ppm]
6.84 (s, 1H, N-H), 3.75 (q, 2H, NH-CH2), 2.81 (t, 2H, S-CH2), 2.69 (t, 2H, S-CH2), 1.67 (m, 2H,
CH2), 1.25 (m, 18H, CH2), 0.87 (t, 3H, CH3); Calcd. C24H30F19NOS2, 773.59 g/mol; FAB-Mass: m/z =
773.0 (Calcd. for C24H30F19NOS2 773.14).
Dodecyl-(2-perfluorododecanacid-ethylamide) disulfide.
23
1
Yield: 20 %; Characterization: white solid; Rf (CHCl3): 0.70; H-NMR (250 MHz, CDCl3): δ [ppm]
6.84 (s, 1H, N-H), 3.75 (q, 2H, NH-CH2), 2.81 (t, 2H, S-CH2), 2.69 (t, 2H, S-CH2), 1.67 (m, 2H,
CH2), 1.25 (m, 18H, CH2), 0.87 (t, 3H, CH3); Calcd. C26H30F23NOS2, 873.61 g/mol; FAB-Mass: m/z =
874.0 (Calcd. for C26H30F23NOS2 873.13).
Dodecyl-(2-perfluorotetradecanoicacid-ethylamide) disulfide.
24
1
Yield: 18 %; Characterization: white solid; Rf (CHCl3): 0.70; H-NMR (250 MHz, CDCl3): δ [ppm]
6.84 (s, 1H, N-H), 3.75 (q, 2H, NH-CH2), 2.81 (t, 2H, S-CH2), 2.69 (t, 2H, S-CH2), 1.67 (m, 2H,
CH2), 1.25 (m, 18H, CH2), 0.87 (t, 3H, CH3); Calcd. C28H30F27NOS2, 973.62 g/mol; FAB-Mass: m/z =
973.0 (Calcd. for C28H30F27NOS2 973.12).
The 2-(perfluoroalkanoylamino)ethyl thiol 25 - 29 were synthesized according to the literature.11
2-(Perfluorooctanoylamino)ethyl thiol.
25
1
Yield: 29 %; Characterization: white solid; Rf (CHCl3): 0.40; H-NMR (250 MHz, CDCl3): δ [ppm]
6.75 (s, 1H, NH); 3.51 (m, 2H, N-CH2); 2.68 (m, 2H, CH2); 1.31 (t, 1H, SH); C10H6F15NOS, 473.09
g/mol; FAB-Mass: m/z = 473.0 (Calcd. for C10H6F15NOS 472.99).
26
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2-(Perfluorononanoylamino)ethyl thiol.

1

Yield: 58 %; Characterization: white solid; Rf (CHCl3): 0.30; H-NMR (250 MHz, CDCl3): δ [ppm]
6.75 (s, 1H, NH); 3.51 (m, 2H, N-CH2); 2.68 (m, 2H, CH2); 1.31 (t, 1H, SH); C11H6F17NOS, 523.09
g/mol; FAB-Mass: m/z = 523.0 (Calcd. for C11H6F17NOS 522.98).
2-(Perfluorodecanoylamino)ethyl thiol.
27
1
Yield: 29 %; Characterization: white solid; Rf (CHCl3): 0.30; H-NMR (250 MHz, CDCl3): δ [ppm]
6.75 (s, 1H, NH); 3.51 (m, 2H, N-CH2); 2.68 (m, 2H, CH2); 1.31 (t, 1H, SH); C12H6F19NOS, 573.10
g/mol; FAB-Mass: m/z = 571.8 (Calcd. for C12H6F19NOS 572.98).
2-(Perfluorododecanoylamino)ethyl thiol.
28
1
Yield: 10 %; Characterization: white solid; Rf (CHCl3): 0.30; H-NMR (250 MHz, CDCl3): δ [ppm]
6.75 (s, 1H, NH); 3.51 (m, 2H, N-CH2); 2.68 (m, 2H, CH2); 1.31 (t, 1H, SH); C14H6F23NOS, 673.11
g/mol; FAB-Mass: m/z = 672.5 (Calcd. for C14H6F23NOS 672.97).
2-(Perfluorotetradecanoylamino)ethyl thiol.
29
1
Yield: 3 %; Characterization: white solid; Rf (CHCl3): 0.3; H-NMR (250 MHz, CDCl3): δ [ppm] 6.75
(s, 1H, NH); 3.51 (m, 2H, N-CH2); 2.68 (m, 2H, CH2); 1.31 (t, 1H, SH); C16H6F27NOS, 773.13 g/mol;
FAB-Mass: m/z = 772.6 (Calcd. for C16H6F27NOS 772.96).
The unsymmetric disulfides 30 and 31 were synthesized by refluxing the corresponding ωhydroxyalkanethiol and the adduct of diethylazodicarboxylate and the corresponding n-alkanethiol10a in
dichloromethane and subsequent purification by column chromatography.
Hexadecyl-(11-hydroxyundecyl) disulfide.
31
1
Yield: 88 %; Characterization: white solid; Rf (CHCl3): 0.29; H-NMR (250 MHz, CDCl3): δ [ppm]
3.58 (m, 2H, CH2-O); 2.60 (t, 4H, S-CH2); 1.5 - 1.6 (m, 4H, CH2); 1.24 (m, 42H, CH2); 0.85 (t, 3H,
CH3); Calcd. C27H56OS2, 460.86 g/mol; FAB-Mass: m/z = 460.4 (Calcd. for C27H56OS2 460.37).
The synthesis of 32 - 37 was carried out according to the literature. The characterization data of 30, 32
- 37 was in agreement with the literature data.12,13,14,15,16,17
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From Functional Group Ensembles to Single Molecules:
Scanning Force Microscopy of Supramolecular and Polymeric Systems

Summary
Surfaces in supramolecular and polymeric systems were characterized by scanning force
microscopy (SFM) using probe tips functionalized with self-assembled monolayers (SAMs).
This approach allows one to control the forces between tip and surface by immobilizing
suitable molecules, which expose selected functional groups, onto gold-coated probes (Scheme
1). The objective of this Thesis work was the extension of SFM with SAM-functionalized
probes (so-called "chemical force microscopy", CFM) to technologically relevant surfacetreated polymers and elastomers with the ultimate aim of laterally resolved detection of
functional group distributions on a sub-100 nm level. In measurements of interaction forces
between a few or even individual molecules in supramolecular systems the transition from
studying continuum to studying non-continuum properties was also attempted. In situ
measurements of reaction kinetics using "inverted CFM" on a scale of 10 - 100 molecules were
achieved. Furthermore, interactions between ensembles of functional groups and individual
molecules were studied and provided fundamental insight into functional group distributions on
polymer surfaces as well as rupture forces of individual host-guest complexes.

S F M tip

Scheme 1

Schematic drawing of the contact zone between SFM tip and surface where
interactions between functional groups on both monolayer modified tip and
sample surfaces are measured in CFM.
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In order to understand the interaction of SAM-functionalized SFM tips with various
surfaces in friction and pull-off force measurements, a large variety of model surfaces was
studied. These model systems included SAMs of thiols, disulfides, and sulfides on gold, thin
films of low molecular mass compounds, and structured, modified, or functionalized polymer
surfaces.
The merging of bottom-up and top-down approaches with its implications for
technology on a nanometer scale forms the framework for this Thesis as discussed in
Chapter11. Self-assembly as a strategy for a bottom-up approach on one hand and scanning
probe microscopy as enabling technology in a top-down approach on the other hand were
shown to be complementary in the development towards nanotechnology.
Chapter 2 served as a brief introduction to the self-assembled monolayer model systems
and the polymeric materials, as well as to the method of scanning force microscopy, which
were used and investigated throughout this Thesis. The foundations for the experimental work
described in the subsequent Chapters were provided and specific relevant topics, such as
interaction forces and friction, were highlighted.
For tip modifications, as well as for the formation model surfaces (SAMs on gold), a
large variety of novel functional symmetric and unsymmetric disulfides was synthesized. The
investigation of fundamental structure-property relationships of SAMs of these and other
thiols, sulfides, and disulfides on Au(111) were discussed in Chapter 3. The lattice structure of
SAMs of these compounds on Au(111) was unveiled by SFM with molecular (lattice)
resolution. Based on the lattice structure, information on the tilt angle of the molecules could
be obtained. For instance, Y-type thiols with two alkyl chains connected to one thiol group
were shown to possess tilt angles of ca. 14°. The rigid headgroups of tetrasulfide derivatives of
resorcin[4]arene were concluded to force the alkane segments into a near-perpendicular
orientation, in contrast to similar calix[4]arene derivatives with tilted alkane chains. In addition,
an information or "penetration" depth of the SFM tip of 6 Å could be estimated from results
obtained on unsymmetric disulfides with different chain lengths. SAMs of the synthesized
fluoroalkyldisulfides were shown to be useful for liquid crystal alignment. For instance, a
transition from planar to homeotropic anchoring of nematic liquid crystals could be achieved
by increasing the length of the alkane segments in partially fluorinated disulfides. In addition, in
SAMs of mixed hydrocarbon-fluorocarbon disulfides evidence for small clusters and negligible
diffusion constants at room temperature were found in a combined XPS and FT-IR study.
In Chapter 4 the factors which influence friction and pull-off forces as measured by
SFM with SAM-functionalized probe tips were discussed. The studies were carried out on thin
films of tetranitrotetrapropoxycalix[4]arene, lamellar polymer crystals, ultrathin polymer fibers
obtained by electrospinning, lipid mono- and bilayers, as well as SAMs of various organosulfur
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derivatives on gold. These samples allowed us to vary surface energy, structure and phase state
of mono- and bilayers, anisotropic crystal structure, and actual tip-sample contact area.
Friction anisotropy was observed for films of tetranitrotetrapropoxycalix[4]arene and lamellar
polymer crystals due to a rectangular crystal structure and the ordered array of folds on the
polymer crystals, respectively. In SAMs of unsymmetrically substituted disulfides on Au(111)
the magnitude of friction forces was correlated with the conformational disorder as detected by
FT-IR. Differences in surface mechanical properties also gave rise to significant contrast in
friction forces measured on lipid mono- and bilayers. The contrast observed in friction forces
was therefore concluded to be often not related to different chemical composition or different
exposed functional groups, but rather to surface mechanical properties, energy dissipation, or
friction anisotropy due to orientation of molecules. In contrast to this result, measurements of
pull-off forces were found to correlate well with the nature of the exposed functional groups in
absence of inelastic deformation. Thus, pull-off force measurements were used in the
subsequently described studies on polymer surfaces in order to characterize the effects of
surface treatments.
Anisotropic friction was studied in detail on uniaxially oriented polymers which was
discussed in Chapter 5. For these studies oriented polymer systems were prepared. Samples
included HDPE and nylon-6 oriented by channel die compression, HDPE and PTFE oriented
by sliding over heated glass substrates, and PE crystallized under high pressure. By means of
SFM the local order was visualized on a molecular scale in order to prove the suitability of the
samples for tribological studies. The friction data was collected in molecularly resolved SFM
line scans which displayed a molecular stick-slip behavior. Imaging with lattice resolution was
also achieved with chemically modified tips. This allowed us to control the adhesive forces
between tip and polymer surfaces. For both polyethylene and polytetrafluoroethylene the
systematic variation of the observed friction forces with the relative scan angle between SFM
tip and polymer chain direction was measured. The dependence could be described semiquantitatively with the "Cobblestone model" of interfacial friction.
The characterization of modified polymer surfaces using SFM with functionalized tips
was described in Chapter 6. Pull-off forces and the degree of functionalization as measured by
contact angle measurements of surface-treated polymers and rubbers could be successfully
correlated. These results form the basis for differentiation and chemical imaging of polymer
surfaces which expose different functional groups. Samples included isotactic polypropylene,
polyethylene, polydimethylsiloxane, unvulcanized and vulcanized EPDM rubbers, and butyl
rubber. Well-known surface treatments, such as oxyfluorination, chlorination, fluorination,
chromic acid oxidation, and plasma treatments, were used to functionalize the polymers. In
particular, the pull-off forces measured with carboxylic acid functionalized tips in ethanol were
found to correlate with the hydrophilicity of the surfaces as determined by contact angle
measurements. Possible limitations of pull-off force measurements on heavily corroded
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surfaces with high roughness values (chemically etched LDPE) were studied and additionally,
the visualization of the dispersion of filler particles in EPDM rubbers and the differentiation of
different filler particles was achieved.
In Chapter 7 results on laterally resolved imaging of functional group distributions on a
sub-50 nm level using scanning force microscopy with chemically modified tips were presented
for the first time. Average pH-dependent pull-off force measurements carried out on
oxyfluorinated films of isotactic polypropylene using OH-functionalized tips revealed a "force
pKa" of 5.5 to 6.5. Laterally inhomogeneous pull-off forces were related to variations of local
"pKa" values and different local hydrophobicity, and thus to inhomogeneous distribution of the
polar functional groups introduced by the surface treatment on a sub-50 nm scale. In a second
set of experiments the distribution of functional groups was investigated in thin films of plasma
polymerized allylamine. For these samples a "force pKa" of 5.2 to 6.2 was detected which was
independent of the content of amino groups in the films. The results constitute a significant
step towards the ultimate aim of detecting functional group distributions in surface-treated or
functionalized polymers with a lateral resolution in the sub-50 nm range. With further
advances in fabrication of nanometer-sized pointprobes and optimized cantilever spring
constants high resolution mapping of functional group distributions in (modified) polymers can
also be anticipated in the future in systems that do not contain ionizable functional groups as
presented here.
By developing a novel approach, which we termed “inverted” chemical force
microscopy, the difficulties of thermal drift and limited resolution due to the finite size of the
contact area between AFM tip and sample surface in high resolution in situ AFM imaging of
chemical reactions were circumvented. In this approach, as described in Chapter 8, the
monolayer (i.e. sample) to be studied is immobilized at the surface of the tip, hence the name
inverted. In situ force distance measurements on inert substrates using AFM tips coated with
the reactants were shown to be capable of following reaction kinetics on a scale of 10 to 100
molecules. Reactivity differences related to different SAM structures were observed by
inverted chemical force microscopy on the nanometer scale. These results agreed well with
macroscopic behavior observed by FT-IR. These results together with additional force
microscopy data supported the conclusion that for SAMs with closely packed ester groups, the
reaction spreads from defect sites, causing separation of the homogeneous surface into
domains of reacted and unreacted molecules.
After describing the results of measurements between ensembles of molecules and the
in situ studies of reaction kinetics at the surface of the modified AFM tips, the number of
resolved interactions was further reduced. The detection of individual supramolecular hostguest interactions was discussed in Chapter 9. SAMs of β-cyclodextrin heptasulfide receptor
molecules were shown to be highly ordered by high resolution SFM. Using these SAMs the
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successful study of supramolecular host-guest interactions of small molecules with fast
unbinding kinetics by means of dynamic single molecule force spectroscopy became possible
for the first time. The unbinding force between ferrocene moieties immobilized on AFM tips
and β-cyclodextrin receptors in highly ordered self-assembled monolayers on Au(111) was
found to be 56 ± 10 pN. Addition of an external guest (8-anilino-1-naphthalenesulfonic acid)
was shown in situ to reversibly block most of the receptor sites. The observed single hostguest complex rupture force was found to be independent of the loading rate which is
indicative for a thermodynamically controlled experiment.
Chapter 10 described the investigation of the controlled positioning of
metallodendrimers by means of directed assembly using SFM. Replacement of alkanethiol
molecules and filling of defects in SAMs on Au(111) was used to incorporate different sulfide
containing dendrimer and hemicarceplex molecules into monolayers. The resulting mixed
monolayers were characterized by multimode AFM. Individual immobilized dendrimer
molecules were visualized. In addition, the insertion mechanism was studied and the process
was followed in situ by contact mode AFM. The initial SAM quality was found to have no
significant influence on the surface concentration of dendrimer wedges. In contrast, an increase
of the concentration of the dendrimer solution resulted in an increase of the number of
observed molecules. The controlled positioning of sulfide derivatized metallodendrimers by
means of tip-assisted directed assembly using AFM was described. Areas with high dendrimer
concentration on a scale of 200 nm were created. This result proved that it is in principle
possible to direct the assembly of the dendrimers, possibly on a scale of several tip-surface
contact areas.
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Van Functionele Groep Ensembles tot Individuele Moleculen:
Scanning Force Microscopy van Supramoleculaire en Polymere Systemen

Samenvatting
Oppervlakken in supramoleculaire en polymere systemen werden gekarakteriseerd door
middel van scanning force microscopy (SFM), gebruikmakend van tips gefunctionaliseerd met
self-assembled monolayers (SAMs). Door het immobiliseren van geschikte moleculen met
geselecteerde functionele groepen op goud-gecoate probes (Figuur 1) maakt deze aanpak het
mogelijk de krachten tussen tip en oppervlak te sturen. Het doel van dit promotieonderzoek
was het uitbreiden van SFM met SAM-gefunctionaliseerde probes (de zogenaamde „chemical
force microscopy“, CFM) naar technologisch relevante oppervlakte-behandelde polymeren en
elastomeren met als uiteindelijk doel de verdeling van functionele groepen op sub-100 nm
schaal lateraal opgelost te bepalen. Met het meten van interactiekrachten tussen enkele of zelfs
individuele moleculen in supramoleculaire systemen werd tevens de overgang van het
bestuderen van continuum naar non-continuum eigenschappen verkend.
In situ metingen van de reactiekinetiek door middel van „inverted CFM“ op een schaal
van 10-100 moleculen bleken mogelijk. Bovendien werden interacties tussen functionele groep
ensembles en individuele moleculen bestudeerd, wat fundamentele inzichten opleverde in
functionele groep verdelingen op polymeeroppervlakken en in de rupture forces van
individuele host-guest complexen.

S F M tip

Figuur 1.

Schematisch overzicht van het contactgebied tussen een SFM tip en een
oppervlak, waar interacties tussen functionele groepen van de monolaaggefunctionaliseerde tip en oppervlakken worden gemeten met CFM.
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Om de interactie tussen SAM-gefunctionaliseerde tips en verschillende oppervlakken in
friction en pull-off metingen te begrijpen werd een groot aantal modeloppervlakken
bestudeerd. Deze modelsystemen omvatten SAMs van thiolen, disulfides en sulfides op goud,
dunne films van laagmoleculaire verbindingen, en gestructureerde, gemodificeerde of
gefunctionaliseerde polymeeroppervlakken.
Het combineren van bottom-up en top-down benaderingen en de gevolgen voor
technologie op nanometerschaal vormen het raamwerk voor dit proefschrift zoals is beschreven
in Hoofdstuk 1. Het kon worden aangetoond dat self-assembly als strategie voor een bottomup benadering enerzijds en scanning probe microscopy als te gebruiken technologie in een topdown benadering anderzijds complementair zijn in de ontwikkeling richting nanotechnologie.
Hoofdstuk 2 dient als een korte inleiding in de self-assembled monolayer systemen en
de polymere materialen, en in de techniek van scanning force microscopy gebruikt en
bestudeerd in dit promotieonderzoek. De basis van het experimentele werk beschreven in de
volgende hoofdstukken wordt hier gelegd en specifieke relevante onderwerpen, zoals
interactiekrachten en friction, werden benadrukt.
Een groot aantal nieuwe gefunctionaliseerde symmetrische en asymmetrische disulfides
werden gesynthetiseerd voor tip modificatie, en voor het vormen van model oppervlakken
(SAMs op goud).
Het onderzoek aan fundamentele structuur-eigenschapsrelaties van SAMs van deze en
andere thiolen, sulfides en disulfides op Au(111) werd besproken in Hoofstuk 3. De
roosterstructuur van SAMs van deze verbindingen op Au(111) werd onthuld door SFM met
moleculaire (rooster) resolutie. Op basis van de roosterstructuur kon informatie over de tilt
angle van de moleculen worden verkregen. Bijvoorbeeld, Y-type thiolen, waar twee
alkylketens verbonden zijn aan één thiol groep, vertoonden hellingshoeken van ca 14°. Van de
rigide uiteinden van tetrasulfide afgeleiden van resorcin[4]arene werd geconcludeerd dat ze
alkaansegmenten in een bijna loodrechte oriëntatie dwingen, in tegenstelling tot de onder een
hoek staande alkaanketens van vergelijkbare calix[4]arene afgeleiden. Bovendien kon een
informatie of penetratie diepte van de SFM tip van 6 Å worden geschat uit resultaten
verkregen van asymmetrische disulfides met verschillende ketenlengtes. SAMs van
gesynthetiseerde fluoralkyldisulfides bleken nuttig voor vloeibaar-kristallijne uitrichting. Een
overgang van planaire naar homeotrope verankering van nematische vloeibare kristallen
bijvoorbeeld kon worden bereikt door het verlengen van alkaansegmenten in gedeeltelijk
gefluorineerde disulfides. Bovendien werden in gemengde SAMs van koolwaterstoffluorkoolstof disulfides aanwijzingen gevonden voor kleine clusters, en verwaarloosbare
diffusieconstanten bij kamertemperatuur in een gecombineerde XPS en FT-IR studie.
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In Hoofdstuk 4 werden de factoren die friction en pull-off forces beïnvloeden, zoals
gemeten door SFM met SAM-gefunctionaliseerde tips, besproken. De studies werden
uitgevoerd aan dunne lagen van tetranitrotetrapropoxycalix[4]arene, lamellaire
polymeerkristallen, ultradunne polymeervezels verkregen door electrospinning, lipid mono- en
bilayers, en SAMs van verschillende organozwavelafgeleiden op goud. Door middel van deze
samples konden we oppervlakteenergie, structuur en fasetoestand van mono- en bilayers,
anisotrope kristalstructuur, en het tip-sample contactoppervlak variëren. Friction anisotropy
werd geobserveerd bij films van tetranitrotetrapropoxycalix[4]arene en lamellaire
polymeerkristallen, vanwege respectievelijk een rechthoekige kristalstructuur en een geordende
rangschikking van folds op de polymeerkristallen. In SAMs van asymmetrisch gesubstitueerde
disulfides op Au(111) werd de grootte van friction forces gecorreleerd met de conformational
disorder zoals gevonden door middel van FT-IR. Verschillen in mechanische eigenschappen
van oppervlakken leidde ook tot een significant contrast in friction forces gemeten aan monoen bilayers. Daarom werd geconcludeerd dat het gevonden contrast in friction forces vaak niet
gerelateerd is aan verschillen in chemische samenstelling tussen de verschillende, uitstekende
functionele groepen, maar aan oppervlakte mechanische eigenschappen, energiedissipatie, of
aan friction anisotropy samenhangend met de oriëntatie van moleculen. In tegenstelling
hiermee bleken metingen aan pull-off forces goed te correleren met de aard van de
blootgestelde functionele groep in afwezigheid van inelastische deformatie. Pull-off metingen
werden dan ook gebruikt in de hieronder beschreven studies aan polymeeroppervlakken om zo
de effecten van oppervlaktebehandelingen te karakteriseren.
Anisotrope friction werd in detail bestudeerd aan uniaxiaal georiënteerde polymeren,
zoals werd beschreven in Hoofdstuk 5. Voor deze studies werden georiënteerde
polymeersystemen bereid. Onder de samples waren HDPE en nylon-6 georiënteerd door
channel die compression, HDPE en PTFE georiënteerd door afschuiving over verwarmde
glasoppervlakken, en PE gekristalliseerd onder hoge druk. Door middel van SFM werd de
locale ordening in beeld gebracht op moleculaire schaal, om zo de geschiktheid van het
monster voor tribologische studies aan te tonen. De friction data werden verzameld in
moleculair opgeloste SFM line scans die een moleculair stick-slip gedrag lieten zien.
Het imagen met rooster resolutie kon ook worden bereikt met chemisch
gemodificeerde tips. Dit stelde ons in staat om de adhesive forces tussen tip en
polymeeroppervlakken te sturen. Voor zowel polyethyleen als polytetrafluorethyleen werd de
systematische variëring van de gevonden friction forces met de relatieve scan hoek tussen SFM
tip en polymeerketenrichting gemeten. De afhankelijkheid kon semiquantitatief worden
beschreven met het „Cobblestone model“ van interfacial friction.
De karakterisering van gemodificeerde polymeeroppervlakken door middel van SFM
met gefunctionaliseerde tips werd beschreven in Hoofdstuk 6. Pull-off forces en
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functionaliseringsgraad zoals bepaald via contacthoekmetingen aan oppervlakte-behandelde
polymeren en rubbers konden met succes worden gecorreleerd. Deze resultaten vormen de
basis voor differentiëring en chemical imaging van polymeeroppervlakken die verschillende
functionele groepen aan het oppervlak hebben. De monsters omvatten isotactisch
polypropyleen, polyethyleen, polydimethylsiloxaan, ongevulcaniseerde en gevulcaniseerde
EPDM rubbers, en butyl rubber. Bekende oppervlaktebehandelingen zoals oxyfluorinering,
chlorering, fluorinering, chroomzuuroxidatie en plasmabehandelingen werden gebruikt om de
polymeren te functionaliseren. In het bijzonder bleken de pull-off forces, gemeten met
carbonzuur gefunctionaliseerde tips in ethanol, gecorreleerd te kunnen worden met de
hydrofiliciteit van de oppervlakken zoals vastgesteld door middel van contacthoekmetingen.
Mogelijke beperkingen van pull-off force metingen aan sterk gecorrodeerde oppervlakken met
hoge ruwheidswaarden (chemisch geëtst LDPE) werden bestudeerd en tevens werd het in
beeld brengen van de verdeling van filler deeltjes in EPDM rubbers gerealiseerd.
In Hoofdstuk 7 werden de resultaten van lateraal opgeloste imaging van functionele
groep verdelingen op een sub-50 nm schaal, gebruikmakend van scanning force microscopy
met chemisch gemodificeerde tips voor het eerst gepresenteerd. Gemiddelde pH-afhankelijke
pull-off force metingen uitgevoerd aan geoxyfluorineerde films van isotactisch polypropyleen,
gebruikmakend van OH-gefunctionaliseerde tips, leverde een „force pKa“ op van 5.5 tot 6.5.
Lateraal inhomogene pull-off forces werden gerelateerd aan de variaties in locale „pKa“
waarden en verschillen in locale hydrophiliciteit, en daarom aan een inhomogene verdeling van
de polaire functionele groepen op sub-50 nm schaal, die werden geïntroduceerd door de
oppervlaktebehandeling. In een tweede serie experimenten werd de verdeling van functionele
groepen op dunne films van plasma gepolymeriseerd allylamine onderzocht. Voor deze
monsters werd een „force pKa“ van 5.5 tot 6.2 gemeten, welke onafhankelijk was van het
aminegehalte van de films. Deze resultaten vormen een belangrijke stap in de richting van het
uiteindelijk doel om functionele groep verdelingen op oppervlakte-behandelde of
gefunctionaliseerde polymeren met een laterale resolutie in het sub-50 nm gebied te bepalen.
Door een verdere ontwikkeling in de fabricage van nanometer-sized pointprobes en
geoptimaliseerde cantilever spring constants kan hoge resolutie mapping van functionele
groepverdelingen in gemodificeerde polymeren in de toekomst ook worden verwacht voor
systemen die geen ioniseerbare groepen bevatten.
Door het ontwikkelen van een nieuwe benadering, die we „inverted“ chemical force
microscopy noemen, werden de problemen van thermal drift en beperkte resolutie vanwege de
eindige afmeting van het contactoppervlak tussen de AFM tip en het monsteroppervlak in hoge
resolutie in situ AFM imaging van chemische reacties vermeden. In deze benadering, zoals
beschreven in Hoofdstuk 8, werd de te bestuderen monolaag geïmmobiliseerd aan het
oppervlak van de tip, vandaar ook de naam inverted. In situ force distance metingen aan inerte
substraten door middel van AFM tips gecoat met reactanten bleken in staat om reactiekinetiek
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op een schaal van 10-100 moleculen te volgen. Reactiviteitsverschillen gerelateerd aan
verschillende SAM structuren werden geobserveerd door middel van inverted chemical force
microscopy op nanometerschaal. Deze resultaten kwamen goed overeen met macroscopisch
gedrag zoals gevonden met behulp van FT-IR. Deze resultaten, gecombineerd met verdere
force microscopy data, ondersteunden de conclusie dat voor SAMs met dichtgepakte
estergroepen, de hydrolysereactie zich verspreidt vanuit defecten, waardoor het homogene
oppervlak in domeinen van gereageerde en ongereageerde moleculen wordt verdeeld.
Na het beschrijven van de meetresultaten tussen ensembles van moleculen en de in situ
studies van reactiekinetieken aan het oppervlak van gefunctionaliseerde AFM tips, werd het
aantal opgeloste interacties verder gereduceerd. De detectie van individuele supramoleculaire
host-guest interacties werd besproken in Hoofdstuk 9. Uit hoge resolutie SFM metingen bleek
dat SAMs van β-cyclodextrine heptasulfide receptor moleculen hooggeordend zijn. Door deze
SAMs te gebruiken werd een succesvolle bestudering van supramoleculaire host-guest
interacties van kleine moleculen met snelle unbinding kinetics door middel van dynamic single
molecule force microscopy voor het eerst mogelijk. Voor de unbinding force tussen
ferroceengroepen geïmmobiliseerd op AFM tips en β-cyclodextrine receptors in
hooggeordende SAMs op Au(111) werd een waarde van 56 ± 10 pN gevonden. Met de
toevoeging van een externe guest (8-anilino-1-naftaleensulfonzuur) kon in situ worden
aangetoond dat dit molecuul het merendeel van de receptor sites reversibel blokkeerde. De
geobserveerde single host-guest complex rupture force bleek onafhankelijk te zijn van de
loading rate, hetgeen een aanwijzing is voor een thermodynamisch bepaald experiment.
Hoofdstuk 10 beschreef het onderzoek naar het gecontroleerd positioneren van
metallodendrimeren door middel van directed assembly met behulp van SFM. Het vervangen
van alkaanthiol moleculen en het vullen van defecten in SAMs op Au(111) werd gebruikt om
verschillende sulfide-bevattende dendrimeren en hemicarceplex moleculen in monolagen in te
bouwen. De resulterende mixed monolayers werden gekarakteriseerd met multimode AFM.
Individuele geïmmobiliseerde dendrimeermoleculen werden in beeld gebracht. Bovendien werd
het insertiemechanisme bestudeerd en werd het proces in situ gevolgd door contact mode
AFM. De initiële SAM kwaliteit bleek geen significante invloed te hebben op de
oppervlakteconcentratie van dendrimer wedges. In tegenstelling hiermee resulteerde een
toename in de concentratie van de dendrimeeroplossing in een toename in het aantal
geobserveerde moleculen. Het gecontroleerd positioneren van sulfide gederivatiseerde
metallodendrimeren door middel van tip-assisted directed assembly via AFM werd beschreven.
Oppervlakken met hoge dendrimeerconcentraties op een schaal van 200 nm werden gecreëerd.
Dit resultaat toonde aan dat het in principe mogelijk is om de assembly van dendrimeren te
sturen, mogelijk zelfs op een schaal van enkele tip-surface contactoppervlakken.
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Outlook
High resolution real space characterization of surfaces by means of scanning probe
techniques has witnessed an exponential growth during the past ten to fifteen years. With the
invention of STM and AFM, real space sub-nanometer scale structural characterization,
measurements of forces with piconewton resolution, and manipulation of matter on the level of
individual molecules have become possible.1-8 For instance, the assembly mechanism for SAM
formation can be elucidated on a molecular level,9 the mobility of defect sites can be studied on
an Å-scale,10 and rupture forces of individual host-guest complexes or single antibody - antigen
interactions are experimentally accessible.11 The advance of scanning nearfield optical
microscopy (SNOM) is a complementary development which allows one to perform
spectroscopy with lateral resolution on a sub-micrometer level.12 Recently, studies on the
fluorescence behavior of individual isolated molecules were reported.13
12345678

The breathtaking development of scanning probe techniques to the level of individual
molecules results in a wealth of fundamental information. In this Thesis, AFM with SAMmodified probe tips was utilized in order to detect functional group distributions in polymers,
to study in situ reaction kinetics using "inverted CFM" on a scale of 10 - 100 molecules, and to
measure individual supramolecular host-guest interactions. In addition, numerous model
systems were characterized on a molecular scale by scanning force microscopy. This gave
insight into fundamental properties and structural characteristics of these systems. However, it
appears necessary to discuss whether these results, as well as the results mentioned in the first
paragraph of this Outlook, are fundamentally new, or have complemented, or contradicted
existing theories which were based on the available atomistic (molecular) or even continuum
models.

Most results reported and cited in this Thesis are truly novel and many of these could
only be obtained by taking advantage of the broad range of magnification of SFM and its
capability to image with sub-nanometer resolution:
The occurrence of surface relaxation with epitaxial growth of the (010) facet on the
(011) facet in thin annealed films of tetranitrotetrapropoxycalix[4]arene for instance could only
be detected in high resolution AFM measurements.14 These findings are in agreement with
conventional crystallography. The studies of the molecular level friction anisotropy on lamellar
polymer
crystals,
uniaxially
oriented
polymers,
as
well
as
films
of
tetranitrotetrapropoxycalix[4]arene showed how anisotropic surface structure is related to
tribology. It must be noted, however, that the successful description of the angular dependence
of the friction forces for the uniaxially oriented polymers proves that atomistic models, such as
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the Cobblestone model for interfacial friction, can be useful and applicable even on a true
molecular scale.
The results of pH dependent pull-off force measurements on polymers (Chapter 7) are
essentially novel and could not have been predicted by existing theories nor measured by other
techniques. The force pKa values showed first of all a dependence on the hydrophobicity of the
environment and furthermore, the differences in force pKa were resolved on a sub-50 nm scale
by CFM. This information was previously not accessible and the relation of surface pKa and
hydrophobicity of the local environment is yet unknown. As the environment cannot be
averaged but has to be known precisely, conventional models cannot be applied for local
surface pKa value prediction. Future work must certainly address this issue, in particular the
influence of neighboring functional groups with different acid - base or hydrogen bonding
properties. With further advances in fabrication of nanometer-sized pointprobes, optimized
cantilever spring constants and means to control the thermal and instrumental drift, high
resolution mapping of functional group distributions and local pKa determination can be
anticipated in the future.
In addition, it appeared that the "averaged" properties, such as interfacial reactivity,
measured with conventional techniques with no or low lateral resolution, are really averaged
over different individual reactivities. Experiments by inverted CFM allowed us to resolve these
differences. The reactivities of ensembles of 10 - 100 molecules were measured. These results
are conceptually in accordance with the observation of individual growth rates for polymer
lamellae observed by in situ hot stage AFM.15 In the future, general correlations of structure
and reactivity in confined systems of monolayers seem accessible.
In conclusion, the power of the methods with nanometer scale resolution can be
regarded as the possibility to study the individual molecules from a true molecular perspective,
thereby learning about the individual properties, and finally using this information in optimizing
for instance interfacial chemical reactions. By using ultrasharp probes, such as carbonnanotubes,16 it appears reasonable to assume that molecules can be localized or even addressed
individually in the near future.
The work described in this Thesis used the probes primarily as "sensor" for forces. In
combination with the transmission of external stimuli (e.g. electric current, light, or
temperature) further interesting properties can be probed and processes can be triggered or
excited. Thus, the tip can be used actively to perform chemistry on a nanometer level. First
examples of this have been mentioned in the introductory Chapters. The use of scanning probe
tips modified with carbon-nanotubes can for instance be expected to initiate a rapid
development in this field to true nanometer range electrochemistry.17 Ultimately, the delivery
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of reagents to preselected locations and the use of catalysts immobilized on probe tips promise
to open fascinating new possibilities in true molecular level interfacial chemistry.
For the analysis of surface compositions with high lateral resolution a combined force
microscopy / conventional spectroscopy approach can be envisioned. Such an approach
appears to be possible by a combination of SFM and SNOM. By using a sharp SNOM probe as
the tip attached to a SFM cantilever, fluorescence or Raman spectroscopy18 could be
performed locally on a sub-micrometer to sub -100 nm scale parallel with the mapping of the
topography, lateral forces etc. Currently, there is a technical problem to fabricate such probes
which allow one to couple the optical system (laser etc.) effectively without interfering with
the deflection of the cantilever. However, it can be anticipated that these technical problems
will be overcome in the future and that novel fundamental results can be obtained.
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Some thoughts
"Unglaublich, wie die Zeit vergeht!" - or "It's hard to believe how time flies!" Four years
seem to have passed within a few moments. In retrospective, it has been a great experience to
live and work in this new environment, at the interface between The Netherlands and Germany
so-to-say. Enlightening in many ways. And it was pleasant to work each new day in the lab,
even if there was by definition no weather or time of day. Thanks to the good atmosphere in
the group 'Materials Science and Technology of Polymers', thanks to my colleagues, and
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There are of course numerous people who contributed directly or indirectly to the work
described in this thesis and who helped making these four years a unique experience:
Before really getting started with my thesis work in Mainz, Helmut Ringsdorf "sent" me
to the ECOF-5 conference in Slovakia. Having no results to present yet, I was there just to
"learn". However, it turned out that my experiences at this conference and the friends I met
were very important later on. Bart-Hendrik Huisman smoothened my start in Twente
considerably and opened many doors. In many ways. I really enjoyed the time we spent
together in Twente. Bart-Hendrik, dank je wel!
This was also the beginning of a very pleasant and highly successful co-operation with
the group of Professor David Reinhoudt. We experienced that 'Supramolecular Chemistry and
Technology' and scanning force microscopy are really an ideal combination. I remember with
pleasure the experiments and subsequent (sometimes very fundamental) discussions on highly

ordered supramolecular systems with Bart-Hendrik Huisman, Paul Kenis, Marcel Beulen,
Arianna Friggeri, Simon Flink, Frank van Veggel, and Jurriaan Huskens.
In my initial battle with technical, AFM-related problems, including this bloody liquid
cell, I would have had a hard time without the help and advice from Manfred Jaschke and
Hans-Jürgen Butt (Mainz). I also want to thank Gabi Nelles for her effort and the successful
co-operation.
Results obtained in collaborations which were initiated before I came to Twente and
have been pursued afterwards helped to gather more information on the SAMs of fluorinated
compounds on gold. I want to thank especially Mei-Wei Tsao, John Rabolt (both Delaware),
and Dave Castner (Washington) for their contributions to Chapter 3.
In addition, the good relations with the group of Steve Evans (Leeds) led to a number of
visits which turned out to be very successful. The projects were carried out with Ban AlKhairalla (anchoring of liquid crystals on SAMs) and Toby Jenkins (lipid bilayers on
microcontact-printed SAMs). Toby, it has really been a pleasure to have you around!
New contact were also made at the numerous conferences I could fortunately attend
thanks to the generous funding by the University of Twente, Shell, and CW-NWO (SIR
program). I also gratefully acknowledge the financial support by CW-NWO in the priority
program materials (PPM) for my Ph.D. project.
One of the remarkable collaborations, which was initiated at the ECOF-6 in Sheffield,
was with Victor Chechik, who was at that time working in the group of Professor Stirling
(Sheffield). The results of these projects can be found in Chapter 3 (Y-type thiols), and in
particular Chapter 8 (inverted CFM).
Furthermore, I acknowledge the numerous "donors" of samples (see corresponding
Chapters). Without your help many of the results presented here could never have been
obtained. Especially I want to thank Zdenek Hruska (Solvay) and Menno van Os (Mainz /
Twente) who provided the polymer samples which allowed us to make a breakthrough
regarding the mapping of functional group distributions, the original aim of the project.
Lenka Tonneijck and Jan van den Enk (AKZO-Nobel Central Research) provided the
high resolution SEM images of functionalized AFM tips. This information was essential for
understanding some of the results we obtained. Thank you very much for your effort.

Of course there were numerous good souls busy in the background who kept MTP
running, among these Sandra de Jonge, Joyce Snackers, Karin Hendriks, Gerda van der Ha-de
Wit, and John Kooiker. Clemens Padberg cannot be thanked enough. From SEM imaging of
AFM tips or polymer samples, managing the equipment to solving miscellaneous computer
problems he ensured that the lab remained in an operational state. Dank je wel!

After all I enjoyed the time with all the MTP folks, and I especially remember well the
"early days" with Dorina Trifonova and Raimund Jaeger. Jason Pickering is acknowledged for
coating AFM tips with gold and having a computer-wizard's eye on the PC's. Mark Hempenius
helped to translate quite a few manuscripts into Dutch which has been really a big help. Dank
je wel, Mark! And I should not forget to thank Rob Lammertink for the frequent discussions
and his efforts, together with the other MTP'ers, in tracing down the errors and inconsistencies
in my thesis.

Finally, I want to thank my parents for their unconditional support during all these years.
Without your help life would have been much more difficult, and I am convinced that quite a
few things would not have been possible at all!

Elke (and Simon), I want to thank you for your constant support and motivation,
especially during the past months, your understanding, and your endless patience.
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