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Abstract

Abstract

In this thesis the self-assembly of p-conjugated (macro)molecular architectures, either through
chemisorption or via physisorption, into highly ordered supramolecular nanoscopic and
microscopic structures has been studied. On solid substrates structure and dynamics has been
investigated on the molecular scale making use primarily of Scanning Probe Microscopies, in
particular Scanning Tunneling Microscopy and Scanning Force Microscopy. This allowed to
characterize a variety of phenomena occurring both at the solid-liquid interface, such as the
dynamics of the single molecular nanorods (known as Ostwald ripening), the fractionation of
a solution of rigid-rod polymers upon physisorption on graphite; and in dry films, i.e. the self-
assembly of rigid-rod polymers into nanoribbons with molecular cross sections which can be
epitaxially oriented at surfaces and the formation ordered layered architectures of disc-like
molecules. In addition the electronic properties of the investigated moieties have been studied
by means of Photoelectron Spectroscopies. The nanostructures that have been developed are
not only of interest for nanoconstructions on solid surfaces, but also exhibit properties that
render them candidates for applications in the field of molecular electronics, in particular for

building molecular nanowire devices.

Keywords

Conjugated Molecules
Molecular Electronics
Scanning Probe Microscopy

Self-assembly



Abstrakt

Abstrakt

In dieser Dissertation wird die Selbstorganisation von p-konjugierten (makro)molekularen
Architekturen durch Chemisorption oder Physisorption in hochgeordnete supramolekulare
nanoskopische und mikroskopische Strukturen auf festen Trégern untersucht.

lhre Struktur und Dynamik wurden auf molekularer Skala hauptsachlich  mit
Rastersondenmikroskopien, insbesondere mit Rastertunnel- und Rasterkraftmikroskopie,
untersucht. Dies erlaubte die Charakterisierung einer Reihe von Phanomenen, die sowohl an
Fest-Flissig-Grenzflachen  auftreten, wie beispielsweise die Dynamik der einzelnen
molekularen  Nanostdbchen (Ostwald Reifung) und die Fraktionierung dsteifer
Polymerstébchen durch Physisorption an der Grafitoberfléache aus der Lésung heraus, als auch
in trockenen Filmen vorkommen wie die Selbstorganisation steifer Polymerstdbchen zu
Nanobandern mit molekularen Querschnitten, die sich epitaktisch auf Oberfl&chen orientieren
lassen und auch die Aushildung gestapelter Architekturen von diskformigen Molekilen.
AulRerdem wurden die elektronischen Eigenschaften der untersuchten Systeme mit Hilfe von
Photoel ektronenspektroskopie charakterisiert. Die entwickelten Nanostrukturen sind nicht
nur fir Nanokonstruktionen auf festen Oberfléachen von Interesse, sondern besitzen auch
Eigenschaften, die sie fir Anwendungen in ener zukinftigen molekularen Elektronik
prédestiniert, etwa fir den Aufbau molekularer Dréhte.

Schlagworte

Konjugierten Molekulen
Molekularen Elektronik
Rastersondenmikroskopien

Selbstorganisation
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1. Introduction

1 Introduction

In the last two decades there has been a growing interest towards the nanoworld. The
scientific community was prying into casting new light on the structure of organic, inorganic
and biological materials, probing their chemical and physical properties on a molecular scale
and comparing the properties of a single molecule with those of an ensemble or Avogadro
number of molecule. Manipulating single molecules at room temperature [Jun96], visualizing
[Sta95a] and stimulating chemical reactions [Hei94] at surfaces are just few examples of how
the scientific community has been able to approach to the nanoworld. Particularly interesting
in this new scientific approach is what one may call nanochemistry and nanophysics at

interfaces.

Until few years ago information on the sub-micrometer scale length was accessible only using
indirect techniques such as electron or X-ray diffraction or with electron microscopies that

required vacuum environment and conductive materials.

| rEnsMSIoN Hedtron IVIIesaapy
Sam rgHedronM aosoopy
| Odicd maosoy |
Saming RdeM aosopes
l l | l l l | | l | | |
| 1 | 1 1 | | | 1 | | |

m mm nm m A

Figure 1.1: Spatial resolution of some microscopical techniques

In 1982 a breakthrough occurred: the Scanning Tunneling Microscope (STM) was invented
by Binnig, Rohrer, Gerber and Weibel [Bin82a]. Their project aimed at developing a
microscopical technique able to generate real-space images of surfaces with a resolution on
the nanometer scale. Four years later they were awarded the Nobel prize in physics for their
invention. This discovery represented also a big improvement for the development of
miniaturized electronic devices. Even greater importance had the invention of the Atomic
Force Microscope (AFM) [Bin86], known also as Scanning Force Microscope (SFM), that

11



1. Introduction

made it possible also to investigate insulating materials such as polymers and biomolecules.

On the other hand in the last two decades conjugated molecular species have received a great
deal of attention in the chemical and physics community because they are building blocks of

materials with high electronic conductivity and even superconductivity [Chi77].

In view of these two developments, the aim of this thesisis to grow highly ordered molecular
nanostructures of conjugated (macro)molecules with well defined chemical functionalities
and physical properties that arise from the molecules their selves. These architectures could
be useful for building molecular based electronic devices, in particular a molecular nanowire.
Scanning Probe Microscopies played a pivota role in this project because they allowed to
investigate self-assembled architectures on flat solid substrates and to monitor dynamic
processes at surfaces.

Thisthesisis divided into seven chapters. after this brief introduction, the second chapter will
introduce the different Scanning Probe Microscopies, focusing on the Scanning Tunneling
Microscopy and Scanning Force Microscopy. The third chapter introduces to the conjugated
molecular systems, their synthesis and their application in the development of molecular
based electronic devices. In the fourth chapter the self-assembly of molecular species on flat
solid substrates and the development of nanoelectrodes are addressed. The fifth chapter is
dedicated to the experimental procedures. The sixth chapter will discuss the results of this
research, first chemisorbed monolayers on metallic substrates and then physisorbed layers and
multilayers both at the solid-liquid interface and in dry films produced from solution or by
sublimation in vacuum. The seventh chapter will summarize and give outlooks of the project.
Last but not least, the acknowledgments underline the importance of the collaborative efforts
for an interdisciplinary work such as that presented here.

12



2. Scanning Probe Microscopies

2 Scanning Probe Microscopies

In this chapter Scanning Probe Microscopies are described in detail, focusing particularly on

Scanning Tunneling Microscopy and Atomic Force Microscopy.

2.1 Thetechniques

The Scanning Tunneling Microscope (STM) [Bin82a, Bin82b], developed in the laboratories
of IBM in Zirich in 1981, represents just the first of the family of the Scanning Probe
Microscopies (SPM)s, which are a class of surface science instruments that introduced a new
simple approach in the investigation of conducting, semiconducting and insulating samples
[Wie92,Wied8]. They are based on few common principles:

1. A sharp probe (tip) interacts with the sample surface;

2. Thetip probesloca physical properties of the sample. The tip-sample interaction is
very sensitive to small changes in the distance tip-sample;

3. A piezodlectric circuit allows to perform displacements of the tip and/or the sample
inthe X, Y, and Z directions with a precision of afraction of an Angstr('jm;

4. A feedback system controls the distance tip-sample.

They exhibit:

=

High vertical resolution (£ 0.1 nanometer for AFM and STM);

N

High lateral resolution (£ 1 nanometer for AFM and STM);

3. Possibility to measure at solid-liquid interfaces, i.e. a surfaces in their native

environments,
4. Possibility to explore non-crystalline samples;

5. Not or mildly invasive technique.

One of the biggest advantages of SPMs, if compared to Scanning Electron Microscopies
(SEM) or Transmission Electron Microscopies (TEM), is the possibility to investigate a

13



2. Scanning Probe Microscopies

sample outside vacuum, i.e. in air or in a solution. This renders feasible the visualization not
only structures, but also dynamic processes that occur on a time scale that spans from few
milliseconds to several days.

The STM became the ancestor of al Scanning Probe Microscopies (SPM) that have been
developed in the following years. They differ from the type of physical property that governs
the interaction tip-sample:

Table 2.1: Main Scanning Probe Microscopies.

Physical Type of samples | Typical Max. Inventors | Ref.
interaction i lateral and year
tip-sample 'PS " \resolution

Electron Conductors, Binnig,

STM tunneling semiconductors W, PUIr 1A alRo?lrSr8 % (Bing2]
AFM Conductors, Binnig,
semiconductors, . Gerber, .
or Forces insul 3OrS \év NSu 1A Quate [Bing6]
SFM 3N4 (1986)
MFM | Magnetic Ferromagnetic  |[Ni AFM Martin,
forces materials coated Wickra
tips 5A masinghe [Marg7]
(1987)
Optical Conductors,
sno | Properties | semiconductors | oy f 10 R | ponl etdl. |[Pohsd]
M under the insulating fib 1084
diffraction | adsorbatesand | 1P (1984)
limit biological films
Photon STM tip Coombs,
emission from + Gimzew-
STOM electronsin anductors, photodio 5A ski et al. [CooBé]
STM semiconductors de (1988)
Conductors,
Ser?r'gr;i“r%ors Thermo- William, | [Wilg]
SNTM | Heat trangfer | adsorbatesand | OWPI€ | 5o | Wickrar
biological films masinghe
(1986)
Conductors,
SECM | lon transfer ser?rllc;ojlnac:iur::;ors Electrode| 1000 A Liu, [Liug6]
adsorbatesand ~ |I" ?'t(.)n'c Bard et .
biological films | SO'UHON (1986)

14




2. Scanning Probe Microscopies

where MFM = magnetic force microscopy
SNOM = scanning near-field optical microscopy
STOM = scanning tunneling optical microscopy
SNTM = scanning near-field thermal microscopy

SECM = scanning electrochemica microscopy

The SPM is basically composed of 3 parts:
the probe;
the scanning system;
the system that detects the interaction.

The last two can be controlled by a persona computer or workstation through an analog/
digital converter and a Digital Signal Processing (DSP) card. In al Scanning Probe
Microscopes, a piezoelectric scanner behaves as an extremely fine positioning stage able to
move the probe over the sample (or the sample under the probe). The SPM electronics drives
the scanner in atype of araster pattern, as shown in Figure 2.1.

L

finish =

slow-scan direction

|

|

|

I |

| L
|

|

|

|

start 4 4
step

size
fast-scan direction

Figure 2.1. Scanner motion during data acquisition

The scanner moves across the first line of the scan, and back. It then steps in the
perpendicular direction to the second scan line, moves across it and back, then to the third

line, and so forth. While the scanner is moving across a scan line, the image data are sampled

15



2. Scanning Probe Microscopies

digitally at equally spaced intervals. The data recorded is the tip-sample interaction that varies
from SPM to SPM. The scan length of the image (L) spans from tens of Angstrém to over 100
microns, and from 128 to 512 data points per line. The image is a square grid of

measurements (data points).

2.2 Scanning Tunneling Micr oscopy

The STM can provide an image of the tunneling current in a plane across a conductive sample
which, in a first approximation, corresponds to the topographical map of the sample. More
accurately, the tunneling current images give evidence of the electronic density of states
(LDOS) at the surface [Lan85, Gim87]. STMs can in fact sense the number of filled or
unfilled electron states near the Fermi surface, within an energy range determined by the bias
voltage [Han87]. Rather than measuring physical topography, it measures a surface of
constant tunneling probability.

Tip

90 % of
current

\ 99 % of

current
Neos Ser-

Figure 2.2: Scheme of the STM junction.

The technique is based on the quantum-mechanical effect of electron tunneling. The tunneling
occurs between two conductors separated by a gap (or insulating layer), that acts as a potential
barrier for the electrons. The tunneling current decays exponentially with the gap width. This
causes the current signal to be determined by the tip apex as shown in Fig. 2.2 and it permits a
lateral resolution of ~1 Angstrém to be achieved [Gim87]. The tunneling current can be
estimated by:

I f(v) expl-a-s-VF}

16



2. Scanning Probe Microscopies

with:

a =10/ (n eV)

V = bias potentia between tip and sample;

S = gap width;

F = average barrier height between the two electrodes (~4 V).

Roughly, a variation of the gap of one Angstrom gives rise to a variation of the tunneling
current of one order of magnitude. Because of this reason a vertical resolution of fractions of

an Angstrém can be reached.

Tunneling to sample

X
/I V, <0

tip
Tunneling to tip

Figure 2.3: Energy diagram explaining tunneling in STM experiments

In the STM apparatus the two electrodes are the sample and an atomically sharpened metallic
probe; this latter one is usually produced by cutting or chemical etching of a Pt/Ir or W wire.
When the tip is brought into close proximity of the sample surface (few Angstroms), applying
a bias voltage (< 1.5 V) between the two electrodes causes the electrons from the sample to
tunnel through the gap into the tip or vice versa, depending upon the sign of the bias voltage
[Ter83]. (See Fig. 2.3). The resulting tunneling current varies with the tip-to-sample spacing,
and it is this signal which is used to create an STM image. A big limitation of STM is that it
cannot image thick insulating layers. Having the possibility to probe currents in the
picoampere range, the thickness of an insulating layer can be at maximum ~ 15 - 20 A.

17



2. Scanning Probe Microscopies

2.2.1 STM modes

The STM can be constructed to scan a sample in ether of two modes. constant-height or

constant-current mode, as shown in Fig. 2.4.

tunneling
current

[ T I

path of tip

constant
current
tip
path of tip
L LN
L] | [ I

sample |

Figure 2.4: Comparison of constant-height and constant-current mode for STM.

In constant-height mode, the tip scans in a horizontal plane above the sample and the
tunneling current changes depending on the topography and the local surface electronic
properties of the sample. The tunneling current measured at each point on the sample surface

represents the data set.

In constant-current mode, the STM uses a feedback |oop that enables the tunneling current to
be constant by adjusting the height of the scanner at each measurement location. For
example, when the system detects an increase in tunneling current, it adjusts the voltage
applied to the piezoelectric scanner in order to enhance the distance between the tip and the
sample. In constant-current mode, the motion of the scanner constitutes the data set. If the

18



2. Scanning Probe Microscopies

system keeps the tunneling current constant to within afew percent, the tip-to-sample distance
will typically be constant to within a few hundredths of an Angstrom.

Each mode has advantages and disadvantages. Constant-height mode is faster because the
system does not have to move the scanner up and down, but it provides useful information
only for relatively smooth surfaces. Constant-current mode can measure irregular surfaces
with high precision, but the measurement takes more time and the lateral resolution that can
be achieved is usually smaller due to the difficulty in setting a proper feedback loop which
allows contemporary the tip to follow the surface prosperities and not to introduce a periodic
noise in the dataset.

The STM offers the possibility to perform a spectroscopical investigation of the sample down
to a sub-nanometer scale using the Scanning Tunneling Spectroscopy, (STS mode
[Wie98,Feed4,Sta9bb]. The tip is “frozen” at a well specific distance to the sample surface
(position) and at an increasing voltage (U) (between a selected range within —10 V and 10 V)
di/dU is sampled The resulting curve ((dI/dU)=f(U)) can usually be attributed to structure in

the electronic density of states.

2.2.2 Applications of STM

The STM had a big success due to the high resolution imaging that can be achieved.

Metals:;

The first samples that have been studied with this technique were metal surfaces. Binnig and
co-workers observed the reconstruction of the Au(110) surface [Bin83a]. Later the structure
of several other metals have been monitored such as Pt(100) and (110), Pd(100), Ir, Au(100),
AQg(111) [Wie92]. These investigations have been carried out ether in UHV or air

environments.

Inorganic semiconductors:

A breakthrough for the high resolution imaging with STM was the observation of the 7x7

19



2. Scanning Probe Microscopies

reconstruction of Si (111) according to the model of Takayanagi [1ss91]. Another compound
deeply investigated is GaAs [Fee87]. Because of the fast oxidation of this surfaces, these
studies have been executed in UHV ambient.

Organic adsorbates:

The STM has been used to monitor the structure of thin organic layers at the solid-liquid

interface and in dried films, produced both from solution and from UHV sublimation.

The investigations at the solid-fluid interfaces started from the pioneering work of J.S. Foster
and JE. Frommer on liquid crystals [Fos388, Smi89, Spo89]. It was continued with
investigations of small molecular systems at the interface between an amost saturated
solution and a crystaline conductive substrate by J. P. Rabe and coworkers on akanes,
alcohols, fatty acids [Rab91a], didodecylbenzene [Rab91b], conjugated oligomers [B&u95]
and a variety of other chemical species. In this environment the resolution in space and in
time made it possible to monitor dynamic processes such as coarsening of molecular
interfaces [Sta95a], photodecompositions [Hei94] and photopolymerizations [Gri97]. With
the same set-up the electronic properties of single molecules have been measured by means of
STS[Stad5h].

Studies of UHV sublimed thin films have been performed on naphtalene [Hal91] and azulene
derivatives and later porphyrin moieties adsorbed on metal surfaces [Jun97]. Chemisorbed
species as Self-Assembled Monolayers of thiol functionalized molecules have been widely
investigated on several metallic substrates (Au, Ag, Pt, Pd, Cu) [UIm91].

Biological samples:

The possibility to observe molecular systems in their native medium was very appealing and
has constituted the main reason why biologists have put a big effort into this technique since
the early years. The limitations were due to the small electronic conductivity of these kinds of
materials. This problem was partly overcomed either by using an STM able to detect currents
in the picoampere range [Guc94] or by coating the sample with a conductive layer (e.g. of
gold or amorphous carbon).
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2.3 Atomic Force Microscopy

The invention of Atomic Force Microscopy (AFM) [Bin86, Rug90] in 1986 also by Binnig
and co-workers has solved the problem of imaging samples with alow electrical conductivity.
In fact the physical properties that are measured with this apparatus, namely the interaction
forces between a sharp conica tip and the sample surface, allow investigations to be
performed on electrical conductors as well as on semiconductors, on organic and also on

biological materials.

Position

Eensitive
Debecior

Lasar
Camtilever

With -
Probe Tip

Figure 2.5: The beam-bounce detection scheme.

AFM probes the surface of a sample with a sharp tip, with a terminal radius often less than
100 A. The tip is located at the free end of a ~ 100pum long cantilever that has got an elastic
modulus that can reach tenths of N/m. Forces of a few piconewton between the tip and the
sample surface cause deflections of the cantilever in the Angstrom spatial scale. A laser beam
bounces off the back of the cantilever onto a position-sensitive photodetector (PSD). As the
cantilever bends, the position of the laser beam on the detector shifts. The PSD itself can
measure displacements of light beams as small as 10 A. The ratio of the path length between
the cantilever and the detector to the length of the cantilever itself produces a mechanical
amplification. As a result, the system can detect sub- Angstrém vertical movements of the
cantilever tip. The measured cantilever deflections enable the computer to generate a map of
surface topography. This apparatus can be called also Scanning Force Microscopy, that is its
suitable name in particular for studies carried out in a micrometer and sub-nanometer scale.

The interaction forces in the AFM are often quite complex due to several factors:

Even if the tip apex should be monoatomic, the number of atoms from the tip involved in

the interaction is not one, due to the contribution of rather long range forces,
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The forces are dependent on the environment (gas, liquid or vacuum);

The scan is a dynamic process, which means that velocity dependent forces need to be
considered;

The tip can deform the sample.

2.3.1 Classification of forces

It is important to distinguish the type of forces between the tip and the sample in order to

separate the contributions and correctly interpret the experimental results. [1sr92]

Long range forces

van der Waals forces. exist between every types of atoms or molecules; they are proportional
to 1/r® where r is the distance between them. The role of these forces in AFM have been
discussed by Moiseev [M0i88] and Hartmann [Har90]. They are important in the range from
one to tens of nanometers.

1. Electrostatic forces: they are due to coulombic interactions; in the present case
they can occur between an electrostaticaly charged tip and a charged area of an
insulating surface. They are important in the range from one to thousands of
Angstrom.

2. Capillary forces: the curvature at the contact between the tip and the sample causes
the condensation of vapor from the ambient including water from the air. Also
surfaces exposed to the air environment are typically coated by a layer of water,
whose thickness depends on the relative humidity (RH) of the atmosphere and on
the physico-chemical nature of the object. It results in a strong attractive capillary
forces (about 10 N) that hold the tip in contact with the surface. To avoid capillary
forces the ambient humidity must be at RH=0%, although Thundat and co-workers
demonstrated that below RH=10% they could not detect decays any further of the
capillary forces [Tun93]. Two simple experimental procedures can minimize the

effect of this kind of forces:
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a) flood a sealed chamber for the measurements with adry inert gas such as N, , He
or Ar,

b) make use of afluid cell, that means to perform measurements with both the tip
and the sample immersed in aliquid medium [Wei92].

Short range forces

. Repulsive forces: They are proportional to 1/r" with n>8. The interatomic repulsion
forces have two origins:

a) Repulsion between nuclei: the overlap of two electronic clouds gives rise to an
incomplete screening of the nuclear charges, this generates coulombic
repulsions.

b) Pauli repulsion: according to the exclusion principles of Pauli, two electrons
with the same spin can not occupy the same orbital. Thus the electrons can only
overlap when the energy of one electron is increased, which causes a repulsive

interaction.

. Forces of covalent bonds: they originate from the overlap of the wave functions of
two or more atoms. In this case the density of electric charges is concentrated
between the two nuclei. This force decreases abruptly for a separation over a few
Angstrém. The type of interaction can be also called chemisorption.

. Metdlic adhesion: they derive from the interaction between strongly delocalized
electronic clouds, which cause strong interactions that decay exponentialy with
distance. They are important when two metallic surfaces approach to the extent that
the eectronic wave functions overlap [Ban90]. This case can be called aso
physisorption.

. Friction: during the scan, there is a force component parallel to the surface, since the
tip is not always oriented exactly perpendicular to the surface. This friction tends to
twist the cantilever, and since the torsion angle depends on the composition of the
surface, the measurement of the twist provides chemica information [Mat92]. It
was also shown that this kind of friction force can be detected on the atomic scale
[Mat87].
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As afirst approximation the forces contributing to the deflection of an AFM cantilever can be
considered the Van der Waals and the repulsive forces. These contributions are on the basis

of the Lennard - Jones potential:

with:
ev/4 = potential energy at the minimum;
s = effective molecular diameter;

r = interatomic distance.

repulsive force

intermittent-
contact

) distance )
tip-to-sample separation)

>

altractive force

Figure 2.6: Interatomic force vs. distance curve.

The force, which is the negative gradient of the energy, is plotted in Fig. 2.6. Two distance
regimes are highlighted: 1) the contact regime; and 2) the non-contact regime. In the contact
regime, the cantilever is held less than a few Angstrém from the sample surface, and the
interatomic force between the cantilever and the sample is repulsive. In the non-contact
regime, the cantilever is held on the order of tens to hundreds of Angstrom from the sample
surface, and the interatomic force between the cantilever and sample is attractive (largely a
result of the long-range van der Waals interactions). Both contact and non-contact imaging

techniques are described in detail in the following sections.
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2.3.2 Contact mode AFM

In contact mode AFM atip makes soft "physical contact” with the sample. The tip is attached
to the end of a cantilever with a spring constant, lower than the effective spring constant
holding the atoms of the sample together. As the scanner gently scans the tip across the
sample (or the sample under the tip), the contact force causes the cantilever to bend in order to
follow the topographic profile. Using very stiff cantilevers it is possible to exert large forces
on the sample and the sample surface is likely to get deformed; this may be also used in
"nanolithography”.  The total force that the tip exerts on the sample is the sum of the
capillary plus cantilever forces, and must be balanced by the repulsive van der Waals force for
contact AFM. The magnitude of the total force exerted on the surface varies from 10° N
(with the cantilever pulling away from the sample amost as hard as the water is pulling down
the tip), to the more typical operating range of 10" to 10° N.

Similarly to STM, the contact mode AFM can generate the topographic data set by operating

in one of two modes — constant height or constant force mode.

In constant height mode, the spatial variation of the cantilever deflection can be used directly
to provide the topographic data set because the height of the scanner (consequently also the
distance sample surface - tip holder) isfixed asit scans.

In constant force mode, the deflection of the cantilever is used as input to a feedback loop that
moves the scanner up and down in Z-direction, responding to the topography by keeping the
cantilever deflection constant. In this case, the image is generated from the scanner's motion.
With the cantilever deflection held constant, the total force applied to the sample is constant.
In constant force mode, the speed of scanning is limited by the time of response of the
feedback loop, but the total force exerted on the sample by the tip can be controlled. This
mode is usually preferred for most applications because it gives areal topographic map of the
sample surface. Constant height mode is often used for recording atomic-scale images of
atomically flat surfaces, where the cantilever deflections and thus variations in the applied
force are small. This latter mode is also essential for monitoring fast processes in real-time,
where high scan rates are essential .
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2.3.3 Vibrating Modes

In order to overcome the problem of the friction component during scanning in contact mode,
to minimize the forces exerted from the tip on the sample and the effect of the capillary
forces, aternative modes have been invented where the AFM cantilever vibrates near (on the
order of tens to hundreds of Angstroms) the surface of a sample (Fig. 2.7). Basically, stiff
cantilever is forced to oscillate near its resonant frequency (typically from 200 to 400 kHz)
with an amplitude of a few hundreds of Angstroms. While the tip scans over the sample the
system detects the shift in the phase and the gradient in the amplitude of the swing of the
cantilever and keeps it constant with the aid of a feedback system that moves the scanner up
and down. By keeping the amplitude constant, the system is expected to aso keep the
average tip-to-sample distance constant. The sensitivity of this detection scheme provides
sub-Angstrom vertical resolution in the image, as in contact AFM. Due to the elimination of
the shear forces that are applied from the tip to the sample, these modes are particularly useful
for studying soft materials such as biological and organic films. As a consequence of the
reduction of the overall interaction forces between the tip and the sample surface, these modes
do not suffer from tip or sample degradation effects that are sometimes observed after taking
numerous scans with contact AFM. Unfortunately, the lateral resolution that can be reached

is afew nanometers, which is lower than in the contact mode.

2.3.3.1 Non Contact AFM (NC-AFM)

In this mode the tip-sample interaction is indicated on the force-distance curve of Fig. 2.6 as
the non-contact regime. Because the force between the tip and the sample in this regime is
low (generally about 10™? N), the force measurement is more difficult than in the contact
regime, where it can be severa orders of magnitude larger. Furthermore, cantilevers used for
NC-AFM must be stiffer than those used for contact AFM because soft cantilevers can be
pulled into contact with the sample surface. The small force values in the non-contact regime
and the greater stiffness of the cantilevers used for NC-AFM are therefore both factors that
limit the force resolution, and consequently the lateral resolution, that can be achieved.
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— =

substrate adsorbate
Figure 2.7: Vibrating modes. the tip-sample interaction affects the amplitude and phase of the swing.

2.3.3.2 Tapping Mode™

Tapping Mode™ (TM-AFM) or intermittent-contact atomic force microscopy (IC-AFM) is
similar to NC-AFM, except that for TM-AFM the vibrating cantilever-tip is brought closer to
the sample so that at the bottom of its travel it just barely hits, or "taps’ the sample [Zho93,
Tam96,Bus95]. The intermittent-contact operating region is indicated in the force-distance
curvein Figure 2.6. Some samples are best handled using TM-AFM instead of contact or non-
contact AFM. In general, it has been found that TM-AFM is more effective than NC-AFM
both for imaging larger scan sizes, that may include greater variations in sample topography,
and for the dightly higher resolution that can be achieved, due to the stronger tip-sample
interaction forces that are sampled. The latest development of the Phase Imaging, where the
gradient in phase of the vibrations is detected, made it possible to increase further the spatial
resolution [Lec96,Fin97,Sto98a]. This imaging mode provides contrast caused by differences
in surface adhesion and viscoelasticity; it is therefore very helpful for detecting different
phases coating the sample surface.

2.3.4 Applications of AFM

Layered materials:

They represent a family of substrates which are atomically flat on a micrometer scale, and

which are easy to prepare freshly by cleaving the surface with an adhesive tape.

Graphite: Highly Oriented Pyrolitic Graphite (HOPG) was the first material to be resolved
with lattice resolution [Bin87]. It is commonly used as standard for the calibration of the
scanner in al the 3 dimensions.

Mica: is widely used for deposition of organic and biological samples [Sha93], it is also
ordinarily utilized, in place of HOPG, to calibrate scanners on a sub-nanometer scale.
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Dichalcogenides are aso extremely flat and suitable for studies also with STM (due to their
metallic or semiconducting properties that vary with the chemical composition). Well-known
examples are MoS; [Li€91], NbSe, [Kim91] and ReS,; [Kel94].

lonic Crystals:

LiF, NaCl, PbS and AgBr are some of the inorganic crystals that have been investigated

achieving atomic resolution imaging [Hei92].

Organic molecules:

The structure of films prepared by the "Langmuir Blodgett" technique have been monitored
for the case of barium arachidate [Bou93] and stearic acid [Chi93]. Only few studies have
been carried out on single crystals, as for example tetracene [Ove9dl]; one reason being that
this type of investigation does not give more information than atypical X-Ray analysis.

The use of SFM is more suitable for the investigation on the self-assembly of
(macro)molecules adsorbed at surfaces either by vacuum sublimation [Bis95] or from solution
[Sam99a]. The SFM can be also used to probe interactions between functiona groups (CHs-
CHj, COOH-CH3;, COOH-COOH) by functionalizing the SFM tip and measuring the
interaction forces between the tip and the substrate [Fri94] or by breaking chemica bonds and
gaining insights into the strength of different chemical interactions [Gra99].

Biological samples:

The possbility to visualize the surface of insulating biologic materials in their native
physiologic environment renders this technique interesting for biophysical and biomolecular
investigations. Research includes investigations on tissues, microorganisms, cells down to
nucleic acid molecules and their super-hierarchical organization. An example of dynamic
process that has been visualized is the Escherichia coli RNA polymerase (RNAP) transcribing
two different linear double-stranded (ds) DNA templates [Kas97]. It was also possible to
monitor the modification of the quaternary structure induced by bonding with an enzyme
[Eriod].
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3 Conjugated molecular systems

3.1 Introduction

While macromolecules and organic materials have been known for many decades [Fl053],
their intrinsic conductive properties as semiconductors and metals have only be recently
discovered. The report in 1977 about the high electrical conductivity of trans-poly(acetylene)
[Chi77] that can be achieved upon p and n doping opened new avenues of exploration for
chemistry and physics, and for technology. The key finding by Mac Diarmid and Heeger
[Chi77] was a chemical species characterized by a delocalized p -electron system along the
polymer backbone. The semiconductor properties of the materials arise from the overlap of p;
orbitals that originates from the double bonds. If the overlap is over several sites, delocalised
p valence and p conduction bands occur, with arelatively small energy gap. The limitation in
the firsts experiments was the chemical stability of the poly(acetylene) in air and the difficult
material processing.

™ Poly(acetylene) =1 Poly(diacetylene) <)+ Poly(para-phenylene)

W Poly(para-phenylenevinylene) {@%} Poly(para-phenelyneethynylene)

Poly(pyrrole) [} Poly(thiophene) oIV} Poly(furane)

\ J N ] T \J n

@ Poly(para-pyridine)

Figure 3.1: Chemical formulae of severa conjugated polymers.

The synthesis of different conjugated derivatives [Bau93, Tou96, Kra98, Mar99] allowed later
to design new materials with different band gaps and electron affinities and in addition made
it possible processing to be carried out under different conditions, i.e. in organic solvents,
inorganic solvents and aqueous media. A step forward in the processability of conjugated
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macromolecules has been made by attaching long flexible aiphatic side-chains to the
conjugated skeletons, which give rise to the entropic stabilization of the polymer chain in
solution [Reh89]. The polymeric species obtained have been caled “hairy-rods’. They
exhibit a remarkable increase in the solubility of the molecules in organic solvents, while the
molecular packing in the solid state is tremendoudly affected. The most well-known
conjugated polymers are shown in Figure 3.1.

During the last years a great deal of effort has been devoted to oligomers of conjugated
macromolecules because they are good model compounds of their related polymers with
respect to their electronic properties and moreover they can much more easily be handled
[MUI98a]. In fact their reduced size enables them to be processed in thin films using typical
techniques that until few years ago were just used for inorganic materials, like sublimation in
ultrachigh vacuum (UHV), known also as Molecular Beam Epitaxy (MBE). Furthermore
their monodispersity makes it possible for them to self-assemble into 2D and 3D mono-
crystalline structures. Typical examples of this synthetic effort are oligothiophenes [Hot93].
Other types of monodisperse systems, which are very interesting because of their high charge
carrier mobilities (0.13 cm?/Vs), are hexa-peri-benzocoronenes (HBC)s [Sta95b, Vdc98,
M{il98b].

Figure 3.2: Chemical formula of hexa-peri-benzocoronenes (HBC).

They are nanoscale versions of an infinite 2D graphene sheet that, upon functionalization with
side chains, can exhibit a good solubility in several organic solvents. HBC is just the first
representative of a large family of poly-aromatic hydrocarbons that have been designed by
Mullen and co-workers. Recently they have been able to extend this 2D moieties to more
than 200 carbon atoms in the aromatic core [M 1198c].
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3.2 Application in molecular electronics

Research on conjugated (macro)molecules is particularly appealing because of severa
reasons. a remarkable versatility of the materials, the possibility to build large area electro-
optical devices, which have not necessarily a flat shape, their easy processability in different
environments and also their low cost of production. In particular, materials based on
conjugated polymers have great potential for electronic and photo-physical applications such
as flat-screen displays [Wed98], light emitting electrochemical cells [Pei95], light emission
devices [Bur90], organic transistors [Gar90], and solar cells [Hal95]. A breakthrough was
the work of Friend and co-workers who built the first Light Emitting Diode (LED) based on a
polydisperse poly(para-phenylenevinylene) (PPV) active layer assembled on an indium tin
oxide (ITO) surface by spin coating [Bur90]; this first device exhibits quite moderate
guantum efficiencies (photons emitted per electron injected), namely up to 0.05%. The
work-up of these devices is strongly dependent on the interplay between electronic structure
and molecular arrangement [Bau95,Bis95]. This latter feature, as reported later in the thesis,
arises from the interplay of intraamolecular as well as inter-molecular and interfacial
interactions, making it possible to design very precise and reproducible 2D and 3D
architectures.

A key question that has not been answered so far, is whether the charge carrier transport does
occur aso in the case of a single (macro)molecular chain or a well defined assembly of
paradlel chains. The latter would be necessary in order to insight into the role played by
charge carrier hopping, which is required to transfer the charge carrier from one chain end to
another. Indeed the long-term goa of the research described here is the fabrication of a
molecular nanowire. A novel set-up used for probing the electronic properties of single
molecules have been presented recently by Reed and co-workers [Ree97]. Their approach
was based on the “ Mechanically controllable break junctions’ which offers a way to obtain
metallic nanoelectrodes with a gap of 1-2 nm. A critical analysis of this method casts some
doubts on the real molecular packing between the two metalic contacts since uncontrolled
aggregations of the molecules can be expected; this affects the reproducibility of the
measurements. This lack can be overcome by constructing a highly ordered molecular
architecture with dimensions in the tens of nanometer scale, and to interface this well-defined
assembly with Au nanoelectrodes that exhibit a gap in the same spatial range. The choice to

work on these scales enables the structure of both the organic and metallic component to be
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observed using Scanning Force Microscopy in every step of the device preparation.

The ideal organic moiety for producing this device should posses a good solubility in organic
solvents, functional groups that can attach covalently to the Au nanoelectrodes, a high
stiffness and a good conductivity along the unsaturated backbone. Good candidates that
belong to the family of conjugated macromolecules are poly(para-phenyleneethynylene)s
[Tou96, Gie96, Bun00]. They exhibit a rigid-rod structure along the conjugated backbone
[Mor94, Wau96], strongly anisotropic electronic properties, an electroluminescence in the
blue green-region [Tad96], and a high and stable photoluminescence quantum yield [Wed96]
that made it possible to use them for the development of a liquid-crysta based
photoluminescent display [Wed98]. A direct measurement of their molecular conductivity for
the case of short oligomers has be carried out using Scanning Tunneling Microscope (STM)
probing the average resistance of the self-assembled organic monolayers [Bum96, Dhi97].

3.3 Phenyleneethynylenes

For the project that will be discussed in detail in chapter 6, oligomeric and polymeric
derivatives of para-phenyleneethynylenes have been synthesized with a polycondensation
route by Dr. Viola Francke in the group of Prof. Dr. Klaus Mullen in the MPI for Polymer
Research in Mainz within a collaborative project.

Two different types of PPE (2) a-iodo-w -[(2,5-dihexyl-4-ethynyl)phenyl]-poly[(2,5-
dihexylphenylene-1,4)ethynylene)] and (6) a-[[4-[(N,N-dimethylcarbamoyl)thio]phenyl]
ethynyl]-w-[4-[ (N,N-dimethyl carbamoyl)thio] phenyl]-poly[ (2,5-dihexyl phenylene-1,4)

ethynylene)] were synthesized by efficient Pd-catalysed coupling of the AB-monomer 4-
ethynyl-2,5-dihexyliodobenzene (1) [Dra 98] (see Fig. 3.3). The procedure involves the
coupling of the AB-monomer under Pd(PPhs),/Cul catalysis according to Hagihara [Son75,
Die75], followed by the  addition of an excess  of 4-[(N,N-
dimethylcarbamoyl)thioliodobenzene (3) as end-capping reagent. After the work-up
procedure, which is necessary to remove the remaining end-capping reagent, the iodine
function of the resulting a-iodo-w-[4-[N,N-dimethylcarbamoyl)thio]phenyl]-poly[(2,5-
dihexylphenylene-1,4)ethynylene] (4 was  coupled with 4-ethynyl-[ (N,N-
dimethyl carbamoy!)thio] benzene (5) under the same conditions described above to yield (6).
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The average contour length of the macromolecules are between 8 and 30 nanometer according
to 'HNMR analysis on the end groups. Furthermore, a-phenylethynyl-w-phenyl-ter[(2,5-
dihexylphenylene-1,4)ethynylene)] (9), has been synthesized also by efficient Pd-catalyzed
coupling of 1,4-diethynyl-2,5-dihexylbenzene (7 with 2,5-dihexyl-4-
[ (trimethysilyl)ethynyl]iodobenzene (8) under Hagihara conditions (see Fig. 3.4).
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Figure 3.3: Synthesis of poly(para-phenyleneethynylene).
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Figure 3.4: Synthesis of para-phenyleneethynylene trimer.
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3.3.1 Kinetics of the polycondensation reaction

The synthetic route followed for producing the PPE was a polycondensation reaction.

Consider the case of a general polycondensation reaction A+B® C+D [Bra39], which is

%:%:k[A][B]. In the present case

characterized by a kinetic of the second order -

A=B and thereactionis:

d A c t
Since [AJ=[B], then - L = kat . which meansthat - 391A = et p Lo L =

(A~ JAF T T (A AL

where: k = reaction constant;

t =time;
[A]o=initial concentration;
[A] = concentration at timet;

p = fraction of functional groupsinitialy present that reacted at timet.

Itis known that: [A]=(1-p)[A]o and so we have igei 2=k
(%]

Al &1- p

3.3.2 Molecular weight distribution

Macromolecules can be classified into 2 different classes:
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Monodisperse: Single definite molar mass (used also as an approximation for polymers when
U £ 0.1, see below).

Polydisperse:  Sample is a mixture of molecules with various chain lengths (typical of
polymers that usually have U»2).

The distribution of molecular masses can be described by means of several parameters:
1) The arithmetic average: the Number Average Molar Mass:

1o
M, :Na N M, (3.1

where N= total number of molecules

N; = number of molecules with molar mass M;

2) The weight average: the Mass Average Molar Mass:

1o
Mw—aai,mMi (3.2

where m = total mass of the sample
m; = total mass of molecules of molar mass M;

3) The width of the distribution can be expressed in terms of the Polydispersity:

M,
U==x
M

n

1 (3.3)

The full distribution functions can be expressed as normalized mole fraction distribution F(r),

that is the fraction of molecules of sizer:
34 ¥
a F(r)=QF(rdr =1 (3.4)
1 0
Alternatively one may use the weight fraction distribution:
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W(r) = rE(r) :¥rF(r) (35)

¥
arFr)  gFMdr
1 0

The average number of structural units or repeat units in the molecule is the Number average
degree of polymerization:

(o3

rE(r) a W(r)
=5 (36)
Fr & [wi(ryr]

q
I

s
[N QJOK = QJOK

therefore: W(r) = rF(r)/r,
Theisrelated to the number average molar massby: r =M _/M

Where M, . is the molar mass of arepeat unit

In the case of the polycondensation synthesis, the distribution of molecular weights is
according to one of the following theoretical functions that describe particular cases:

3.3.2.1 Schulz-Zimm distribution

Mol e fraction distribution:

k k-1i
F(r)=y'r 0 (3.7

where:
k is the degree of coupling (i.e. the number of independently growing chains required to form

1
one dead chain) and gives the curve shape. Moreover k = m

In the present case k =2 as for a standard linear polymerization reaction. Therefore the

1
expected polydispersity, assumed in the Schulz-Zimm function, is U = P =05.

where r_ isthe number average degree of polymerization.

=
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G(K) isthe gamma function: C(x) = (x- 1)>C(x- 1): for k=2p C(k) =1

Weight fraction distribution:

W(r) = y<ir [exp(- yr)]/G(k +1) (38)

Number average degree of polymerization:

(this parameter could be measured by means of Gel Permeation Chromatography
investigations or elementa anaysis (C,H)).

For k=1: thisdistribution reduces to the Schulz-Flory distribution (see below).

k = large values: this distribution approximates the Poisson distribution (see below).

3.3.2.2 Schulz-Flory distribution

Known also as“ Most Probable Distribution”.

Number Average Molar Mass:

M, = (3.10)

where Mo = mean molecular weight for a structural unit

Mol e fraction distribution:

F(r)=p""- p) (3.11)

where p = areal number less than 1, indicating the extent to which the reaction goes to, or as
the probability that A reacts with B;

r = number of reacted monomers = number of repeating unitsin the polymer.
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Weight fraction distribution:
W=rl- p)p" (3.12)

Number average degree of polymerization:
— 1
r, = 1_—p (3.13)

3.3.2.3 Poisson Distribution

Mol e fraction distribution:

F(r)y=¢™"

n
oD (3.14)

where n =mean main chain length

r = number of reacted monomers = number of repeating units in the polymer

Weight fraction distribution:

r-2

_én U .. N
W(r) = ﬁge (r- 1) (3.15)

Number average degree of polymerization:

r =1+n (3.16)

The Schulz-Flory distribution is commonly used for low degrees of polymerization and

Schulz-Zimm for high ones.
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3.4 Hexa-peri-hexabenzocor onenes

Hexa-peri-benzocoronenes (HBC)s are a good candidate to build-up columnar aggregates on
Highly Oriented Pyrolytic Graphite (HOPG) where the disc like molecules are packed with a
high degree of order thanks to p- p interactions as displayed in Fig.3.5 [Vdc98]. In this case
the tip of the STM could be used to gain insight into the conductivity along one column.

Figure 3.5: Columnar stacking of HBC-Cy,.

Previous explorations at the solid-liquid interface on the soluble HBC-Cy, with STM have
shown that the molecules tend to lie flat on the basal plane of a conductive HOPG substrate.
In addition with Scanning Tunneling Spectroscopy (STS) is was possible to detect a diode-
like electrical behavior of the aromatic cores while the aiphatic part of the molecules has

exhibited a symmetric current vs. voltage (1-V) curve [Sta95b].

R
o R R
r O O —
dio[fa%e(zclogé]"c R~O~O~-Or= c:l(gr BSC%)ZI R
@ 92%yidd S D 25°C, 49% yield
R R

R

R =CyoHys

Figure 3.6: Synthesis of HBC-C,.

The synthesis of HBC-C;, has been performed by Dr. Johan D. Brand in the group of Prof.
Dr. Klaus Mullen (MPI-Mainz) (Fig. 3.6).
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4 Self-assembly of molecules at surfaces and

nanoed ectrode fabrication

Making use of intramolecular, intermolecular and interfacial forces it is possible to design
highly ordered 2D and 3D polymolecular architectures. A precise control of the molecular
self-assembly both from solutions and from vacuum depositions can be obtained on such
substrates that posses well defined chemical functionalities and physical properties [UIm91].
A first requirement for a highly reproducible modification of a surface is a good flatness of
the support. Because of this reasons it is worthwhile to put effort on the selection and careful
preparation of the substrate. Then, atoms and molecules can attach to surfaces in two
different ways. by means of physisorption (physical adsorption) or chemisorption (chemical
adsorption).

4.1 Physisorption

The physisorption is the adsorption of molecules at surfaces which is characterized by the
absence of a formation of a chemical bond both between molecule-molecule and molecule-
substrate. It arises from the interplay of weak attraction forces (predominantly van der Waals
and electrostatic which exist over long ranges) and hard core repulsions. Physisorption is an
exothermic process; its enthalpy can be measured by monitoring the rise in temperature of a
sample of known hesat capacity during the adsorption or by investigating the thermal
programmed desorption of the adsorbate. A typical enthalpy of physisorption is about 20
kJmol [Atk94]. This small enthalpy change is insufficient to lead to bond breaking, so a
physisorbed molecule retains its identity, although it could be distorted by the surface.

Molecular organization in the case of physisorption is governed by intramolecular,
intermolecular and interfacial interactions, which may be described by the following
potential:
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V=a f(-rf+a f (d-deq)2+ a f{L+cos(nf - g)}

bonds angles dihedral

as +S . O 35 +S . O

é T Bb '<‘r

Formulae 4.1: Physisorption of a molecule at surface [Hen93].

The first three terms in formula 4.1 describe the intramolecular forces, while the next two are
intermolecular contributions to the overall interactions, and the last one describes the
interfacial forces. The terms are respectively related to bond stretching, valence angle
vibrations, torsional vibration, Lennard-Jones, Coulombic interactions and external static
potential due to the surface acting on the adsorbate.

Besides, severa experimental studies carried out in the recent past on the molecular
physisorption at surfaces revealed distinctly different adsorbate arrangements on the
molecular level when using conductive and insulating substrates.

4.1.1 Conductive substrate

Conjugated molecules tend to self-assemble into layers lying flat on the basal plane of
conductive substrates, such as HOPG, dichalcogenides, Au or Ag surfaces. This is behavior,
which is true mainly for molecular films with a nominal thickness of maximum a few
monolayers, is due to a rehybridization of orbitals of the adsorbate with those of the substrate
that exhibit metalic or semiconducting properties [BisO0]. Examples include severa
adsorbates at the interface between a liquid and the basal plane of on HOPG, namely
oligomeric liquid crystals [Fos88, Smi89, Spo89], akanes, acohols [Rab9lal,
oligothiophenes [Bau95], hexakis-dodecyl-hexabenzocoronene [Sta95b], diacetylenes
[Rab93], isophthalic acids [Eic96], anthrone derivatives [Stad5c]; this tendency have been
also detected on dried films prepared both by solution casting (dendronized poly(para-
phenylene)s [Sto98a] and poly(styrene)s [Sto98b]) and by UHV sublimation (perylene
derivatives [Lud94]). A similar arrangement have been detected also on dichalcogenides
(alkanes [Cin93] and perylene derivatives [Lud94]), on Au (oligothiophenes [Buo96] and
porphyrins [Jun97]), on Ag (oligothiophenes [Sou96] and porphyrins [Jun97]), on Cu
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(phthalocyanines [Lip89] and porphyrins [Jun97]) and on Pt (naphtalenes [Hal91] ).

4.1.2 Insulating substrates

Chain molecules usually do not lie flat on the insulating substrates. The main chain tends to
stand on the basal plane of the non conductive support being sometimes oriented
perpendicular to it. This has been observed for mica substrates (oligothiophenes [Bis95]) and
for SIO, (polymeric liquid crystals [Vix98] and oligothiophenes [Ser93]). This molecular
arrangement is therefore characterized by aweak coupling with the substrate.

4.2 Chemisorption

The chemisorption is the adsorption of molecules at surfaces which is characterized by the
formation of a chemica bond between molecule and surface; in this type of adsorption the
molecules tend to find sites that maximize their coordination number with the substrate. The
enthalpy of chemisorption is bigger than that for physisorption, and amounts typically to ca.
200 kJmol [Atk94]. Chemisorption is commonly used to generate a well defined, tightly
packed molecular structure that coats a surface uniformly. The film resulting is a so called
Self-Assembled Monolayer (SAM). It can be formed spontaneously by the immersion of an
appropriate substrate into a dilute solution of an active surfactant in an organic solvent or by
sublimation of the molecular adlayer in vacuum. There are severa types of SAMs that have
been created. These include organosilicon on oxidized surfaces (SiO,, Al,O3), adkanethiols
on Au, Ag, Cu, Pt; dialkyl sulfides and disulfides on Au; alcohols and amines on Pt;
carboxylic acids on Al,O3 and Ag [UIm91].

‘ w - functionalization

. Alkyl or derivatized
Interchain van der Waals and; b akyl chain

el ectrostatic interactions

Chemisorption Q Surface active headgroup
at the surface 777 777 7.7 7 ] Substrate

JJJJJJ

Figure 4.1: Chemisorption reaction of a surfactant on a substrate.
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A self-assembling surfactant molecule is typically composed of 3 parts (Fig. 4.1):

1) head group: it provides the chemisorption to the substrate (exothermic process). The very
strong molecule-substrate interactions result in a pinning of the head group to a specific site

on the surface through a chemical bond. This can be:

covaent (e.g. in Si-O-Si for akyltrichlorosilanes on oxidized surfaces);
covaent and dightly polar (e.g. in Au-S for akanethiols on gold;)
ionic (e.g. in—CO2,'Ag" in the case of carboxylic acids on AgO/AQ).

As aresult of the exothermic head group - substrate interaction, molecules try to occupy every
available binding site on the surface, and in this process molecules that have been aready
adsorbed tend to pack one beside the other. Therefore, often a crystalline assembly is formed

upon annealing.

2) dkyl chain: it plays an important role in the packing at surfaces because when the distance
between adjacent molecules is so small that short-range, dispersive, London-type, van der
Waals forces become effective molecules tend to reorganize due to these interactions between
the alkyl chains. When the akyl chain is substituted with a polar bulky function there are also
long-range interactions that sometimes are energetically predominant.

3) w- functionalization: the w function can be such that it opens the possibility of successive

adsorptions (anchoring) or chemical reactions (like the photopolymerization of diacetylenes
[Kim96]).

The most studied case, as previously mentioned, is the one of thiol functionalized molecules
self-assembled on a Au(111) surface [Del96, Poi97]. The rate of the chemisorption from
solution is such that it can occur on a 20 hourstime scale. A faster adsorption can be obtained
on an Ag substrate, which, however, has the disadvantage of getting oxidized easily in ar
environment. Nevertheless reproducible SAMs on Ag(111) have been developed and
compared to Au(111): they exhibit the advantage that the aliphatic chains pack perpendicular
to the substrate whereas for Au(111) they prefer to assemble at 30° from the normal [Hei95].
This causes the packing of akanethiols to be more tight for silver than for gold.
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4.3 Metallic nanoelectrodes for a molecular nanowire device

The €electronic properties or the conductivity of single molecules or of a smal ensemble of

molecules can be elucidated by making use of 2 different types of contacts (Fig 4.2).

A)  STM junction B) Nanoelectrodes
Figure 4.2: Junctions for probing electronic properties of a single molecule or molecular object.

In the first case (A) the STM set-up is used to measure the conductivity of a molecule or a
molecular aggregate. The measurement can be performed by imaging the current at constant
height and voltage if the adsorbate exhibits a high degree of order, like in the case of a SAM
[Hei95]. Alternatively one my perform a spectroscopical study on single molecules (STS)
[Sta95b]. In the latter case (B), one requires a particular test sample: one molecule or a well
defined array of molecules assembled between two Au nanoel ectrodes.

One method that can be used to produce gold nanoelectrodes is Electron Beam Lithography
(EBL). It utilizes the fact that certain chemicals change their properties when irradiated with
electrons just as a photographic film does when irradiated with light. The electron beam is
generated in a Scanning Electron Microscope which normally is set up to provide an image of
an object by rastering with awell focused beam of electrons over it.

Collecting electrons that are scattered or emanated from that object for each raster point
provides an image. With computer control of the position of the electron beam it is possible to
write arbitrary structures onto a surface. The steps to produce a structure by EBL are shown
below: the sample is covered with a thin layer of poly(methylmetacrylate) (PMMA), then the
desired structure is exposed with a certain dose of eectrons. The exposed PMMA changes its
solubility towards certain chemicals. This can be used to produce a trench in the thin layer. If
one wants to produce a metallic structure, a metalic film is evaporated onto the sample and
after dissolving the unexposed PMMA with its cover (lift-off) the desired metallic
nanostructure remains on the substrate. This method, shown in Fig. 4.3, allows gaps to be
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engineered down to the 10 nanometer regime [Bez97a, Bez97b, Her98]. This gap might be
bridged by the molecular aggregate. This would enable to relate the electronic properties of
the object to its order on amolecular scale. The resulting 10-20 nm gap can be visualized with
SFM.

| PMM A |
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electron beam | c¢rosslinking
of PMM A

[ PMMA| [PMMA]
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[ PMMA| [PMMA]
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metallizationl
PM M A L PM M A
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Ayl
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Figure. 4.3: Scheme of the e-beam lithography procedure used for producing Au nanogaps.

1 mM solution

Glue contact
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Bending beam

U Piezo € ement

Figure 4.4: Method for developing “ Mechanically controllable break junctions’.

Another procedure for developing metallic nano-contacts, the so called “Mechanically
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controllable break junctions’ [Ree97] (see also chapter 3) provides metallic nanoprobes with
agap of 1-2 nm. The production is based on a fracture of a Au wire that takes place upon
applying pressure on it with a piezoelectric crystal (Fig. 4.4). Unfortunately, in my opinion,
the reproducibility of these type of gapsis rather poor. The procedure includes molecular self-
assembly that is carried out bathing the filament during the breakage with a solution of
benzene-1,4 dithiol. A successive relaxation of the pressure induced by the piezo cause the
two probes to approach each other again. The authors claim that the nanoprobes are separated
by an organic monolayer of self-assembled molecules and current vs. voltage characterization
of the system gives insight into the conductivity of the monolayer, thus of the single
molecules.
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5 Experimental procedures

In this chapter the experimental methodol ogies which are used for the work presented below

are discussed. The chapter is divided into 5 paragraphs:
Preparation of the substrates
Scanning Tunneling Microscopy (STM);
Scanning Force Microscopy (SFM);
Ultrarviolet Photoel ectron Spectroscopy (UPS), X-ray Photoel ectron Spectroscopy (XPS);

Current vs. Voltage (1V) measurements.

5.1 Preparation of the substrates

The preparation of the substrate plays a key role for the self-assembly of molecules at
surfaces. In order to obtain highly reproducible results, very flat substrates with precisely
controlled chemica functionalities, freshly prepared just before the chemical deposition, have
been used.

5.1.1 Layered substrates

Layered substrates are widely utilized for the adsorption of the organic materials and SPM
studies.

For the present investigations two different commercially available supports were chosen:
Muscovite mica (Plano GmbH);

Highly Oriented Pyrolitic Graphite (HOPG) (grade ZY B, Advanced Ceramics, Cleveland,
Ohio, U.SA)).

Both of them can be easily cleaved with adhesive tape. The ease and reproducibility of the

sample preparation as well as the chemica inertness and the atomical flatness on the
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micrometer scale that can be achieved, render this type of preparation commonly used for
Scanning Probe Microscopy investigations of physisorbed samples.

Muscovite mica has been used widely as support for both self-assembly of molecules from
solutions and sublimation of a metalic layer in high-vacuum (HV). Slices, 120 nm thick,
were cut into discs of variable sizes with a punch and die set (Precision Brand, Downers
Grove, Illinois U.S.A.) to maintain nicely cleavable edges.

HOPG was used for STM studied at the solid-liquid interface and also as conductive support
for producing dry layers of HBC-C;, from solution.

5.1.2 Amorphous substrates

Non-crystalline insulating substrates have been also utilized for understanding the role of the
crystallinity of the support (mica) in the growth of PPE from solution. Thin glass discs (120
nmm thick and with a diameter of 1 cm) have been first cleaned at 60°C for twice 5 minutesin
trichloroethylene, acetone and ethanol respectively. Then they have been rinsed with
deionized H,O (Milli-Q) and dried with a gentle blow of N..

In addition for the TEM investigations of PPE thin films 400-mesh carbon coated copper

grids have been utilized as amorphous substrates.

5.1.3 Metallic substrates

Metallic substrates are useful supports for self-assembly and in particular for chemisorptions.
They can be produced by sublimation in HV with a chamber pressure of ~ 10° mbar or in
ultra high-vacuum (UHV) with a pressure of < 10™° mbar. The goal of this kind of preparation
is to obtain an epitaxial or pseudo-epitaxial substrate that exhibits a very high flatness. In
collaboration with Dr. P. Thiele (Department of Physics, Humboldt University Berlin) thin
films of Ag and Au have been sublimed onto freshly cleaved mica discsin HV at a chamber
pressure of ~ 10° - 107 mbar [Chi88]. The temperature of the substrate during the
sublimation and the nominal thickness of the metallic adlayer (between 50 and 200 nm) were
varied systematically in order to find conditions yielding a pseudo epitaxial film. The
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nomina thickness of the sublimed film was detected with a quartz oscillator that was
calibrated according to the Au or Ag parameters. The temperature of the substrate during the
sublimation was measured with a thermocouple that was placed on the edge of the surface
that was got coated. Inside the vacuum chamber the crucible and the substrate holder have
got two separate heating systems. For the case of silver, since its surface gets oxidized very
rapidly, some precautions have been taken too minimize its contact with ar: after the
sublimation, the vacuum chamber was vented to room pressure with an argon flow and as
soon as the chamber was open, the films were immersed in organic solutions that were also
under Ar reflux. On the other hand, in order to increase the epitaxiality of the Au surfaces
prepared by sublimation, post annealing (followed by quenching in EtOH or millipore H,O
saturated with N3) has been applied to the 200 nm thick metallic films. This post treatment
has been carried out both by flame annealing and shock annealing with an halogen lamp from
the front and from the rear side of the sample. The temperatures during all these processes
cannot be easily determined but are more likely within a range of 500-600 °C; the duration of
the process is about one second. STM imaging has been used to characterize the film

structures, in particular their roughnesses, on a micrometer scale.

5.1.3.1 Template Stripped Gold

Alternatively, in collaboration with Dr. J. Diebel (from the group of Dr. H. Lowe, Institute of
Microtechnology Mainz) we have designed a method to grow Template Stripped Gold (TSG)
substrates. The sample preparation scheme is shown in Fig. 5.1. [ Sam99b]

A 200 nm thick gold film has been evaporated in high-vacuum (~ 10° mbar) onto freshly
cleaved muscovite mica kept at a T=300 °C. Subsequently a layer of Ni of about 200 mm was
electroplated on the free Au surface. A rubber ring was then attached to the upper Ni surface.
At this point the mica can be easily stripped off mechanically by pulling the rubber ring with
tweezers. The Au/Ni film was immersed with the gold face up into a 3.5 mM solution of
undecanthiol (CH3(CH>)10SH) (Lancaster) or nonanthiol (CHs3(CHz)sSH) (Aldrich) in
methanol or benzene and left for 20 hours. The chemisorbed adlayer after immersion was
rinsed several times with the same solvent and blown dry under a gentle flow of Ar or N.

51



5. Experimenta procedures

| Cleaving of mica

| | Sublimation of 200 nm
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with THF

: : % Gluing of rubber ring

Pealing with tweezers
pulling on the
rubber ring

Removing the
rubber ring

Figure 5.1: Schematic representation of the Ni-TSG preparation

5.2 Scanning Tunneling Microscopy

5.2.1 Apparatus

STM investigations have been carried out using a home-made STM interfaced to Omicron

Electronics (Omicron Vakuumphysik GmbH,Taunusstein,Germany). This apparatus, was
built by Dr. P. E. Hillner (group of Prof. Dr. J. P. Rabe, Department of Physics, Humbol dt
University Berlin) according to the Besocke beetle-type design (Fig. 5.2) [Bes87, Bes88,

Fro89]. Four identical piezoelectric legs expand and contract with temperature at the same

rate. Three of these legs are placed at the edges of an equilateral triangle and behave as the
“feet” of the STM head and the fourth leg in the middle ends with the STM tip. The sample

holder (Fig 5.3) is a equilatera triangle of either glass or quartz at whose 3 edges steel discs

have been glued. The sample is also glued at the center of the triangle and silver paint was

used to make the contact with the back foot.
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a) Sdeview b) Top view
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Screw —
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Figure 5.2: Scheme of the STM set-up: @ Side view of the apparatus; b) Top view of the piezo
system: possible displacements in which the drift minimized.

. Steel disc (back foot)
Ag paint contact

to back foot Glasstriangle

Sample

Steel disc

Figure 5.3: Scheme of the sample holder.

Two additional features make of this home made apparatus ideal for the investigation of
organic adsorbates:

1. the possibility to detect currents down to 8 pA; thisis very important for imaging
materials with alarge resistivity, such as organic films;

2. the possibility to achieve rather high scan rates (200 Hz/line); this is essential since

the mobility of molecules and molecular clusters at surfaces can be quite high.
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The microscope is supplied with a piezo system that alowed to do investigations that span

from a5 mm scan length to the nm scale.

5.2.2Tip preparation

Pt/Ir (80:20) wire has been selected as material because it is chemically stable in air and
sufficiently stiff.

A 0.25 mm wire has been electrochemically etched in a solution of 2N KOH + 6N NaCN.
Keeping the voltage constant at 6-10 V (50 Hz, alternate current) the etching takes place as
long as the current through the wire is bigger than 40 mA. At this threshold the voltage gets
interrupted automatically. Thetip is then rinsed with Millipore water and dried with a gentle
flux of Ar or No. This recipe leads to reproducible atomically sharp stable metallic needles
ready to be used [Mel91, Wei95].

5.2.3 Vibration isolation

The STM is placed on a “ bungy” cord set-up, which consists of a large mass, M, attached to
bungy cords (four total, one in each corner in our configuration), firmly anchored to the
building celling (Fig. 5.4) [Par87].

Figure 5.4: Scheme of the bungy set-up.

The equation of motion governing the movement of the AFM in a box, B, if the one of a

damped harmonic oscillator, with the solution

54



5. Experimenta procedures

z = z, cos(w,t) xe” !

where:

zisthe vertical deflection away from equilibrium;
Z, is the maximum deviation from equilibrium;

W, is the angular resonance frequency of the mass,
t isthe damping time constant of the bungy cord.

For our system, the bungy cords have a length of L = 0.7 m and a diameter of 6 mm. They
are attached to a granite dlab with a mass of about M = 50 kg. The mass extends the length of

the bungy by about DL=0.8 m. From this extension of the bungy cord we can determine its

spring constant, k=Mg/DL ~ 600 N/m and the resonance frequency n, = i\/E: i, /i ~
pim 2p VDL
0.5Hz = k=100 N/m

Noteworthy, the resonance frequency can be independent of the mass M, depending only on
the stretch of the bungy [2]. The damping of the oscillation can be attributed to rubbing of the
rubber fibers inside of the bungy cord against the outside lining material. Ideally one seeks a
high damping situation, that is, where t~1 second. This can be optimized (damping can be
enhanced) by greater weight on the bungy cords up to a point before plastic deformation of
the bungy material, after which it is no longer useful for vibration isolation. Since, this will
also lead to a shortened life of the cords, care must be taken to support the mass when the
system is not in operation.

Box B (Fig. 5.4) is an environmental control chamber that completely engulfs the microscope.
Such abox enables the user to remove all moisture from the microscope by fluxing inert gases
through the chamber. Between the low resonance frequency of the bungy cord system and the
high resonance frequency of the microscope head (> 10 kHz), the SPM effectively comprises
a band pass filter. This allowed us to safely image samples in the intermediate range of about
1-100 Hz and achieve atomic resolution.

5.24 STM on dry films
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The STM set-up can be used to investigate the morphology and the structure of a thin dry
organic film. The essentia requirement is a sufficiently low thickness of the non-conductive
organic layer. Using the apparatus described above, the morphology and structure of metallic
films (Au, Ag, TSG) has been studied before and after chemisorption. In the latter case the
tunneling parameters have to be selected in order not to damage the adsorbate (Fig 5.5).

TSI AT}

Figure 5.5: STM measurement of adry film. &) suitable tunneling parameters; b) invasive mode due
to inappropriate parameters (too low resistance set-point).

The SAMs grown on TSG have been imaged first on a large (micrometer) scale in order to
select a flat crystallite; then zooming in on a terrace, it was tried to resolve the molecular
packing on a sub-nanometer scale. Typical scan rates were 1-3 Hz per line for topographical
images (constant current mode) on the micrometer scale and 50-200 Hz for molecular
imaging on a sub-nanometer scale (constant height mode).

5.2.4.1 SAMs of saturated alkanethiols

SAMs of fully saturated commercial akanethiols have been produced on severa surfaces of
Ag(111) and Au (111), which were prepared as previously presented in this chapter. 1 mM
solutions in ethanol (EtOH) or benzene have been prepared and the fresh surfaces of the
metallic supports have been immersed face up in the organic solution for ~1-3 hours for the
case of Ag and ~18-24 hours for the case of Au. After this, the coated surface was rinsed
severa times with the pure solvent and dried using a gentle flux of N, or Ar. Subsequently
the samples have been investigated with STM.
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5.2.4.2 SAMs of unsaturated alkenethiols and mixtures

In collaboration with Dr A. We (group of Prof. Dr. J. -M. Lehn, Univ. Strasbourg)
akenethiols and mixtures of akanethiols and akenethiols have salf-assembled on metallic
surfaces.

In all cases concentrated organic solutions were received frozen and have been defrozen just
before use. Although they did not show any insoluble particles floating in the solutions, they
have been passed through a disposable membrane filter and diluted. Both the solutions and
the assembled films have been stored in the dark.

Four types of experiments have been carried out:

1) Ag (111) films (substrate temperature (Tgyp)=275 °C and nominal thickness of the

metallic film (Z=50 nm)) have been immersed for 6 hours in different ratios of
saturated/unsaturated Cy , Cy1 , Ci2 chains in 5mM solutions in benzene, where in Cyn is

the number of carbons on the main chain.

2) Ag (111) films (Tgyb=275 °C and Z=50 nm) have been immersed for 1 hour and 6 hours

in different ratios of saturated/unsaturated Co , Ci11 , Ci2 chans in ImM solutions in
benzene;

3) TSG and sublimed Au have been immersed for 22 hours in different ratios of
saturated/unsaturated Ci; chainsin 0.66 mM or 2 mM solutions in benzene,

4) sublimed Au surfaces have been immersed for 22 hours in different ratios of
saturated/unsaturated C;; chainsin 0.66 mM or 2 mM solutions in benzene.

5.2.5 Investigations at the solid-liquid interface

The STM set-up can be used to perform investigations at the interface between a solid
conductive substrate, like HOPG, and an amost saturated organic solution (Fig. 5.6)
[Rab914].

The proper selection of the tunneling parameters, tunneling current, I; (~1 nA) and voltage
between tip-sample, U; (~1V), alows to control the distance tip-sample and therefore to
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choose to image only the first layer physisorbed on HOPG. By varying the tunneling
parameters, in order to decrease the distance tip-sample, it has been possible to visualize the
HOPG lattice underneath and therefore to calibrate the piezo in situ. Molecular resolution at
the solid-liquid interface have been achieved using high scan rates (~ 60-200 Hz/line) in the
constant-current mode.

Z|Zx piezo
liquid
UL p
I adsorbate
L i substrate

Figure 5.6: Scheme of the solid-liquid interface STM studies.

These kinds of measurements require the use of a solvent with alow volatility:
1-phenyloctane (boling point(b.p.) = 261-263 °C)
1,2,4 trichlorobenzene (b.p. = 215-220 °C)

Both solvents are available from Aldrich Chemicals and both are suitable for this kind of
measurements; in addition the second one is aso rather aggressive and more toxic. When it
has been possible it was preferred to use the first one. The solvents allowed to measure for
several hours having the tunneling tip immersed in the solution.

During the experiments, first the HOPG lattice is resolved for 2-4 hours until the images
exhibit a good stability due to an absence of drift. Only at this point a drop of the organic
solution is applied to the basal plane of the substrate.

Crystaline powder of a-iodo-w -[(2,5-dihexyl-4-ethynyl)phenyl]-poly[ (2,5-
dihexylphenylene-1,4)ethynylene)] , a-[[4-[(N,N-dimethylcarbamoyl)thio]phenyl] ethynyl]-
W-[4-[ (N,N-dimethyl carbamoy!)thio] phenyl]-poly[ (2,5-dihexyl phenylene-1,4)ethynylene)]
(PPE) or a-phenylethynyl-w-phenyl-ter[(2,5-dihexylphenylene-1,4)ethynylene)]  was
solubilized in 1-phenyloctane and a drop of the almost saturated solution was applied to the
freshly cleaved highly oriented pyrolitic graphite (HOPG) substrate.
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5.3 Scanning For ce Microscopy

5.3.1 Apparatus

Scanning Force Microscopy investigations have been executed on a commercial Nanoscope
Illa set-up (Fig. 5.7) produced by Digital Instruments, Santa Barbara, CA that can run both in
contact and in Tapping mode. We have used different commercia microfabricated
cantilevers available either from Digital Instruments, Santa Barbara, CA or from Olympus
Opt. Co. LTD.

Figure 5.7: Nanoscope Multimode I11a (Digital Instruments).

k (N/m) | Cantilever length (nm) Mode Brand | Material/shape

17-64 125 Tapping mode DI Si/rectangular
0.06 200 Contact mode DI SisN4/triangular
0.12 200 Contact mode DI SizNg/triangular
0.38 100 Contact mode DI SisN4/triangular
0.58 100 Contact mode DI SisN4/triangular
0.02 200 Contact mode | Olympus | SisN4/triangular

k= Force constant
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Three different scanners have been used to explore different ranges of scan lengths:

Scanner | Maximum Scan length (mm)

A 1
E 13
J 130

Most of the studies have been performed with scanner E. On the other hand scanner A is
useful to explore samples on a molecular scale, while the J scanner allows to get an overview
of the surface on a hundred micrometers scale. For distance calibration of the piezo
controller, images of mica and gold calibration gratings were employed routinely. The
samples have been attached with a double sided tape or with epoxy glue to a steel disc that is
held magnetically on the piezo.

It was possible to obtain an overview of the cantilever and of the sample surface on a
hundreds of micrometers scale by using an optical microscope (Nikon-Japan) that is
interfaced with a CCD camera and is therefore able to produce images on amonitor. This set-
up renders possible the selection of the investigated area with a good precision in the tens of

nm range.

An analogous bungy set-up described for the STM has been used with the SFM, alternatively
to a heavy table made from a 1m*2m granite sab, which stands on a pneumatic system that
keeps it floating with N, pressure.

5.3.2 Investigations on polymeric phenyleneethynylenes

PPE solutions have been applied to different non conductive substrates, which were either
amorphous (glass, carbon copper grids) or crystalline (mica). Mica was freshly cleaved
before use while the other two substrates have been cleaned chemically. The concentration of
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the solutions (from 3.0 g/l to 0.01 g/l of PPE), the type of solvent and size of the
macromolecular system (molecular weight) have been varied systematically. The solvent has
been chosen in order to vary the rate of evaporation and of crystallization of the organic
adsorbate. Pure tetrahydrofurane (THF , boiling temperature 69 °C), methanol (MeOH , b.p.
65 °C), amixture of THF and 1-phenyloctane and pure 1-phenyloctane have been used.

Molecular self-assembly was achieved in two different ways:

1. spin coating: adrop of solution is placed on the substrate that is rotated very fast for
30 sec (Fig. 5.838). The adsorption therefore occurs very rapidly.

2. solution casting: applying a drop of solution onto a freshly cleaved mica surface and
letting the solvent evaporate (Fig. 5.8b). Making use of different solvents the self-
assembly can take place in afew hours (2-3 for THF) or in afew days (2-3) for the
mixture. The evaporation of the solvent for the case of pure 1-phenyloctane required
more than one month time and therefore is considered impractical.

The thin dried films have been observed by SFM in air environment both in contact and in

Tapping Mode using mainly the E-scanner in arange of scan lengths from 10 nm to 0.3 nm.

J solution U solution SOIVent
evaporation
I 30 sec
—} — 0— Crystallization> —
w=5000 rounds/min
a) b)

Figure 5.8. @) Spin coating deposition; b) Solution casting.

5.3.3 Investigations on hexakis-dodecyl-hexabenzocoronene (HBC-C3y)

The exact quantity of HBC-Ci» dissolved in 1,24 trichlorobenzene for covering
homogeneously the HOPG substrate with 1 layer (solution 1) and 1000 layers (solution 1)
have been deposited, using different procedures discussed here below, following the
hypothesis that HBC-C;, molecules pack on HOPG with the disc oriented flat on the basal
plane of the substrate, as observed in previous studies at the solid-liquid interface [Stad5b].
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The according quantity can be calculated as follows:
Molecular Weight of HBC-Cj,: 1540 g/mol

3.8 mg of HBC-Cy2in 1.5 ml of TCB - concentration = 2.53 ¢/l
Avogadro Number: 6.022* 1023 mol L

Surface covered by a single molecule: 1.94nm*2.64nm*sin80°=5.044 nm?2 (area unit cell
calculated according to [ Stad5h])

Surface of the HOPG substrate; 1014 nm2 =1 cm2

Number of molecules required to make a single layer on the substrate: 101%4m?/5.044

nm2:1,983* 1013 molecules

Concentration=3.8 mg/1.5 ml=2.533 g/l 22.533¢/l / 1540 g/mol= 1.645* 103 mol/

Volume of solution cast on the substrate = 20 ni

Solution I: using 20 i of a 1.645* 10"3 mol/l sol ution, one nominally creates 108 layers on
the HOPG basal plane.

Solution 11: using 20 M of a 1.645*10°® mol/l sol ution, one nominally creates a single layer
on the HOPG basal plane.

The self-assembly was carried out in the two ways described for PPE in chapter 5.3.2. An
alternative route of solution casting was applied with an amost sealed environment of the
vapors of the organic solvent. The substrate freshly coated with a drop of solution and a
beaker of solvent are placed under a big beaker (Fig. 5.9). This procedure leads to a further
decrease of the rate of adsorption.

_ Sedled
HBC solution / beaker

; |
U solution Solvent
0 —> evaporation
————>
—— | Crystallization

Figure5.9: Solution casting in an ambient saturated with the solution vapors.
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The rate of the adsorption processes are :

Method Process Rate
A Spin coating ~30sec
B Solution casting ~ 3-5 hours

C Solution casting in sealed ambient | ~ 12 hours

The films, prepared according to the different routes, have been investigated with SFM in
Tapping Mode (detecting the amplitude signal and the phase lag) and in contact mode, using
the E scanner in air ambient. Also STM investigations have been carried out in order to

estimate the thickness of the adsorbate by measuring the average film resistance.

Nominal contour sizes of the molecules have been computed by means of molecular
mechanics calculations using a commercia software, DISCOVER VERSION 4.0.0, Biosym
Technologies Inc., San Diego, CA.

5.4 Image Processing

SPMs are local probe techniques that reveal local features, which are not necessarily
representative for the whole sample surface. Because of this reason it is appropriate to record
and process severa images. This allows to minimize the influence of a particular sample area
and to determine an average behavior. All the evaluations that are described in the following
paragraph have been carried out quantitatively and averaged over a large number of samples
making use of different image processing software.

STM: Making use of the HOPG micrographs as reference, STM images of the adlayer have
been corrected one by one for the piezo drift with the software of the STM instrument. The
dimensions of the unit cells have been determined utilizing a public domain software,
Scanning Probe Image Processor (SPIP), vers. 3.0, developed by J.F. Jorgensen. On the other
hand the software package Image Tools 1.27 produced by University of Texas - Health
Science Center in Saint Antonio has been used as an electronic ruler to measure the spacing
between parallel backbones from STM micrographs. The surface roughnesses have been
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evaluated with the SPIP software on raw data constant current images.

For the Ostwald ripening studies, measurements of the area of the molecular crystallites have
been computed by drawing manually the contours of the molecular domains from several
images [Bis95] using NIH-Image software (Nationa Institutes of Health, Bethesda,
Maryland). An analysis of the evolution of the crystalite areas as a function of time on the
minute time scale has been executed on several individual domains from different images. A
linear fitting of the area of the crystals vs. time has been computed for the last 2-4 minutes of

each island life time, and was averaged.

SEM: The height of features like the ribbons of PPE or the layer thicknesses for HBC-Ci,
have been evaluated from singular profiles using the software of the Nanoscope llla
instrument. Besides, the ribbon widths have been surveyed with Image Tools 1.27 software.

5.5 UPS, XPS

Photoel ectron spectroscopies studies have been carried out in Linkdping together with Dr.
Matthias Keil within the group of Prof. W.R. Salaneck. The X-ray (XPS) and ultraviolet
(UPS) photoelectron spectroscopy investigations have accomplished using an ultra-high
vacuum (UHV) apparatus with a base pressure of better than 10° mbar. The X-ray source
was a 1254.6 eV Mg(K,) radiation while UPS was performed using monochromatized Hel
(21.2 eV) or Hell (40.8 eV) photons from an He discharge source. The beam was usually
oriented at 45° from the normal to the substrate except for the case of angle resolved
measurements of Ci;,-HBC where also spectra at 0° have been recorded. The thermal
annealing of the films was performed inside the vacuum chamber.

5.5.1 Photoelectron spectroscopies on phenyleneethynylene derivatives

Films of the trimer and the polymer of phenyleneethynylene have been grown on 200 nm
thick Au(111) films sublimed on silicon wafers. The trimer, namely (a-phenylethynyl-w-
phenyl-ter[(2,5-dihexylphenylene-1,4)ethynylene)]), possesses 74 carbon atoms (20 carbon
atoms per “monomer”). It has been processed in thin films both by sublimation in UHV and

by spin-coating using THF as solvent. The UHV-sublimation of the organic compound has
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been executed at 250 °C for 11 minutes at a pressure that ranged between 1.6 and 2.0%10°
mbar, while spin-coating of atrimer solution (2.4 g/liter) in THF has been carried out at 2000

round/minutes for 2 minutes.

The polymer, (a-phenylethynyl-w-phenyl-poly[(2,5-dihexylphenylene-1,4)ethynylene)]),
exhibits a number averaged molecular weight of M= 3542 g/mol (from GPC investigation
poly(para-phenylene), PPP, calibrated) which indicates an average degree of polymerization
(number average of repeating units) of ~13 repeat units, and a polydispersity
(U=Mw/Mp)=2.12. The average number of carbon atoms for each macromoleculeis ~ 274 (20
carbon atoms per “monomer”). Films of this macromolecular system have been prepared by

spin-coating on Au films using THF as a solvent.

Before the deposition of the organic layer, the Au substrates have been cleaned by acetone
and iso-propyl alcohol (known aso as 2-propanol) successive baths in a sonicator apparatus
for 5 minutes each step. The samples have been dried after each step with a gentle flow of Na.

Evaporation of Na on the bare Au surfaces have been carried out in order to calibrate the Na
source, and the intensity and the shape of the peaksin XPS. This has been executed both on a
Au surface cleaned by Ne sputtering and with a Au surface cleaned by acetone and 2-
propanol. The sodium was evaporated from a getter source which was heated with a current
of 7 A. The Na doping of the interface have been performed with successive increasing
evaporation time of the same sample. After each step (one or two minutes of evaporation)
XPS (survey scan, C 1sand Na 1s) and UPS (Hel, Hell) spectra have been recorded.

5.5.2 Photoelectron spectroscopies on hexakis-dodecyl-hexabenzocor onene (HBC-Ciy)

Thin films of hexakis-dodecyl-hexabenzocoronene prepared from solution (as described in
paragraph 5.3.3) have been investigated complementary by means of XPS and angle resolved
UPS.

5.6 Current-voltage (I-V) measurements

65



5. Experimenta procedures

The deprotection of a-[[4-[(N,N-dimethylcarbamoyl)thio] phenyl]ethynyl]-w-[4-[ (N,N-
dimethylcarbamoyl)thio] phenyl]-poly[(2,5-dihexylphenylene-1,4)ethynylene)] has  been
accomplished following the route described in Fig. 5.10. The polymeric polycrystalline
powder was dissolved in a solution of THF or in a mix of phenyloctane/THF (volume ratio
1:10). The pH of the solution was increased by adding KOH pellets dissolved in MeOH. The
solution was stored in awell controlled environment inside a glass balloon. Successive cycles
of vacuum and Argon venting were executed in order to obtain an oxygen free ambient; after
this, the balloon was kept under a gentle flow of Ar. All solvents have been degased before
the use. Following to this first step HCI was added in order to protonize the end groups
leading to thiols (-SH).

(H) /C6H13 (H)
a) cHIN—C s )= =)y s NCHy,
)
CeHis

THF + phenyloctane
KOH in MeOH
no O, !!!

/CGH13
b) —O—=tO=40-

CGH 13

lHCI

C) CeHiz
HS Q :( Q = }n O — SH
/

CGH 13

Figure 5.10: Deprotection reaction of a-[[4-[(N,N-dimethylcarbamoyl)thio]phenyl] ethynyl]-w-[4-
[(N,N-dimethylcarbamoyl)thio] phenyl]-poly[ (2,5-dihexyl phenylene-1,4)ethynylene)] .

The Au nanoelectrodes, after testing their I-V behaviour one by one, were immersed for 18-
22 hours in the solution either when the polymer exhibited ionic sulphide groups at their
edges (Fig. 5.10b) or after acidification (Fig. 5.10c). In both cases the self-assembly was
performed in two different modes:

1) applying a voltage between the two electrodes
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2) without voltage between the two electrodes.

The first approach was executed in order to help the dielectric matter (PPE) to get pulled into
the position where the electric field is most intense, that is in the center of the gap. The
drawback could be that if the intensity of the electric field is too high, a random and strong
molecular precipitation between the electrodes can take place. To avoid this risk a small
voltage (1 Volt) was applied between the electrodes. In the latter case the molecular self-
assembly is expected to be governed by the chemisorption of the functionalized molecules on
Au.

The |-V characteristics of the electrodes and of the molecular aggregate adsorbed between
them have been probed using a Keithley 487 picoammeter - voltage source commercia set-up
interfaced to a personal Computer. This allowed to detect currents down to the 10™* A range.
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6 Results and discussions

In this chapter are presented the main experimental results with relative discussions.

6.1 Self-assembly of thiols on metallic substrates

6.1.1 Introduction

The electronic properties of single molecules or of a small ensemble of molecules can be
probed following two different strategies as introduced in paragraph 4.3. The first of them is
using the STM set-up to measure the conductivity of a highly ordered adsorbate. In this
context, self-assembly of thiol functionalized molecules on metalic substrates [UIm91] has
been studied intensively as a model for controlled solid-liquid interface reactions. Gold has
been widely used as a substrate because it is a rather inert metal for many gases and liquids
[Ham95] and in addition alkanethiols pack on it in a simple stable commensurate 08" CBR30°
overlayer with a lattice parameter of a=5.00 A [Del96]. Such self-assembled monolayers
(SAM)s have been characterized both in UltraHigh Vacuum (UHV) and in ambient
conditions by Fourier Transform Infra-Red spectroscopy [Por87, Nuz90], Second Harmonic
Generation [Buc9l], X-ray Photoelectron Spectroscopy [Bai89aNuz87, Bai89h],
ellipsometry [Por87, Chi90], Grazing Incidence X-ray Diffraction [Cam93a], Transmission
Electron Diffraction [Str88], Near Edge X-ray Absorption Fine Structure Spectroscopy
[H&h93], He scattering [Cam93b, Chi89], Atomic Force Microscopy [Alv92] and Scanning
Tunneling Microscopy (STM) [Wid91,Kim92,Del96,P0i97]. The mechanism of akanethiol
self-assembly has been recently studied by Poirer and Pylant by means of UHV-STM
measurements [Poi96]. On the other hand, a very little work has been performed on SAMs of
thiols on Ag(111) so far. By FTIR spectroscopy and Raman spectroscopy significantly
smaller tilt angles than on Au(111) were reported. In UHV, dosing of dimethyl disulfide on
annealed Ag(111) results in a LEED pattern, which can be indexed as two domains of a
(V7Xv7)R10.9° coincidence structure. It is explained by the cleavage of the S-S bond to form
a methanethiolate film. The same structure was found previously for adsorption of H,S and
sulfur on Ag(111). It was assigned to two dimensional crystals of gAQS. For
octadecanethiolate, however, Eisenberger and coworkers proved a larger adsorbate lattice
using LEHD and GIXD. Recently Heinz and Rabe provided insight into akanethiols SAMs
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on Ag(111) by studying the packing and conductivity of the adlayer at increasing lengths of
the aiphatic chain from CH3SH to CyjiH23SH [Hel95]. In the first part of this chapter,
varying the metallic substrate and the chemisorbed type of thiol-functionalized molecule, the
structure and the electrical conductivity of the formed SAM are investigated using STM.

6.1.2 Sublimed Au and Ag substrates

Key issues for a reproducible SAM formation are the flatness and the crystalinity of the
metallic substrate. Therefore metalic supports have been developed using different
procedures.

o 1.00 pv O 1.00 pu
Data ture Height Data ture Current
Z range 10.0 nn Z range 100 pA

Figure 6.1: STM images of Ag(111). Flat crystallites with sharp angles of 120°.
Tip bias (Uy)= 1.5 V; Average tunneling current (I;) =0.03 nA.

First, Ag and Au surfaces were sublimed on freshly cleaved muscovite mica discs in high
vacuum (HV) varying systematically the parameters of the deposition, i.e. the temperature of
the substrate during sublimation (Tsyp) and the nominal thickness of the metallic adlayer (2),
in order to find conditions leading to a pseudo epitaxial film. In the case of silver, the best
surfaces have been obtained at Tgup=275 °C and Z=50 nm. The Ag films, on a micrometer

scale, exhibit atomically flat terraces with hexagona domains (Fig. 6.1) with 120° angles that
indicate macroscopic evidence for epitaxial growth.

Unfortunately, the surface of Ag in contact with air gets oxidized very rapidly. Indeed films
that have been exposed to air for 30 minutes show a crystalline lattice with a spacing of 5 A
(Fig. 6.2) that can be assigned to Ag,O. This oxidation is confirmed by the presence of

clusters on micrometer scale images. Because of this reason, a series of precautions have
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been taken, including venting the UHV chamber with argon, and bathing Ag films in organic
solutions under Ar reflux. In addition, the STM set-up was put in a box (box B in Fig. 5.4)
which could be filled with an inert gas (Ar, He, Ny).

Figure 6.2: STM constant current image of uncoated Ag surface after 30 min.exposure to air.

Also gold surfaces have been prepared by sublimation in HV. Film sublimed at Tg,,=350 °C
and Z= 50 nm have exhibited a polycrystalline morphology with crystallites extending on a
scale of severd tens of nanometers (Fig. 6.3).

Subliming Au films at T¢,=400 °C and Z= 200 nm lead to films that exhibit a morphology
made of flat crystallites extending on an area of some mm? (Fig. 6.4). The surface flatness

was characterized by its root mean sguare roughness:

1 NN -
ers=JN2 a (h,- R (6.)

-1 mn=1
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Figure 6.3: STM Constant current image of uncoated Au surface (T4,=350 °C, Z= 50nm), exhibiting a
polycrystalline structure. The gray scale height is (h)=20 nm.

Figure 6.4: STM constant current image of uncoated Au surface (T«,=400 °C, Z= 200nm),
exhibiting epitaxial terraces. The gray scale height is (h)=1.78 nm.

where N” N is the number of pixels (512*512), hm, is the height value of the pixel mn and h
is the mean height of the pixel calculated from the N” N values. It was also characterized by

. 1NN _
its average roughness: Ra=— & |h,,, - h‘(6.2)
N mn=1

On an area of 1mm?’ these parameters amount t0 Rims=19 A and Ra= 15 A, respectively.
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With the aim of increasing the flatness and epitaxial character of the Au surface, different
types of thermal annealing post treatments have been carried out. All of them were very fast
processes where the temperature could hardly be controlled.

I. Flame-annealing (Fig. 6.5);
I1. Annealing with a halogen lamp from the front side (Fig. 6.6);
[11. Annealing with a halogen lamp from the rear side (Fig. 6.7).

Figure 6.5: STM constant current images of Au flame-annealed sample recorded in different areas of
the surface. A) U; = 0.1 V; |, =0.3 nA; scan rate = 7.4 Hz; scan length (L) = 1.5 nm, Riy=4.94 A
resolution 250X 250 px; B) 0.13V; 0.2 nA; 10.8 Hz; L = 1 nm, R,x=6.14 A; 512X512 px.

Figure 6.6: STM constant current image of Au shock-annealed sample (from the front) recorded in
different areas of the surface. A) Uy = 0.12V ; I;1=0.2nA; scanrate=11.1 Hz;, L =1 nm, Rp=5.52
A; 250X250 px; B) 0.13V ; 0.2nA ; 10.3Hz, L =1 nm, R=4.56 A; 512X 512 px.
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Figure 6.7: STM constant current image of Au shock-annealed sample (from the back).
U;=0.13V ; |, =0.348 nA ; scan rate = 9.8Hz; L = 0.5 nm, R.,s=1.88 A; 512X 512 px.

An increase of the epitaxia character with all the therma annealings can be recognized from
the STM images by the existence of several crystalites with sharp boundaries separated by
angles of 60°, forming triangular domains. Between these 3 types of samples the flame
annealed ones (Fig. 6.5) seem to exhibit an higher epitaxiality, although also samples Il and
[l are extremely flat with existence of big crystallites.

6.1.3 Template Stripped Gold substrates

For enhancing further the quality of the gold substrate, a method to produce ultra large,
atomically flat gold films glued onto Si wafers was reported by Hegner et a. [Heg93,
Wag95]. This method, known as Template Stripped Gold (TSG), is based on a) deposition of
Au onto mica sheets, b) supporting the free Au surface by gluing it to a Si wafer (using epoxy
or ceramic glues), and c) stripping the Au film from the mica. The limitation of this
procedure, for the case of epoxy glues, is the instability of the multilayer against commonly
used organic solvents. Ceramic glues, that do not suffer the same type of limitation, oblige to
a rather complicated procedure for the TSG preparation [Wag95]. Similarly Stamou and
coworkers have recently prepared TSG by evaporating a Au film on a smooth silicon wafer
and supporting the Au free surface by gluing it to a glass dide [Sta97]. A novel smple
method based on a different way of supporting the Au film have been developed. These
surfaces have been produced by first sublimating a thin epitaxial gold film on mica, then
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electroplating a thick nickel layer (~200 mm) and finaly stripping the metal from the mica
that in the following case is done mechanically, athough it can be performed aso chemically
(seeFig. 5.1) . [Sam99Db]

Figure 6.8 Unfiltered topographical STM image of a coated Ni supported-
TSG surface (U=20 mV, average |.= 800 pA). Height range= 11.4 A; Rin=2.3 A.

Fig. 6.8 shows an STM image of the Ni supported TSG surface coated with an undecanthiol
monolayer recorded on the micrometer scale in the constant current mode. The image reveals
three typical topographical features of a Au surface where alkanethiols had chemisorbed, as
recently reviewed by Delamarche et a. [Del96]. First, the gold surface exhibits atomically
flat terraces extending over up to several hundreds of nanometers. Second, triangular areas
with 60° angles, typical of epitaxia Au(111) grown in UHV, can be recognized (indicated
with white arrow in Fig 6.8). Third, randomly distributed depressions, either one or two gold
steps deep (2.4 A and 4.8 A), due to the etching of the Au surface during the alkanethiols

chemisorption, are also present.

The vaues for Rms=(2.2+0.2) A and Ra=(1.7+0.2) A, measured on an area of 1mm?, are
remarkably about one order of magnitude lower than those obtained on the free Au surface
evaporated on mica in high-vacuum (HV) at 400°C substrate temperature (Fig. 6.4), and half
or one third of the ones annealed (Fig. 6.5 — Fig. 6.7). Itisaso smaler than values found for
TSG films prepared by evaporating Au both onto mica [Wag95] an onto a Si wafer [Sta97],
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most likely because the supporting procedure with glue introduces in the system more
mechanical stress than the electroplating. Obvioudly, the atomical flatness of our TSG
substrates extends at least over the micrometer scale. Ni supported TSGs produced at Tgp=
35°C during the Au evaporation exhibit a Rims Which is approximately only twice as large as
the one obtained at Tgp= 300°C, even though they do not exhibit atomically flat terraces
extended over several hundred nanometers with typical 60° angles. The reproducibility and
easiness of the mechanical pealing for all samples have been proven by the absence of an
insulating tunneling barrier, which would be expected for mica leftovers [Wag95]. In
addition, the intertness of our multilayer makes it possible that pealing is carried out also
chemically with THF. This allows to avoid any mechanical stress that could be induced in the
film during the pealing process carried out with tweezers.

It is worth to note that this alternative route to produce TSGs leads to a Au surface with an
increased flatness, which is ascribed to the minimized mechanical stress introduced in the
system during each step of the substrate preparation. Moreover, since the procedure
described here does not require any gluing between the Au film and the support, the
application of this TSG does not suffer from any limitation due the physical and chemical
stability of epoxy glues. This is important both for the choice of the solvent to be used for
molecular assembly on the substrate and for any chemical in-situ modification of the SAM to
be carried out. This method described for TSG preparation is very smple and easily
transferable to large scale production. The thick film of Ni grown on the upper Au surface
can be replaced with any other thick (and preferably inexpensive) metallic layer, which is
stiff, chemically inert and stable in time. The metal supported TSG may become the golden
support of choice for SAMs formation and scanning probe microscopy imaging both in
biology and in material science. [ Sam99b]

6.1.3.1 SAMson Template Stripped Gold substrates

Figure 6.9 shows STM images of 1-undecanthiol chemisorbed on TSG recorded in constant
height mode on the nanometer scale (unfiltered and filtered). A hexagonal pattern of
undecanthiol molecules was visualized at a high gap impedance, resulting from rather high
voltages (~800 mV) and low tunneling currents (30-60 pA). The minimal tunneling resistance
to maintain molecularly resolved imaging on undecanthiol and nonanthiol films were 27-10

GWand 1 GW, respectively. This strong dependence on the akyl chain length is an indication
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for the non-destructive imaging of the SAM [Hei95]. The average spacing was (5.2+0.3) A,
consistent with the C8~ GBR30° adsorbate layer on Au(111) surfaces (a-phase).

Figure 6.9: STM constant current image of undecanthiol on Ni supported-TSG surface.
U;=800 mV; | =40 pA. @) Unfiltered image with the 2D-Fourier Transform showing the periodicity
of the hexagonal lattice (a- phase); b) band pass filtered image. Although a high frequency noise blurs

the raw image (as evident also from the FFT), the lattice of the adlayer can be seen in both images.

6.1.4 Conductivity of SAMsof Alkenesand Alkanes

Alkanethiols are linear, flexible saturated hydrocarbons, which form insulating materials.
When they are crystallized in a SAM their structure is tightly packed and stable. On the other
hand akenethiols are non-saturated oligomeric model systems for poly(acetylene), which is a
stiff polymer, forming a semiconductive material. The aim of this work is to design a
prototype system of a molecular wire by preparing SAMs of unsaturated alkenethiols on
Ag(111) and Au (111) and to study the average conductivity of their self-assembled
monolayers with STM. Alkanethiols on Ag(111) form a Or*O7 R10.9° adlayer with the alkyl
chains oriented nearly perpendicular to the basal plane of the substrate [Hei95]. In fact the tilt
angle with respect to the surface normal is 12° while on Au(111) it is 27°, thus the molecules
are more tightly packed on Ag than on Au. This suggests Ag(111) as an ideal substrate for
SAM preparation of alkyl chains assembled perpendicular to the substrate.

The experiments can be divided into four separate sets| to 1V:

I) Three different types of alkenethiols varying the number of carbon atoms and consequently
of double bonds in the main chain have been investigated:
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AQg(111) surfaces have been immersed for 6 hours in 5 mM mixtures of unsaturated and

saturated alkanethiols solutions in benzene.

Unsaturated 0% 5% 20 % 80 % 100 %
Satur ated 100 % 95 % 80 % 20 % 0%

With the naked eye the films with a bigger amount of unsaturated alkenethiols appear less
shiny. The light reflectivity of the sample increases with the percentage of saturated
alkanethiols. The poor shine of the film by naked eye indicates that the surface of the film
possesses a roughness on the order of micrometers. This feature makes STM and AFM
studies difficult. In fact the maximum excursion of a piezo in the Z axisis usualy just a few
micrometers (less than 5). Such a “ macroscopic” rearrangement of the surface can be
explained only with a drastic process. An oxidation of the Ag or of the double bound is not
enough to give rise to this rough morphology. It seems more likely to explain the
phenomenon with a rearranging of the Ag (111) surface, as suggested by Seidd [Sei93].
Indeed it is well known that strong chemisorption forces can override the substrate-substrate
bonding, which in turn can cause a reconstruction of the surface followed by a decrease of the
surface atom coordination number [UIm91].
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I1) Three different types of alkenethiols with 9 carbon atoms in the main chain have been
used:

CoC

The samples produced by bathing the Ag for 1 hour either inal mM or in 5 mM solution of
C9A reved a similar morphology on the micrometer scale, suggesting that the large
roughness seen in the previous experiments was probably due mainly to an excessive
immersion time, and to a much lesser degree to the concentration of the solution.

Based on previous experiments, it was decided to decrease the concentrations to 1 mM and to
reduce the time of immersion of the Ag film in the solution to 1 hour. Comparing these
experiments with the previous ones, the films appear more shiny. Indeed the surface
roughness is smaller alowing these samples to be studied with STM.

Nevertheless, the film roughness existing on a micrometer scale does not permit to achieve

molecular resolution imaging on either fully and partially unsaturated alkenethiol films.

[11) Thiol end functionalized - C1; pentaene, both in a solution: a) with > 90% all-trans and; b)
with >85% all-trans has been diluted with benzene and the following solutions have been used

for chemisorption onto the metallic surfaces:

N NN NN H
Cl11A
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Table 6.1: Sample of unsaturated C11A mixed with fully saturated C;;H,3SH

Unsaturated | Saturated | Stock | Total concentration | Type of Au Sample
solution of alkanethiols

substrate Name

100 % 0% 1 0.66 mM TSG Cl11A1
95 % 5% 1 2mM Sublimed C11A2

80 % 20 % 2 2mM TSG C11A3

20 % 80 % 2 2mM Sublimed Cl11A4
0% 100 % 2mM TSG C11A5

Note: stock solution 1 is > 90% all-trans conformation and solution 2 > 85% all trans.

TSG surfaces coated with saturated alkanethiols (C11A5) have been imaged at ambient
conditions in the constant current mode and described in paragraph 6.1.3.1. They exhibit
crystallites extending over several hundreds of nanometers with steps at 60° angles typical for
Au (111) surfaces asin Fig. 6.8. Also for the case of alkenethiols (C11A1) the morphology is
made of small holes on a sub-micrometer scale. This feature, which is due to the etching of
the Au surface (Fig. 6.10, 6.11) confirms the occurrence of the reaction of thiol functionalized
molecules with gold. Noteworthy, this feature has been visualized on all the samples.

Figure 6.10: STM constant current image of TSG coated surface (U;= 800 mV; | =30 pA) (sample
C11A1). Typica holes proving the reaction of the thiols with gold. Height range= 7.2 A; Rine=1.4 A.

An STM investigation of sample C11A1 on the molecular scale did not reveal any periodic
lattice, although some periodical features with spacings in the range of 5 A have been
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observed. After being stored for 4 days adsorbed on Au in the dark, sample C11A1 exhibits a
roughness increased of amost one order of magnitude on the several nm scale (Fig. 6.12 to be
compared to Fig. 6.10). This suggests a notable instability of the organic interface.

Figure 6.11: STM constant current image of TSG coated surface (U= 800 mV; | = 20 pA) (sample
C11A1). Typica holes proving the reaction of the thiols with gold. Height range= 7.2 A; Rine=1.5 A.

Figure 6.12: STM constant current image of C11A1 on TSG (U;=800 mV; | =50 pA). Typica holes
proving the reaction of the thiols with gold. Height range = 49.6 A; R=12.0 A .

On the other hand, sample C11A3 exhibits on a 200 nm scan length micrograph a defined
structure with different alignments on two different crystallites of Au (Fig. 6.13).
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Figure 6.13: STM constant current image of C11A3 on TSG (U= 500 mV; | =50 pA). Different Au
crystallites with different alignments of adsorbed molecules indicated with black arrows.

On a sub-nanometer scale a periodic pattern has been recorded in Fig. 6.14.

Figure 6.14:  STM image of sample C11A3 on Ni supported-TSG surface. U;=500 mV; | = 50 pA.
a) Unfiltered image; b) band pass filtered image. Although a high frequency noise blurs the raw image,
the lattice of the adlayer can be recognized in both images.

It appears clear that the chemical stability of the system, both in solution and as a thin film on
Au, is decreasing with an increasing quantity of conjugated molecules. Since a well defined
hexagonal lattice has been visualized completely only on fully saturated alkanethiols (sample
C11E in Fig. 6.9), it is hazardous to conclude something about the different electrica
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resistivity measured on the different samples, i.e. to estimate the effective resistance of the
different molecules investigated. Nevertheless we can note that contrasts due to single ends
of akanethiol molecules have been imaged using the following tunneling parameters:

Sample C11A1: 400 mV and 3.5 nA (corresponding to R= 114 MW);
Sample C11A3: 800 mV and 200 pA ; 500 mV and 50 pA (corresponding to R=4-10 GW);

Sample C11A5: 700 mV and 65 pA ; 800 mV and 40 pA (corresponding to R= 10.7 - 20
GW).

This indicates that the electrical resistivity increases with the increasing quantity of fully
saturated alkanethiolsin the layer.

Sample C11A2 and C11A4, due to the lower quality of the Au surface, did not exhibit any
extremely flat area and, because of this reason molecular resolution images have not been

achieved.

V) Thiol end-functionalized Ci; pentaene have been self-assembled on Au sublimed films:

N NN NN H
Cl11A

Deposition of the organic solutions onto Au discs have been performed both in Strasbourg
with ultrafresh polyenes (for samples C11A10-C11A17, see table 6.2) and in Berlin with
some of them stored frozen for 9 days (samples C11A18- C11A24).

In table 6.2 the 2mM solutions in benzene, are listed which have been used for the

chemisorption.

As previously observed:

The gold etching confirms that alkanethiol molecules have chemisorbed on the Au

surface;

The stability of the system, both in solution and in the thin film on Au, is decreasing with
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the increasing quantity of conjugated molecules. Moreover the roughness of the surface
increases tremendously with the enhancing storage time of the organic filmsin a dark air

environment;

An estimation of the average electrical resistivity of the layer calculated for images with
molecular resolution is listed in table 6.3.

Table 6.2: Sample of C11A mixed with saturated ones

Sample | Unsaturated | Saturated | Bath time
C11A10 | 100 % 0% 18 hours
Cl11A11 |95 % 5% 18 hours
Cl1A12 |80 % 20 % 18 hours
Cl11A13 | 20% 80 % 18 hours
Cl1A14 |5% 95 % 18 hours
C11A15 | 100 % 0% for 1 hour
50 % 50 % for 17 hours
C11A16 | 100 % 0% for 6 hour
50 % 50 % for 12 hours
C11A17 | 100 % 0% for 2 hour
0% 100 % for 16 hours
C11A18 | 100 % 0% 24 hours
C11A19 |95 % 5% 24 hours
C11A20 |80 % 20 % 24 hours
Cl1A21 | 20% 80 % 24 hours
Cl1A22 | 5% 95 % 24 hours
Cl11A23 | 0% 100 % 24 hours
C11A24 | 100 % 0% for 4 hour
0% 100 % for 20 hours
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Table 6.3: Sample of C11A mixed with the fully saturated analogue: electric properties

Unsaturated | Saturated | U; It Mean Resistance
100% 0% 400mV [35nA | 114 MW

80% 20 % 800 mV | 200 pA | 4-10 GW

0% 100% 700mV | 65pA | 10.7-20 GW

These results clearly indicate an increasing resistance with the increasing quantity of fully
saturated alkanethiols.

In contrast with the previous experiments a periodic lattice has been visualized also on 100%
unsaturated akenethiols (image not shown), athough the quality of the imaging was poorly
reproducible in terms of lattice spacing. In the present case samples C11A15, C11A16,
C11A17, C11A24, which were prepared according to different procedures, did not exhibit a
different morphology and stability, also if compared to the related pure unsaturated samples
C11A10 and C11A18.

Thus, it is concluded that the stability of the synthesized polyenes is rather poor on both Au
and Ag substrates. This did not allow to achieve reproducibly molecular resolution STM
imaging and quantitative evaluation of the resistance of the adsorbed monolayer, even though
the results are qualitatively in line with an increased conductivity with the unsaturation of the
alkyl chains.

6.2 Role of the substrate in physisor ption

The requirement for a well controlled and reproducible physisorption of organic layers on
solid substrates is an extreme flatness of the support, a well defined chemical composition and
cleanliness of the surface to be coated.

As introduced in chapter 4, molecules tend to adsorb on the surfaces in different ways, with

one parameter being the conductivity of the support.

A typical conductive substrate used for STM investigations is highly oriented pyrolitic
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graphite (HOPG) [Bin87] (Fig. 6.15) which is a layered substrate that can be freshly prepared
by cleaving its surface with an adhesive tape. An atomicaly flat surface on a micrometer
scaleisin thisway made to appear. Thisflat interface is neutral and inert to organic solvents.
Therefore it should be idea for the self-assembly of either neutral or ionic adsorbates, since

electrostatic interactions can be neglected.

»—}———1
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Figure 6.15: HOPG crystallographic structure.

a)

Number of ions

per unit cell b
O S g O 2K )

4(Si, Al)

O 4(0) 2(OH)
6Al

O 4(0) 2(OH)
o) O o O O O ol O e o O O O A(Si, Al) d 5 4 3 . 5
o d—o-d 0 0o 2K SOOI
() ()

%0 O U
I’ ‘I’ ‘I’ ‘I’ ‘I’ ‘I’ ‘I 4(Si, Al)

4(0) 2(0H) vacancy

oxygen atom or K*
Cleavage
plane

Figure 6.16: Layer structure of muscovite mica structure: A) Side view; B) Top view: the cleaved
planeisthe basal plane, composed of hexagonal array of oxygen ions with regular vacancies which are
randomly filled with potassium. Unit cell: a= 5.2A , b=9.0 A.
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Other typically flat layered conductive substrates used for STM studies are dichalcogenides
[Wil69]. They posses various chemical compositions and structures, which makes it possible
to select the ideal support for a given study. Unfortunately they are only rarely commercially
available, and therefore they are not so wide spread as HOPG. Moreover they are chemically
less stable.

On the other hand, the most used insulating support for SFM investigations is ruby mica
(muscovite) which is acomposite of sheets, belonging to the phyllosilicates. In this crystal a
layer of octahedrally coordinated aluminum cations is sandwiched between two identical
layers of linked (Si,Al)O4 tetrahedra (Fig. 3a). Two of these tetrahedrally coordinated sheets

are linked by an interlayer of potassium cations. The lamellar cleavage takes place between
these tetrahedral layers exposing a basal plane of oxygens (Fig. 3b) with a structura
imbalance of charge and a partial potassium coverage. The charge imbalance is due to the
isomorphous substitution of the cations coordinated in the tetrahedral sheet or in the
octahedral layer that islocated underneath. In the case that Al(I11) replaces Si(1V), the overall
charge gets negative by one elementary charge. This charge imbalance is neutralized in the
solid state by interlayer potassum cations [Dee65]. The maximum theoretical lattice

imbalance is taken as the number of surface sites per square meter Ng =2~ 1018 siteym? of

surface, or one charge site per 46.8 A2 [Nis94,Nis95]; this leads to a surface charge density s
= 0.34 C/m?. According to this, avery high limiting "local” concentration (estimated to be up
to 33.5 M) of cations on the mica surface is reached [Sam96]. When mica is cleaved the
plane indicated by the arrow in Fig. 3ais split, and potassium cations left on the two split
surfaces only partially screen their negative charges.

6.3 Phenyleneethynylenetrimers

6.3.1 Introduction

A fine tuning of the performance of molecular based e ectronic devices depends on the spatial
arrangement of the molecules. Therefore a crucia issue is to drive the molecular self-
assembly onto flat solid substrates towards highly ordered, reproducible and
thermodynamically stable supramolecular structures [Leh93]. In this context oligomers are

widely investigated as model compounds of their related macromolecules for their electronic
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properties [M1198a]. Among conjugated species, para-phenyleneethynylene derivatives have
received a reduced attention [Tou96, Gie96, BunQ0]; besides their optoelectronic properties
[Tad96, Wed96], they possess a remarkable stiffness and linearity along the conjugated
backbone [Mor94, Wau96] which are features that can play a pivota role in the 2D and 3D
self-assembly into well-defined nanostructures.  The capability of Scanning Probe
Microscopies to achieve true atomic resolution imaging renders them the only techniques that
up to now can give evidence of structural defects at the atomic level [Bin83b, Ohn93].

6.3.2 STM on physisorbed monolayers

A monodisperse molecular system physisorbing at the interface between its almost saturated
solution and an Highly Oriented Pyrolitic Graphite (HOPG) substrate can assemble in an
epitaxiad monolayer following the three-fold symmetry of the support [Rab9la]. The
monocrystaline  structure of  a-phenylethynyl-w-phenyl-ter[1,4-(2,5-dihexylphenylene)
ethynylene)] (2) (Fig 6.17) isdisplayed in Fig. 6.18.

Both the aiphatic side chains and the conjugated skeletons lie flat on the (0001) plane of
graphite. Since the contrast in STM imaging is mainly ruled by the energy difference between
the electronic states of the substrate and the ones of the adsorbate, darker parts can be
assigned to the aliphatic groups, characterized by a larger energy difference, and bright rods
can be recognized as the conjugated backbones, with a smaller energy difference [Laz97].

IR
N

Figure 6.17: a-phenylethynyl-w-phenyl-ter[ 1,4-(2,5-dihexyl phenylene)ethynylene)] (2).

Unlike most of the organic compounds investigated at the solid-fluid interface with STM
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[Rab91b], there is no evidence that in the system described here the alkyl chains are aligned
along one of the crystallographic axis of the HOPG substrate.

Figure 6.18: STM current image of 2 in 1-phenyloctane imaged at the solid-liquid interface on HOPG
(U=1.2V , average |i= 1.0 nA). 2-D crystal structure with its unit cell, averaged over severa images
amounts to a=(1.78+0.09) nm, b=(2.90+0.18) nm, a=(113+5)°. The distance between neighboring
backbonesisin this case DL=(1.46+0.11) nn.

The spacing between neighboring parallel backbones, which can be attributed to the width of
the molecules, amounts to only DL=(1.46+0.11) nm. It is considerably smaller than the 1.9
nm calculated for the case with the alkyl chains extended. This indicates that the side-chains
are disordered between adjacent parallel backbones, since an interdigitation of the hexyl
groups can be excluded because of steric hindrance. This can be considered a consequence of
their high mobility at room temperature. In this case important for the formation of tightly
packed crystals epitaxialy grown on the basal plane of the substrate seems the remarkable
stiffness of the alternating aryl and ethynyl groups in the backbone.

On the other hand, a related trimer has been studied bearing thiol end-groups in the a and w
position which have been protected by carbamoyl functions just in order to increase the
stability of the moiety in air environment at room temperature. Its chemical formula and its
proper chemical name are given in Fig. 6.19. The crystal structures have been determined

89



6. Results and discussions

both by means of Scanning Tunneling Microscopy (STM) at the solid-liquid interface and by

X-Ray Diffraction (XRD) on the single crystal.

SR

(CHIN—C—5<0)=A0)p=~0)=A0)—=+{0)—s CNCHy,

Figure 6.19: 1,4-Bis-[[2,5-dihexyl-4-[[4-[ (N,N-dimethyl carbamoyl)
thio] phenyl] ethynyl] phenyl] ethynyl]-2,5-dihexylbenzene (1).

Figure 6.20: STM constant current image of 1 in 1-phenyloctane imaged at the solid-liquid interface
on HOPG. U;= 1.2V, Iy =1.0 nA. 2-D crystal structure with its unit cell, averaged on several images:

a=(1.83%+0.11) nm, b = (3.42 = 0.12) nm, a= (108 * 5)°. The distance between parallel backbonesis
DL = (1.52 £ 0.08) nm. The angle between the backbones and the lamella main direction is (67 + 2)°.

Superimposed are two molecular models.
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STM investigation of 1 at the solid-liquid interface gave rise to a similar result as for the
derivative without the protected thiol end-groups (2): the molecules pack in a monocrystalline
structure, displayed in Fig. 6.20. A dight interdigitation of the end functionalities in the 2D
pattern can be seen. In this case it is likely to be induced by both to hydrogen bonding
between adjacent carbamoyl groups and by the steric hindrance of the end-groups that
impedes a columnar packing, which was observed for mixtures of alkanes monolayers
crystallized on the basal plane of HOPG [Hen92].

On a larger scale the structure is polycrystalline.  Single crystallites are characterized by a
well-defined molecular orientation with respect to the crystalline substrate. The high
resolution imaging made it possible to record defects on the nanometer and the sub-nanometer
length scale. The first type of defects are missing molecules within a single molecular crystal;
an example of two missing molecules is indicated by an arrow in Fig 6.21. The second type
of defects are the domain boundaries that delimitate each crystallite. At these frontiers the
molecules are less well packed. Thisissue will be discussed further in paragraph 6.3.5.

Figure 6.21: STM constant current image of 1 in 1-phenyloctane imaged at the solid-liquid interface
on HOPG. U;=1.2V , Iy = 1.0 nA. Polycrystalline structure made of single crystallites with different
molecular orientations. The arrow indicates a defect (two missing molecules) in acrystal lattice.
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6.3.3 XRD on single crystals

The crystal structures of phenyleneethynylene trimers 1 and 2 has been determined here for
the first time by means of XRD. The structure of the related monomer 3 (Fig. 6.22) has been

also investigated for comparison.

0O O
(CHaN— L%@ =(O)=<0O)—s— & NCH:

Figure 6.22: Chemical formula of the monomer: 1,4-Big[2-[4-[(N,N-dimethylcarbamoyl)thio]
phenyl] ethynyl-2,5-dihexylbenzene (3).

ORTEP plots (fORtran Thermal-Ellipsoid Plot program for Crystal Structure Illustrations)
[Joh70, Joh72] of the two crystal structures are shown in Fig. 6.23. Their crysta and
refinement data are listed in Table 6.4.
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Table 6.4: Crystallographic data and details of the structure refinements of a-[[4-[(N,N-
dimethyl carbamoyl)thi o] phenyl] ethynyl]-w-[4-[ (N,N-dimethyl carbamoyl)thio] phenyl] -ter[ (2,5-
dihexylphenylene-1,4)ethynylene)] (1) , a-phenylethynyl-w-phenyl-ter[(2,5-dihexylphenylene-

1,4)ethynylene)] (2) and 1,4-Big 2-[4-[(N,N-dimethylcarbamoyl)thio] phenyl]ethynyl-2,5-
dihexylbenzene (3). The structures were solved by direct methods (SIR92) and refined by full-matrix

least squares analysis.
Structure Q) 2 3
a(A) 5.9262(4) 5.6655(6) 8.6807(5)
b (A) 13.897(1) 11.943(2) 9.1165(5)
c(R) 22.503(2) 23.154(5) 23.696(2)
a (°) 94.476(3) 84.848(6) 90
b (°) 90.998(6) 86.150(9) 98.095(6)
9(°) 102.689(6) 80.216(12) 90
vV (AY 1801.3 1535.5 1856.5
Z 2 2 4
Dy (gcm™) 1.097 1.064 1.167
u (cm™) 1133 0.552 15.256
space group P-1 P-1 P 2,/n
number of unique| 7427 6061 3863
reflections
number of observed|3039 2406 2111
reflections
R? 0.084 0.0583 0.0477
Ry? 0.092 0.0775 0.0591
T (K) 210 210 298
| D Mo Ka Mo Ka CuKa
diffractometer ® Nonius KCCD Nonius KCCD Nonius CAD4

Technical detals;

3 R= refinement; R,=weighted refinement

Y Diffractometer used either Nonius Kappa-CCD instrument employing graphite-monochromated Mo

Ka radiation, or Enraf Nonius CAD-4 with graphite-monochromated Cu Ka radiation.
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Figure 6.23: Single molecular structure in single crystals of a) (3), b) (2), ¢) (1).
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Figure 6.24: Crystallographic structure of a-phenylethynyl-w-phenyl-

ter[(2,5-dihexylphenylene-1,4)ethynylene)] (2).

In al three cases the phenyl rings are oriented approximately parallel to each other and the
hexyl side chains are coplanar. While in the monomer (3) (Fig. 6.23a) the side chains assume
aregular al-trans conformation, in the case of the trimers (1 and 2) they are bent (Fig. 6.23b-
€). Thereason for this behavior are intermolecular interactions as shown in Fig. 6.24 and Fig.
6.25: the hexyl side chains do not interdigitate but are bent towards the main chain direction
in order to fill the free volume between them. The tilt angle between the main chain and the
side chain amounts to 45° for (2) and 35° for (1); one reason for this difference is likely to be
the changed length of the molecule: (1) islonger and therefore possesses more free volume to
be filled. Consequently in the case of (1) the side chains can be more tilted than for (2).
According to the smaller tilt angles also the distance between the backbones decreases from

9.5 A t0 9.0 A for (2) and (1), respectively. An important role for this decreased spacing can
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also be ascribed to the stronger interactions between the end-groups in the case of (1) than for

(2).

Figure 6.25: Crystallographic structure of Crystallographic intermolecular structure of a-[[4-[(N,N-
dimethyl carbamoyl)thi o] phenyl] ethynyl]-w-[4-[ (N,N-dimethyl carbamoyl)thio] phenyl] -ter[ (2,5-
dihexylphenylene-1,4)ethynylene)] (1).
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Similarly to the 2D case (STM image in Fig. 6.20) the trimer molecules pack regularly
paralel to each other forming lamellar structures. Both 2 and 1 exhibit an arrangement which
could suggest a high mobility of the side chains at room temperature. Out of 6 hexyl side
chains the molecule 2 posseses 4 that are bent and 2 which are rather straight (Fig. 6.23b),
while 1 exhibits in these 2 side chains two approximately statistically occupied orientations of
the last propyl function (Fig. 6.23c).

6.3.4 Discussion

The spatial organization of molecules in 2D and 3D assemblies depends on intramolecular,
intermolecular as well as interfacial forces. This implies that different environments lead to
distinct order on the molecular scale. Hence, it is of prime importance to compare and
correlate molecular structuresin single crystals and in 2D physisorbed monolayers.

The phenyleneethynylene derivatives consist of three essential parts: the conjugated main
chain, the aliphatic side groups and the end functions (in a and w positions). The contribution
of each one in the self-assembly can be distinguished. The conjugated backbones exhibit
polarizable p electrons that give rise to strong intermolecular interactions. This is the case in
the physisorbed monolayers on HOPG where, due to a rehybridization of the p-states of the
skeletons with the ones of the conductive substrate, the unsaturated main chains tend to
adsorb flat on the basal plane of the support, maximizing in this way the overlap of its
electronic states with the ones of the substrate, as suggested from ab-initio calculations
[BisO0]. Moreover the remarkable stiffness aong this backbone is aso important for the
packing into lamellae both in 2D and 3D.

On the other hand, the latera chains play a primary role in conjugated oligomers and
macromolecules. They are commonly attached to the backbones to enhance the solubility in
organic solvents. In addition they play an important role aso in the self-organization and
self-assembly of the organic system in 2D and 3D architectures on flat solid substrate
[Rod89]. In the present case both XRD and STM results give evidence for the remarkable
mobility of the side-groups at room temperature. For the first case indeed two different
structural conformations of the terminal propyl functions of the hexyl side chains can be
recognized in Fig. 6.23c. In the latter one, even with our home made STM apparatus that

allows very fast scanning (200 Hz/line), it was not possible to resolve the single hexyl chains.
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This may be attributed to the high conformational mobility of the relatively short alkyl chains.
Indeed, the increasing order of solid state aggregates in other PPE derivatives with the length
of the side chains can in fact be interpreted in terms of decreasing dynamics of the latera
substituents [Ofe95].

Finally, the end-functions in a and w position can provide a further stabilization to the
molecular arrangement. This is the case of 2 where the carbamoyl end groups interdigitate
with the neighboring molecules because of a hydrogen bonding type of interaction.

6.3.5 Dynamics of molecules at the solid-liquid interface

Surfaces grown under non equilibrium conditions are aways prone to rearrangement
[Bar95,Bisc97]: understanding the mechanisms and kinetics of such a reorganization is
necessary to predict the film stability. Subsequent tempora evolution towards the
equilibrium state must involve coarsening, i.e., an increase in the characteristic length-scale of
the dominant structure. In this context efforts have been mainly devoted to dynamics of
metallic or semiconducting thin films [Zin92, Wen96, Mor96, Car97]. On the other hand,
physico-chemical phenomena on organic interfaces still need to be understood better at a
molecular level [UIm91], revealing the role of intermolecular interactions in their ensemble.
In particular little is known on the processes occurring at the liquid-solid interface [ Sta954] .

An investigation on a true molecular scale of the coarsening within an organic monolayer can
be carried out by means of STM. It alows to characterize the motion of single molecules at
the domain boundary between molecular crystals self-assembled at a surface and to discern
the thermodynamic and kinetic contributions to the total energies governing this process. Fig.
6.26 shows the Ostwald ripening process of a phenyleneethynylene trimer monolayer of 1 at
the solid-liquid interface. The dynamics of the molecular crystallites on a 22 minutes time
scale has been recorded. Small domains tend to shrink and disappear while bigger crystals

enlarge.
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Figure 6.26: STM constant current images. Evolution of the 2-D polycrystal structure of 1 at the solid-
liquid interface during 22 minutes: Ostwald ripening phenomena brought about by the reorientation of
single moleculesinidand I, I1, 111, V. The white scale bar is 20 nm. Arrow in @) indicates adomain
boundary of thetype shownin Fig. 6.27a.
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Observing carefully the first micrograph in Fig 6.26 one can notice that the different domain
boundaries in the polycrystalline structure can be divided into two different classes. The first
presents equal orientations of the main molecular axes in the two neighboring islands that
differ only by a dight trandation of the crystal structures relative to each other (scheme in
Fig. 6.27a and indication by the arrow in Fig 6.26a). The second type of domain boundariesis
made of molecules oriented differently (Fig. 6.27b); several of these types are visible in Fig.
6.26a. The energies associated with the transitions leading to a large single crystal in these
two cases can be discussed for the thermodynamics (energetic gain) or the kinetics (activation

energy).
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Figure 6.27: Scheme of different types of molecular packing in neighbor domains.

Single molecules are represented as arod. a) trandated; b) rotated.
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Figure 6.28: Scheme of the molecular packing at the crystallite frontiers.

In the first case (Fig. 6.27a), where the reaction consists of a smple trandation, is
characterized by a smaller activation energy but the thermodynamic gain is aso small. In the
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latter case (Fig. 6.27b), the system requires to undergo a rotational motion that needs a larger
activation energy to occur, albeit the thermodynamic energy gain is bigger since the new state
that is achieved is energetic favorable.

Focusing the attention on the second class of domain boundaries because they are more
recurring: at room temperature and atmospheric pressure on the minutes time scale individual
molecular rods can change their tilt angle with respect to the underlying substrate without a
trangition to the supernatant solution. This phenomena, known as Ostwald ripening, is a 2D
reaction controlled process that takes place at the boundary between different crystals; it is
governed by a minimization of the interfacial energy (or line energy in 2D) [Sta95a]. A
strong influence of the STM tip in this process has been ruled out [Sta95a] and confirmed in
the present case. In fact simply by stopping the scanning for approximately half hour and
restarting the imaging in the same area of the sample revealed that the disappearance of small
domains took place irrespective of the scanning of the tip. In addition an evaluation of the
kinetics of the process made it possible to reject the hypothesis that this coarsening is
governed by diffusion [Sta95a]. The tight molecular structure alowed to monitor this
reaction with an increased resolution by following the motion of individual rodsin real time.

From the tightness of the molecular packing at the domain frontier, the stability of afront or a
predominance of one domain with respect to the other may be predicted. A careful
observation of the imagesin Fig. 6.26 allows to classify domain boundaries according to three
types (scheme in Fig. 6.28). The most stable interface, characterized by a remarkable
tightness, is made up by two domains packed along one head to head direction oriented
paralel to the frontier (case A, Fig. 6.28a). A less stable boundary (B) consists of a stable
domain that is tightly packed to the front and another one that is more loosely packed (Fig.
6.28b). The area between the two crystals that does not exhibit crystalized molecules is
characterized by a remarkable dynamics of the molecules: in these zones the trimers are
extremely mobile (not immobilized at surface) and there may be aso inclusions of the
molecules of the solvent. The more loosely packed crystal, after some time, it will reduce its
area. A further extension of the limit (free volume) (C), which reveas higher dynamics of the

moleculesin this region, gives rise to an even more unstable interface (Fig. 6.28c).

Using this approach it is possible to classify domainsin Fig. 6.26. 1V is surrounded by three
lines of type B, and one of C. These conditions are characteristic of an unstable region and in
fact it dissolves very rapidly. 11 from Fig. 6.26 ato b decreases its area loosing 4 molecules,
but acquiring a very stable conformation made by two lateral A type frontiers and two C type.
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The stability of its contour alowed |1 to have arelatively long life, albeit the really small size
of the crystal. | appears very unstable because limited only by one A front, and three C ones,
indeed it disappears in 9 minutes. The more enduring one turned out to be 111 that is larger
than the others and surrounded by four B facets. It expiresin 22 minutes.

These results suggest that the stability of the domain boundary is related to two factors:

1. geometry of the molecular packing at the domain boundary;

2. sizeof the crystallite.

600 -

) \/ W
O?E\ 400 -
£
B 300 \
a \ l*f—D
200 - So P,
o— o\\/ L /o)
—a— |dand | \
100~ —e— |dand Il \
—a—|dand Il \\
L L | -
0 0 5 T 10 15 20 25

time (min)

Figure 6.29: Evolution of domain areas with time. Filled symbols correspond

to STM imagesin Fig. 6.26. Open symbols: images not shown.

In addition, an analysis of the kinetics of this process (Fig. 6.29) revealed that first an

apparent metastable state exists, where the area of the domains is nearly constant within

fluctuations of some nm2; in this apéritiv the domain borders get sharper, along the two head
to head directions of the molecular pattern (axes a and b of the unit cell), at the expense of
single molecules that were exceeding the frontier, creating a polygonal shape domain. This
plateau can last severa minutes (for the less stable domains as shown schematically in Fig
6.28b,c) or for hours (for the more stable crystals, packed as shown in Fig. 6.28a). After this,
a dight extension of the domain frontier takes place, which is accompanied by a considerable
increase of the dynamics of the molecules. This enables the molecular reorientation reaction
to occur emerging as an abrupt decrease of the crystallite sizes and a collapse of the domains
in up to 2-4 minutes. This coarsening reminds of a phagocytation process carried out by big
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crystallites at the expense of smal ones. The molecular motion terminates in the
thermodynamic equilibrium regime where only large crystallites extending over the whole

substrate crystalites, i.e. over severa thousands of nm2, exists. The velocity of this

molecular coarsening, in terms of the disappearance of molecular domains, averaging on

severa individua crystals, amounts to (160+66) nm2/min. This rate is 1-2 orders of
magnitude slower than for 2-hexadecyl-anthraquinone and tetradodecyl-octathiophene
[Sta954a]; the difference is attributed to the ability of 1 to form a more closed packed crystal
than the other two compounds. Further support of this explanation is the even slower rate
detected for didodecylbenezene [Rab91b] that indeed forms a tightly packed crystalline
structure on HOPG.

A secondary role in the STM analysis at the solid-liquid interface, that must not be neglected,
is played by the concentration of the supernatant solution. A large activation energy barrier,
i.e. the nucleation energy, has to be overcome for diluted solutions to form a crystalline
monolayer at surfaces. Moreover, a higher number of defects like missing molecules inside a
crystal or a broadening of the domain boundaries have been observed in this case. This is
therefore likely to affect the lifetime of the metastable state in the Ostwald ripening process.
Another important parameter in these kind of investigations is the density of the solution (that
is strongly influenced by the density of the solvent) which if large, can slow down the
molecular motion both in the solution and at the interface with the solid substrate.

The comprehensive live view of molecular coarsening at surfaces with a sub-molecular
resolution have shown that the Ostwald ripening occurring in monolayers at the solid-liquid
interface is a phenomenon mainly ruled by the interplay of intermolecular and interfacial
forces on the basal plane of the substrate. The experimental data can be explained in terms of
thermodynamics and kinetics of the molecular coarsening. After a metastable regime that
have a life-time proportional to the tightness of the molecular structure on the surface, the
phenomenon is driven by a minimization of the surface free energy.
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6.4 Visualization of single macromoleculesin monolayers

The aim of the present study is visualize for the first time a synthetic polydisperse molecular
system self-assembled in monolayer at the solid-liquid interface, to gain insights into the
conformation of the adsorbed molecule and to monitor with a sub-molecular resolution the

macromol ecular fractionation at the interface.

Figure 6.30: Chemica formulaof (4): a-[[4-[(N,N-dimethylcarbamoyl)thio] phenyl] ethynyl]-w-[4-
[(N,N-dimethylcarbamoyl)thio] phenyl]-poly[(2,5-dihexylphenylene-1,4) ethynylene)].

The STM technique has been employed at the HOPG-solution interface of poly(para-

phenyleneethynylene) derivatives with various contour lengths along the main chain.

In Fig. 6.31 the first reported molecularly resolved STM images of a synthetic polydisperse
polymer at the solid-liquid interface is shown. The self-assembly occurred from an almost
saturated solution of PPE (Fig. 6.30) at the interface with a HOPG substrate [Rab91a]. The
monolayer exhibits a two dimensional nematic-like molecular order. Both the conjugated
skeletons and the hexyl side groups are lying flat on the (0001) plane of the HOPG. The
conjugated backbones appear brighter than the aliphatic chains because of a stronger current
as previously noted for the case of the trimers (see paragraph 6.3.2). The spacing between
neighboring paralel backbones, which can be attributed to the width of the molecules,
amounts to DL=(1.62+0.10) nm. This is considerably smaller than the 1.9 nm calculated for
the case with the akyl chains extended but it fits well with what has been detected for shorter
oligomers, where the side-chains have been found to be disordered between adjacent parallel
backbones [ Sam993).
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Figure 6.31: STM constant current image of a PPE 4 at the interface between the basal plane of
graphite and an organic solution in 1-phenyloctane. U=1.2 V , average I;= 1.0 nA. This PPE,
according to 'H-NMR analysis on the end-groups, possesses an average contour length 7.9 nm The
molecular backbones exhibit a nematic orientation along preferred directions, as evidenced by the
hexagonal pattern in the 2D-Fourier Transform. The distance between the backbones averaged over
severa images amounts to DL=(1.62+0.10) nm.

The 2D molecular arrangement is composed of domains with specific molecular orientations.
The conjugated skeletons are aligned along preferred directions, according to the three-fold
symmetry of the HOPG lattice, as visualized by the hexagonal spots in the 2D Fourier
Transform (Fig. 6.31).

The stiffness of the molecular rods [Mor94, Wau96] and a low polydispersity allowed the
molecules to pack in this 2D structure and, therefore, both played a key role for achieving this
true molecular resolution imaging of the synthetic macromolecule. Also a finite mobility of
the nanorods has been detected, revealing that molecules at the domain boundaries change
their tilt angle with respect to the underlying substrate. This molecular dynamics occurs on

the time scale of several minutes and can be attributed to a Ostwald ripening process.

Polymeric systems are ensembles of molecules with different sizes, that can be expressed in
terms of molecular weight or for linear moieties also as molecular contour lengths. This
distribution of molecular lengths (polydispersity) hinders the formation of a monocrystal
structure in the solid phase. The formation of 2D and 3D crystals of this kind of systems
occurs via self-segregation into areas with molecules of similar dimensions [Wan93]. This
molecular domains posses a high degree of order, athough their extension is smal. The
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phase segregation process has been observed on a large (micrometer) scale via a different
contrast in electron microscopy micrographs [Wan93]. In the present case in fact the
difference in the 2D structure of the monodisperse oligomer (see paragraph 6.3.2) and the
polydisperse polymer, which on the average is almost three times as long as the trimer, can be
is due to the different distribution of molecular lengths, which, for the case of the

polydisperse system, does not enable the moieties to assemble into perfect crystals.

The time required for achieving molecular resolution imaging is much longer for the polymer.
This is likely to be due to the self-segregation phenomenon and consecutive adsorption that
takes place at the molecular level, allowing molecules with different lengths to pack locally
well on the substrate.

The true sub-molecular resolution achieved on a synthetic polymer as the one shown in fig.
6.31 opens the possibility to measure for the first time from STM images the true length of the
single macromolecules that are self-assembled on the (0001) plane of the HOPG substrate.
This allows to study the phase segregation governing the self-assembly of a solid state phase
of a polydisperse system. An example of this phenomenon that has been detected on a larger
scale with Scanning Force Microscopy will be described later in this chapter in the case of the
self-assembly of PPE into dry ribbon-like architectures.

6.4.1 Macromolecular fractionation

Other PPEs with an average contour length of 11.2 nm and 20.3 nm , respectively, (Table 6.5)
have been investigated at the solid-liquid interface with STM. Their structures on the
nanometer scale are shown in Fig. 6.32 and Fig. 6.33, respectively.

Table 6.5: Samples of PPEs investigated 4 with STM

No. of repeating units 9 14 35
contour length of molecule |7.9nm 11.2nm 20.3nm
U=MwM, 192 1.84 10.1

No. of repeating units, contour lengths of molecule (from *H-NMR analysis on the

end-groups) and U=M,,/M,, from Gel Permeation Chromatography (PPP calibrated)
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Comparing the three cases listed in Table 6.5, upon self-assembly of the macromolecule in 2D

monolayers at the solid-liquid interface, it is possible to observe using STM the following

features with increasing polymer length (from Fig. 6.31 — 6.33):

1.

the molecules are more mobile. In particular in Fig. 6.32 and Fig. 6.33 the
monolayer consists of areas with a stable and tight molecular packing alternated
with others possessing a very high molecular dynamics; the structures of these latter
ones can not be resolved with a molecular resolution imaging;

the average length of the molecules immobilized on the (0001) plane of HOPG

increases,

the achievement of molecular resolution requires a longer waiting time indicating
that the activation energy required for the self-segregation to take place increases,

the tunneling parameters that have been used for resolving the molecular structure
suggest that with increasing polymer length the molecules tend not to pack flat on
the basal plane of the substrate. This feature is likely to be due to the to the self-
segregation that hinders the formation of a tightly packed monolayer. In addition
the longer molecules possess a higher flexibility, and consequently the system need
to loose more entropy for the structural rearrangement, because of the large number
of possible states (conformation) which the system can attain.

Figure 6.32:  STM current images of a PPE 4 at the interface between the basal plane of graphite
and an organic solution in 1-phenyloctane. This PPE, according to *H-NMR analysis on the end-
groups, possesses an average contour length of 11.2 nm. The molecular backbones exhibit a nematic

orientation along preferred directions, as evidenced by the hexagona pattern in the 2D-Fourier
Transform. a) U=1.7V , average |i= 0.2 nA; b) 1.35V, average 1:=0.7 nA.
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The macromolecules with an average length of 11.2 nm still organize in a nematic like
structure, similar to the one observed for the 7.9 nm moiety with single backbones that are
aligned along preferential orientations according to the symmetry of the substrate underneath.
This degree of order islost for the 20.3 nm long polymer.

The histograms in fig. 6.34 describe the distributions of rod lengths obtained from raw data
STM current images. Because of the rather high stiffnes of the molecules and their packing
that is not characterized by a columnar head to tail aignment, their contour length can be
evaluated from STM images. This determination has been executed with an electronic ruler
(using the software package Image Tools 1.27 produced by University of Texas - Health
Science Center in Saint Antonio). The distributions of the lengths for several hundreds of
single rods are plotted together with the Schulz-Zimm distributions, which theoretically
describes the molecular weight distribution for a PPE synthesized via a polycondensation

route.

Figure 6.33: STM current images of a PPE 4 at the interface between the basal plane of graphite and
an organic solution in 1-phenyloctane. This PPE, according to *H-NMR analysis on the end-groups,
possesses an average contour length 20.3 nmlong. U=1.4V , average I;= 0.55 nA. Besides the
molecularly resolved areas there are zones with high molecular dynamics where the molecules are not
immobilized at surface.

The curves that refer to the 7.9 nm long PPE (Fig. 6.34a) and to the 11.2 nm long ones (Fig.
6.34b) exhibit three important characteristics:
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1. the peak of the distributions moves to higher rod lengths with the increasing
polymer length;

2. the peak of the rod lengths is shifted with respect to the mole fraction - Schulz-
Zimm plots;

3. the experimental distributions are remarkably narrower than the Schulz-Zimm plots.

In the case of the 20.3 nm long PPE the molecules packed on the HOPG substrate are too few
to alow a quantitative investigation and detect a trend on the length of the molecules

immobilized at the interface.
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Figure 6.34: Histograms of the distribution of lengths of physisorbed rods. The PPEs posses an
average contour length according to *H-NMR analysis on the end groups, a polydispersity determined
by GPC using poly(para-phenylene)s for calibration and a number of physisorbed rods as measured:
(@ 7.95nm/1.92/593; (b) 11.2 nm/ 1.84 / 253. The mole fraction of the Schulz-Zimm distribution
is plotted in solid lines and in (&) Monte Carlo simulation (dashed and dotted lines). Dashed line: ratio
of the potential of the interactions molecul e-substrate and molecule-molecule = 2; dotted line:
interaction molecule-molecule is reduced to zero. The normalization of the curves have been carried
out on the tail of the distribution. Simulations have been performed using arepulsive hard core
potential and London attractive forces. The model system was designed forming linear rods by
overlapping severa sphereslinearly. The procedure was computed for a distribution of rods according
to the Schulz-Zimm distribution. Calculations have been executed varying systematically the ratio
between the potentia of the interactions molecul es-substrate and molecules-molecules in arange that
gpans from 2 to infinite.
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The conformation of the 2,5 dihexyl-para-phenyleneethynylene is well-known to be rather
straight. Molecular Dynamics (MD) [Bin95] simulations in vacuum revealed (Fig. 6.35) that
upon increasing the contour length of a single PPE molecule the end-to-end distance initially
increases linearly up to a length of about 20 r.u. (~ 13 nm), while above this length the
bending of the chains increases more for bigger molecular lengths and leads to coiling at more
than 35 r.u (~ 22.75 nm) (end-to-end distances for coiled regime not given in Fig. 6.35
because a meaningful statistics would require too long smulation times). This suggests that
the polymers investigated here (on average 7.95 nm and 11.2 nm long) are well described by
elastic rods.

In order to gain a deeper understanding of the physisorption at the solid-liquid interface
Monte Carlo simulations [Bin95, Pal98] have been carried out for the adsorption of rigid rods
a a surface. An ensemble of linear rods with a distribution of lengths according to the
Schulz-Zimm mole fraction distribution was constructed. Interactions between molecule-
molecule and molecul e-substrate were ssmulated making use of a repulsive hard core potential

and London attractive forces.
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Figure 6.35: Molecular Dynamics simulation of the evolution of the end-to-end distance of asingle
PPE in vacuum as a function of the increasing polymer length (expressed either in # of repeat units or
contour length). The simulations have been computed at room temperature in vacuum applying the
pcff force field (Molecular modelling package DISCOVER VERSION 4.0.0, Biosym Technologies
Inc., San Diego, CA.) for atime scale of 100 psfor polymer up to 28 r.u., 150 ps for the molecule
made of 35 and 42 r.u., and 250 ps for the polymer composed of 49 and 56 r.u.; these turned out to be
enough for achieving a constant regime of energy fluctuations. The error bars represents the standard
deviation of the end-to-end distance in the final 100 ps calculated.
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Using a ratio between the potential of the interactions molecule-substrate and molecule-
molecule of 2 (dashed curve in Fig. 6.34a) the distribution is somewhat broader and shifted to
even higher rod lengths, approaching the Schulz-Zimm distribution for long chains. Upon
increasing the ratio of the potentias the onset of adsorption is shifted to higher molecular
lengths, as evidenced by the dotted curve in Fig. 6.34a, for which the potential of interactions
molecule-molecule is zero. This fractionation is also accompanied by a notable shift of the
peak of the distribution of the adsorbed molecular rod Iength up to 10 nm (for the 7.9 nm long
the polymer).

Figure 6.34a reveals that the Monte Carlo simulation overestimates the adsorption of the very
long rods, which needs to be explained. The favored adsorption of long vs. short molecules at
the interface can be understood since upon immobilization at the interface they loose
trandational entropy per particle but they gain potentia energy per unit mass. This is in
agreement with chromatographic analysis [FIe93] and MD calculations [Xia93]. On the other
hand, with the definition of a Kuhn segment (I) [Gro97] one may determine a persistence
length (1/2=R.%/2L). If one considers the R, (average end-to-end distance) given by the MD
calculations, one obtains 1/2=6.85 nm for a PPE chain of 21 r.u., which is close to the
experimental case in our experiment. For longer chains the entropic contribution per unit
mass to the overall free energy increases, due to the reduced configurational space of the
molecule at the interface. This difference between elastic and fully rigid rods can explain the
discrepancy between the experimental and the Monte Carlo results (Fig. 6.344).

The physisorption of molecules at the solid-liquid interface is characterized by a continuous
exchange of the adsorbed molecules with those in the solution. The system evolves towards
this equilibrium regime with a rate that depends on severa factors including the viscosity of
the solution, the energy of adsorption of the molecules on the substrate and the concentration
of the solution.

The self-assembly into the monolayer is likely to occur via:
1. stacking of PPE in solution into clusters composed by molecules with similar size;

2. adsorption of these clusters onto graphite along preferential directions induced by
the symmetry of the substrate;

3. filling of the missing free space with short molecules,
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4. Ostwald ripening at the interface and substitution of short adsorbed molecules with
longer ones when sterically permitted.

The segregation phenomenon observed and discussed here on a sub-molecular scale is in
good agreement with the one detected on larger scales on dry films of poly(diacetylenes)
[Wan93,Hug97]. Since classical methods such as column separation [Rod96], ultracentrifuge
[FIo53] and precipitation [Kot67] for p-conjugated polymers are well-known to suffer from
uncontrolled cluster formation in solution [Cot96, Hal98] the use of self-assembly at surfaces
might be considered an alternative route for achieving fractionation of a macromolecular

solution.

In summary, the behavior of rigid (macro)molecules in a physisorbed monolayer has been
elucidated on a conductive crystalline substrate. It revealed a macromolecular fractionation at
the solid-liquid interface. This phenomenon is governed by the interplay of entropic and
enthalpic contributions to the free energy. It indicates that the self-assembly of a polymer on
an atomicaly flat substrate could be a new route for fractionating a polydisperse
macromolecular solution. The underlying mechanism may aso be operating at solid-liquid
interfaces with small inorganic, organic or biological particles exhibiting atomically flat
surfaces.

6.5 PPE on insulating substrates

6.5.1 Introduction

In the following paragraph the growth of dry films of PPE from solution will be discussed on
different insulating substrates varying systematically several factors:

|. the concentration of the solution [ Sam98a];
I1. the molecular weight of the PPE [Sam994;
[11. the type of substrate [Sam99c];

IV. the rate of the deposition process [ Sam98b];
V. the side chains [Sch99].

The morphologies of these dry films have been investigated by means of Scanning Force

Microscopy in Tapping Mode in air environment at room temperature, exploring a range of
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scan lengths from 13 mm down to 0.3 nm.

6.5.2 Morphology at different concentrations of the solution

Poly(2,5-dihexyl-1,4-phenyleneethynylene) (PPE), because of its alkyl side chains attached to
the aromatic rings, exhibits a good solubility in organic solvents like methanol (MeOH) and
tetrahydrofurane (THF). This two solvents have been chosen since they posses a similar
boiling point of ca. 65 °C and therefore are likely to evaporate with a similar rate. In thisfirst
experiment, therefore, the role of the solvent is not taken into account and will be discussed
in paragraph 6.5.5.

The sef-assembly  of a-[[4-[(N,N-dimethylcarbamoyl)thio] phenyl]ethynyl]-w-[4-[ (N,N-
dimethyl carbamoy!)thi o] phenyl]-poly[ (2,5-dihexylphenylene-1,4)ethynylene)] (4) (Fig. 6.30)
have been investigated on freshly cleaved muscovite mica as a function of the concentration
of the cast solution. This PPE possesses an average contour length along the conjugated

backbone of 16.4 nm, according to *H-NMR analysis on the end-groups. SFM images are
displayed in Fig. 6.36.

Figure 6.36: TM-SFM images representing the evolution of the morphology of the PPE on mica as
afunction of the concentration of the polymer. a) 2.0 g/l in MeOH, amplitude image, height range
(peak-valley) (h) in the correspondent height image of ~ 70nm; b) 0.14 g/l in THF, height image, h=50
nm; ¢) 0.07 g/l in THF, height image, h=15 nm.

The structure of afilm cast from a concentrated (2.0 g/l) PPE solution in methanol is made up
of both areas with grains and areas with more elongated tightly packed architectures that ook
like ribbons (Fig. 6.36a). Both the diameter of the grains and the width of the ribbons are ca.
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25 nm. The mica support isin this case homogeneously coated by a rather thick film. Indeed
the height range in the image is ~ 70 nm, which indicates a considerable roughness. The
thickness of the film is expected to be some hundreds of nm. At alower concentration of 0.14
g/l in THF the polymer self-assembles into ribbons with random lengths but with a well
defined width and thickness (Fig. 6.36b). Further dilution in THF, down to 0.07 g/, givesrise
to single ribbons lying on the flat mica substrate (Fig. 6.36¢).

In both of the last two cases the substrate is only partially covered with the macromolecular
moieties. In fact the height ranges are more reduced. In the second case (Fig 6.36b) a
medium concentration gives rise to a spider web morphology made of knotty cores where the
ribbons are entangled, while the branches are composed of singular ribbons.

It should be pointed out that the same morphologies (grains at high concentrations and
ribbons at low concentrations) have been found both in MeOH and in THF. Moreover the
ribbons have shown a particularly high stability: upon scanning with SFM in contact mode
applying a force of some hundreds of nN on a single assembly it was not possible to deform

its shape.

The width of the ribbons is constant for some straight ribbons sections. It is (36£11) nm
evaluated on 334 different ribbons from images with 512*512 pixels and a scanlength L £
3mm. The apparent width has to be corrected for the well-known lateral broadening effect in
SFM images due to the tip shape [Kel91,But92, Bus97].

A0mMm

Figure 6.37:  Scanning Electron Microscope (SEM) micrograph (courtesy of Dr. Rogaschewski) of
commercia Si tip (Digital Instruments). Typical shape of the cantilever with a conical tip attached at
itsend.

The TM-SFM silicon nano-probe is composed of a stiff cantilever that appears as a

parallelepiped diving board with a length of 125 nmm and a width of 30 nm, as shown in Fig.
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6.37. At its edge a conical tip is attached. These probes are commercially available from
Digital Instruments, Santa Barbara, CA. The shape of the tip apex may be approximated by a
sphere [But92]. The Scanning Electron Microscopy (SEM) micrograph allowed to recognize
its shape on the hundred nanometers scale while, however, the tip apex could not be resolved
properly.

Figure 6.38:  Transmission Electron Microscope (TEM) micrograph (courtesy of Dr. C. Béttcher)
of commercia Si tips (Digital Instruments). Tips displayed in @) and b) present a different shape.
The average of the termina tip radius of several tips has been evaluated as R = (13+7) nm.

From high resolution TEM imaging on severa S tips, the tip edge and consequently the
terminal radius of the spherical end of the probes (Fig. 6.38) could be determined as
R=(13+7) nm.

terminal
tip radius

terminal
tip radius

Figure 6.39:  Geometrical model for the broadening of the image of aribbon due to thetip radius.

R isthe terminal tip radius, h is the mean height of the needles. D=,/h(2R- h) = (8%£3) nm. The
effective broadening results as 2D=(16+6) nm.
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A simple geometrical model (Fig. 6.39) can be used to calculate the broadening induced by
the tip size of the ribbon widths from singular profiles on SFM topographical images. Using
this model, computed for a spherical tip and a rectangular cross-section of the ribbon, one
obtains for the broadening:

2D=2./h(2R- h) (6.3)

For the present ribbon height, determined as (2.9+£0.6) nm from 285 different ribbons profiles,
and amean terminal tip radius of (13+7) nm, 2D amounts to (16+£6) nm. The effective ribbon
width can thus be obtained by subtracting 2D from the apparent width. It is comparable to the
16.4 nm average contour length of the molecules as obtained from *H-NMR analysis on the
end-groups. Moreover the mean height of the ribbon of (2.9£0.6) nm is on the order of once
or twice the molecular width considering the case where the alkyl side chains are extended,

i.e. 1.9 nm.

6.5.3 Morphology at different molecular weight

The role of the molecular weight distribution for the self-assembly of PPE in dry films on
mica has been also explored, in this case using two different derivatives of PPE, bearing
different end-groupsin the a and w position. The first one (4) has been aready introduced in
Fig. 6.30. The latter one, namely a-iodo-w-[(2,5-dihexyl-4-ethynyl)phenyl]-poly[(2,5-
dihexylphenylene-1,4)ethynylene)] (5), is shown in Fig. 6.40.

CeH13

CeH13

Figure 6.40: Chemica formulaof 5, namely a-iodo-w -[(2,5-dihexyl-4-ethynyl)phenyl]-poly[(2,5-
dihexylphenylene-1,4)ethynylene)].

First of all the average degrees of polymerization, DP, namely the average number of repeat
units, of the different PPES obtained with a polycondensation synthesis were determined, also

in this case, by *H-NMR end-group analysis and gel permeation chromatography (GPC). All
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data are reported in Table 6.6. *H-NMR spectroscopy proved complete end-functionalization
of the PPEs within the experimental error. It can therefore be used to evaluate DP, and
consequently the number-average molecular weight, M, by integrating the relative signals of
the end-groups and those of the main chain. The 'H-NMR spectrum of 5 shows proton
signals of the terminal repeating unit carrying the iodine atom at d = 7.69 and 7.30. Polymer
4 exhibits asignal of the methyl groups in the dimethylthiocarbamoyl! function at d = 3.02 and
the aromatic protons at d = 7.48. The main chain-signal of the aromatic protons for both 5 and
4 gppearsat d = 7.36. Nominal contour lengths of the molecules have been calculated from
the determined DP using literature values for the repeat unit length. GPC was used to
estimate the mass-average molecular weight (My,), M, , DP and the polydispersity of the
polymers 5 and 4. However, this method is very sensitive to the calibration standards. Since
poly(styrene) (PS) exhibits a different structure and stiffness from PPE, also a rigid-rod
macromolecule, namely a substituted poly(para-phenylene) (PPP) with a known molecular
weight [Van96], have been used as a calibration standard.

Table 6.6: PPE samples investigated: average number of repeating units and contour lengths according
to "H-NMR results; polydispersity (Mw / Mn ) from GPC measurements with PPP calibration.

Sample A B C D E F
Average no. 9 11 20 22 28 42
of repeating units
Type of PPE 4 4 5 4 4 4
Average contour 79n$m | 92nm | 135nm | 164nm | 20.3 nm 29.4 nm

Length of molecule

Mw/Mn

1.92

3.68

3.82

2.65

2.59

8.23

Morphology at low
concentration

Ribbons

Ribbons

ribbons

ribbons

grains

grains

Type of PPE:

(4) a-[[4-[(N,N-dimethyl carbamoay!)thio] phenyl]ethynyl]-w-[4-[ (N,N-

dimethylcarbamoy!)thi o] phenyl]-poly[ (2,5-dihexyl phenylene-1,4)ethynylene)]

(5) a-iodo-w -[(2,5-dihexyl-4-ethynyl)phenyl]-poly[(2,5-dihexyl phenylene-1,4)ethynylene)]

PPE solutions have been cast onto freshly cleaved mica surfaces. After complete evaporation

of the solvent (in this case THF or a mixture of THF/1-phenyloctane have been used), the dry
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samples revealed a dependence of the morphology on the molecular weight (Fig. 6.41 and
Table 6.6). For polymers A through D with an average of 9, 11, 20 or 22 repeating units and
a concentration of the applied solution lower than 0.15 g/I, ribbons were observed (Fig.
6.41a). Higher molecular weight (samples E, F) led to a grainy morphology (Fig. 6.41c).
Figs. 6.41ab exhibit ribbon heights on mica of h=(2.9£0.7) nm, as determined from 422

ribbons on different samples.

pr— G

Figure6.41:  SFM Tapping Mode height images representing the evolution of the morphology of
the PPE on mica as afunction of the polymer length. Average contour length of the molecule
according to 'H-NMR results: @) 7.9 nm; b) 16.4; ¢) 20.3 nm. Height range of images: a) 20 nm; b) 30
nm; ¢) 20 nm. In case @) a mixture of THF and phenyloctane was used as a solvent whilein b and ¢)

pure THF was used.

From the comparison of this value with the spacing between neighboring backbones evaluated
from molecularly resolved STM images (Fig. 6.31), it is suggested that the ribbons are
typically two monolayers thick with their alkyl chains oriented perpendicular to the substrate
(Fig. 6.42). Also some sections with single, triple and even higher multi-layers occur.
Moreover the widths of the ribbons are constant for some straight ribbon sections, but not for
the whole sample.

In Fig. 6.43 the apparent widths (number counting) determined from SFM images of samples
A-D arereported. They need to be corrected for the broadening effect due to afinite radius of
the tip. Using the broadening model previously described in Fig. 6.39 , for the present ribbon
height of h=(2.9+0.7) nm and aterminal tip radius of the commercia Si tips of R=(13+7) nm,
2D amounts to (16x£7) nm. The true ribbon width, with a 7 nm error bar, is then obtained by

subtracting 2D from the apparent width.
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Figure6.42:  Schematic representation of molecular ribbons adsorbed on the mica surface. a)
Ribbons are made of severa rods packed parallel to each other. b) Each rod is typically made of two
PPE molecules packed with the hexyl latera chains perpendicular to the basal plane of the substrate.

In Fig. 6.43 it is shown that the pesaks of the width distributions shift to higher values with
increasing polymer length. Since the absolute value of the width is on the order of the length
of a single molecule, it is concluded that the extended molecules pack paralel to each other
with their long molecular axis perpendicular to the long ribbon axis, as represented in Fig.
6.42. The distribution of the ribbon widths is attributed to the distribution of molecular
weights, implying that molecules with similar molecular weights phase segregate into ribbon
sections with homogeneous widths. This segregation phenomenon, that governs the ribbons
formation, is obviously favored by a small DP (Fig. 6.41) and is likely to be aso favored by a
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low macromolecular polydispersity.
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Figure6.43:  Histograms of the distribution of ribbon widths for PPE batches A through D with
increasing length. Average contour length of the molecule according to *H-NMR results (Table 6.6)
and number of ribbons measured: (A) 7.9 nm/ 846; (B) 9.2 nm/ 160; (C) 13.5 nm/ 264;(D) 16.4 nm/
334. The Schulz-Zimm distribution is plotted in terms of number counting (solid lines) and weight
function (dotted line). 2D=(16+7) nm is the effective broadening of the tip. Dashed lines are
experimental GPC data obtained from PS calibrated measurements.

Attempts to determine the molecular structure directly by electron diffraction were not

successful, probably due to the small amount of materia in a given ribbon. However, in
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continuous films of polydiacetylene [Wan93, Hug97] and poly(para-phenyleneethynylene)
derivatives [Ofe95] similar molecular architectures have been observed.

The polycondensation reaction used for the PPE synthesis gives a molecular weight
distribution, which is theoretically described by the Schulz-Zimm distribution [Ofe95]. This
function was computed for samples A-D in terms of molecular contour lengths by assuming
the number average degree of polymerization DP, according to the number of repeating units
estimated by *H-NMR spectroscopy (Table 6.6).

e'yr
The mole fraction distribution is expressed as F(r) = y"r“% (see 3.7) and the weight

fraction distribution as W(r) = y**'r¥ [exp(- yr)]/G(k+1) (see 3.8). In the present case
y= % , Where k is the degree of coupling (in this case k =2), r is the number of monomers

(independent parameter) and (k) is the gamma function. These distributions were plotted on
the histograms of Fig. 6.43, after being shifted on the x-axis by the tip broadening effect of 16
nm. This made it possible to relate the estimated molecular lengths to the ribbon widths.
Noteworthy, a good fitting between the mole fraction distribution and the distribution of

ribbon widths can be recognized.

This match also demonstrates that SFM on these nanostructures may provide a reasonable
evaluation of the molecular weight distributions for a rigid rod polymer. Nota bene, due to
the commonly observed aggregation of the polymer chains it is difficult to determine correct
molecular weight distributions for rigid-rod polymers with standard polymer analytical
techniques like, e.g., Gel Permeation Chromatography (GPC). Dashed curves in Fig. 6.43
represent the GPC experimental data (PS calibrated) obtained on the respective polymer. A
long tailing of the molecular weight distribution curve to high values is observed in the
elugrams of the polymers which drastically increases the polydispersity but has only little
effect on M,. A reasonable agreement between the theoretical Schulz-Zimm plot and the
experimental GPC curve has been observed only for the shortest PPE (Fig. 6.43d). In fact
with increasing chain length the aggregation of the molecules becomes more intense (Fig.
6.43b-d). Moreover, the values are affected by adsorption of the stiff molecules to the
column. Additionally, in the present case, the protected thiol end-groups enhance this
phenomenon [Fradg].

A comparison between the different methods used to determine the molecular weight
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distributions (*H-NMR, GPC - PS and PPP calibrated) has shown that M,, evaluated with GPC
(PPP calibrated) are overestimated on average by 42% with respect to *H-NMR data. For the
case of GPC (PS calibrated) the overestimation is even bigger. The polydispersity (Mw/Mp)
measured with GPC is 50% larger for the case of PS calibration if compared to PPP
calibration, while M,, is twice as big. This confirms that for investigating DP and M,, of a
stiff polymer 'H-NMR analysis on the end groups is a suitable technique, while for
approximating M,, and polydispersity by GPC at least calibration with a rigid-rod polymeric
standard like PPP should be used. [Sam99a]

6.5.4 Morphology on different substrates

In order to understand the phenomena governing the growth of PPE into nanoribbons use has
been made of different insulating amorphous supports including glass and carbon-coated
copper grids; the resulting molecular arrangements on solid surfaces have been compared to
the ones obtained on a crystalline mica substrate. SFM investigations of films processed by
casting a very dilute polymer solution on a glass support revea self-assembled solid
nanoribbons (Fig. 6.44a) with alength in the micrometer range, lying flat on the substrate.

The hexyl chains, whose length in an extended conformation spans over 1.9 nm, are more
likely to pack similarly to the case on mica, i.e. they are standing perpendicular to the
substrate in a disordered conformation [Sam99a] spanning only ~ 1.5 nm. The ribbon heights
of (3.9+1.0) nm observed here suggest a packing of 2-3 molecular layers, albeit also multiple
layers have been detected.
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Figure 6.44:

A) Tapping Mode SFM height image of an on average 11.2 nm long PPE on glass.
Singular nanoribbon assembled on the grainy glass surface. B) TEM micrograph showing webs of
ribbons on a carbon copper mesh support made by casting an on average 16.4 nm long PPE from a0.1
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Histograms of the distribution of ribbon widths for PPE from profiles on TEM
micrographs. Contour length of the molecule according to "H-NMR results and number of ribbons
messured: (A) 7.9 nm/ 164; (B) 16.4 nm/ 167. Mole fraction (solid line) and weight fraction (dashed
line) of the theoretical Schulz-Zimm distribution are in fairly good agreement with the experimental

data.
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Figure 6.46: Schematic representation of the molecular packing in the nanoribbon: @) Top view: a
ribbon is composed by paralldl, fully extended backbones, stacked perpendicular to the main ribbon
axis; b) Side view: the lateral alkyl chains are disordered between adjacent backbonesin a
bilayer/trilayer aggregate standing on the substrate.

The apparent width of these assemblies evaluated from individua profiles on SFM
micrographs amounts to (41+15) nm. The effective width can be calculated by deducting the
broadening 2D due to the finite size of the Si tip apex that for aterminal radius of a clean new
tip of R=(13+£7) nm amounts to (19+6) nm. The true width of the nanoribbon, with a 6 nm
error bar, is aso in this case in fair agreement with the macromolecular length of 11.2 nm
(U=2.34) considering that the terminal radius of the tip could get dlightly broader after several

scans
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Moreover, a TEM analysis has been executed on PPE films of different molecular weights
cast on a carbon-coated copper grids. Nanoribbons have also been found (Fig. 6.44b), and
the distribution of their widths was determined from profiles on TEM micrographs. A
polymer with an average contour length of 7.9 nm (sample A in Table 6.6) exhibits a ribbon
width of (10£3) nm, while a macromolecule with a length of 16.4 nm (sample D in Table 6.6)
forms ribbons with an average width of (15+4) nm. The corresponding two distributions have
been plotted in histograms in Fig. 6.45. The nanoribbons are remarkably stable arrays under
the electron beam of the electron microscope.

Similarly to what has been observed on mica, with increasing PPE length the peak of the
experimental data shifts to higher values and the distribution of ribbon widths gets broader.
The ribbon widths correlate well with the theoretical Schulz-Zimm distribution which
describe the distribution of molecular weights for a polycondensation synthesis [Bra89]. The
peak of the ribbons widths distribution, in terms of spatial units, isin both cases similar to the
peak of the histograms of the mole fraction distribution and of the weight fraction
distribution, indicating a good agreement between the most frequent ribbon width and the
average molecular length obtained from 'H-NMR andlysis. In addition, a fairly good
agreement between the width of the distribution of ribbon widths and the width of the Schulz-
Zimm mole fraction distribution can be recognized. This confirms that measuring the width
of these nanostructures is an alternative route to evaluate the molecular weight distribution for
thiskind of polymer as previously demonstrated using mica as a substrate [ Sam99a].

In summary, SFM and TEM applied to samples cast on different substrates, give rise to
similar results in terms of the sizes of the nanoribbons in the XY plane while their heights
have been only detected by SFM [But92]. Similarly to what has been concluded on mica
substrates, the nanoribbons appears to consist of macromolecules oriented with their stiff
backbones parallel to the substrate and the hexyl side chains perpendicular to the basal plane
of the substrate. The backbones are stacked paralel to each other creating aribbon of stacked
p-conjugated polymers on the substrate (Fig. 6.46).

The demonstrated ability to grow these architectures aso on non-crystalline substrates
indicates that the main driving force of this self-assembly are intermolecular interactions
between the p-conjugated macromolecules. The substrate plays only a secondary role of
inducing a particular orientation of these assemblies. Furthermore, the transparency of the
glass support opens the possibility to perform spectroscopical investigations like probing the
birefringence and fluorescence of single nanoribbons using Scanning Near-Field Optical
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Microscopy. This would alow to determine physico-chemical properties of PPE on the
nanoscopic level and compare it to single molecular and solid state properties. [ Sam99c]

6.5.5 Morphology at different rate of the deposition process

In order to gain further insight into the growth process of these PPE nanoribbons, by solution
casting, on crystalline mica substrates different solvents have been used. This allowed to vary
the rate of evaporation of the solvent and of crystallization of the organic compound.

200 nin

Figure 6.47: Topographical Tapping Mode Scanning Force Microscopy images of PPE cast on freshly
cleaved muscovite mica. @) Solvent : THF, height range (peak-valey) h=30 nm; b) Solvent:mixture
THF-phenyloctane (5:1), h=20 nm.

The SFM topographical images in Fig. 6.47 show nanoribbons grown on mica from very
dilute solutions of a PPE with an average contour length of 7.9 nm (sample A in Table 6.6).
These architectures, obtained by solution casting, exhibit a length of up to severd
micrometers and a two-dimensional cross-section on the molecular scale, confirming once
again what has been described in the previous three paragraphs.

The ribbons in Fig. 6.47a were produced from a PPE solution in tetrahydrofurane (THF).
These anisotropic nanostructures, whose width of ~11.1 nm (corrected for the latera
broadening tip effect [Sam98a)]) fits relatively well with the size of the molecule, hardly
shows any favored orientations.
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On the other hand, Fig. 6.47b displays highly oriented nanoribbons obtained from the same
PPE polycrystaline powder dissolved in a 5:1 mixture of THF and 1-phenyloctane. These
anisotropic assemblies exhibit an effective width of ~7.1 nm and are aligned preferentially
along directions according to the three-fold symmetry of the underlying mica, with an average
angle of (61+7)° between ribbon segments. It is worth to note that it was not possible to grow
well-ordered molecular aggregates with a ribbon like shape using a fast deposition method
such as spin-coating. The different molecular organization on the basal plane of mica is
attributed to the solvent evaporation process that is followed by the self-assembly of the
organic compound into the nanoribbons. The ribbon formation, may be divided in two steps:

1. self-segregation of the molecules into straight ribbon segments with homogeneous
widths, and

2. sdf-assembly of long oriented nanoribbons induced by the crystalline substrate.

The first step is governed by intermolecular interactions between the conjugated
macromolecules, as previously demonstrated by the ability to grow nanoribbons on
amorphous substrates [Sam99c]. The second step takes place on crystalline substrates and is
observed only for very slow solvent evaporation rates. In the present case THF has a boiling
point (67 °C) which is much smaller than the one of 1-phenyloctane and aso of the solvent
mixture. Consequently, the time required for the complete evaporation of the solvent was a
few hours (2-3) for the first case and a few days (2-3) for the latter. This suggests that in the
case of pure THF the solvent evaporation was too fast for step (2) to occur.

The height of the ribbons amounts to (2.9+0.7) nm for the THF deposition, whilst it is
(4.7£1.4) nm for the deposition from the solvent mixture. Comparing this value to the width
of the molecule of ~1.5 nm [Sam99q] it is suggested that the ribbon is typicaly made of a
molecular bilayer in the first case and of atriple layer in the latter case. The relatively large
error bars indicate that the distributions are not sharp but single layers and aso higher
multiple layers occur. The trend indicates, however, that slowing down the deposition rate
leads to thicker nanoribbons. The architecture of these ribbons is as previously described and
depicted in Figs. 6.42 and 6.46.

These results demonstrate that it is possible to drive the self-assembly of suitably
functionalized PPEs towards nanoribbons. The possibility to align the nanoribbons along the
crystallographic axes of the crystaline non conducting substrate by slowing down the
evaporation and consequently the crystallization process indicates that the growth of these
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nanostructures is a kinetically governed phenomenon. [ Sam98b]

6.5.6 Morphology with different side chains

Further PPE derivatives, synthesized in the group of Prof. Dr. W. Heitz (Department of
Chemistry, University of Marburg) has been investigated. They posses acid functions (CPPE
in Fig. 6.48) or ester side groups (EHPPE in Fig. 6.48) attached to the main conjugated
skeleton. These soluble moieties have been also cast on mica and SFM investigation have
been carried out. EHPPE crystalline powder has been solubilized and diluted in THF, while
CPPE has been solubilized and diluted in KOH+H,0.

CPPE EHPPE

Q= +Q—

Figure 6.48: Chemical formulae of the CPPE and EHPPE.

Thin films of the conjugated polymer have been prepared by casting the solutions (from 0.065
g/l to 0.00325 g/l) on freshly cleaved muscovite mica discs.

The self-assembly of rigid rod polymers is strongly influenced by its distribution of molecular
weights, as previously observed, and by the steric hindrance due to the chains [Wed96].

Films of EHPPE cast from 0.013 g/l show anisotropic features composed of spheroids with a
preferential orientation which seems to be induced by the hexagonal crystal lattice of the mica
substrate (Fig 6.49a). At higher dilution, a 0.0033 g/l solution of EHPPE in THF cast onto
mica gives rise to anisotropic flat domains on the substrate (Fig. 6.49b). These elongated
features, similar to wetting foots, are made up of one hump in the middle and a surrounding
flat corona, which is a self assembled monolayers with a uniform thickness of 2.9 nm. The
calculated width of the polymer with the alkyl chains extended is 1.4 nm; therefore a double
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layer packing of the PPE molecules can be expected, as also obtained for PPE with hexyl side
chains. Noteworthy, these ellipsoid features have not been visualized with TEM on carbon-
copper coated grids indicating the influence of the crystal mica substrate on the self
assembling of this PPE derivative.

5.00

Figure 6.49: Tapping Mode SFM height images of: @) EHPPE from 0.013 g/l in THF, h=40 nm; b)
EHPPE from 0.0033 ¢/l in THF, h=40 nm; ¢) CPPE from 0.017 g/l in H,0+KOH, h=7 nm.

Besides, films of CPPE, which possess a lower steric hindrance due to the side chains, exhibit
more anisotropic structures (ribbon-like) (Fig. 6.49c), from low concentrated (0.017 g/l)
solution, with a thickness of 1.4 nm that is just the double of its calculated polymer width of
0.7 nm, confirming once again the double layer packing.

In both of the two derivatives investigated here the polymer self-assembles in well defined
structures in one dimension (Z), while the other dimensions (XY) exhibit a low anisotropy,
which can be attributed to both the fairly high polydispersity of the synthetic polymer as
evaluated by GPC and in particular to the steric hindrance of the side groups on the aromatic

rings.

6.5.7 Morphology of thiol free end functionalized PPE

The reactivity of conjugated systems that exhibit free thiol functions at their edges is very
high as previously observed for the case of akenethiols. Indeed they tend to react into
disulphide species. In a THF solution an end-functionalized PPE has been deprotected such
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that the thiol end groups on the main chains are made to appear. The average contour length
of this PPE is 9.2 nm. In order to gain insight into the self-assembly of these deprotected
species, thin films have been prepared by solution casting on a SiO, wafer.

Unlike previous cases, the morphology is not made of spider webs or long nanoribbons,
although short ribbon segments have been occasionally observed (indicated with white arrows
in Fig. 6.50). The width of these ribbons is ~30 nm, taking into account the tip broadening
effect.

This results confirms that the reactivity of the thiol free PPE is rather high; this renders

difficult to drive the self-assembly towards well defined and anisotropic architectures.

Figure 6.50: Tapping Mode SFM height image of PPE with free thiol end-groups
assembled on a SIO, wafer. Height of the gray scale h=50nm.

Arrows indicate short ribbon with a molecular cross-section

6.6 Electronic structure of phenyleneethynylene derivatives

6.6.1 Introduction

Photoel ectron spectroscopies (PES) can be used to study conjugated polymers at surfaces and
their early stages of metal interface formation. They provide information on both chemical
and electronic properties and, on the same time, they are extremely surface sensitive and non-
destructive to organic systems [Sal96]. The measurements need to be carried out in vacuum;
indeed, to determine the kinetic energy of the photoemitted electrons, without significant
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collisions with molecules in the background, a pressure in the analysis chamber of p < 10
mbar is required. In addition, in order to have a non contaminated surface, in particular when
working with reactive metals (donors) doping the conjugated species, it is necessary to work
in a ultra-high vacuum (UHV) environment, namely at a pressure < 10 mbar.

+

hn

Organic film
Substrate _

Figure 6.51: Principle of photoelectron spectroscopy of thin organic films on a conductive substrate.

The principle of the technique is represented in Fig. 6.51: a photon (hn) hits and is absorbed
by a molecule. This induces an excitation of the electron from its ground state (X in Fig.
6.51) to an excited state (X" in Fig. 6.51), where (X" — X) corresponds to the ionization
energy (l;). The electrons is then photoemitted from the molecule with a kinetic energy Ex.

The binding energy of the electron in the molecule is defined as Eg=hn-Ex= I;.

Using soft X-ray photons (namely Xray Photoelectron Spectroscopy, XPS, known aso as
ESCA), from an excited Mg(K,) radiation (1254.6 V) it is possible to investigate both the
atomic core-electron energy levels (Cj) and the valence electron energy levels (V). With
ultraviolet radiation (namely Ultraviolet Photoelectron Spectroscopy, UPS) using a helium
discharge source - Hel (21.2 eV) or Hell (40.8 eV) - only the valence electronic states may be
studied, but with a resolution higher than the one that is usualy achieved by XPS.
Noteworthy, PES spectra provide a one-to-one correspondence between the peaks in the
photoemitted electron energy distribution and the electron energy states in the molecules as
depicted in Fig 6.52. The ideal thickness of the organic adsorbate for these kind of
measurements, which arises from the short elastic mean free path for low kinetic energy
electronsin solids, is between 5 and 10 nm [Sal96].

131



6. Results and discussions

<

conduction band { é 2
w £
-\é =
=
% &
cd
>, X
5 S
()
R e
o QO
= O
EKin -an E
T EVac X
ul
0
-
o
8
o© | LUMO - band
© F '
HOMO Ve L gap
= _V, ?val ence "band"
o —Vavr
c
(D)
o e —_—
= C, }corelevels
= 1
@

Figure 6.52: Electronic levelsin a p-conjugated molecule. Er=Energy of the Fermi level; E,=Energy
of the vacuum level; Exin=Kinetic energy = hn-I;; f =work function. Bottom of the figure: schematic
cartoon of the electronic levels. Top: corresponding PES spectra

The typical electronic structure in a p-conjugated molecular system is composed of different
characteristic features. A core level "band" , a valence "band" whose upper level is the
Highest Occupied Molecular Orbital (HOMO), and unoccupied levels that have as the lowest
level the Lowest Unoccupied Molecular Orbital (LUMO). In the case of a pristine sample
(pure material, non doped) the Fermi level is placed just in the middle of the band gap
(energetic gap between HOMO and LUMO). On the other hand the gap between the Fermi

level and the vacuum level is known as work function (f ).
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6.6.2 Work functions of pristine and doped phenylenethynylene trimer and polymer

In this work, the aim was to characterize the electronic structure of oligomeric and polymeric
phenyleneethynylene derivatives both of the pristine and of the n-doped moiety.

Four different films were investigated: two spin-coated PPE polymer films, one spin-coated
and one UHV-sublimed PPE-trimer film.

XPS has been used to determine the stoichiometric composition and purity of the films. Fig.
6.53 shows XPS survey spectra of the four investigated films together with the spectrum of a
clean (aceton/iso-propanol cleaned) Au substrate. The spectra confirmed the overall purity of
the adsorbate, with the exception of a small quantity of residua oxygen (C to O ratio was
between 0.98 and 0.99). The thicknesses of the four films are lying between 3 and 4 nm,
estimated from the reduction of the intensity of the Au 4f 7, -line due to the organic adsorbate.

wide scan Au 4fs 7,
hn=1253.6 eV
Au NNV Auds Audp,, Audp,, Au 4dy, o,
| | | ' c1s
O 1s
| ‘

cxw Ly
. W‘—‘—"\L )
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Figure 6.53: XPS survey spectra. d) Au surface cleaned with isopropanol and aceton bath; b) spin
coated PPE sample #1 (nomina thickness d=3.1 nm); c) spin coated PPE sample #2 (d= 2.7 nm); d)
spin coated PPE trimer (d= 3.0 nm); €) sublimed PPE trimer (d= 4.1 nm).
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On the other hand UPS allows to explore the electronic structure near the Fermi level: it
allows to locaize the HOMO and LUMO and to determine the work function f from the cut-
off of the secondary electrons in the Hel spectrum [Sal96]. Fig. 6.54 shows the respective
UPS - Hell spectra. The organic films are thick enough to suppress the weakly bound
electrons of the gold substrate emitted near the Fermi level. As marked in Fig. 6.54, the UPS
spectra of the polymer exhibits in the p-region three features and the spectrum of the spin-
coated trimer four features (here, the feature with the lowest binding energy seems to be split)
whereas the p-features of the sublimed trimer are barely observable. This latter spectrum is
dominated by the s-bonds of the akyl chains. In order to increase the p signal the sublimed
trimer film has been annealed for 15 minutesin UHV at 100 °C. At this temperature a good

part of the adsorbate desorbed. Hence, only the characterization of the spin-coated trimer and

Hell
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Figure 6.54: UPS Hell spectra of a) Au surface cleaned with isopropanol and aceton bath (work
function f =4.1 eV); and pristine samples of: b) spin coated PPE sample #1 (f =4.2 eV); c) spin coated
PPE sample #2 (f = 4.3 eV); d) spin coated PPE trimer (f = 4.5 €V); €) sublimed PPE trimer (f = 4.0
eVv).
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6.6.2.1 Spin coated PPE trimer

The recorded XPS (survey scan, C 1s and Na 1s) and UPS (Hel, Hell spectra at increasing
doping are shown in Figs. 6.55 to 6.58. The work functions f are determined from the Hel
gpectra (not shown here) and the doping levels (number of Na atoms per monomer) are
estimated from the ratio of the intensity of the C 1s and the Na 1s peak of the XPS survey
spectra (see Fig. 6.55). The evolution of both valuesislisted in Table 6.7.

Table 6.7: n-doping of the PPE trimer: evolution of the work function f with the doping level.

Time of doping (min) | O 1 2 3 5

f (eV) 45| 32 | 28 | 27 | 26

Na-atoms /monomer O |038|084|098]| 1.38

Na 1s wide scan
C KWV O 1s C1s hn =1253.6 eV
‘ | Au 4p,, Au 4d,), 5/2| Au 4y, o),
%
| —{a)
E)
S,
g2 || —1b)
>
[e]
s)
‘ — c)
>Na KLL —— d)
T T T T T e)
1000 800 600 400 200 0

Binding Energy [eV]

Figure 6.55: XPS survey spectra of spin coated sample of phenyleneethynylene trimer at
increasing level of doping. @) Na/C/Au=0/100/17 ; b) 1.9/100/19.6 (0.38 Na-at/mon.); c)
4.2/100/21.2 (0.84 Na-at/mon.); d) 4.9/100/20.1 (0.98 Na-at/mon.); €) 6.9/100/18.5 (1.38 Na- at/mon.).
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Figure 6.56: UPS Hell spectra of spin coated film of phenyleneethynylene trimer at increasing level of
doping. The spectra are plotted relative to the Fermi leve (left) and to the vacuum level (right). a)
pristine: f=4.5eV ; b) f = 3.2 eV (0.38 Na-at/mon.); ¢) f = 2.8 €V (0.84 Na-at/mon.); d) f =2.7 eV

(0.98 Na-at/mon.); e) f = 2.6 eV (1.38 Na-at/mon.).
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Figure 6.57: XPS spectra zoomed on the Na 1s peak of spin coated sample of phenyleneethynylene
trimer at increasing level of doping. The spectra are plotted relative to the Fermi level (Ieft) and to the
vacuum level (right). a) f = 3.2 eV (0.38 Na-at/mon.); b) f = 2.8 eV (0.84 Na-at/mon.); c) f = 2.6 eV
(1.38 Na-at/mon.).

136



6. Results and discussions

Cls

1
Cls hn = 1253.6 eV

hn =1253.6 eV

a)

b)

c) c)

Counts [a.u.]
A= &
Counts [a.u.]

d)

T T T T
295 290 285 280 300 295 290 285

Binding Energy [eV] rel. to E. Binding Energy [eV] rel. to E

Figure 6.58: XPS spectra zoomed on the C 1s peak for spin coated sample of phenyleneethynylene
trimer at increasing level of doping. The spectra are plotted relative to the Fermi level (Ieft) and to the
vacuum level (right). @) f = 4.5 eV (prigting); b) f = 3.2 eV (0.38 Na-at/mon.); ¢) f = 2.8 eV (0.84 Na

at/mon.); d) f = 2.6 eV (1.38 Na-at/mon.).

The sequence of Hell spectra of Fig. 6.56a (the spectra are plotted relative to Ef) shows that
the four p peaks are smearing out with increasing Na deposition. Due to an increase of the
Fermi level and/or the creation of a surface dipole, the whole spectra are shifted to higher
binding energies (Dr. M. Keil, IFM Linkoping, Sweden, private communications). An
appearance of new peaks directly below the Fermi level is not observed.

In order to take into account the shift of the Fermi level due to Na doping, the Hell spectra of
Fig. 6.56b are plotted relative to the vacuum level (the position of Er is marked as a dotted
line). Since no significant shifts of the whole spectra after the respective doping steps can be
observed in Fig. 6.56b the changes of the work function from 4.5 eV to 2.6 eV are necessarily
due to an increase of the Fermi level (n-doping).

Therefore, the Fermi level increases by about 1.9 eV after doping of 1.38 Na-atoms per
monomer. At higher doping levels (0.84 - 1.38 Na-atoms/ monomer) a new structure appears
at ca 5.5 ¢eV. Thisfeature liesaround 2.5 eV below the Fermi level whereas the peak of the
highest occupied state before doping lies only 1.5 eV below Er. At higher doping levels (0.84
- 1.38 Na-atoms / monomer) unstructured features grow up directly below Eg. The shape of
these features does not alow to assign them clearly to new levels grown near Er. Figs. 6.57a
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and b show sequences of Na 1s XPS spectra relative to Er and E, ., respectively. The Na 1s
peak of Fig. 6.57a shifts for higher doping levels to higher binding energies (due to a Fermi
level shift), whereas no shifts can be observed in Fig. 6.56b. The C 1s spectra of Figs. 6.58a
and 6.58b show similar behaviors. Here, the C 1s peak of Fig. 6.59b shifts dightly to a
smaller binding energy (relative to E,«) indicating a non-homogeneous distribution of Na in
the deeper layers.

6.6.2.2 Spin coated polymer

A polymeric phenyleneethynylene (PPE) solution in THF (1.66 g/I) has been spin-coated on
the Au film. Here only the case of the sample # 2 (Fig. 6.53) will be discussed. The recorded
XPS and UPS spectra are shown in Figs. 6.59 to 6.60. The following table shows the
evolution of the work functions and the doping levels determined from the Hel spectra (not
shown here) and the XPS survey spectra (see Fig. 6.59), respectively:

Table 6.8: n-doping of the PPE: evolution of the work function f with the doping level.

Time of doping (min) | O 1 2 3

f (eV) 43| 35| 30 | 26

Na-atoms /monomer 0 [042 ] 094|112
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Na 1s wide scan
C KW o1 c1 hn =1253.6 eV
s s
‘ | Au 4y, 4,
>
S,
12}
5
3 ‘ A b)
\ )
/ Na KLL
T T T T T L\M d)
1000 800 600 400 200 0

Binding Energy [eV]

Figure 6.59: XPS survey spectra of spin coated sample of PPE at increasing level of doping. a)
Na/C/Au=0/100/23.4 (pristine); b) 2.1/100/24.8 (0.42 Na-at/mon.); c) 4.7/100/28.1 (0.94 Na-at/mon.);
d) 5.5/100/29.3 (1.1 Na-at/mon.).

The sequence of Hell spectra of Fig. 6.60a (relative to Ef) shows a smearing of the three p
states together with a shift of the whole spectrum to higher binding energies upon successive
doping. After aligning the spectra relative to E,4 (Fig. 6.60b) it is possible to observe a dlight
shift of the spectra of about 0.5 eV to lower binding energies due to dipole effects (non-
homogeneous Na-distribution, Dr. M. Keil, IFM Link6éping, Sweden, private
communications). Therefore the increase of Er after doping of 1.1 Na-atoms / monomer can
be estimated as f pristine-f dopea-Shift = 4.3 - 2.6 - 0.5 =1.2 eV. If compared to the trimer film
(see Fig. 6.56b) the behavior of Hell spectra of the polymer film (Fig. 6.60b) seems to be
different upon doping. After doping of 0.42 Na-atoms per monomer the peak of the highest
occupied orbital (at 6 eV) increases in a first step in intensity and then, in a second step at
higher doping levels (0.94 - 1.1 Na-atoms per monomer), the peak either shifts to lower
binding energies (to 5.5 - 5 eV) or a second peak a 5.5 - 5 eV additionally appears in the
forbidden band gap. This new structure lies ca. 2.5 eV below Er. This value is comparable to

the value of the doped trimer film. As seen in the case of the trimer film, the Hell spectra of
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the polymer film (Fig. 6.60b) also exhibit unstructured features after doping, which occur
directly below Er.
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Figure 6.60: UPS Hell spectra of spin coated sample of PPE at increasing level of doping. The spectra
are plotted relative to the Fermi level (left) and to the vacuum level (right). a) pristine: f =4.3 eV ; b)
f=3.5eV (0.42 Na-at/mon.); c) f = 3.0 eV (0.94 Na-at/mon.); d) f = 2.6 eV (1.1 Na-at/mon.).

Focusing on the Na 1s and C 1s peaks (here not shown), results similar to the ones of the
trimer were obtained, indicating an inhomogeneity of the Na distribution in the polymer. In
addition, an analogous study on the polymer sample #1 (Fig. 6.53) confirmed these results.

In summary, the n-doping of the three investigated films with Na was successful. Upon
doping, the work functionsf of all samples are drastically decreasing and the Fermi levels are
increasing. Additionaly, due to doping, a new peak appears in the forbidden band gap
directly above the valance band edge and unstructured features grow up below the Fermi
level. Because of overlapping structures from the background in this energy region, the line
shape of these new structures (especially those appearing directly below Ef) can hardly be
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determined. This complicates the interpretation of the doping process.

6.6.3 Optical absorption investigation of PPE

The optical absorption of the polymer in the UV-visible range have been investigated in order
to gain further insight into the electronic structure and in particular to determine the band gap.

Indeed the peak of the absorption spectra can be assigned to the electronic transition between
HOMO and LUMO, i.e. band gap.
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Figure 6.61: UV-Visible optical absorption spectraof PPE. &) Degree of polymerization (DP)= 8; b)
DP=35. (The spectra have been recorded by Dr. V. Francke in MPI for Polymer Research, Mainz,
Germany).

The peak of the absorption spectra shifts to higher wavelengths with increasing polymer
length (Fig. 6.61). In fact a polymer with a degree of polymerization (DP) of 8 shows a
maximum at 385 nm while for a DP=35 the peak amounts to 402 nm. The band gap amounts
to 3.22 eV and 3.09 eV, respectively, i.e. it gets smaller with increasing average length of the

macromol ecul e, as one would expect according to a particle in abox model [Bei69].

6.6.4 Density of valence states calculations

Calculations of the density of valence states (DOV'S) were carried out by Dr. Donizetti dos

Santos by means of Vaence Effective Hamiltonian (VEH) simulations on the basis of an
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AM1 optimized geometric structure, which usualy provides good estimates of the electronic
structure of conjugated polymers. The theoretical ionization potential (I,) and the electron
affinity (Ea) of poly(para-phenyleneethynylene) have been determined to 1, = 5.3 eV and E,
= 2.5 eV; as a consegquence the band gap amounts to 2.8 eV. Thisisin fairly good agreement
with the experimental results obtained with UV-Visible absorption spectroscopy taking into

account that the experiments have been carried out on rather short polymers.

—— UPS (Hell)
— — VEH DOVS

Counts [a.u.]

Binding Energy [eV] rel. to E.

Figure 6.62: Vaence Effective Hamiltonian (VEH) of the density of valence states (DOV S) simulated
spectra and UPS Hell spectra of a spin coated film of pristine PPE trimer. The spectra are plotted
relative to the Fermi level.
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Figure 6.63: Vaence Effective Hamiltonian (VEH) of the density of valence states (DOV S) simulated
spectra of a doubly charged system and UPS Hell spectra of spin coated film of a doped PPE trimer
(1.38 Na at/mon). The spectra are plotted relative to the Fermi level.

Furthermore a simulation of the UPS Hell spectra for the case of the trimer has been
computed. The obtained spectra, plotted relative to the Fermi level, are compared to the
experimental UPS Hell plot: for the case of the pristine trimer (Fig. 6.62) the theoretical plot
fits well with the experimental one. In the latter case shown in Fig. 6.63 the UPS spectra of
the 1.38 Na atoms/molecule are reasonably comparable with the doubly negative charged
PPE-trimer, although one extra peak near to the Fermi edge can be observed only in the

theoretical spectra.

6.7 Current-Voltage (I1-V) M easurements

6.7.1 Visualization of the nanoelectr odes

The characterization of the Au electrodes, developed following the recipe discussed in
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paragraph 4.3, has been always carried out both performing current-voltage (1-V) type of
measurements, in order to proof the existence of a gap, and with Tapping Mode SFM
imaging, to visualize the structure and to evaluate the size of the gap. It is fair to note that,
due to the finite size of the SFM tip (termina radius ~ 10 nm), it turns out to be not feasible to
visualize of gaps smaller than the diameter of the tip (~ 20 nm). This suggests that SFM is
not the ideal technique for this kind of measurements while high resolution TEM seems to be
more appropriate.

The Au nanoelectrodes are contacted to macroscopic Au wires using Ag paste. The |-V

measurements are performed contacting the macroscopic wires with the voltage source.

Gold nanogaps grown on SO, wafers from three different sources have been used:
1. Dr. S. Rogaschewski (Department of Physics, Humboldt University Berlin);

2. Dr. K. Kragler (Siemens AG, Erlagen);

3. Dr. A. C. F. Hoole (Department of Engineering, University of Cambridge, UK).

600 nm™, 100 nm

Figure 6.64: Tapping Mode SFM height image of Au nanoelectrodes produced by Dr. S.
Rogaschewski. The height of the gray scale (h) is: @) h=50 nm ; b) h=40 nm.

The structure of the first type of electrodes has been studied first. The electrodes exhibit a
gap usualy of about 50 nm (Fig. 6.64) that is unfortunately still rather big. The value has been
determined considering the broadening due to the SFM tip during scanning. The model
expressed in formula 6.3 can be used aso in this case, with a termina radius of the tip
R=(13+7) nm and a height (h) of the Au layer (electrode) that can be evaluated from singular
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profiles. For h=10 nm the tip broadening 2D ~ 25 nm. Moreover the gap reproducibility is
rather poor. Indeed it sometimes has been detected that the lift-off of the gold during the
fabrication did not occur completely. In this case the electrodes do not posses any gap (Fig.
6.65).

Figure 6.65: Tapping Mode SFM height image of Au nanoelectrodes produced by Dr. S.
Rogaschewski. The lift off process was not perfect; therefore there is no gap between the two
electrodes. h= 70 nm.

Figure 6.66: Tapping Mode SFM height image of Au nanoelectrodes
produced by Dr. K. Kragler. h= 40 nm.
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The second type of electrodes are shown in Fig. 6.66. The reproducibility of a gap of 10-20

nm is remarkable.

100 nm

Figure 6.67: Tapping Mode SFM height image of Au nanoelectrodes
produced by Dr. A.C.F. Hoole. h= 40 nm.

The third type of electrodes are grown on a 1 mm thick SiO, insulating layer on a silicon
wafer; the leakage current is about 10 a a voltage of + 1V. They are produced by
evaporating a 10 nm thick Au layer on the flat substrate. The gap of the nanoelectrodes (Fig.
6.67) determined from topographical profiles on SFM images amounts to ~ 20 - 25 nm, if one
considers the SFM tip broadening effect. The reproducibility of this size of the gap is rather
high.

The different quality between the three types of electrodes investigated can be due to a variety
of factors which can play arole in the electrodes preparation (Fig. 4.3), such as the resolution
of the eectron beam irradiating the PMMA, the quality of the development, of the
metallization and of the lift-off steps.

6.7.2 Bridging metallic nanogaps with molecules

The aim of this experiment is to probe the conductivity of a well defined (macro)molecular

architecture by interfacing a PPE nanostructure to the Au nanoelectrodes. The molecules,
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when bearing the thiol end-groups in the a and w position, are expected to chemisorb on the

Au nanoel ectrodes.

The deprotection reaction of the end groups needs to be performed in situ on the electrodes.
Indeed, it is of prime importance to carry out the deprotection reaction of the carbamoyl
groups which cap the thiol functions attached to the main chain of the PPE in a free oxygen
environment, in order to avoid the aggregation of PPEs through disulphide bridging.

= 3 1 F
o {j -
s o
e =
cathode - anode

Figure 6.68: Adsorption of sulphur free PPE. @) Electrochemical adsorption induced by the applied
voltage between the two electrodes; b) the self-assembly islikely to be governed by the chemisorption
of sulphurs on Au nanoelectrodes.

Initially the chemisorption reaction has been tested as a function of the chemical nature of the
end groups. A PPE exhibiting sulphur free end-groups on the main chain (Fig 5.10 formula b)
have been self-assembled between the two Au nanoel ectrodes, and contemporary a voltage of
1V have been applied between the gap: the moieties adsorb (precipitate) onto the anode as
shown in an optical microscope snapshot in Fig. 6.68a. In this case the molecule exhibits two
negatively charged end groups playing a paramount role in the self-assembly process. The
scale length of the image in Fig. 6.68ais some hundreds of micrometers. On the other hand, a
more reduced adsorption of the molecules on the electrodes is obtained by casting the same
solution without applying voltage between the two electrodes (Fig. 6.68b). In this case the
coating appears to be uniform, athough different between the Au and the SIO, surface; this
suggests that in the first example the adsorption was electrochemically driven. In the latter
case it islikely that the adsorption of the sulphur end functionalized molecules is governed by
the chemisorption of the sulphurs on Au, even though the resolution of the optical microscope

does not permit to prove this statement.
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The possibility to control the self-assembly of the thiol free PPE on a nanometer scale is
rather poor, as discussed in paragraph 6.5.7. Applying a voltage between the electrodes, aso
in the case of a PPE bearing SH end groups (Fig. 5.10 formula c), the molecular adsorption
on the electrodes takes place abruptly (similar to Fig. 6.68a). Because of this reason
experiments of the self-assembly of thiol-end PPE have been carried out on the Au
nanoel ectrodes produced by Dr. K. Kragler, Siemens AG without applying voltage between
the gap during the self-assembly.

b) 3 mm

Figure 6.69: Tapping Mode SFM image of a PPE with an average contour length of 14 r.u.. The
height image shows electrodes strongly coated. a) Height image: h=70 nm; b) Phase image.

On this molecular scale, even using low concentrations of the solution (~ 0.04 g/l) in a mix
THF-phenyloctane it was not possible to produce any ordered architectures. It is worth to
note that this is the same range of concentrations that has been used for producing PPE
ribbons, such as the ones in Fig. 6.41. In Fig. 6.69 a disordered adsorbate coats the Au
nanoelectrodes which are hardly recognizable. The electronic properties of this molecular
adsorbate has been characterized. The |-V plots show that the coating gives rise to an
enhancement of the current between the two electrodes, although, due to the lack of
molecular ordering in the gap, it is not possible to assign this conduction to a well defined
ensemble of molecules. The conductivity of this non-doped materia is till in the range of
rather insulating materials (Fig. 6.70). The doping of the PPE, due to the existence of the
triple bond in the repeat unit, is chemically feasible only by reducing the polymer with an
alkali metal (n type doping). This would require to work in a very controlled environment

free of oxygen, namely ultra-high vacuum (UHV), which was not done here.
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Figure 6.70: Current-voltage curve: A) non coated electrodes; b) coated electrodes. The curve

appears to be symmetric and the maximum current is on the order of 10 nA at + 1V.

6.8 Growth of dry hexakis-dodecyl-hexabenzocoronene films from

solutions

By combining chemical sensitive techniques such as photoelectron spectroscopies with the
gpatial resolution of Scanning Probe Microscopiesit is possible to bestow information on both
the electronic properties and the molecular arrangements. The am of the following
experiment is to grow and study well defined micrometer size structures of soluble synthetic
nanographitic disc like molecules [Ml98c] on conductive substrates, which are atomically
flat on the micrometer scale. Physisorbed monolayers at the solid-liquid interface of hexakis-
dodecyl-hexabenzocoronene (HBC-Cj,) [Sta95b] and larger alotropes [lye98] have been
already investigated with STM and a diode-like electrical behaviour of the aromatic part of
the molecule in the gap has been probed by means of Scanning Tunneling Spectroscopy
(STS) [Sta95b].
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HBC-C;, (Fig. 6.71) has been self-assembled from solution as dry thin films on HOPG. It has
been characterized by Tapping Mode - Scanning Force Microscopy and UPS. XPS was aso
used to determine the stoichiometric composition and purity of the films.

Figure 6.71: hexakis-dodecyl-hexabenzocoronene (HBC-C;y)

As described in paragraph 5.3.3, the films have been prepared following different procedures
in order permit the evaporation of the solvent and molecular assembling to occur at
decreasing rate.

The diameter of the HBC-Cy», in the case where the alkyl side chains are in their fully
extended conformation, amounts to 40 A while the thickness of the planar molecular disc is
3.55 A. It is worth to note that this thickness is very similar to the one of a monolayer of
HOPG (3.35 A), due to their dike structure. Because of this reason it is hazardous to assign
one interface (domain) to HOPG or HBC-C;; just on the base of the thickness detected from
SFM topographical profiles. This assignment can be achieved only with a careful observation
of the shape of the boundaries and, in cases of uncertainty, by using complementary a
chemically sensitive imaging mode such as Phase Imaging SFM [Fin97].

Scanning Force Microscopy images of a HBC-C;, spin coated film on HOPG (method A in
paragraph 5.3.3) are displayed in Fig. 6.72. They exhibit a flat morphology made of
polygona planes extended on the micrometer scale. The steps in height between these planes
amount to 3.5 A and multiples of it, in good agreement with HOPG steps [Wie92]. Phase
imaging (Fig. 6.72b) reveals the existence of only one phase covering the sample surface. In
addition Scanning Tunneling Microscopy investigations on these films have demonstrated
that the conductive substrate is covered by a non-conductive adlayer. Hence, the graphite
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surface appears to be homogeneously coated by the organic semiconducting compound.
Albeit the interfacial roughness of this film on the micrometer scale is very little, the degree
of molecular order of the organic moiety adsorbed onto the flat substrate may be small on a
molecular scale due to the fast rate of physisorption.

2 Lan 2 pm

Figure 6.72: Tapping Mode SFM images of HBC-C,, film prepared by spin coating the quantity to
form ~ 1000 layers coating the HOPG (method A described in paragraph 5.3.3). @) Height image: z-
scale (h)=10 nm; b) Phase image: z- scale=7°.

500 ntn

Figure 6.73: Tapping Mode SFM micrographs of HBC-C,, grown on HOPG by solution casting
(method B in paragraph 5.3.3) a quantity sufficient to coat the HOPG with one layer. a) Height image:
h=20 nm; b) Phase image: z- scale=6°; c) Height image: h=20 nm.
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On the other hand the morphology of HBC-C;, films obtained by fast casting the solution
(procedure B) to produce a single layer is shown in Fig. 6.73. In this case, HBC-Cj»
molecules self-assemble into inhomogeneous mono-layers (small isands) with a constant
height of 3.5 A, or multiples thereof, which is consistent with a layer by layer growth of the
HBC-C;, disk-like molecules oriented flat on the HOPG surface. Thicker domains of higher
multiples of 3.5 A, up to about 25 A were also observed. The shape of these domains
suggests that the stage of the molecular assembly displayed here represents a step towards the
formation of more extended clusters occurring via coalescence. The interpretation of the
surface composition based on the contrast of the height and phase images, confirmed the
existence of different phases on the sample surface that could be due also to a different
orientation of the molecules with respect to the basal plane of the substrate.

2mm

Figure 6.74: Topographica Tapping Mode SFM image of a HBC-C,, surface produced by slow
solution casting of one layer in controlled environment (route C in paragraph 5.3.3). h=15nm. The
white arrows indicate the preferential directions along which the layers grow anisotropic. The angle

between them is 60° in perfect agreement with the three-fold symmetry of the HOPG substrate.

In the third case, thin organic layers prepared by a slow deposition procedure (route C,
paragraph 5.3.3) are made of well defined monolayers (Fig. 6.74). Noteworthy, the
overlayers exhibit a texture with orientation along preferential directions with an angle
between them of 60°, according to the three-fold symmetry of the crystalline HOPG substrate,
asindicated by the arrowsin Fig. 6.74.

Applying relatively high shear forces in the tens of nN range with Scanning Force
Microscopy in contact mode it was not easily possible to scratch all the films by moving the
upper layers. Nevertheless the first layers in contact with the substrate are relatively strongly
bound by van der Waals interactions, and therefore hardly removable [Bis00].

152



6. Results and discussions

It is likely that in thisfirst layer both the aliphatic part the molecule and the aromatic one are
lying flat on the basal plane of the substrate [BisO0] due to hybridization of the electronic
states of the organic molecules with the ” metallic band” of the graphite. Then overlayers are
grown on thefirst layer in contact with the substrate. These upper layers exhibit an increasing
degree of order with a decreasing rate of the solvent evaporation. The mechanism governing
the formation of these layers may be divided in three steps:

1. homogeneous coating of the substrate with the first layer, which dependent on the
rate of formation exhibits more or less order;

2. creation of overlayersin alayer by layer growth;

3. ordering of the overlayers aong preferential directions induced by the crystalline
substrate.

The first step takes place for every type of film preparation discussed above, (A) through (C).
The second step, where the molecules are oriented parallel to the (0001) plane of the HOPG,
occurs certainly for films prepared by solution casting (B and C). The third step takes place
only using a slow casting (C). Note that in both methods (B) and (C), the molecular coverage
obtained, due to the dewetting process, is not homogeneous over the macroscopic size (mm?)
of the sample. It turned out that these variations over large distances may be controlled to a

certain extent by using the slow deposition procedure (C).

The surface compositions of the films have been checked routinely making use of X-ray
photoelectron spectroscopy which revealed an overall purity of the adsorbate with the
exception of a quantity of residua oxygen limited to afew percents.

UPS alowed to obtain information concerning the order of the adsorbate on a molecular
scale. Focusing on the region of the spectra with a binding energy lower then 5 eV, namely
the peaks that have been assigned to the p states of the HBC-Cy, [Kel00], it is possible to gain

insight into the orientation of the molecules with respect to the substrate.

From the graphs in Fig. 6.75 it is evident that the p-peaks are growing with decreasing
deposition rates (moving from Fig. 6.75a to Fig. 6.75c). The increasing of the thickness of
the adsorbate from Fig. 6.75a to Fig. 6.75b is also accompanied by a growth of the p-peaks
due to the higher number of conjugated discs that get irradiated by the photon beam. In
addition for the case of Figs. 6.75b and 6.75c thermal annealing carried out for 1 hour at 150
°C led to an increase of the p peak. Furthermore a preliminary experiment of angle resolved -

UPS on dowly coated (C) HBC-C;, have been carried out both with the irradiating light
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normal to the substrate and at 45° from it (Fig. 6.76). From the intensity of the p peaks, itis

unheated Hell
—— heated to 150°C hn = 40.8 eV

Counts [a.u.]

b)

| | |
15 10 5 0

Binding Energy [eV]

possible to establish that the molecular discs tend to lie flat on HOPG.
Figure 6.75: UPS Hell spectra of HBC-Cy, plotted relative to the Fermi level of samples prepared at

decreasing rates of physisorption: a) casting 1 layer; b) casting ~ 1000 layers; c) slow casting of 1
layer.
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Figure 6.76: Angle Resolved UPS He(l1) spectra of HBC-Cy, plotted relative to the Fermi level of
sample prepared by slow casting 1 layer. @) sample as prepared; b) thermally annealed sample at
200°C for 2 hours.

Figure 6.77: Scheme of the packing of HBC-Cy, into columnar arrays (from [Her96]).

The stacking of several layersislikely to give rise to a columnar structure as the one shown in
Fig. 6.77. Thisorder can be further increased by making use of thermal annealing for 2 hours
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at 200 °C, as shown in Fig. 6.76. This result is in good agreement with the mesophase
detected between 60 and 399 °C where the molecules tend to stack in columnar aggregates
likein Fig. 6.77 [Her96].

In summary, by changing the rate of the self-assembly from solution of the HBC-Cy; it was
possible to produce well defined and epitaxially oriented layers. Both SFM and Angle
resolved UPS spectroscopy suggest that HBC-C;, are lying flat on the HOPG substrates.
These results strongly suggest that the growth into layered architectures is a kinetically

governed phenomenon which leads to an hetero-epitaxial ordering of the organic interface.
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7 Conclusions

Chemisorption and physisorption have been used aternatively to design reproducible
(macro)molecular architectures from p-conjugated systems. In the first case Self-Assembled
Monolayers of thiol-end functionalized alkanes and alkenes have been grown both on Au and
on Ag surfaces. The role of the substrate in the self-assembly has been discussed; for this
purpose anovel ultraflat Au surface (Template Stripped Gold) has been developed. Different
thicknesses of the organic layer (length of the alkyl chain) and different compositions of the
adsorbate (saturated or unsaturated chain) have shown distinct electronic properties of the

molecular adlayer.

In the latter case, making use of intramolecular, intermolecular and interfacia forces highly

ordered 2D and 3D polymolecular micro- and nano-scopic architectures have been produced.

Scanning Tunneling Microscopy (STM) investigations at the interface between an amost
saturated solution and a solid substrate (HOPG) alowed to characterize both the structure and
the dynamics of these systems. Phenyleneethynylene trimers pack in an oriented 2D
polycrystalline structure. The dynamics of the single molecular nanorods on a severa
minutes time scale has been recorded. This Ostwald ripening phenomenon is driven by a
minimization of the line energies. Such a high resolution imaging allowed to gain insight into
the kinetics of this process and to draw conclusions on thermodynamic and kinetic
contributions to the total energy governing this grain coarsening. In addition defects within
epitaxial crystals like missng molecules have been monitored. The corresponding
polydisperse system is the first polymeric system which has been viewed with a sub-
molecular resolution alowing to determine phase segregations in polydisperse polymers on
the molecular scale. These macromolecules exhibit a nematic-like molecular order at the
interface with HOPG. Single rods are oriented along preferential directions according to the
threefold symmetry of the substrate. The true molecular lengths for several hundreds of
molecules have been determined from STM images. The key result is a narrow
macromolecular fractionation at the interface with the solid substrate: only macromolecules
with a rod length around the peak of the distribution of molecular weights segregate at the
interface with HOPG.

On the other hand, dried macromolecular films of PPE prepared by solution casting have been
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studied with Scanning Force Microscopy (SFM) in Tapping Mode. Varying severa
parameters during the self-assembly, like the substrate, the solvent, the concentration of the
solution and the average length of the macromolecule along the conjugated backbone,
allowed to understand and drive the growth of these architectures towards epitaxially oriented
micrometer long nanoribbons. These nanostructures are typically two to three monolayers
thick with their alkyl chains oriented perpendicular to the substrate. The distribution of ribbon
widths is in good agreement with the molecular weight distribution according to the Schulz-
Zimm distribution, taking into account a broadening effect due to the SFM tip. This result
indicates that SFM offers an valuable aternative route to determine molecular weight
distributions for a rigid rod polymer. These nanoribbons are molecular architectures which
upon thiol functionalization at their edges are nanostructures ready to bridge Au
nanoelectrodes in a molecular nanowire device. Results on the electric properties of PPE
molecular aggregates between the two Au nanoelectrodes have been presented. Moreover the
electronic structures of phenyleneethynylene derivatives both for the case of a pristine and n-
doped thin films have been investigated by means of photoelectron spectroscopies
corroborated by theoretical calculations.

Furthermore highly ordered layer architectures of hexakis-dodecyl-hexabenzocoronene have
been grown from solutions. Complementary insight into the molecular order in organic dry
thin films have been gained with Tapping Mode - Scanning Force Microscopy and angle-
resolved photoemisson measurements. It is found that this disc-like molecule on a
conductive solid flat substrate like highly oriented pyrolitic graphite (HOPG) can self-
assemble into monolayers with the p-conjugated disc like system lying preferentially parallel
to the basal plane of the substrate. Varying the procedures of the film preparation from
solution it was possible to tune the rate of the molecular self-assembly. At very slow
deposition speeds it was possible to produce layers aligned preferentially along the
crystallographic axes of the HOPG substrate. This suggests that the growth of this molecular
system is a kinetically governed phenomenon which on the crystalline support in equilibrium
leads to a hetero-epitaxial type of growth.
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8 Zusammenfassung

Sowohl Chemisorption as auch Physisorption wurden verwendet, um reproduzierbare

(makro)molekulare Architekturen aus p-konjugierten Systemen herzustellen.

Im ersten Fall sind selbstorganisierte Monolagen aus thiol-endfunktionalisierten Alkanen und
Alkenen auf Au- und Ag-Oberflachen erzeugt worden. Die Rolle des Substrats in der
Selbstorganisation ist diskutiert worden; dazu wurde eine neue, ultraglatte Au-Oberfléche
entwickelt (Template Stripped Gold). Unterschiedliche Dicken der organischen Schicht
(Lange der Alkylkette) und unterschiedliche Zusammensetzungen des Adsorbats (geséttigte
oder ungeséttigte Kette) haben zu deutlich unterschiedlichen el ektronischen Eigenschaften der
molekularen Schicht geftihrt.

Im zweiten Fall wurden hochgeordnete zweidimensionale und dreidimensionae
polymolekulare mikro- und nanoskopische Architekturen hergestellt, indem intra- und inter-
molekulare, sowie Grenzflachen-Kréfte ausgenutzt wurden. Mit tunnelmikroskopischen
Untersuchungen an der Grenzflache zwischen einer fast geséttigten Losung und einem festen
Tréger (HOPG) konnten sowohl die Struktur as auch die Dynamik dieser Systeme
charakterisiert werden. Phenyleneethinylen-Trimere packen in einer orientierten
zweidimensionale polykristallinen Struktur. Die Dynamik der einzelnen molekularen
Nanostabchen ist Gber mehrere Minuten aufgenommen worden. Die treibende Kraft dieses
Phénomens (Ostwald Reifung) ist die Minimierung der Grenzlinienenergien. Die hohe
Auflsung erlaubte es, Aussagen Uber die Kinetik dieses Prozesses zu gewinnen und Schliisse
Uber die thermodynamischen und kinetischen Beitrdge zum Doménenwachstum zu ziehen.
Ausserdem sind Defekte in epitaktischen Kristallen wie etwa fehlende Molekiile abgebildet
worden. Das entsprechende polydisperse System ist das erste polymere System, das mit einer
submolekularen Auflésung beobachtet worden ist. Die Makromolekile zeigen eine
nematische Ordnung an der Grenzflache mit HOPG. Einzelne Stabchen sind entlang
bevorzugter Richtungen entsprechend der dreizéhligen Symmetrie dieses Substrats orientiert.
Die tatsdchliche molekulare Lange ist aus tunnel-mikroskopischen Bildern fur mehrere
hundert Moleklle bestimmt worden. Das Hauptresultat ist eine starke Fraktionierung der
Makromolekile an der Grenzflache mit dem festen Trager: nur Makromolekile mit einer
Lange nahe dem Maximum der Verteilung der Molekul argewichte ordnen sich auf HOPG.
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Andererseits sind trockene, aus LoOsung abgeschiedene Filme aus Poly-para-
phenyleneethinylen (PPE) mit Hilfe der Raster kraft mikroskopie im Tapping Modus
untersucht worden. Das Wachstum dieser Architekturen lieb sich verstehen und es gelang
epitaktisch orientierte, mikrometerlange Nanobdnder herzustellen, indem verschiedene
Parameter wie das Substrat, das Ldsungsmittel, die Zusammensetzung der L6sung und die
durchschnittliche Lange der Makromolekile entlang der konjugierten Hauptkette variiert
wurden. Die erhaltenen Nanostrukturen sind typischerweise zwei oder drei Monolagen dick,
wobei die Alkylketten senkrecht zum Substrat orientiert sind. Unter Berlicksichtigung des
Verbreitungseffekts  der  kraftmikroskopischen  Spitze  stimmt die  Breite  der
Molekulargewichtverteilung gut mit der Schulz-Zimm Verteilung tberrein. Dieses Ergebnis
zeigt, dal die Kraftmikroskopie ene gute Alternative darstellt, um
M olekulargewichtsverteilungen fir steife polymere Stébchen zu bestimmen. Die Nanobander
sind molekulare Architekturen, die nach Thiolfunktionaliserung an ihren Enden Briicken
zwischen Au-Elektroden in einer molekularen Nanofadenanordnung bilden kdnnten.
Ergebnisse Uber elektrische Eigenschaften von PPE Molekularaggregaten zwischen zwel Au-
Elektroden sind vorgestellt worden. Ausserdem sind die elektronischen Strukturen der PPE-
Derivate sowohl fur den Fall einer undotierten als auch n-dotierter Dunnschicht mit
Photoel ektronenspektroskopie und theoretischen Berechnungen untersucht worden

Dariiber hinaus wurden hochgeordnete Lagen aus Hexakis-dodekyl-hexabenzocoronen
aus Losung abgeschieden. Kraftmikroskopie im Tapping Modus und winkelaufgeloste
Photoemissionsmessungen haben ergdnzende Aussagen Uber die molekulare Ordnung in

trockenen organischen Dunnschichten geliefert.

Dabel wurde gefunden, dal? das scheibenformige Molekil auf einem leitenden glatten
Substrat wie hoch orientiertem ,pyrolytische® Graphit (HOPG) in Monolagen
selbstorganisieren kann, wobei die p-konjugierte Scheibe bevorzugt parale zur
Substratebene liegt. Die Geschwindigkeit der molekularen Selbstorganisation wurde variiert,
indem das Verfahren der Schichtpréparation aus der Losung variiert wurde. Bei sehr
niedrigen  Ablagerungsgeschwindigkeiten ist es gelungen, bevorzugt zu den
kristallographischen Achsen vom HOPG-Tréger ausgerichtete Lagen herzustellen. Dieses
deutet darauf, dal’3 das Wachstum dieses Molekularsystems auf festen Trégern ein kinetisch
dominiertes Phénomen ist, das auf kristallinen Substraten im Gleichgewicht zu einem hetero-
epitaktischen Wachstum fihrt.
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