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1 Introduction

1.1 Molecular Electronics

Molecular electronics has become a very active research area and the number
of people from different disciplines of science contributing to it is steadily increasing.
The basic idea of molecular electronics is to embed molecules between electrodes
and let them perform electronic functions.!"®

The semiconductor industry has seen a remarkable miniaturization trend of the
active components in the last four decades. Gordon E. Moore predicted in 1965 that
the number of transistors which can be inexpensively placed on a chip doubles every
two years, referred to as Moore’s law.[" ® Indeed, Moore’s law has held true until
today and the numbers of transistor on a chip has increased exponentially. However,
also Moore’s second law, which states that the capital cost of a semiconductor
production plant increases exponentially over time strikes as predicted.® ® Figure 1
depicts the reduction in size of amplification devices used in electronic circuits over
the last century, and the further size reduction potential when implementing

molecules.

vacuum tube transistor integrated circuit molecule
“chip”

1900 ———» 1950 ————p today
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Figure 1: Miniaturization of amplification devices used in electronic circuits over the last century. From
left to right starting with the vacuum tube to the transistor to current integrated circuits. In the future

this miniaturization might be taken up with molecules undertaking functions.

While reducing the size of objects down to a nanometer scale, bulk properties yield to
quantum phenomena and intrinsic problems arise.!"” The chip fabrication became
steadily more laborious and expensive, however the size of the market also

increased which balances the higher costs of a production plant. Both, the decrease

1



2 1 Introduction

in size of top down fabricated silicon based circuits, and the increase in expenses will
reach a limit where it is no longer possible to smaller fabricate devices. Therefore
there is a vast search for new concepts which help to overcome these limits, on one
side to overcome physical barriers and on the other to find concepts which allow
cheaper chip fabrication. Hence, molecular electronics can be a solution, using
molecules as the smallest feature units. The concept to profit from molecules as
functional units has numerous very appealing aspects. The ability of chemists to
correlate function with structure, to design and to provide tailor-made functional
molecules is central to molecular electronics. Further, molecules are probably the
smallest units still capable of providing a rich structural variety. An outstanding
functional density was predicted as a consequence of the minute size of
molecules.I'""* But, the minute size of molecules still restricts the number of contacts
of a molecular structure to two.” The limited number of massive parallel contacting
concepts, poor reliability prospects, and the anticipated heat management challenges
are issues drawing back the potential of high integration density.'*"® Thus, the size
of molecules is rather a disadvantage, and leads to a scientific challenge. However,
from the two described limits mentioned before, the physical limit and the economic
limit, the later will be reached sooner, and therefore the main driving force of
molecular electronics is the money.

The restriction of two contacts of a molecule, prevents amplification of an
electronic signal which requires subunits that are connected to at least three
electrodes such as tubes or transistors.” ' As amplification is required in almost
every logic circuit, it is rather unlikely that molecules will substitute such kinds of
electronic circuits. However, there are particular applications for which molecular
devices might supplement CMOS circuits in the future, resulting in hybrid CMOS-
molecular electronic circuits. For example the production of memory cells using
CMOS technology is laborious and expensive, since numerous production steps are
required to arrange several transistors to store one bit of information. A molecular
device which displays hysteretic switching between two metastable states could also
act as a memory cell.l'” '® Sjlicon based electronic circuits demonstrated that only a
very limited number of electronic functions were required in order to assemble highly
functional devices. Probably the most important functions which have to be

undertaken by molecules to achieve molecular electronic devices are switching and
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rectification. If switching and rectification will be achieved by molecules, molecular

electronic devices are very promising to find applications in electronic circuitry.

The visionary concept of integrating designed molecular structures in electronic
circuits as minute functional units roots in Kuhn’s ideas of “molecular engineering”
proposed in the 1960’s.'! Soon after, Aviram and Ratner discussed potential
rectification emerging from a molecular structure based on a theoretical model.?”
While this pioneering suggestion moved molecules, as the smallest unit providing the
required structural variation, further into the focus of interest, the concept remained
on a theoretical level due to the missing tools required to realize single molecule
transport experiments. Only within the last two decades the tremendous
improvement of physical set-ups enabled the integration of monomolecular films, 2!
small assemblies®?”! and even single molecules providing the experimental base for
“molecular electronics”.[' 3% 28!

In the following sections methods to contact molecules with electrodes are
reported. Further correlation of molecular structure with electronic properties and
investigations on basic functions such as rectification and switching transferred to a

molecular level will be discussed.
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1.1.1 Integration of Molecules into Electronic Circuits

To achieve molecular electronic devices, molecules have to be integrated
between electrodes. The development of this interface between macroscopic
electronic circuits and nano-scale molecular objects is one of the biggest challenges
in modern nanotechnology. Several methods and techniques have been reported to
contact molecules. We divide these integration techniques into two parts, first
methods which are well suited to contact monomolecular films by sandwiching the
molecules between two electrodes (A in Figure 2), and second methods which allow

contacting single molecules (B in Figure 2) are discussed.

A B
llllllll [ U
sandwiched single molecule
monolayer

Figure 2: Two different approaches to address molecules with electrodes. A) A monolayer of
molecules (either SAM or LB film) is sandwiched between two electrodes. B) Single molecules are

connected with two electrodes.

Figure 3 displays an overview of the techniques and integration strategies which will
be discussed in the following in more detail. Crossed-wire junctions (A), mercury
droplet junction (B), electromigration (C) are techniques to address ensembles of
molecules. 2D-Nanoparticl arrays (D) provide extended junctions. The STM-carpet
approach (E), Nanoparticle coupled conducting AFM (F), mechanically controllable

break junction (G) and STM break junction (H) allow contacting of single molecules.
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Figure 3: Various techniques used to address monolayers of molecules (A, B, C) or single molecules
(E, F, G, H). A) crossed-wire junction, B) Hg droplet junction, C) electromigration techniques, D) 2D-
gold nanoparticle arrays, E) STM-carpet approach, F) Nanoparticle coupled conducting probe AFM,

G) Mechanically controllable break junction, H) STM break junction.
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1.1.1.1 Contacting Ensembles of Molecules with Electrodes

Probing individual molecules electronically is a challenge because issues arise
of how to attach the probe electrodes to either side of a molecule. The difference in
size of electrodes and molecules is enormous and makes it very difficult to contact
molecules with electrodes. The organization of the molecules within the junction is
usually based on some sort of self assembly using chemisorption or physisorption
methods to form monolayers.*” In the case of molecular films, either self assembled
monolayers (SAMs)?* 3" or Langmuir-Blodgett (LB)®? ** fiims provide the order at
the molecular level. Chemisorption includes the formation of SAMs where hetero-
atoms such as sulfur bind to gold or similar metals.® *"! Strong bonds are formed
which are hard to remove and which displace previously adsorbed adsorbents.
Disadvantages of chemisorption are that the degree of coverage is hard to determine
and chemical reactions might take place. Further, surface-dipoles are formed and are
referred to as Schottky barriers.** On the other side, no Schottky-barriers are formed
and the coverage ratio is detectable when films are prepared from physisorption
methods such as LB-films. Disadvantages of physisorption methods are that the
structure might change over time as the physisorbed films are less stable, and that

during the film formation other adsorbents are not displaced.

A. Crossed-wire junction

Starting with A in Figure 3 we take a closer look at crossed-wire junctions.!'® 17 23. 3%
38]

A B C

U
Figure 4: Schematic representation of a crossed-wire junction formation. A metal wire (A) is covered

with a SAM (blue) of the molecule of interest (B). The covered layer is then topped perpendicular with
a second metal wire. The touching area of the two wires with the sandwiched molecules form the

active device when connecting the two wires (C).
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The principle is that a metal wire is covered with a SAM (B in Figure 4) which is
subsequently topped with a perpendicular second metal wire (C in Figure 4). The
crossing area of the two metal bars, with the molecular film in between forms the
junction. With a feedback loop comparable to a scanning tunneling microscopy
(STM) configuration the contact intensity between both wires can be adjusted. An
advantage of the crossed-wire junction is that the two wires can be individually
functionalized with molecules. This enables contacting the molecules in a certain
order or covering the two wires with different SAMs. Further, the electrodes are

mobile and do not need to be evaporated onto the SAM.

B. Mercury droplet junction
Similar to the crossed-wire junctions, mercury droplet junctions do not require a
laborious fabrication of the electrodes (B in Figure 3). Nevertheless, the mercury
droplet junction has been reported as a reliable tool to address molecular films.*%*2
Similar to gold, mercury can form thiol-based SAMs."*! The junction is created by
forming a mechanical contact of a SAM supported on a solid substrate and a SAM
supported on a mercury drop. The resulting metal-SAM-SAM-metal junction allows
for the measurement of pure and mixed monolayers. Using transparent metal
substrates further allows addressing the molecular films with a light source while

measuring transport properties.%!

C. Electromigration
Electromigration was exploited to form molecular junctions (C in Figure 3).*+*
Continuous metallic wires on insulating films are prepared by electron-beam
lithography. The wires are cleaned and placed in a diluted solution of the molecule of
interest to facilitate SAM formation. The SAM coated wires are then broken by
electromigration, by ramping the potential between their two ends to large voltages.
This produces gaps of about 1-2 nm wide, across which molecules can bridge.
Without laborious and expensive setups small gaps can be produced, however not

very precisely.
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D. 2D-Gold nanoparticle arrays
Calame and coworkers reported on a method to extend single metal-molecule-metal
junctions to two-dimensional gold nanoparticle arrays (D in Figure 3).4% %% Gold
colloidal particles with a 10 nm diameter were synthesized by reduction of
hydrotetrachloroaurate with trisodium citrate and tannic acid.”" After transferring the
nanoparticles to ethanol by centrifugation, the particles were stabilized with
octanethiol ligands. The nanoparticles were dispersed in chloroform and spread on a
convex water surface. In this way, alkanethiol-capped 10 nm gold nanoparticles were
self-assembled into two-dimensional close-packed arrays at the air/water interface. A
polydimethylsiloxane (PDMS) stamp with the desired imprinted structures was then
used to transfer the nanoparticles from the air/water interface onto a solid substrate
(Shown in Figure 5 C). This combination of self-assembly and microfabricated
printing leads to the formation of patterned two-dimensional nanoparticle arrays.”*%%
Lines of nanoparticles with a typical width of 25 ym and a spacing of 30 ym were
herewith prepared. Metallic contact pads (5 nm Ti and 45 nm Au) were evaporated
on top of these lines using a transmission electron microscope (TEM) grid as a
shadow mask. Figure 5 A shows a scanning electron microscope (SEM) image of a

typical sample.

PDMS S EDMS:

Figure 5: A SEM image of devices prepared by evaporation of metallic contact pads on top of printed
nanoparticle monolayer lines is shown in inlet A. Inlet B shows a high magnification SEM image. The
hexagonal arrangement of nanoparticles is visible. The inset in B is a schematic picture of alkanethiol-

capped gold nanoparticles before exchange. The microimprinting technique is described by picture C.
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The edges of the printed lines are emphasized with a white line (dashed when
underneath gold contact pads). Between every pair of neighboring contact pads,
typically 10° molecular junctions are present. Conjugated molecules are introduced
into the arrays using place-exchange while immersing a sample in a solution of the
incoming molecule. The conductance can be measured before and after exchange of
the alkyl thiols with conjugated molecules. Exchange of alkylthiols with a dithiolated

oligo(phenylene ethynylene) (OPE) leads to a drastic increase in conductance.*®*%
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1.1.1.2 Contacting Single Molecules with Electrodes

All of the previously discussed techniques have been elaborated to contact
ensembles of molecules. Contacting individual molecules is very challenging due to
the minute size of molecules, and the large size of electrodes. First attempts to
address individual molecules relied on isolated molecules in mixed SAMs, which
were addressed with bulk contacts (E and F in Figure 3). To directly contact single
molecules atomic sized contacts are required, and will be discussed secondly (G and
H in Figure 3).

1.1.1.2.1 Addressing Isolated Molecules

E. Scanning tunneling microscopy
Scanning tunneling microscopy (STM) was used to analyze few or even individual
molecules.® STM measures the topography by monitoring a feedback loop that
maintains a constant tunneling current. This technique has the advantage of being
able to image and to measure the transport properties of individual molecules,
however, the interpretation of the I/V-characteristics is complicated. Using directed
self-assembly, individual molecules can be isolated either as individual molecules or
in small bundles in an insulating SAM matrix and addressed by STM for

characterization (Figure 6).
STM tip

/77BN

Au(1 11)
Figure 6: Schematic representation of the STM-carpet approach. The conjugated OPE C1 is inserted

into an insulating SAM of decanethiol and then probed with an STM tip.

Bumm and coworkers investigated the conjugated molecule C1 in a SAM of

insulating decanethiol. The molecule C1 was identified by imaging and by measuring
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the apparent tunneling barrier height (ATBH). The ATBH over the wire C1 was at
least twice the height of the surrounding decanethiol SAM matrix. This higher relative
ATBH, when concurrent with greater tip substrate separation, indicates that the
junction contains regions of higher conductivity when over a wire. This STM-carpet
approach allowed addressing individual molecules and deducing the relative
conductivity, even though only qualitatively but not quantitatively. The molecules are
not connected to both ends because metal-molecule-gap-tip junctions are formed.

F. Gold nanoparticle coupled conducting probe atomic force microscopy
Conducting probe atomic force microscopy (cp AFM) was used to address single
molecules. To overcome the limiting problem of large cp AFM tips (= 15 nmz), gold

nanoparticles were placed on 1,8-dithioloctane isolated in an 1-octanethiol SAM

(Figure 7).
STM tip

Au
np

/441171

Au(111)

Figure 7: Gold nanoparticles are placed on isolated dithiolalkanes to form metal-molecule-metal

junctions which are probed with cp AFM.

The gold nanoparticles are covalently bound to the molecules leading to a metal-
molecule-metal junction that can be probed by cp AFM. A significant advantage of
this technique is the ability to measure single molecules without a tunneling junction.

However, it can not be excluded that the nanoparticle is bound to only one molecule.



12 1 Introduction

1.1.1.2.2 Atomic Sized Contacts to Connect Single Molecules with

Electrodes

To directly address single molecules, atomic sized contacts are required. This
was realized by mechanically controllable break junction (MCBJ) or STM break
junction techniques. However, reducing the size of an electrode down to single atoms
leads into the quantum regime which drastically changes electron transport behavior.

In a macroscopic regime, the conductance G of a conductor is defined as the
ratio between the current I passing through it and the applied bias voltage V.

-
The linear increase of I with applied voltage V and the constant conductance G is
known as Ohm'’s law. Ohm’s law typically holds true in macroscopic devices,
however drastically changes when the size of conductor decreases. In a macroscopic
conductor, electrons travel in a diffusive manner. Macroscopic conductors consist of
a pool of electrons and the electrons passing through the conductor have an average
elastic mean free path [/ (classical Ohm’s law). The conductance G is directly
proportional to the transverse Area A, inversely proportional to the sample length L
and depends on the materials conductivity constant o.

G-
L
However, when the size of the conductor decreases and the elastic mean free path /
becomes larger then L, the electrons travel in a ballistic way (Figure 2) and the
Ohm'’s law is no longer valid.

diffusive ballistic

Figure 8: Diffusive vs. ballistic electron transport. Note that L{>>L,.

In an atomic sized contact, the contact width is in the range of the de Broglie
Wavelength Ar and we enter into a quantum regime. In this quantum regime the
current flows as a transmission process described by the Landauer formula. With the
assumption of a one-dimensional conductor with one conductance channel, the

Landauer formula can be solved to give
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2
G, =2 —77.5u8
h
(where e is the electron charge and h is Plank’s constant)
The conductance of a single atom is therefore limited, and characterized as Gy. The

conductance of a small molecule can not overcome Gy.

G. Mechanically controllable break junction
Mechanically controllable break junction (MCBJ) is an approach to form symmetrical
atomic sized electrodes.'® °%? The principle of an MCBJ is depicted in Figure 9 A. A
metal lead with a free-standing constriction in its middle (80-150 nm wide) is
fabricated on an electrically isolated, flexible spring-steel substrate. A scanning
electron microscope (SEM) image of a microfabricated gold structure is shown in
Figure 9 B. By mounting the substrate in a three point bending mechanism, the
constriction can be stretched and eventually broken. This results in two atomic gold
tips which can be brought back into contact by relaxing the substrate. The gap
distance d between the electrodes can be adjusted in the range of 0.1 nm by
controlling the pushrod position, therefore the two tips of the broken wire form ideal

electrodes to contact single molecules.

Liquid cell ﬁ
A Ad C  taudeel
<+ 3 -
S N - E d
Countersv“pports S <2~ Auleads v Sample holder Sample

Az Pushing rod

> @

Polyimide

Figure 9: A) Schematic representation of the three-point bending mechanism. While the counter
supports fix the sample, the Az position can be varied by changing the position of the pushing rod,
resulting in a tip to tip distance change (Ad) in a picometer regime. B) An SEM image showing a
microfabricated gold structure. C) MCBJ setup comprising a liquid cell, sample holder and pushing rod

motor (worm gear).
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Calame and coworkers developed an MCBJ setup within a liquid environment.®® The
setup of the MCBJ (Figure 9 C) comprises a liquid cell placed on the sample. This
enables conductance measurements within a liquid environment and investigations
of molecules in solution. With the worm gear, the position of the pushing rod can be
varied. The conductance G(z) of the suspended gold bridge can be measured during
the breaking process controlled by a vertical pushrod movement z. In a first instance
the breaking process of the gold fabricate is investigated in pure solvent. While the
substrate is bended the Au bridge is stretched (C in Figure 4) and the conductance
G(z) decreases. In Figure 4 A and B three typical conductance traces are shown.
When the bridge enters in the range of several strands of Au atom chains, the
decrease evolves in conductance plateaus (1 in Figure 10). By further bending, a so

called “last plateau” is obtained, where G = G.
AP *. } ] C
ey T |

G/G,

w

. :izv.
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|

1} hwﬁhﬁ L 1 GG

J 3 é 3 e
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104f
10-55-

sf
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Figure 10: Three typical conductance traces are shown in A and B. The conductance is recorded as a
function of z. G(z) decreases when stretching the gold structure and conductance plateaus are
obtained when the gold bridge consists of few gold-strands (1). The “last plateau” is obtained when
one single atom is contacted (2) and has the value of Gy. Upon further breaking the bridge breaks,
resulting in a abrupt current down jump (3) followed by an exponential decay curve characteristic for

the tunneling regime (4).
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This last plateau corresponds to a single Au atom (2 in Figure 10). When the bridge
is further elongated, the contact breaks resulting in an abrupt decay of conductance
(3 in Figure 10) caused by a sudden contraction and rearrangement of the Au atoms.
The down jump of conductance typically stops at a value of G = 10° Gy, when
electron tunneling sets in. The tunneling current exponentially decays with the gap
distance d.

To form metal-molecule-metal junctions 1,8-dithioloctane was investigated as
model compound.’®® While the current exponentially decayed after breaking the last
gold-gold bridge in absence of molecules, plateaus in the conductance traces with
conductance values below G, were obtained when 1,8-dithioloctane was exposed to
the setup (Figure 11). In about 50% of the recorded current traces distinct plateau
features appeared. Some of the plateaus were clean (blue in Figure 11), others were
noisier (red in Figure 11). The other 50% of the conductance traces showed irregular

decay curves, attributed to poor junction formation (green in Figure 11).

1 W el
et

Tl

80 100

G (G,)

0 20 40 60
z (um)
Figure 11: Conductance traces recorded during the breaking process.® When only solvent
molecules were present, exponential decay curves were obtained (gray). When 1,8-dithioloctane was
exposed to the junction, plateaus were obtained in about 50% of the conductance traces. Some
plateaus are clean (blue) and others are noisier (red). The other 50% of the conductance traces show

irregular decay (green).l®

These plateaus are the signature of single (or few) molecules. The plateaus are
understood to be a stable metal-molecule-metal junction. The sulfur-gold bond is
stable, however the gold atoms are mobile and the two electrode tips can rearrange.
By increasing z, the gold atoms of the electrode tips rearrange, however the effective
metal-molecule-metal junction remains the same leading to the same conductance

value for a distinct z integral, observed as a plateau in the current trace. Similar to



16 1 Introduction

atomic junctions, this-metal-molecule-metal bridge holds the two sides together via
its chemical bonds and postpones the breaking.

Due to fluctuations in the conductance curves of the single molecule junctions, a
statistical analysis is necessary. Therefore, hundreds of current traces were
recorded, and the current traces were projected to the conductance axis. Doing so,
histograms are obtained with peaks where plateaus were present. The forthcoming
histograms were calculated for all the current traces, not just those showing plateaus.
All data were factored into the histogram formation and no selection was made,
except for subtracting the background. No peaks appeared in the histogram of the
measurement of pure solvent, however, distinct peaks were obtained in the
measurement of 1,8-dithioloctane, indicated by the arrows in Figure 11 (a). This
suggested that particular molecular configurations were formed with a high

probability.
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Figure 12: Conductance histograms built from approximately 100 G(z) curves in pure solvent (red)

and in a solution of 1,8-dithioloctane (gray).The arrows indicate the conductance peaks that appear

when octanedithiol is added in solution. (b) Histograms of log G built from the same data as in (a).*"

However, the peaks in Figure 11 (a) were masked by a strong background,
therefore a data processing method was performed.® The data is most convincingly
represented in a log G histogram rather than in a G histogram. A log G histogram of

1,8-dithioloctane is shown in Figure 11 (b). Without any data selection, distinct peaks
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were obtained. Besides the peak at Gy (corresponding to the last gold-gold contact)
two peaks were observed, indicated with the arrows, from which the last peak was

attributed to a single metal-molecule-metal contact.

How do we know that only one molecule is connected to the electrodes?
Reichert and coworkers performed MCBJ measurements at low temperature under
high vacuum. Current-voltage (I/V) characteristics of spatially symmetric and
asymmetric but otherwise similar molecules (C2 and C3, Figure 13) were
investigated.®” The I/V-curves of the symmetric molecule C2 were symmetric (A in
Figure 13). While exploring the I|/V-characteristics of C3, interesting asymmetric

features were obtained (B in Figure 13).

N
T

didul ]
v 11

o

Figure 13: The molecules C2 (symmetric) and C3 (asymmetric) were investigated in an MCBJ.®” The
I/V-characteristics of C3 showed asymmetric features revealing that single molecules are connected to

the gold electrodes.

If several molecules were forming the junction, the asymmetric features would be
canceled due to a random alignment between the electrodes. The fact the measured
I/V-characteristics were asymmetric unambiguously demonstrated that the electron
transport through a single molecule and not a large ensemble of molecules was

measured.
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H. STM break junction
An STM break junction approach was also reported to form junctions suitable for
single molecule investigations.®* >* ® Tao and coworkers improved the technique
such, that due to repeated formation and breaking of the STM break junction a
statistical analysis of single metal-molecule-metal contacts was made. In their setup
an STM tip is placed above a gold substrate (A in Figure 14) and then piled into it (B
in Figure 14). While keeping a constant x-y-position, the STM tip is then gently lifted.
Due to the mobility of gold, the atoms migrate towards the tip such that single gold
atoms bridge the STM tip with the substrate (C in Figure 14). Further lifting of the tip
causes the gold structure to break and two atomically sharp electrodes are formed,
suitable to contact single molecules (D in Figure 14). When the tip moves to its initial
position (E in Figure 14) the metal-molecule-metal junction breaks and the process is
repeated several times to get statistical analysis. Doing so, the conductance of a

single bipyridine molecule was deduced.’®”

A B C D E

Figure 14: STM break junction approach. The STM tip is placed over the gold substrate (A) and then
piled into the substrate (B). While keeping a constant x-y-position the tip is lifted. Due to the mobility of
gold the atoms migrate toward the tip (C). At one point the gold structure breaks and two ideal
electrodes to form metal-molecule-metal junctions are formed (D). After further pulling apart, the tip is

again in its initial position.
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1.1.2 Correlating Molecular Structure with Electronic Properties

The achievement to contact small assemblies of molecules or even single
molecules enables investigating correlations on electronic properties with molecular
structure. Factors that influence the current-voltage characteristics of molecules
include intrinsic properties such as molecular length and conformation. In addition,
the type of molecule-electrode contact affects the electronic properties.

The transport through individual molecules connected between electrodes is
expected to be different from bulk transport because of the inherently small size of
molecules. The conductance G through a molecule with a distance d is described in
the tunneling physics theory by the Landauer formula as:

G=4-e"
The decay constant £ is determined by electronic parameters of the molecule
backbone. A is the prefactor and depends on the electron density-of-states at the
point where the molecule contacts the electrodes.

Increasing the length of a molecule and therefore the electronic pathway
electrons have to tunnel through, the conductance decreases exponentially.¢¢®!
Alkanethiols served as ideal model compounds to investigate the dependence of
current on molecule length. The length can be systematically varied without affecting
the molecule’s backbone and therefore keeping the decay constant 3 constant.
Independent of the metal contacts (gold, mercury), the integration setups (cp-AFM,
mercury droplet junction, STM, crossed-wire junction) and the number of contacted
molecules, the conductance decreases exponentially with increasing molecular
length d.[°®

Considering the Landauer formula, it is obvious that the anchor groups of a
molecule are not only for fixing the molecule to the electrodes, they also provide
electronic coupling between the molecule and electrodes.® It is important to design
proper molecule-electrode contacts because the contacts play a critical role in the
electron-transport properties of molecules.”>” To date, the most widely used
anchoring groups to adsorb on gold surfaces are thiols,!’® " although pyridine,!"®
isocyanides,”" ™ selenium®®% and amines®® have also been studied. Anchoring
group effects on single-molecule conductance were systematically investigated in an
STM break junction.”® n-Alkanes were chosen as model compounds, because by

varying the number of CH, groups it was possible to isolate the molecule-electrode
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contact effects from other factors. Three anchor groups, thiols, amines and carboxylic
acids were compared.
01

HS-{CH,)n-SH (B =1.08:0.12)
H,N-(CH_)n-NH, (Bh=038t0.003)
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Figure 15: Logarithmic plots of single-molecule conductance vs. molecular length for dithiol- (orange),
diamine- (blue), and dicarboxylic-acid-terminated (purple) alkanes. The conductance decreases

exponentially with increasing Iength.[m]

For each anchor group the conductance decays exponentially with molecular length.
The prefactor A is highly sensitive to the type of anchoring group, and varies in the
order of Au-S>Au-NH,>Au-COOH. This large dependence is attributed to different
electronic coupling efficiencies provided by the different anchor groups. Binding
strength information was obtained by measuring the average length over which one
can stretch each molecular junction until it breaks. The binding strength varies in the
order of Au-S>Au-NH2>Au-COOH.

Considering compounds comprising more than one aromatic ring in the electron
pathway, the effect of the angle between the rings was investigated.®*"
Venkataraman and co-workers reported on the interdependence between the
calculated molecular conformation and the single-molecule conductance of a series
of various substituted biphenyls bearing terminal amino groups.®¥ Despite several
varying parameters such as electron density on the phenyl rings and steric repulsion
of the substituents, a linear correlation was found between the conductance and the
square of the cosine of the calculated torsion angle @ between the planes of the two
rings (Figure 16 C). Vonlanthen et al. systematically investigated the effect of torsion

angle on thiol anchor groups comprising bipheny! systems.!®® The torsion angle was
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chemically controlled while bridging the two phenyl units with different length alkyl

chains and was experimentally obtained from the X-ray structures (D in Figure 16).

The conductivities of the thiol terminated biphenyls were deduced from single-

molecule junctions by STM break junction measurements and linearly correlated with

cos? (@) (E in Figure 16).
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Figure 16: The effect of the torsion angle of a biphenyl system on the conductance was investigated
in amine terminated biphenyl systems® (A, B, C) and in thiol terminated biphenyl structures with a
fixed torsion angle in STM break junctions.[%] While increasing the torsion angle, the conjugation is
reduced (A) which leads to a decrease in conductance (B). The conductance linearly correlates with

the cosine of the square of the torsion angle.

The electric current through a molecular rod was investigated in relation to the
position of the anchor group. Two rods consisting of a conjugated -system
comprising two thiol anchor groups either in meta- or para-position were investigated
in an MCBJ setup (Figure 17).[8"

Figure 17: The conductance through a molecule was investigated in relation to the position of the

anchor groups. C2 bears the thiol anchor groups the in para-positions and is better conducting than

C4 with the thiol anchor groups the in meta-positions.
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The para-substituted compound C2 was found to be better conducting than the meta-
functionalized compound C4, which is attributed to decoupling the molecule from the
electrodes while breaking its conjugation.

These selected examples indicate that electronic properties can be tuned by
carefully designing molecular structures. The very rich palette of functional groups
provides an infinite variety of molecular structures which are accessible by synthetic
organic chemistry. Molecules are very promising objects for future applications in
nanotechnology because not only their structure, but also their properties can be

tailored.
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1.1.3 Basic Electronic Functions Transferred to a Molecular Level

The most fundamental electronic function is charge transport, classically realized
by wires and conductors between subunits. Molecular wires have been suggested
and investigated as interconnectors on the nanometer scale. Saturated alkanes
turned out to be poor conductors, but very useful models for both theoretical and
experimental investigations.!>> > 68 71.76.88. 8% T4 improve electronic communication
over larger distances, delocalized 1r-systems with smaller HOMO-LUMO gaps are
more promising.” Increased electron mobility, in the range of classical
semiconductors, have been observed for delocalized T-systems.['> 27 54 57. €8]
Arranged with increasing complexity in terms of electronic functions, the next basic
electronic feature is rectification, followed by bistable switching devices providing two
different transparencies for the electronic current which can be altered by a stimulus.
Even though numerous other electronic devices based on molecules such as
insulators® or transistors®"" ® showing either Coulomb blockade!® or the Kondo
effect*® %! have been proposed and investigated, the next part of the introduction will

focus on molecular rectifiers and switches.

1.1.3.1 Molecule Based Rectifying Systems

Rectification is a process of an electronic device which shows an asymmetric
current response upon an applied bias voltage. It is one of the fundamental electronic
functions which are used in electronic circuitry. A rectifier allows the current to pass
in one direction better than in the other. In industry, vacuum tube diodes or nowadays
p-/ n-doped silicon semiconductor diodes are important parts in devices used to
convert alternating current (AC) to direct current (DC), as components of power
supplies or as detectors, respectively. In the field of molecular electronics metal-
molecule-metal junctions are considered as molecular rectifiers. Inspired by the solid-
state semiconductor industry where p-n-junctions consisting of electron poor (p-type)
and electron rich (n-type) subunits are used as rectifiers, Aviram and Ratner
proposed a molecular rectifier with an acceptor-bridge-donor (A-0-D) geometry
(Figure 18).*°! Electron withdrawing groups (EWG) or electron donating groups

(EDG) can be placed in a molecule such, that acceptor (A) and donor (D) sites result.
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Acceptor Donor
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Figure 18: Proposed molecular rectifier (D) and a schematic representation of the energy levels

without applied potential (A) and with applied potential (B and C).

The proposed molecular rectifier R1 consists of a tetracyanoquinodimethane (TCNQ)
acceptor site and a tetrathiafulvalene (TTF) donor site (Figure 18 D). As separators
of the A- and D-tr-levels, sigma-electron systems should be feasible, however to
assure rigidity, a 1,4-disubstituted bicyclo[2.2.2]octane bridge was suggested. In
Figure 18 A a schematic representation of the energy levels of R1 without applied
voltage is depicted. Having a metaI|A-0-D| metal junction electrons are allowed to
pass from a cathode to the acceptor site and from the donor to the anode, but not in
the other direction (B and C in Figure 18). The bridge is needed to separate the A
and D. If the two units are connected too close to each other only one single donor
level exists, however if they are too far apart no communication between the
acceptor and the donor takes place. In a Gedankenexperiment, the proposed
molecular rectifier R1 was fixed between two metallic electrodes to form a metal-
molecule-metal junction and the response to an applied field was calculated. The
calculations proposed that the current flows at a lower voltage from one electrode M,
to the other electrode M, than in the other direction (from M, to M1), hence rectifying
properties were predicted. Their semiquantitative calculations involve a mechanism

where the electron transported between the metal electrodes M, (e.g. cathode) and
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M, (e.g. anode) first induces the formation of an excited state. After relaxation, the
electron has moved, in this case, from electrode M1 to electrode M..

M| A%-0-D°| My — M¢*| A-0-D* | My

M:*| A-0-D* | My — My*| A%-0-D°| M2
An alternative mechanism referred to as “Anti-Aviram-Ratner’®® % %I mechanism
involves first the formation of the excited state of the molecule followed by the
transfer of the electrons, which leads to current flow in opposite directions. However,
in these first calculations by Aviram and Ratner, the “Anti-Aviram-Ratner” mechanism
was believed to be a minor process.

M| A%-0-D°| Mz — Mq| A-0-D"| M,

M:| A-0-D*| M — My | A%-0-D°| M,*
The feasibility of molecules as building blocks in electronic devices, postulated in this
pioneering work encouraged many scientists to search for suitable molecular
systems and experimental integration setups. Indeed, several examples of molecular
rectifiers, either investigated as molecular films prepared from self assembled
monolayers (SAMs) or Langmuir-Blodgett (LB) films, or even as single molecules

(unimolecular rectifiers) were reported and will be discussed in the following.

In all of the reported molecular rectifiers, rectification is found as a result of three
possible processes.?® ® Chemisorbed molecules form bonds to the metal electrodes
which lead to formation of Schottky barriers. When the two anchor groups are not the
same or if different metal electrodes are used, the arising dipole moments are
different which results in an asymmetric current. A second mechanism leading to
rectification is asymmetric alignment of the chromophore between the two electrodes.
This is often the case in physisorbed methods, as e.g. alkyl chains are used to form
stable LB-films but then force the molecule to be asymmetrically placed between
electrodes. Unimolecular Rectification, a third process, occurs when the electron
transfers between orbitals with asymmetrically placed significant probability
amplitudes.®”! While rectification in a metal-molecule-metal junction might arise from
several described processes, unimolecular rectification remains the main goal to be
achieved.

As mentioned above, several rectifying systems based on molecules have been
reported. While organic rectifying junctions with evaporated molecular films (with a

thickness of 200 — 2000 nm) were already investigated by Meinhard in the 1960’s,®
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it was Metzger who published the first example of molecular rectification.?’ %

Metzger investigated hexadecylquinolinium tricyanoquinodimethanide (C4sH33Q-
3CNQ), a molecule consisting of a positively charged quinolinium part and a
negatively charged dicyanomethylene moiety, bridged by a twisted 1r-unit (R2, Figure
20). The alkyl groups are introduced to achieve LB-forming properties. Self-
assembled LB-monolayers of C4gH33Q-3CNQ were sandwiched between two metal
electrodes and the electronic properties were investigated. As predicted, metal-
molecule-metal junctions with aluminum electrodes showed rectification ratios (RR,
defined as the current at a positive potential V divided by the absolute value of the

current at the corresponding negative bias —V) of about 27.1%
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Figure 19: LB-monolayers of R2 (R= (CH,)sCH3) were sandwiched between two alumina electrodes

and revealed an asymmetric I/V behavior with a RR of 27.%°)

Similar values were obtained when using gold electrodes instead of aluminum. % 107!
Due to rearrangement of the physisorbed molecules in the electric field upon
repeated cycling, the I/V-curves show progressively less asymmetry and devices
show very limited stability features. Even though the dipole moment of the zwitterion
and the LB-forming properties of the alkyl chains were the main design criteria,
rectification is rather explained by the asymmetric proximity of the 11-chromophore to
one electrode.'*

After this proof of concept, several D-o-A based rectifiers prepared from LB films

with different donor/acceptor systems based on aniline/fullerene,'® %4

aniline/pyridinium,’'®  perylenebisimide/ferrocene,!'® and TTF/fluorenone®® 197!
derivatives were reported. Further, monomolecular LB-films of amphiphilic
conjugated diblock oligomers, consisting of an electron-rich oligo(3-alkylthiophene)

as the donor block and an electron-poor oligo(4-alkylthiazole) as the acceptor block,
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were investigated using scanning tunneling microscopy (STM) and scanning

tunneling spectroscopy (STS) to induce rectification.?
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Figure 20: Investigated molecular rectifiers R2 — R5 and R7 which are discussed in the text.

Exploiting different metal-molecule contacts, Kushmerick et al. investigated
SAMs of oligo(phenylene ethynylene) (OPE) within a crossed-wire junction (R3 & R4,
Figure 20)."% All investigated OPEs were fitted on one side with a thiol anchor

group, whereas the opposite anchor group of the rod was either a nitro group or

pyridine.
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Figure 21: SAMs of OPE R3 (B) and R4 (A) were investigated in a crossed-wire junction. Transport
characteristics of Au-R3-Au (B) and Au-R4-Au (A) were asymmetric. The open symbols correspond to
electron injection of the gold-nitro (A) and gold-pyridine (B) interface, respectively. The close symbols
correspond to electron injection of the gold-sulfur interface.

An advantage of crossed-wire junctions is, that the wires can be individually
functionalized. Hence, the molecules were self assembled on the bottom electrode

via SAM formation and then topped with the second wire. In doing so they were able
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to know exactly on which contact the thiol and on which the pyridine/nitro anchor
groups are bonded. Electrons were easily injected at the gold-nitro and gold-pyridine
interface (open symbols in Figure 21 A and B) than in the other direction (full symbols
in Figure 21 A and B). The asymmetric coupling to the electrodes resulted in
asymmetric |/V-characteristics and rectification was obtained (Figure 21). Also in
other systems it has been noted that asymmetric coupling to the electrodes leads to
an increased rectification ratio.l"**""?

After the pioneering work of Aviram and Ratner in 1974 about molecular
rectifiers,”” several examples of molecular diodes have been reported. However, in
all of the reported systems, assemblies of molecules were investigated, and it took
over 30 years until a prototype of a single molecular rectifier was synthesized and
investigated by Elbing et al.l'™!
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Figure 22: The molecular diode R5 and the corresponding control molecule R6 lacking the fluorine
atoms were investigated in an MCBJ.!""® The asymmetric I/V characteristics of R5 revealed an RR of

about 5 at £ 1.5V (A). The symmetric control molecule R6 does not show any rectifying behavior (B).

The molecular rod is fitted with a sulfur anchor group on each side and consists of
two weakly coupled 1r-systems (R5, Figure 20). One of the two Tr-systems is
perfluorinated, and therefore shows a lower electron density (A), which leads to a
broken symmetry in electron transport. The molecular rectifiers were investigated in
an MCBJ setup and the I/V-characteristics of single molecules were recorded and
indeed showed rectification with a RR of 5 at £ 1.5 V (Figure 22 A).
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All the systems discussed so far showed RR << 100, far away from the values of
diodes used in the semiconductor industry which show RRs in the range of 10°. The
challenge of building molecular rectifiers is further confirmed by a theoretical study of
Cortie and coworkers using the tunneling barrier model.l'™ Corresponding to their
calculations RR of molecular rectifiers will never overcome 100.

Ratner and coworkers recently reported a study on “Increasing Dynamic Range
and Switching Speed Using Cross-Conjugated Species”.!"™ Ideal transport behavior
necessary for a molecule to function as a switch or as a rectifier was reported. The
transmission probability of electrons tunneling through a molecule as a function of the
energy results in transmission plots. The transmission probability of an ideal insulator
is zero (blue in Figure 23 A), whereas the transmission probability of an ideal
conductor is 1 (red in Figure 23 A). An ideal voltage switch is an insulator at the
Fermi energy, but an ideal conductor when a voltage is applied (green in Figure 23
B). The conductance as a function of the voltage is plotted in Figure 23 C, and

ideally, the conductance jumps from 0 to 1 Gy when applying a distinct voltage.
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Figure 23: Transmission plots of an ideal insulator (blue) and an ideal conductor (red) are shown in
the transmission plot A. B further shows the behavior of an ideal voltage switch. Without potential, the
transmission probability is zero, when applying a distinct voltage the transmission probability is 1. C

depicts the conductance as a function of the voltage of the ideal voltage switch.

Transport through single molecules in the Landauer-Imry low-bias tunneling regime
was calculated, assuming the electron does not spend a significant amount of time
on the molecule in the junction, leaving the molecule in the neutral state. It was found
that cross-conjugated molecules show interesting dip like features in the transmission
plots. It was further shown, that when electron donating (EDG) or electron
withdrawing groups (EWG) were placed on the cross-conjugation point, the position
of the dip is shifted (Figure 24). The direction of shifting is directed by the EDG and



30 1 Introduction

EWG, respectively, and the amount of shifting depends on the strength of the
electron donating or withdrawing character, respectively.
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Figure 24: Cross-conjugated molecules show interesting dip-like interference features in the
transmission plots. The position of the dip can be shifted by fitting the cross-conjugated spots with
either EDGs or EWGs.""

When a molecule is fitted with two cross-conjugated spots, two dips occur in the
transmission plots. The position and intensity of the dips depends on the nature and
strength of the EDG and EWG. Ratner and coworker proposed a molecular rectifier
(B) in Figure 25 comprising a cross-conjugated site fitted with a carboxylic acid as
EWG and another cross-conjugated site fitted with a methoxy group as EDG. The
transmission plot shows two dips which are asymmetrically aligned (Figure 25 C). At

1.2 'V the proposed molecule has an RR of 249.
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Figure 25: Two cross-conjugated spots reveal two interference dips in the transmission plots (C). The
shift and intensity of the dips depends on the EWGs and EDGs (A). The proposed molecular rectifier
(B) shows an RR of 249 at 1.2 V.['"°]

Even though an RR of 249 is still orders of magnitudes below 10°, it is higher than
RRs usually obtained from single molecules so far. For other more extended

structures RRs of up to 10°000 were predicted.!"™!

1.1.3.2 Molecular Switches

In order to realize electronic devices based on molecules, it is necessary to
develop molecular switches. A molecular switch can be converted from one state to
another by external stimuli such as light, electricity or a chemical reaction. In general,
several molecular switches have been reported based on fulgides, azobenzenes,
azulenes, alkylidenes cycloanones, overcrowded alkenes, spiropyrans,
diarylethenes, redox-systems and others finding applications in optics, data storage,
nanomechanics and electronics.!"'® However, here it is focused on conductance
switches. A conductance switch has two different conductance levels, depending on
its state, considered as an Off-state and an On-state. Upon the external trigger, the
molecule is switched from one isomer to the other, the conformation is changed or
the oxidation state is altered. These factors result in a change of conductance arising
from differently aligned HOMO-LUMO levels to the Fermi-levels of the electrodes,
change in conjugation of the molecule, variation of the electron transport distance or
formation of multiple pathways for electron transport. In the following, examples of

molecular switches considered for molecular electronics are discussed. Light
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triggered molecular switches based on azobenzene or diarylethene systems and
electrically triggered switches such as redox switches or voltage-triggered hysteretic

switches are reported.

1.1.3.2.1 Light Triggered Switches

Photochromism is defined as a light-driven reversible transformation between
two isomers possessing different absorption spectra.l'’® Besides the different
absorption spectra, the two isomers may further differ in their conformation and
physical properties. When molecules possessing a function are fitted with a
chromophore, the function can be switched upon irradiation. Photochromic
chromophores are divided into two categories based on the thermal stability of the
photogenerated isomers. T-type (thermally reversible type) chromophores have
unstable photogenerated isomers and switch back to the initial isomer state in the
dark. P-type (photochemically reversible type) chromophores are thermally
irreversible and the photogenerated isomers are thermally stable and can only be
switched back to the ground state upon irradiation with the corresponding

wavelength.

1.1.3.2.1.1 Azobenzene Based Switches

An example of a T-type photochromic switch is azobenzene. Azobenzene is a
widely investigated molecular switch finding various applications such as switching
elements for microelectronics, high density data storage, and nonlinear optics."""! It
can be switched from the thermally more stable trans-isomer to the cis-isomer by
irradiating with UV-light. It then thermally isomerizes back to the trans-isomer or it

can be switched back by irradiation with visible light (Figure 26).
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Figure 26: Azobenzene switches while irradiating with UV light from the thermally more stable trans-

g <=

form to the cis-form. The cis-isomer is thermally unstable and reacts back to the trans-isomer. S1 was

investigated as an azobenzene based molecular switch.[""®
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Kontturi and coworkers used an alkylthiol functionalized azobenzene derivative $1 as
a switch. Mixed self-assembled monolayers of an alkylthiol phenyl spacer molecule
mixed with the alkylthiol functionalized azobenzene derivative S1 were
investigated."'® Upon irradiation with 436 nm and 366 nm either the trans- or cis-
form was obtained, respectively. The thicknesses of the SAMs were determined by
ellipsometry. The barrier properties of the SAMs were then investigated by scanning
electrochemical microscopy (SECM) under a constant irradiation to maintain the cis-
or trans-conformation, respectively. An effect of the conformation of the azobenzene
derivative S1 was analyzed and showed strong correlation with the thicknesses of
the SAMs. When the molecule is in its trans-form, the SAMs were thicker and
showed higher tunnel barriers, whereas when the molecules are switched to the cis-
form, thinner SAMs with lower tunnel barriers were obtained.

A fully conjugated rigid biphenyl azobenzene derivative S2, on one side fitted
with a thiol anchor group, was designed to form SAMs on a gold substrate and to
show packing features due to Tr-Tr-interactions.”® Indeed, highly packed and ordered
SAMs were obtained, and after irradiation, switching of the entire molecular 2D
crystalline domain is observed, which is ruled by the interactions between nearest
neighbors. The complete switching of a domain is attributed to a so far unexplored
cooperative effect. The collective switching of whole domains of a monolayer is of

great interest for the design of high-density data storage devices.
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It was further shown that the photoisomerization process of the biphenyl azobenzene
derivative S2 in a SAM can express work.['" SAMs were investigated in a mercury
droplet junction and it was shown that upon irradiation of the SAM isomerization
occurs (Figure 27 C). The isomerization is reversible which means that the iso-
merization process is strong enough to lift the Hg-drop. I/V-curves were measured
(Figure 27 A) and the cis-form was found to be 25 times more conductive than the
trans-form. It was shown that films of azobenzene based molecules can be reversibly
photoswitched.

Metal-molecule-metal junctions of the azobiphenyl derivative S2 were produced
by contacting SAMs on a gold substrate with a metal-coated AFM tip.*®! Depending
on the tip size 30-90 molecules were contacted with the tip, therefore the
measurement was performed on a single domain level and not as previously
described with a whole film. I/VV-curves were recorded and depending on the cis- and
trans-state, altered upon irradiation with the corresponding wavelength, different
resistances were obtained. The cis-form turned out to be 30 times more conducting
than the trans-state. This change in conductance is attributed to a longer tunneling
distance in the trans-state. This was the first example of switching upon an external

stimulus using a conducting AFM approach.

1.1.3.2.1.2 Diarylethene Based Switches
Diarylethene based switches and furylfulgides are the only reported P-type

switches. In contrast to furylfulgides, diarylethenes are stable and can be photo
induced switched repeatedly. The thermal stability and the stability upon cycling are
important properties for future implementations into photoswitching applications and

memory devices.

Figure 28: Photo driven rearrangement reaction of a diarylethene S$3. The open isomer S3o

undergoes cyclisation when irradiating with UV-light which yields in closed isomer S3c.

Figure 28 displays the switching behavior of a diarylethene example. Upon irradiation

with UV light a carbon-carbon bond is formed and the open isomer S3o is rearranged
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to the closed isomer S3c. The closed isomer S3c is thermally stable but it can be
switched back to the open isomer S3o while irradiating with visible light.

In photochromic reactions, bonds are rearranged and undesired side reaction
may take place. Even if the yield of the reaction is very high, side products can be
accumulated upon repeated cycling. The resistivity of a switch to form side products
upon repeated cycling is referred to as fatigue resistance. Fatigue resistance is a
measure of how many times a switch can be cycled. Varying the substituents, the
fatigue resistance properties can be tuned and when the thiophene-phenyl units in
S3 are replaced by benzothiophenes the fatigue resistance increases enormously
and more then 10* cycles can be performed while forming less than 20% side
products. The open-ring isomers of all reported diarylethenes are thermally stable.
The stability of the closed-ring isomers is dependant on the nature of the aryl groups
- furan, thiophene or thiazole aryl based diarylethene switches all show thermally
stable closed-ring isomers. Thermal instability is only observed when the thiophenes
are substituted with very strong electron-withdrawing groups. The response times for
both isomerization reactions are very short and below 10 ps. Absorption spectra of
the closed form are shifted towards longer wavelengths, suggesting delocalization of
1-electrons over the entire structure (Figure 29 F). In the open form the conjugation
is broken and restricted to one half of the molecule. A molecular switch with two
optically addressable subunits which differ remarkably in the delocalization of the
T-electrons is a very appealing candidate to be investigated in light triggered
electronic circuits. Therefore if the diarylethene 83 is fitted with adequate anchor
groups and immobilized in a metal-molecule-metal junction, the open form would be
referred to as the OFF-state and the closed form would be referred to as the
ON-state.

Diarylethene switches have been exhaustively investigated in solution,!'?"!
however it is not obvious that a molecule conserves its functionality when attached to
a macroscopic surrounding. Feringa and coworker investigated a diarylethene
molecule with two thiophene rings on each side and two acetyl protected thiol units
(S4)." To measure electronic transport properties the molecules were investigated
in an MCBJ setup. The molecule was trapped in its closed form between the two
electrodes of the MCBJ (A in Figure 29) and |/V-curves were recorded (C in Figure

29). The resistance was then measured as a function of time while irradiating with



36 1 Introduction

visible light. With a switching time of 10 s to 6 min the resistance suddenly increased

by three orders of magnitude from the MQ to the GQ regime (E in Figure 29).
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Figure 29: The closed form of a diarylethene derivative S4¢c was immobilized in an MCBJ (A) and I/V
curves were measured (C). The sample was then irradiated with 546 nm (set t = 0 s). After about 20 s
the resistance drastically increases from the MQ to the GQ regime (E). I/V curves of the open form
S40 (D) were recorded, but the switching was irreversible. (F) Absorption spectra of the molecular

switches in toluene. Solid line: closed form (S4c); dashed line: open form (S40).

This change in resistance is attributed to switching from the ON-state (closed form,
S4c) to the OFF-state (open form, S40) and resistance values are supported by
calculations. However, the switching was found to be irreversible and the molecules
can only be switched from the closed to the open state, and not the other way round.
In solution the switching from the open state to the closed state (initiated by
irradiating with UV-light) shows a very high quantum yield and is even faster than
from the closed to the open state. Quenching of the open form excited state by the
Fermi level of the gold electrode was proposed as an explanation of the inhibition of

the closing reaction.
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Figure 30: Examples of investigated diarylethenes.

As a control experiment UV/vis absorption measurements of the corresponding
monothiol functionalized derivative S5 were performed. The closed form shows an
absorption maximum at 550 nm which completely disappears upon irradiating with
visible light (546 nm). The process is completely reversible and upon irradiating with
UV-light (313 nm) the absorption maximum at 550 nm is again obtained. The closed
form isomer of the monothiolated compound S5¢ was then self-assembled on gold
colloids which were subsequently suspended in toluene (Figure 31 C). Again an
absorption maximum at 550 nm is obtained and decreases upon irradiating with
visible light. However, even after three days of irradiating at 313 nm the absorption
maximum is not recovered. Investigating switching properties of molecular switches
absorbed on gold nanoparticles is a fast and reliable screening method to test the
photochromic properties of molecules attached to a metal. It is in between ordinary
solution-phase measurements and highly advanced molecular device techniques

demanding expensive and time-consuming nanofabrications.
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Figure 31: Switching properties of diarylethene switches S5 absorbed on gold nanoparticle were

investigated in solution. The state of the switch can be read from the absorption spectra.

As it was shown that switching behavior depends critically on the nature, length and
position of the spacer linking the switching unit to the anchoring unit, diarylethene
derivatives with different spacer groups were investigate on gold nanoparticles.“zz]
Absorption spectra of compound 86 and S7 bound to gold nanoparticles were
recorded and the suspension was irradiated to trigger switching. In contrast to S5,
reversible switching was obtained for both S6 and S7. The quantum yield for the
closed- to open-form isomerization is 0.07, which is lower than 0.4 in solution, but
while introducing appropriate linker units bi-directional switching of photochromic
molecules bound to metal can be obtained.

The knowledge obtained in this screening method was exploited and
corresponding switches were designed to be investigated not only spectroscopically
on gold nanoparticles in solution but also in a junction. SAMs of dodecanethiol on a
Au(111) substrate were exposed to a solution of the dithiol functionalized switch S6.
Hence, monolayers of dodecanethiols were doped with single diarylethene switches,
and these SAMs were investigated by STM having the switches in the OFF-state
(closed form) (STM-carpet approach, E in Figure 3). A regular pattern was obtained.
However, upon irradiating the sample with UV-light leading to rearrangement to the
ON-state (closed form, S6c¢) bright spots appear. These bright spots are attributed to
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the molecule S6¢ in its ON-state and alter vastly from the OFF-state isomers S60.
STM measures apparent height that is in combination of electronic and topographic
characteristics. However the difference in length of the ON- and OFF-state isomers is
very small (0.1 nm), but the delocalization of the tr-electrons in the two isomers
differs strongly. Therefore the STM results are attributed to two different conductance
states. Conductance switching is fundamentally different from length switching, such
as observed in the previously described azobenzene systems. Optical-spectroscopy
experiments further hold the conclusion that the high conductance state is attributed
to the closed form and the low conductance state is attributed to the open form. The
switching was reversible and both conversions from ON to OFF and from OFF to ON
were obtained.

Diarylethene switches were further investigated in gold nanoparticle
junctions.['*> 21 88 was investigated in 2D gold nanoparticle arrays (D in Figure
3)."! The nanoparticles define a highly ordered 2D template, whereas the molecules
contribute their functional properties. Via thiolate exchange the diarylethene switches
S8c are brought into the junction (b in Figure 32). The conductance of the array after
introduction of the closed-form isomer increases drastically from the initial
conductance where only the alkylthiols are present. In a further experiment the
conductance is measured as a function of time while irradiating alternately with UV
and visible light, respectively (Figure 32). Indeed, the conductance changed in
dependence of the wavelength of the irradiation. Hence a light sensitive device
based on switchable diarylethene molecules, each coupled to two metal electrodes

was created.
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Figure 32: Photoswitchable 2D-network of gold nanoparticles bridged with diarylethenes. S8 was

investigated as a photoactive molecular switch.['*



40 1 Introduction

Besides photochromic switching diarylethene derivatives also show
electrochromic switching. The isomers can therefore not only be transformed by
irradiating with light, but also electrochemically.'®® "1 As this is an additional
function other than switching (write-erase), this property was exploited to investigate
information storage devices (read-write-erase). A diarylethene derivative S10 was
chemisorbed on a transparent indium tin oxide (ITO) electrode (Figure 33).'®! The
immobilized switch underwent multicyclic ring-opening and ring-closing reactions
both electrochemically and photochemically and the state of the modified surface
was read non-destructively by electrochemical means. Hence, diarylethene
derivatives can be grafted on electrodes without loss of functionality providing a basis

for read-write-erase systems.

Figure 33: Electrochemical and photochemical switchable diarylethene derivative S9 grafted on an
ITO electrode.

Further, cysteamine modified gold electrodes were functionalized with
carboxymethyl-pyridinium end-groups comprising diarylethene derivatives exploiting
amide bond formation.['* The corresponding electroactive and photoisomerizable
monolayer was exploited as a read-write-erase information processing unit as well as
a set-reset flip-flop memory element and the read-out signal amplification was
accomplished by a secondary electrocatalytic process.

Photochromic diarylethenes are not only exciting for the investigation of
fundamental switching and information storage concepts, they are also very attractive
for numerous other devices such as; chiroptic applications,!"*® photoregulation in
metal catalysis!'*"! and photodelivery applications.!"*?! However, their integration into
future electronic devices is questionable. In particular, light operated systems raise
numerous issues like nature, size and integration of the light source into the circuit,

control over the illuminated area and the number of illuminated molecules.
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1.1.3.2.2 Electrically Triggered Switches

Electrically triggered molecules are basically divided into two types. As in a
metal-molecule-metal junction the electrons are expected to flow through the frontier
orbitals of a molecule (either HOMO or LUMO), and the electron population in the
frontier orbitals is dependent on the oxidation state. Change of the oxidation state
may directly result in a change of conductance. Therefore a first type of electrically
triggered switches is considered to be a redox state dependant switch. Changing the
redox state of a molecule can further lead to a change in the rate of delocalization in
the electron pathway. In contrast to the electrochemically triggered switches, voltage
triggered hysteretic switching has to be considered as a second type of electrically
triggered switches. In voltage triggered switches the redox states of the two isomers

are the same, but the conductance shows a hysteretic behavior.

1.1.3.2.2.1 Redox Switches

To realize a molecular redox state driven molecular switch, a redox active core
needs to be functionalized with two adequate spacers and two anchor groups. As a
redox active molecule bipyridinium, also called viologen was investigated. Viologen
can be switched from its dicationic V*? state to the reduced radical cation state V**
and further to the neutral state V° (Figure 34).

= /= R — ,~ R — ,~ R
R/-N\*/ N =— R/-NC'/ _ K N/ \=

V+2 \Vas VO
Figure 34: Redox reactions of viologen. The twofold positively charged ground stated V*2 can be

reduced to the radical cation state V' and further to the neutral state V°.

Schiffrin and coworkers investigated a dialkyl dithiol functionalized viologen derivative
$10 (R = (CH.)sSAc in Figure 34), self assembled on a gold substrate.['*® Gold
nanoparticles were placed on the SAM which were then addressed by an STM tip. In
this manner they were able to indirectly address the viologens and form metal-
molecule-nanoparticle-STM tip junctions. The oxidation state of the viologen was
controlled with an electrochemical gate without affecting the bias. Monitoring the
tunnel current through the junction by STS, an increased conductance was observed
for the reduced form V** compared to the dicationic state V2. Three years later the

same group reported a method to directly address the viologen with an STM tip.!"*¥
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The molecules were chemisorbed on a Au(111) substrate forming a low-coverage
phase. The STM tip was then brought close to the SAM and subsequently gently
lifted while holding the tip at a constant x-y-position. The current was measured as a
function of the relative tip-sample distance. Besides fast exponential decay curves,
less abrupt decay followed by a characteristic current plateau is observed, indicating
that single metal-molecule-metal junctions are formed. These measurements were
then performed within a liquid environment with an electrolyte. Measuring at a
different potential it was possible to determine the conductance of single molecules
as a function of the applied electrode potential. Reversible conductivity changes of a
factor = 5 were observed when the molecule was switched from its oxidized V*? state

to the reduced V*" state.
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Figure 35: Viologen derivative S10 (n=6) has been investigated in several electrochemical STM

setups like the sketched single molecule junctions (A)"**"*®lor Au-nanoparticle covered junctions.*! B

displays typical pulling traces for S$10 during the electrochemical STM experiment reported by

Wandlowski.!"*®

Comprehensive investigations of viologen derivatives as electrochemical potential
dependant structures were performed to gain information about the relationship
between molecular and electronic structure.!"®>"*"! |n particular, self-assembly and
redox properties of viologen derivatives, consisting of a viologen core functionalized
with alkylthiol groups on gold electrodes was reported. Depending on the assembly
conditions, different types of addlayers were found, low coverage (disordered),
striped and high coverage monolayers. STM experiments were performed to explore
electron-transport properties while forming substrate-molecule-STM tip junctions

(Figure 35). The recorded current traces were statistically analyzed, showing redox
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state dependant transport currents through single molecule junctions. The obtained
sigmoidal potential dependence was attributed to the electronic structural change.
Exploiting different alkyl spacer lengths (n = 5,6,7,8) showed a surprisingly low
tunneling decay constant calculated for the molecular system.['*® In this approach,
using viologen as an electrochemically triggered active unit, the redox active core is
rather isolated from the electrodes due to the poorly conducting alkyl spacer units.
This was essential for the basic understanding of the electrochemical conductance
switching. Therefore, systems where the redox core is directly coupled to the

electrodes via conjugated spacers need to be investigated.

A molecular rod S11 with a central tetrathiafulvalene (TTF) core was proposed
as a molecular switch.*® TTF has three stable redox states and can be oxidized
from the neutral TTF® to the cationic TTF* and dicationic TTF** state (Figure 36).
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Figure 36: Redox reactions of TTF and proposed molecular switches 811 and S12 exploiting the

redox character of TTF.

Indeed, cyclovoltammetry (CV) measurements of the rod S11 in solution revealed
two pairs of well-defined and reversible redox couples typical of TTF. Preliminary
conductance measurements of single molecules using an STM setup were
performed and stable |/V-characteristics recorded in an MCBJ setup reported.
However, conductance measurements depending on the oxidation state have not
been reported thus far. Extended TTFs implemented into molecular rods (S12) were
also considered as redox switches. Similar to the principle previously described with
the diarylethene switches, the conjugation of the 1r-system in the electron transport

pathway is altered.[**! Upon oxidation of the extended TTF to the dicationic form, the
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conjugation of the oligo(phenylene ethynylene) (OPE) rod is changed from
conjugated to cross-conjugated. This change in conjugation was intended to be
exploited in an electrochemically triggered molecular switch. CV measurements and
computational calculations support the proposed switching mechanism, however,

conductance measurements and switching behavior has not yet been reported

Another approach to address the conjugation of the 1r-system electrochemically
was reported by Hummelen and coworkers."*” The proposed switch $13 consists of
an OPE system with a central anthraquinone core and terminal acetyl protected
sulfur anchor groups (Figure 37). The central anthraquinone group acts as a barrier
for conjugation and divides the m-system apart. However, in its reduced
hydroquinone form, the 1r-system is delocalized over the whole rod and an increased

current is expected for this change when addressed with two electrodes.

reduction
—
—_——

oxidation

S$13

Figure 37: Anthracene based molecular rod $13 proposed as potential electrochemically addressable
molecular switch. While the conjugation is broken by the quinone in 8§13, the T-system is fully

conjugated in the reduced form $13%.

CV investigations display a two-step reversible redox process with a semiquinone
intermediate upon reduction. The difference in delocalization of the 1T-systems of the
two isomers is also reflected in the absorption spectra. The absorption band of the
conjugated hydroquinone isomer undergoes a bathochromic shift of about 300 nm
compared with the anthraquinone isomer. Molecular orbital calculations have
supported the proposed switch, but conductance measurements of immobilized

molecules have not yet been reported.
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1.1.3.2.2.2 Voltage-Triggered Hysteretic Switches

In comparison to the previously described redox switches, voltage triggered
switches bear the same oxidation state in both their ON- and OFF-state. This class of
switches rather relies on hysteretic properties, a delayed response to a stimulus.
Hysteresis, in general, is a property of a system not to respond instantly to an applied
force, or not to return to its initial state immediately after applying the force. Therefore
hysteretic systems remember their latest history. If the force is plotted against the
state of a system, hysteretic systems show loop-like behavior. For applied forces
within the region of the hysteretic loop, the system is bistable, and the state can be
nondestructively read out. This feature makes hysteretic switches very interesting for

logic applications or memory cells.

An elaborated system to approach hysteretic switching based on supramolecular
architectures was investigated by Stoddart and coworkers.['* ! 142l They exploited
bistable properties of mechanical interlocked molecules (MIM). Molecules can be
programmed to form mechanically interlocked molecules such as catenanes or
rotaxanes using template-directed synthesis. Catenanes consist of two interlocked
rings whereas rotaxanes consist of a ring encircling a handle fixed with two
appropriate stopper units. MIMs containing two different binding recognition sites with
the ring component preferentially binding one of the stations are called bistable
mechanically interlocked molecules. Upon application of an external stimulus, affinity
of the ring component towards recognition sites can be reversed and the switching
occurs. As an example, this supramolecular rearrangement reaction is explained with
the rotaxane S$14 (Figure 38). The handle consists of an ethyl glycol chain comprising
two binding sites, namely a TTF and a dioxynaphatalene (DNP) station, both being
electron rich. In the ground state a tetracationic cyclobis(paraquat-p-phenylene)
(CBQT*) ring preferentially encircles the TTF station. This thermodynamically more
stable coconformer is referred to as the ground state coconformer (GSCC). The
handle is fitted with two sterically demanding stoppers, such that the ring can not slip
off the rod. The TTF can be oxidized to its dicationic TTF*? form, resulting in a
coulombic repulsion of the TTF*? and the CBQT*" ring. Relieving the coulombic
strain, the ring shuttles to the second binding site, the DNP unit. However, when

reducing the TTF*? back to its neutral state, the ring keeps binding to the DNP
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station. This coconformer has the same oxidation state as the GSCC and is referred
to as the metastable coconformer (MSCC). The two conformers are in equilibrium,
however by an appropriate electrochemical stimulus one of the two states can be
enriched.

The modular synthesis of MIMs allows varying the structure and therefore the
properties. The stoppers can for example be fitted with groups supporting film
formation or binding selectively to a distinct electrode.

These bistable molecular-mechanical switches have been investigated
extensively in solution."*** They are promising candidates for many technological

applications, although few are likely to be liquid-phase based.
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Figure 38: Rotaxane S14 (A) In the ground state the CBQT* ring encircles the TTF unit. Upon
oxidation of the TTF the ring is shuttled to its preferential position at the DNP site. The two
coconformers are in equilibrium, however upon an electrochemical stimulus one state can be
enriched. 814 was successfully immobilized in a crossbar-architecture (B) and hysteretic switching

was obtained (D).

The feasibility of bistable MIMs as switches in solid-state applications was
explored by integrating bistable [2]catenanes and [2]rotaxanes into solid-state
polymer electrolytes.!"*® While addressing with a microfabricated electrochemical

cell, thermodynamic properties of the switches were quantified by time and



1 Introduction 47

temperature dependent cyclovoltammetry. The position of the ring, and therefore the
state of the switch can be determined by CV due to the considerably lower oxidation
potential of the bare TTF in the MSCC (200 mV less positive). The shuttling
mechanism in the solid-state polymer, which can be considered as a viscous liquid,
remains the same as in solution, although remarkably slowed down. The mechanism
was also proved in other environments such as Langmuir-Blodgett Films (LB)'*"! and
self-assembled monolayers (SAMs),"* but the recovery rate from the MSCC to the
GSCC was found to be dependant on the media.

Monolayers of [2]rotaxanes were investigated in molecular switch tunnel
junctions (MSTJ) (Figure 38).I'" 3638 |ndeed, two different conductance states were
found upon switching the rotaxanes. The switches were opened at +2 V, closed at
-2V and read at 0.1 V. Temperature dependent electrochemical and current-voltage
measurements were performed to determine qualitatively and quantitatively the
thermodynamic properties of the rotaxane. The high-conductance state (ON-state)
corresponds to the MSCC and the low conductance state (OFF-state) is related to
the MSCC/GSCC ratio at equilibrium.P® The difference in conductivity depends on
the spatial arrangement of the two conformers. The stability of the supermolecules in
two different spatial arrangements is the origin of the bistability and hysteretic
behavior.

As the MSTJs exhibit a hysteretic response to an applied voltage, they can serve
as the basis of information storage. MSTJs are promising candidates for the active
elements of two-dimensional memory circuits. Rotaxane $14 was integrated into a
two-dimensional crossbar architecture, and indeed, information could be stored in
this memory device.['! The crossbar architecture consists of two series of parallel
electrodes between which a molecular film is sandwiched. As shown in Figure 39, the
top electrodes are perpendicular to the bottom electrodes, defining a small area of
the sandwiched molecular film, which consists of numerous molecules at each
intersection, addressable by applying an electric current at the corresponding
junction between the top and bottom electrodes. In an ideal case, the junction
consists of a molecular monolayer comprising metastable molecular structures
whose states may be defined (written) and altered by strong current pulses. The
read-out of the state of the junction is accomplished by applying lower voltages,

which does not alter the state of the junction.
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switching junctions
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Figure 39: Crossbar architecture for the integration of molecular devices as potential memory cells.

The modular synthesis of these molecules allowed an adaption to electro
engineering problems. Improved [2]rotaxane structures immobilized within a crossbar
architecture led to a 160-kilobit molecular electronic memory, patterned at 10" bits
per square centimeter.'® The cross-bar geometry was made of 400 silicium
nanowires as bottom electrodes. A LB monolayer of the [2]rotaxane was then placed
on the nanowires which in turn was topped by 400 titanium nanowires at right angles
as top electrodes. The 160000 (400 x 400) memory cells with a cell size of
0.0011 pm? can be switched to the ON-state by applying a +1.5 V pulse on the Si
electrodes. At +0.2 V the state can be nondestructively read out. The circuit has large
numbers of defects but they could be readily identified through electronic testing and
isolated using software coding. About 50 % of the cells yielded some sort of
switching response, but some of these responses may result from parasitic current
pathways through the crossbar array. The drawback of the crossbar architecture
wherein each junction is electrically connected to every other junction could be
overcome by incorporating diodes at each cross point. Nevertheless, the density of

these data storage elements is very high and is predicted to increase further.!"!

Hysteretic switching was also obtained for a rather simple molecular rod $15
comprising a dinitro functionalized bipyridine core. Transport investigations of
molecule S15 were performed using STM and crossed-wire junctions.”™ STM
studies were either performed with SAMs of S$15, S$15 inserted into SAMs of
alkanethiols with gold nanoparticles placed on top, or as S15 inserted into SAMs of
alkanethiols without nanoparticles. When a SAM of $15 was addressed with an STM

tip and a bias voltage from 0V — 2V was applied, the tunneling current suddenly
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jumped to a better conductance at 1.6 V. The molecule is then in an ON-state being
30 times more conducting than in the initial OFF-state. The molecule remains at the
higher conductance state until the applied bias voltage approaches 0 V. At this point
the molecule switches back to its OFF-state and only reaches the high-conductance
state when again pulsed with 1.6 V. Qualitatively similar results were obtained when
isolated molecules in a SAM of alkylthiols were addressed with an STM tip (switching
at 1.7 V) or with assemblies of S15 in a crossed-wire junction (switching at 1.1 V). In
the later method the system was stable for more than one hundred cycles. No
hysteresis was obtained when SAMs of only alkylthiols were measured. Therefore it

was concluded that voltage-triggered switching is a molecular phenomenon.

4 .
NO 0, 8 8
o=( = f= — 4
O,N E 1l
s15 g 4
o=( N A s :
s )= )= o 3
S16 5

oL
©
=)

-1.0 -08 -0.6 0.6
Voltage / V

Figure 40: Compound S15 displayed hysteretic switching whereas the control molecule lacking the

nitro groups $16 did not show any voltage triggered switching.“s]

Riel and coworkers investigated the hysteretic properties of the same molecule
$15 within an MCBJ setup.!"® Single molecules were connected to symmetric leads,
and I/V-curves were recorded. The I/V-curves were symmetrical between +1.2V
showing hysteresis between +0.9 V (Figure 40). When a bias voltage was applied
starting from 0V the current traces showed an increased conductivity when
sweeping above 0.8 V. The molecule stayed in this good-conductance state until it
was switched back to the OFF-state by applying a negative bias of -1.0 V. This
negative sweep resets the system to the OFF-state. A control experiment was
performed with molecule S$16 lacking the two nitro functions. Symmetric I/V-curves
were obtained but no hysteretic properties were found. This reversible and
controllable voltage-triggered switching ability of S15 has already been used as
single molecule memory element.'® The switching mechanism is not yet fully
understood, but conformational change, electrostatic charging and tilting have been

hypothesized.
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With all the selected examples discussed in the introduction, it was shown that
molecules are suitable to be integrated into electronic circuits. It was also pointed out
that nowadays molecular electronic systems have particular drawbacks, and they
need to be remarkably improved to find applications in industry. There is still a vast
need of basic understanding of electron transport through single molecules to reach
a level enabling the fabrication of molecular electronic circuits.

Our contribution to the field will be discussed in the following chapters. The goal
of this thesis is to design and synthesize molecules such that the molecular

properties result in functional materials.



2 Molecular Rods as Model Compounds for Electron
Transport Investigations

Since the goal of molecular electronics is to embed molecules between two
electrodes and let them perform electronic functions, we first consider conduction,
the simplest electronic function. In an ideal molecular electronic device, not only the
active part but also the contacts, interconnects and wires are made of molecules.
Even though it is unrealistic to fabricate fully organic devices, and hybrid setups are
much more promising, it is essential that transport properties through molecules are
investigated starting from simple test systems. Several molecules comprising
complex functions have been designed and synthesized. Subsequently, their
transport properties have been investigated. However, the behavior of these complex
systems often raised more questions than providing clarity. Therefore simple rod like
structures were chosen as model compounds for these investigations. By
systematically varying certain components, effects on different anchor groups and

intermolecular interactions in molecular junctions will be discussed.

2.1 Design of Molecular Rods

We use oligo(phenylene ethynylene) (OPE) structures as model compounds to
systematically investigate electron transport through molecules. OPEs are rod like
structures consisting of modular and repetitive subunits. Compared to saturated
alkane model systems discussed in the introduction, OPEs are expected to display
improved electron transparencies due to their backbone conjugation. As a basic
reference molecule, OPE 1 is proposed (Figure 41). With three phenyl units bridged
by ethynyl groups it has an ideal length to be integrated between two electrodes. To
provide stable binding and electronic coupling to the electrodes, OPE 1 is fitted with
two thiol anchor groups.

In a first instance we investigate the role of contact. The effect on the electron
transport when the anchor groups are changed from thiols to pyridine is explored.
Therefore the terminal thiophenol subunits of 1 are systematically substituted by
pyridines. OPE 2 comprises one thiol and one pyridine unit, OPE 3 comprises two

terminal pyridine units where the thiophenol units are fully replaced.
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Figure 41: Molecular rods 1 — 9 were considered for investigation. All compounds consist of an OPE
backbone. Rod 1 is the basic reference compound with two thiol anchor groups. Rod 2 has one thiol
and one pyridine anchor group, rod 3 bears two pyridine anchor groups. Rod 4 — 8 comprise only one

anchor group. OPE 8 and 9 comprise only two phenyl rings.

To connect molecules with two electrodes, two anchor groups are required.
However, previous experimental findings in our measurements gave rise to the
question whether -1 stacking might be the origin of molecular junction formation.”
According to the measurements it was not a priori obvious that 1 was bound to two
electrodes with its two sulfur units, or if it was binding to one electrode and stacking
with a second molecule binding to the other electrode. Therefore we systematically
investigate the role of — so far unexplored — intermolecular interactions in molecular
junctions. We examine the bridging of two electrodes by formation of a
molecule-molecule junction. Tr-1T Stacking is envisaged as the predominant
intermolecular force. Therefore molecular rods comprising only one anchor group are
proposed (compound 4-8). While compound 1 and 2 are designed to form two
contacts to the electrodes, the pyridine group in compound 4 is hidden in the ortho-
position. In compound 5 the pyridine is substituted with a phenyl unit and the OPE
comprises only one anchor group. Placing the pyridine on the central unit provides
similar electronic properties to compound 2 and 4 but also disables binding to two
electrodes (compound 6). The extent of -1 stacking depends on the different
electron densities of the stacking rings. Compound 7 comprises a perfluorinated
electron poor phenyl unit as an alternative to pyridine. Further control molecules are
the shortened OPEs 8 and 9 comprising only two phenyl rings and one and two thiol

groups, respectively.
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2.2 Synthesis of Molecular Rods

2.2.1 Synthetic Strategy

The synthetic strategy to assemble OPE 1-9 is based on Sonogashira coupling
reactions. These coupling reactions allow a modular synthesis of the rigid OPE
structures. In general, three different strategies are considered (SCHEME 1). The
symmetrical OPEs 1 and 3 can be assembled in one step by a twofold coupling
reaction of 1,4-bisethynylbenzene with the corresponding functionalized building
block (route | in SCHEME 1, with A is either pyridine or a thiophenol). If A and B are
different (OPE 2, 4 —7), the OPE looses its symmetry and a stepwise assembly
becomes necessary. However, if A is a pyridine (2 and 4), it decreases the electron
density in the conjugated t-system when monocoupled to 1,4-bisethynylbenzene,
which decreases the reactivity of the free acetylene. This enables a selective
monocoupling (route Il in SCHEME 1). The third strategy is to build up the OPE (5, 6
and 7) stepwise by a coupling-deprotection sequence (route Il in SCHEME 1).
Trialkylsilane protection groups (PG) are considered to protect the acetylene. The
silane PGs allow the basic reaction conditions of the Sonogashira reaction but can be
mildly cleaved. The shorter OPEs 8 and 9 can be assembled in a single coupling

reaction.

|:|>x+: =
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O=0O0=0® — ®=0O—= @

|

+ X—@%PG — x—@—x + =PG

SCHEME 1: Synthetic Strategy for the assembly of OPE 1 - 9.

The thiophenols are envisaged to be protected with acetyl protection groups. The
acetyl groups allow the conditions of Sonogashira reactions but can mildly and

efficiently be cleaved prior to the physical investigations in the MCBJ.
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2.2.2 Synthesis and Characterization

All target structures 1-9 are assembled by Sonogashira reactions as key steps.
The Sonogashira reaction is a transition metal catalyzed cross coupling reaction, and
is an efficient method to build up OPE structures.!"®'""*3 For the understanding of the
outcome of the following reactions, the mechanism will be briefly discussed.

The Sonogashira reaction is a palladium catalyzed coupling reaction co-
catalyzed by a copper(+1) salt.'® The catalytic cycle is displayed in Scheme 2. The
acetylene is deprotonated by the amine base forming an acetylide and an amine salt
as side product. To stabilize the acetylide and increase its nucleophilicity, the copper
salt is required as a co-catalyst while forming the copper acetylide. The first step in
the main catalytic cycle is an oxidative addition (a in Scheme 2). The active catalyst
is an electron deficient palladium(0) species (Pd1) to which the halide bearing
reagent is introduced and the palladium is oxidized (Pd2). The oxidative addition is
the rate limiting step of the reaction. In a transmetallation step (b in Scheme 2) the
palladium complex Pd3 is formed. Followed by the reductive elimination, the cross-

coupled product is relieved and the active palladium catalyst is regenerated.

Pd°(PPhs),
X-R
a L. X
PdL, P
Pd1 £ R

Pd2

Cu—R'
amine *HX
b
amine CuX

=R’

Scheme 2: Catalytic cycle of a Sonogashira reaction. a: oxidative addition, b: transmetallation,
c: reductive elimination. R = aryl. R’ = aryl, alkenyl, alkyl, SiR”;. X = [, Br, OTf.

The most widely used catalysts are [Pd(PPh3).Cly] and [Pd(PPhs)4]. Cul is used as
co-catalyst. As base, amine bases are employed either directly as solvent or as
reagents. There are many variables that dictate the overall efficiency of the catalytic

cycle, including catalysts, amine base, solvent and the electronic and steric
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characteristics of the organic electrophile and alkyne. Electron-deficient organic
halides are more reactive to cross-couplings than electron-rich, while the opposite is
true for alkynes.'"®*"%®! The general reactivity order of the sp? species is aryl iodide >
aryl triflate = aryl bromide >> aryl chloride.['** 1]

For the assembly of target structure 1-9, several Sonogashira reactions were
performed. The reaction conditions found to be generally applicable to most of these
couplings were the following:

The acetylene and the aryl-iodide were dissolved in a 5:1 mixture of dry THF and
diisopropylamine. 10 mol% [Pd(PPhs)s] and 10 mol% Cul were added and the
reaction mixture was stirred until complete at room temperature. The extent of the
reaction was followed by thin layer chromatography (TLC). The reaction mixture was
then evaporated, absorbed on silica gel and purified by column chromatography
(CC). To prevent oxidative diacetylene-formation, the solvent mixture was degassed
before use, and the reaction was performed under an inert argon atmosphere. These
reaction conditions are in the following referred to as the standard Sonogashira

conditions and where no further clarification is stated these conditions were applied.

Applying synthetic strategy | the symmetric compounds 1 and 3 were assembled
in a single Sonogashira reaction (Scheme 3). 1-Acetylsulfanyl-4-iodobenzene (10)!"*®
and 1-4-bisethynylbenzene (11) were treated with the standard conditions.["*®! After
workup the crude was purified by CC to yield compound 1 as a beige solid in 79%

yield.
Pd(PPhs),

Cul
(i-Pr),NH

O == T s O=0=07"

rt
79%

Pd(PPhs),
Qul

= Y HN(iPr), ‘ =\ __ =

NN/ B+ =\z7= E N/ =N

12 11 47°C 3

67%
Scheme 3: Synthesis of symmetric rod 1 and 3 following synthetic strategy |I.

The dipyridine functionalized OPE derivative 3 was synthesized applying the
standard conditions to 11 and commercially available 4-bromo pyridine (HCI-salt)

(12). The substitution of the bromide required elevated reaction temperatures and
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therefore the reaction was performed at 47 °C. After workup and CC compound 3
was isolated in a 67 % yield.

Target molecules 2 and 4 were synthesized applying synthetic strategy Il. The
electron withdrawing character of bromopyridines enabled monocoupling to
1,4-bisethynylbenzene (11). As the pyridines are electron poor aromatics, they
withdraw electrons from the conjugated system which leads to a deactivation of the
free acetylene in 13 and 15 and reduces the reactivity of a second coupling.
Therefore 13 and 15 are achievable in acceptable yields in only one step.
4-Bromopyridine or 3-bromopyridine and 1,4-bisethynylbenzene were treated with
the standard conditions at 45 °C. The mono coupled products 13 and 15 were
isolated after workup and CC in 41% yield each. In a second Sonogashira reaction
13 and 15 were coupled with building block 10 and the two target molecules 2 and 4
were isolated in 87% and 76% yield as beige solids (Scheme 4).

The assembly of the monothiolated OPE 5 could not be performed efficiently by
a comparable selective coupling strategy. For example, if bromo-benzene is reacted
with 1,4-bisethynylbenzene (11) the monocoupled 1-ethynyl-4-(phenylethynyl)-
benzene (17) was only isolated in 5 % yield. Therefore a stepwise synthesis is

inevitable and synthetic strategy Ill was considered for the synthesis of 5.

1" 10

(PPh3),Pd (PPh3)4Pd
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(PPhs),Pd (PPh3)4Pd
Cul Cul >=
= i-Pr),NH = i-Pr),NH = 0
\/Br—>( )2 \ )= :—F( 2 \/::S
N THF N THF N
45°C rt
14 41% 15 76% 4
11
(PPh3)4Pd
Cul
(i-Pr),NH
Br ———> = =
Orer —E W)=
60°C
16 5% 17

Scheme 4: Synthesis of compound 2 and 4.
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1-Bromo-4-iodobenzene (18) was treated with trimethylsilane-acetylene
(TMS-acetylene) in a Sonogashira reaction using the standard conditions. The
iodide-bromide selectivity in metal catalyzed coupling reactions is nicely reflected in
this example, as 4-bromo-1-(2-trimethylsilyl-ethynyl)benzene (19) was isolated in
92% vyield. 19 was then coupled with ethynylbenzene to give 20 in 64% yield. The
TMS-protection group of the acetylene was cleaved with fluoride ions using
tetrabutylammonium fluoride (TBAF). 20 was dissolved in THF and treated with a 1 M
TBAF solution (in THF containing 5% water) at 0°C to yield the free acetylene 21 in
good yield. In a final Sonogashira reaction 21 was coupled with 10 to give OPE 5in a

79% vyield as a beige solid.

=—TMS =—Ph
(PPh3)4Pd (PPh3)4Pd
Cul Cul
(i-Pr);NH — (i-Pr);NH /=\ —
I—@—Br > TMS—= <:>—Br > TMS—= =
THF \_/ THF \ 7 \_7
rt rt
18 92 % 19 64% 20
TBAF
THF
0°C
10 93%
(PPh3)4Pd
>= Cul
o) (i-Pr);NH
— — — —
O=0=0° ==
rt
5 79% 21

Scheme 5: Synthesis of compound 5.

Compound 6 bears a 2,5-substituted pyridine as a central unit. The electron
withdrawing character of pyridine towards the ortho and para-positions, activates the
oxidative addition of 2,5-dibromopyridine in 2-position. Therefore, 2,5-dibromo-
pyridine can be selectively substituted at the 2-position.[®®! So if 2,5-dibromopyridine
(22) is treated with ethynylbenzene in a Sonogashira reaction, 23 is observed as the
main product in quantitative yields. The bromide 23 was coupled with 1-ethynyl-4-

acetylsulfanylbenzene (29)!"®"!

which directly led to the target structure 6, but only in
very low yield (Scheme 6). Elevated temperatures were required for the substitution
of the bromide which led to decomposition of building block 29. The acetyl protection
group of the thiol is not stable under these harsher reaction conditions. To improve
the outcome of this reaction, the thiol needs to be protected with a more stable
protection group, or the bromide needs to be exchanged with iodide such that the

reaction can be performed at room temperature.
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Scheme 6: Synthesis of compound 5. Pyridine activates the bromide in alpha position and therefore

the compound 23 is selectively formed.

For the synthesis of target molecule 7 different strategies were envisaged. The
most straightforward pathway would have been synthetic strategy Il. However,
coupling pentafluoroiodobenzene with 1,4-bisethynylbenzene did not lead to the
desired mono-coupled building block 1-((4-ethynylphenyl)ethynyl)-pentafluoro-
benzene. Therefore a stepwise assembly was required and two different strategies
(IV and V in Scheme 7) were considered. In the synthetic strategy IV the acetylene
functionalized pentafluorobenzene 24, which is available directly from a Corey-Fuchs
reaction sequence from the commercially available corresponding aldehyde, is
coupled with the corresponding halide 25. On the other side, building block 27 can be
assembled by a coupling-deprotecting sequence, and later coupled to the

commercially available pentafluoroiodobenzene (26) (strategy V in Scheme 7).'%?!

R F _ B >=O

= O=0" .
R F — o 7

L =0=0"

Scheme 7: Synthetic strategy IV and V for the assembly of target structure 7.

1-ethynyl-pentafluorobenzene (24) was synthesized with a Corey-Fuchs reaction
starting from pentafluorobenzaldehyde (28) (Scheme 8)'®'%1  Therefore,
carbontetrabromide and triphenylphosphine were dissolved in dichloromethane. The
aldehyde was added at 0 °C and the reaction mixture was stirred for 30 minutes. To
remove the salts that form, the reaction mixture was filtrated over a silica gel plug.
After evaporation of the solvents, the mixture was purified by CC to obtain 29 as a

colorless solid. 29 has a high vapor pressure and needs to be handled with care to
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prevent sublimation on the rotary evaporator or at high vacuum. Therefore
dichloromethane was chosen as the eluent for column chromatography. If
hexane:ethylacetate is used as an eluent system, the product is lost while
evaporating the solvents. In a second step the dibromo-olefine is treated with two
equivalents of lithiumdiisopropylamine (LDA) which leads to formation of the
vinylcarbenoid. After an H-shift, the acetylene is formed and immediately
deprotonated with the second equivalent LDA and the lithium salt is formed. After
aqueous workup the free acetylene is obtained. To form LDA, diisopropylamine was
dissolved in dry THF, and n-BuLi was added as a 1.6 molar solution in hexane at
-78 °C. The freshly formed LDA was then transferred by a cannula to a -78 °C cold
solution of the dibromo-olefine in dry THF. After stirring for 40 minutes at -78 °C and
one hour at room temperature the reaction mixture was quenched with water. After
work up and CC, the acetylene 24 was obtained as a colorless solid in 95% vyield.

Again, pentafluoro-ethynyl (24) has to be handled with care to prevent sublimation.

R F CBr4 R F LDA E F
PPhg H0
F—Q—\\ —— 3 F A B ——— F =
o) Ch,Cl, Br -78°C->rt
F F 0°C F F Br 95% F F
80%
28 29 24
10
Pd(PPhs),
Cul >=
= TBAF = HN(iPr 0
Br—(_)—=-Tms > B )= e B— )= )5
THF THF
0°C rt
19 63% 32 80% 25

Scheme 8: Synthesis of building block 24 and 25.

The corresponding building block 25 was synthesized starting from the previously
described 1-bromo-4-(2-trimethylsilylethynyl)benzene (19). After deprotection with
TBAF, 32 was coupled in a Sonogashira reaction to 1-acetylsulfanyl-4-iodobenzene
(10) to afford building block 25 in 80% yield.

24 25

Scheme 9: Attempted synthesis of target structure 7.

With both building blocks 24 and 25 in hand, the final Sonogashira coupling was

aimed. However, all attempts for the synthesis of the fluorinated OPE through this
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route failed (Scheme 9). One explanation could be that the perfluorinated benzene
unit of 24 reduces the nucleophilicity of the acetylene, and disables it towards a

Sonogashira reaction with a bromide.

Pd(PPh;)
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Scheme 10: Synthesis of target structure 7.

As an alternative pathway, synthetic strategy V was considered. Building
block 27!"%% "] was coupled with commercially available pentafluoroiodobenzene
(26) in a Sonogashira reaction and indeed, the desired fluoro functionalized OPE 7

was obtained in 32 % vyield (Scheme 10).['*4
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Scheme 11: Synthesis of the short OPEs 8 and 9.

The short OPEs 8 and 9 were readily accessible in one step. Coupling of 1-
acetylsulfanyl-4-iodobenzene (10) to either ethynylbenzene (28) or 1-ethynyl-4-
acetylsulfanylbenzene (29) led to the desired compounds 8 and 9 in 87 % and 85 %,
respectively.

All compounds were fully characterized by melting point, TLC, 'H-NMR-spectra,
BC-NMR-spectra and mass spectroscopy (El, MALDI-ToF or FAB). The elemental
analysis of the OPE structures were off, therefore the purity of the compounds was
further proved by gel permeation chromatography (GPC) in an HPLC setup. The

absorption spectra recorded in dichloromethane are depicted in Figure 42.
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Figure 42: Absorption spectra of 1- 8 in dichloromethane.

All OPEs 1-7 have an absorption maximum between 320-332 nm with a shoulder at
340-351 nm. The pyridine containing compounds 2, 3, 4, and 6 further show a
shoulder at 374-378 nm. The short OPE 8 has an absorption maximum at 293 nm
with a shoulder at 310 nm.

The transport investigation experiments of the synthesized compounds 1-8 will

be discussed in the following sections.
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2.3 Transport Investigations through Molecular Rods

2.3.1 Connecting Single Molecules to Two Electrodes

Electron transport investigations through molecular rods were performed in an
MCBJ setup within a liquid environment. As a basic test and reference molecule,
OPE 1 was initially investigated.

To immobilize molecules in the junction, the cell (cell volume: 3 ml) was flooded
with a 0.25 mM solution of the OPE 1 in a degassed THF/mesitylene mixture (1/4).
The acetyl protection groups of the thiophenol anchor groups were removed in situ
by adding 50 ul of a 10 mM solution of tetrabutylammonium hydroxide (TBAOH) in
THF. Hereafter, the term solvent will refer to the degassed THF/mesitylene mixture
(1/4) with the deprotection agent.

While measuring the conductance G(z) of only the solvent, the conductance
decays after breaking the gold electrodes, but in presence of OPE 1 the current
traces show plateaus with a value lower than Gy (Figure 43). The plateaus at the
range of G=10" G, are attributed to single molecules immobilized between two

electrodes.
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Figure 43: 3 conductance traces (G(z)) of solvent molecules only are shown in A. The conductance

traces are statistically analyzed by projecting hundreds of conductance traces towards the
conductance axis revealed in histograms. When this is done with conductance traces of only solvent
molecules, no molecular signature is obtained. 3 conductance traces of 1 are shown in B. In the

histogram a pronounced conductance peak is obtained.
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Histograms from 100 current traces were formed and are shown in Figure 44.
Besides subtracting the background no data selection was performed. The clearest
histograms are obtained in the logarithmic representation (B in Figure 44). Figure 44
shows a linear and a logarithmic representation of a histogram for OPE 1. The
histogram after subtraction of the tunneling background is shown in red. To deduce
the conductance of a single molecule a Gaussian curve is fitted to the histogram.
While determining the maximum of the Gaussian fit, the conductance of OPE 1 can
be assigned to G = 1.2:10* Go. The peaks are centered at a different position in the
two kinds of histograms. The peak appears at slightly lower values in the

G-histogram compared to the log(G) one.
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Figure 44: Logarithmic representation of a histogram obtained for OPE 1 (A) and the linear

representation (B).

Using the MCBJ technique it was possible to trap single molecules comprising
two anchor groups between two electrodes. The conductance of OPE 1 was deduced
and has a value of G=1.2:10" G,. These results are very reproducible, and
therefore OPE 1 is often referred to as a standard molecule. Henceforth, the
conditions applied for the immobilization of OPE 1 in an MCBJ setup within a liquid

environment are referred to as the MCBJ standard conditions.
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2.3.2 Exploring Different Contacts

To trap a molecule between two electrodes, the molecule needs to possess
anchor groups. Sulfur forms strong covalent Au-S bonds and proved to be a good
choice to fix molecules to metal electrodes and provide electronic coupling. In the
introduction several anchor groups were mentioned, however here we are looking at
binding properties of pyridines and thiols. The OPE backbone is kept the same for all
three investigated molecules but the thiophenol subunits are systematically

substituted with pyridines. The immobilized OPEs 1 - 3 are depicted in Figure 45.
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Figure 45: Immobilized target molecules possessing two thiol (1’), one thiol and one pyridine (2’) and

two pyridine (3’) anchor groups, respectively.

The molecules 1 - 3 were immobilized in an MCBJ within a liquid environment
applying the standard conditions described. In the case of the acetyl protected
compound (1 and 2) a deprotection agent (TBAOH) was added prior to exposition to
the setup, whereas the dipyridine functionalized OPE 3 was directly exposed to the
setup. The recorded current traces of all three molecules show plateaus at a G value
below Gy and the plateau formation probability is about the same for all molecules
(40 — 50 %). Figure 46 shows the histograms obtained for the measurements of OPE
1 - 3. Interestingly all three signals are comparable in height and width, however
drastically vary in their position.

As the molecules become shorter when exchanging a thiol anchor group to a
pyridine anchor group, one would expect the conductance to increase due to a

shorter tunneling distance. However, the opposite is found to be the case. The dithiol
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functionalized molecule 1 shows a conductance around G=1.2-10*G,. By
replacement of one thiol unit (2) the conductance decreases to G =5.7-10”° G,. By
replacement of both thiol units to pyridine (3) the conductance decreases by nearly

two orders of magnitude to G = 3.5-10° Gq.
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Figure 46: Conductance traces of 1’, 2’ and 3’ (A) and the logG histogram (B).
Molecule Conductance G (Go) Distance (A)
1 (1.2 £ 0.1)10* 20.7 (S,S)
2 (6.7 £ 2.4)10° 18.7 (S, N)
3 (35 £ 1.2)10° 16.6 (N,N)

Table 1: Average single molecule conductance. At least 4 samples were investigated each. The

distance of the anchor groups was calculated using MM2 force field calculations (ChemDraw 3D).

Already discussed in the introduction, the conductance through a molecule with

a distance d is described in the tunneling physics theory as:
G=A-e™

The decay constant £ is determined by electronic parameters of the molecule
backbone. A4 is the prefactor and depends on the electron density-of-states at the
point where the molecule contacts an electrode and consists in our case (different
anchor groups) of 4 = Ay A.igni- A i1s considered as “contact conductance” and for a
simple estimation we assume A4 to be independent of 8. Due to a systematic variation
of the anchor groups in OPE 1-3 we can calculate e.g. Agand 4y from 1 and 3 and
then compare the calculated Ays with the Ays experimentally obtained. For the decay
constant 8 (=0.3 A") of conjugated molecules and the length of the molecules as
shown in table 1 we can calculate the “contact conductance”.

For compound 1 and 3:
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Gy =Ag - Ag e s

_ =Bdyy
Gy =4y Ay e ™™

we can calculate the contact conductance for thiol: 4s=0.24 Gy; and pyridine
nitrogen: Ay = 0.028 Gy.
From the two values we can calculate the contact conductance of OPE 2

A, - Ay (calc) =0.0067G,
However, assigning Ay As from the experimental values with:

Gys = Ay - Age” ™™

we obtain AyAs(exp) = 0.019 Gy which is about three times larger. The fact that
AnAs(exp) is larger than Ay-As(calc) indicates that the transport is dominated by the
thiol anchor. Therefore the model of independent “contact conductance” does not
appear to hold true. The disagreement may arise from effects of the anchor group on
the HOMO-LUMO gap or from a different alignment of the frontier orbitals with
respect of the Fermi level of the electrodes. UV/vis investigations of OPE 1 - 3 show
similar absorption spectra for all three molecules. The HOMO-LUMO gap only varies

slightly. This suggests a different alignment of the HOMO-LUMO orbitals to the Fermi
level of the gold contacts.
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Figure 47: Absorption spectra of 1, 2 and 3.
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We think that the low conductance value of 3 is due to misalignment of the frontier
orbitals. For the asymmetric compound 2 the frontier molecular orbitals seem to be

fixed by the coupling of thiol to gold.

In conclusion the role of contact in molecular junctions was investigated. The
anchor groups in OPE model compounds were systematically varied with pyridines
and thiophenols. The conductance of the molecule with one thiol and one pyridine
anchor group is an order of magnitude larger than the conductance of the dipyridine
functionalized OPE 3 but only half the conductance of the dithiol OPE 1. The electron
transport was found to be dominated by the thiol-contact. Contacts are very important
components in molecular electronic systems and anchor groups have to be carefully

selected.
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2.3.3 Molecular Junctions Based on Aromatic Coupling

Molecules investigated between two electrodes usually are designed as rod-like
systems with two anchor groups. Single molecules with two anchor groups can be
bridged between the electrodes of an MCBJ setup (as already discussed in 2.3.2).
Sulfur forms a covalent bond to gold which is more stable than the Au-Au bond.!"®®
Therefore if a molecule is immobilized in an MCBJ and the electrodes are further
bended apart, the gold atoms migrate towards the tips until the junction breaks. For
molecules with only one anchor group rather than two, one would not expect a stable
metal-molecule-metal junction because the molecule can only attach to one side of
the junction (B in Figure 48). However, this assumption ignores intermolecular
interactions and, as we shall see, these interactions can be relevant to the behavior
of molecular junctions. We investigate the formation of metal-molecule-molecule-
metal junctions consisting of two molecules, each binding to one of the electrodes.®!

A

-l -
B .
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R

Figure 48: Molecules with two anchoring groups form metal-molecule-metal junctions (A). Molecular
rods lacking a second anchor group are not expected to form a stable junction (B). However, we
investigate whether it is possible to connect two electrodes with two molecules both fixed to one of the
electrodes. It is postulated that intermolecular interactions such as -1 stacking might be the origin of
a stable junction formation (C).

Here we report MCBJ investigations on molecules with anchor groups on both ends,
and the situation when one anchor group is removed. The influence of aromatic -1
coupling between adjacent molecules on the formation of molecular junctions will be

discussed.
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2.3.3.1 Molecular Signals of OPEs with One Anchor Group

The rigid OPE systems are considered as molecular rods. While keeping a thiol
anchor group on one side, we systematically vary the group on the other side of the
rod. As a reference molecule we look at molecule 1 with two thiol anchor groups, one
on each side, providing strong binding to both electrodes. This molecule does form
single molecule junctions (chapter 2.3.1). In the OPE 2 one thiol anchor group is
replaced by a pyridine unit in the para-position. Pyridine can form a coordination
bond to gold, and one can still expect that OPE 2 forms single molecule junctions,
although less stable with a lower conductance (chapter 2.3.2). In OPE 4 the position
of the pyridine unit is changed to the ortho-position and therefore the pyridine anchor
group is hidden. Providing very comparable electronic properties as in OPE 2, the
pyridine can hardly form a bond to gold due to its position. As a terminal atom of 4
the hydrogen atom of the terminal phenyl ring H; has to be considered. In the
molecule 5 the pyridine unit is completely removed, leaving a bare phenyl unit. Also
here the opposite group to the thiol anchor group is a hydrogen atom H:;. No
formation of a single metal-molecule-metal junction is expected for molecule 5 as it
has only one anchor group on one side of the rod. As another control molecule the
OPE comprising one thiol unit but only consisting of two phenyl rings 9 was

designed.

Molecule Length (A) | No. of samples | Conductance (Go)

1 RE)="=XDR | 207(59) 4 (1.2 £ 0.1)10"

, RA)>=)=N 18.7 (S-N) 3 (5.7 + 2.4)10°

RSHt 19.8 (S-Hy) 3 (6.6 + 1.3)-10°

s A== | 1981 3 (59 + 2410°

g RS )= 12.9 (S-Hy) 4

Table 2: The molecule 1, 2, 4, 5 and 8 were synthesized in their acetyl protected form (R = COCHj3) In
situ deprotection leads to the free thiols which then bind to the gold electrodes (R = Au). H; denotes
the terminal hydrogen atom. The length of each molecule is obtained after energy minimization using
the MM2 force field (ChemDraw 3D). The single-molecule conductance value G was deduced from the
peak that appears in the log(G) histograms of 100 opening G(z) curves obtained from three to four
different samples.
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The results of the corresponding conductance measurements are shown in
Figure 49. It is evident that for all the molecules 1 — 4 a pronounced conductance
peak is obtained. It is surprising that both the height and the width of these peaks are
similar for molecules 1 — 4. The conductance value of molecule 2 is slightly reduced
by approximately a factor of 2-3 as compared to the reference OPE 1. This smaller
value is due to weaker electronic coupling between nitrogen and Au atoms as
discussed in section 2.3.3. Although we expect a peak in log(G) for molecule 2, a
similar peak of equal magnitude for molecule 4 comes as a surprise. Because the
nitrogen atom of the pyridine structure in molecule 4 is “hidden”, it may provide, if at

all, a much less probable binding site to the electrode.
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Figure 49: Conductance histograms for the different molecules. Molecule 1 and 2 have two anchor
groups, whereas molecule 4, 5 and 8 only comprise one anchor group. The histograms are formed

from 100 G(z) curves and the blue solid lines are the Gaussian fit curves.

In contrast to this, the identical magnitude and width of the peak in log(G) suggest
that molecule 4 also binds in the junction with a similar probability as molecules 1
and 2. Hence, the observed strong binding must have another origin. This is further

supported by the measurements for molecule 5. Although the anchor group at one
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end is now removed completely, we obtain very similar results for 3 and 4. These
results lead to the question why molecular junctions form, even with molecular rods
having only a single linker group on one side of the rod.

We believe that the connection between the electrodes is made possible by a
-7 stacking interaction between a pair of molecules.®® "**" |f one molecule is
anchored by means of its thiol linker group to, for example, the left electrode, another
one bound to the right electrode can complete the mechanical assembly of the
junction through Tr-1m-coupling through the phenyl rings. This interpretation is
supported by the shift of the conductance peak to lower values by more than an
order of magnitude. In this picture, a reduced G value is expected, because the pair
of molecules will be longer than a single dithiol molecule anchored between gold
electrodes. We observe that the junctions form with a similar probability, whether for
dithiolated compounds or monothiolated compounds. As the strength of -1 stacking
depends strongly on the conjugation extent of the system and the overlap between
adjacent compounds, one straightforward control experiment, without modifying the
electronic structure of the molecules to a great extent, is to investigate an OPE
compound with only two phenylene units (molecule 8). Although this peak is shallow,
single conductance traces are still clearly visible but noisier plateaus at values larger
than the plateau values for molecules 4 and 5. We believe that the peak for molecule
8 is less pronounced because of the reduced m-tr-interaction for these shorter
molecules, leading to a mechanically less stable junction. A pair of molecules of 8
tends to have a higher conductance value than a pair of molecules of 5 because of
the reduced distance the electrons have to tunnel between the gold electrodes
through the molecular bridge. We also checked that for molecules where no aromatic
stacking is possible, such as in monothiolated alkane chains, we do not observe the
formation of molecular junctions. We also emphasize that without deprotecting the
thiol function, no molecular signature can be detected. This permits the elimination of
other unanticipated interactions except for intermolecular interactions to explain the
signal observed for compounds 4, 5 & 8.

The different conductance values obtained for the metal-molecule-molecule-
metal junctions compared to the metal-molecule-metal junctions can be qualitatively
attributed to the difference in the distance that electrons have to tunnel between the
gold electrodes. This distance is determined by the length of a 1r-11 stacked pair of

molecules. The stacking of a pair of monothiol molecules 4 is illustrated in Figure
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50 A. Figure 50 B-D present different stacking configurations of the same molecule
and Figure 50 E shows the molecule with two anchor groups fixed on both sides to
the electrodes. Due to electrostatic repulsion of the negative 1T-electron clouds, the
aromatic rings will not sit directly on top of each other, but rather in a staggered
configuration.!'”? Despite working with diluted solutions, the molecules self-assemble
at the surface of the gold electrodes, leading to a high local concentration. We
therefore expect the molecules to form coplanar stacks as illustrated in Figure 50 A.
Still, there are three possible arrangements, either one pair of phenyl rings stack (D
in Figure 50), two pairs of phenyl rings stack (B in Figure 50) or three pairs of phenyl
rings stack (C in Figure 50). We believe that Figure 50 B represents the actual

stacking configuration of a pair of molecules of compound 5.

A
o —;'?‘ % O
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29.1A
C
22.1A
D
36.0A
E
——————
20.7A

Figure 50: Staggered conformation of a molecular junction consisting of two molecules of 5 (A).
Simplified schematic representation of different stacking configurations with either two pairs of phenyl
rings stacking (B), three pairs of phenyl rings stacking (C) or one pair of phenyl rings stacking (D),
respectively. Configuration B is the most probable one whereas the other configurations are believed
to be less favored due to steric interactions (C) and reduced conjugation and overlap (D), respectively.
The molecule bearing two anchor groups fixed to both electrodes is schematically represented in E.

The lengths given are sulfur to sulfur distances calculated by MM2 minimization (ChemDraw 3D).



2 Molecular Rod Model Compounds 73

The structures in Figure 50 C & D are postulated to be less probable because of
steric hindrance and because of weaker -1 interactions due to the reduced overlap
between the molecules, respectively. The two sulfur atoms in dithiol functionalized
OPE 1 are 20.7 A apart. In the proposed configuration B (in Figure 50), the two sulfur
atoms are separated by 29.1 A. In a simple tunneling picture where electrons tunnel

through an effective medium over a distance d, the conductance G can be written as

G = 4e™™ . The decay constant £ is determined by the electronic parameters of the
effective medium (here, the molecules). For a given electrode material (here, gold),
the prefactor A depends on the electron density-of-states at the point where the
molecules contact the gold electrode. Because this is determined by thiol anchors
both in a single molecule and a stacked pair of molecules, this factor can be taken as
a constant. The longer tunneling distance of electrons in a junction based on two
stacking molecules leads to a 12 times smaller conductance by estimation. This is in
reasonable agreement with experiment which shows a 20-fold difference.

-1 Stacking is stronger with a larger difference in electron density of the two
stacking phenyl units. Therefore the -1 stacking is enhanced when an electron rich
phenyl faces an electron poor phenyl. As pyridine reduces the electron density of its
aromatic core, molecule 4 favors the overlap of two phenyl pairs and forces the
molecules to stack in a slightly more planar fashion than in pairs of molecule 5. This
small shift slightly reduces the tunneling distance leading to a small increase in
conductance by a factor of 1.11.

As a further control experiment molecule 6 comprising the pyridine unit as a
central ring was designed and synthesized. The pyridine on the central ring disfavors
stacking with two pairs of phenyl moieties, but it could still stack with one ring (D in
Figure 50). However, no molecular signature was obtained for molecule 6 when the
previously described immobilization conditions in an MCBJ were applied. These
results further corroborate that the molecular junctions are best described by the

schematic representation B in Figure 50.

R F
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6 7
Figure 51: Molecule 6 comprises a pyridine ring as central unit. -1 Stacking is therefore disfavored.

On the other hand OPE 7 comprises a perfluorinated phenyl ring which should enhance the stacking

properties.
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To enhance stacking properties, OPE 7 with a perfluorinated terminal phenyl ring
was synthesized. The fluorine atoms reduce the electron density of the ring which
should increase the stacking properties. However, no pronounced peak was obtained
for 7. This might be attributed to the high local density of molecule leading to
repulsion of the sterically more hindered perfluorinated phenyls when the two
electrode tips come close together.

These results were further confirmed by calculations in a systematic first-

principle study.!'”!

In conclusion, the role of intermolecular interactions in molecular junctions was
investigated. Whereas molecular rods commonly bear two anchor groups to provide
stable binding to both electrodes, the molecules for these investigations were
designed such that molecular junctions were solely formed due to Tr-m-interactions.
The intermolecular 1r-11 stacking interaction between monothiol molecules composed
of alternating phenylene and ethynylene units was strong enough to induce the
formation of molecular junctions. The conductance of the metal-molecule-molecule-
metal junction was smaller than the conductance of reference OPE 1 due to longer
electron tunneling distances, but interestingly the junction formation probability and
the height and width of the peak in the logarithmic histogram were very comparable
to OPE 1. We also showed that -1 stacking can be used as the dominant guiding

force for the formation of molecular bridges in few-molecule electronic junctions.
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2.3.4 From Single Junctions to Two-Dimensional Gold Nanoparticle

Arrays

Described in section 2.3.1, it was possible to form single metal-molecule-metal
junctions using the MCBJ technique and we were able to immobilize different
molecular rods on a single molecule level. In this section we focus on the formation
of networks of metal-molecule-metal junctions. Therefore two-dimensional gold
nanoparticle arrays are anticipated to be linked by molecular conductors.®" In
previous investigations, an increased conductance of the gold nanoparticle arrays
was observed when the thioalkanes were exchanged with OPE 1. %% The question
arose whether the origin of the molecular junction formation was a covalent linking of
the dithiol OPE 1 to two nanoparticles, or an aromatic coupling of two molecules,
each bound to one of two bridging nanoparticles. In the following experiments
molecules with one and two anchor groups were investigated in order to answer this

question.

2.3.4.1 Formation of Gold Nanoparticle Array Junctions

The gold nanoparticle arrays were prepared as described in the introduction
(1.1.1.1 D). In doing so, highly ordered two-dimensional arrays of alkylthiol protected
gold nanoparticles were obtained. These nanoparticle arrays display an ideal
platform to form extended junctions. While evaporating gold pads onto the arrays,
they become electronically addressable. Every pair of neighboring contact pads will
be termed device and contains typically 10° molecular junctions between the metallic
contacts. One sample contains a few tens of devices (B in Figure 52). Conjugated
molecules can be introduced into the arrays using place-exchange while dipping a
sample in a solution of the incoming molecule (A in Figure 52). The samples were
immersed in a 1 mM solution of the OPE in THF with ammonium hydroxide as a
deprotecting agent at 40 °C under an argon atmosphere. After 10 h the samples

were taken out of solution, rinsed with THF and dried under a stream of nitrogen gas.
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Figure 52: Gold nanoparticle arrays prepared as described in 1.1.1.1 D. Two neighboring gold pads
form a device (B). Each sample contains a few tens of devices. Via place exchange the molecules of

interest (D) are brought into the devices (A) which leads to a drastic increase in conductance (C).

Two different OPEs were investigated within these two-dimensional arrays (D in
Figure 52). First, OPE 1 was studied. With its two thiol anchor groups, it is in principle
able to covalently connect two gold nanoparticles. Second, OPE 5 was investigated.

OPE 5 has the same OPE backbone as OPE 1 but lacks a second anchor group.

2.3.4.2 Results

Three samples were prepared for each compound, and the initial conductance G;
before exchange of the alkyl thiols and the final conductance Gy after exchange were
measured for each device. Figure 52 C shows the sheet conductance G, for 20
devices measured before and after exchange for OPE 1. Here, G.=G-I/w, where w is
the width of the printed nanoparticle line, I the distance between the two neighboring
contact pads and G the measured conductance. It is clearly seen that the
conductance of each device increases by a factor of 2-3 after introducing the
conjugated OPEs. From Figure 52 C it is also obvious, that the conductance of the

devices is not always the same. This device-to-device fluctuation is attributed to local
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geometric variations emerging during sample preparation. Note, however, that the
variation of the final conductance value G; correlates very well with that of the G..
This indicates that the structure of the arrays remains intact during the course of
exchange, as also demonstrated by SEM images of the arrays taken before and after
exchange. Given this observation, the ratio of conductances GiG; before and after
exchange was compared to investigate the differences emerging from the difference

in anchoring groups between compound 1 and 5.
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Figure 53: Histograms of log(G{G;) for OPE-dithiol 1 (a, black) and OPE-monothiol 5 (b, red). G is the

final sheet conductance after exchange and G; is the initial sheet conductance before exchange.

In Figure 53 the histograms of the logarithm of the conductance ratios (G#G;) for
OPE-dithiol 1 and OPE-monothiol 5 are shown. These experimental results reveal
that conductance increases is for both the conjugated compounds. This increase is,
on average, larger for OPE-dithiol 1. The distribution of the conductance ratios is
broader for the monofunctionalized OPE 5 compared to the OPE 1 containing two
anchor groups. Figure 54 shows a log-log plot of Gf as a function of G; for all
measured devices. Black symbols indicate data for the OPE-dithiol 1, while red
symbols are for OPE-monothiol 5. The different symbol shapes represent different
samples. The linear fit curves are shown as dotted lines. For any given initial
conductance value, the final conductance of the arrays after insertion of the
conjugated compounds is systematically larger for 1 than for 5. The average ratio
G¢/G; is with 600 for 1 larger than 230 for 5.
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Figure 54: The log-log plot of the final conductance G; as a function of the initial conductance G; of all
devices for 1 (black) and 5 (red). Different symbols indicate data from different samples. The dotted

lines show the average slopes for both the molecular compounds of 0.5 (1) and 0.6 (5).

If we consider a simple tunneling model, the conductance can be described as

G =A4-e¢™ where d is the molecule’s length, and the decay factor 8 is determined by
the molecule between electrodes. The prefactor A accounts for the molecule-
electrode contact conductance. From the slope of the linear fit in Figure 54 we can
deduce the ratio of the two decay factors B/B;. The ratios of the two decay factors are
for 1 and 5 with 0.5£0.2 for 1 and 0.6+0.2 for 5 very similar. As the length d of both
molecules 1 and 5 are very comparable, the prefactor A must be different for OPE-
dithiol 1 and OPE-monothiol 5. In the simple tunneling model considered, the
prefactor A reflects the efficiency of charge transport across the contacts of the
molecule to the Au electrode (here, the nanoparticles) and is proportional to the
product of the density of states at both metal-molecule interfaces. The absence of a
covalent bond between molecule and electrode leads to a reduced density of states
at the molecule-metal interface and thus the prefactor will be reduced. Therefore we
can associate the systematic lower conductance of molecular junctions formed by 5
to the absence of a metal-molecule covalent bond at one end of the molecule. These
experiments provide strong evidence that the place exchange of dithiolated OPE 1

into a nanoparticle array leads to an interlinking of neighboring nanoparticles,
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resulting in the formation of a chemically interconnected network of molecular

junctions.

In conclusion we have seen with these experiments that molecular rods
consisting of an OPE backbone can be used to form two-dimensional arrays of
junctions. While molecules with one and two anchor groups were investigated, it was
shown that for both molecules the conductance of the device increased drastically
after exchanging the alkyl thiols, even though the increase was about a factor 2-3
higher for the OPE with two anchor groups. Comparing the conductance value before
and after exchange for both molecules, the molecule 1 with two anchor groups is
considered to covalently link two particles. This was not a priori obvious, because
molecular junction formation based on aromatic coupling (as described in 2.3.3) was

initially also considered as the origin of the junctions.
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2.4 Conclusion

A row of model compounds based on an OPE backbone was synthesized. While
varying certain components without changing the actual backbone, effects on the
electron transport were investigated. It was possible to immobilize single molecules
between two gold electrodes of a mechanically controllable break junction in a liquid
environment.

The role of contact was investigated while systematically substituting the
thiophenol anchor groups with pyridine anchor groups. It was found that the electron
transport was dominated by the thiol anchor group.

Intermolecular interactions in molecular junctions were explored. Molecular rods
which are not able to covalently bridge two electrodes were found to form stable
molecular junctions based on aromatic coupling. Two molecules, each bound to one
of the electrodes were interacting and therefore forming the junction by -1 stacking.

In addition to the MCBJ investigations, molecular rods were investigated in
highly ordered two dimensional systems of gold nanoparticle arrays and it was shown
that dithiol functionalized molecules formed extended gold nanoparticle networks
while covalently binding two nanoparticles.

It is essential to understand electron transport properties through single
molecules. In the next chapters we expand the function of the molecules and
investigate the scope of molecular switches and rectifiers. Furthermore, we explore

how to obtain a spectroscopical signal from molecules bound to two electrodes.
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Switching, as already described in the introduction is an appealing function
which might be realized by molecules in electronic circuits. In particular hysteretic
switching entails the promises of minute memory units based on molecules. To
switch a molecule’s state, an external trigger is required. This stimulus can either be
light, an electrochemical potential or an applied electric field. For particular systems
light was found to be a well suited trigger to switch a molecule by means of fatigue
resistance or switching speed, respectively. However, from the point of view of
device fabrication light is rather troublesome. In particular, light operated systems
raise numerous issues such as nature, size and integration of the light source into
the circuit, control over the illuminated area and the number of illuminated molecules.
As an alternative, electrochemical triggers were investigated. Switching behavior was
obtained upon changing the oxidation state of a redox-core fitted with linker and
anchor groups,!" " and an electrochemical trigger was exploited to arrange the
supramolecular arrangement of interlocked superstructures,'®!! leading to a change in
tunnel currents when immobilized between two electrodes.

We are investigating molecular rods comprising a redox active core and explore
the influence of the conductance as a function of the oxidation state. Molecular rod
type structures fitted with two terminal anchor groups were functionalized with a
central ferrocene as electro active group. A 1,1’-dithioalkyl ferrocene switch was
synthesized as a model compound. In addition, a 1,1’-divinylthiol ferrocene based
switch was synthesized and electrochemically investigated. The latter switch was
integrated into an MCBJ setup combined with an electrochemical cell and reversible
conductance switching upon a redox reaction was observed.

Furthermore we propose a new switching concept based on the interplay of
molecule and electrode. We propose cruciform structures consisting of two crossed
rods which comprise different anchor groups. The potential dependent bonding
strengths of different anchor groups to electrodes is exploited to establish and lock
multiple pathways for electron transport. The molecular switch bears the same
oxidation state in both, the ON-state and the OFF-state. In the following the principle
of our new approach for molecular switches, such as the synthesis of cruciform

structures and immobilization experiments will be described.

81
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3.1 Coordination Induced Switches

3.1.1 Principle

We propose a new switching concept based on the interplay of molecule and
electrodes. Having a cruciform type structure, consisting of two crossed rods,
different pathways for electrons are considered. The two rods are fitted with different
anchor groups which show potential dependent binding to gold. Exploiting the
different bonding strengths of the anchor groups either both rods, or only one rod is
bridging the electrodes. When the two rods have different conductances, a
conductance switching behavior is expected when one or two rods of the cruciform

structure bind to the electrodes.
OFF-state ON-state
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Figure 55: Proposed switching mechanism

Reversible potential dependent coordination of nitrogen containing heterocycles to
metal substrates has been observed in electrochemical scanning probe
investigations.'®> " Interestingly, upon coordination, the Tr-system of the heterocycle
is expected to couple strongly with the electrode’s Fermi level. In contrast to this, the
sulfur noble metal bond is known to provide a considerable tunnel barrier for
electronic transport.[’® °! The extent of coupling of the sulfur anchor group strongly
depends on the relative substitution position with respect to the molecule’s

backbone,!'® providing further tunability of the resistivity through the integrated
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structure. The switching mechanism proposed here profits from the subtle interplay
between molecule and electrode (Figure 55). The two rod-like T1T-systems crossing
each other in the proposed cruciform structure (Figure 55) are both able to bridge the
gap between the electrodes. However, they are expected to display different surface
potential dependent behavior. While one of the rods bears terminal sulfur groups, the
second transversal rod is functionalized terminally with pyridine subunits. The task of
the sulfur functionalized rod is solely to fix the molecule in the junction. The
perpendicular rod with terminal pyridine anchor groups is the active component of the
switch. In an electrochemically controlled junction, the coordination of the pyridine
nitrogen should depend on the surface potential of both electrodes with respect to a
reference electrode (Urer. in Figure 55).

At a negative electrode potential, both pyridine groups are not coordinated to the
electrode surface due to the electrostatic repulsion between the electrode and the
nitrogen lone-pair ((OFF-state) in Figure 55). The only connection between both
electrodes is the backbone of the less conducting sulfur functionalized rod. Upon
moving Uger. into a positive potential regime, the pyridine nitrogens coordinate to the
electrode surface. The strong coupling of the rod’s Tr-system via the pyridine-
nitrogens to both electrodes is expected to provide an efficient transport channel
between both electrodes ((ON-state) in Figure 55). Thus, both states displayed in
Figure 55 are expected to differ considerably in their current transport properties.
Furthermore, the switching process is expected to be fully reversible, as the potential
dependant surface coordination will be reversible and the active molecule has to
remain in the junction, as it is immobilized by the less conducting sulfur terminated

rod.
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3.1.2 15t Generation Cruciform Structures

3.1.2.1 Molecular Design and Synthetic Strategy

As the first generation of the proposed molecular switches, compound 30 and 31
are proposed. Both structures consist of two crossed rods. One rod consists of an
oligo(phenylene ethynylene) (OPE) backbone and comprises two terminal pyridine
units, one on each end. The perpendicular rod consists of an oligo(phenylene

vinylene) (OPV) backbone and is fitted with two thiol anchor groups.

Figure 56: Proposed structures 30 and 31 as first generation cruciform switches

The pyridine unit is reported to form a potential dependant coordination bond to gold.
While adjusting the surface potential of the electrode with a reference electrode, an
efficient coupling of the pyridine, and therefore with the conjugated OPE rod and the
electrode is expected. The sulfur functionalized rod should be less conducting than
the pyridine functionalized one, and its task is solely to hold the molecule in its
position. Sulfur is reported to form a strong covalent bond with gold, stable across a
large potential window. In target structure 30 the position of the sulfur anchor group is
placed in the meta-position with respect to the OPV backbone. This drastically
reduces the conductivity of the corresponding rod subunit, due to decoupling of the
1T-system with the electrode by breaking the conjugation. Target structure 31 bears
the sulfur anchor groups in the para-position. This increases the conductivity of the
sulfur functionalized subunit, which on the one hand goes against the switching
principle, but on the other makes it easier to detect single molecules trapped
between two electrodes. As thiophenols tend to form disulfides, the sulfur units need
to be suitably protected. As protection group, the acetyl group is considered, as it can
be easily cleaved prior to exposure to the physical setup. However, during the

synthesis of the cruciform structure a protection group resisting harsh reaction
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conditions is required. Therefore the sulfur will be transprotected only in one of the
last steps.

Both target structures 30 and 31 consist of a terminally acetylsulfanyl
functionalized OPV rod and a terminally pyridine functionalized OPE rod. Both rods
have the central benzene unit in common. Our synthetic strategy is to assemble the
OPV rod in the first place by Wittig-type chemistry!’’”! (Scheme 12). Subsequently,
the transversal OPE rod will be assembled by Sonogashira coupling reactions.['>" 154
In addition to the functional groups required for the Wittig reaction (aldehyde and
triphenylphosphonium salt), a suitably functionalized building block for the cruciform’s
central phenyl ring already comprises leaving groups allowing the further assembly of
the transversal rod, whereas an ideal building block of the terminal phenyl rings of
the OPV rod would already comprise the sulfur anchor group. In this strategy, the
sulfur group is introduced as a tert-butyl thioether for two reasons: namely its
robustness in harsh basic conditions of the Wittig reaction and its efficient

(161, 1781 Furthermore, acetyl

transprotection to the desired acetylsulfanyl group.
protected thiophenols tolerate the mild basic conditions of the Sonogashira coupling
reactions, in particular when efficient leaving groups like iodines are involved. Hence,
iodine leaving groups are considered for the central phenyl ring and the plan is to
transprotect the terminal sulfur groups prior to the assembly of the pyridine

functionalized OPE rod substructure.

SAc in meta: 30
SAc in para: 31

Scheme 12: Synthetic strategy for the assembly of cruciform structures 31 and 31.

For the starting Wittig reaction the central phenyl ring can either bear the
phosphonium salt or the aldehyde. The successfully applied strategy here was the
route with the phosphonium salt as the central unit due to the straight forward

synthetic availability of the required building blocks.
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3.1.2.2 Synthesis of 1°' Generation Cruciform Structures

For the Wittig reaction the phosphonium salt and the aldehyde is needed.
Starting with commercially available para-xylene (32), the desired bromine salt of
2,5-diiodo-1,4-bis(triphenylphosphoniummethyl)benzene (36) as precursor of the
cruciform’s central phenyl ring was synthesized in three steps (Scheme 13).
Following a literature procedure,!'™ para-xylene was iodinated to 2,5-diiodo-para-
xylene (33). The bromination of both methyl groups of 33 turned out to be challenging
despite of several reported procedures.!'®® 8"l Besides the expected side reaction of
double bromination of one methyl group, a halogen exchange was always observed,
and one bromide was substituted with an iodide. This halogen exchange reaction is
kinetically favored and therefore the bromo-iodo derivatives were always observed
even though when working with small concentrations of the brominating agent.
Several bromination methods such as with NBS in CCl, and light did not lead to the
product in good yield. Bromination with bromine in 1,2-dibromoethane (C,H4Br)
provided the desired product 34, but also considerable quantities of compound 35
where one iodide was substituted with a bromide in the halogen exchange reaction.
However, as both reaction products can be separated by repeated recrystallization
and derivative 35 is of particular interest as it enables the controlled assembly of
asymmetric OPE rods due to the substantial difference in reactivity of both halogens
in metal catalyzed cross coupling reactions, the protocol has been chosen for the
assembly of the building block 34. Thus, 33 was treated with three equivalents of
bromine in CoH4Br; for 20 h at room temperature to provide a 1:1 mixture of 34 and
35 after precipitation and recrystallization from C,H4Br,. Repeated recrystallization
from hot CHCI; provided 1,4-bis(bromomethyl)-2,5-diiodo benzene (34) as a
colorless crystalline solid in 20% vyield. Treating 34 with two equivalents of
triphenylphosphine in dry DMF at 80°C provided the desired Wittig salt 36 in

quantitative yield as a white precipitate.



3 Molecular Switches 87

| Br PPhsBr
2
HIO; [ Br, I PPh; [
—_— —_ —_
AcOH I BrCH,CH,Br R DMF |
H,S0, 135°C 85°C
85°C 20% Br 100% BrPh3P
0,
32 79% 33 34 R=| 36
35 R=Br
Os HO OH 0o 0 (gL} Oy
Ej\ pTSOH é NaS'Bu é\ HCI
—_— —_— —_—
F toluene F DMI S—é dioxane S—é
98°C 150°C rt
37 84% 38 66% 39 92% 40

Scheme 13: Synthesis of the two building blocks required for the Wittig reaction. The phosphonium
salt 36 was accessible in three steps starting from para-xylene. After iodination of para-xylene, the
methyl groups were brominated, and the bromides were subsequently substituted with
triphenylphosphine. The aldehyde 40 was available after protection-deprotection in a nucleophilic

aromatic substitution reaction with sodium tert-butylthiolate.

The benzaldehyde 40 comprising a tert-butylsulfanyl group in the meta-position as
the second precursor of the Wittig reaction was synthesized from the corresponding
fluorine derivative 37. With sodium tert-butylthiolate as nucleophile, the protected
sulfur anchor group was introduced in an Syar reaction. Because an aldehyde in the
meta-position does not activate the aromatic nucleophilic substitution reaction,
elevated temperatures were necessary. The aldehyde did not resist the nucleophilic
conditions at elevated temperatures, therefore it needed to first be protected. The
acetal was considered as protection group. Thus, 37 was treated with
1,2-propylenglycol in toluene in the presence of molecular sieves (3A) and catalytic
amounts of para-toluenesulfonic acid to provide the acetal 38 in 84% as a colorless
liquid. Treating 38 with sodium tert-butylthiolate in DMI at 150°C provided the acetal
39 as colorless oil. Subsequent treatment of 39 with aqueous HCI in dioxane
provided the desired aldehyde 40 in 92% vyield as a yellowish liquid. The desired
aldehyde for the assembly of target structure 31 with the thiol anchor group in the
para-position can be synthesized starting from 4-fluoro-benzaldehyde (42). The
substantially increased reactivity of aromatic systems with an electron withdrawing
substituent in the ortho- or para-position with respect to the leaving group in Syar
reactions!'®? is nicely reflected by both commercially available precursors 37 and 43.

While compound 37, with the electron withdrawing aldehyde in the meta-position
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relative to the fluorine substituent, required elevated temperatures for the substitution
and therefore needed to be protected first. 4-Fluoro-benzaldehyde (43) bears an
electron withdrawing group in the para-position and therefore activates the aromatic
nucleophilic substitution reaction. Due to this activation, the fluorine atom is readily
substituted at room temperature. These milder reaction conditions did not require a
protection of the aldehyde and the functional aldehyde 44 was accessible in one
step. Having all building blocks required for the Wittig reaction in hand, the assembly
of the OPV-branches was envisaged. In a two phase Wittig reaction, two equivalents
of the aldehyde (40 or 44) and the bisphosphonium salt 36 in dichloromethane
(CHxCI,) were vigorously stirred with an equal volume of a 50% aqueous sodium
hydroxide (NaOH) solution.
X
O Cr
PPh3Br _ _
\¢\ _ NaOH _ I
CH20|2

BI’Ph3P 70% =z 87% z

BBrj
ACCI I

| toluene |

S

41

0
s )Ls
Os Os Z BBr; Z
NaSBu NaOH O AcCI I O
—»
DMI DCM toluene |
F rt S
65% 7< 73% z 80% Z
43 44 O O
ST]/
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45

Scheme 14: Both OPV-bars 41 and 45 were synthesized in a Wittig reaction. The tert-butyl protection
group of the thiol groups were cleaved by means of BBr; and acetyl sulfanyl groups were introduced

in situ.

After work up, the crude reaction product was isolated as a yellow solid in 83% yield.
By "H-NMR spectroscopy the crude product was proven to be a mixture of all
possible isomers (EE, EZ, ZZ) which were distinguished by their different coupling

constants of about 16 Hz for the E double bonds and of about 12 Hz for the Z double
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bonds. Without further purification, the crude reaction mixture was exposed to an
iodine addition-elimination reaction sequence to increase the fraction of the
thermodynamically most stable EE-isomer. Thus, the crude reaction mixture was
refluxed in toluene with traces of iodine. Subsequent recrystallization from hot
toluene provided both desired EE-isomers 41 and 45 as yellow solids in yields of
70% and 73% respectively.

For the transprotection of the tert-butylsulfanyl groups of compounds 41 and 45
to acetylsulfanyl groups two alternative protocols have been reported.['®" 78 The
rather poor solubility of both starting materials and reaction products favored the
protocol based on Lewis acids!'’® instead of catalytic amounts of bromine!’®" as a
reagent to cleave the tert-butyl group. Thus, the tert-butyl protected rods 41 and 45
were partially dissolved and partially suspended in a degassed mixture of toluene
and acetyl chloride (toluene/AcCl = 5/1) and four equivalents of borontribromide
(BBr3) in CH.Cl, were added in portions. After work up of the reaction mixture, the
desired acetyl protected derivatives 42 and 46 were isolated by chromatography as
yellow solids in yields of 87% and 80% respectively.

The assembly of 4-ethynyl-pyridine 49 as a required building block is based on a
Sonogashira reaction. The commercially available HCI salt of 4-bromopyridine was
treated with trimethylsilylacetylene in a mixture of THF and diisopropylamine (DIPA)
with catalytic amounts of tetrakis(triphenylphosphine)palladium (Pd(PPhs)s) and
copper iodide (Cul) at room temperature to provide the trimethylsilyl (TMS) protected
4-ethynyl-pyridine 48 as a brownish liquid in 70% yield.['®® ® Subsequently, 48 was
treated with tetra-butyl-ammonium fluoride (TBAF) in wet THF to provide the desired
4-ethynyl-pyridine 49 as a colorless solid in 83% vyield.l'®* Both derivatives 48 and 49
are light sensitive compounds and were stored in the dark at low temperature
(-18°C).

=TMs
Pd(PPh).
u
HCI-N/C/>—Br _PaNA ND%TMS T N, =
THF THF
47 T 48 O 49

Scheme 15: 4-Ethynylpyridine (49) was synthesized in a Sonogashira reaction followed by cleaving of
the TMS group by means of TBAF.
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Having all required building blocks for the assembly of the cruciform structures in

hand, their syntheses were tackled. To assemble the perpendicular OPE rod of the

cruciform structures several alternative synthetic strategies were considered.

+ B

Scheme 16: Different explored pathways for the assembly of cruciform 30. a) BBr;, CH3;COCI,
toluene, rt, 2h, 87%. b) 49, Pd(PPhj3),, Cul, THF, i-Pr,NH, 24h, 45°C, 51%. c) Trimethylsilylacetylene ,
Pd(PPh3),, Cul, THF, i-ProNH, 2.5h, rt, 80%. d) Trimethylsilylacetylene , Pd(PPhj),4, Cul, THF, i-ProNH,
2h, 60°C, 80%. e) BBrs, toluene, AcCl, 2h, rt, 11%. f) TBAF, AcOAc, AcOH, THF, 40 min., 0°C->rt,
80%. g) 4-lodopyridine, Pd(PPhs),, Cul, THF, i-ProNH, 5h, rt, 50%.

For the target structure 30 with the acetyl protected sulfur anchor groups in the meta-
position, the potential of the different synthetic routes has to some extent been
investigated as displayed in Scheme 16. Both iodines of the tert-butyl protected rod
41 and of the acetyl protected rod 42 have been substituted by TMS-acetylene to
provide the intermediates 50 and 51 in good yields of 80% in both cases. However,
the yield of the subsequent transprotection of the tert-butyl sulfanyl group to the
acetyl sulfanyl group was with 11% unacceptably low, disqualifying the route over the
intermediate 50. In the case of intermediate 51, TBAF as reagent to remove the TMS
protection groups of the acetylene also attacks the acetyl protection group of the

terminal thiophenols. However, protocols based on in situ reprotection of the
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thiophenol by acetic acid anhydride (Ac,O) have been applied for systems
comprising the same functional groups.!""® Treatment of 51 with TBAF, Ac,O in THF
and acetic acid provided the acetylene functionalized rod 52 in 80% yield. Coupling
of two equivalents of 4-iodo pyridine to 52 provided the desired cruciform target
structure 30 as yellow solid in a yield of 50% after work up and purification by
precipitation. Alternatively, Sonogashira coupling between the diiodo OPV rod 42 and
4-ethynyl-pyridine building block 49 results in the desired cruciform structure 30 as
well. It is noteworthy that this strategy has been reported by Bunz and coworkers for
the assembly of OPV/OPE cruciform structures.'®> '®  Treating 42 with 2.2
equivalents of the pyridine acetylene 49 in a degassed THF/DIPA mixture containing
catalytic amounts of Pd(PPhs)s and Cul at 45°C for 24h, provided the cruciform target
structure 30 in 50% yield after work up and purification by precipitation. With a similar
over all yield of 30% (taking into account the yields of the two steps for the synthesis
of 49) compared to 32% for the serial assembly (steps d, f and g in Scheme 16), but
a considerable increase of the relative yield (51% for b compared to 32% for steps d,
f and g in Scheme 16) only considering the elaborate precursor 42, the parallel
assembly of the cruciform was clearly the strategy of choice for further derivatization
of the parent structure. Thus, similar reaction sequences have been applied for the
assembly of the cruciform 31 with the acetyl sulfanyl groups in the para-position
(Scheme 17).

Pd(PPh3)4
' Cul
. N,/—\\ _ (iPr);NH o
=/ THF

45°C
51%

31

Scheme 17: The target structure 31 was assembled in a Sonogashira reaction by coupling the
thioacetyl OPV building block 46 with 4-ethynylpyridine (49).

As control molecules, the two cruciform structures 53 and 54 lacking the pyridine
function but comprising terminal phenyl units instead were synthesized applying the

same conditions as described above (Scheme 18). Therefore the corresponding iodo
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functionalized OPVs 42 and 46 were coupled with commercially available phenyl

acetylene (28).
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Scheme 18: The synthesis of the “naked” control molecules 53 and 54 respectively, was performed by
coupling the building blocks 42 and 46 with phenylacetylene.

In addition, the two substructures of compound 31, namely the OPV molecular
rod 55 with terminal sulfur anchor groups in the para-position and the OPE molecular
rod 3 with two terminal pyridine units were synthesized to trace the origin of the
observed transport behavior in control experiments with the parent structural motives
(Scheme 19).1"8"]

55 31 3

Scheme 19: Cruciform target structure 31 and its parent substructures the OPV 55 and the OPE 3.
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Having all structures of the 1% generation cruciform structures in hand,

immobilization experiments could now be performed

3.1.2.3 Integration in a “wet” MCBJ and Transport Investigations

Due to their structural complexity and spatial extension, from the beginning it is
unclear whether the cruciform structures 30, 31, 53 and 54 can be efficiently
contacted for subsequent transport characterization. Before attempting any switching
of these compounds, their immobilization on a single molecule level between contact
electrodes has to be demonstrated. For this purpose, a mechanically controllable
break junction (MCBJ) setup operated in a liquid environment has recently been
developed.® The liquid environment will subsequently allow the extension of the
setup to gain electrochemical control over the surface potential of both electrodes. A
sample consists of a lithographically fabricated gold structure with a freely suspended
80 to 150 nm wide constriction in the central part. The substrate is a flexible spring
steel foil with a several micrometers thick polyimide isolation layer. When mounted in
a three-point bending mechanism, the suspended gold wire can be elongated in a
controlled manner and, ultimately, broken. When broken in the presence of
molecules with anchoring groups, the two tips of the broken wire form ideal
electrodes to contact single molecules. A flexible viton tube mounted on a spring-
loaded support serves as liquid cell to deliver the molecules in situ. During the
breaking process, the conductance of the junction is monitored via a converter. To
immobilize molecules in the junction, the cell (cell volume: 3 mL) was flooded with a
0.25 mM solution of the molecule under investigation in a degassed THF/mesitylene
mixture (1/4). The acetyl protection groups of the thiophenol anchor groups were
removed in situ by adding 50 yl of a 10 mM solution of tetrabutylammonium-
hydroxide (TBAOH) in THF. Hereafter, the term solvent will refer to the degassed
THF/mesitylene mixture (1/4) with the deprotection agent. Conductance traces G(z)
were recorded while breaking and opening the junction. After a plateau close to 1Gy
due to the breaking of a final monoatomic Au contact, the conductance drops
abruptly, signaling the opening of a gap in the Au bridge. By repeatedly opening and
closing the gap, we can collect numerous single molecule current traces providing a
good statistics of the molecular junction formation. For this work, about 200

consecutive open-close cycles for each solution were recorded. Note that, during the
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measurements, the liquid cell was kept under argon atmosphere to suppress any
oxygen-promoted oxidation process such as disulfide formation.

From all individual measurements obtained for the solvent or a specific
compound, conductance histograms have been made (Figure 55). Plateaus in the
individual curves translate as peaks in the histograms, denoting the most favorable
microscopic conformation for the molecular junction. The last peak in the
conductance histogram is interpreted as the typical single molecule signature of a
particular molecule.®

No molecular signature could be detected for cruciform 30. Even though OPE
rod-type structures with sulfur anchor groups in meta-position have been investigated
in an MCBJ set-up in vacuum,!"”® similar lock-in characteristics of the OPV backbone
bearing sulfur anchor groups in the meta-position was not observed in the liquid
environment. We foresee that the subunit investigated displayed a conductance
below the detection threshold (~10° Go) of the setup. To improve the transport
properties of the OPV rod, the cruciform 31 with sulfur anchor groups in the para-
position was designed and synthesized. As the conjugation from sulfur to sulfur in 31
is provided because they are placed in the para-position with respect to the OPE
backbone, an increased current is expected through the sulfur functionalized bar in
31 compared to 30. This is somehow a dilemma, as the conductance of the sulfur
functionalized rod is supposed to remain below that of the pyridine functionalized
OPE rod. However, the increased conductance of the rod substructure enables
detecting the molecule between two electrodes.

All three molecules comprising the para-thiolated OPV backbone (31, 54 and 55)
have been integrated successfully in the MCBJ set-up in the liquid environment and
their conductance histograms are displayed in Figure 57, together with the
conductance histogram of the solvent solely containing the deprotection agent
(TBAOH). Besides the peak at Gy = 2e%h which corresponds to the breaking of the
Au bridge, the measurement of the solvent (grey in Figure 57 a and b) does not show
any peaks. In contrast to that, both cruciforms 31 (red in Figure 57a) and 54 (black in
Figure 57a) display a clear molecular signature in the tunnel region (G«Gy) of the

conductance histogram.
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Figure 57: (a) Conductance histogram for the pure solvent (grey), compound 31 (red) and 54 (black).
The histograms are made from 200 consecutive conductance curves. (b) Characterization of OPV 55
(red) as a reference compound. The histogram is made of 100 consecutive conductance curves. All
histograms were normalized to allow a proper comparison. The solvent was a 0.177mM TBAOH
solution in THF/mesitylene (1/4).

We assign this signature to the OPV substructure of these cruciforms, immobilized
with their terminal sulfur groups in the para-position and forming a covalent S-Au
bond. As a control experiment, the OPV rod 55 was inspected in the junction under
the same conditions (red in Figure 57b). The similarity between the recorded
histograms for 32 and 55 is quite striking. Both display two marked peaks at 2.2:10*
Go and 4.4-10™ Gy (vertical dashed lines). The appearance of two peaks can be
explained by different contact geometries, or that one and two molecules are
immobilized in parallel in the junction.®* 7® '8! The histogram recorded with the
cruciform 54 also shows a clear molecular signature in the same conductance

regime, with the first two peaks being more blurred, although a shoulder at 2.2:10*
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Gy is still perceivable. These preliminary investigations demonstrate that designed
molecular structures encompassing significant complexity can be successively
immobilized in an MCBJ set-up in a liquid environment. This confirms the pertinence
of developing molecular complexes with added functionality such as that proposed
with these cruciforms. We additionally demonstrated that the molecules were

anchored via the thiol end groups with the OPV subunit as the immobilized rod.

3.1.2.4 Conclusion 1% Generation

The fact that we are able to immobilize molecules already bearing the function
necessary for the proposed switching behavior is very promising. It was not obvious
from the beginning that such rather sterically demanding cruciform structures could
be fixed between two electrodes on a single molecule level. Only few years ago it
was not possible to immobilize single molecules, but we are with these experiments
still at the border of technical limitations. The detection limit of the conductance which
still allows a relatively well resolved molecular signature is very close to the
conductance of the molecule of interest. The initially proposed target structure 30
bears the sulfur anchor groups in the meta-position, which significantly reduces the
conductivity of a molecule while breaking its conjugation.''”®! As we were not able to
detect target structure 30 with the anchor groups in the meta-position, target
structure 31 with anchor groups in the para-position was designed and synthesized.
Indeed, single molecules of 31 were detected in the MCBJ setup. The principle of the
proposed switching behavior relies on the different conductivities of the two crossed
rods. The pyridine functionalized rod is supposed to be more conducting than the
sulfur functionalized rod. Therefore the conductivity of the sulfur-functionalized rod
has to be kept at a low value. However, we are in a dilemma of technical possibilities
and chemical design. The conductivity of the sulfur branched rod needs to be small
to provide the proposed switching behavior, but large enough that the immobilization
of single molecules can be detected.

However, as these investigations are very interdisciplinary and demand a very
close collaboration with physicists, the problem has to be approached from both
sides, physics and chemistry. So far, the measurements were performed without
controlling the electrochemical potential with respect to a reference electrode. To
control an appropriate bond formation of pyridine to gold, the MCBJ measurements



3 Molecular Switches 97

need to be performed in an electrochemical environment. This is a considerable
work, as many problems arise, such as increased leakage current upon applied
potential due to the electrolyte. Further, the detection limit of the MCBJ setup needs
to be reduced such that very poor conductors cab still be detected. On the other
hand from a chemical point of view, the design of the cruciform structures can be
improved. The conductivity of the pyridine functionalized rod needs to be increased
relative to the sulfur functionalized rod. However, the later has still to be kept at a
detectable value.

To investigate potential bar substructures of cruciforms investigations on the

conductance of various molecular rods were performed.
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3.1.3 Investigations on Rod Substructures

To improve the design of the proposed coordination induced molecular switch
studies of molecular rods which are part of the attempted cruciform switches were

performed.®® Both the OPEs and OPVs with either sulfur anchor groups or terminal

pyridine units were synthesized (Figure 58).
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Figure 58: Molecular rods mimicking single struts of the cruciform structures.

OPE 1 and 3 and OPV 55 and 56 were investigated in an MCBJ setup and the log(G)

histograms are shown in Figure 59.
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Figure 59: log(G) histograms of molecular rods 55, 1, 56 and 3.
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For all molecules a pronounced conductance peak was observed. It turned out that
the sulfur functionalized OPV 55 is the best conductor of the series with a single
molecule conductance of 2.1 - 10 Gy. The conductance of the sulfur functionalized
OPE 1 is lower by a factor of 1.75 (1.2 - 10 Gy). The same trend is observable with
the pyridine functionalized rods 56 and 3. Again the conductance of the dipyridine-
OPV (1,4-bis((E)-2-(pyridin-4-yl)vinyl)benzene) (56) is about double the conductance
of the dipyridine-OPE (1,4-bis(pyridin-4-ylethynyl)benzene) (3).

Conductance
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Figure 60: Qualitative trend in conductivity of the OPVs and OPEs, respectively.

Without applying a gate voltage, the conductance of the pyridine-anchor group
bearing rods is lower than the conductance of the sulfur-anchor group bearing rods.
But, in the OFF-state of the proposed switching mechanism, only the sulfur
functionalized rod is bridging the electrodes, and in the ON-state both rods are
connected (Figure 55). These findings led to a reconsideration of the design of the
proposed molecular switches. The further advanced cruciform structures will be

discussed in the following section.



100 3 Molecular Switches

3.1.4 2" Generation Cruciform Structures

3.1.4.1 Molecular Design and Synthetic Strategy

The results obtained while investigating molecular rods to mimic single struts of
the cruciform structures led to a redesign of the initially proposed structures. As
OPVs are more conductive than OPEs, the position of the two different anchor

groups should be exchanged, to improve the switching effect.

Figure 61: Originally proposed target structures 30 and 31 and the improved target structures 57 and
58.

In Figure 61 the initial compounds 30 and 31 and the improved target structures 57
and 58 are displayed. In the improved structures 57 and 58 the position of the
pyridine units is changed from the OPE-rod to the more conducting OPV unit. To
maintain an ideal distance ratio of the two crossed rods the perpendicular rod of the
pyridine functionalized OPV rod is no longer an OPE system but an oligophenyl (OP)
unit (57). The OP-system is shorter than the OPV, but the twisted phenyl units
reduce its conductivity. By introducing a naphthyl unit, the twist remains, but the
system is elongated and therefore shows another rod-distance ratio (target structure
58). Therefore we propose compound 57 and 58 as improved structures for a
coordination induced switching system.

The synthetic strategy is to first build up the oligo(phenylene vinylene)-system by
a Horner-Wadsworth-Emmons (HWE) reaction. The perpendicular oligophenylene-
system will be assembled subsequently in a Suzuki reaction with the corresponding
boronic acid (Scheme 20). At this time the sulfur is already introduced and needs to
be suitably protected, allowing the basic conditions of the Suzuki reaction and the
formation of the boronic acid. In a last step, the sulfur needs to be transprotected to
have an easily cleavable protection group for the immobilization experiments, namely

an acetyl protection group.
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Scheme 20: Synthetic strategy for the assembly of target structure 57 and 58.

The synthesis and characterization, such as the immobilization in an MCBJ-setup is

described in the following

3.1.4.2 Synthesis of the 2" Generation Cruciform Structures

The known building block 60 can be synthesized starting from para-xylene (32)
(Scheme 21).'® |odination, followed by bromination provides compound 34 (As
already described in 3.1.2.1)."®"1 For the assembly of the OPV-part of the cruciform
structures a HWE reaction is considered. Compared to the Wittig reaction applied in
the synthesis of the OPV-part of the first generation cruciform structures 30 and 31,
the HWE reaction directly leads to the EE-isomers. Therefore no isomerization
reaction is required as was performed for the synthesis of the OPV-building blocks 41
and 45. For the HWE reaction a phosphonate is required, and therefore the bromide
34 is treated with triethylphosphite at 150 °C for 12 hours to yield the bisphosphonate
59 in 91% yield. Having both building blocks, the aldehyde and the phosphonate in
hand, the HWE reaction was tackled. The bisphosphonate 59 was dissolved in THF
and sodium hydride was added at 45 °C to form the ylide. To this purple solution,
commercially available 4-carboxaldehydepyridine was added dropwise over 1 hour.
After workup, the iodinated OPV 60 was obtained in 67% yield (Scheme 21).
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Scheme 21: Synthesis of building block 60.

With its two iodine atoms as excellent leaving groups in palladium catalyzed coupling
reactions, compound 60 is an ideal candidate for a Suzuki reaction to assemble the
oligophenylene-system. Therefore, the corresponding sulfur bearing boronic acid is
required. Initially, commercially available 4-(methylthio)phenylboronic acid (61) was
envisaged. In a Suzuki coupling, the commercially available boronic acid 61 and the
corresponding bisiodide 60 were treated in an toluene-ethanol solvent mixture using
potassium carbonate as base and tetrakis(triphenylphosphine)palladium as catalyst.
The new cruciform structure 62 was successfully isolated in 71% yield as a yellow
solid after workup and purification by CC (Scheme 22).1%]

s~ K>,CO3
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Scheme 22: Attempted synthesis of target structure 57 using commercially available boronic acid 9.

However, the transprotection step turned out to be very challenging. To deprotect the
methyl protection group of the thiol unit, a nucleophilic attack was considered.['*”
Therefore, 62 was treated with sodium methane thiolate in DMI at elevated
temperatures. After cooling to room temperature, acetyl chloride was added to the
reaction mixture to provide acetylation of the thiol. Indeed, after workup and
purification by CC, 57 could be isolated, but only with very poor yields of less than
5%. A "H-NMR and a mass spectrum were obtained, which in a first instance proved
the existence of compound 57. While no deprotection took place under ambient
temperatures, decomposition of the compound was observed when treating 62 with
nucleophiles at elevated temperatures. Therefore an alternative protection group for

the sulfur was considered. A suitable protection group could be ethyl-trimethylsilane
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(ethyl-TMS). It survives the introduction of the boronic acid, and is stable for the weak
basic conditions of the Suzuki reaction. Further it can be easily cleaved by means of
TBAF. Therefore the corresponding boronic acid 65 was synthesized starting from 4-
bromothiophenol (63) (Scheme 23). The thiol 63 reacts in a radical addition reaction
with vinyltrimethylsilane, using tert-butylperoxide as radical initiator to the ethyl-TMS
protected thiol 64 in 67% yield."®"! In a next step the boronic acid was introduced by
treating compound 64 with a 1.6 M solution of n-BuLi in hexane to perform a bromide
lithium exchange.l'”  Subsequently the lithiated intermediate was quenched with
triisopropyl borate to provide boronic acid 65 after aqueous workup and purification

by recrystallization in 59% yield (Scheme 23).

SH 2 TMS g ~TMsS n-BulLi g~-TMS
tBUOOtBU B(OIPF)3
—_— B ——

100°C THF

Br 67% Br -78°C -> 1t B(OH),
59%
63 64 65
T™S

s™TMS  pd(PPhy), TBAF

K2C03 AcCl
—_—> —_—
toluene THF
B(OH), EtOH rt

80°C
71%

84%

65

Scheme 23: Synthesis of target structure 4.

Having all building blocks for the assembly of the new cruciform structure 66 in
hand, the Suzuki reaction was envisaged. Therefore the bisiodide 60 and the boronic
acid 65 were dissolved in a toluene-ethanol mixture. As a catalyst tetrakis-
(triphenylphosphine)palladium and as base potassium carbonate were added. The
reaction mixture was stirred for 7.5 hours at 80 °C and after the workup and
purification by CC, the cruciform structure 66 was obtained in 71% yield. The final
step is the transprotection from ethyl-TMS masked to acetyl protected sulfur anchor
groups. While the ethyl-TMS group was easily cleaved by tetrabutylammonium
fluoride (TBAF) the subsequent treatment with acetyl chloride resulted in the
acetylation of both, the sulfur groups and the pyridine nitrogens. However, extensive

studies of “Zur Kenntnis der Additionsprodukte von Carbonséurechloriden an tertidre
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Amine” by Karl Freudenberg and Daniel Peters revealed that the acetylated pyridine
units can be fast and effectively cleaved by treating the adduct in chloroform with
ethanol.l"® Subsequently, the ethyl-TMS protected compound 66 was dissolved in
THF and a TBAF solution was added. After stirring for one hour at room temperature,
an excess of acetyl chloride was added at 0 °C. The reaction mixture was stirred for
30 minutes at room temperature, before chloroform and ethanol were added. After
aqueous workup and purification by column chromatography, the cruciform target

structure 57 was obtained in 84% yield.

For the synthesis of target structure 58 the boronic acid 73 was required
(Scheme 24). As oxygen naphthyl derivates with the required substitution pattern are
available, a Newman-Kwart rearrangement (NKR) reaction was considered to
introduce the sulfur anchor group. The Newman-Kwart reaction is a thermally
activated rearrangement reaction, where an O-thiocarbamate rearranges to the S-
thiocarbamate.l'®"%°! |t is therefore a useful method to convert phenols into
thiophenols.

Commercially available 2-bromo-6-methoxynaphthalene (67) was deprotected
by means of BBr; to give 6-bromonaphthalen-2-ol (68) in quantitative yields. The O-
thiocarbamate 69 was then synthesized by reacting 6-bromonaphthalen-2-ol (68)
with dimethylcarbamoylichloride using sodium hydride as base.'®®! For the NKR
reaction, the O-thiocarbamate 69 was dissolved in diphenylether and heated to reflux
(259°C). Therefore a silicon oil bath (AP 100) was brought to 300°C while heating
with a heating plate (Stuart — heat CB 160) without stirring. Monitored by thin layer
chromatography (TLC), the O-thiocarbamate was fully converted after 1.5 hours. Due
to the very high boiling point of the solvent (diphenyl ether, mp.: 26-30 °C,
bp.: 259 °C) it could not be removed at the rotary evaporator. Therefore the product
was separated from the solvent by column chromatography. Thus, the reaction
mixture was directly exposed to column chromatography, after cooling to room
temperature, to give the S-thiocarbamate 70 as a beige solid in 89% vyield. The S-
thiocarbamate was then transferred to the thiol by hydrolysis. 70 was therefore
treated with KOH in methanol to provide 6-bromonaphtalene-2-thiol (71) after
aqueous workup as a beige solid in 97% vyield. A Newman-Kwart rearrangement
(NKR) was therefore a suitable method to introduce thiol groups into such

naphthalene systems. In the next to step, the thiol had to be protected with an ethyl-
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TMS group and the boronic acid had to be introduced. Similar reaction conditions as
previously described for the synthesis of the boronic acid 65 from 63 were
considered.

S O

() ——" @ @
_—
O CHZCIZ DMF O phenylether O

0°C->rt 80°C 259°C
Br quant. quant. Br 89 % Br
67 68 69 70
MeOH
80°C KOH
97%
A~-TMS ~TMS
3 n-BuLi $ 2 TS SH

O B(OiPr)3 O AIBN O
- -
O THF O 100°C O

-78°C ->rt 96%
B(OH)2 76% Br Br

73 72 7

Scheme 24: Synthesis of the boronic acid 73, key building block for the assembly of target

structure 58.

The thiol 71 was ethyl-TMS protected by heating it in vinyltrimethylsilane containing
catalytic amounts of AIBN as radical initiator in a pressure tube. After complete
reaction the reaction mixture was cooled to room temperature which led to
precipitation of compound 72. After washing with chloroform and drying at high
vacuum, 72 was isolated in 96% vyield as a beige solid. Treating 72 with n-BuLi and

quenching with triisopropyl borate, followed by aqueous workup, and recrystallization

form hexane, provided the desired boronic acid 73 in 76% vyield.
TMS

S/\/TMS
Pd(PPhs)s
O Ko,CO3
+ —_—

O toluene
EtOH
B(OH 80°C
(OH)2 i

60 73

Scheme 25: Synthesis of target structure 58.
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For the Suzuki coupling of the new boronic acid 73 with the diiodo derivative 60
similar reaction conditions were applied as described previously for the boronic acid
65. The new cruciform structure 74 was obtained as a yellow solid in 85% vyield after
aqueous workup and purification by CC. After deprotection with TBAF and
subsequent treatment with acetyl chloride, followed by hydrolysis of the acetylated
pyridines, workup and purification by column chromatography, the acetylated
cruciform 58 was obtained as a yellow solid in 58% yield (Scheme 25). Both target
structures 57 and 58 were successfully synthesized, and fully characterized.

To be able to relate particular transport characteristics to the rod-like subunits of
the cruciforms, several control compounds consisting of either a single bar of the
cruciform structure or lacking the coordinating pyridine nitrogen atoms have also
been synthesized. The OPV with two pyridine anchor groups 56 was synthesized
starting from 1,4-bis(bromomethyl)benzene (75) which was first converted to the
phosphonate 76. In a HWE-reaction the phosphonate 76 reacts with
4-carboxaldehydepyridine to the desired OPV 56 (Scheme 26).1'%"]

o) 0
Br P(OEt), ‘\—@N

P(OEt)3 NaH N\_/ A
—_— —_— —
150°C THF NN
Br 70% (EtO),P 50°C
1l

19%

75 76 56

Scheme 26: Synthesis of OPV 56.

Furthermore, the corresponding oligoaryl-rods 78 and 80, were assembled to
mimic the terminal sulfur functionalized bar substructure. Therefore, 78 and 80 were
assembled via a Suzuki reaction. The corresponding boronic acid was treated with
2,6-diiodo-para-xylene (33) to give the rods 77 and 79, respectively. Transprotection
of the sulfur was performed using TBAF and acetyl chloride in THF. The reaction
mixture was quenched with water and aqueously worked up. The crude was purified
by CC to afford the acetylated control molecules 78 and 80 as colorless solids in
47%, and 46% vyield, respectively (Scheme 27).
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Scheme 27: Synthesis of control molecules 78 and 80.

The two cruciform structures without a pyridine anchor group but only a benzene
unit 84 and 86 were synthesized. Therefore the iodinated OPV bar 82 was
synthesized using a HWE reaction (Scheme 28).l"%! Phosphonate 59 was reacted

with benzaldehyde and sodium hydride as base in THF to give compound 82 in 55%

yield.
Q

P(OEt), 0

I é NaH
+ -
| THF
50°C
(Et0)P 200
59 81

Scheme 28: Synthesis of OPV building block 82.

Having all building blocks, the iodide 82 and the boronic acid 65 and 73 in hand, the
assembly of the control cruciforms was achieved using similar protocols as
previously described. Again, a Suzuki coupling followed by a transprotection of the

sulfur unit yielded the desired control molecules 84 and 86 (Scheme 29).
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Scheme 29: Synthesis of control molecules 84 and 86.

All new compounds were analyzed by determination of the melting point (if a
solid), determination of the Rqvalue, 'H-NMR, "*C-NMR, mass spectrometry and
elemental analysis (EA). UV/vis-spectra of all cruciform structures such as of the
corresponding rods were recorded. The purity of the cruciform structures was further
determined by gel permeation chromatography (GPC) in a HPLC setup because their
EA were slightly off the desired range. For the molecular rod 78 crystals suitable for
X-ray analysis were obtained.

A B C\?f
D

o)

{0
%

Figure 62: Crystal structure of molecular rod 78. In the front view (B) it is clearly seen that the phenyl

rings are twisted by about 46°. The S-S distance is 1.49 nm.
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In the solid state structure the central phenyl unit is twisted with respect to the
terminal phenyl groups. The twist angle (the angle between the planes fitted to the
rings) is 46°. The sulfur-sulfur distance is 1.49 nm. Even though this distance is
shorter than the S-S distance of the OPV 55 (1.95 nm), the conductance is expected
to be reduced by the twisted backbone.['*®

Having all target molecules and the corresponding control molecules in hand,
single molecule transport measurements were investigated and will be described in

the following.

3.1.4.3 Immobilization of the 2" Generation Cruciform Structures

The above described target structures were investigated in a mechanically
controllable break junction (MCBJ) setup in a liquid environment described previously
(3.1.2.3).1°% €4 1871 Eirst  cruciform 57 was exposed to the break junction without
adding any deprotection agent (Figure 4a). Quite remarkably, the signature of
compound 57 shows two distinct peaks. In contrast, when compound 57 is
deprotected in the liquid cell, then only one peak is observed (Figure 4b). While we
may expect a spontaneous deprotection of the sulfur rod in presence of the Au
electrodes, the observed behavior seems to indicate that a deprotection step strongly
favors the sulfur-Au binding versus the pyridine-Au coordination. To clarify this point,
we further investigated the building blocks of compound 57 and characterized the
sulfur functionalized rod (OP unit) 78 and the pyridine-OPV strand 56 separately
(Figure 63 c and Figure 63 d, respectively). These experiments support the view that
the two peaks observed in Figure 63 a for the protected compound 57 stem from the
two rods forming the cruciform structure. We expect that the pyridine-OPV rod of
compound 57 can be immobilized between the two electrodes, giving rise to the peak
at lower conductance. However, in this situation, the protected sulfur end comes
close to the Au electrodes as well. Because the OP rod cannot diffuse freely in
solution, the probability of having a spontaneous deprotection of the sulfur groups
increases and will sometimes form a sulfur-Au covalent bond at both ends of the OP
rod. Spontaneous hydrolysis of acetyl-sulfanyl groups has been reported in the
literature and was exploited to form adsorption layers of thiophenols on gold
surfaces.[?% 176 200209 |f this spontaneous deprotection happens frequently enough,
we expect the system to present two possible stable local conformations for the
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molecular-junction: one where the pyridine OPV rod dominates transport and one
where the thiolated OP rod dominates. By deprotecting the sulfur end groups, we
simply shift the equilibrium of the system towards the situation dominated by the OP
rod. This interpretation is qualitatively supported by the control measurements
performed for the rods taken separately. Indeed, the peak for the pyridine-OPV 56
appears clearly at a substantially lower conductance than that for the deprotected OP
unit 78, the latter being close to the peak exhibited by the deprotected compound 57.
Note also that measurements of the OP unit 78 when still protected do not exhibit a
molecular signature: the probability for spontaneous deprotection is here too low to
result in a clear signal. The conductance histogram in this case is similar to that for

the pure solvent (Figure 63 h).

(a) l I - 57 proteéted

N,ogG(IogG)
N,ogG(IogG)

I 80 deprotected

I solvent

Il 78 deprotected

6 5 -4 3 2 -1 0 6 5 -4 3 -2 -1 0
Log(G/G,) Log(G/G,)

Figure 63: Measured conductance histograms for compounds 57 and 58 without and with
deprotection agent (a), (b) and (e), (f), respectively. The measured reference conductance histograms
for compounds 56, 78, 80, as well as for the solvent alone are shown in (c), (d), (g) and (h),

respectively.

An overview of the peak conductance values in the log(G) histograms is provided in
Table 3 showing a summary of the measured conductance values of the different

target molecules. Gg.10w @and Giog.nigh are obtained by a Gaussian fit of the molecular
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peak in the log(G)-conductance histograms. Giin.low and Giinnign are the same
conductance values transformed to a linear scale. Due to the width of the peaks and

the log scale, the Gy, values are slightly shifted to lower conductances.”®®

Cruciform 58 was also investigated in the MCBJ and a similar pattern in the
histogram is observed. When no deprotection agent is added (Figure 63 e), two
peaks appear, while when the cruciform is first deprotected, only one distinct peak is
observed (Figure 63 f). The lower peak corresponds well to that of the pyridine-OPV
56 (Figure 63 d) and the higher peak to that of the single rod 80 (Figure 63 g). We
can notice that the two peaks in Figure 63 e are less clearly separated than was
observed for compound 57. This correlates well with the fact that the peak for the
dithiolated rod 80 is at lower conductance than rod 78, used for compound 57. It is
therefore not surprising that cruciform 58 shows a slightly lower conductance than

the previously investigated cruciforms 30 and 31.

Molecule Giogtow [Go]l  Gioghigh [Go]l  Giin-tow [Gol Giin-nign [Go]
57 — protected -5.1 -3.8 3.3-10° 9.8-107

57 — deprotected -3.6 1.5-10"

58 — protected -4.8 4.3 9.9-10° 2.6-10°

58 — deprotected 45 1.9-10”

56 -4.7 9.2-10°

78 — deprotected -3.8 6.2-107

80 — deprotected 4.4 1.6-10”

Table 3: Conductance values of the measured compounds. G, denote the values derived from a
Gaussian fit of the molecular signature in the Log(G) histogram. Gy, denotes the corresponding
maximum in a linear representation which results slightly shifted to lower values, depending on the

width of the peak in log scale.®

However, the conductance of the cruciform structure is still dominated by the thiol

comprising rod-substructure.
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3.1.4.4 Conclusions

Two new structures were proposed as potential coordination induced single
molecule switches. The cruciform structures are based on a crossed OPV/oligo-aryl
system. The oligoaryl system of target structure 57 consists of an oligophenyl
structure, whereas target structure 58 comprises naphthyl subunits to elongate the
oligo-aryl substructure. The OPV substructure was assembled by a HWE reaction
directly leading to the desired EE-isomer. The perpendicular oligoaryl structures were
assembled using Suzuki cross couplings. In addition, all of the corresponding control
molecules, the pyridine bearing OPV, the two sulfur bearing single bars and the
cruciform structure without any pyridine units but only benzene units were
synthesized. Furthermore, transport investigations were performed in an MCBJ setup
in a liquid environment. The new cruciform structures, such as all rods comprising
suitable anchor groups were immobilized on a single molecule level between two
electrodes. It was demonstrated that both rod substructures of the cruciform are
functional and can be used for immobilization. However, under these immobilization
conditions the electron transport is dominated by the rods, or rod substructures with
thiol anchor groups. Detailed investigations of the behavior of the cruciform in
presence of a control potential within an electrochemical break junction setup are
currently underway. To observe a switching behavior, the conductance of the
pyridine functionalized rod-substructure needs to be increased relative to the
conductance of the thiol comprising rod-substructure. We may see an increase of
conductance due to a stronger coordination bond of pyridine to gold when a positive
potential is applied. On the other hand, the design of the structure could be further
improved to tune the conductances of the rod-substructures towards each other. The
conductivity of the thiol comprising rod could be reduced by breaking the conjugation
of the rod substructures, but it is very delicate not to get below the detection limit of
the setup. On the other side, to improve the conductance of the nitrogen-heterocycle-
comprising rod, the pyridine could be exchanged with pyrroles. The binding lone-pair
of pyrrole is part of the aromatic system which might provide direct coupling of the
gold electrodes with the molecule’s 1r-system leading to an increased conductance.

Investigations on pyrrole functionalized molecular rods are currently in progress.
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3.2 Redox Switches

In the above proposed coordination induced switch, an electrochemical trigger is
required. The binding properties of distinct anchor groups are altered while adjusting
the electrode’s surface potential in respect to a reference electrode. The proposed
switch consists of two crossed rods, and depending on the applied potential either
two or only one rod connect both the source and drain electrodes, respectively.
However, the oxidation state of the molecule is the same, in both the ON-state and
the OFF-state.

In this chapter we focus on redox switches. A redox switch consists of a redox
active core fitted with adequate linker and anchor groups. We investigate the
influence of the oxidation state of an integrated molecule on its conductivity.
Therefore two model compounds were synthesized. As a redox active unit ferrocene
was chosen. Ferrocene is an organo-metallic complex consisting of two
cyclopentadienyl rings sitting on opposite sides of an Fe** core.?® |t is also known
as sandwich complex and it is a prototypical member of the metallocene family. The
ferrocene (+1l) can be oxidized reversibly from its neutral +II state to the positively
charged +lII state named ferrocenium. The oxidation potential of ferrocene is 0.35 V
vs. Ag/AgCl which is in an accessible range for probing a redox switch in integration
setups.

First, we synthesized a ferrocene derivative fitted with two thioalkyl groups in the
1,1’-position. Each linker is connected to one of the two decks sandwiching the iron.
Hence, the iron atom as an electroactive part is the intersection of the molecule.
Similar to previously reported viologen switches we envisage investigating the
switching properties of such redox active switches. In the fully organic viologen redox
system, the structure is changed considerably between the two oxidation states.
However, as ferrocene bears a metal centre the structure is not affected remarkably
upon oxidation.

Second, a switch was proposed based on a ferrocene unit functionalized in the
1,1’-position with two conjugated thiovinyl groups to provide efficient coupling with
the electrodes. We report the synthesis of the ferrocene comprising OPV-type rod, its
electrochemical characteristics and we demonstrate conductance switching in an
MCBJ setup.
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3.2.1 A 1,1’-Dithioalkyl Functionalized Ferrocene as Model Compound for
Redox Switches

Wandlowski and coworkers recently published an electrochemical approach to
switch single molecules consisting of a viologen core in a metal-molecule-metal
junction (Figure 64)."*>"*" The viologen core can be reduced from its initial state V*
to the reduced state V*" and further to V°. The viologen was functionalized with alkyl
chains bearing terminal sulfur anchor groups. The molecules were immobilized in an
STM-break junction and a change in conductivity was observed upon changing the

oxidation state of the viologen.
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Figure 64: Schematic picture of a viologen derivative trapped in a junction. Lower part: Redox

reactions of viologen.

To complement these studies of redox active subunits integrated in molecules,
ferrocene was chosen as an electroactive unit. With its low and distinct reversible

redox behavior, ferrocene is an ideal redox core to investigate in an analogous way
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to the viologen system, and then obtain information about the reorganization

processes in redox-reactions and the change of conductivity upon oxidation state.

3.2.1.1 Molecular Design and Synthetic Strategy

Scheme 30 shows the target molecule 87 and its oxidized state 87". The target
structure 87 contains a ferrocene unit which is fitted with two alkyl chains in
1,1’-position which are functionalized with two terminal sulfur groups. The sulfur is
protected with an acetyl unit, which can be mildly cleaved before exposing the

molecule to the physical setup and therefore is an ideal protection group.
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Scheme 30: Reversible redox reaction of the target structure from the +1l state to the +lll state.

However, the acetyl protection group needs to be introduced in a last step in the
synthesis as it does not allow the reaction conditions needed to assemble the target
molecule. The synthetic strategy is to introduce the alkyl groups via a Wittig-type
reaction, which leads to the olefin, and then reduce the double bonds (Scheme 31).
Therefore 1,1-dicarboxaldehydeferrocene, available in one step,”®”! and the
corresponding phosphonium salt are required. The sulfur needs to be protected at
this stage with a protection group (PG) which is stable to the basic conditions of the
Wittig reaction and the subsequent reduction conditions. Further it needs to be
cleavable and transprotected to the final thioacetyl groups without affecting the
ferrocene unit. The tert-butyl group was proven to survive harsh reaction conditions
as it was reported to be a stable protection group for Wittig-type reactions.!'®"!
However, the transprotection is expected to be troublesome in the presence of a
ferrocene due to the oxidizing transprotection conditions. Therefore the strategy is to
use the methyltriphenyl (trityl) protection group which is stable under the basic Wittig
reaction conditions but which can be subsequently mildly cleaved under acidic
conditions. The synthetic strategy is therefore to profit from tritylthiol as the sulfur
source and to statistically introduce it in a substitution reaction with

1,6-dibromohexane and triphenylmethanthiol. The remaining bromide of the mono-
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substituted building block can then be substituted with triphenylphosphine to give the
phosphonium salt required for the Wittig reaction.

F©\/\/\/\' B F@W\/\’ o
&s’\/\/\/\g o~
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Br/\/\/\,Br <:| Br Ph3P/\/\/\/SPG <:I /\/\/\%\é
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Scheme 31: Synthetic strategy for the synthesis of target molecule 87. PG = protection group.

The Wittig reaction is not selective towards formation of the E- or Z-isomers.
However, as the strategy is to reduce the double bonds, a separation of the isomers
is not necessary. To reduce the double bonds a hydrogenation reaction is envisaged.
Both the ferrocene and the trityl group are usually stable under hydrogenation
conditions. In a last step the sulfur needs to be transprotected to the final acetyl

protected compound.

3.2.1.2 Synthesis and Discussion

The phosphonium salt required for the Wittig reaction was synthesized starting
from 1,6-dibromohexane (88). The sulfur was introduced in a statistical substitution
reaction of tritylthiolate with dibromoalkane 88. Therefore one equivalent of
triphenylmethanthiol was treated with ethanolate and dropped slowly to a solution of
one equivalent of 1,6-dibromohexane in hexane (Scheme 32).2%! After stirring for six
hours the reaction mixture was filtrated and evaporated. Purification of the crude by
column chromatography provided the mono-substituted compound 89 as a colorless
oil which solidified foam-like upon drying under high vacuum. After recrystallization
from hexane analytically pure compound 89 was obtained. The 55% yield is
satisfying, as the product is only statistically formed. Similar reaction conditions were

applied for the reaction of sodium tert-butylthiolate with 1,6-dibromohexane yielding
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only 28% of the mono substituted product.?®® In this case intramolcular ring
formation, forming the sulfonium salt, further decreased the yield. The sterically
demanding trityl-group avoids this side reaction and further helps to form the
monosubstituted product. The bromide 89 was then treated with triphenylphosphine
in DMF at 120 °C for 13 hours. The DMF was distilled off and the residue was taken
up in small amounts of dichloromethane and dropped into rapidly stirring hexane
which led to precipitation of the phosphonium salt 90 which was obtained after drying

under high vacuum as a colorless powder in quantitative yield.
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Scheme 32: Synthesis of an E-/Z-isomer mixture of compound 93. Trt = trityl

The corresponding 1,1’-dicarboxaldehydeferrocene (92) as counterpart for the Wittig
reaction was synthesized following a reported procedure.?®”! Ferrocene was treated
with n-BuLi and TMEDA®"! |eading to lithiation of the ferrocene in the 1,1’-position.
2071 By treating this lithiated intermediate with dimethylformamide, followed by
aqueous workup and recrystallization from cyclohexane, 1,1’-dicarboxaldehyde-
ferrocene (92) is obtained as a red solid in 16%. This yield is low due to considerable
loss during the recrystallization. Having both building blocks in hand the Wittig
reaction was envisaged. Therefore n-BuLi was added to a suspension of the
phosphonium salt 90 in THF.!?°! The color changed from colorless to orange to dark-
black-reddish, pointing at the formation of the ylide. Then a solution of the aldehyde
was added dropwise. After stirring for three hours, the reaction mixture was worked
up and purified by column chromatography to give the dialkene 93 as red solid in
85% vyield. According to its '"H-NMR spectrum, the isolated compound 93 was an

expected E/Z-mixture. However, a clear ">*C-NMR spectrum was obtained as all the
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E/E, E/Z and Z/Z isomers do not differ in their "*C-NMR signals. The mass was found
both by ESI and with MALDI-ToF mass spectrometry. Furthermore, the elemental
analysis confirmed the chemical constitution of the compound.

As a next step the reduction of the double bonds of compound 93 was
envisaged. Being the most straight forward route, hydrogenation was chosen.
Ferrocene is an often used spacer in ligands used for hydrogenations. It is reported
to be stable to hydrogenation conditions and should not affect the catalytic
system.”'? Sulfur could also cause problems as sulfur is reported to poison the
catalyst. However, there are reported procedures where sulfur containing compounds
were hydrogenated.?'"?' Furthermore, transition metal catalyzed reactions other
than hydrogenations are reported where sulfur does not disturb the catalytic
systems.['®"]

Initially, heterogeneous hydrogenation with palladium on charcoal was
envisaged. The starting material 93 was dissolved in a methanol-dichloromethane
1:1 mixture and treated over night under one atmosphere of hydrogen in presence of
10 mol% palladium on charcoal (Table 4, entry 1). Monitored by thin layer
chromatography (TLC) only starting material was observed. Mass spectrometry and
'H-NMR-spectroscopy further proved that no conversion took place. The solvent was
changed to ethyl acetate (EtOAc) which is known to be a suitable solvent for such
hydrogenation reaction (Table 4, entry 2)' and the same conditions were applied,
nevertheless no product was obtained, only starting material. Obviously the
hydrogenation of compound 93 is more challenging then initially expected. Therefore
harsher reaction conditions were chosen.

Using again a heterogeneous catalyst, the starting material 93 dissolved in
EtOAc with 10 mol% palladium on charcoal was stirred at room temperature under
an atmosphere of 50 bar of hydrogen overnight. No conversion was observed and
only starting material was obtained (Table 4, entry 3).

As these heterogeneous conditions were not successful, homogeneous
hydrogenation was attempted. Compound 93 contains no directing groups, a feature
which is often required in homogenous hydrogenation. Therefore the most promising
catalysts are iridium based catalysts, such as the Crabtree catalyst (Table 4,
entry 4).2'% 21 A series of four iridium catalysts (Table 4, entry 4-7) were
screened.?® As a solvent dichloromethane was chosen, the reaction was loaded

with 10 mol% of the catalyst and it was stirred under an atmosphere of 50 bar of
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hydrogen overnight. The reactions were monitored by TLC and mass spectroscopy,
but undesirably no product was formed and the starting material was recovered after
CC.

As a next step in the search for suitable catalysts a range of different
heterogeneous catalysts were screened. Palladium on calcium carbonate and
palladium on barium sulfate were inactive catalysts as well (Table 4, entry 8 & 9).
Also platinum oxide in ethyl acetate did not provide any conversion (Table 4,
entry 10). As it is often attested to the poisoning character of sulfur towards catalysts,
already poisoned catalysts were used, such as the Lindlar catalyst (Table 4,
entry 11).2" In this case the reaction mixture was even heated to 50 °C under an
atmosphere of 100 bar of hydrogen. But even under these harsh conditions no
product was obtained.

Ruthenium oxide was reported to be a suitable catalyst for hydrogenation
reactions of unsaturated sulfides.”’* But also these conditions were found to be
inapplicable for the reduction of compound 93 (Table 4, entry 12).

All the hydrogenation attempts are summarized in table 3. Several transition
metal catalyzed hydrogenation reactions proved to be inapplicable for the reduction
of compound 93 (Table 4, entry 1-12). Therefore alternative reduction pathways were

investigated.
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STrt STrt
o~ H o~
10 mol% cat.
Fe —_— Fe
/\/\/\/\@ /\/\/\/\@
Trs TrtS
93
H, Temp. conversion
Entry Catalyst (bar) (°C) solvent time (h) (%)
1 Pd/C 1 rt DCM/MeOH 12 0
2 Pd/C 1 rt EtOAc 12 0
3 Pd/C 50 rt EtOAc 12 0
@ _|@ BARF-
N\ 'PCy3
A
4 N/} 50 rt DCM 12 0
Bk A
M
5 N/} 50 rt DCM 12 0
Ber N
Ph/\/
AR Ph
6 NS 50 rt DCM 12 0
) )
© BARF
o
Ph>P N/
Ph: \ / ﬁ
’,Ir\
N 50 rt DCM 12 0
Pd/CaCO; 50 rt EtOAcC 12 0
Pd/BaSO, 50 rt EtOAc 12 0
10 PtO, 50 rt EtOAc 12 0
Pd/CaCO5*Pb
11 (Lindlar) 100 50 EtOAc 72 0
12 RuO, 50 60 EtOAc 48 0

Table 4: Reaction conditions for the attempted hydrogenation reactions. The conversion was
determined by TLC.

Hydrazine is a reported reduction agent, or reduction agent precursor,
respectively.”® A convenient system for the reduction of unsaturated compounds
with hydrazine are hydrazine-oxygen-copper ion systems.”?"! Therefore compound

93 was treated with hydrazine in the presence of copper sulfate, but no conversion
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was observed, monitored by TLC and MALDI-ToF-spectroscopy. Sodium hydrazide
is also reported to be an active reduction agent, for example used in the selective
reduction of stilbene to 1,2-diphenylethane.®?? But also this system did not show
activity towards reduction of compound 93 to the desired product 87. As a further
alternative pathway a hydroboration-protonolysis sequence was envisaged. A study
about organoboranes for synthesis revealed that the protonolysis of trialkylboranes
takes place under very mild conditions and it tolerates various groups such as active
sulfur, halogens and nitrogen functionalities.*®! The first group of trialkylboranes is
readily cleaved with carboxylic acids at ambient temperatures. The second and the
third group require elevated temperatures and stronger acids. Steric requirements of
the alkyl groups attached to the boron play an important role in the rate of
protonolysis. Indeed, relative rate studies showed that steric hindrance is the most
important factor in the protonolysis of trialkylboranes. Therefore partially alkylated
borane derivatives such as bis(3-methyl-2-butyl)borane (Sia;BH) can be used to form
mixed organoboranes. Exploiting the selective protonolysis of the less hindered
group of a mixed trialkylborane, such species become applicable in organic synthesis
and show enhanced regioselectivity and functional group tolerance. As tolerance
towards the sulfide and towards the ferrocene is required for the hydrogenation of
compound 93, this procedure is promising, at least for the hydroboration of the olefin
93. However, the trityl group will not be stable under the protonolysis conditions,
using acetic acid. As the acetic acid will protonolyse the mixed borane and also
cleave the trityl group, the thiol might be in situ trapped with an acetyl source and
therefore this pathway could directly lead to the desired target structure 87. The
dialkylborane was therefore in situ prepared by suspending sodium borohydrate in
dry dimethylethyl glycol (diglyme) which was previously stored for two days over
calcium chloride and then distilled over sodium/benzophenone (Scheme 33). Then
borontrifluoride etherate was added at 0 °C dropwise. A solution of the olefin 93 was
then added dropwise. Gas evolution was observed when a drop of the olefin was
mixed with the dialkylborane solution. When the gas evolution decreased the next
drop of the olefin was added. Initially the orange color of the olefin disappeared upon
touching the surface of the Sia,BH solution but after a while the color remained. The
temperature was always kept at 0 — 10 °C. After complete addition of the olefin the
reaction mixture was stirred additionally for 30 minutes at room temperature and for

45 minutes at 35 °C. Then triethylsilane — a cation scavenger needed to trap the trityl
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cation — and a 1:1 mixture of acetic acid and acetyl chloride was added
simultaneously. The reaction mixture was kept for 10 minutes at 38 °C and then
heated to 100 °C for one hour. To be sure that all of the thiol was acetylated, the
reaction mixture was cooled to 0 °C, acetyl chloride and sodium hydride were added

and it was stirred for 15 minutes at room temperature.

NaBH, + I + O~BF3 ———> BH —— > Fe

< /O\/\O/\/o\ _>_ /\/\/\(\Q
TrtS : Bi
Sia,BH

1.) Et3SiH
AcOH/AcCI 44%
2.) AcCl
NaH
Sy
@\/\/\/\/ 5
Fe
(0] /\/\/\/\@
Ms 87

Scheme 33: Final synthesis of target structure 1, following a hydroboration-protonolysis sequence.

After quenching the reaction mixture, aqueous workup and purification by column
chromatography, the desired hydrogenated compound 87 was obtained in 44 % yield
as yellowish oil which tends to crystallize. The instability of the trityl protection group
towards the protonolysis conditions was exploited to perform two reaction
simultaneously.

All compounds were fully characterized by melting point determination (if a solid
at room temperature), 'H-NMR-spectra, '*C-NMR-spectra, mass spectroscopy (El,
MALDI-ToF or FAB) and elemental analysis. It remains to be stated that no exact
mass-peak was obtained for 89, only the trityl cation peak was observed as main
peak. Furthermore, the elemental analysis of the phosphonium salt 90 was not within

the desired range.



3 Molecular Switches 123

3.2.1.3 Conclusion

A ferrocene based molecular switch was proposed as model compound to
investigate redox switching behavior of single molecules. The ferrocene was
functionalized in the 1,1’-position with two thioalkyl groups. The central electro active
ferrocene core is rather isolated due to the poorly conducting alkyl linkers, reducing
effects from the linker groups on the switching behavior.

The proposed target structure 87 was synthesized with a Wittig reaction as the
key step. In a hydroboration-protonolysis sequence the double bonds were reduced
and the trityl-protection groups of the sulfur were replaced with acetylsulfanyl groups.
The molecule is currently under investigation in the group of Prof. Thomas
Wandlowski at the University of Berne. The molecules are investigated in an
electrochemically controlled STM break junction which already proved its potential
during the investigation of the viologen derivatives.!"*® The correlation between the
transport features of the single molecule junction and the redox state of the

integrated molecule will be of particular interest.
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3.2.2 A 1,1’-Distyrene-Ferrocene Based Redox Switch

In the approach described in the chapter above, using ferrocene as an
electrochemically triggerable unit, the redox active core is rather isolated from the
electrodes due to poorly conducting alkyl spacers. This is essential for the basic
understanding of electrochemical conductance switching; however, systems where
the redox core is directly coupled to the electrodes via conjugated spacers are very
important to be investigated. The conductance of a ferrocene functionalized
molecular wire was reported to be 0.7 Gy which is close to the maximal possible
conductance through a molecule.”*" We report investigations on a molecular rod
consisting of an OPV-type backbone comprising an electro-active centre. We
propose to use ferrocene as redox subunit, functionalized in the 1,1’-position with two
styrenes terminated with sulfur anchor groups. The synthesis, the electrochemical
characterization and the immobilization of single molecules between two electrodes
will be discussed. Conductance measurements in an MCBJ setup were performed

and conductance switching was successfully obtained.

3.2.2.1 Molecular Design and Synthetic Strategy

Molecular Design
The proposed molecular switch 94 consists of a central ferrocene subunit
functionalized with two linker groups in the 1,1’-position (Figure 65). To provide
effective coupling of the electro-active core with the electrodes, thiol functionalized

styrenes were considered as conjugated linkers.
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Figure 65: Electrochemical active molecular rod containing a 1,1’-functionalized ferrocene.

Figure 65 displays the target structure 94 and its anticipated reversible switching

when immobilized between two gold-electrodes (94°, 94°*). The iron atom of
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ferrocene is the centre of the electron pathway as the linkers are placed in the
1,1’-position. We expect an effect of the oxidation state on the conductance, as the
redox reaction alters the electron population of the frontier orbitals, through which the
electron transport is presumed. Placing the linker groups in the 1,1’-position further
provides rotational freedom, as the two cyclopentadienyl rings of ferrocene can freely
rotate. On one hand this is an advantage as it provides flexibility of the structure, on
the other hand it might challenge the immobilization experiments as both sulfur
groups of one molecule could bind to one electrode when the molecule is in a U
shape.

We are interested to further compare the effect of oxidation state on
conductance in a comparable structure where the ferrocene is functionalized in the

1,3-position (Figure 66).

94’ $17
Figure 66: Proposed molecular redox switches. The ferrocene is functionalized either in the

1,1’-position for compound 94 (A) or in 1,3-position for compound S$17 (B).

Compound S17 has the same chemical constitution as compound 94 and only differs
in the position of the linkers on the ferrocene. As both linkers are bound on the same
cyclopentadienyl ring of ferrocene, the structure is more rigid. The comparison of the
effect of oxidation state on conductance of the two isomers could reveal very
interesting insights into electronic properties of molecules integrated between two
electrodes. The molecular switch $17 is currently being synthesized in our group,

and no results will be discussed within this thesis.

Synthetic strategy
The synthetic strategy is to assemble the OPV backbone of compound 94 in a
Horner-Wadsworth-Emmons reaction (HWE), leading directly to the EE-isomers
(Scheme 34). The two thiols in 94 are protected with acetyl groups. The acetyl
sulfanyl group can be mildly cleaved prior to exposition to the MCBJ. However during
the synthesis a more stable protection group of the sulfur is required, as the
acetylsulfanyl groups will not survive the harsh conditions of the HWE reaction and
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the formation of the phosphonate. Therefore the tert-butyl protected thiol is
envisaged, and the sulfur will not be transprotected prior to the assembly of the OPV

unit.
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Scheme 34: Synthetic strategy for the synthesis of target structure 94. PG = protection group.

94

For the HWE reaction an aldehyde and a phosphonate are required. We plan to fit
the ferrocene core with two aldehyde groups in the 1,1’-position and the phosphonate
on the outer building block, due to the ready availability of 1,1’-dicarboxaldehyde-
ferrocene in one step. The phosphonate is envisaged to be synthesized starting from
4-tertbutylsulfanyl-benzaldehyde. After reduction of the aldehyde and substitution of

the alcohol with a bromide, it should be possible to introduce the phosphonate.

3.2.2.2 Synthesis

The synthesis of 1,1’-dicarboxaldehydeferrocene (92) was already described in
chapter 3.2.1.2. The corresponding building block to the aldehyde 92 for the HWE
reaction is the phosphonate 97. The phosphonate 97 was synthesized starting from
4-fluorobenzaldehyde (Scheme 14).°%! The electron-withdrawing aldehyde group in
the para-position relative to the fluoride is activating the aromatic nucleophilic
substitution reaction. Therefore the fluoride was treated with sodium-tert-butyl thiolate
in DMI at room temperature to give the functionalized aldehyde 44 in 74% vyield (as
already discussed in 3.1.2.2).l"®"! Reduction of the aldehyde with sodium borohydride
yielded the alcohol 95 as a colorless oil in quantitative yield (Scheme 35).2%! |n a
next step the alcohol needs to be converted to a leaving group. Therefore, the
alcohol 95 was treated with PBr3 in diethylether at room temperature to give the

bromide 96 after aqueous workup and recrystallization from hexane/EtOAC in 82%
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yield.??® The phosphonate was then introduced by refluxing the bromide 96 with
triethylphosphite in dioxane. After evaporation of the solvent, the crude was purified
by distillation. The thio-functionalized phosphonate 97 was obtained as a colorless
liquid in 69% yield.[?*®

Os HO Br \_O(;P
NaBH4 PBT3 P(OEt)3
EtOH diethylether dioxane
S S rt S S
K quant. K 82% K 69% K

44 95 96 97

O BBr3
©\¢\©\ ) AcCl W\@ X
S Fe S - S Fe S

~ 7 toluene g
0 rt 7(
94 20% 98

Scheme 35: Synthesis of target structure 94.

For the assembly of the OPV 98 several conditions were investigated. It was found
that potassium tert-butoxide is a good choice as a base.l*?”! Therefore, the aldehyde
92 and the phosphonate 97 were treated with potassium tert-butoxide in THF for
three hours at room temperature. The reaction mixture was aqueously worked up
and the crude was purified by CC to give the EE-isomer 98 as a red solid in 93%
yield. Even though transprotection of the tert-butyl protected sulfur to the acetylated
sulfur of a ferrocene containing molecule has been described, this step was found to
be very challenging.”?®! Only two methods for the conversion of the tert-butyl moiety
on a thiophenyl have been described, either by means of BBrs!'"® or by means of
bromine.!"®"! Bromine was found to be troublesome, because ferrocene is too easily
oxidized by the bromine as oxidizing agent. The oxidation of the ferrocene also
perturbs the transprotection using BBr;. The reaction conditions, such as reaction
time, temperature, and BBr3 concentration were vastly altered and investigated.
However, the acetylated target structure 94 was only obtained in low yields of
16-27%. Reproducible conditions were found when the tert-butyl protected starting
material was dissolved in a well degassed mixture of toluene and acetyl chloride

(4:1). 2.4 equivalents of a 1 M solution of BBr; in dichloromethane were added
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dropwise at room temperature. The reaction mixture was stirred for two hours at
room temperature before quenching with water at 0°C. After the aqueous work up
and purification by column chromatography, the product was obtained as red solid in
20% yield. By cooling down a saturated solution of compound 94 in CDCI3 in an NMR

tube to -15°C, crystals suitable for X-ray analysis were obtained (Figure 67).

Figure 67: X-ray structure of 94.

Most of the crystals were too thin, however one little red crystal, different in color
compared to the other crystals, was suitable for the X-ray analysis. The compound
94 was cocrystallizing together with another substance (left in Figure 67). On the first
instance the substance was believed to be [BBr,] arising from the deprotection agent
of the reaction. However, the obtained electron density of the central atom did not
accord with the expected electron density for boron. Alternatively, it could consist of
[FeBra] or [FeCly].?* 3% The iron might arise from decomposed 92 or ferrocene
containing intermediates. This would also corroborate the low vyield of the
transprotection reaction. As ligands (green in Figure 67) of the iron both bromides
and chlorides are considered, arising either from boron tribromide or acetyl chloride.
The measured electron density of the X-ray analysis pointed more towards chlorides,
therefore the substance is rather [FeCly]. However, the fact that the ferrocene
derivative 94 bears a counter ion points to that the ferrocene is charged
(ferrocenium) which means that it is in its oxidized Fe(+lll)-state. Ferrocenium is
reported to be blue-green in color. However, the fact that the color of the measured
crystal was red, points to that the compound is in its neutral Fe(+ll) state, but it can
not be excluded that the compound of the measured crystal is in its oxidized state.
However, it was proven that the isolated compound 94 after the transprotection
reaction is in its neutral reduced form by "H-NMR-spectroscopy, electrochemistry and

spectroelectrochemistry. Ferrocene is a diamagnetic compound whereas ferrocenium
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is paramagnetic; however sharp signals were obtained in the "H-NMR spectrum of 94
which would not be expected for a paramagnetic substance.”*"! A solution of 94 in
acetonitrile does not show a reduction curve within the electrochemical window of
ferrocene/ferrocenium when ramped to a negative voltage in an electrochemical cell,
but shows an oxidation when ramped to a positive potential. This further indicates
that compound 94 is already in its reduced form. Furthermore, the UV/vis absorption
spectra of 94 were compared with the spectra of electrochemically reduced 94 and
oxidized 94" (See next section) and were according to the absorption spectrum of the
reduced form. From these findings we conclude, that either the crystals were from
an impurity, or that the cocrystallizing substance is not the counter ion of a charged
ferrocenium species.

In any case, the X-ray analysis of 94 shown in Figure 67 nicely reflects the
structure of the compound 94. The linker groups are both oriented in the same
direction and the molecule is aligned in its U shape in the solid state. This might give
rise challenges to immobilize compound 94 between two electrodes, as both thiols
could bind to the same electrode. However, this is only the solid state structure and

the molecule is expected to freely rotate in solution.
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3.2.2.3 Electrochemical Characterization

To screen the feasibility of the target structure as a molecular switch, its redox
behavior was investigated by cyclovoltammetry and spectroelectrochemistry. Both
the acetyl protected compound 94 and the more stable fert-butyl protected compound

98 were inspected.

Cyclovoltammetry
Cyclic voltammograms (CV) were measured on the two target structures. CVs of 94
and 98 are shown in Figure 68. A 1.0 mM solution of the target compounds in
acetonitrile was investigated using tetrabutylammonium hexafluorophosphate
(TBAPFg) as electrolyte and Ag/AgCl as reference electrode, in a classical three
electrode electrochemical cell. As TBAPFs is a base and is able to affect the acetyl
sulfanyl groups of 94, the tert-butyl protected derivative 98 was investigated as a
model compound. Compound 98 shows a fully reversible oxidation wave with a half-
wave potential (E"?) at 0.365 V (vs Ag/AgCl). The criteria for reversibility were a
separation of 70 mV between cathodic and anodic peaks, a ratio of 1.0 £ 0.1 for the
intensities of the cathodic and anodic currents I./l,, and no shift of the half-wave
potentials with varying scan rates. The half-wave potential of 98 is shifted to a higher
potential compared to parent ferrocene (0.35 V vs Ag/AgCl), which corresponds to a
small shift of the LUMO towards higher energy. Obviously, substitution in the 1,1’-
position with styrene subunits does not seem to affect the switching properties of

ferrocene, which is an interesting feature for the design of a molecular switch.
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Figure 68: CVs of 94 (B) and 98 (A).
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The acetyl protected target compound 94 shows a similar redox behavior. However,
the system seems to be less stable in time, probably due to the more labile sulfur

protection group in the presence of the electrolyte.

Spectroelectrochemistry
To correlate electronic properties with  photophysical properties the
spectroelectrochemical investigations of 94 and 98 were of particular interest. A
commercially available quartz UV-cuvette with a three electrode setup was used to
record spectroelectrochemical data. UV/vis absorption spectra were recorded while

changing the redox state of the molecule by an electrochemical potential.
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Figure 69: UV/vis absorption spectra of compound 98 and the electrochemically oxidized 98" in

acetonitrile.

The UV/vis absorption spectra of compound 98 (red) and the electrochemically
oxidized compound 98" (blue) are shown in Figure 69. The reduced compound 98
shows an absorption maximum at 304 nm with a shoulder at 337 nm. In addition a
shallow, broad absorption peak is observed at 483 nm. The bands of the absorption
spectrum were not assigned to its transitions; therefore it is vague to conclude on
changes in the absorption spectra of the reduced and the oxidized compounds 98
and 98*, respectively. However, it was qualitatively observed that the main
absorption maximum at 304 nm was hypsochromically shifted to 292 nm and the
shoulder at 337 nm disappeared upon oxidation. A new shoulder at 390 nm, which
was only weakly present in the oxidized form, appeared. Further, a slight increase in

intensity and hypsochromic shift of the weak broad peak at 483 nm was observed.
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The extent of the redox reaction was qualitatively followed by

spectroelectrochemistry (Figure 70 A).
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Figure 70: Spectroelectrochemistry of 98.

In its initial state, compound 98 is in the neutral form (Fe™). However, a potential of
-0.5 V was applied for 5 minutes, to be sure that all molecules are in the reduced
state (black curve in Figure 70 A). A potential of +0.6 V was applied and UV/vis-
spectra were recorded after 1 minute, 3 minutes, 6 minutes, 9 minutes and
11 minutes (Figure 70). The absorption spectra taken after 6, 9, and 11 minutes
overlap, denoting that all molecules in solution are oxidized. Subsequently, the
solution of 98" was reduced to 98 while applying -0.2 V. The oxidation followed by
reduction is referred to as one cycle. The reversibility of the redox process is
reflected in Figure 70 B. The absorption spectra of the reduced state recorded in the
first and second cycle, such as the absorption spectra of the oxidized state recorded
in the first and second cycle overlap well.

The spectroelectrochemical behavior of the acetyl protected compound 94 was
also investigated (Figure 71), but, monitored by TLC, the thioacetyl protection group
was not sufficiently stable during the redox reaction in the presence of the electrolyte
(TBAPFs). The positions of the absorption maxima of the reduced form in the first and

second cycle remain the same, but the intensity drastically increases (Figure 15 B).
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Figure 71: Spectroelectrochemistry of 94.

While applying a negative potential, the absorption spectra of the tert-butyl protected
compound 98 did not change, a change in the absorption spectra of the acetyl
protected compound 94 was observed. It is likely that the redox reaction of the acetyl
protected compound 94 is reversible but the acetyl protection groups of the thiol are

not stable under these conditions.

3.2.2.4 Integration Experiments

Compound 94 displays a distinct redox behavior and a change in the UV/vis-
absorption spectra upon changing the oxidation state in solution. As a next step the
integration of compound 94 into an electronic device and a potential controlled
electron transport investigation is envisaged. To immobilize the molecule between
two electrodes, an MCBJ setup is considered. To measure transport properties in
relation to a controlled potential, an electrochemical cell needs to be combined with
the MCBJ setup. The MCBJ setup which was used for the previous integration
experiments described in this thesis is ideally suited for these experiments as it
allows transport investigations within a liquid environment. To provide a classical
three electrode electrochemical cell as discussed in the electrochemical
characterization section, the setup of the MCBJ needs to be enriched with a counter
electrode and a reference electrode, while the source and drain electrodes act as

working electrodes (Figure 72). This setup is similar to a bipotentiostat./**!
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~N
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Figure 72: A simplified schematics of the circuit of the MCBJ combined with a potentiostat. The setup
combines the MCBJ with a three electrode electrochemical cell. The source (S) and drain (D)
electrodes become the working electrode (WE). The potential drop (Urer) between source-and-drain-
electrodes (WE) and a reference electrode (Ref) is adjusted with a potentiostat. The counter electrode

(CE) completes the cell circuit.

The MCBJ setup needed to be adapted to some extent. As quasi-reference electrode
(Pt/Ppy), a platinum wire coated with partially oxidized polypyrrole (Ppy) was
fabricated and added to the setup (referred to as gate electrode). The voltage
between source-and-drain and reference electrodes, referred to as gate voltage, was
applied through a potentiostat (for details see Ref.***!) In order to measure the signal
of a single molecule, it is required to reduce the faradic electrochemical cell current
which is efficiently done by reducing the electrodes’ surface.””®* Therefore, the Au
electrodes are spincoated with a polyimide photoresist layer (Figure 73). The sample
was then irradiated with UV using a 10 ym mask. The sample was developed, baked
and under-etched to provide an MCBJ sample with reduced electrodes’ surface. An

SEM image of the covered junction is shown in Figure 73 B.
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Figure 73: A) Protection of Au electrodes’ surface with a polyimide layer. The normal break junction
sample (1.) is protected with a polyimide photoresist (2). The spin coated sample was exposed to UV
irradiation with a 10 ym mask (3). The sample was then developed and under-etched to give the
protected break junction sample with reduced electrodes’ surface (4). B) SEM image of the protected

break junction.

As a first experiment, it was tried to immobilize the molecule 94 without
controlling the potential (potentiostat off). A solution of 94 in dichloromethane and an
electrolyte (TBAPFgs) was deprotected in situ (TBAOH) and exposed to the MCBJ.
G(z) curves were recorded. Histograms of 100 current traces are shown in Figure
74 B. The grey histogram in Figure 74 B corresponds to the control molecule OPV 55
and the red histogram in Figure 74 B corresponds to conductance measurements of
94. A pronounced conductance peak was observed. Even though the conductance
value of compound 94 is more than a magnitude lower than for the control molecule
OPV 55, these results are very promising as it was not obvious from the beginning
that it is possible to integrate compound 94 due to its U shape in the solid state

structure.
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Figure 74: Classical MCBJ measurement of compound 94. No potential was applied with respect to

the reference electrode.

These promising results were very motivating to further investigate the switching
properties of the target molecule. Therefore as a next step, the MCBJ measurements
were performed while controlling the gate voltage and the histograms are shown in
Figure 75 A. When applying a gate voltage of 0V, the yellow histogram was
obtained. The position of the peak of the histogram is marked with a yellow arrow
and has a value of Gg = 3.72:10° Gy, thus a pronounced peak was observed. The
gate voltage was then moved to a positive value. A gate voltage of +0.2 V vs. Pt/Ppy
was applied and conductance traces were recorded. The histogram of the oxidized
form 94"* is shown in pink in Figure 75 A. The peak of the histogram is clearly shifted
to a higher conductance value and marked with a pink arrow. The conductance of the
oxidized species has a value of G+ = 1.29:10 Gy. A clear shift of the conductance
was obtained with a factor of 3.5. By again applying a gate voltage of 0V the
conductance peak is shifted back to the position where it was initially (olive histogram
in Figure 75 A). The olive histogram and yellow histogram overlap quite well and are
considered to be at the same conductance value. However, when a negative gate
voltage was applied, the position of the conductance peak is shifted towards a
smaller value (blue histograms in Figure 75). This shift is not fully understood and

can not be explained by the proposed redox switching mechanism.
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Figure 75: A) Histograms of 94 are shown. The initial yellow histogram at a gate voltage of 0V is
shifted when applying a positive gate voltage of +0.2 V corresponding to oxidation of the ferrocene
(pink histogram). Setting the potential back to 0 V the ferrocenium is reduced and the conductance
peak is shifted back to its initial value (olive). When a negative gate voltage of -0.2V and -04V is
applied the position of the histogram peak is shifted to a smaller value attributed to decomposition of
the investigated molecules. In graph B the conductance values are plotted as a function of the
potential. The dashed line is the conductance of 94’ when the potentiostat is turned of. An in situ CV
was recorded and shown as grey curve. A clear conductance jump is observed when setting the gate
voltage to a value close to the oxidation potential of 94. Two samples were investigated (red and

black) which both revealed the same results.

An in situ CV was measured within the MCBJ setup (Figure 75 B). Overlaid are the
conductance values of 94’ and 94’* as a function of the applied potential. The dashed
bar shows the conductance of 94’ when the potentiostat is turned off. The
conductance values are slightly higher at 0 V gate voltage compared to when the

potentiostat is turned off. A jump in conductance was observed when setting the gate
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voltage to a positive value. The position of the current jump fits well with the position
of the oxidation potential of the CV recorded in situ. Figure 75 B nicely reflects the

correlation of the conductance and the oxidation state of 94’.

The shift of the conductance to a smaller value when setting a negative gate
voltage has not been clarified yet. A possible hypothesis considers decomposition of
compound 94. As already shown in the spectroelectrochemical investigations,
molecule 94 is not stable when applying a negative potential which can be observed
as a change in the UV/vis-absorption spectra. The histograms shown in Figure 75
were made from transient conductance traces. Hence, each metal-molecule-metal
junction might be made of different molecules. This means that a trapped molecule
was before in solution under a negative gate voltage and was treated with very
similar conditions as in the spectroelectrochemical investigations. A possible side
reaction which might take place is an electrophilic aromatic substitution reaction. The
cyclopentenyl rings of ferrocene are nucleophilic and readily react in electrophilic
substitution reactions such as Friedel Crafts acylations.!**' 2>27] This could be one
of the possible side reactions which might take place when a negative gate voltage is
applied. As the acetyl sulfanyl groups were deprotected prior to the MCBJ
measurements, there is an acetyl source in solution. When applying a negative gate
voltage to an immobilized molecule, the nucleophilicity of the cyclopentadienyl rings
is even enlarged and a Friedel Crafts reaction might take place. Having additional
acetyl units on the cyclopentadienyl rings of the ferrocene derivatives reduces the
electron density of the system which could be an explanation of the decrease in
conductance. However, these are at the moment only speculations on possible
decomposition mechanisms. Nevertheless, reversible shifting of the conductance
peak of the log(G) histograms was observed when applying a positive gate voltage

and a zero gate voltage.
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3.2.2.5 Conclusion

A new redox switch was proposed. The switch is based on a ferrocene unit,
functionalized in the 1,1’-position with conjugated vinyl thiol linker groups to provide
electronic coupling with the electrodes. Each linker is bonded to one of the two
cyclopentenyl rings sandwiching the electroactive iron atom. The target structure 94
was synthesized with a HWE reaction as a key step. In the solid state structure
obtained by X-ray diffraction, both linker groups are oriented in the same direction
and the molecule is in a U shape. The target structure was electrochemically
characterized and a fully reversible redox system was observed in solution.
Qualitative spectroelectrochemical investigations were performed and a change in
the UV/vis-absorption spectra of the two oxidation states was observed. It was
possible to integrate single molecules between two electrodes of an MCBJ in a liquid
environment. The conductance was deduced and found to be lower than the
conductance of the OPV control molecule 55. The near-perfect conductance of 0.7
Go which was found for a similar molecule was not verified.?**! Furthermore, the
target compound was investigated in an MCBJ setup combined with an
electrochemical cell, enabling single molecule measurements under electrochemical
control. Indeed a change in conductance was obtained corresponding to a change in
oxidation state of the molecule. A better conductance was observed for the oxidized
species 94" than for the neutral compound 94.

It was shown that the change of oxidation state can be exploited as a
conductance switching mechanism. Even though the difference in the conductance of
a factor of 3.5 is low compared to switches used in modern switching devices, it is a
proof of concept, and single molecules were able to switch a current between two

different conductance values.






4 Rectifiers

As already discussed in the introduction, several molecular rectifiers have been
synthesized and rectifying properties of monomolecular films and even of single
molecules have been observed.”® However, obtained rectifying ratios (RRs) of
molecular rectifiers are smaller than 100, which is way below the values of solid-state
rectifiers nowadays used in electronic circuits which show RRs > 10°. Theoretical
calculations recently claimed that cross-conjugated molecules might show RRs of up
to 10°000.1""! Therefore we propose a first cross-conjugated molecule comprising an
electron rich and an electron poor unit to investigate the potential of cross-conjugated

structures as molecular rectifiers.
4.1 Cross-Conjugated Molecular Rectifiers

4.1.1 Molecular Design and Synthetic Strategy

A proposed molecular switch R6 from Ratner and coworkers, displayed in Figure
76, consists of two cross-conjugated spots, each functionalized with either an
electron donating (EDG), namely a methoxy group, or an electron withdrawing,
namely a carboxylic acid group (EWG).""® The molecule R6 is terminated with two
thiol units, directly bound to the acetylenes. From the point of view of stability of
immobilized molecules R6 and from a synthesis point of you, the target molecule R6
shows drawbacks. We want to profit from meta-substituted benzenes as cross-
conjugated units. meta-Substituted benzenes show similar features as the cross-
conjugated units in molecule R6 because benzene units show conjugation in ortho-
and para-direction, but not in meta-direction. For these reasons we propose a
molecule comprising two meta-substituted benzene units to investigate its potential
as a molecular rectifier. One meta-substituted benzene unit is functionalized with an
EDG group, whereas the other unit is functionalized with an EWG group. One can
think of using several different EDGs and EWGs, however, as a prototype we chose
to use a nitro-group as an EWG and a tertiary amine as an EDG (99 and 100 in
Figure 76). The electron withdrawing and donating character of the two groups is

very strong, and both the nitro and amine are synthetically accessible.
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Figure 76: Proposed rectifier R6, and the meta-substituted benzene based rectifiers 99 and 100.

The target structures 99 and 100 are not conjugated between both terminal anchor

groups (A in Figure 77). However, one sulfur is conjugated with respect to the EWG

group, whereas the other is conjugated with respect to the EDG group (B in Figure
77). Further the EWG and the EDG are also conjugated towards each other (C in
Figure 77)

conjugated

not conjugated
Figure 77: Conjugation in target structure 99/100. A: The two terminal sulfurs are not conjugated
towards each other. B: One sulfur is conjugated towards the EWG whereas the other end is

conjugated towards the EDG. C: The EWG and the EDG groups are conjugated towards each other.

The synthetic strategy is to first assemble the cross-conjugated handle (Scheme
36). Therefore the two meta-substituted benzenes have to be synthesized. If the
benzene derivative comprising the nitro or the amine group are functionalized with an
iodine in the 2-position and a bromine in the 4-position the selectivity of iodine over
bromines in Sonogashira reactions can be exploited to assemble the cross-
conjugated handle. In a further coupling step the acetylenes are supposed to be
introduced. In a last coupling reaction with 4-iodo-thioacetylbenzene the target
structure is envisaged to be assembled directly in the desired acetylated compound,

therefore no transprotection is required with this strategy.

Scheme 36: Synthetic strategy towards target structures 99/100.
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4.1.2 Synthesis

Initially it was envisaged to introduce the dimethyl aniline derivative as EDG.
Therefore 2-iodo-4-bromoaniline was synthesized following a reported procedure.?*!
Dimethylation of the aniline derivative using methyl iodide and potassium carbonate
in DMF yielded 4-bromo-2-iodo-N,N-dimethylaniline in rather low yields (Scheme
37).%% |In a next step 4-bromo-2-iodo-N,N-dimethylaniline was treated with TMS-
acetylene in a Sonogashira reaction to selectively substitute the iodide. However, the
yield was with 19% low which was attributed to instability of the product 103. The fact
that already this rather small building block is not very stable is discouraging.

=-TMS

Pd(PPhg3),
Mel N7 Cul SN

N ; N TMS
K2C03 | HNiPry //
—_—

D'V'F THF
100 °C Br rt Br
21% 19%

102

Scheme 37: Synthesis of building block 103.

103

The instability of the dimethyl-aniline derivative led to a small change in the molecular
design, namely the exchange of the EDG. As a more stable tertiary amine the methyl
groups were exchanged to a cyclic alkyl protection — and donating — group, namely a
piperidine. First we envisaged to introduce the piperidine via a twofold substitution
reaction from the corresponding aniline derivative 101 with 1,5-dipromopentane
(Scheme 38). Common conditions, using potassium carbonate as base and water as
a solvent and exposure to microwaves were applied, however unsuccessfully.?*”
Also changing the solvent to a toluene/ethanol mixture and heating to 150 °C by
exposure to microwaves did not yield any product. A possibility to overcome these
problems to introduce the piperidine unit — most probably steric hindrance — could be
to change the reaction sequence and therefore introduce the piperidine first and then

iodinate in a second step.
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Scheme 38: Attempted but unsuccessful pathway towards the 2-iodo-4-bromo-substituted aniline
derivative 107.

Therefore 4-bromo-aniline was reacted with 1.1 equivalents 1,5-dibromopentane and
potassium carbonate in a toluene/ethanol mixture while exposing to microwaves. The
reaction mixture was aqueously worked up and the crude was purified by CC to give
the piperidine derivative 106 as a brownish solid in 49% yield. In a next step
compound 106 needs to be iodinated in the ortho-position to the piperidine. The
piperidine-group has to be in its neutral state, as a protonated species would change
the electronic properties and therefore no longer direct the electrophilic aromatic
substitution reaction in ortho- and para-position, respectively. Hence no acidic
conditions can be applied. Therefore compound 106 was suspended in water and
stirred in the presence of iodine and sodium bicarbonate at room temperature, but no
product was formed. Common iodination methods for 4-bromo-substituted aniline
derivatives using a refluxing ether/water solvent mixture, iodine and sodium
bicarbonate were applied, however unsuccessfully.”*® As these iodination methods
were not harsh enough, ICl was chosen as an electrophile. But even these strong
electrophilic conditions did not afford any product, and mostly starting material was
obtained.?*"! Benzyltrimethylammonium dichloroiodate (BTMA ICl,) is reported to be
an excellent iodination agent, and is often used to iodinate aniline derivatives in
ortho- and para-position, respectively.?**?**! However, mostly starting material was
recovered when compound 106 was treated with BTMA ICl, and no iodinated product
was obtained.

Probably steric hindrance is too dominating and does not allow assembling the

building block in the desired fashion. An alternative route to introduce acetylenes is to
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perform a Corey-Fuchs reaction sequence. With a Corey-Fuchs reaction sequence

an aldehyde can be converted to an acetylene via a dibromoolefin derivative.!'®
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Scheme 39: Synthesis of building block 111.

3-Bromo-5-fluorobenzaldehyde was treated in an aromatic nucleophilic substitution
reaction with piperidine and potassium carbonate as base. The reaction mixture was
worked up aqueously and dried at high vacuum to give the aldehyde 109 as brownish
oil in 95% vyield (Scheme 39).1*> 246 Compound 109 comprises the desired piperidine
functional group and an aldehyde function which was then treated in a Corey-Fuchs
reaction sequence. Carbontetrabromide was added to a solution of the aldehyde 109
and triphenylphosphine in dichloromethane which immediately led to a precipitation.
The formed salts were filtrated off and the filtrate was evaporated to give the
dibromoolefin 110 in quantitative yield as a colorless oil which solidified upon drying
at high vacuum. A solution of freshly prepared lithium diisopropylamine (LDA) was
then added to the dibromoolefin 110 in THF. The reaction mixture was quenched with
water and after aqueous workup the free acetylene 111 was isolated in 29% yield.
This low yield is attributed to instability of the free acetylene. Therefore instead of
forming directly the free acetylene, the intermediate of the Corey-Fuchs reaction was
trapped with chlorotrimethylsilane to give the TMS-protected acetylene 116 in
quantitative yield as a colorless liquid after aqueous workup and purification by CC.
[247. 2481 The TMS-group of compound 116 was in a next step removed using
potassium carbonate to give the free acetylene 111 in quantitative yield. Having the
ethynyl-functionalized push-building block 111 ready, the assembly of the push-pull-
handle 113 was attempted. Therefore the acetylene 111 was reacted in a
Sonogashira reaction with the corresponding 2-iodo-4-bromo-nitrobenzene 112
which was synthesized following a reported procedure.?**! The iodide was selectively
substituted and the push-pull-handle 113 was obtained after aqueous workup and

purification by CC and recrystallization from hexane in 74% yield as an orange solid.
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Scheme 40: Synthesis of the push-pull handle 113 together with unsuccessful follow up steps.

In a next step the system was intended to be enlarged with two acetylene units using
a Sonogashira coupling. As an acetylene source [(3-Cyanopropyl)-
dimethylsilyl]acetylene, a polar analogue of (trimethylsilyl)acetylene (TMS-acetylene)
was chosen to improve the separation features of the expected products.**”
However, the desired product 114 was not obtained. The same coupling reaction was
repeated, but using TMS-acetylene. Also this reaction turned out to be troublesome
and no product was obtained. As the rate determining step in a Sonogashira reaction
is the oxidative addition and as the oxidative addition is activated by having an EWG-
group in para-, and ortho-position, respectively, the reaction to substitute both
bromides of 113 was expected to be challenging. Indeed the mono-coupled product
in which only the bromide in para-position to the nitro group was substituted was
isolated in 76% yield. Even if the monocoupled product was treated in a further
coupling reaction with a fresh catalyst system, and even when the reaction was
performed in refluxing triethylamine, only traces of the product were obtained,
monitored by MALDI-ToF mass spectrometry, but corresponding to the TLC most of
the starting material did not react. Obviously it is very challenging to introduce the
acetylene unit at the deactivated para-position to the amine at this stage of the
synthesis. Therefore the new strategy was to fit the push-building block with both the
acetylenes before assembling the push-pull-handle. To provide a selective assembly
of the handle the acetylenes of the push-building block need to be equipped with two
different protection groups, such that the protected-acetylene in ortho-position to the
amine can be selectively deprotected. A selective deprotection can be exploited
using trimethylsilyl (TMS) and triisopropylsilyl (TIPS) protection groups,

respectively.[?®"
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Scheme 41: Final synthesis of the target structure 100. The bromide para to the piperidino-moiety
was substituted in an early stage (117). After that the push-pull handle 119 was assembled. After
introduction of the second TIPS-acetylene the TIPS groups were removed to give the free acetylene

121 which then was treated in a last Sonogashira reaction to give the target molecule 100.

The bromide of compound 116 was substituted with TIPS-acetylene in a Sonogashira
reaction with tetrakis(triphenylphosphine)palladium and copper iodide in triethylamine
at 60 °C. The reaction mixture was aqueously worked up and the crude was purified
by CC to give compound 117 as colorless oil which was crystallizing with time in a
yield of 77%. Compound 117 comprises two protected acetylenes, the acetylene in
ortho-position to the amine is protected with TMS whereas the acetylene in para-
position to the amine is protected with TIPS. The TMS-group was selectively cleaved
with potassium carbonate.”®? Therefore the TMS-protected species 117 was
dissolved in a THF/MeOH mixture and treated with 0.5 equivalents of an aqueous
1 M potassium carbonate solution. After stirring for 2 hours the reaction mixture was
extracted and the crude was purified by column chromatography (CC) to give the
desired free acetylene 118 in 100% yield as a pale yellowish oil. The acetylene 118
was then coupled with the push-building block 112 in a Sonogashira reaction with
tetrakis(triphenylphosphine)palladium and copper iodide as catalysts in a

THF/diisopropylamine mixture. The reaction mixture was evaporated and purified by
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CC to give the mono-acetylene-comprising push-pull-handle 119 as an orange solid
in 81% vyield. The nitro group of 119 activates the oxidative addition reaction and
therefore the bromide was efficiently substituted in a Sonogashira reaction.
Therefore, the bromide 119 was treated with TIPS-acetylene and
tetrakis(triphenylphosphine)palladium and copper iodide as catalysts in triethylamine
at 60 °C. The reaction mixture was aqueously worked up and purified by CC to give
the diacetylene functionalized compound 120 in a yield of 75% as an orange solid.
The TIPS groups of 120 were then quantitatively removed using tetrabutylammonium
fluoride (TBAF) to give the free acetylene 121 as a red solid. In a last Sonogashira
reaction the acetylenes of 121 were coupled with 4-iodo-thioacetylphenyl (10). As
catalysts tetrakis(triphenylphosphine)palladium and copper iodide were used and the
reaction was performed in a THF/diisopropylamine mixture. The reaction mixture was
quenched with water and extracted with dichloromethane. The crude was purified by
CC and by precipitation from dichloromethane into rapidly stirring hexane. The target
molecule 100 was obtained as a red solid in 51% yield. That way the synthesis of the
desired target structure was successfully performed, even though some detours had
to be taken.

The target structure such as all the precursors were characterized by TLC,
melting point, '"H-NMR, "C-NMR, mass spectrometry and elemental analysis. It
remains to be stated that the elemental analysis of the target structure was

marginally not in the desired range.

4.1.3 Conclusion

A new molecular rectifier was proposed. The design of the rectifier is based on
cross-conjugated systems which are postulated to show RRs more than one hundred
times larger than RRs obtained so far from molecular rectifiers. To increase synthetic
accessibility and stability, meta-substituted benzenes were chosen as cross-
conjugated joints. The structure comprises two meta-substituted benzene units, one
functionalized with an electron donating and the other one with an electron
withdrawing group. The synthesis and characterization of the target structure was
successfully performed.

Currently we are looking for an ideal setup to immobilize target structure 100. To
determine the RR I/V-curves have to be measured. The MCBJ setup we were using
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to measure the rods and the switches measure transient conductance curves at a
constant potential. A metal-molecule-metal contact is formed and broken in a
repeated fashion. However, to measure |/V-curves, a molecule has to be fixed
between electrodes and the voltage has then to be changed while monitoring the
current. To provide a stable molecular junction an ideal integration setup for the
investigations of the rectifying properties of compound 100 should operate at low
temperatures. The MCBJ setup used to investigate hysteretic switches?®>! (see
introduction) could be a suitable setup to investigate rectifying properties of

compound 100.






5 Molecules “Waving” Inside the Gap: Electroluminescence

in a Single-Walled Carbon Nanotube Junction

5.1. Introduction

If molecules are considered as the smallest units in electronic devices, their
tininess is on the one hand a great advantage as it reduces the feature size down to
a very small scale, but on the other hand makes them very challenging to handle.!"
Since it was understood what molecules are made of, a particular challenge of
synthetic chemistry is to master the structure of molecules and thereby their
functions. Also thanks to a great development of analytical tools, it is nowadays
possible to assemble very complex molecules.***

The field of molecular electronics was in its origins limited to theoretical
investigations, and only a large improvement of physical setups to address small
assemblies of molecules and even single molecules made it possible to approach the
field experimentally.?® ® 2! From a molecule bound to two electrodes, the response
of an electric input can be measured. Molecules were designed such, that when
immobilized between electrodes, rectification or switching was obtained. However, it
would be very appealing to get an additional signal from a molecule different than the
electrical response. The additional signal from an integrated molecule would offer
information that molecules are bridging the electrodes, thus help to understand the
behavior of integrated molecules to a level enabling the design and assembly of
molecular electronic devices.

Nongjian Tao and coworkers developed a setup which combined surface-
enhanced Raman scattering (SERS) and mechanically controllable break junction
(MCBJ) to measure SERS signals of molecules located inside the nanogap between
two electrodes.*® An incident laser was focused onto the top of a molecular junction
and the scattered light was collected with a lens and directed to a spectrometer. They
used 1,4-dithiol as a molecule because it forms two strong covalent bonds to the gold
electrodes, and strong SERS signals are expected. Indeed, an SERS signal was
obtained, the intensity of which depends on the gap width and the incident light
polarization, indicating that the signals came from the molecules inside the gap.

However, like other spectroscopic tools, it cannot be easily distinguished if the signal
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originates from the particular molecules that are responsible for the current between
the electrodes.

Optical emission signals from integrated molecules are considered as a
promising alternative spectroscopic method other than SERS. Light is an attractive
media, as it can be detected with a very high sensitivity. The emission from single
molecules has already been detected.?®"?®"! Furthermore, the emission spectra of
molecules are very characteristic giving additional insights concerning their
structures.?®" 262283 To nromote emission of a fluorophore, the molecule needs to be
excited. This is commonly realized by irradiation with photons with a corresponding
wavelength. Relaxation of the excited electrons to the ground state is then
accompanied by the emission of photons. Besides photons, an electric current
passing through a fluorophore or a strong applied electric field can be exploited to
excite a molecule to subsequently emit light, referred to as electroluminescence.?®>
2691 Electroluminescence is the result of radiative recombination of electrons and
holes, which are separated prior to recombination.

However, it is challenging to investigate optical properties of molecules
connected to metal-electrodes, as the excited state of the molecule is often
quenched by the metal. In all of the previously described attempts to connect
molecules to electrodes in this thesis and in most of the reports in literature, metal-
electrodes are used (see chapter 1.1.1). Despite many advantages of metal
electrodes, these methods suffer from some limitations such as unstable anchor
groups of the immobilized molecules, laborious electrode fabrication and precise
control over the contact geometry. An alternative strategy is to use single-walled

carbon nanotubes (SWNTSs) as electrodes.

5.1.1 Single-Walled Carbon Nanotubes as Potential Electrodes for

Molecular Electronic Devices

Since the discovery of carbon nanotubes,’® they have been regarded as an
exceptional material.”*®”?%° They are hollow molecular nanostructures made of a
monoatomic wall of sp®bonded carbons and are the equivalent of a rolled-up
graphene sheet. Single-walled carbon nanotubes (SWNTs) have elementary
chemical composition but exhibit a high diversity. SWNTs can be either metallic or

semiconducting leading to a wide electrical versatility.”®® SWNTs are quasi
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one-dimensional ballistic nanowires that are intrinsically molecular.?®® 2°! They can
be processed and their Tr-bonding provides useful electrical behavior. Compared to
ordinary metal electrodes, SWNTs are molecularly sized in their width but infinitely
long. SWNTs are very promising materials for several applications,?*® however, for
the realization of electronic circuits based on carbon nanotubes there are
considerable challenges to overcome. Namely, separation of metallic from
semiconducting tubes and positioning and contacting of carbon nanotubes are two of

the main issues.

Separation of metallic and semiconducting SWNTs.
During the common preparation procedures of SWNTs, metallic and semiconducting
SWNT are usually grown together as bundles.”®® However, for potential applications
either metallic or semiconducting SWNTs are required, leading to a grand challenge
of sorting metallic from semiconducting SWNTs. Ralph Krupke and coworkers
developed a nanotube separation method based on alternating current (AC)
dielectrophoresis.?’* 2”1 SWNTs develop an induced dipole moment when subjected
to an electric field, which is different for metallic and semiconducting SWNTs. The
induced dipole moment allows aligning and moving suspended tubes in a specific
manner by designing an appropriate inhomogeneity of the electric field. In doing so,
semiconducting and metallic SWNTs were separated. Alternative methods based on
chemical selectivity towards metallic tubes,””? or selection via ion exchange

[273]

chromatography were exploited to separated suspensions of metallic and

semiconducting nanotubes.?""!

Contacting SWNT with electrodes
Krupke extended the dielectrophoresis technique developed for the separation of
SWNTs to trap SWNTs between prefabricated metal electrodes.*”™ The
dielectrophoretic deposition technique even allows parallel manufacturing of carbon
nanotube devices (Figure 78 A).*”® The dielectrophoretic force is attractive in all
regions in the absence of deposited nanotubes, but becomes repulsive between the
electrodes once a nanotube has been deposited (Figure 78 B and C). This enables

control of the number of trapped nanotubes.
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Figure 78: A) An SEM image of the electrode arrays in ref?”® showing five adjacent devices, with
each electrode pair bridged by one CNT visible as fine white lines. B) Simulation of dielectrophoretic
force fields. The arrows indicate the direction of the force acting on a nanotube and, hence, the
direction of nanotube motion. The force is attractive in the absence of deposited nanotubes (B) but

becomes repulsive between the electrodes once a nanotube has been deposited (C).

To control the fabricated devices, the electrode pairs were contacted with
submicrometer probes mounted inside a SEM and electronic transport through the
nanotubes was measured (Figure 79). Initially the contact resistance is with 2-5 MQ
high but can be significantly lowered to 500-1000 kQ by annealing the devices at
200°C. This process leads to an improved metal-nanotube interface and desorption

of residual surfactants from the nanotube surface.
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Figure 79: a) Contacting of distinct devices with two submicrometer probes. b) SEM of an annealed

device. c) and d) I/V-curves of the device before (black) and after (red) annealing.
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Formation of SWNT-electrodes.
While AC dielectrophoresis turned out to be a very powerful tool to immobilize
SWNTs between two electrodes, it remains to form the actual SWNT electrodes.
Only then, molecular electronic devices based on single walled carbon nanotubes
can be investigated. Since Krupke and coworkers were able to bridge electrodes with
single SWNTs, they developed a method to “cut” the tubes providing two
freestanding SWNT contacts (Figure 80).
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Figure 80: Schematic lllustration of the formation of a CNT device. The SWNT is contacted with two
palladium electrodes (A). A voltage is applied leading to a break down and a nanogap is produced (B).

The gap is then considered as a platform to immobilize molecules (green) (C).

Palladium electrodes were fabricated by electron-beam lithography. The surface
between the electrodes was edged to provide a 50 nm wide trench. After electrically
contacting the electrodes, metallic SWNT were deposited between the electrodes
using AC dielectrophoresis. In doing so free standing SWNT contacted with two
electrodes were provided. The immobilized nanotubes were then characterized by
I/V-measurements. A voltage was applied to the contacted metallic SWNTs until the
tubes break. Initially the size of the gaps formed could not be controlled and was
large with more than 20 nm. However, after extensive investigations and
optimizations of parameters such as applied voltage or partial oxygen-pressure, the
formation of nanogaps became reproducible and gaps of down to 5 nm can be
formed. SEM is a well established technique for imaging carbon nanotubes,?"® 2'"]
however in this stage it is delicate to use SEM as characterization tool, because the
electron-beam causes damage to the free-standing SWNT, and the devices can no
longer be used for experiments after taking a SEM image. However, an SEM image
of one sample comprising a nanogap is depicted in Figure 81 B. To non-destructively

analyze the SWNT-gaps, I/V-characteristics of the devices are measured.
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Figure 81: A: I/V-characteristics of a SWNT contacted with two Pd-electrodes before (black line) and
after (red) breakdown. B: SEM image of a contacted SWNT after breakdown. A nanogap of about 5

nm is formed.

Figure 81 A shows the I/V-plot of a SWNT-junction. The metallic SWNT response is
depicted in black. After cutting the SWNT, the red curve is obtained. It is clearly seen

that the conductance of the device decreased drastically.

Other techniques to prepare molecular electronic systems based on SWNTs
have also been reported. Nuckolls and coworkers were edging gaps into SWNTs with
an oxygen plasma.”® The acid functionalized borders of the SWNT-gap were
covalently bridged with amine terminated molecules via amide bond formation. While
immobilizing appropriate molecules, pH sensing, metal-ion recognition and DNA

hybridization sensors were realized.??*”!

We want to profit from the freestanding SWNT electrodes prepared by Krupke
and coworkers. The SWNT gap offers a nice interface for molecular electronic

devices.
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5.2 Project Description

The possibility of forming distinct gaps in a SWNT offers the manufacture of
molecular electronic junctions based on SWNT electrodes. The two borders of the
gap can be considered as contacts and therefore we propose to bridge the nanogap
with a molecule to form a SWNT-molecule-SWNT junction. To provide a driving force
of the molecule to bridge the nanogaps it needs to be polarizable such that it moves,
similar to the SWNTs into the gap. If the molecule bears two anchor groups with
affinity towards carbon rich materials, it is possible to form a stable SWNT-molecule-
SWNT junction. We propose long rigid molecules comprising a central fluorophore to
be immobilized in the nanotube junction. The fluorophore will be excited by applying
a voltage, and the emitted light is envisaged to be detected to obtain a characteristic
spectroscopic signal of a molecule connected to two contacts. An lllustration of one
of the proposed target structures in a SWNT-molecule-SWNT junction is shown in
Figure 82. The design, synthesis and characterization of the proposed molecules and
the electroluminescence of a SWNT-molecule-SWNT junction will be reported in the

following sections.

Figure 82: lllustration of a SWNT-molecule-SWNT junction. The emission of the fluorophore is

depicted in red.
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5.3 Molecular Design and Synthetic Strategy

To bridge the carbon nanotube gap, a molecule with a length longer than 5 nm is
required. To provide a stable junction, the molecule needs to be polarizable and rigid.
The central fluorophore is substituted with two rigid linkers, on which end anchor
groups are placed. The design of the target molecules and the certain substructures

is described in the following.
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Figure 83: Proposed target structure. The core substituents are systematically varied to tune the
photophysical properties. The displayed lengths are calculated by force field minimization (ChemDraw
3D).

Fluorophore
Naphthalene diimides (NDI) were considered as rigid linear chromophores. NDlIs
draw several advantages for the targeted experiments. They show different
absorption and emission properties as a function of lateral substituents, without
changing the actual rod-type backbone.?”® 2] The color is reported to be tunable by
the 2,6-core-substituents and also the fluorescence depends to some extent on the
core-substituents. Introduction of benzylic hetero atom subunits as core substituents
leads to fluorescent dyes.??®” 2 6-Dibenzyl amine substituted NDIs are reported to be
blue in color and strongly fluorescent with an absorption maximum at 610 nm.
Substitution of 2,6-dibenzyl sulfides is reported to lead to a hypsochromic shift with
an absorption maximum at 528 nm. The mixed-substituted NDIs show an absorption
maximum at 567 nm and they are pink in color. The possibility to tune the optical
properties of the fluorophore is very appealing, as for the attempted experiment, the

emitted light would be characteristic for the immobilized molecule. Therefore we
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propose three different fluorophores, one disubstituted with (3,5-di-tert-
butylphenyl)methanamine (in target structure 122), one disubstituted with (3,5-di-tert-
butylphenyl)methansulfide (in target structure 124) and one fluorophore with two
different core-substituents (3,5-di-tert-butylphenyl)methanamine and (3,5-di-tert-
butylphenyl)methansulfide (in target structure 123). A considerable change
concerning the optical properties is expected for the three compounds (Figure 83).
The fluorophore is expected to be electrically excited. From one electrode
electrons are injected whereas from the other electrode holes are injected. The
electrons and holes are recombined on the central fluorophore while exciting it.
However, to provide the radiative recombination of electrons and holes they need to
be separated. The linkers are placed on the diimide nitrogens of the NDIs providing
the required separation due to breaking of the electronic communication.?®"!
Furthermore, NDIs are polarizable providing the desired alignment in a
dielectrophoretic field. For all these reasons NDIs appeared ideally suited for the

envisaged experiments.

Anchor groups
As anchor groups, a unit with high affinity to carbon rich materials is required. We
chose polyaromatic hydrocarbons (PAH) as anchor groups as they show high affinity
to carbon rich materials such as SWNTs due to van der Waals interactions of the flat
1T-systems. We chose phenanthrene as PAH due to the commercially availability of
the 9-bomophenanthrene derivative. The anchor groups are not covalently bound to
the electrodes, and the target structures is rather immobilized by a supramolecular

approach between the electrodes.

Linkers
The task of the linkers is to connect the anchor groups with the fluorophore. The
linkers afford the communication from the anchor groups to the central unit.
Furthermore they provide the desired length of the molecule. For these reasons we
propose an oligo(phenylene ethynylene) (OPE) backbone as linkers as OPEs are
well conjugated and rigid systems. In addition, the phenyl units of the OPE backbone

are fitted with alkoxy groups to provide solubility for the long target structures.
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With all these design criteria, target structures 122-124 are proposed. The length
of the molecules is estimated to be 7.5 nm (MM2 force field minimization, ChemDraw
3D). Due to systematic variation of the core-substituents of the NDI fluorophore,

characteristic optical properties are expected.

Synthetic strategy
The synthetic strategy is to assemble the OPE backbone by Sonogashira coupling
reactions.I""! This is a very efficient method to assemble long OPE systems.!'>* 282
83 The target molecules 122 and 124 are symmetric, and 123 is considered pseudo-
symmetric as the different core substituents are not expected to affect the linker's
assembly. Therefore a symmetric assembly is considered. There are two possible
strategies, either a stepwise assembly or a parallel assembly. Due to the improved
relative yields of a parallel assembly and due to the enhanced modularity, the parallel
assembly was clearly the strategy of choice. Therefore we planed to assemble the
target structure X by coupling in a last step the bis-ethynyl-functionalized NDI
derivative Z with two equivalents of the iodine functionalized rods Y in a Sonogashira

coupling reaction (Figure 84).

Figure 84: Synthetic strategy for the assembly of target structure Z.
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The precursor U allows a modular synthesis of the different core-substituted NDI
building block Z (Figure 85). Compound U is available in a reaction of 2,6-dichloro-
1,4,5,8-naphthalene tetracarboxylic acid anhydride (W) with 4-((triisopropylsilyl)-
ethynyl)-aniline (N). The acetylene is protected by silane protection groups, which will
be cleaved after introduction of the core-substituents. The chlorides of compound U
can be modularly substituted with building block V. By varying A in compound V from
being either NH2 or SH, all three building blocks Z (with A=B =NH; A=B=S; A=
NH, B = S) will be available.
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Figure 85: Synthetic strategy for the assembly of NDI buildingblock Z.

The synthetic strategy to assemble the molecular rod Y is a repeated coupling-
deprotection sequence (Figure 86). The smallest unit of the OPE-backbone is the
diiodo compound O. To reduce the number of steps for the total assembly of Y
building block Q is envisaged, already comprising a protected ethynylene unit.
Building block Q can be coupled to a free acetylene, and after cleaving of the
protection group (PG) the next free acetylene is provided, which can subsequently be

coupled to the building block Q.
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Figure 86: Synthetic strategy for the synthesis of the molecular rod building block Y.

The synthetic strategy draws on two statistical steps expected to be challenging,
which are depicted with red arrows in Figure 86. The final building block Y bears a
terminal iodide, and therefore compound O is supposed to be coupled to the
acetylene N. However, compound O comprises with its two iodides two active sites
for a Sonogashira reaction, and therefore the disubstituted product is expected to be
formed as well. However, the statistical limitations can be overcome when O is
applied in a large excess. The second challenging step in the synthetic strategy is the
synthesis of building block Q. By inserting a protected acetylene into the structure of
building block O, again one or both iodides can be substituted in a Sonogashira
reaction. Therefore the reaction mixture is expected to consist of the starting material
(0), the monosubstituted compound (Q) and the disubstituted compound. As
trialkylsilane-protected acetylenes have a very comparable R; value like halides,
when substituted at an aromatic core, it will not be possible to separate the mixture of
the three compounds. However, by profiting from a polar silane as protection group,
considerable differences in R¢ values are expected, whilst maintaining the
deprotection chemistry of a silyl protection group. Thus, the mixtures will be
chromatographically separable.

With this promising synthetic strategy we started to investigate the synthesis of
target structure 122, 123 and 124.
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5.4 Synthesis and Characterization

Synthesis of the NDI building blocks 132-134

The synthesis of the NDI-building blocks 132-134 was started with compound 125
(Scheme 42).1%4 The chlorides of 125 were substituted with the corresponding amine
126 or thiol 127 to give the core functionalized NDI derivatives 128-130. The
symmetric NDIs 128 and 129 are provided in one step, by dissolving the chloride
125, and the nucleophile 126 or 127, respectively, in DMF and stirring the solution in
presence of potassium carbonate. As the sulfur is a better nucleophile, the
substitution reactions with 127 readily took place at room temperature, the
substitution reaction with the amine 126 required elevated temperatures (Scheme
42). Hence, the symmetrically functionalized NDI derivatives were obtained after
aqueous workup and purification by column chromatography (CC) as a blue solid in
69% yield (128) and as a violet solid in 93% vyield (129), respectively.

Cl A A
KoCOj3

Q O O O, O O
TIPS%Q—N N—@%TIPS + Xé\ﬁ S TPs= @—N N—< >—: TIPS
© Cl © 0 N o]

125 126 A=NH,
127 A=SH

128 A=NH 69%
129 B=S 93%

Scheme 42: Synthesis of the symmetric NDI building blocks 128 and 129.

The asymmetric derivative 130 was synthesized in a stepwise manner (Scheme 43).
A 1:1 mixture of 125 and 126 was dissolved in DMF with potassium carbonate as
base and the reaction mixture was heated to 40°C. After aqueous workup and
purification by CC, the monosubstituted compound 131 was isolated as red solid in
54% vyield. In a next step, the thiol 127 was introduced applying the same reaction
conditions as described for compound 129, and the mixed NDI 130 was isolated after

purification by column chromatography as a violet solid in 87% vyield.
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Scheme 43: Synthesis of the mixed NDI-building block 130. A stepwise assembly was required due to
the asymmetry of 130.

The TIPS protection groups of the acetylenes in compounds 128-130 were
deprotected using tetrabutylammonium fluoride (TBAF). Therefore the starting
materials 128-130 were dissolved in THF and treated with a 1 M TBAF solution in
THF containing 5% water. After aqueous workup and purification by column
chromatography, the free acetylenes 132, 133 and 134 were obtained in 65%, 75%,
and 58% yield, respectively (Scheme 44). The free acetylenes are less stable than
their TIPS-protected forms, and therefore they were only deprotected prior to their
use. The NDIs substituted with amines, both the compounds 128 and 132, are deep
blue in color and fluorescence was already observed during the reaction and the
purification steps (excited with daylight or with 254 nm). The mixed NDIs 130 and
134 are violet in color and the disulfur functionalized NDIs 129 and 133 are pink in

color.
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Scheme 44: The TIPS-protection groups were cleaved by means of TBAF to obtain the NDI building
blocks 132-134.

Synthesis of the linker and anchor building block

The building block (139) of the repeating unit of the OPE backbone was synthesized
starting from hydroquinone (135) (Scheme 45). Hydroquinone was suspended in
acetonitrile. After addition of 1-bromohexane and potassium carbonate, the reaction
mixture was heated to reflux for one day. The insoluble material was filtrated off (hot)
and while cooling the filtrate to room temperature, 1,4-bis(hexyloxy)benzene
crystallized as colorless crystals in 53% yield. lodination of the alkylated
hydroquinone derivative 136 by standard iodination conditions with potassium iodate
and iodine in a 10:1 mixture of concentrated acetic acid and concentrated sulfuric
acid, followed by an aqueous workup and purification by recrystallization from hot
ethanol provided compound 137 as colorless solid in 95% yield on a 100-gram
scale.?®! Building block 139 was synthesized by reacting the diiodo compound 137
with one equivalent of an acetylene. To overcome separation problems of the
statistical mixture of products discussed in the synthetic strategy, polar
[(3-cyanopropyl)dimethylsilyl] was chosen as protection group of the acetylene.
[(3-cyanopropyl)dimethylsilyllacetylene (138) was prepared in one step from
(3-cyanopropyl)dimethylsilyl chloride and ethynylmagnesium bromide in a Grignard-
type reaction.?*” [(3-cyanopropyl)dimethylsilylJacetylene (138) was coupled to 137 in
a Sonogashira reaction. Therefore, 137 and 138 were dissolved in degassed
piperidine. As catalytic system PdCIy(PPhs),, PPh; and Cul were added and the
reaction mixture was stirred at room temperature. The statistical mixture of 137, 139
and 140 which was observed after aqueous workup was purified by column
chromatography to give the desired building block 139 as beige solid in 32% yield.
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Scheme 45: Synthesis of the phenylene ethynylene repeating unit building block 139. The terminal

phenanthrene anchor group is introduced as 9-ethynyl-phenanthrene (143)

9-Ethynylphenanthrene (143) was synthesized on a gram scale starting from
commercially available 9-bromophenanthrene (141).%*® In a Sonogashira reaction
with TMS-acetylene and tetrakis(triphenylphosphine)palladium and copper iodide in
triethylamine, the TMS-protected acetylene 142 was obtained after aqueous workup
and purification by CC as beige solid in 95% yield. The TMS-group was subsequently
cleaved using potassium carbonate. Therefore potassium carbonate was added to a
solution of 142 in methanol, and after stirring for 2.5 hours at room temperature the
solvent was evaporated. After an aqueous workup, pure acetylene 143 was obtained
in 92% yield as beige solid. The two building blocks acetylene 143 and iodide 139
were then coupled in a Sonogashira reaction (Scheme 46). Tetrakis-
(triphenylphosphine)palladium and copper iodide were used as catalysts. The
reaction was performed in a 5:1 mixture of THF/diisopropylamine at 45°C. These
conditions were found to be well suited for the forthcoming Sonogashira reactions as
well, and are therefore referred to as standard Sonogashira conditions. The reaction

was stirred for 20 hours at 45 °C, and then the solvents were evaporated. The crude
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was purified by column chromatography to give the compound 144 as beige solid in
91% vyield. The (3-cyanopropyl)trimethylsilyl protection group is base labile and
therefore, compound 144 was dissolved in a THF/methanol mixture (1:1) and treated
with two equivalents potassium carbonate to give after aqueous workup and
purification by column chromatography the free acetylene 145 as beige solid in 63%
yield. The acetylene 145 was again coupled with building block 139 using the
standard Sonogashira conditions to give the compound 146 as yellow solid in 91%
yield. The (3-cyanopropyl)-trimethylsilyl protection group was removed applying the
same conditions as for compound 144, and the free acetylene 147 was obtained as

yellow solid in 90% yield.
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Scheme 46: Synthesis of the OPE-building block 148 via a multiple Sonogashira reaction sequence.

In a next step the compound 147 is expected to be expanded by another phenyl unit.

However, for the final assembly of the target structures, the rod building block needs
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to comprise a terminal iodide function. Therefore it was envisage to couple
1,4-bis(hexyloxy)-2,5-diiodobenzene (137) to the acetylene 147. However, as 137
bears two iodide functions which readily react in Sonogashira reactions, not only the
target compound 148, but also the disubstituted compound where both iodides of 137
have reacted is expected to be formed. However, by applying a large excess of
compound 137, the formation of the desired compound 148 was expected to be
favored. Therefore, 10 equivalents of the diiodo compound 137 and one equivalent of
the acetylene 147 were dissolved in a mixture of THF and diisopropylamine (5:1).
Tetrakis(triphenylphosphine)palladium and copper iodide were added and the
reaction mixture was stirred for three hours at 60°C. After aqueous workup and
purification by column chromatography, the compound 148 was isolated as a yellow

solid in remarkable 80% yield.

Assembly of target structure 122

Having both building blocks, the iodide 148 and the acetylene 132 in hand, the
synthesis of the first target structure 122 was envisaged (Scheme 47). Therefore,
one equivalent of the acetylene and 2.04 equivalent of the iodide were dissolved in a
THF/diisopropylamine (25:2) mixture. As catalysts tetrakis(triphenylphosphine)-
palladium and copper iodide were added. The reaction mixture was stirred for 23
hours at room temperature and the extent of the reaction was monitored by thin layer
chromatography (TLC). Both starting materials are chromophores. While the rod
building block 148 is a yellow solid and shows a blue emission (when irradiated by
day light, 254 nm or 366 nm, visible by eye), the NDI building block 132 is a blue
solid with a red emission (when irradiated by day light, 254 nm or 366 nm, visible by
eye). The color of the compounds is very nicely reflected on the TLC as the yellow
spot of 148 and the blue spot of 132 are well visible by eye. If the TLC-plate is
irradiated with 366 nm, the corresponding blue and red fluorescent spots are visible.
After an hour a new greenish spot (monosubstituted intermediate) appears, followed
by a second new green spot (product). The first greenish spot disappears and the
product spot is observed as a main spot. The reaction mixture was then evaporated
and purified by column chromatography to give the product 122 as a green solid in
95% vyield.
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Scheme 47: The target structure 122 is assembled with a final Sonogashira reaction.

Figure 87 shows photographs of the developed TLC plates. The two starting
materials, and the product were spotted on a TLC plate (silica gel, on a glass plate)
and developed using dichloromethane/hexane 2:1 as eluent (Note, the isolated
compounds were spotted on the TLC, not the reaction mixture). The left picture was
taken while irradiating with 254 nm. The iodide 148 has an R value of 0.74, the
acetylene 132 R = 0.17, and the product 122 has a Rs value of 0.30. The picture in
the middle was taken while irradiating with 366 nm. The blue fluorescence of the
OPE-building block 132 is nicely reflected. The NDI building block 148 shows a
reddish fluorescence, and the strong red fluorescence of the product 122 is nicely
reflected. The picture of the TLC plate on the right side was taken while irradiating
with white light.
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Figure 87: The two starting materials 132 and 148 such as the product 122 are spotted on a TLC
plate and developed with DCM:hex = 2:1. A picture is taken from the same plate at 254 nm irradiation
(left), at 366 nm irradiation (middle) and when irradiating with white light (right). The R¢ values are

calculated and shown in the left picture.

After being able to obtain the target structure 122, the compound was fully
characterized by mass spectrometry, 'H-NMR-spectroscopy and '>C-NMR
spectroscopy. Compound 122 has a molecular weight of 3056.18 g/mol and
constitutes of Ca0sH244N4O16. The molecule is too large to be analyzed by electron
ionization (El) or electron spray ionization (ESI) mass spectrometry methods.
However, matrix assisted laser desorption/ionization time of flight (MALDI-ToF) mass
spectrometry was found to be suitable to measure mass spectra of 122. 1,8,9-
anthracentriol was used as matrix. The molecular mass of 122 was found by MALDI-
ToF to be 3055.2667 which fits well with 3055.8469 calculated for CapgH244N4O16.
Figure 88 shows the MALDI-ToF mass spectra of 122. The spectrum is well resolved,
depicted in the zoomed in peak (inset in Figure 88). The calculated isotopic
distribution is overlaid (red in the inset in Figure 88) and matches very well with the

isotopic distribution found with MALDI-ToF spectrometry.
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Figure 88: MALDI-ToF spectra of 122. The inset shows the enlarged peak. The calculated isotopic

distribution is overlaid in red.

The compound was further characterized by NMR-spectroscopy. All peaks were
assigned by HMBC, HMQC, TOCSMY, COSY, and "*C-NMR methods. A "H-NMR
spectra of 122 recorded at 600 MHz is shown in Figure 89. The color code shows the

assignment of the protons in structure 122 to the observed "H-NMR peaks.
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Figure 89: 'H-NMR spectrum of 122 in CDCl; at room temperature. The signals were assigned to the

different protons depicted by the color code.

In the *C-NMR, 94 different carbon peaks are expected. >C-NMR-spectra were
recorded on a 600 MHz machine with enlarged pulse lengths, however, not all peaks
were observed. It is known that it is challenging to obtain ethynyl-carbons in long
conjugated structures and indeed, the quaternary ethynyl peaks were not observed.
Figure 90 shows a 600 MHz "*C-NMR spectra of 122, with a bar indicating the region
where the eight different ethynyl carbons were expected. But in this region of 70-
100 ppm, no distinct ">*C-NMR peaks were present. Therefore 2-D NMR spectra were
recorded. The resolution of two dimensional NMR is higher, and peaks which are not

obtained in standard 1D experiments emerged.
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Figure 90: 3C-NMR spectra of 122. The bar indicates the region where acetylene-carbon peaks are

expected.

To characterize the ethynyl peaks, HMBC (heteronuclear multiple bond coherence)
spectra were recorded. In HMBC NMR spectroscopy, coupling of protons with carbon
nuclei is observed. A strong 'H-"*C coupling is obtained over three bonds. This is
therefore ideal to detect the ethynyl peaks while they couple with the proton in ortho-
position of the substituted phenyl units (Figure 91). Figure 91 shows the region of the
HMBC spectra in which the ethynyl peaks of compound 122 are expected. On the x-
axis, the "H-NMR is plotted, on the y-axis the ">*C-NMR spectra is plotted. The inset
shows the coupling of the ethynyl carbon nucleus with the proton in ortho-position
(green in Figure 91). A coupling of protons with 8 ethynyl carbons is obtained and all

8 ethynyl carbon nuclei can be assigned to an NMR signal.
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Figure 91: HMBC spectra of 122. Bc-"H coupling over 3 bonds is observed in HMBC spectroscopy.
This is ideal to assign the acetylene carbons of 122, as they show a coupling over three bonds with a
proton (Depicted green in the inset). 6 peaks are observed, in one of the peaks three carbon signals

overlap.

2D NMR spectroscopy is therefore an ideal tool the assign all peaks of 122. For the
complete assignment see the experimental section.

Compound 122 was further photophysically characterized by absorption and
emission spectroscopy. This is discussed in the next section 5.5. The purity of all the

intermediates and of the target compounds was in addition shown by GPC.

Assembly or target structure 123
For the synthesis of the mixed target structure 123 comprising the NDI core with an
amine and a thiol substituent, one equivalent of the violet NDI building block 134, and
2.07 equivalent of the yellow molecular rod building block 148 were dissolved in a
THF/diisopropylamine  mixture  (Scheme 48). As catalysts, tetrakis-
(triphenylphosphine)palladium and copper iodide were added and the reaction

mixture was stirred for 15 hours at room temperature and was then evaporated.
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Scheme 48: Synthesis of the target structure 123.

The reaction mixture was monitored by TLC, and after 1 hour a new orangish spot

occurred. After stirring overnight, the spot disappeared mostly and a new dark

orangish spot was observed, which proved to be the product. Figure 92 shows the

image of two TLC taken from the reaction mixture after 1 hour and 12 hours,

respectively. Appearance of the product 123 as an orangish, reddish fluorescent spot

is clearly seen.
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DCM After 1h After Th  DCM After 12h

Figure 92: TLC of the reaction mixture of the Sonogashira reaction yielding 123 after 1 hour and after
12 hours. The picture of the TLC plates were taken when irradiating with white light (left) and 366 nm
(right), respectively.

The product was isolated as an orange solid after two columns in 37% vyield. This
yield is much lower than 95% yield for target structure 122. During the column
chromatography the product was sticking on the column and was spread over many
fractions. Considerable amounts of 123 were lost in the purification steps which
drastically reduced the yield. However, the compound 123 was isolated as a pure
compound and was characterized fully by TLC, MALDI-ToF mass spectrometry and
by NMR-spectroscopy (‘H-NMR, HMBC, HMQC, TOCSMY, COSY and *C-NMR).
The absorption and emission spectroscopic analysis will be discussed in the section
5.5. The MALDI-ToF mass spectrum of compound 123 is shown in Figure 93. The
calculated isotopic distribution (red) matches very well with the obtained isotopic
distribution. The calculated mass peak with 100% intensity for CoosH243N3046S is
3072.8081, found was 3072.3902 with MALDI-ToF mass spectrometry using

1,8,9-anthracentriol as matrix.
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Figure 93: MALDI-ToF spectra of 123 using anthracentriol as matrix. The calculated isotopic

distribution (red) fits well with the obtained isotopic distribution.

Assembly of target structure 124
Target structure 124 was synthesized applying the same conditions, while coupling
one equivalent of the pink NDI derivative 133 comprising two terminal acetylenes
with 2.07 equivalent of the iodide comprising OPE-building block 148 in a
THF/diisopropylamine mixture (Scheme 49). As catalysts, again tetrakis-
(triphenylphosphine)palladium and copper iodide were chosen. The reaction was
monitored by TLC, and the product occurred as an orange-red spot. The reaction
mixture was stirred for 21 hours at room temperature and was then evaporated. The
crude was purified by column chromatography. The product 124 was isolated as a
reddish solid in 29% vyield. Considerable amounts of the product were lost during the

purification steps.
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Scheme 49: Synthesis of target structure 124.

Figure 94 shows an image of the TLC of the reaction mixture (developed with
dichloromethane). 124 appears as an orange red spot on the TLC. The fluorescence
is, corresponding to the TLC only very weak, but the product is still visible when

irradiating with 366 nm.
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Figure 94: TLC of the reaction mixture of the Sonogashira reaction yielding 124. The pictures of the

TLC plates were taken when irradiating with white light (left) and 366 nm (right), respectively.

Compound 124 was fully analyzed by TLC, MALDI-ToF mass spectrometry and
by NMR-spectroscopy (*H-NMR, HMBC, HMQC, TOCSY, COSY, "*C-NMR). The
absorption and emission spectroscopic analysis will be discussed in the section 5.5.
Figure 95 shows the MALDI-ToF mass spectrum. The calculated isotopic distribution
(red) fits very well with the obtained isotopic distribution. The calculated mass peak
with 100% intensity for CzsH242N2016S2 is 3089.7693, found was 3089.1090.
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Figure 95: MALDI-ToF spectra of 124 using anthracentriol as matrix. The calculated isotopic

distribution (red) fits well with the obtained isotopic distribution.

Despite several attempts to obtain crystals of the target structures suitable for
X-ray analysis, it was not yet possible to obtain a solid state structure. However,
crystals of the OPE building block 148 suitable for X-ray scattering were obtained.
The solid state structure of 148 is displayed in Figure 96. Figure 96 A shows a front
view of the building block. The length bar indicates the length of the molecule (as the
distance of the two terminal carbon atoms), which is 2.55 nm. Figure 96 B shows the
building block from the side and displays its rigidity. The molecule has a rod like
arrangement and the phenyl units are rather in one plane, indicating the conjugated
system. One of the solubilizing, flexible hexyl chains is distorted and the crystal
structure could not be perfectly solved. However, the crystal structure shows that the

molecule is rigid and well conjugated as designed.
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Figure 96: Solid state structure of 148. The length of the molecule, corresponding to the two terminal
carbon atoms, is 2.55 nm. Figure B shows the rigidity of the molecule. The structure is aligned flat and

the phenyl units are rather not twisted.
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5.5 Photophysical Characterization

Further, optical properties were investigated. UV/vis-spectra of building block
148 and of the TIPS protected NDI building block 128, such as of target structure 122
are shown in Figure 97. The spectra were recorded at room temperature in CHCls.
The OPE-building block 148 shows an absorption maximum at 407 nm. The NDI
building block shows an absorption maximum at 609 nm with a shoulder at 563 nm.
The absorption spectrum of target structure 122 is the sum of the two UV/vis-spectra
of the building blocks with absorption maxima at 609, 563 and 415 nm. The
absorption maxima arising from the OPE part at 415 nm is slightly shifted to the red
compared to the absorption maxima of the OPE buildingblock 128 at 407 nm. This
bathochromic shift is due to the elongation of the conjugated OPE-system about one

phenyl unit.
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Figure 97: Absorption spectra of OPE building block 148 (pink), NDI building block 128 (green) and
target structure 122 (black).

Emission spectra of compounds 122, 128 and 148, recorded in CH,Cl, at room
temperature, are shown in Figure 98. The OPE-building block (148) shows an
emission at 449 nm with a shoulder at 474 nm when excited with 415 nm (orange in

Figure 98). The NDI-buildingblock (128) shows an emission maximum at 638 nm
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when excited at 609 nm. However, when 128 is irradiated with 415 nm, no emission
is observed (pink in Figure 98). The emission spectra of target structure 122 show
interesting properties. When 122 is excited at 609 nm, a strong emission maximum is
observed at 637 nm (dark blue in Figure 98). However, when 122 is excited at
415 nm, not only an emission at 457 nm arising from the OPE-part is observed, but
also a strong emission maximum at 637 nm is obtained (cyan in Figure 98). This
emission peak is obviously arising from the NDI part of the molecule. However, as it
was shown before, that the NDI unit is not excited at 415 nm, an energy transfer from
the OPE part to the NDI central unit does occur, leading to an emission at 637 nm

when exciting at 415 nm.

8001 | ——122 exc: 609 nm
200 - 122 exc: 415 nm
| 148 exc: 415 nm
6004 | — 128 exc: 415 nm
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Figure 98: Emission spectra of 122 (6.5-10'7M), 128 (2.2-10'6M) and 148 (1.2-10'6M) in CH,CI, at

room temperature.

As a possible energy transfer Forster resonance energy transfer (FRET)?® is
considered. One criteria for a FRET is the overlap of emission spectra from the donor
with the absorption spectra of the acceptor. The overlapping of the emission and the
absorption curves is displayed in Figure 99 and pointed out with the dashed area.

The yield of the energy transfer has not been analyzed quantitatively.
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Figure 99: Absorption and emission spectra of 122. The dashed area displays the overlapping area of

the emission and absorption curves.

Figure 100 shows the emission spectra of 122 exciting at several wavelengths.
Independent of the excitation wavelength, an energy transfer to the NDI-core leading

to an emission at 637 nm is observed.



5 Electroluminescence in an SWNT junction 185

800 —
] exc. 251 nm
200 exc. 286 nm
| exc. 322 nm
exc. 346 nm
. exc. 362 nm
] exc. 415 nm
20— exc. 450 nm
S ] exc. 480 nm
g 400 - exc. 500 nm
= j exc. 532 nm
w 300 563 nm
1 . 609 nm
200 -
100 -
4 %
o JLHEE -
| i | ¢ | ' | v | Y | ! |
300 400 500 600 700 800 900

Wavelength (nm)

Figure 100: Emission spectra of 122 in CH,Cl,, excited at several wavelengths.

After investigation of the absorption and emission properties of 122, the optical
properties of 123 and 124 were investigated and compared to 122. Therefore the
absorption spectra of 123 and 124 were recorded in dichloromethane and compared
to the absorption spectra of 122 (Figure 101). The diamine functionalized target
structure 122 shows an absorption maximum at 415 nm and 609 nm. The mixed
compound 123 has an absorption maximum at 415 nm and 567 nm. The dithiol
functionalized compound 124 has absorption maxima at 415 nm and 530 nm. While
the absorption band arising from the OPE-part is at 415 nm for all three compounds
122-124, the NDI absorption band was shifted 79 nm hypsochromically by
systematically changing the core substituents from amines (122) to sulfides (124).
The compound 123 with mixed core-substituents has an absorption maximum at
567 nm.
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Figure 101: Absorption spectra for compound 122, 123, 124 in dichloromethane. The NDI band is

progressively hypsochromicly shifted when exchanging the amines with thiol core substituents.

This blue shift is also obtained in the emission spectra (Figure 102). The emission
maxima are shifted from 637 nm (NN, 122), to 593 nm (NS, 123), to 557 nm (SS,
124). However, the intensity of the fluorescence is also drastically reduced. While the
emission of the NN-substituted compound 122 is readily observed at daylight, the
intensity of the emission in the mixed compound 123 is much weaker. For the disulfur
functionalized compound 124 the fluorescence nearly vanished, and is hardly
obtained. The overlap of emission and absorption is even more pronounced in
compound 123 and 124 than in compound 122, but the amount of energy transfer is
drastically reduced. While in compound 122 most of the energy is transferred and
most of the excited light has a wavelength of 638 nm when irradiating at 415 nm, the
energy is only partially transferred in 123 and 124 when irradiating at 415 nm and
most of the light is emitted at 455 nm. Even though these are only qualitative findings
and the quantum vyield of the energy transfer has not been quantitatively determined

it gives information about emission properties of 122-124.
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Figure 102: Emission spectra of compounds 122, 123, 124 in dichloromethane.

In summary, the three target compounds bearing different core substituents
were qualitatively analyzed by their absorption and emission spectroscopic behavior.
The characterization revealed interesting features and is important for the coming
physical experiments. The photophysical properties of the three target structures

122-124 are summarized in Table 5.

Compound | Abs. Max | Abs. Max Emission Emission | Emission
OPE-part | NDI-part exc. OPE exc. NDI max

122 (NN) 415 nm 609 nm 457/637 nm 637 nm 637 nm

123 (NS) 415 nm 567 nm 458/593 nm | 593 nm 458 nm

124 (SS) 415 nm 530 nm 451 nm 557 nm 451 nm

Table 5: The measurements were performed in dichloromethane. Abs. Max OPE-part is the
absorption maximum obtained from the OPE-subunits. Abs. Max. NDI-part is the emission maximum
obtained from the NDI subunits. Emission exc. OPE is the emission maximum obtained when
irradiated at the absorption maximum of the OPE subunit (415 nm for all compounds). The emission
exc. NDl-part is the emission maximum obtained when irradiated at the absorption maximum of the
NDI-subunit (609 nm, 567 nm and 530 nm). Emission max is the main emission when irradiated at
415 nm.
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5.6 Investigations in a SWNT Junction

The synthesized and characterized target compounds bear all the required
design criteria and seem ideally suited for the attempted experiments. Compounds
122-124 were investigated in a SWNT junction. First, the setup of the experiment will

be described and then, the obtained results will be discussed.

5.6.1 Setup

The setup of the experiment is displayed in Figure 103. The measurements were
performed in an optical cryostat at high vacuum. With a cooling finger the
temperature can be cooled down with liquid helium to 4.2 K. The emitted light is

collected with a microscope and analyzed with a spectrometer.
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Optical Cryostat

Figure 103: Setup of the experiment. The optical cryostat is cooled down with a cooling finger to liquid
helium temperatures. The light is collected with a microscope and analyzed with a spectrometer. The

sample is fitted with a feedthrough to address the electrodes.
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5.6.2 Fiat Lux

Gaps of = 5 nm in metallic SWNTs were produced as described in 5.1.1 to
provide the freestanding SWNT electrodes. It was then investigated to bridge the gap
with molecules. A solution of 122 in mesitylene was exposed to the sample. To align
and immobilize the molecules between the two SWNT electrodes, a voltage bias was
applied while pumping vacuum. To analyze the device, I/V-curves were measured as
shown in Figure 104. The black curve corresponds to the metallic SWNT before
breakdown. The red curve was recorded after breakdown. After exposition of the
molecules, I/V curves were recorded and are shown in blue. After exposing the
molecules to the broken SWNT, the conductance is increasing significantly, which

indicates that molecules are bridging the two electrodes.
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Figure 104: I/V-characteristics of a SWNT device before (black), after breakdown (red) and after the

exposure of 122 to a broken sample (blue).

The sample is cooled down with liquid helium to 4.2 K. A voltage bias of 4V was then
applied to induce electroluminescence of immobilized molecules and the emitted light
was detected. Indeed, a light spot was observed with the microscope. Figure 105 A
shows an image of the sample, with the light spot in the middle. The image consists
of two overlaid pictures. First the light picture, in which only the lighting point is visible
and the rest is dark, and the second overlaid image is a picture of the probe in which

the contacts are visible. Figure 105 A nicely demonstrates, that single, or few
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molecules can be electrically excited to emit light which is detected with the

microscope.
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Figure 105: A: SEM image of the probe consisting of a light picture in which only the lighting point is
visible with the rest being black, and the picture of the setup to visualize the contacts. B: Integrated
emission spectra of 122 immobilized in a SWNT-junction. The molecule is excited while applying a

constant bias voltage of 4V. The data points are collected over 50 minutes.

The light of the lighting spot was spectroscopically analyzed. The emitted light was
detected over 50 minutes while applying a constant voltage bias of 4V. The spectrum
obtained is shown in Figure 105 B. The integrated emission spectra shows a clear
maximum between at 685 nm, which is in the range of the emission maximum of
compound 122 in dichloromethane (638 nm). The emission wavelength is dependent
of several parameters such as surrounding or solvents. To mimic the conditions of a
SWNT-junction, the photo-excited fluorescence of compound 122 was investigated
on highly-ordered-pyrolytic-graphite (HOPG) under vacuum (Figure 106) while
irradiating with a laser at 532 nm. Figure 106 shows the emission spectra recorded at
different temperatures. Above 200 K the emission spectra look very similar to the
electrically-excited spectrum recorded in the SWNT-junction, and an emission
maximum at about 675 nm is observed. When the sample is cooled further down, the
peak becomes more pronounced. Below 46.5 K the peak is very pronounced with an
emission maximum at 675 nm. The shape of the peak fits well with the mirror image
of the absorption peak, which indicates that the obtained fluorescence arises from

the molecules.
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Figure 106: Fluorescence spectra of compound 122 on HOPG excited with a laser at 532 nm. The
peaks become more pronounced while cooling down and show an emission maxima at 675 nm. The
grey dashed line is the absorption spectra of 122 in dichloromethane. The shape of the emission

spectra is the mirror image of the absorbance spectrum.

The electroluminescence occurs after exciting electrons by recombination of
electrons and holes in the fluorophore. Electrons and holes are injected from
opposite electrodes. Therefore, only molecules bridging the electrodes are expected
to be excited. Furthermore, the detected light arising from the emission is
characteristic for compound 122. Regarding the size of the junction and the size of
the molecules, we conclude that single (or few) molecules are immobilized in the
SWNT junction.

5.6.3 Changing the Core-Substituent

To gain further prove that the emission arises from the investigated molecule, we
systematically changed the photophysical properties of the molecules while changing
the core substituents of the NDI core. Doing so, the emission of the molecule can be
shifted from 638 nm (NN, 122) to 593 nm (NS, 123) to 557 nm (SS, 124) in
dichloromethane. However, the intensity of the fluorescence also drastically
decreases and the observed FRET diminishes as well. The fluorescence of the
disulfur functionalized molecule is too weak to be observed in the setup. The mixed-
derivative 123 is currently under investigation. The intensity of the fluorescence is

weaker than for 122, therefore the setup has to be improved. The emitted light has to
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be collected from all sites and must be directed with mirrors to the lens of the
microscope such that enough light can be observed to be spectroscopically

analyzed.

5.7 Conclusion

Three target compounds were proposed to bridge a single-walled carbon nanotube
junction. The design carefully considered several aspects of the device and its
function. The molecule needs to be long and rigid to bridge the nanotube gap of
about 5 nm. It needs to be polarizable to provide a driving force for locating it in
between the gap of the nanotube electrodes. Furthermore, the target compounds are
functionalized with a central electrically excitable fluorophore to get a spectroscopic
signal from molecules contacted with two electrodes.

The synthesis of the target compounds was successfully performed and the
compounds were properly analyzed. The compounds were further characterized by
their absorption and emission properties. By systematically varying the core-
substituents of the NDI-fluorophore, the color and the emission of the target
compound was tuned.

The diamine core-substituted target compound was in addition successfully
immobilized between two nanotube electrodes to form a SWNT-molecule-SWNT
junction. Supramolecular interaction of the anchor groups of the target compound
with the single-walled carbon nanotubes stabilized the molecular junction. While
injecting electrons from one side and holes from the other side which meet on the
fluorophore, immobilized molecules were excited and the emission of a single
molecule at low temperature was analyzed with a spectrometer. Interestingly, a
perfect match between the electroluminescence emission spectrum and the
photoluminescence emission spectrum of the molecule absorbed on a graphene
surface was found.

Hence, a characteristic spectroscopic signal from a molecule connected with two
electrodes was obtained. This is a new approach to gain additional spectroscopic
information of molecules fixed between two electrodes. The setup is not only
interesting from a molecular electronics point of view, but also from a single molecule
spectroscopic viewpoint. Variations of the chromophore will allow to investigate the

number of immobilized molecules in further details.



6 Summary and Conclusions

The goal of this thesis is the design and synthesis of new functional molecules
for molecular junctions. In the introduction, a motivation for the research in the field of
molecular electronics is given, methods and integration setups are discussed, and
selected examples are presented to provide an overview of what has been achieved
in this field. Molecular electronics is a very interdisciplinary field and requires a close
collaboration of researchers from different backgrounds in of science such as
physics, electro engineering and chemistry. Although most of the results discussed in
this thesis are obtained in collaboration with physicists, it is written from a chemist’s
point of view with a focus on the design and synthesis of molecules.

To achieve molecular electronic devices, molecules need to perform functions.
Among them the most appealing ones are rectification and switching. However, to
enable the design of electronic functions on a molecular level, it is equally important
to develop a thorough comprehension of the relationship between the molecules
structure and its transport properties. The contents of this thesis thus contributes to

various aspects of molecular electronics.

A series of model compounds consisting of a conjugated oligo(phenylene
ethynylene) (OPE) backbone is synthesized and subsequently investigated in a
mechanically controllable break junction (MCBJ) in a liquid environment (Figure 107).
As a reference molecule, OPE 1 is inspected. It is possible to connect a single
molecule to two electrodes and its conductance is deduced to be G = 1.2 - 10 Go.
Certain components are systematically varied to examine the role of contacts and
intermolecular interactions in molecular junctions.

It is found that both thiol and pyridine terminated OPEs form stable junctions
using MCBJ. The HOMO-LUMO gaps of both the thiol and pyridine functionalized
rods are very comparable, however, the conductance of the dipyridine functionalized
OPE 3 is found to be two orders of magnitudes lower than the conductance of the
dithiol functionalized OPE 1. Based on systematic variations of the integrated
structure the current hypothesis is that the reduced conductance of the pyridine
anchor group bearing rods is not due to a low “contact conductance”, but rather due

to misalignment of the frontier molecular orbitals to the Fermi level of the electrodes.

193
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Figure 107: A series of OPE model compounds. The role of contact is investigated by systematically
varying the anchor groups from thiophenols to pyridines (1-3). Intermolecular interactions in molecular
junctions are investigated by inspecting molecules with two anchor groups (1 and 2) and molecules

which can only covalently bind to one electrode (4, 5 and 8) in an MCBJ liquid environment.

Unexplored effects of intermolecular interactions in molecular junctions are
examined. It is questioned if it is possible to form molecular junctions based on
intermolecular interactions. Therefore, molecular rods are designed and synthesized
such that they can only covalently bind to one electrode (compound 4, 5 and 8).
Investigating these compounds in an MCBJ in a liquid environment reveals that
molecular junctions based on aromatic coupling are formed. The metal-molecule-
molecule-metal junction formation is interpreted as T1r-1r stacked molecules, each
binding to one of the electrodes. The conductance is smaller due to a longer
tunnelling distance. Interestingly, the possibility of junction formation is similar to the
reference molecule OPE 1 covalently binding both electrodes.

The molecular rod model compounds 1 and 5 are further investigated in highly
ordered two-dimensional gold nanoparticle arrays. Extended networks of molecular
junctions are formed based on compound 1 covalently binding two gold

nanoparticles.

After these basic investigations the molecule’s function is further enriched and
molecular switches and molecule based rectifiers move into the focus of interest.
Two redox switches based on ferrocene are proposed (Figure 108). In both switches,
the ferrocene is functionalized in the 1,1’-position with two linkers comprising thiol
anchor groups. Whereas in the first model compound 87 the linkers consist of rather
poor conducting alkyl groups, the linkers of the second switch 94 are conjugated vinyl

groups to provide an efficient electronic coupling to the electrodes.
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Figure 108: Proposed ferrocene based redox switches 87 and 94. Both structures bear a 1,1-
functionalized ferrocene core. The alkyl linkers in target structure 87 are rather isolated leaving the
ferrocene subunit as a hoping island for electrons. The conjugated linkers in target structure 94

provide electronic coupling of the ferrocene to the electrodes.

The switch 94 is electrochemically characterized and a fully reversible redox reaction
is observed. It is possible to immobilize single molecules of the switch in an MCBJ
setup. The conductance is lower than the conductance of a comparable OPV control
molecule 55 and the near-perfect conductance of a literature reported similar
molecule can not be confirmed. Combining the MCBJ setup with an electrochemical
cell, the conductance of the immobilized molecule is investigated in relation to an
applied potential with respect to a reference electrode. The applied potential
between the source-and-drain-electrode and the reference electrode is considered as
a gate voltage. The molecule is immobilized in its neutral reduced state (potentiostat
set to 0 V) and the gate voltage is then increased. The conductance increases and at
one point jumps to a larger conductance, attributed to the oxidation of the ferrocene
subunit in the switch. The oxidation is reversible and while reducing the molecule, the
initial conductance is maintained. Thus, the integration of the ferrocene derivative 94
comprising junction in an electrochemical setup can be considered as a reversible
single molecule redox switch.

Furthermore a new switching concept based on the interplay of electrode and
molecule is proposed. Therefore, different pathways for electrons in a cruciform type
structure consisting of two crossed rods are considered. One of the rods bears
terminal sulfur groups, whereas the second transversal rod is functionalized
terminally with pyridine subunits. The active component of the switch is the pyridine
terminated rod, in an electrochemically controllable MCBJ the coordination of the
pyridine nitrogen is expected to bind to the gold surface in dependence of the surface
potential of the electrodes. The task of the sulfur functionalized rod is solely to fix the
molecule within the junction. Initially, compounds 30 and 31 are proposed (Figure
109). Both target structures consist of an oligo(phenylene vinylene) (OPV) and an

OPE substructure. In compound 30 the sulfur is placed in the meta-position to reduce
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the electronic transparency through the sulfur functionalized rod, whereas the anchor
groups are placed in the para-position in compound 31 to facilitate the detection on a

single molecule level.

Figure 109: Proposed cruciform structure 30, 31, 57 and 58 as model compounds for coordination

induced single molecule switches.

The synthesis and characterization of compound 30 and 31 including their inspection
in an MCBJ setup within a liquid environment is discussed.??®®! The conductivity of the
sulfur bearing rod substructure of compound 30 is below the detection limit, and
therefore only compound 31 can be integrated in an MCBJ. This is a first proof of
principle that molecules carrying the necessary function can be integrated between
two electrodes. However, electron transport investigations on single rod
substructures reveal that OPVs are in general more conducting than OPEs.”® This
leads to a reconsideration of the design and the place of the anchor groups is
exchanged. To maintain a proper distance ratio, the OPE substructure is replaced
with an oligo aryl substructure. The oligo aryl structure in target structure 57 consists
of an oligo phenylene (OP) structure and in target compound 58 naphthyl units are
introduced to elongate the oligo aryl rod (Figure 109). The synthesis of the two novel
oligoaryl cruciform structures 57 and 58 is discussed. The OPV substructure is built
up with a Horner-Wadsworth-Emmons reaction, whereas the perpendicular oligo-aryl
substructures are assembled by Suzuki cross couplings. Having the target structures
in hand they are both immobilized in an MCBJ. Interestingly, two molecular
signatures are obtained in the logarithmic histograms when no deprotection agent is
added to the compounds bearing acetyl protected sulfurs. One peak in the histogram
is attributed to molecular junctions which are formed via the pyridine functionalized
rod, whereas the second peak is attributed to molecular junctions bound via
spontaneously deprotected thiols. These findings reveal that the molecule is

functional and that electron transport is possible through both of the crossed rods.
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However, the electron transport is still dominated by the sulfur functionalized rod. To
observe a switching behavior, the conductance of the pyridine functionalized rod-
substructure needs to be increased relative to the conductance of the thiol
comprising rod-substructure. The challenge is currently attacked from two directions,
physics and chemistry. On the one hand detailed investigations of the behavior of the
cruciform in the presence of a control potential within an electrochemical break
junction setup is underway. On the other hand, investigations on nitrogen-heterocycle
(other than pyridine) functionalized rod model compounds which might provide a

larger electronic transparency are in progress.

Due to the interfacial challenges between molecules and electrodes, electronic
functions realizable with two terminal structures are particularly appealing for single
molecule experiments. The extent of rectification arising from integrated molecule is
thus of particular interest. The rectification ratios (RRs) of molecule based rectifiers
reported so far are all below one hundred which is orders of magnitudes below RRs
of diodes used in modern circuits. Calculations predicted that cross-conjugated

systems show RRs of up to 10°000.

Figure 110: Proposed molecular rectifier 100 based on “cross-conjugated” meta-substituted benzene

units.

We propose a molecular rectifier 100 based on two meta-substituted benzene units,
one functionalized with an electron donating tertiary-amine group, the other with an
electron withdrawing nitro-group (Figure 110). The synthesis is successfully
performed, but no integration experiments to prove its rectifying properties have yet

been performed.

So far we are able to integrate single molecules between two electrodes and
characterize the molecular junction by detecting the current as a response on the

applied voltage. An additional signal from a molecule other than the electrical
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response would be very appealing to obtain information that molecules are bridging
the electrodes.

We propose to profit from electroluminescence of a molecule connected to two
electrodes. Electroluminescence as signal from molecules is very appealing as it
indicates that molecules are bridging the electrodes (only then are they excited) and
the emitted light is characteristic for the fluorophore. Three target structures 122-124
possessing fluorophores are designed to bridge a 5 nm gap of two single-walled
carbon nanotube electrodes (Figure 111). As fluorophores naphthalene diimides
(NDlIs) are considered. While keeping the actual fluorophores the same, small
changes in the fluorophore’s core substituents allow tuning the optical properties of
the target structures without affecting the overall structure and thus the physical

chemical deposition features.

d d d Q 0 o) 0 0
_\:)/:\\:)/:\\:/_\:/_\N,N\_/:Qz//:\(:/_\:/_
Q) o o) o) oo d o d Q)

122 A=NH,B=NH
123 A=NH,B=S
124 A=S, B=S

Figure 111: The proposed target structures 122-124

Phenanthrene groups are considered as anchor group to provide fixation of the
molecule to the electrodes via supramolecular interactions. As linker groups an OPE
backbone is considered. The OPE backbone provides on the one hand electronic
coupling with the anchor group and the NDI core, and on the other hand the required
length. The successful synthesis and characterization of the three target structures
with a length of around 7.5 nm is described. The photophysical investigations in
solution confirm the possibility of tuning the absorption and emission bands. The
longest wavelength emission maxima of the three target structures cover a range of
79 nm. The integration into a single-walled carbon nanotube device is successfully
performed and the nanotube-molecule-nanotube junction is characterized by its 1/V-
characteristics. Furthermore, the characteristic emission signal of integrated

molecules is detected upon electrical excitation.
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An additional characteristic signal in this electroluminescence experiment (I/V
and electroluminescence) of a molecule connected with two electrodes is obtained.
This new approach is very interesting from a molecular electronics point of view, but
also from the aspect of single molecule emission. Investigations with varied
fluorophores will provide more insights onto the exact number of integrated

molecules.
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7.1 Materials and Methods

Reagents and solvents
All chemicals were directly used for the synthesis without further purification as
received from Fluka AG (Buchs, Switzerland), Acros AG (Basel, Switzerland), Merck
(Darmstadt, Germany), ABCR (Karlsruhe, Germany) and Aldrich (Buchs,
Switzerland) unless otherwise stated. The solvents for chromatography and
crystallization were distilled once before use, the solvents for extraction were used in
technical grade. Dry tetrahydrofuran (THF) was dispensed from a Pure Solv MD
Solvent Purification System or distilled over Na/benzophenone. Dry dichloromethane
(DCM) was dispensed from a Pure Solv MD Solvent Purification System. Dry toluene
was distilled over Na/benzophenone. Dry DMF was purchased over molecular sieves

from Fluka.

Synthesis
All reactions with reagents which are sensitive to air or moisture were performed
under an argon atmosphere using Schlenk—technique, only dry solvents were used
and the glassware was heated out. For an inert atmosphere Argon 4.8 from PanGas

AG (Dagmersellen, Switzerland) was used.

"H-Nuclear Magnetic Resonance (NMR)
Bruker DPX-NMR (400 MHz) and Bruker BZH-NMR (250 MHz) instruments were
used to record the spectra. Chemical shifts (8) are reported in parts per million (ppm)
relative to residual solvent peaks (CDCls: 7.26 ppm) or trimethylsilane (TMS), and
coupling constants (J) are reported in Hertz (Hz). NMR solvents were obtained from
Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). The measurements were
done at room temperature. The multiplicities are written as: s = singlet, d = doublet, q

= quartet, quin = quintet, m = multiplet and b = broad.

3C-Nuclear Magnetic Resonance (NMR)
Bruker DPX-NMR (101 MHz) and Bruker DRX-600 NMR (151 MHz) instruments were

used to record the spectra. Chemical shifts (8) are reported in parts per million (ppm)

201
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relative to residual solvent peaks (CDClIs: 77.0 ppm). The measurements were done
at room temperature. Carbon valency is given as: Cp (primary carbon), Cs

(secondary carbon), Ct (tertiary carbon) and Cq (quaternary carbon).

Mass spectrometry (MS)
Mass spectra were recorded on a Bruker esquire 3000 plus for Electron Spray
lonization (ESI), a finnigan MAT 95Q for Electron Impact (El), a finnigan MAT 8400
for Fast Atom Bombardment (FAB), or a Voyager-De™ Pro for MALDI-TOF (using
1,8,9-anthracentriol as matrix). Important signals are given in mass units per charge

(m/z) and the relative intensities are given in brackets.

Elementary Analysis (EA)
Elementary analyses were measured by W. Kirsch on a Perkin-Elmer Analysator

240. The values are given in mass percent.

Melting points (Mp)
Melting points (Mp) were determined in °C using a Stuart SMP3 apparatus and are

uncorrected.

Ultraviolet Spectroscopy (UV)
UV/vis-spectra were recorded on an Agilent 8453 diode array detector
spectrophotometer using optical 114-QS Hellma cuvettes (10 mm light path) under

an oxygen atmosphere.

Fluorescence Spectroscopy
Emission spectra were recorded on a Shimadzu RF-5301 PC spectrofluoro-

photometer under an oxygen atmosphere.

Gel Permeation Chromatography (GPC)
Shimadzu LC-8A was used to record the chromatogram. The measurements were
done at room temperature with an OligoPore 300 x 7.5 mm column (particle size 6
pm) from Polymer Laboratories, eluting with toluene, with a flow rate of 0.5 ml/min at
A =220 nm.
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Column Chromatography (CC)
For CC silica gel 60 (40-63 um) from Merck or silica gel 60 (40-63 pm) from Fluka

was used.

Thin Layer Chromatography (TLC)
Silica gel 60 F,s4 glass plates with a thickness of 0.25 mm from Merck were used.

The detection was observed with a UV-lamp at 254 nm or 366 nm.
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7.2 Synthetic Procedures

7.2.1 Molecular Conductors

1,4-bis[(4-acetylsulfanylphenyl)ethynyl]benzene (1)
(PPh3)4Pd

Cul
(i-Pr);NH

T == O=0=0

1 1 rt
0 79%

10 (326 mg, 1.17 mmol, 2.2 eq.) and 11 (67 mg, 0.53 mmol, 1.0 eq.) were dissolved

in a well degassed mixture of 15 ml dry THF and 3 ml diisopropylamine. It was

degassed for another 10 minutes before Pd(PPhs)s (61 mg, 10 mol%) and Cul
(10 mg, 10 mol%) were added. The reaction mixture was stirred for 7 hours at room
temperature and then evaporated, absorbed on silica and chromatographed (silica
gel, 2x12 cm, hex:EtOAC 5:1 -> 1:1) to give a beige solid (179 mg, 79%).

TLC Rf=0.15 (hexane:EtOAc = 5:1).

'H-NMR (250 MHz, CDCls, 25 °C): § = 7.58-7.52 (8H, m), 7.41 (4H, d, Jun = 8.8 Hz),
2.44 (6H, s) ppm.

BC-NMR (101 MHz, CDCls;, 25 °C): 6 = 193.8, 134.7, 132.6, 132.1, 128.7, 124.7,
123.4,91.1, 91.0, 30.7 ppm.

UV/Vis: Amax 332 nm;

MS (EI): m/z (%) =: 426.1 (M", 29%), 384.1 (33%), 342.1 (100%)).

1,4-bis(4-pyridinylethynyl)benzene (3)

Pd(PPhg),
Cul
HN(iPr),

— /= -~ = __ -
NN/ Br+ =\/—= > N/ =N
: 7 THF - Z

12 1 ‘é7702 3

4-Bromopyridine (HCI salt) (339 mg, 1.74 mmol, 2.2 eq.), diethynylbenzene (100 mg,
0.793 mmol, 1.0 eq), Pd(PPh3)s (60 mg, 0.08 mmol, 10 mol%) and Cul (15 mg,
0.08 mmol, 10 mol%) were suspended in a well degassed mixture of 10 ml dry THF
and 1.5 ml diisopropylamine. The reaction mixture was stirred for 3.75 h at 47 °C and
then extracted with 10 % aq. NaHSO3; and toluene. The organic phase was washed

with water, dried over NasSO,4, evaporated and chromatographed (silica gel, 2x12
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cm, hexane: ethyl acetate 1:1 with 5% NEt3) to give a colorless solid (128 mg, 0.457
mmol, 67%).

TLC Rf= 0.64 (hexane : ethyl acetate 1:1).

Mp: 189-191°C.

'H NMR (250 MHz, CDCls, 25 °C): & = 8.63 (4H, d, *Jun = 5.83 Hz); 7.56 (4H, s); 7.39
(4H, d, 3Juy = 6.05 Hz) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 159.3, 132.3, 131.4, 125.9, 123, 3, 93.6,
89.2 ppm.

MS (EI): m/z (%) = 280 (100 %, M").

IR(neat, v, cm™): 3087.3, 3053.1, 2228.6.

4-((4-ethynylphenyl)ethynyl)pyridine (13)
1

(PPh3)4Pd
Cul
N@_B (i-Pr)o;NH =
r —————» — —
7 THF 7
45°C
12 41% 13

4-bromopyiridine (HCl-salt) (685 mg, 3.01 mmol, 0.95 eq.) and 1,4-bisethynyl-
benzene (400 mg,3.17 mmol, 1.0 eq.) were suspended in a degassed mixture of
150 ml dry THF and 15 ml diisopropylamine in a 250-ml-3-neck-flask with condenser.
Pd(PPh3)4 (5 mol%, 173 mg) and Cul (5 mol%, 29 mg) were added and it was stirred
for 4 hours at 45°C. The volatile compounds were removed by rotary evaporation.
The crude was dissolved in dichloromethane, absorbed on silica gel, evaporated and
chromatographed (silica gel, 2x12 cm, hexane:ethyl acetate = 1:1) to give 13 as a
pale yellow solid (252 mg, 41%).

Mp.: 178-180°C (lit.” 180-181°C).

TLC Rf=0.32 (EtOAc:hexane = 1:1).

'H NMR (400 MHz, CDCls, 25 °C): & = 8.62 (2H, d, >Jun = 5.6 Hz), 7.50 (4H, s), 7.38
(2H, d, Jun = 5.9 Hz), 3.21 (1H, s) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 150.3, 132.6, 132.2, 131.5, 125.9, 123.4,
122.9, 93.6, 88.8, 83.4, 79.9 ppm.

MS (EI): m/z (%) = 203.1 (M*, 100%), 204.1 (16.5%).
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1-[(4-acetylsulfanylphenyl)ethynyl]-4-(pyridine-4-ylethynyl)benzene (2):
10

(PPh3)4Pd
Cul >=
~ _ //\ _ (i-Pr)pNH =\ __ _ O
rt
13 87% 2

4-((4-ethynylphenyl)ethynyl)pyridine (13) (211 mg, 1.04 mmol, 1.0 eq.) and
1-acetylsulfanyl4-iodobenzene (10) (290 mg, 1.04 mmol, 1.0 eq.) were dissolved in a
degassed mixture of 10 ml dry THF and 3 ml diisopropylamine in a 50-ml-3-neck-
flask. Pd(PPh3)s (8 mol%, 86 mg) and Cul (8 mol%, 20 mg) were added and it was
stirred for 2 hours at room temperature. The volatile compounds were removed by
rotary evaporation. The crude was dissolved in dichloromethane, absorbed on silica
gel, evaporated and chromatographed (silica gel, 2x12 cm, hexane:ethyl acetate =
2:1) to give a pale yellow solid (258 mg, 73%).

Mp.: 190 -192°C.

TLC Rf= 0.31 (EtOAc:hexane = 1:1).

'H NMR (400 MHz, CDCls, 25 °C): & = 8.61 (2H, d, *Jun = 6.1 Hz), 7.56 (2H, d, *Juy =
8.6 Hz), 7.53 (4H, s), 7.41 (2H, d, *Juy = 8.1 Hz), 7.38 (2H, d, *Jnn = 6.1 Hz), 2.44
(3H, s, CH3) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 193.7, 150.3, 134.7, 132.6, 132.3, 132.1,
131.6, 128.9, 125.9, 124.5, 124.2, 122.5, 93.9, 91.4, 90.9, 88.9, 30.7 ppm.

UV/Vis: Amax 328, 348 nm;

MS (EI): m/z (%) = 353 (M", 22%), 311 (100%), 43 (9%).

2-((4-ethynylphenyl)ethynyl)pyridine (15)
11

(PPh3)4Pd
Cul
= (i-Pr);NH = //\
Br > = =
\ r\i THE \ ,\i/ \_7
45°C
14 41% 15

2-bromopyridine (476 mg, 294 ul, 3.01 mmol, 0.95 eq.) and 1,4-bisethynylbenzene
(400 mg, 2.17 mmol, 1.0 eq.) were dissolved in a well degassed mixture of 50 ml dry
THF and 6 ml diisopropylamine in a 100-ml-3-neckflask in the absence of light.
Pd(PPhs)s (4.6 mol%, 170 mg) and Cul (4.5 mol%, 27 mg) were added and it was
heated to 45°C for two hours. The reaction mixture was then evaporated, absorbed
on silica and chromatographed (silica gel, 3x12 cm, hex:EtOAC 1:1) to give

compound 15 as a colorless solid (252 mg, 41 %).
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Mp.: decomp. >124°C.

TLC Rf= 0.39 (EtOAc:hexane = 1:1).

'H NMR (400 MHz, CDCls, 25 °C): d = 8.64-8.63 (1H, m), 7.70-7.67 (1H, m), 7.56-
7.47 (5H, m), 7.28-7.24 (1H,m), 3.19 (1H, s) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 150.6, 143.6, 136.6, 132.5, 132.2, 127.7,
123.4, 123.10, 123.08, 90.8, 88.9, 83.5, 79.7 ppm

MS (El): 203.1 (M*,100%), 204.1 (15.7%).

1-[(4-acetylsulfanylphenyl)ethynyl]-4-(pyridine-2-ylethynyl)benzene (4):

10
(PPh3)4Pd

Cul
=\ _ //~\ __ (i-Pr);NH =\ __ _ >=O
G=O= T Q=0 =0

rt
15 76% 4

2-((4-ethynylphenyl)ethynyl)pyridine (15) (101 mg, 0.50 mmol, 1.0 eq.) and
1-acetylsulfanyl-4-iodobenzene (10) (138 mg, 0.50 mmol, 1.0 eq.) were dissolved in
a well degassed mixture of 10 ml dry THF and 1.5 ml diisopropylamine in a 50-ml-3-
neckflask. Pd(PPhs)4 (7.3 mol%, 42 mg) and Cul (8.4 mol%, 8 mg) were added and it
was stirred at room temperature for 4 hours. The reaction mixture was then
evaporated, absorbed on silica and chromatographed (silica gel, 2x12 cm,
hex:EtOAC 1:1) to give a beige solid (133 mg, 76%).

mp: 168-169°C;

TLC (EtOAc:hexane, 1:1, v/v): Rf= 0.33.

'"H NMR (400 MHz, CDCls, 25 °C): & = 8.64 (1H, m), 7.70 (1H, td, Jpy = 7.7 Hz, *Jun
= 1.8 Hz), 7.60-7.51 (7H, m), 7.41 (2H, d, *Jun = 8.5 Hz), 7.26 (1H, m), 2.44 (3H, s)
ppm.

3C NMR (101 MHz, CDCls;, 25 °C): & = 193.8, 150.6, 143.7, 136.6, 134, 132.6,
132.4,132.1, 128.8, 127.7, 124.6, 123.9, 123.4, 122.7, 91.2, 91.0, 30.7 ppm.

UV/Vis: Amax 327, 347 nm.

MS (El): 353 (M*, 21%), 311 (100%), 43 (8%).
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((4-bromophenyl)ethynyl)trimethylsilane (19)

=-TMS
(PPhs)4Pd
Cul
(i-Pr),NH —
|—< >—Br — TMS \ /)—Br
rt
18 92 % 19

1-bromo-4-iodobenzene (2.38g, 8.4 mmol, 1.0 eq.) and TMS-acetylene (1.3 ml, 897
mg, 9.1 mmol, 1.09 eq.) were dissolved in a well degassed mixture of 20 ml dry THF
and 3.5 ml diisopropylamine in a 100-ml-3-neckflask. Pd(PPhs)s (300 mg, 3 mol%)
and Cul (50 mg, 3 mol%) were added and it was stirred for 17 hours at room
temperature. The reaction mixture was then evaporated, absorbed on silica and
chromatographed (silica gel, 3x12cm, hex:EtOAC 20:1) to give the product (2.04 g,
91.6%).

TLC Rf=0.61 (EtOAc:hexane = 20:1).

'"H NMR (400 MHz, CDCls, 25 °C): d = 7.43 (2H, d, 3Juy = 8.7 Hz); 7.32 (2H, d, >Jun =
8.7 Hz); 2.43 (9H, s) ppm.

trimethyl((4-(phenylethynyl)phenyl)ethynyl)silane (20)
=—Ph

(PPh3)4Pd
Cul
_ (i-Pr),NH _ /:\ _ —
TMSTQ_BF THE : TMS—=—\ /)— /
rt
19 64% 20

1-bromo-4-TMS-acetylenebenzene (19) (1.26 g, 4.96 mmol, 1.0 eq.) was dissolved in
20 ml dry THF and 4 ml diisopropylamine in a 250-ml-3-neckflask. The mixture was
degassed for 15 minutes and then phenylacetylene (1.09 ml, 1.01 g, 9.9 mmol,
2.0 eq.), Pd(PPh3)4 (286 mg, 5 mol%) and Cul (47 mg, 5 mol%) were added. The
reaction mixture was stirred for 3.5 hours at 60°C and was then filtrated, evaporated,
absorbed on silica and chromatographed (silica gel, 4x12 cm, hex:EtOAC 20:1)
(790 mg, 64%).

TLC Rf= 0.57 (EtOAc:hexane=20:1).

'H NMR (400 MHz, CDCl3, 25 °C): & = 7.54-7.50 (2H, m); 7.46-7.45(4H, m); 7.36-
7.34 (3H, m); 0.26 (9H, s) ppm.
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1-ethynyl-4-(phenylethynyl)benzene (21)

MS C TBAF C
\_/ THF \_/
20 0°C 21

93%
20 (785 mg, 2.86 mmol,1.0 eq.) was dissolved in 20 ml THF. A TBAF solution (6 ml,
6 mmol, 1M in THF, contains 5% water) was added at 0°C. The ice bath was taken
away and it was stirred for 40 minutes. The reaction mixture was then evaporated,
absorbed on silica and chromatographed (silica gel, 2x10 cm, hex:EtOAC 20:1) to
give the product (535 mg, 93%).
TLC Rs= 0.40 (EtOAc:hexane = 20:1).
'"H NMR (400 MHz, CDCls, 25 °C): & = 7.59-7.55 (2H, m); 7.51 (4H, s); 7.40-7.38
(3H, m); 3.21 (1H, s) ppm.

1-[(4-acetylsulfanylphenyl)ethynyl]-4-(phenylethynyl)benzene (5)
10

(PPh3)4Pd
_ _ (i- Pr)zNH = 0]
O=_0= —— Q==
rt
2 79% S

21 (480 mg, 2.37 mmol, 1.0 eq.) and 1-acetylsulfanyl-4-iodobenzene (10) (660 mg,
2.37 mmol, 1.0 eq.) were dissolved in a degassed mixture of 20 ml dry THF and 4 ml,
diisopropylamine. It was degassed for another ten minutes before Pd(PPhs)s
(136 mg, 5 mol%) and Cul (22 mg, 5 mol%) were added. The reaction mixture was
stirred for five hours at room temperature and was then evaporated, absorbed on
silica and chromatographed (3x12 cm, CH,Cl,:hexane 1:1) to give 4 as a beige solid
(659 mg, 79%)

Mp.: 191-193°C.

TLC Rf= 0.17 (hexane:EtOAc = 20:1).

'H NMR (400 MHz, CDCls, 25 °C): & = 7.57-7.51 (8H, m), 7.41-7.35 (5H, m), 2.44
(3H, s) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 193.8, 134.7, 132.6, 132.1, 132.0, 132.0,
128.9, 128.8, 128.7, 124.7, 123.8, 123.4, 123.1, 91.8, 91.2, 90.8, 89.5, 30.7 ppm.
UV/Vis: Amax 325, 347 nm.

MS (EI): m/z (%) = 352.1 (M", 34%); 310.1 (100%).
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5-bromo-2-(phenylethynyl)pyridine (23)!"®"]

=-Ph
(PPh3),Cl,Pd

— Cul —

N7 NEts N7
rt

22 quant. 23

2,5-dibromopyridine (22) (1.10 g, 4.50 mmol, 1.0 eq.) and phenylacetylene (459 mg,
494 ul, 1.0 eq.) were dissolved in 13.5 ml EtsN. Pd(PPhs3).Cl, (63 mg, 2 mol%) and
Cul (17 mg, 2 mol%) were added and it was stirred for 1.5 hours at room
temperature. The reaction mixture was evaporated and chromatographed to give 23
as a beige solid (1.16 g, 100%).

TLC Rf= 0.77 (EtOAc:hexane=1:1).

'"H NMR (400 MHz, CDCls, 25 °C): d = 8.69-8.67 (1H, m); 7.84-7.80 (1H, m); 7.61-
7.58 (2H, m); 7.44-7.38 (4H, m) ppm.

S-4-((6-(phenylethynyl)pyridin-3-yl)ethynyl)phenyl ethanethioate (5)

Y=o
:—@—S
(PPh3)4Pd
Cul
— (i-Pr);NH — =\ — e}
= Br > = = S
g >—<N ) p—_ =< 7=40
55°C
23 2% 6

5-bromo-2-(phenylethynyl)pyridine (23) (112 mg, 0.434 mmol, 1.0 eq.) was dissolved
in a well degassed mixture of 20 ml dry THF and 4 ml diisopropylamine in a 50-ml-3-
neckflask with condenser. 1-acetylsulfanyl-4-ethynylbenzene (180 mg, 1.02 mmol,
2.4 eq.), Pd(PPh3)s (50mg, 10 mol%) and Cul (10 mol%, 8 mg) were added and the
reaction mixture was stirred for 29 hours at 55°C. The reaction mixture was then
evaporated and chromatographed (silica gel, 2x12 cm, CHCl,) (3 mg, 2 %).

TLC Rf=0.27 (CH.CIy).

'H NMR (400 MHz, CDCls, 25 °C): d = 8.77-8.76 (1H, m); 7.82-7.78 (1H, m); 7.63-
7.50 (5H, m); 7.45-7.37 (5H, m); 2.45 (3H, s) ppm.

MS (Maldi-TOF): m/z (%) = 355 (M").
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1-(2,2-dibromovinyl)- pentafluorobenzene (29)!"% 1%

R F CBr, R F
T 2 3
—»

ko) Ch,Cl, Ny-Br
F F 0°C F F Br
80%
28 29

CBrs (10.74g, 32.4 mmol, 2.0 eq.) and triphenylphosphine (17.00 g, 64.8 mmol,
4.0 eq.) were dissolved in 60 ml dichloromethane (crowncap) at 0°C in a 250-ml-2-
neckflask. Pentafluorobenzaldehyde (3.178 mg, 2.0 ml,16.2 mmol, 1.0 eq.) was
added and it was stirred for 30 minutes at 0°C. The reaction mixture was then
filtrated through a 3x3 cm silica plug, washed with hex:EtOAC (5:1), evaporated and
chromatographed (silica gel, 5x10 cm, CH,Cl,) (4.54 g, 80%).

TLC Rf= 0.64 (hex:EtOAc 5:1).

'H NMR (400 MHz, CDCls, 25 °C): & = 7.18 (1H, s) ppm.

YF.NMR (376 MHz, CDCl;, 25 °C): & = -138.4—138.5 (2F, m), -153.9 (1F, t,
J=20.3 Hz) -162.5—162.6 (2F, m) ppm.

1-ethynyl-pentafluorobenzene (24)

- : H,0
—_—— J—
Ny-Br -78°C->rt F =
F F Br 95% F F
29 24

Diisopropylamine (4.97 g, 49.1 mmol 4.0 eq.) was dissolved in 20 ml dry THF. n-BulLi
(1.6M in hexane, 30.7 ml, 49.1 mmol, 4.0 eq.) was added at -78°C. The mixture was
stirred for 15 minutes and was then transferred with a cannula to a -78° cold solution
of 29 (4.33 g, 12.3 mmol, 1.0 eq.) in 20 ml THF. It was stirred for 40 minutes at
-78 °C and 1 hour at room temperature. Then water was added and the reaction
mixture was extracted with TBME. The combined organic phases were washed twice
with water, dried over Na,SOy, filtrated, evaporated and chromatographed (silica gel,
4x12 cm, hex:EtOAc 5:1) to give the product (2.29 g, 97%).

TLC: Rf=0.63 (hex:EtOAc 5:1).

'H NMR (400 MHz, CDCl3, 25 °C): & = 4.29(1H, m) ppm.
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1-bromo-4-ethynylbenzene (32)

= __ TBAF _
Br—<\:/> —TMS THE > Br—@—_
0°C
19 63% 32

The TMS-protected acetylene 19 (1.148 g, 4.53 mmol, 1.0 eq.) was dissolved in
20 ml THF. The TBAF solution (1M in THF, 18 ml, 18 mmol, 4.0 eq.) was added at
0 °C. It was stirred for one hour at 0°C, then the ice bath was taken away and it was
stirred for another 15 minutes. The reaction mixture was then evaporated, absorbed
on silica and chromatographed (silica gel, 4x12 cm, hex:EtOAC 20:1) to give the
product (436 mg, 63%).

TLC Rf= 0.50 (hex:EtOAc 20:1).

'"H NMR (250 MHz, CDCls, 25 °C): & = 7.46 (2H, dt, ®Jun = 8.7 Hz, 3Jun = 2.0 Hz),
7.35 (2H, dt, *Jun = 8.7 Hz, ®Jp = 2.0 Hz), 3.12 (1H, s) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 134.0, 132.0, 123.6, 121.5, 83.0, 78.8 ppm.
MS (EI): m/z (%) = 181.9(97%, M"); 179.9 (100%).

EA: calculated: C = 53.08, H = 2.78, found: C =52.72, H = 2.73.
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S-4-((4-bromophenyl)ethynyl)phenyl ethanethioate (25)
10

Pd(PPhg3),
Cul >=
=\ __ HN(iPr), _ O
Br—\ /)— - » Br O — O S
rt
32 80% 25

1-bromo-4-ethynylbenzene (32) (406 mg, 2.25 mmol, 1.0 eq.) and 1-acetylsulfanyl-4-
iodobenzene (10) (625 mg, 2.25 mmol, 1.0 eq.) were dissolved in a well degassed
mixture of 20 ml dry THF and 3.5 ml diisopropylamine. It was degassed for another
10 minutes before Pd(PPhs)s (220 mg, 8.5 mol%) and Cul (42 mg, 10 mol%) were
added. It was stirred for 3.5 hours at room temperature. The reaction mixture was
then evaporated, absorbed on silica and chromatographed (silica gel, 3x12 cm,
hex:EtOAc = 20:1). (598 mg, 80%)

TLC: Rf=0.17 (hex:EtOAc = 20:1).

'H NMR (400 MHz, CDCl3, 25 °C): & = 7.54 (2H, dt, *Juy = 8.6 Hz, “Juyy = 2.0 Hz),
7.49 (2H, dt, *Jun = 8.6 Hz, *Jpn = 2.0 Hz), 7.41-7.38 (4H, m) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 193.8, 134.7, 133.5, 132.6, 132.1, 128.8,
124.6, 123.2, 122.3, 90.3, 90.1, 30.7 ppm.

MS (El): m/z (%) = 332.0 (19%, M™); 330.0 (18%); 290.0 (100%); 288.0 (97%).

EA: calculated: C = 58.02, H = 3.35, found: C = 58.29, H = 3.44.

1-[(4-acetylsulfanylphenyl)ethynyl]-4-((perfluorophenyl)ethynyl)benzene (7)

Pd(PPh3)4
R_F Yo  HNGPN, N_F Mo
—_— — —_— — —
F{}I + =)=+ — FW )=
F F t F F
26 27 32% 7

27 (18 mg, 0.065 mmol, 1.0 eq.) and pentafluoiodobenzene (26) (30 ul, 68 mg, 0.173
mmol, 2.7 eq.) were dissolved in a well degassed mixture of 5 ml toluene (crown cap)
and 1.5 ml diisopropylamine. Then Pd(PPhs)4 (7.5 mg, 10 mol%) and Cul (1.2 mg, 10
mol%) were added and it was stirred for 23 hours at room temperature. The reaction
mixture was then evaporated and chromatographed (silica gel, 1x12 cm, toluene) to
give a colorless solid (9.1 mg, 32 %).

TLC Rf= 0.57 (toluene).

'H NMR (400 MHz, CDCls, 25 °C): & = 7.58-7.53 (6H, m), 7.42 (2H, d, >Jun = 8.1 Hz),
2.45 (3H, s) ppm.
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"9F-NMR (376 MHz, CDCls, 8/ppm, 25 °C): -136.9—137.0 (2F, m); -153.4 (1F, t, J=
20 Hz); -162.7—162.9 (2F, m) ppm

3C NMR (101 MHz, CDCls, 25 °C): & = 193.8, 134.7, 132.6, 132.3, 132.1, 129.0,
124.7,124.4,121.9, 91.6, 90.8, 30.7 ppm.

MS (Maldi-TOF): m/z (%) = 443.9 (M").

UV/Vis: Amax 326, 347 nm.

1-acetylsulfanyl-4-phenylethynylbenzene (8)®

(PPh3)4Pd
Cul

. (i-Pr),NH _ Y=o
SO =0 e O =
10 28

rt
87% 8

10 (126 mg, .45 mmol, 1.0 eq.) and 28 (59.7 ul, 55.5 mg, 0.54 mmol, 1.2 eq.) were
dissolved in a well degassed mixture of 5 ml dry THF and 1ml diisopropylamine.
Pd(PPhs)s (52 mg, 10 mol%) and Cul (9 mg, 10 mol%) were added. The reaction
mixture was stirred at room temperature for three hours and was then evaporated,
absorbed on silica and chromatographed (silica gel, 1x15cm, hex:EtOAC 5:1) to give
a beige solid (99 mg, 87%).

Mp.: 99-101 °C (lit.2 84-86°C).

TLC Rf= 0.42 (hexane:EtOAc = 5:1).

'"H NMR (250 MHz, CDCls, 25 °C): & = 7.57-7.52 (4H, m), 7.41-7.34 (5H, m), 2.43
(3H, s) ppm.

BC-NMR (101 MHz, CDCls): 8= 193.9, 134.6, 132.6, 132.1, 129.0, 128.8, 128.4,
125.0, 123.3, 91.5, 89.0, 30.7 ppm.

UV/Vis: Amax 293, 310 nm; MS (El): 252 (M*, 18%), 210 (100%).

EA (calcd, found for C1sH120S): C (76.16, 76.12), H (4.79, 4.88,).
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1,2-bis(4-acetylsulfanyl-phenyl)ethyne (9)

(PPh3)4Pd
Cul
Y=o (/ Pr),NH _ =0
=§ C C T o=§S O o Q °
37°C
10 85% 9

The iodide 10 (238 mg, 0.856 mmol, 1.0 eq.) and the acetylene 29 (155 mg,
0.880 mmol, 1.03 eq.) were dissolved in a degassed mixture of 12 ml dry THF and 3
ml diisopropylamine in a 25-ml-Schlenktube. Pd(PPh); (22.0 mg, 0.019 mmol,
2.2 mol%) and Cul (3.4 mg, 0.019 mmol, 2.2 mol%) were added and the reaction
mixture was stirred for 4 hours at room temperature and three hours at 37 °C. The
reaction mixture was then evaporated and the crude was purified by column
chromatography (silica gel, 3x12 cm, hex:EtOAc = 5:1 -> 2 :1) to give the product 9
as colorless solid (236 mg, 0.723 mmol, 85%).

TLC Rs= 0.24 (hexane:EtOAc = 5:1).

'H NMR (250 MHz, CDCls, 25 °C): & = 7.56 (4H, d, 3Jun = 8.3 Hz), 7.41 (4H, d, Jpyy =
8.3 Hz), 2.44 (s, 6H) ppm.

3C-NMR (101 MHz, CDCls): 8= 193.3, 134.2, 132.2, 128.4, 124.1, 90.2, 30.3 ppm.
MS (Maldi-TOF): m/z (%) = 326.24 (M").
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7.2.2 Molecular Switches
7.2.2.1 Coordination Induced Switches

7.2.2.1.1 1% Generation Cruciform Structures

I2
HIO5 I
—_—
AcOH |
H,SO,

85°C
32 79% 33

2,5-diiodo-para-xylene (33)

p-Xylene (12.24 ml, 10.60 g, 100 mmol, 1.0 eq.), iodine (20.3 g, 0.08 mol, 0.8 eq.)
and iodic acid (HIOs3, 7.8 g, 0.044 mol, 0.44 eq.) were dissolved in 50 ml glacial acetic
acid, 5 ml concentrated sulfuric acid, 5 ml water and 5 ml chloroform. It was stirred at
85 °C for 4 hours. The reaction mixture was poured into 200 ml 10 % aqg. NaHSOs.
The insoluble material was filtered off and washed with methanol. The solid was
recrystallized from ethyl acetate/methanol to give 33 as colorless crystals (28.33 g,
79.2 mmol, 79 %).

TLC: Rf= 0.64 (hexane : ethyl acetate 20:1).

'H-NMR (250 MHz, CDCls, 8/ppm): 7.65 (2H, s); 2.34 (6H, s).

3C-NMR (101 MHz, CDCls, 8/ppm): 141.1, 139.7, 101.0, 27.3.

MS (FAB): 357 (100 %, M"); 230 (22 %); 104 (31 %).

EA: calculated: C = 26.84, H = 2.25, found: C = 26.87, H = 2.26.

Mp: 102-104°C.

Ir: 2972.1, 2910.4, 1433.0.

1,4-bis(bromomethyl)-2,5-diiodobenzene (34)
Br

|
\¢\ BI’CHzCHQBI’ |

20% Br
34

2,5-diiodo-p-xylene (17.72 g, 49.5 mmol, 1.0 eq.) was dissolved in 200 mil
1,2-dibromoethane. Bromine (15.83 g, 5.07 ml, 99 mmol, 2.0 eq.) was added and it
was heated to 135 °C for 6 hours. Another equivalent of Br, was added (2.5 ml,

49.5 mmol, 1.0 eq.). The mixture was stirred over night at 135 °C, cooled to room
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temperature, poured into 200 ml 10 % ag. NaHSO3; and extracted. In the organic
phase a precipitate was formed that was filtered of and recrystallized from chloroform
to give colorless needles (5.1 g, 10.0 mmol, 20%).

TLC: Rf=0.15 (hexane)

'H-NMR (250 MHz, CDCls, 8/ppm): 7.90 (2H, s); 4.48 (4H, s).

MS (EI): 515 (22 %, M"); 434 (100 %); 388 (14 %); 355 (69 %); 228 (7 %).

EA: calculated: C = 18.63, H =1.17, found: C = 18.79, H = 1.10.

Mp: 221-222 °C

IR(neat, v, cm™): 3066.6, 3028.0, 1431.1, 1045.4.

1,4-bis(bromidetriphenylphosphinemethyl)-2,5-diiodobenzene (36)

Br PPh3Br
I\@ PPhs |\¢\
| DMF I
Br 1863000/0 BrPhsP
34 36

1,4-bis(bromomethyl)-2,5-diiodobenzene (1.960 g, 3.82 mmol, 1.0 eq.) was dissolved
in 36 ml dry DMF at 85 °C. PPH; (2.002 g, 7.64 mmol, 2.0 eq.) was added. The
homogeneous solution was stirred at 85 °C. After 5 minutes a white precipitate was
formed. The reaction mixture was cooled to room temperature. The precipitate was
filtered off washed with toluene and dried under high vacuum to give 36 as a white
powder (3.97 g, 3.82 mmol, 100 %).

'H-NMR (250 MHz, CDCls, 8/ppm): 7.69 (32H, m), 5.70 (4H, sb).

MS (FAB): 440 (38%, M**), 307 (15%), 262 (100%).

Mp: 276-277°C.

IR(neat, v, cm™): 2823.6, 1666.4, 1434.9, 1099.4.
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2-(3-fluorophenyl)-4-methyl-1,3-dioxolane (38)

Ox HO OH 0_0
ED\ pTSOH [\5\
e ——
F toluene F
98°C
37 84% 38

3-fluorobenzaldehyde (2.00ml, 19.0 mmol, 1.0 eq) was dissolved in 30 ml toluene.
Molecular sieves (3 A) and para-toluenesulfonic acid (1.70 g, 9 mmol, 50 mol%) was
added. It was stirred over night at 100°C. The reaction mixture was filtrated over
1 cm silica gel, washed with CH,Cl, and evaporated. The product was purified by
column chromatography (CC) (silica gel, 3 x 5 cm, CH»Cl,) to get a colorless liquid
(2.73 g, 15.0 mmol, 79 %).

TLC: Rf = 0.51 (CHxCly/hexane, 1:1);

'H-NMR (250 MHz, CDCls, 8/ppm): 7.39-7.16 (3H, m), 7.05 (1H, m), 5.95-5.80 (1H,
2s),4.2-4.31 (1H, m), 4.27-4.10 (1H, m), 3.62-3.53 (1H, m), 1.41-1.34 (3H).

BC-NMR (101 MHz, CDCls, &/ppm): 164.4, 162.0, 141.7, 141.0, 130.4, 130.3, 122.7,
122.4,116.4, 116.2, 113.8, 113.5, 103.5, 102.6, 74.1, 72.9, 72.4, 18.9, 18.7.

MS (FAB): 181 (100 %, M*), 137 (24 %), 123 (94 %).

EA: calculated: C =65.92, H = 6.09, found: C = 65.59, H = 6.16.

IR (neat, v, cm™): 2977.9, 2877.6, 1593.1, 1454.2, 1091.6.

2-(3-(tert-butylthio)phenyl)-4 methyl-1,3-dioxolane (39)
0.0
éL NaS‘Bu
DMI S—é
39

150°C
66%

2-(3-fluorophenyl)-4-methyl-1,3-dioxolane (38) (11.22 g, 61.6 mmol, 1.0 eq.) was
dissolved in 120 ml DMI. Sodium 2-methyl-2-propanethiolate (13.8 g, 123.2 mmol,
2.0 eq.) was added and the reaction was stirred over night at 150°C. The reaction
mixture was extracted with water and toluene. The organic phase was washed with
water. The aqueous phase was washed three times with toluene. The combined
organic phases were dried over Na,SO, and evaporated. The crude was purified by
CC (silica gel, 5 x 12 cm, toluene/CH,Cl,, 3:2) to give 39 as a colorless liquid
(10.24 g, 40.6 mmol, 66%).

TLC: R¢ = 0.45 (toluene/CH,Cl, 3:2).
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'H-NMR (250 MHz, CDCls, 8/ppm): 7.68-7.19 (4H, m), 5.99-5.84 (1H, 2s), 4.46-4.13
(2H, m), 3.67-3.57 (1H, m), 1.40-1.35(3H, m), 1.32 (9H, s).

BC-NMR (101 MHz, CDCls, &/ppm): 139.5, 138.8, 138.4, 133.2, 128.9, 127.4, 127.2,
104.1, 103.1,74.0,72.8,72.4,71.8, 46.4, 31.4, 19.0, 18.8.

MS (El): 252 (32 %, M™), 196 (100 %), 163 (7%), 137 (30 %).

EA: calculated: C = 66.63, H = 7.99, found: C = 66.66, H = 7.94.

Ir(neat, v, cm™): 2939.3, 2862.2, 1685.7, 1504.3, 1442.7, 1396.37.

3-(tert-butylthio)benzaldehyde (40)

0o 0O

&2 by

39 92%

39 (8.98 g, 35.6 mmol) was dissolved in 100 ml dioxane. 70 ml 0.5 M HCI was
added. The reaction mixture was stirred at room temperature for one hour and was
then extracted with water and toluene. The organic phase was dried over Na;SOy,
filtrated and evaporated. The crude product was purified by CC (silica gel, 5x13 cm,
hexane: ethyl acetate 20:1) to give 40 as a yellow liquid (6.345 g, 32.7 mmol, 92 %).
TLC: Rr= 0.21 (hexane: ethyl acetate 20:1).

'H-NMR (250 MHz, CDCls, 8/ppm): 10.05 (1H, s), 8.04 (1H, st, *Juy= 1.84 Hz); 7.91
(1H, dt, 3Jup = 7.70 Hz, *Jun = 1.34 Hz); 7.82 (1H, dt, >Jup = 7.70 Hz, *Jun = 1.34 Hz);
7.53 (1H, t, *Jun = 7.70 Hz); 1.33 (9H, s).

BC-NMR (101 MHz, CDCls, &/ppm): 192.2, 143.6, 138.9, 137.1, 134.8, 130.0, 129.6,
46.8, 31.4.

MS (FAB): 194 (19 %, M), 138 (100 %), 109 (11 %).

EA: calculated: C = 68.00, H = 7.26, found: C = 68.04, H = 7.41.

IR(neat, v, cm™): 2962.5, 2862.2, 1701.1, 1570.0, 1199.6.
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1,4-bis(3-thio-tert-butyl-styryl)-2,5-diiodobenzene (41)

PPhBr

Cr
z
NaOH I O
CH20|2 I
z

BrPhsP 83%

A

41

40 (1.68 g, 8.65 mmol, 3.0 eq.) was dissolved in 150 ml CH,Cl,. The phosphonium
salt 36 (3.00 g, 2.88 mmol, 1.0 eq.) was added. 100 ml ag. 50 % NaOH were added
and it was stirred for 2.5 days at room temperature. The reaction mixture was then
extracted. The aqueous phase was washed twice with dichloromethane. The
combined organic phases were dried over Na,SO,, filirated and evaporated. The
crude was chromatographed (silica gel, 3x12 cm, CH2ClI,) to give an isomeric mixture
in 83% vyield. The isomers were refluxed in toluene containing iodine in catalytic
amount over night. The EE-product was precipitating. It was filtrated off and washed
with hexane to give a yellow solid. (1.43 g, 2.01 mmol, 70%).

TLC: Rf= 0.30 (hexane: ethyl acetate 20:1).

'H-NMR (250 MHz, CDCls, 8/ppm): 8.12 (2H, s); 7.74 (2H, s), 7.60 (2H, d, 3Juy = 7.70
Hz), 7.51 (2H, d, *Jun = 7.70 Hz), 7.39 (2H, t, *Jpy = 7.70 Hz), 7.25 (2H, d, *Jup =
16.06 Hz), 7.00 (2H, d, *Jun = 15.73 Hz), 1.36 (18H, s).

C-NMR (101 MHz, CDCls, &/ppm): 141.2, 137.6, 137.4, 136.8, 136.4, 133.8, 132.2,
131.5, 129.3, 127.4, 100.7, 46.5, 31.4.

MS (EI): 710 (15 %, M"); 653 (11 %); 598 (46 %); 551 (12 %); 469 (5 %).

EA: calculated: C = 50.71, H = 4.54, found: C = 50.24, H = 4.46.

Mp: 247-248°C.

IR(neat, v, cm™): 3055.0, 2958.6, 2858.3, 1809.1, 1566.1, 1454.2.
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1,4-bis(3-thio-acetyl-styryl)-2,5-diiodobenzene (42)

¥ 5
® ®
z BB([‘:3 z
I AcCl I
O I toluene O I
¢ 87% ¢
(o]
SO SO
A S
41 42

1,4-bis(3-thio-tert-butyl-styryl)-2,5-diiodobenzene (41) (2.13 g, 3.00 mmol, 1.0 eq.)
was dissolved in a degassed mixture of 500 ml dry toluene and 100 ml acetyl
chloride. 6 ml of a 1M solution of BBr3 in CH,Cl, (1.408 mol, 2.0 eq.) was added. The
reaction was stirred for one hour at room temperature. Another 4.5 ml of the 1M
solution of BBr3 solution in CH,Cl, was added and it was stirred for another hour at
room temperature. While cooling with an ice-bath, the reaction mixture was
quenched with water. The product precipitated as a yellow solid, which was filtrated
off and washed with water. The organic phase was washed with water, evaporated
and recrystallized from toluene to give more of product 52 (1.75 g, 2.56 mmol, 87%).
TLC: Rf=0.43 (CH.CIy);

'H-NMR (250 MHz, CDCls, 8/ppm): 8.06 (2H, s), 7.59 (2H, d, *Juy = 7.58 Hz), 7.58
(2H, d, *Jpy = 1.52 Hz), 7.44 (2H, t, 3Jpy = 7.58 Hz), 7.35 (2H, d, >Jun = 7.58 Hz),
7.19 (2H, d, ®Jun = 15.66 Hz), 6.96 (2H, d, *Juy = 16.17 Hz), 2.46 (6H, s).

3C-NMR (101 MHz, CDCls, &/ppm): 194.2, 141.2, 138.1, 136.9, 134.6, 133.3, 131.9,
131.8, 130.0, 129.1, 128.2, 100.7, 30.7.

MS (El) : 681 (84%, M"), 639 (34%), 597 (49%).

EA: calculated: C =45.76, H = 2.95, found: C = 46.20, H = 2.95.

Mp: 214-215°C.

IR(neat, v, cm™): 3051.1, 2958.6, 1890.1, 1697.2, 1118.6.
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4-(tert-butylthio)benzaldehyde (44)

43 44

4-fluoro-benzaldehyde (174mg, 1.85 mmol, 1.0 eq.) was dissolved in 15 ml DMI.
NaSBu (312mg, 2.78 mmol, 1.5 eq.) was added and it was stirred for 20 hours at
room temperature. The reaction mixture was then extracted with water and TBME,
the combined organic phases were dried over Na,SO,, filtrated, evaporated and
chromatographed (silica gel, 3x12 cm, TBME:hexane 1:3) to give a colorless liquid
that tends to crystallize (266mg, 1.37 mmol, 74%).

TLC: Rf= 0.47 (TBME:hexane, 1:3).

'H-NMR (250 MHz, CDCls, 8/ppm): 10.01 (1H, s); 7.81 (2H, d, *Jun = 8.59 Hz); 7.66
(2H, d, >Jun = 8.08 Hz); 1.32 (9H, s).

3C-NMR (101 MHz, CDCls, 8/ppm): 192.1, 141.7, 137.4, 136.2, 129.8, 47.6, 31.5.
MS (El): 194.0 (18.5%, M"); 138.0 (94.9%); 109.0 (13.8%).

EA: calculated: C = 68.00, H = 7.26, found: C = 68.21, H = 7.41.

IR(neat, v, cm™): 2962.5, 1701.1, 1593.1, 1164.9.

1,4-bis(4-thio-tert-butyl-styryl)-2,5-diiodobenzene (45)

S\|< 73%

44

*
®

7~

45

44 (190 mg, 0.98 mmol, 3.0 eq.) and the phosphonium salt (36) (340mg, 0.33 mmol,
1.0 eq.) were dissolved in 7 ml CH,Cl,. 6ml 50% ag. NaOH were added and it was
stirred vigorously for 69 hours. The reaction mixture was then extracted with
water/toluene. The combined organic phases were dried over Na,SO,, filtrated,

evaporated and chromatographed (silica gel, 2x12 cm, CH2Cl;). The isomeric mixture
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was then refluxed in toluene with catalytic amounts of iodine over night. It was then
extracted with 10% aq. NaHSOs3, washed with water, dried over Na,SO,4, evaporated
and recrystallized from toluene to get 45 as a yellow solid (170 mg, 0.24 mmol, 73%).
TLC: Rf=0.74 (CH.CIy).

'H-NMR (250 MHz, CDCls, 8/ppm): 8.08 (2H, s), 7.53 (8H, m), 7.24 (2H, d, *Juy =
16.06 Hz), 6.98 (2H, d, *Juy = 16.06 Hz), 1.32 (18H, s).

3C-NMR (101 MHz, CDCls, 8/ppm): 141.1, 138.2, 137.2, 136.8, 133.5, 132.1, 131.7,
127.3, 100.8, 46.8, 31.4.

MS (El): 710.0 (42.3%, M"); 597.8 (100%).

EA: calculated: C = 50.71, H = 4.54, found: C = 50.74, H = 4.55;

IR(neat, v, cm™): 3018.9, 2954.7, 2858.3, 1892.5, 1356.3.

Mp: 232-233 °C.
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1,4-bis(4-thio-acetyl-styryl)-2,5-diiodobenzene (46)
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45 (356 mg, 0.521 mmol, 1.0 eq.) was dissolved in a degassed mixture of 85 ml dry
toluene and 15 ml concentrated AcClI. BBr; (1M in CHxCl,, 3.6 ml, 3.6 mmol, 6.9 eq.)
was added portion wise during 2.5 hours at room temperature. The reaction mixture
was quenched with water at 0°C. A precipitate was formed which was filtered off and
recrystallized from toluene to give 46 as a yellow solid (283 mg, 0.41 mmol, 80%).
TLC: Rf= 0.48 (CHCly).

Mp: 253-255°C.

'H-NMR (250 MHz, CDCls, 8/ppm): 8.08 (2H, s), 7.59 (4H, d, 3Juy = 8.37 Hz), 7.43
(4H, d, 3Jpu = 8.37 Hz), 7.24 (2H, d, Jyy = 16.06 Hz), 6.97 (2H, d, 3Juy = 16.16.40
Hz), 2.45 (6H, s).

MS (El) : 681.8 (76%, M"), 639.8 (56%), 597.8 (100%).

EA: calculated: C =45.76, H = 2.95, found: C =45.81, H = 2.97.

IR(neat, v, cm™): 2920.0, 2854.5, 1905.5, 1689.5, 1122.5.

4-(2-(trimethylsilyl)ethynyl)pyridine (48)

=-TMS
Pd(PPh3)4
Cul
= (iPr),NH =\ __
HC|‘N\ /) Br T» N\ ) TMS
45°C
47 70% 48

4-bromo-pyridine (1.00 g, 5.14 mmol, 1.0 eq.) and 2-(trimethylsilyl)ethynyl (1.3 ml,
9.26 mmol, 1.8 eq.) were suspended in a well degassed solution of 50 ml dry THF
and 5 ml diisopropylamine. It was degassed for another 20 minutes. Pd(PPhs)4
(300 mg, 0.26 mmol, 5 mol%) and Cul (95 mg, 0.51 mmol, 10 mol%) were added. It

was stirred for 2.5 hours at room temperature. The reaction mixture was filtrated over
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2 cm silica gel, washed with THF, evaporated and chromatographed (silica gel, 3x12
cm, hexane:ethyl acetate = 5:1) to give a yellowish liquid that tends to crystallize (635
mg, 3.62 mmol, 70%). The reaction was performed in absence of light.

TLC: Rr=0.15 (EtOAC:hexane=1:5).

'H-NMR (250 MHz, CDCls, &/ppm): 8.58 (2H, d, 3Jun = 6.02 Hz); 7.33 (2H, d, 3Jpn =
6.36 Hz); 0.29 (9H, s).

3C-NMR (101 MHz, CDCls, 8/ppm): 150.1, 131.6, 126.2, 102.3, 100.4, 0.1.

MS(EI): 175 (M"), 160 (M* - CH3), 130 (M" - (CH3)s).

4-(ethynyl)pyridine (49)

~\ __ TBAF =\
N =——TMS > N =
/4 THE W,
0°C ->rt
48 83% 49

4-(2-(trimethylsilyl)ethynyl)pyridine (48) (516 mg, 2.94 mmol, 1.0 eq.) was dissolved
in 20 ml dry THF. 12 ml 1M TBAF-solution (12 mmol, 4.1 eq.) in THF was added at
0°C. The reaction mixture was allowed to come to room temperature, stirred for
1 hour and was then evaporated, dissolved in CH,Cl,, absorbed on silica gel,
evaporated and chromatographed in the dark (silica gel, 2x12cm, hex:EtOAc 1:1) to
give 49 as a light sensitive colorless solid (251 mg, 2.43 mmol, 83%).

'H-NMR (400 MHz, CDCls, 8/ppm): 8.60 (2H, d, 3Jun = 6.06 Hz); 7.35 (2H, d, *Jpn =
6.06 Hz); 3.30 (1H, s).

*C-NMR (101 MHz, CDCls, 8/ppm): 150.2, 130.7, 126.4, 82.2, 81.3.

MS(EI): 103 (M").
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1,4-bis(3-thio-acetyl-styryl)-2,5-bis(ethynyl-4-pyridine)benzene (30)

Pd(PPh3),4 NZ

' Cul
=/ THF
45°C
51% =N

\er
O

30

4-(Ethynyl)pyridine (49) (2.2 eq., 1.65 mmol, 170 mg), 1,4-bis(3-thio-acetyl-styryl)-
2,5-diiodobenzene (42) (1.0 eq., 0.76 mmol, 520 mg), Pd(PPh3)s (10 mol%, 87 mg)
and Cul (10 mol%, 14 mg) were dissolved in a well degassed mixture of 90 ml dry
THF and 10 ml diisopropylamine. The reaction mixture was stirred for 24 hours at
45°C and was then poured to a mixture of 250 ml hexane and 250 ml ag. 5% NH4OH.
The precipitated solid was collected, dissolved in a minimum amount of CH,Cl, and
dropped to 250 ml rapidly stirring hexane. The precipitate was collected and
recrystallized from toluene/CH,Cl, to give 30 as a yellow solid (246 mg, 0.39 mmol,
51%).

)
2
Cr
Pd(PPhs),
H z cul
X — (iPr),NH
O * O
\\ H rt
z 50%
s ®
o}

1,4-bis(3-Thio-acetyl-styryl)-2,5-bis(ethynyl)benzene (52) (1.0 eq., 0.167 mmol,
80 mg) was dissolved in a degassed mixture of 15 ml dry THF and 2.5 ml
diisopropylamine. Then 4-iodo-pyridine (75 mg, 2.2 eq., 0.368 mmol), Pd(PPHs3)4
(10 mol%, 42 mg) and Cul (10 mol%, 7 mg) was added. The reaction mixture was
stirred for 24 hours room temperature respectively and was then poured to a mixture
of 100 ml hexane and 100 ml aq. 5% NH4OH. The precipitated solid was collected,
dissolved in a minimum amount of CH,Cl, and dropped to 200 ml rapidly stirring
hexane. The precipitate was collected and recrystallized from toluene/CH,CI; to give
30 as a yellow solid. (52 mg, 50%).
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'H-NMR (250 MHz, CDCls, 8/ppm): 8.67 (4H, d, *Jun = 6.06 Hz), 7.92 (2H, s), 7.64
(2H, s), 7.61 (2H, d, *Jpy = 16.67 Hz), 7.58 (2H, d, 3Jun = 8.08 Hz), 7.46 (4H, d, *Jun
= 6.06 Hz), 7.45 (2H, t, 3Jun = 8.08 Hz), 7.35 (2H, 3Jnn = 7.58 Hz), 7.26 (2H, d, 3Jhy =
16.67 Hz), 2.47 (6H, s).

3C-NMR (101 MHz, CDCls, &/ppm): 194.4, 150.4, 138.5, 138.1, 134.3, 133.1, 131.3,
131.0, 130.1, 129.8, 129.2, 128.2, 126.5, 125.9, 122.5, 93.7, 92.1, 30.8;

MS (MALDI): 632 (M").

Mp: 227.7-228.7°C (melting followed by decomposition).

IR(neat, v, cm-1): 3049.7, 3008.3, 2201.1, 1699.2, 1588.3, 953.7.

GPC (oligopore 6um, toluene, UV/VIS photodiode array detector): area: 99.6%.

1,4-bis(3-thio-tert-butyl-styryl)-2,5-bis(ethynyltrimethylsilyl)benzene (50)

S S
® =-Tms ®
Pd(PPhs)
z cul MS 7
—_—
l THF X
Y rt y S T™MS
80%
A2 O
X X

50
1,4-bis(3-thio-tert-butyl-styryl)-2,5-diiodobenzene (41) (140 mg,0.197 mmol, 1.0 eq.)
and trimethylsilylacetylene (96.8 mg, 0.985 mmol, 5.0 eq.) were dissolved in a well
degassed solution of 20 ml dry THF and 7 ml diiso-propylamine. It was degassed for
another 20 minutes. Pd(PPhs)s (23 mg, 0.020 mmol, 10 mol%) and Cul (4 mg,
0.020 mmol, 10 mol%) were added and it was stirred at room temperature for 1.5
hours. Another two equivalents of trimethylsilylacetylene (38.7 mg, 0.394 mmol,
2.0 eq) were added and it was stirred for one hour. The reaction mixture was then
evaporated. The crude was dissolved in CHCl,, absorbed on silica gel, evaporated
and chromatographed (silica gel, 1x12 cm, toluene) to give a yellow solid (102 mg,
Ca0H50S2Siz2, 651.13 g/mol, 79.8%).

TLC: Rf= 0.69 (toluene).

'H-NMR (250 MHz, CDCls, 8/ppm): 7.85 (2H, s); 7.75 (2H, s); 7.64 (2H, d, 3Jpy =
16.40 Hz); 7.56 (2H, d, 3Jun = 7.70 Hz); 7.49 (2H, d, 3Jun = 7.04 Hz); 7.37 (2H, t, *Jun
= 7.53 Hz); 7.23 (2H, d, Jun = 16.40 Hz); 1.36 (18 H, s); 0.37 (12 H, s).
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C-NMR (101 MHz, CDCls, 8/ppm): 138.5 (2C, s, Cq); 147.9 (2C, s, Cq); 137.7 (2C,
s, Cq); 134.8 (2C, s, Cq); 134.6 (2C, s, Ct); 133.1 (2C, s, Ct); 131.4 (2C, s, Ct); 129.7
(2C, s, Ct); 128.9 (2C, s, Ct); 128.7 (2C, s, Ct); 103.4 (2C, s, Cq); 101.2 (2C, s, Cq);
46.4 (2C, s, Cq); 31.5 (6C, s, Cp); 0.5 (6C, s, Cp).

MS (MALDI): 650, 651 (M*), 652.

1,4-bis(3-thio-acetyl-styryl)-2,5-bis(ethynyltrimethylsilyl)benzene (51)

o}

sﬂ\
O =TMS
Pd(PPh3)s
z Cul
| (iPr),NH
—>
O | THF
60°C
= 80%
s ®
o) 42

1,4-bis(3-thio-acetyl-styryl)-2,5-diiodobenzene (42) (285 mg, 0.418 mmol, 1.0 eq.)
was suspended in a well degassed solution of 75 ml dry THF and 30 ml (i-Pr),NH.
Ethynyltrimethylsilane (0.3 ml, 2.09 mmol, 5.0 eq.) was added and it was degassed
for another 20 minutes. Pd(PPh3)s (48 mg, 0.042 mmol, 10 mol%) and Cul (4 mg,
0.042 mmol, 10 mol%) were added and it was stirred for 2 hours at 60°C. The
reaction mixture was then evaporated and chromatographed (silica gel, 2x12cm,
CHClI,) to give 51 as a yellow solid (209 mg,0.335 mmol, 80%).

TLC: Rf= 0.56 (CH.CIy).

'H-NMR (250 MHz, CDCls, &/ppm): 7.83 (2H, s); 7.64 (2H, d, *Jun = 16.40 Hz); 7.63
(2H, s); 7.57 (2H, d, *Jun = 8.00 Hz); 7.45 (2H, t, 3Juy = 7.53 Hz); 7.36 (2H, d, *Jpn =
7.70 Hz); 7.21 (2H, d, ®Jun = 16.40 Hz); 2.47 (6H, s); 0.36 (18H, s).

BC-NMR (101 MHz, CDCls, &/ppm): 194.2, 138.9, 137.9, 134.2, 132.95, 129.96,
129.8, 129.2, 129.0, 128.2, 127.1, 122.9, 103.3, 101.9, 30.6, 0.4.

MS (El): 622 (93%, M"); 580 (34%); 538 (9%).

IR(neat, v, cm™): 3061.3, 2957.2, 2156.8, 1705.4, 1246.4.

Mp: 184-187°C.
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1,4-bis(3-thio-acetyl-styryl)-2,5-bis(ethynyl)benzene (52)

® a
TBAF
AcOAc Hae
AcOH A O
—»
THF [
0°C -> rt 2 n
80%
s ®
O

51 (260 mg, 0.417 mmol, 1.0 eq.) was dissolved in 25 ml dry THF, 1.5 ml glacial
acetic acid and 2.5 ml acetic anhydride. The solution was degassed before 10 ml of a
1M TBAF solution in THF (10 mmol, 55 eq.) was added at 0°C. The reaction was
allowed to come to room temperature. After 20 minutes 5 ml acetic anhydride was
added in one portion and it was stirred for another 20 minutes. The reaction mixture
was extracted with toluene and water. The organic phase was washed with water,
evaporated and chromatographed (silica gel, 2x12 cm, CH,Cl,) to give a yellow solid
(188 mg, 0.393 mmol, 94%).

TLC: Rf=0.75 (CH.CIy).

'H-NMR (250 MHz, CDCls, 8/ppm): 7.83 (2H, s); 7.58 (2H, d, >Juy = 7.58 Hz); 7.57
(2H, s); 7.55 (2H, d, >Juy = 16.06 Hz); 7.43 (2H, dt, *Juy = 7.58 Hz, *Jun = 1.40 Hz);
7.34 (2H, d, Jyu = 7.58 Hz); 7.16 (2H, d, 3Jun = 16.06 Hz); 3.49 (2H, s); 2.45 (6H, s).
3C-NMR (101 MHz, CDCl;, 8/ppm): 194.3, 138.6, 138.2, 134.4, 133.2, 130.6, 129.9,
128.9, 128.2, 126.6, 122.2, 84.1, 81.8, 30.7.

MS (MALDI) : 478 (M").

IR(neat, v, cm™): 3055.0, 1704.0, 1350.1.

2920.0, 2854.5, 1905.5, 1689.5, 1122.5.

Mp: 214-219°C (followed by decomposition).
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1,4-bis(4-thio-acetyl-styryl)-2,5-bis(ethynyl-4-pyridine)benzene (31)

Pd(PPh3)s
~_Cul
. N,—\/ \_— (iPr)oNH .
=/ THF
45°C

51%

31

46 (155 mg, 0.227 mmol, 1.0 eq.) was dissolved in a well degassed mixture of 20 ml
dry THF and 2.5 ml diisopropylamine. 49 (58.6 mg, 0.568 mmol, 2.5 eq.), Pd(PPh3)4
(20 mg, 0.017mmol, 7.6 mol%) and Cul (8mg, 0.042 mmol, 18.5 mol%) were added
and it was stirred 7 hours at room temperature and 15 hours at 50°C. The reaction
mixture was then poured to a mixture of 50 ml 5% aq. NHsOH and 50 ml hexane. The
precipitate was filtrated off, dissolved in CH,Cl, and precipitated into 60 ml rapidly
stirring hexane. The insoluble material was collected and recrystallized from toluene
to give a yellow solid (75 mg, 0.119 mmol, 52%).

'H-NMR (250 MHz, CDCls, 8/ppm): 8.71 (4H, d, 3Juy = 6.36 Hz), 7.97 (2H, s), 7.80
(2H, d, 3Jun = 16.40 Hz), 7.63 (4H, d, 3Jun = 8.34 Hz), 7.48 (4H, d, *Juy = 6.02 Hz),
7.47 (4H, d, *Jyp = 8.03 Hz), 7.31 (2H, d, °Jun = 16.06 Hz), 2.48 (6H, s).

BC-NMR (101 MHz, CDCls, &/ppm): 194.3, 150.4, 138.4, 138.4, 138.1, 135.3, 131.3,
131.2, 129.9, 128.2, 127.9, 126.7, 125.8, 122.5, 93.6, 92.0, 30.7.

MS(MALDI): 633.6 (100%,M").

IR(neat, v, cm™): 3046.4, 2217.5, 1699.2, 1588.3.

Mp: decomposition at 192.2°C-199.5°C.

GPC (oligopore 6pum, toluene, UV/VIS photodiode array detector): area: 100 %.
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1,4-bis(3-thio-acetyl-styryl)-2,5-bis(ethynylbenzene)benzene (53)
(0]

C d
(PPh3)4Pd
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42 (120 mg, 0.176 mmol, 1.0 eq.) was suspended in a well degassed mixture of
10 ml dry THF and 2 ml diisopropylamine. Ethynylbenzene (90 mg, 0.879 mmol,
5.0 eq.), Pd(PPh3)s (20 mg, 0.018 mmol, 10 mol%) and Cul (4 mg, 0.018 mmol,
10 mol%) were added and it was stirred for 3.5 hours at 40°C, before the reaction
mixture was evaporated and chromatographed (silica gel, 2x12 cm, CH,Cl,) to give a
yellow solid (568.9 mg, 0.093 mmol, 53%).

'H-NMR (250 MHz, CDCls, 8/ppm): 7.90 (2H, s); 7.69 (2H, d, Jun = 16.25 Hz); 7.62
(8H, m); 7.41 (10H, m); 7.26 (2H, d, *Ju = 16.50 Hz); 2.45 (6H, s).

3C-NMR (101 MHz, CDCls, 8/ppm): 194.2, 138.9, 137.7, 134.1, 133.2, 132.1, 130.2,
130.0, 129.4, 129.1, 129.0, 128.9, 128.0, 127.2, 123.4, 122.9, 96.3, 88.0, 30.7.
MS(EI): 630.2 (M", 55% ); 588 (93%); 546(100%).

IR(neat, v, cm™): 3061.8, 3025.4, 2196.7, 1694.8, 1588.3, 959.5.

Mp: melting followed by decomposition at 224.0 — 225.0°C.

GPC (oligopore 6um, toluene, UV/VIS photodiode array detector): area: 98.8 %.
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1,4-bis(4-thio-acetyl-styryl)-2,5-bis(ethynylbenzene)benzene (54)

(0]
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46

46 (14 mg, 0.021 mmol, 1.0 eq.) was suspended in a well degassed mixture of 5 ml
dry THF and 0.5 ml diisopropylamine. Ethynylbenzene (10.5mg, 0.103 mmol,
5.0 eq.), Pd(PPh3)4 (2.5 mg, 0.002 mmol, 10 mol%) and Cul (0.5 mg, 0.002 mmol,
10 mol%) were added and it was stirred for 3 hours at room temperature, before the
reaction mixture was evaporated and chromatographed (silica gel, 2x12 cm, CH,ClIy)
to give a yellow solid (5.6 mg, 0.0089 mmol, 43.3%).

TLC: Rf= 0.63 (CH.CIy).

'H-NMR (250 MHz, CDCls, 8/ppm): 7.93 (2H, s), 7.72 (2H, d, 3Jun = 16.40 Hz); 7.61
(8H, m); 7.42 (10H, m); 7.28 (2H, d, *Juy = 16.06 Hz); 2.44 (6H, s).

C-NMR (101 MHz, CDCls, &/ppm): 194.5, 138.8, 137.7, 135.2, 132.0, 130.2, 129.5,
129.2, 129.0, 127.8, 127.7, 127.5, 123.4, 123.0, 96.3, 87.9, 30.7.

MS: 630 (M").

IR(neat, v, cm™): 3061.8, 2929.2, 1699.7, 1342.4.

Mp: melting followed by decomposition at 208-214°C.

GPC (oligopore 6pum, toluene, UV/VIS photodiode array detector): area: 100%.
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7.2.2.1.2 2" Generation Cruciform Switches

2,5-Diiodo-1,4 bis(triethylphosphonatemethylene)benzene (59)!'%"

Br P(OEt),
! P(OEY); [
— B
| 150°C |
91%

Br (EtO),P

1}
34 59

The bromide 34 (1.03 g, 2.00 mmol, 1.0 eq.) was dissolved in 3 ml triethylphosphite
in a 25-ml-2-neckflask with condenser. It was heated to 150°C for 12 hours. The
reaction mixture was cooled to room temperature what lead to a precipitation. The
precipitate was filtrated off and washed with hexane and dried at high vacuum to give
a colorless powder (1.141 g, 91%).

'H NMR (250 MHz, CDCl3, 25 °C): & = 7.87 (2H, s); 4.08 (8H, m); 3.40 (4H, m); 1.29
(12H, t, *Jun = 7.1 Hz).

4,4'-(1E,1'E)-2,2'-(2,5-diiodo-1,4-phenylene)bis(ethene-2,1-diyl)dipyridine (60)
[180]

0 Q
P(OE), \\—QN

' NaH
—>
| THF
50°C

(EtO)zﬁ" 67%

59
The phosphonate 59 (315 mg, 0.50 mmol, 1.0 eq.) and sodium hydride (30 mg,
1.25 mmol, 2.5 eq.) were dissolved in 13 ml THF (crowncap) in a 50-ml-3-neckflask
with condenser and it was heated to 45°C. The solution turned purple. The aldehyde
(114 mg, 1.06 mmol, 2.1 eq.), dissolved in 0.8 ml THF, was added to the reaction
mixture over one hour. It was then stirred for another 30 minutes at 50°C, before the
reaction mixture was quenched with water. It was extracted 3x with chloroform. The
combined organic phases were washed with brine, dried over MgSQO., evaporated
and recrystallized from chloroform/hexane to give a yellow solid (180 mg, 67%).

'H NMR (400 MHz, CDCls, 25 °C): & = 8.64 (4H, m); 8.11 (2H, s); 7.42-7.38 (6H, m),
6.93 (2H, d, ®Jun = 16.0 Hz).
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1,4-Bis(4-methylthiophenyl)-2,5-bis((E)-4-vinylpyridine)benzene (62)

s~ K>,CO3
Pd(PPh3),
+ —_—
toluene/EtOH
B(OH), 8h

80°C
1%
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The iodide (60) (262 mg, 0.489 mmol) was suspended in toluene (20 ml) and EtOH
(5 ml) (both crowncap). K.CO3; (540 mg, 3.91 mmol), the boronic acid 61 (180 mg,
1.08 mmol, 2.2 eq.) and Pd(PPhs)s (56 mg, 0.0485 mmol) were added and it was
stirred for 8 hours at 80°C. The reaction mixture was then filtrated (hot), the filtrate
was evaporated and recrystallized from toluene to give a yellow solid (183 mg,
0.346 mmol, 71%).
Mp.: > 320 °C.
TLC R 0.18 (CHxCly, 1% MeOH).
'H NMR (400 MHz, CDCls, 25 °C): d = 8.54 (m, 4H), 7.73 (s, 2H), 7.39 (s, 8H); 7.35
(d, *Jnn = 16.4 Hz, 2H), 7.23 (m, 4H), 7.01 (d, *Jun = 16.0 Hz, 2H), 2.58 (s, 6H) ppm.
3C NMR (101 MHz, CDCls, 25 °C): & = 150.6, 144.9, 140.9, 138.9, 136.8, 134.9,
131.7, 130.6, 128.5, 127.9, 126.6, 121.3, 16.0 ppm.
MS (MALDI-TOF): found m/z = 528.9080, 528.1694 calculated for CzsH2sN2S5.

2-(Trimethylsilyl)ethyl-4’-bromopheny! Sulfide (64)['*"!

/\
SH 'S s~-TMS
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—_—
100°C
Br 67% Br
63 64

4-Bromothiophenol (63) (11.04 g, 58.4 mmol), trimethyl(vinyl)silane (10.0 ml,
67.8 mmol) and tert-butylperoxide (1.50 ml, 8.15 mmol) were placed in a 50-ml-3-
neckflask with condenser and were heated to 100°C for 2.25 h. The reaction mixture
was then cooled to room temperature and extracted with 10% aq. NaOH (200 ml)
and hexane (200 ml). The organic phase was washed with 10% ag. NaOH (100 ml),
dried over MgSOQO., filtrated and evaporated. The crude was then purified by
fractioned distillation to give a colorless liquid (11.3 g, 39.1 mmol, 67%).

TLC Rr 0.18 (hexane).
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'H NMR (400 MHz, CDCls, 25 °C): & = 7.39 (d, Jun = 8.5 Hz, 2H), 7.16 (d, *Jun =
8.5 Hz, 2H), 2.93 (m, 2H), 0.91 (m, 2H), 0.04 (s, 9H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 136.9, 132.2, 130.8, 119.8, 30.1, 17.2, -1.4
ppm.

MS (El): m/z (%) = 288.0 (9) [M"], 260 (12), 244.9 (10), 73.0 (100).

EA calcd: C = 45.67, H = 5.92, found: C = 45.70, H = 5.90.

4-(2-(trimethylsilyl)ethylthio)phenylboronic acid (65)1%%
g ~TMS n-BuLi g~ATMS
B(QiPr);
_—
© THF
Br -78;80/-0> rt B(OH)2
64 65

The bromide 64 (10.0 g, 34.6 mmol) was dissolved in dry THF (40 ml) in a 100-ml-
Schlenkflask and treated with n-BuLi (1.6 M in hexane, 34.6 ml, 55.4 mmol) at
-78 °C. It was stirred for 30 minutes before triisopropylborate (41.4 ml, 180 mmol)
was added. The reaction mixture was then stirred for 2 h at -78 °C, 2 h at -20 °C and
17 h at room temperature and then extracted with TBME (200 ml) and water (200
ml). The aqueous phase was washed with TBME (100 ml), the combined organic
phases were washed with brine (2 x 100 ml), dried over MgSQ,, filtrated and
evaporated. The crude was recrystallized from hexane to give a colorless solid
(5.20 g, 20.5 mmol, 59%).

Mp.: 144.3 —145.5 °C

'H NMR (400 MHz, CDCls, 25 °C): & = 8.10 (d, *Jun = 8.2 Hz, 2H), 7.36 (d, *Jun =
8.2 Hz, 2H), 3.05 (m, 2H), 1.00 (m, 2H), 0.09 (s, 9H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 143.7, 135.9, 126.4, 28.1, 16.6, -1.8 ppm.

MS (MALDI-TOF): found m/z = 254.9432, 254.0968 calculated for C11H19BO,SSi.
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1,4-Bis(4-(2-(trimethylsilyl)ethylthio)phenyl)-2,5-bis((E)-4-vinylpyridine)benzene
(66)

s™TMS  py(pphy),
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The iodide 60 (99.0 mg, 0.185 mmol) and the boronic acid 65 (103 mg, 0.406 mmol)
were dissolved in toluene (7 ml) and ethanol (2 ml). The mixture was degassed for 10
minutes, before K,CO3 (205 mg, 1.48 mmol) and Pd(PPhs)4 (20.0 mg, 0.0173 mmol)

was added. It was then stirred for 7.5 hours at 80 °C. The hot reaction mixture was

filtrated, washed with toluene, evaporated and purified by column chromatography
(silica gel, 2 x 12 cm, CH2Cl,, 1% MeOH) to give compound 66 as a colorless solid
(92.0 mg, 0.131 mmol, 71%).

Mp.: 158.5 -160.0 °C.

TLC R 0.34 (CHxCly, 5% MeOH).

'H NMR (400 MHz, CDCls, 25 °C): 5 = 12.80 (m, 4H), 7.74 (s, 2H), 7.43 — 7.33 (m,
10 H), 7.22 (m, 4H), 7.02 (d, Jnn = 16.2 Hz, 2H), 3.06 (m, 4H), 1.02 (m, 4H), 0.09 (s,
18 H) ppm.

C NMR (101 MHz, CDCls, 25 °C): & = 150.2, 144.5, 140.5, 137.5, 136.9, 134.4,
131.3, 130.2, 128.1, 128.0, 127.4, 120.9, 29.1, 16.8, -1.7 ppm.

MS (EI): m/z (%) = 700.3 (24) [M'], 672.3 (17), 644.3 (6), 73.0 (100).

GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 100%.

UV/Vis: Amax 280, 310, 342 nm.
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1,4-Bis(4-thioacetylphenyl)-2,5-bis((E)-4-vinylpyridine)benzene (57)
TMS

The starting material 66 (122 mg, 0.174 mmol) was dissolved in dry THF (20 ml) in a
100-ml-flask and the solution was saturated with argon. Then TBAF (1 M in THF,
3 ml, 3 mmol) was added and it was stirred for 1 hour at room temperature. To the
pinkish solution was then added acetyl chloride (0.4 ml, 4.6 mmol) at 0°C. The
reaction mixture turned yellow and was stirred for 30 minutes at room temperature.
Then chloroform (15 ml) and ethanol (15 ml) was added. The reaction mixture was
extracted with dichloromethane and water, the aqueous phase was washed three
times with dichloromethane, the combined organic phases were washed with brine,
dried over MgSO, and evaporated. The crude was purified by column
chromatography (silica gel, 1 x 12 cm, CHxCl,, 1% MeOH) to give the product 57 as
a yellow solid (85 mg, 0.145 mmol, 84%).

Mp.: 208.4 — 210.9 °C.

TLC R 0.18 (CHxCly, 5% MeOH).

'H NMR (400 MHz, CDCl3, 25 °C): & = 8.54 (m, 4H), 7.78 (s, 2H), 7.56 (d, *Jin = 8.2
Hz, 4H), 7.51 (d, 3Jun = 8.2 Hz, 4H), 7.32 (d, 3Jnn = 16.3 Hz, 2H), 7.23 (m, 4H), 7.03
(d, *Jun = 16.2 Hz, 2H), 2.50 (s, 6H) ppm.

C NMR (101 MHz, CDCls, 25 °C): & = 193.8, 150.3, 144.3, 140.9, 140.4, 134.5,
134.4, 130.7, 130.5, 128.2, 128.1, 127.6, 120.9, 30.4 ppm.

MS (MALDI-TOF): found m/z = 584.9146, 584.1592 calculated for CzsH2sN202S5.
GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 99.9%.
UV/Vis: Amax 291, 342 nm.
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6-bromonaphthalen-2-ol (68)

OH
BBr3 O
o~ T
0°C ->rt
quant. Br

68
2-Bromo-6-methoxynaphthalene (20.07 g, 84.6 mmol) was dissolved in dry
dichloromethane (150 ml) in a 250-ml-2-neckflask (dry, Ar). Boron tribromide
(8.00 ml, 84.6 mmol) was added in one shot at 0°C. It was stirred for 2 hours at 0 °C
and then another shot of boron tribromide (5.00 ml, 52.9 mmol) was added to the
reaction mixture. The ice-bath was taken away and it was stirred for 4 hours at room
temperature. The reaction mixture was then poured onto ice and it was extracted with
CHxCl, (150 ml). The aqueous phase was washed with CH,Cl, (2 x 150 ml), the
combined organic phases were dried over MgSQO,, evaporated and dried at high
vacuum to give 6-bromonaphtalen-2-ol as a colorless solid (18.9 g, 84.6 mmol,
100%).

Mp.: 127.0 -128.0 °C

TLC Rr 0.12 (hexane : CH,Cl, = 1 :1).

'H NMR (400 MHz, CDCls, 25 °C): 8 = 7.92 (s, 1H), 7.66 (m, 1H), 7.55 (d, *Jyn = 8.8
Hz, 1H), 7.49 (dd, Jnn = 8.8 Hz, 2°Uhn = 1.9 Hz, 1H), 7.12 (m, 2H), 5.12 (s, 1H) ppm.

C NMR (101 MHz, CDCls, 25 °C): & = 153.6, 133.0, 130.0, 129.8, 129.7, 129.0,
128.0, 118.7, 117.1, 109.6 ppm.

MS (El): m/z (%) = 224.0 (98), 222.0 (100) [M"].

EA calcd: C =53.84, H = 3.16, found: C = 53.70, H = 3.14.

6-bromonaphtalene-2-0-dimethylthiocarbamate (69)

* gsﬂz %

quant. Br
69

6-bromonaphtalen-2-ol (500 mg, 2.24 mmol) was dissolved in DMF (10 ml) and
added to a solution of sodium hydride (55 % moistened with oil, 193 mg, 6.72 mmol)
in DMF (8 ml) at 0°C. The ice bath was taken away and it was stirred for 30 minutes.

Then dimethylcarbamoylchloride (830 mg, 6.72 mmol) was added and it was stirred
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for 2 hours at 80°C and 15 hours at room temperature. The reaction mixture was
then extracted with 1% aqueous NaOH (100 ml) and TBME (100 ml). The aqueous
phase was washed with TBME (2 x 50 ml). The combined organic phases were
washed with brine and 5 % aqueous HCI (100 ml), dried over MgSO, and
evaporated. The crude was purified by column chromatography (silica gel, 3 x 12 cm,
CH.CI; : hexane = 5: 1) to give the thiocarbamate 69 as a colorless solid (695 mg,
2.24 mmol, 100%).

Mp.: 126.9 - 131.9 °C.

TLC Rr 0.43 (CH.CI; : hexane = 5: 1).

'H NMR (400 MHz, CDCls, 25 °C): & = 8.00 (s, 1H), 7.75 (d, *Jun = 8.9 Hz, 1H), 7.67
(d, *Jun = 8.7 Hz, 1H), 7.54 (d, Jun = 8.8 Hz, 1H), 7.46 (s, 1H), 7.27 (m, 1H), 3.48
(s, 3H), 3.39 (s, 3H) ppm.

®C NMR (101 MHz, CDCls, 25 °C): & = 188.0, 152.3, 133.0, 132.5, 130.3, 129.8,
128.5, 124.1, 120.0, 43.8, 39.2.

MS (El): m/z (%) = 310.9 (17) 309.0 (16) [M'], 88.0 (100).

EA calcd: C =50.33, H=3.90, N =4.52 found: C = 50.10, H = 3.80, N = 4.30.

6-bromonaphtalene-2-S-dimethylthiocarbamate (70)

1 R
\l}l 0 \r;l S
. . O
phenylether O
259°C
Br 89 % Br
69 70

The O-thiocarbamate 69 (4.70 g, 15.2 mmol) and phenylether (20.0 g) were placed in
a 100-ml-2-neckflask with condenser (dry, Ar) and it was heated to reflux (259 °C) for
1.5 hour. Denise | love you! The reaction mixture was then cooled to room
temperature and directly chromatographed (silica gel, 4 x 12 cm, hexane : EtOAc =
5:1 -> 3:1) to give the S-thiocarbamate 70 as a beige solid (4.20 g, 13.5 mmol, 89%).
Mp.: 106.5 - 108.2 °C

TLC R 0.20 (hexane : EtOAc = 5: 1).

'H NMR (400 MHz, CDCls, 25 °C): & = 8.00 (d, 2Jyn = 1.7 Hz, 1H), 7.98 (s, 1H), 7.75
(d, *Jup = 8.6 Hz, 1H), 7.68 (d, *Jun = 8.8 Hz, 1H), 7.57 (dd, 2Jun = 1.8 Hz, *Upp =
8.6 Hz, 1H), 7.56 (dd, 2Jun = 2.0 Hz, 3Jyn = 8.7 Hz, 1H), 3.13 (s, 1H), 3.04 (s, 3H)
ppm.
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3C NMR (101 MHz, CDCls, 25 °C): & = 166.6, 135.1, 134.2, 133.3, 131.8, 129.8,
129.7,129.5, 127.4, 126.8, 121.0, 36.9 ppm.

MS (EI): m/z (%) = 311.0 (8) 309.0 (8) [M"], 158.0 (12), 72.0 (100).

EA calcd: C = 50.33, H = 3.90, N = 4.52 found: C = 50.08, H = 3.83, N = 4.32.

6-bromonaphthalene-2-thiol (71)

O
\’}IJLS KOH X
Tweor %
A 5
70 7
A solution of the S-thiocarbamate 70 (3.48 g, 11.2 mmol) in MeOH (250 ml) was
saturated with Ar. Then solid KOH (5.22 g, 93.0 mmol) and it was heated to 80 °C for
2.5 hours. The reaction mixture was then quenched with 1 M aqueous HCI (250 ml)
at 0°C and it was extracted with CH,Cl, (300 ml). The aqueous phase was washed
with CH,Cl, (2 x 100 ml). The combined organic phases were washed with brine,
dried over MgSO4 and evaporated to give the thiol 71 as a beige solid (2.60 g,
10.9 mmol, 97 %).
Mp.: 175.6 — 178.6 °C.
TLC Rr 0.21 (hexane : EtOAc = 5: 1).
'H NMR (400 MHz, CDCls, 25 °C): & = 7.92 (s, 1H), 7.69 (s, 1H), 7.61 (d, ®Jun = 8.6
Hz, 1H), 7.55 (d, Jun = 8.8 Hz, 1H), 7.52 (dd, *Uyn = 1.8 Hz, *Jpn = 8.8 Hz, 1H),
7.34 (dd, 2Jup = 1.9 Hz, *Jyy = 8.6 Hz, 1H), 3.60 (s, 1H) ppm.
3C NMR (101 MHz, CDCls, 25 °C): & = 132.8, 132.6, 130.5, 130.2, 129.5, 129.2,
128.8, 128.1, 127.3, 119.8 ppm.
MS (EI): m/z (%) = 239.9 (100) 237.9 (98) [M™].
EA calcd: C =50.23, H = 2.95, found: C = 50.14, H = 2.96.
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6-bromonaphthalene-2-(2-(trimethylsilyl)ethyl)-thiol (72)
2TMS S/\/TMS
AIBN
* "o OO
96%
Br
72

The thiol 71 (2.05 g, 8.57 mmol), vinyl-trimethylsilane (5.5 ml, 37.9 mmol) and 2,2'-
Azobis(2-methylpropionitrile) (70.0 mg, 0.426 mmol) were placed in a 25-ml-

pressuretube. The tube was sealed and it was stirred for 24 hours at 100°C. The

reaction mixture was then evaporated. A precipitate was formed which was filtrated

off and washed with chloroform. The filtrate was evaporated and dried at high

vacuum to give compound 72 as a beige solid (2.78 g, 8.19 mmol, 96%).

Mp.: 39.3 — 40.3 °C.
TLC Ry 0.29 (hexane : CH,Cl, = 10 : 1).

'H NMR (400 MHz, CDCls, 25 °C): & = 7.94 (d, Jun = 1.7 Hz, 1H), 7.65 (m, 2H), 7.61
(d, ®Jun = 8.8 Hz, 1H), 7.53 (dd, 2Unn = 1.9 Hz, Uy = 8.7 Hz, 1H), 7.41 (dd, 2Jp =

1.9 Hz, 3Jup = 8.6 Hz, 1H), 3.06 (m, 2H), 0.55 (m, 2H), 0.07 (s, 9H) ppm.

®C NMR (101 MHz, CDCl3, 25 °C): 8 = 135.7, 132.5, 132.2, 129.82, 129.75, 128.6,

128.0, 127.3, 125.7, 119.1, 29.1, 16.7, -1.7 ppm.
MS (El): m/z (%) = 340.0 (11) 338.0 (11) [M"], 73.0 (100).
EA calcd: C = 53.09, H = 5.64, found: C = 53.23, H = 5.65.
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6-(2-(trimethylsilyl)ethylthio)naphthalen-2-ylboronic acid (73)

O B(OiPr)3 O
.
(J T J
-78°C ->rt
0,
Br 64% B(OH),
72 73

The bromide 72 (1.12 g, 3.29 mmol) was dissolved THF (15 ml) in a 25-ml-
Schlenkflask. N-BuLi (1.6 M in hexane, 3.50 ml, 5.60 mmol) was added at -78°C and
it was stirred for 25 minutes at this temperature. Then triisopropyl borate (3.50 ml,
15.2 mmol) was added. The reaction mixture was stirred for 1.7 hours at -78 °C,
2 hours at -20 °C and 3 hours at room temperature. The reaction mixture was then
quenched with water and extracted with TBME. The aqueous phase was washed
with TBME (3 x 50 ml). The combined organic phases were washed with brine (2 x
50 ml), dried over MgSO, and evaporated. The crude recrystallized from hexane to
give the boronic acid as a beige solid (757 mg, 2.49 mmol, 76%).

Mp.: 169.8 — 172.7 °C.

'H NMR (400 MHz, CDCl3, 25 °C): & = 8.72 (s, 1H), 8.24 (d, *Jun = 8.2 Hz, 1H), 7.93
(d, *Jun = 8.6 Hz, 1H), 7.83 (d, *Jun = 8.2 Hz, 1H), 7.67 (s, 1H), 7.43 (d, *Jyn = 8.6
Hz, 1H), 3.11 (m, 2H), 1.04 (m, 2H), 0.11 (s, 9H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): 5 = 137.2, 137.5, 136.2, 131.4, 130.8, 129.3,
126.6, 126.3, 124.8, 28.7, 16.6, -1.7 ppm.

MS (MALDI-TOF): found m/z = 299.13, 304.1125 calculated for C15sH21BO,SSi.

1,4-bis(6-(2-(trimethylsilyl)ethylthio)naphthalen-2-yl)-2,5-bis((E)-4-
vinylpyridine)benzene (74)

S/\/TMS
Pd(PPh3),
K,CO3
—_—

O toluene
EtOH
B(OH 80°C
(OH)2 39

60 73

The iodide 60 (87 mg, 0.162 mmol) and the boronic acid 73 (110 mg, 0.362 mmol)
were suspended in toluene (8 ml) and ethanol (2 ml). The mixture was degassed,
before Pd(PPhs)s (20 mg, 0.017 mmol) and K,CO3 (185 mg, 1.34 mmol) were added.
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The reaction mixture was exposed to microwaves (500 W, 80 °C) for 140 minutes.
The solid material was filtrated off, the filtrate was evaporated and chromatographed
(silica gel, 2 x 12 cm, CH2Cly, 1% MeOH -> 2% MeOH) to give the cruciform structure
74 as a yellow solid (110 mg, 0.137 mmol, 85%).

Mp.: 221.0 — 223.0 °C.

TLC Rf 0.13 (CH2Cl,, 2% MeOH).

'H NMR (400 MHz, CDCl3, 25 °C): & = 8.49 (d, *Jun =6.1 Hz, 4H), 7.90 - 7.87 (m,
6H), 7.83 (d, >Jun = 8.7 Hz, 2H), 7.79 (s, 2H), 7. 59 (dd, Jun = 1.7 Hz, *Jyp = 8.4
Hz, 2H), 7.49 (dd, 2Jun = 1.8 Hz, 2Jun = 8.6 Hz, 2H), 7.40 (d, *Jun = 16.3 Hz, 2H),
7.18 (d, *Jun = 6.2 Hz, 4H), 7.07 (d, Jnn = 16.2 Hz, 2H), 3.13 (m, 4H), 1.04 (m, 4H),
0.10 (s, 18H) ppm.

3C NMR (101 MHz, CDCl3, 25 °C): 5 = 150.2, 144.4, 141.1, 136.9, 136.0, 134.6,
133.0, 131.4, 131.3, 128.53, 128.52, 128.4, 128.3, 127.8, 127.5, 127.0, 125.6, 120.8,
29.2, 16.8, -1.7 ppm.

MS (El): m/z (%) = 801.2 (21) 800.3 (32) [M*], 772.3 (24) 73.0 (100).

UV: Amax 325 nm

GPC (oligopore 6 pm, toluene, UV/vis photodiode array detector) area 99.1 %.

1,4-bis(6-thioacetylnaphthalen-2-yl)-2,5-bis((E)-4-vinylpyridine)benzene (58)
T™S

The ethyl-TMS protected thiol 74 (190 mg, 0.237 mmol) was dissolved in THF (25 ml)
in a 100-ml-flask. The mixture was degassed before TBAF(1M in THF, 4.00 ml, 4.00
mmol) was added. It was stirred for 1 hour, then acetyl chloride (0.600 ml,
8.45 mmol) was added and it was stirred for 30 minutes. The reaction mixture was
quenched with ethanol (25 ml) and chloroform (25 ml). After stirring for 15 minutes,
the reaction mixture was extracted with water (200 ml) and CHCl, (100 ml). The
aqueous phase was washed with CH,Cl, (3 x 50 ml). The combined organic phases

were washed with brine, dried over MgSO,4 and evaporated. The crude was purified
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by column chromatography (silica gel, 2 x 12 cm, CH,Cly, 1% MeOH -> 2% MeOH) to
give the acetylated cruciform as a yellowish solid (94.0 mg, 0.137 mmol, 58%).

TLC Rf 0.25 (CH2Cl,, 5% MeOH).

Mp.: decomp. Above 250 °C

'H NMR (400 MHz, CDCls, 25 °C): & = 8.49 (d, 3Jun = 5.9 Hz, 4H), 8.06 (s, 2H), 7.98
— 7.95 (m, 6H), 7.89 (s, 2H), 7.63 (dd, 2Jun = 1.6 Hz, Jyn = 8.5 Hz, 2H), 7.55 (dd,
2Jin = 1.7 Hz, ®Jup = 8.5 Hz, 2H), 7.38 (d, *Jupn = 16.3 Hz, 2H), 7.21 (d, 3Jyp = 6.2
Hz, 4H), 7.09 (d, *Jin = 16.2 Hz, 2H), 2.51 (s, 6H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 194.2, 150.2, 144.3, 141.0, 138.7, 134.6,
134.3, 133.3, 132.8, 131.8, 130.9, 129.0, 128.6, 125.5, 128.3, 128.1, 127.8, 126.0,
120.9, 30.4 ppm.

MS (MALDI-TOF): found m/z = 684.0713, 684.1905 calculated for C44H3,N20,S..

UV: Amax 316 nm

GPC (oligopore 6 pm, toluene, UV/vis photodiode array detector) area 99.1%.
tetraethyl 1,4-phenylenebis(methylene)diphosphonate (76)%°"

P(OEt),

Br
¢ P(OEt)s %5
150°C

Br 70% (E0),P
75 76

1,4-bis(bromomethyl)benzene (1.16 g, 4.39 mmol) was dissolved in triethylphosphite

(7ml, 40.2 mmol) in a 50-ml-2-neckflask with condenser. It was heated to 150 °C for

15 hours. The reaction mixture was cooled to 0 °C and the formed precipitate was

filtrated off, washed with hexane and recrystallized from hexane to give the

phosphonate as a colorless solid (1.17 g,3.09 mmol, 70%).

Mp.: 75.5-76.5 °C.

'H NMR (400 MHz, CDCls, 25 °C): & = 7.24 (s, 4H), 4.00 (m, 8H), 3.12 (d, 2Jup =

20.2 Hz, 4H), 1.23 (t, *Jun = 7.1 Hz, 12H) ppm.

3C NMR (101 MHz, CDCl3, 25 °C): & = 130.2, 129.9, 62.1, 34.0, 32.7, 16.3 ppm.

MS (EI): m/z (%) = 378.1 (51) [M'], 270.1 (38), 242.2 (100), 104.1 (63).

EA calcd: C =50.79, H = 7.46, found: C = 50.98, H = 7.28.
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1,4-bis((E)-2-(pyridin-4-yl)vinyl)benzene (56)!'*"
0
OEt), O\‘—@N

P(
¢ NaH N\_/>—\\ C g
THF \ N
(EtO)ZF"l 5;%12
76 56
The phosphonate 76 (625 mg, 1.65 mmol) was dissolved in THF (25 ml) in a 50-ml-3-
neckflask. Sodium hydride (200 mg, 55% moistened with oil, 4.58 mmol) was added
and it was stirred for 20 minutes at 50 °C. 4-Pyrdinecarboxaldehyde (0.300 ml,
3.18 mmol), dissolved in THF (0.7 ml), was then added to the reaction mixture. It was
then stirred for 45 minutes at 60 °C. The reaction mixture was then extracted with
water (100 ml) and dichloromethane (50 ml). The aqueous phase was washed with
dichloromethane (3 x 50 ml), the combined organic phases were washed with brine,
dried over MgSO4 and reduced to a volume of 20 ml. A yellow precipitate was formed
which was filtrated off and dried at high vacuum (87 mg, 0.306 mmol, 19%).
Mp.: 266 - 268 °C.
'H NMR (400 MHz, CDCl3, 25 °C): & = 8.59 (m, 4H), 7.56 (s, 4H), 7.37 (m, 4H), 7.30
(d, *Jnn = 16.3 Hz, 2H), 7.05 (d, *Jun = 16.3 Hz, 2H) ppm.
3C NMR (101 MHz, CDCls, 25 °C): & = 150.3, 144.4, 136.5, 132.4, 127.5, 126.5,
120.8 ppm.
MS (EI): m/z (%) = 284.1 (100) [M™].
EA calcd: C =84.48, H=5.67, N =9.85, found: C =83.02, H =5.98, N = 9.46.
UV/Vis: Amax 353 nm.

2,5-Bis(4-(2-(trimethylsilyl)ethylthio)phenyl)paraxylene (77)

§™TMS  pd(PPhs), ™S

| KoCO3 \_\
, —— s OO
| toluene A
B(OH), EtOH TMS
80°C
33 65 98% 77

The boronic acid 65 (389 mg, 1.53 mmol) was dissolved in toluene (20 ml) and
ethanol (5 ml). The mixture was degassed for 10 minutes before
2,5-diiodoparaxylene (33) (232 mg, 0.648 mmol), Pd(PPhs)4 (160 mg, 0.139 mmol)
and K>COs3 (850 mg, 6.15 mmol) was added. The reaction mixture was then stirred
for 14 h at 80 °C, cooled to rt and extracted with TBME and water. The aqueous

phase was washed with TBME. The combined organic phases were washed with
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water and brine, dried over MgSQO,, evaporated and purified by CC (silica gel, 3 x 12
cm, hexane : EtOAc = 20 :1) to give 77 as a colorless solid (331 mg, 0.633 mmol,
98%).

Mp.: 116.6-117.4 °C.

TLC Rr 0.40 (hex : EtOAc = 20 :1).

'H NMR (400 MHz, CDCl3, 25 °C): & = 7.36 (d, *Jun = 8.5 Hz, 4H), 7.30 (d, *Jup =
8.5 Hz, 4H), 7.15 (s, 2H), 3.03 (m, 4H), 2.29 (s, 6H), 0.99 (m, 4H), 0.07 (s, 18H) ppm.
3C NMR (101 MHz, CDCl3, 25 °C): 5 = 140.2, 139.0, 135.8, 132.6, 131.8, 129.6,
128.3, 29.5, 19.9, 16.9, -1.7 ppm.

MS (EI): m/z (%) = 522.3 (33) [M'], 73.0 (100)

2,5-Bis(4-thioacetylphenyl)paraxylene (78)
TBAF

W ALY s — e OO
O OO,

rt
47%
77 78

The starting material 77 (41 mg, 0.0784 mmol) was dissolved in 5 ml THF. The
mixture was degassed for 15 minutes before TBAF (1M in THF, 3.00 ml, 3.00 mmol)
was added at rt. The reaction mixture was stirred for 45 minutes, then acetyl chloride
(1.50 ml, 21.0 mmol) was added at 0°C. After stirring for 15 minutes at 0°C, the
reaction mixture was quenched with ice and extracted with DCM/water. The aqueous
phase was washed twice with DCM. The combined organic phases were washed
twice with water, dried over MgSO4 and evaporated. The crude was purified by
column chromatography (silica gel, 1 x 12 cm, hex : EtOAc = 20 : 1) to give 78 as a
colorless solid (15 mg, 0.0369 mmol, 47%).

Mp.: 190.5 -195.8 °C.

TLC R 0.10 (hexane : EtOAc = 20 :1).

'"H NMR (400 MHz, CDCls, 25 °C): & = 7.48 (d, *Jun = 8.4 Hz, 4H), 7.42 (d, 3y =
8.4 Hz, 4H), 7.17 (s, 2H), 2.47 (s, 6H), 2.29 (s, 6H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 194.1, 142.7, 140.1, 134.1, 132.7, 131.9,
130.0, 126.3, 30.2, 19.9.

MS (EI): m/z (%) = 406.1 (39) [M?], 364.1 (26), 322.1 (100), 43 (14).

GPC (oligopore 6 pm, toluene, UV/vis photodiode array detector) area 99.8%.
UV/Vis: Amax 273 nm.
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Crystal data for 78: formula C4H2,0.S,, M = 406.57, F(000) = 856, colorless plate,
size 0.03 - 0.11 - 0.17 mm?, orthorhombic, space group Pbcn,Z =4, a = 9.6301(6)
A, b =11.3946(7) A, c = 18.8220(13) A, a = 90°, B = 90°, y = 90°, V = 2065.4(2) A®,
Deac. = 1.307 Mg - m™>. The crystal was measured on a Nonius KappaCCD
diffractometer at 223K using graphite-monochromated Mo K,-radiation with A =
0.71073 A, Omax = 30.629°. Minimal/maximal transmission 0.97/0.99, u = 0.275 mm™.
The COLLECT suite has been used for datacollection and integration. From a total of
97837 reflections, 3193 were independent (merging r = 0.033). From these, 1933
were considered as observed (1>3.00(1)) and were used to refine 127 parameters.
The structure was solved by direct methods using the program SIR92. Least-squares
refinement against F was carried out on all non-hydrogen atoms using the program
CRYSTALS. R = 0.0331 (observed data), wR = 0.0355 (all data), GOF = 1.0824.

Minimal/maximal residual electron density = -0.21/0.31 e A, Chebychev polynomial

weights were used to complete the refinement.
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2,5-bis(6-(2-(trimethylsilyl)ethylthio)naphthalen-2-yl)para-xylene (79)

~TMS
$ Pd(PPhy),  TMS

| oL = v
B
¢L . m g
| S
33 73

B(OH), 80°C ™S
100% 79

2,5-Diiodoparaxylene (91.0 mg, 0.254 mmol) and the boronic acid 73 (170 mg,
0.557 mmol) were dissolved in toluene (6 ml) and ethanol (1.5 ml). The mixture was
argon saturated before Pd(PPh3)s (66 mg, 0.057 mmol) and K,COg3 (285 mg, 2.06
mmol) was added. The reaction mixture was then stirred for 15 hours at 80 °C. The
insoluble material was filtrated off and washed with toluene. The filtrated was
evaporated and purified by column chromatography (silica gel, 3 x 12 cm,
CH,Cly:hexane = 1:1) to give the product as a colorless solid (158.3 mg, 0.254 mmol,
100%).

Mp.: 138.0 — 141.0 °C.

TLC Rr 0.49 (CH.CI; : hexane =1 : 1).

'H NMR (400 MHz, CDCls, 25 °C): 8 = 7.82 — 7.77 (m, 8H), 7.54 (d, *Jun = 8.4 Hz,
2H), 7.46 (d, *Jun = 8.6 Hz, 2H), 7.28 (s, 2H), 3.10 (m, 4H), 2.35 (s, 6H), 1.01 (m,
4H), 0.08 (s, 18H) ppm.

3C NMR (101 MHz, CDCl3, 25 °C): 5 = 140.7, 138.9, 134.8, 132.9, 132.6, 132.1,
131.5, 128.4, 127.66, 127.65, 126.6, 126.3, 29.5, 20.0, 16.9, -1.7 ppm.

MS (EI): m/z (%) = 623.3 (26), 622.3 (49) [M"], 566.2 (37), 73.1 (100).

2,5-bis(6-thioacetylnaphthalen-2-yl)para-xylene (80)

~ AR o
T™MS S C@ @ OQ S\_/TMS T’ C@ O OQ S):

rt
79 46% 80

The starting material 79 (104 mg, 0.167 mmol) was dissolved in THF (8 ml). The
solution was degassed, before TBAF (1M in THF, 1.70 ml, 1.70 mmol) was added.
After stirring for 45 minutes at room temperature more TBAF was added (1M in THF,
1.00 ml, 1.00 mmol). It was stirred for 2 hours, then more TBAF (1M in THF, 0.60 ml,
0.60 mmol) was added and it was stirred for another 30 minutes. Then acetyl chloride
(0.5 ml, 7.04 mmol) was added dropwise. The reaction mixture was poured onto ice
and extracted with CH,Cl,. The aqueous phase was washed with CH,Cl, (2 x 50 ml).

The combined organic phase was washed with brine, dried over MgSO, and
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evaporated. The crude was purified by column chromatography (silica gel, 2 x 12 cm,
CH.ClI; : hexane = 1 : 1) to give the acetylated rod 80 as a colorless solid (39.0 mg,
0.0770 mmol, 46%).

Mp.: 197.6 — 200.2 °C.

TLC Rr 0.55 (CH.CIy).

'H NMR (400 MHz, CDCls, 25 °C): & = 8.01 (s, 2H), 7.93 — 7.89 (m, 4H), 7.87 (s, 2H),
7.59 (dd, 2Jup = 1.4 Hz, 3Jyp = 8.4 Hz, 2H), 7.51 (dd, 2Jpn = 1.5 Hz, *Jyp = 8.5 Hz,
2H), 7.29 (s, 2H), 2.49 (s, 6H), 2.34 (s, 6H) ppm.

C NMR (101 MHz, CDCls, 25 °C): & = 194.4, 140.7, 140.6, 134.2, 133.3, 132.9,
132.4,132.1, 131.3, 128.9, 128.5, 127.7, 121.7, 125.2, 30.3, 20.0 ppm.

MS (EI): m/z (%) = 506.1 (31) [M"], 464.1 (35), 422.2 (100).

UVNVis: Amax 231, 261, 301 nm.

GPC (oligopore 6 pm, toluene, UV/vis photodiode array detector) area 99.0%.

(1E,1'E)-2,2'-(2,5-diiodo-1,4-phenylene)bis(ethene-2,1-diyl)dibenzene (82)'*!

Q
P(OEt), o
|
.
|
(EtO),P
1]
o}
59 81

The phosphonate 59 (638 mg, 1.01 mmol) was dissolved in THF (25 ml) in a 50-ml-2-
neckflask with condenser. Sodium hydride (55%, moistened with oil, 110 mg,
2.52 mmol) was added and it was stirred for 30 minutes at 40 °C. Then
benzaldehyde (0.260 ml, 2.56 mmol), dissolved in THF (0.7 ml) was added dropwise
over 1 hour at 50 °C. The reaction mixture was then stirred for 30 minutes at 60 °C.
Water was added and it was extracted with dichloromethane. The aqueous phase
was washed with dichloromethane (3 x 50 ml). The combined organic phase was
washed with brine, dried over MgSQy, filtrated and reduced to about a third of its
volume. A precipitate was formed which was filtrated off to give the product as a
beige solid (301 mg, 0.558 mmol, 55%).

'H NMR (400 MHz, CDCls, 25 °C): & = 8.09 (s, 2H), 7.56 (d, *Jun = 7.4 Hz, 4H), 7.40
(t, *Jun = 7.5 Hz, 4H), 7.31 (t, *Jyn = 7.3 Hz, 2H), 7.20 (d, Jun = 16.0 Hz, 2H), 6.99
(d, *Jnn = 16.0 Hz, 2H) ppm.
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1,4-Bis(4-(2-(trimethylsilyl)ethylthio)phenyl)-2,5-bis((E)-styrene)benzene (83)

Pd(PPhs),
K,CO;

toluene
EtOH
80°C
73%

The iodide 82 (116 mg, 0.217 mmol) and the boronic acid 65 (121 mg, 0.476 mmol)
were dissolved toluene (8 ml) and ethanol (2 ml). The mixture was degassed, before
Pd(PPhs)s (20 mg, 0.0173 mmol) and K,CO3 (239 mg, 1.74 mmol) were added. The
reaction mixture was exposed to microwaves (500 W, 85 °C) for 4 hours. The
reaction mixture was then evaporated, absorbed on silica and chromatographed
(silica gel, 2 x 12 cm, CHxCla:hexane = 1 : 4 -> 1 : 2) to give the product as a
colorless solid (110 mg, 0.157 mmol, 73%).

TLC Rr 0.61 (CH.CI, : hexane =1 : 1).

'"H NMR (400 MHz, CDCls, 25 °C): & = 7.42 (m, 12H), 7.31 (t, *Jun = 7.5 Hz, 4H),
7.23 (t, ®Jun = 7.2 Hz, 2H), 7.16 (d, *Jupn = 16.3 Hz, 2H), 7.08 (d, 3Jun = 16.2 Hz,
2H), 3.06 (m, 4H), 1.02 (m, 4H), 0.09 (s, 18H) ppm.

C NMR (101 MHz, CDCls, 25 °C): & = 139.8, 137.7, 137.4, 136.7, 134.6, 130.3,
129.7, 128.7, 128.2, 127.62, 127.57, 127.0, 126.6, 29.3, 16.9, -1.7 ppm.

MS (El): m/z (%) = 698.3 (95) [M'], 73.0 (100).

1,4-Bis(4-thioacetylphenyl)-2,5-bis((E)-styrene)benzene (84)

The starting material 83 (92.0 mg, 0.132 mmol) was dissolved in THF (10 ml). The
mixture was degassed, before TBAF (1M in THF, 3.00 ml, 3.00 mmol) was added.
After stirring for 55 minutes at room temperature, acetyl chloride (0.500 ml, 7.04

mmol) was added at 0°C. The reaction mixture was stirred for 40 minutes at room
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temperature, and then quenched with water at 0 °C. The mixture was then extracted
with CH2Cl,. The aqueous phase was washed with CH,Cl,. The combined organic
phase was dried over MgSOy, evaporated and chromatographed (silica gel, 2 x 12
cm, CH.CI, : hexane = 1 : 1) to give the cruciform 84 as a colorless solid (28.0 mg,
0.0480 mmol, 36%).

TLC Ry 0.41 (CHCl; : hexane =1:1).

Mp.: 237 — 239 °C followed by decomp.

'H NMR (400 MHz, CDCls, 25 °C): 8 = 7.76 (s, 2H), 7.55 (s, 8H), 7.40 (d, 3Jy = 7.3
Hz, 4H), 7.32 (t, *Jup = 7.5 Hz, 4H), 7.24 (t, °Jup = 7.2 Hz, 2H), 7.12 (m, 4H), 2.49 (s,
6H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 194.0, 141.6, 139.7, 137.2, 134.7, 134.2,
130.7, 130.3, 128.7, 127.8, 127.7, 127.0, 126.6, 126.4, 30.3 ppm.

MS (EIl): m/z (%) = 582.2 (100) [M"], 540.2 (96), 498.1 (38).

UV/Vis: Amax 295, 347 nm.

GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 99.2%.

1,4-bis(6-(2-(trimethylsilyl)ethylthio)naphthalen-2-yl)-2,5-bis((E)-
styrene)benzene (85)

s ~ATMS
Pd(PPh3)4
O K,CO3
O toluene
EtOH
B(OH 80°C
(OH)2 54%
73 82

The iodide 82 (91.0 mg, 0.170 mmol) and the boronic acid (107 mg, 0.352 mmol)
were dissolve in toluene (8 ml) and ethanol (2 ml). The mixture was degassed, before
Pd(PPhs)4 (25 mg, 0.0217 mmol) and K,CO3 (188 mg, 1.36 mmol) were added. The
reaction mixture was exposed to microwaves (500 W, 85 °C) for 3 hours and then
evaporated, absorbed on silica gel and chromatographed (silica gel, 2 x 12 cm,
hexane : CH.CIl, = 5:1 -> 1:1) to give the product as a colorless solid (73.0 mg,
0.0913 mmol, 54%).

TLC Rf 0.60 (CH,Cly:hexane = 1:1).
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'H NMR (400 MHz, CDCls, 25 °C): & = 7.94 (s, 2H), 7.87 -7.83 (m, 6H), 7.80 (s, 2H),
7.64 (dd, 2Jup = 1.7 Hz, 3Jyp = 8.4 Hz, 2H), 7.48 (dd, 2Jyn = 1.8 Hz, *Jyp = 8.5 Hz,
2H), 7.35 (d, *Jun = 7.2 Hz, 4H), 7.27 (t, *Jun = 7.4 Hz, 4H), 7.24 — 7.20 (m, 4H),
7.15 (d, ®Jun = 16.2 Hz, 2H), 3.13 (m, 4H), 1.04 (m, 4H), 0.10 (s, 18 H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 140.4, 137.7, 137.4, 135.4, 134.8, 132.9,
131.5, 129.8, 128.9, 128.6, 128.5, 128.4, 127.8, 127.7, 127.6, 127.0, 126.8, 126.6,
125.9, 29.3, 16.8, -1.7 ppm.

MS (El): m/z (%) = 798.3 (100) [M"].

1,4-bis(6-thioacetylnaphthalen-2-yl)-2,5-bis((E)-styrene)benzene (86)

The ethyl-TMS protected cruciform 85 (55 mg, 0.070 mmol) was dissolved in 10 ml
THF. It was degassed for 10 minutes before TBAF (1M in THF, 2.00 ml, 2.00 mmol)
was added at room temperature. The reaction mixture was stirred for 55 minutes,
then acetyl chloride (0.40 ml, 4.61 mmol) was added at 0°C. The mixture was stirred
for 40 minutes. Then 5 ml ethanol was added and it was extracted with water and
DCM. The aqueous phase was washed twice with DCM. The combined organic
phases were washed with water, dried over MgSQ,, evaporated and purified by
column chromatography (silica, 2x12 cm, CH,Cly,:hexane = 1:3 -> 1:1) to give the
product 86 as a colorless solid (9.00 mg, 0.0132 mmol, 19%).

TLC Ry 0.37 (CH2Clz:hexane = 1:1).

Mp.: 301 — 304 °C.

'H NMR (400 MHz, CDCls, 25 °C): & = 8.05 (s, 2H), 8.01 (s, 2H), 7.96 (m, 4H), 7.86
(s, 2H), 7.68 (dd, “Jpn = 1.7 Hz, Jyn = 8.5 Hz, 2H), 7.53 (dd, 2Jnn = 1.7 Hz, 3Jup =
8.5 Hz, 2H), 7.35 (d, *Jun = 7.2 Hz, 4H), 7.28 (m, 4H), 7.21 (m, 2H), 7.17 (s, 4H),
2.51 (s, 6H) ppm.
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3C NMR (126 MHz, CDCls, 25 °C): & = 194.3, 140.3, 139.5, 137.3, 134.8, 134.3,
133.3, 132.7, 131.5, 130.1, 129.1, 129.0, 128.7, 128.5, 127.9, 127.7, 126.6 (6C),
125.6 ppm.

MS (EI): m/z (%) = 682.2 (7) [M"], 640.2 (41), 598.2 (100).

UV/Vis: Amax 317, 354 nm.

GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 99.6%.
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7.2.2.2 Redox Switches

7.2.2.2.1 1,1’-Dithioalkyl Functionalized Ferrocene

(6-bromohexyl)(trityl)sulfane (89)

HSCPh
Na/EtOH

Brr NN Br Br/\/\/\,STrt
hexane

88 89

520%
Sodium (2.53 g, 0.110 mol, 4.3 eq.) was dissolved in 100 ml ethanol in a 250-ml-2-
neckflask. Triphenylmethanthiol (6.36 g, 23.0 mmol, 1.0 eq.) was added and the
suspension was stirred for 40 minutes at room temperature before adding via
dropping funnel to a solution of 1,6-dibromohexane (5.60 g, 23.0 mmol, 1.0 eq.) in
200 ml hexane in a 500-ml-3-neckflask. The reaction mixture was stirred for six hours
at room temperature and then filtrated. The filtrate was evaporated, absorbed on
silica and chromatographed (silica gel, 5 x 12 cm, hexane : EtOAc = 20 : 1) to give 89
as a colorless oil which solidifies foam like upon drying on high vacuum to give a
colorless solid (5.53 g, 12.6 mmol, 55%).

Mp.: 85.0 — 87.7 °C.

TLC Rf 0.45 (EtOAc: hexane = 1: 20).

'"H NMR (400 MHz, CDCls, 25 °C): 8 = 7.43 (d, *Jyn = 7.8 Hz, 6H), 7.29 (t, *Jyy = 7.8
Hz, 6H), 7.22 (t, ®Jun = 7.2 Hz, 3H), 3.35 (t, Jun = 6.8 Hz, 2H), 2.16 (t, *Jup = 7.2
Hz, 2H), 1.77 (quin, *Jun = 7.2 Hz, 2H), 1.40 (quin, *Jun = 7.1 Hz, 2H), 1.29 (4H, m)
ppm.

3C NMR (101 MHz, CDCls, 25 °C): d = 145.0, 129.6, 127.8, 126.5, 66.4, 33.8, 32.5,
31.8, 28.3, 28.0, 27.6 ppm.

MS (El): m/z (%) = 243.1 (100) [Trt].

EA calcd: C =68.33, H=6.19, N = 0.00 found: C = 68.35, H =6.20, N = 0.00.
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triphenyl(6-(tritylthio)hexyl)phosphonium bromide (90)

PPh;

Br/\/\/\,STrt _ BrPh3P/\/\/\/STrt
DMF
89 120°C 90

100%
The bromide 89 (1.63 g, 3.71 mmol, 1.0 eq.) and triphenylphosphine (973 mg, 3.71
mmol, 1.0 eq.) were dissolved in 10 ml DMF in a 25-ml-3-neckflask with condenser.
The reaction mixture was stirred for 13 hours at 120 °C. DMF was then directly
distiled off (8*102 mbar, oil bath: 100 °C). The residue was taken up in
dichloromethane and precipitated into rapidly stirring hexane. The hexane was
decanted off and the sticky-oily residue was dried at vacuum which led to foam
formation. After drying at high vacuum the phosphonium salt 90 was obtained as a
colorless powder (2.60 g, 3.71 mmol, 100%).
Mp.: 74-76 °C.
'"H NMR (400 MHz, DMSO, 25 °C): & = 7.90 (m, 3H), 7.77 (m, 12H), 7.31 (m, 12H),
7.23 (m, 3H), 3.51 (m, 2H), 2.05 (m, 2H), 1.43 (m, 2H), 1.30 (m, 2H), 1.20 (m, 4H)
ppm.
3C NMR (101 MHz, DMSO, 25 °C): 5 = 145.4 (Cq, s), 135.7 (Ct, d, *Jcp = 2.8 Hz),
134.4 (Ct, d, 2Jcp = 10.1 Hz), 131.1 (Ct, d, >Jcp = 12.4 Hz), 129.9 (Ct, s), 128.9 (Ct,
s), 127.5 (Ct, s), 119.4 (Cq, d, "Jcp = 85.6 Hz), 66.9 (Cq, s), 32.1 (Cs, s), 28.7 (Cs,
s), 28.4 (Cs, s) ppm (the CH; carbons in a-, B- and y-position to the phosphor couple
with the phosphor and their peaks are not seen in the spectra).?*®!
MS (FAB): m/z (%) = 621.3 (100) [M™].
EA calcd: C =73.60, H=6.03, N =0.00 found: C =70.98, H=6.33, N =0.16.

1, 1’-dicarboxaldehydeferrocene (92)?°"!

Y= V=N
Fe ——> Fe
o=
91 92

Ferrocene (5.0 g, 26.9 mmol, 1.0 eq.) was dissolved in 60 ml diethylether (crowncap)
in a 250-ml-3-neckflask (dry, Ar). n-BuLi (35.3 ml, 1.6 M in hexane, 57.0 mmol, 2.1
eq.) was added at -78 °C. Then tetramethylethylendiamin (TMEDA) (8.5 ml) was
added. It was stirred at room temperature for 17 hours. Then 6.5 ml DMF was added

(freshly distilled) dropwise over 20 minutes at -78°C. It was stirred for 2.5 hours at
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-78 °C and then quenched with water. The reaction mixture was extracted with
dichloromethane. The aqueous phase was washed twice with dichloromethane, the
combined organic phases were washed with water, dried over MgSOQy, filtrated and
evaporated. The crude was dissolved in 200 ml cyclohexane. The insoluble black shit
was filtrated off. The filirated was evaporated and recrystallized from cyclohexane to
give the dialdehyde 92 as a red solid (1.07 g, 16%).

'H-NMR (250 MHz, CDCls, 25 °C): & = 9.94 (2H, s), 4.78 (8H, m) ppm.

1,1’-(di(1-(7-tritylsulfanyl)hepten))ferrocene (93)

STrt

ST S P n-BuLi Q\N\/\/
BrPhyp N NNSTIE 4 Fe — Fe
< THF /\/\/\/\@
0°C-rt
90 92 85% TS 93

The phosphonium salt 90 (795 mg, 1.13 mmol, 1.0 eq.) was dissolved in 44 ml dry
THF in a 100-ml-2-neckflask. n-BuLi (1.6 M in hexane, 650 ul, 1.04 mmol, 0.92 eq.)
was added at 0 °C dropwise. The color changed from colorless to orange to dark
brown-reddish. It was stired for 40 minutes at 0 °C, then 1,1-
dicarboxaldehydeferrocene (92) (88 mg, 0.364 mmol, 0.32 eq.), dissolved in 25 ml
dry THF was added over 20 minutes. The reaction mixture was then stirred for three
hours at room temperature and it was then quenched with saturated aqueous sodium
bicarbonate. It was then extracted twice with TBME. The combined organic phases
were washed with brine, dried over MgSO,4 and evaporated. The crude was purified
by column chromatography (silica gel, 4 x 12 cm, CHxCl, : hexane = 1 : 1) to give the
olefin 93 as an orange oil (286 mg, 0.309 mmol, 85%).

TLC Rr 0.40 (CH.Cly: hexane = 1: 1).

'H NMR (400 MHz, CDCls, 25 °C): & = 7.42 (m, 12H), 7.28 (m, 12H), 7.20 (m, 6H),
5.96-5.89 (m, 2H), 5.42-5.35 (m, 2H), 4.24-4.13 (m, 8H), 2.15 (m, 8H), 1.41 (m, 4H),
1.30 (m, 8H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): 5 = 145.0, 129.62, 129.58, 127.8, 126.5, 125.4,
70.2, 69.61, 69.59, 66.4, 32.0, 29.3, 28.9, 28.8, 25.5 ppm.

MS (MALDI-TOF): found m/z = 926.6462, 926.3642 calculated for Ce2He2FeS..

EA calcd: C =80.32, H=6.74, N = 0.00 found: C = 80.13, H = 6.55, N = 0.00.
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1,1’-(di(1-(7-thioacetyl)heptane))ferrocene (87)

1.) NaBH
STrt 2-metr‘:yl-2-butene S‘(
Q\N\/\/ BF3*OEt, ©\/\/\/\/ o}
Fe > Fe
/\/\/\é\@ 2.) Et;SiH 0 /\/\/\/\Q
TS ACOH/ACCI Ns
93 3.) AcCl 87

NaH
44%

Sodium borohydride (46.2 mg, 1.22 mmol, 4.62 eq.) was suspended in 5 ml dry
dimethylethyl glycole (previously stored 2 days over CaCl, and then distilled over
Na/benzophenone). 2-Methyl-2-butene (344 pl, 3.25 mmol, 12.3 eq.) was added.
Then boron trifluoride etherate (196 ul, 1.58 mmol, 6.0 eq.) was added dropwise at
0 °C over 10 minutes. Then the olefin 93 (245 mg, 0.264 mmol, 1.0 eq.) dissolved in
4 ml dry dimethylethyl glycole was added dropwise. Gas evolution was observed
when a drop of the olefin was mixed with the dialkylborane solution. When the gas
evolution decreased the next drop of the olefin was added. Initially the orange color
of the olefin disappeared upon touching the surface of the colorless Sia,BH solution
but after a while the color remained. The temperature was always kept at 0 — 10 °C.
After complete addition of the olefin the reaction mixture was stirred additionally for
30 minutes at room temperature and for 45 minutes at 35 °C. Then triethylsilane
(400 pl, 0.250 mmol, 0.95 eq.) and 6 ml of an 1 : 1 mixture of acetyl chloride and
acetic acid (previously stirred for 10 minutes) were added simultaneously at room
temperature while cooling with an ice bath. The reaction mixture turned yellowish and
was stirred for 10 minutes at 38 °C and one hour at 100 °C. It was then cooled to
0 °C and acetyl chloride (0.5 ml, 14.1 mmol, 53 eq.) and sodium hydride (35 mg,
55 % on petroleum, 0.802 mmol, 3.0 eq.) were added. The reaction mixture was
stirred for 15 minutes at room temperature and was then quenched carefully with ice.
It was extracted with water and TBME. The aqueous phase was washed with TBME.
The combined organic phases were washed twice with brine, dried over MgSO,4 and
evaporated. The crude was absorbed on silica and purified by column
chromatography to give the target molecule 87 as yellow oil which tends to crystallize
(62.0 mg, 0.117 mmol, 44%).

TLC R 0.33 (EtOAc: hexane = 1 : §), yellow when stained with KMnO,4 dip.

'H NMR (400 MHz, CDCls, 25 °C): & =3.96 (m, 4H), 3.95 (m, 4H), 2.86 (t, *Unn =
7.3 Hz, 4H), 2.29 (t, *Jun = 7.8 Hz, 4H), 1.56 (quin, *Jyn = 7.3 Hz, 4H), 1.47 (m, 4H),
1.37 = 1.30 (m, 12H) ppm.
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3C NMR (101 MHz, CDCls, 25 °C): & = 196.0 (Cq), 89.2 (Cq), 68.6 (Ct), 67.7 (Ct),
31.2 (Cs), 30.6 (Cp), 29.5 (Cs), 29.40 (Cs), 29.37 (Cs), 29.1 (Cs), 29.0 (Cs), 28.7
(Cs) ppm.

MS (MALDI-TOF): found m/z = 530.6976, 530.1976 calculated for CgH4oFe0,S:.

EA calcd: C = 63.38, H=7.98, N = 0.00 found: C = 63.56, H = 8.06, N = 0.00.
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7.2.2.2.2 1,1’-Distyrene-Ferrocene Based Redox Switch

(4-(tert-butylthio)phenyl)methanol (95)1%%°]

Os HO
NaBH,
—_ "
EtOH
S rt S
K quant. \|<
44 95

In a 100 mL oven dried two-neck flask 4-(tert-butylthio)benzaldehyde (7.00 g,
36.0 mmol, 1.0 eq.) and dry EtOH (100 mL) was furnished and cooled with an ice
bath. NaBH4 (1.51 g, 39.9 mmol, 1.1 eq.) was added in portions during 10 min. while
stirring. The reaction mixture was stirred for 70 min. and then poured over ice (100 g)
containing HCI (4M, 60 mL). Saturated NaCl (300 mL) was added and then extracted
with 'BME (4x60 mL). The combined organics were washed with water (1x50 mL),
dried over MgSQO4 and concentrated in vacuo. Removal of the staying solvent on the
high vacuum gave the alcohol 95 as a colorless oil (7.11 g, 36.2 mmol, quant.,
Lit.#2%: 92 %).

TLC Rf=0.11 (TBME:hexane, 1:4).

'H NMR (400 MHz, CDCl3, 25 °C): & = 7.55-7.48 (m, 2H), 7.36-7.29 (m, 2H), 4.71 (s,
2H), 1.28 (s, 9H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 141.4, 137.6, 131.8, 126.9, 64.8, 45.9, 30.9.
MS(EI): m/z (%) = 196 (M*, 22), 140 (100), 107 (33), 77 (12), 57 (28) ppm.

EA: calculated: C = 67.30, H = 8.22, found: C = 67.24, H = 8.18.
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(4-(bromomethyl)phenyl)(tert-butyl)sulfane (96)?2°]
HO.

Br:
PBr3
é) diethylether g)
S\|< 82% S\|<

95 96
In a 250 mL oven dried three-neck flask (Ar) the alcohol (6.56 g, 33.4 mmol, 1.0 eq.)
and dry diethylether (65 mL) was added and cooled with an ice bath. PBr3 (3.50 mL,
36.7 mmol, 1.1 eq.) was added dropwise while stirring for about 15 min. The reaction
mixture was stirred at rt. For 90 min. and water (200 mL) was added slowly while
cooling. The layers were separated and the aqueous phase was extracted with dry
diethylether (3x60 mL). The combined organics were washed with brine (1x50 mL),
dried over MgSO, and filtered. Removal of the solvent gave a crystalline, white and
solid raw product (7.80 g, 30.1 mmol, 90 %). A recrystallization from hexane/EtOAc
did not afford more pure product and therefore the benzyl-bromide (7.10 g, 27.4
mmol, 82 %) was not purified any more for the next step.

TLC (SiO,, TBME:hexane, 1:4, UV): Rf = 0.59.

Mp: 54.5-54.9 °C (Lit.”!: 59-60°C)

'H NMR (400 MHz, CDCls, 25 °C): & = 7.53-7.47 (m, 2H), 7.38-7.31 (m, 2H), 4.49 (s,
2H), 1.29 (s, 9H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 138.2, 137.7, 133.1, 129.0, 46.2, 32.8, 31.0
ppm.

MS(EI): m/z (%) = 260 (M*, 7), 204 (13), 179 (8), 123 (100), 78 (5), 57 (38).

EA: calculated: C = 50.97, H = 5.83, found: C = 51.87, H = 5.66.

diethyl 4-(tert-butylthio)benzylphosphonate (97)?%°!

{
Br \_OC;P'O
P(OEt);
i) dioxane g)
SK o eo S
96 97

In a 100 mL oven dried two-neck flask (Ar) a solution of 4-(tert-butylthio)benzyl-
bromide (5.18 g, 20.0 mmol, 1.0 eq.) and triethyl-phosphite (4.40 mL, 27.3 mmol,
1.37 eq.) in dry dioxane (30 mL) was refluxed under argon over night. The solvent

was evaporated and the liquid crude product was transferred in a 25 mL flask. A
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vacuum distillation was done (145°C, 2.8 - 10 mbar) to give the desired, oily and
colorless phosphonate (4.34 g, 13.7 mmol, 68.7 %).

'H NMR (400 MHz, CDCls, 25 °C): 8 = 7.48-7.44 (m, 2H), 7.28-7.24 (m, 2H), 4.05-
3.94 (m, 4H), 3.18 (s, 1H), 3.12 (s, 1H), 1.26 (s, 9H), 1.22 (t, *Juy = 7.07 Hz, 6H)
ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 137.5, 132.5, 131.2, 129.9, 62.2, 45.8, 34.2,
32.9, 30.9, 16.4 ppm.

MS(EI): m/z (%) = 316 (M", 14), 260 (100), 232 (25), 204 (27), 123 (56), 81 (9), 57
(18).

EA: calculated: C = 56.94, H = 7.96, found: C = 55.51, H = 7.83.
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1,1’-di(4-tert-butylthio-E-styrene)ferrocene (98)

o
0!
P
o KO'Bu Q\y\@\ e
. oeFr THF S Fe S
Fe rt 7( 74
S 93%
K 0=/ 92 ’ 98

97
1,1’-ferrocenedicarboxaldehyde (75.0 mg, 0.310 mmol, 1.0 eq.) and the phosphonate
97 (215 mg, 0.680 mmol, 2.2 eq.) were dissolved in dry THF (5 ml) in a 25-ml-2-
neckflask (dry, Ar). Potassium tert-butoxide (187 mg, 1.67 mmol, 5.4 eq.) was then
added portion wise over 10 minutes at 0 °C. It was stirred for 3 hours at room
temperature. The reaction mixture was then extracted with water and
dichloromethane. The aqueous phase was washed three times with
dichloromethane. The combined organic phases were dried over MgSOy,
evaporated, absorbed on silica and chromatographed (silica gel, 2x12 cm,
hexane:EtOAc = 5:1) to give the product as a red solid (163 mg, 0.288 mmol, 93%).
Mp.: 163.5 - 167.4 °C.
TLC Ry 0.52 (hexane : EtOAc =5:1).
'H NMR (400 MHz, CDCls, 25 °C, grunder.445): & = 7.43 (d, ®Jun = 8.2 Hz, 4H), 7.28
(d, 3Jun = 8.2 Hz, 4H), 6.84 (d, *Jnn =16.2 Hz, 2H), 6.64 (d, *Jnn =16.2 Hz, 2H), 4.42
(m, 4H), 4.29 (m, 4H), 1.31 (s, 18H) ppm.
3C NMR (101 MHz, CDCls, 25 °C): & = 138.0, 137.7, 130.9, 127.3, 125.7, 83.8, 70.3,
68.2, 46.0, 31.0 ppm.
MS (ESI): m/z (%) = 566.4 [M"].
EA calcd: C =72.07, H=6.76, found: C =71.83, H = 6.82.
UV/Vis: Amax 306, 335 nm.
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1,1’-di(4-thioacetyl-E-styrene)ferrocene (94)

BBF3 /o)

7(8‘©\4\© %\// ~ )\SK —>t:l:;e \gs M 7 S~
98 20% 94

The starting material 98 (95 mg, 0.168 mmol, 1.0 eq.) was dissolved in a well
degassed mixture of 30 ml dry toluene and 7.5 ml acetyl chloride in a 100-ml-2-
neckflask (dry, Ar). Then Borontribromide (1 M in DCM, 0.400 ml, 0.400 mmol, 2.38
eq.) was added dropwise over 10 minutes at room temperature. The reaction mixture
was then stirred for 2 hours at room temperature and then quenched with ice/water at
0°C. The reaction mixture was extracted with toluene and water. The aqueous phase
was washed with 3 x 30 ml toluene. The combined organic phases were washed with
brine, dried over MgSO, and evaporated. The crude was purified by column
chromatography (silica gel, 2 x 12 cm, hexane : EtOAc = 5 : 1), to give the product as
a red solid (14 mg, 0.0260 mmol, 16%).
Mp.: 145.5 - 146.8 °C.
TLC R 0.25 (hexane : EtOAc =5:1).
'"H NMR (500 MHz, CDCls, 25 °C): & = 7.28 (d, *Jun = 8.4 Hz, 4H), 7.25 (d, 3y =
8.3 Hz, 4H), 6.77 (d, *Jnn = 16.1 Hz, 2H), 6.59 (d, *Jun = 16.2 Hz, 2H), 4.43 (m, 4H),
4.29 (m, 4H), 2.44 (s, 6H) ppm.
3C NMR (126 MHz, CDCls, 25 °C): & = 194.3, 138.8, 134.6, 127.7, 126.3, 125.6,
83.8, 70.3, 68.2, 30.2 ppm.
MS (ESI): m/z (%) = 538.3 [M].
EA calcd: C = 66.91, H = 4.87, found: C = 65.62, H = 4.85.
UV/Vis: Amax 302, 339 nm.
Crystal data for 94: formula C3oH26Cl4sFe20,S,, M = 736.17, F(000) = 748, red plate,
size 0.04 - 0.13 - 0.21 mm?, triclinic, space group P -1, Z =2, a = 10.5400(8) A, b =
11.4409(10) A, ¢ = 14.5335(11) A, a = 84.736(4)°, B = 71.076(4)°, y = 67.903(4)°, V =
1535.1(2) A3, Deac. = 1.593 Mg - m™. The crystal was measured on a Nonius
KappaCCD diffractometer at 173K using graphite-monochromated Mo K,-radiation
with A = 0.71073 A, Onax = 26.443°. Minimal/maximal transmission 0.83/0.94, y =
1.457 mm™'. The COLLECT suite has been used for datacollection and integration.
From a total of 18669 reflections, 6188 were independent (merging r = 0.058). From
these, 3717 were considered as observed (I>1.80(l)) and were used to refine 361

parameters. The structure was solved by direct methods using the program SIR92.
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Least-squares refinement against F was carried out on all non-hydrogen atoms using
the program CRYSTALS. R = 0.0550 (observed data), wR = 0.1721 (all data), GOF =
1.1351. Minimal/maximal residual electron density = -0.68/0.96 e A™. Chebychev

polynomial weights were used to complete the refinement.
cau c25
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7.2.3. Cross-Conjugated Molecular Rectifier

4-bromo-2-iodo-N,N-dimethylaniline (102)%*°!

NH, Mel N7
| K2CO3 !
—_—
DMF
Br 100 °C Br
21%
101 102

4-Bromo-2-iodo-aniline (511 mg, 1.72 mmol, 1.0 eq.) was suspended in 5 ml DMF
(crowncap) in a 25-ml-2-neckflask. K;CO3; (1.19 g, 8.60 mmol, 5.0 eq.) and methyl
iodide (322 pl, 732 mg, 5.16 mmol, 3.0 eq.) were added and it was heated to 100 °C
for 12 hours. The reaction mixture was then quenched with water and extracted with
TBME. The ag. Phase was washed three times with ether. The combined organic
phases were washed twice with brine, dried over MgSO,4 and evaporated. The crude
was purified by column chromatography (CC) to give the product 102 (116 mg,
0.356 mmol, 21%).

TLC Rr 0.32 (EtOAC: hexane = 1 : 20).

'H NMR (400 MHz, CDCls, 25 °C): & = 7.95 (s, 1H), 7.41 (d, *Jun = 8.5 Hz, 1H), 6.93
(d, *Jun = 8.5 Hz, 1H), 2.74 (s, 6H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 147.3, 140.2, 132.1, 110.8, 108.4, 84.9, 31.0
ppm.

1-(4-Bromophenyl)piperidine (106)24"!

NH,
K,CO;3
_—

tol/EtOH ©
Br 150 °C Br
0,
105 49% 106

4-Bromoaniline (1.00g, 5.81 mmol, 1.0eq.) and KyCOs (883 mg, 6.39 mmol,
1.10eq.) were suspended in 20 ml water in a 40-ml-pressuretube.
1,5-dibromopentane (874 pl, 1.47 g, 6.39 mmol, 1.10 eq.) was added, the tube was
sealed and exposed to microwaves (200 W, 120 °C) for 20 minutes. The reaction
mixture was cooled to rt and extracted with water and ethyl acetate. The aq. phase
was washed twice with ethyl acetate. The combined organic phases were washed
with brine, dried over MgSO4 and evaporated. The crude was purified by CC (silica
gel, 4 x 12 cm, hex:EtOAc = 20 : 1) to give the product in 49% yield (680 mg,
2.83 mmol, 49%).
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TLC Rr 0.48 (EtOAc: hexane = 1 : 20).
'H NMR (400 MHz, CDCls, 25 °C): & = 7.31 (d, Jun = 9.0 Hz, 2H), 6.79 (d, Jpn =
9.0 Hz, 2H), 3.12 (m, 4H), 1.68 (m, 4H), 1.59 (m, 2H) ppm.

5-Bromo-2-piperidinobenzaldehyde (109)**!

: G
S K,CO3 S
0, (), (v
N DMSO
B 120 °C
r 95% Br
108 109

2-Fluoro-5-bromobenzaldehyde (7.18 g, 35.4 mmol, 1.0 eq.) was dissolved in 20 ml
DMSO (crowncap) in a 50-ml-3-neckflask with condenser. Piperidine (3.84 ml,
3.31g, 38.9mmol, 1.1eq.) and KxCO3; (5.43 g, 39.3 mmol, 1.11 eq.) were then
added. The reaction mixture was stirred for 8.5 hours at 120 °C, then cooled to rt and
extracted with water and TBME. The aq. phase was washed three times with TBME.
The combined organic phases were washed three times with water, dried over
MgSOQO., evaporated and dried at high vacuum to give the product as a brownish oll
(8.98 g, 33.5 mmol, 95%).

TLC Rr 0.49 (EtOAc: hexane = 1: 10).

'H NMR (400 MHz, CDCls, 25 °C): & = 10.19 (s, 1H), 7.88 (d, *Jun = 2.5 Hz, 1H),
7.56 (dd, *Jup = 8.7 Hz, *Jup = 2.5 Hz, 1H), 6.97 (d, *Jnun = 8.7 Hz, 1H), 3.02 (m,
4H), 1.75 (m, 4H), 1.60 (m, 2H) ppm.

C NMR (101 MHz, CDCls, 25 °C): & = 190.2, 155.7, 137.3, 131.7, 129.9, 121.0,
115.0, 55.6, 26.1, 23.9 ppm.

MS (El): m/z (%) = 269.0 (99), 267.0 (100) [M"].
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5-Bromo-2-piperidino-(2,2-dibromovinyl)benzene (110)

E;j CBry N
o PPhs X Br
T B
CH,Cl, r
Br 0°C Br

109 quant.

110

Triphenylphosphine (1.33g, 5.07mmol, 4.0eq.) and 5-bromo-2-piperidino-
benzaldehyde (340 mg, 1.27 mmol, 1.0 eq.) were dissolved in 6 ml dichloromethane
(crowncap) in a 10-ml-schlenkflask. Carbontetrabromide (298 ul, 841 mg, 2.54 mmol,
2.0 eq.) was then added drop wise at 0 °C which led to a precipitation. It was stirred
for 30 minutes at 0 °C and then filtrated over a 2 x 3 cm silica plug, eluting with
hexane : ethyl acetate = 5 : 1. The filtrate was evaporated to give an colorless oil
which solidified upon drying at high vacuum (538 mg, 1.27 mmol,100%).

Mp.: 90.9-91.8 °C

TLC Rr 0.66 (EtOAc: hexane =1 : 5).

'H NMR (400 MHz, CDCls, 25 °C): & = 7.77 (d, “Jnn = 2.0 Hz, 1H), 7.46 (s, 1H), 7.38
(dd, ®Jun = 8.6 Hz, *Jpp = 2.3 Hz, 1H), 6.84 (d, Uy = 8.6 Hz, 1H), 2.85 (t, *Jyn = 5.2
Hz, 4H), 1.71 (m, 4H), 1.57 (m, 2H) ppm.

3C NMR (101 MHz, CDCl3, 25 °C): 5 = 151.4, 134.5, 132.0, 131.8, 131.4, 120.1,
114 .4, 89.9, 53.6, 26.4, 24.1 ppm.

MS (EI): m/z (%) = 424.9 (30), 422.9 (31) [M"], 344.0 (47), 341.9 (31), 264.0 (100).
EA calcd: C = 36.83, H=3.33, N = 3.30 found: C = 36.86, H = 3.33, N = 3.08.

5-Bromo-2-piperidino-1-(ethynyl)benzene (111)

0 0
/
Sl LDA Z
—_—
Br THF
Br -78°C Br

0,
110 29% 111

n-BuLi (1.6 M in hexane, 1.50 ml, 2.41 mmol, 4.0 eq.) was added to diisopropylamine
(183 pl, 244 mg, 2.41 mmol, 4.0 eq.) in 2 ml dry THF (crowncap) at -78 °C. It was
stirred for 10 minutes, and then transferred via syringe to a -78 °C solution of the
dibromoolefin 110 in 4 ml THF in a 10-ml-Schlenkflask. The pale brownish solution
turned immediately black. The cooling-bath was removed and it was stirred for one
hour. The reaction mixture was then quenched with water and extracted with TBME.

The aq. Solution was washed twice with TBME. The combined organic phases were
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washed twice with brined, dried over MgSO,4 and evaporated. The crude was purified
by CC (silica gel, 2 x 12 cm, hexane : ethyl acetate = 10 : 1) to give the product as a
colorless oil (46.0 mg, 0.174 mmol, 29%). Caution: The product is instable and needs

to be handled with care. It was directly used after isolation.

Alternative route:

» »

N TMS
Z
2 K,CO3
—»
THF/MeOH
Br rt Br

uant.
116 d 111

The TMS-protected acetylene 116 (225 mg, 0.669 mmol, 1.0 eq.) was dissolved in 10
ml THF and 10 ml MeOH in a 25-ml-Schlenkflask protected with an alumina foil to
avoid light irradiation. Then K,CO3 (102 mg, 0.736 mmol, 1.1 eq.) was added and it

was stirred for 3.5 hours at room temperature. The reaction mixture was then

R

quenched with water and extracted with dichloromethane. The aq. phase was
washed twice with dichloromethane. The combined organic phases were dried over
MgSO,, evaporated and dried at the high vacuum to give a yellowish oil (177 mag,
0669 mmol, 100%).

TLC Rr 0.57 (EtOAc: hexane = 1: 10).

'H NMR (400 MHz, CDCls, 25 °C): & = 7.58 (d, “Jnn = 2.5 Hz, 1H), 7.38 (dd, *Jpy =
8.7 Hz, *Jun = 2.5 Hz, 1H), 6.81 (d, *Jun = 8.7 Hz, 1H), 3.44 (s, 1H), 3.11 (m, 4H),
1.76 (m, 4H), 1.60 (m, 2H) ppm.

3C NMR (125.8 MHz, CDCls, 25 °C): 155.2, 136.7, 132.6, 119.5, 117.6, 113.0, 83.1,
81.1,52.7, 26.1, 21.1 ppm.

MS (El): m/z (%) = 265.0 (67), 264.0 (100), 263.0 (69) [M'], 262.0 (94), 236.0 (54),
234.0 (55).

EA calcd: C =59.11, H=5.34, N = 5.30 found: C =59.21,H=5.31, N =5.17.
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4-Bromo-6-(2-(3-bromo-6-piperidino)ethynyl)-1-(nitro)benzene (113)

Br
O Pd(PPhs),
N NO, cul
= | HNiPr,
+ —
©/ THF

111 112 113
The acetylene 111 (150 mg, 0.568 mmol, 1.0 eq.) was dissolved in 25 ml dry THF
and 10 ml dry diisopropylamine in a 50-ml-2-neckflask. It was degassed for
15 minutes, before 4-bromo-2-iodonitrobenzene (112) (186 mg, 0.568 mmol, 1.0 eq.),
Pd(PPhs)s (66.0 mg, 0.0571 mmol, 10.1 mol%) and Cul (11.0 mg, 0.0578 mmol,
10.2 mol%) were added at 0 °C. The reaction mixture was stirred for 18 hours at
room temperature and then quenched with water and extracted with
dichloromethane. The aq. Phase was washed twice with dichloromethane. The
organic phase was dried over MgSOQO,, evaporated, absorbed on silica gel and
purified by CC (silica gel, 3 x 12 cm, hexane : ethyl acetate = 20 : 1) to give the
product 113 as an orange solid which was further recrystallized from hexane
(193 mg, 0.416 mmol, 73%).
Mp.: 86.6 — 88.6 °C
TLC Rr 0.29 (EtOAc: hexane = 1 : 20).
'H NMR (400 MHz, CDCl3, 25 °C): & = 7.99 (d, *Jun = 8.8 Hz, 1H), 7.84 (d, *Jup =
2.1 Hz, 1H), 7.65 (d, *Jun = 2.5 Hz, 1H), 7.59 (dd, i = 8.8 Hz, *Jyn = 2.1 Hz, 1H),
7.39 (dd, ®Jpp = 8.8 Hz, “Uyn = 2.5 Hz, 1H), 6.83 (d, Jnn = 8.8 Hz, 1H), 3.17 (t, Uun
= 5.3 Hz, 4H), 1.76 (m, 4H), 1.60 (m, 4H) ppm.
3C NMR (101 MHz, CDCls, 25 °C): & = 154.9, 147.7, 137.1, 136.9, 133.5, 131.6,
127.7,126.2, 120.7, 119.6, 116.9, 113.0, 96.5, 89.4, 52.9, 26.2, 24.1 ppm.
MS (El): m/z (%) = 466.0 (29), 464.0 (63) [M'], 462.0 (30), 449.0 (38), 447.0 (81),
445.0 (38), 418.0 (50), 416.0 (94), 414.0 (45), 169.1 (100).
EA calcd: C=49.17,H=3.47, N = 6.04 found: C =49.40, H = 3.46, N = 5.94.
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5-Bromo-2-piperidino-1-(2-trimethylsilane-ethynyl)benzene (116)

(Nj (Nj T™S
/
B LDA =
—_—
Br THF
Br -78°C Br

0,
110 100% 116

The dibromoolefin 110 (1.34 g, 3.16 mmol, 1.0 eq.) was dissolved in 30 ml dry THF in
a 100-ml-3-neckflask. Lithium diisopropylamide (LDA) (2 M in THF/n-heptane/ethane-
benzene, 6.33 ml, 12.7 mmol, 4.0 eq.) was added dropwise at -78 °C. The reaction
mixture was stirred for two hours, then trimethylsilanechloride (2.70 ml, 21.1 mmol,
6.7 eq.) was added. It was stirred for one hour at -78 °C, and one hour at room
temperature. The reaction mixture was then quenched with water and extracted with
TBME. The aqueous phase was washed twice with TBME. The combined organic
phases were washed with water and brine, dried over MgSO, and evaporated. The
crude was purified by CC (silica, 4 x 12 cm, hexane : CH,Cl, = 1 :1) to give the TMS-
protected acetylene 116 as a colorless liquid (1.025 g, 3.05 mmol, 97 %).

TLC Rf 0.62 (hexane : CH,Cl, =1 :1).

'"H NMR (400 MHz, CDCls, 25 °C): & = 7.53 (d, “Jnn = 2.5 Hz, 1H), 7.31 (dd, *Jyp =
8.8 Hz, *Jun = 2.5 Hz, 1H), 6.74 (d, *Jun = 8.8 Hz, 1H), 3.11 (t, Jun = 5.2 Hz, 4H),
1.73 (m, 4H), 1.58 (m, 2H), 0.26 (s, 9H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 154.8, 136.5, 132.3, 119.2, 118.2, 112.8,
102.3, 100.7, 52.5, 26.2, 24.2, 0.0 ppm.

MS (EI): m/z (%) = 337.1 (20) [M?], 335.1 (20), 308.0 (37), 306.0 (36), 264.0 (100).
EA calcd: C =57.14, H=6.59, N = 4.16 found: C = 57.33, H =6.51, N = 3.97.



7 Experimental Section 271

5-(2-triisopropylsilylacetylene)-2-piperidino-1-(2-trimethylsilane-
ethynyl)benzene (117)

O =-TIPS O
N TMS  Pd(PPhs), N ™S
Z Cul Z
e~
NEt,

Br 60°C | |
77%
TIPS

116 117
The bromide 116 (985 mg, 2.93 mmol, 1.0 eq.) was dissolved in 35 ml triethylamine
in a 100-ml-3-neckflask. It was degassed for 15 minutes, then
triisopropylsilylacetylene (1.31 ml, 5.86 mmol, 2.0 eq.), Pd(PPhs)s (338 mg, 10 mol%)
and Cul (55 mg, 10 mol%) were added. The reaction mixture was heated to 60 °C
and stirred for 18 hours. After cooling to room temperature, water was added and it
was extracted with TBME. The aqueous phase was washed twice with TBME. The
combined organic phases were washed with water and brine, dried over MgSO4 and
evaporated. The crude was purified by CC (silica, 4 x 12 cm, hexane : CHxCl, = 2 :1)
to give the product 117 as a colorless oil which is crystallizing upon standing
(991 mg, 2.26 mmol, 77 %).
Mp.: 82.0-83.2 °C
TLC Rf 0.50 (hexane : CH,CI, = 2 :1).
'"H NMR (400 MHz, CDCls, 25 °C): & = 7.54 (d, “Jpn = 2.0 Hz, 1H), 7.32 (dd, *Jyn =
8.5 Hz, *Jun = 2.0 Hz, 1H), 6.78 (d, *Jun = 8.5 Hz, 1H), 3.16 (t, *Jnn = 5.2 Hz, 4H),
1.73 (m, 4H), 1.58 (m, 2H), 1.11 (s, 21H), 0.26 (s, 9H) ppm.
3C NMR (101 MHz, CDCls, 25 °C): & = 155.9, 138.4, 133.6, 117.7, 116.3, 116.1,
107.0, 103.5, 100.1, 89.5, 52.7, 26.6, 24.7, 19.1, 11.8, 0.5 ppm.
MS (EI): m/z (%) = 437.3 (100) [M™], 364.3 (60).
EA calcd: C=74.07, H=9.90, N = 3.20 found: C =74.12, H = 9.66, N = 2.90.
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5-(2-triisopropylsilylacetylene)-2-piperidino-1-(ethynyl)benzene (118)

Z K,CO4 Z
—_—
THF/MeOH
rt
I 100% I
TIPS TIPS

117 118
Compound 117 (738 mg, 1.69 mmol, 1.0 eq.) was dissolved in 40 ml THF and 40 ml
MeOH. It was degassed before a 1 M aqueous K,CO; solution (0.850 ml,
0.850 mmol, 0.5 eq.) was added. It was stirred for 4 hours at room temperature. The
reaction mixture was then quenched with water and extracted with TBME. The
aqueous phase was washed twice with TBME. The combined organic phases were
washed with water and brine, dried over MgSO,4 and evaporated and dried at high
vacuum to give the free acetylene 118 as ale yellowish oil (616 mg, 1.69 mmol,
quant.).
TLC Rr 0.42 (hexane : CH,Cl, = 2 :1).
'"H NMR (400 MHz, CDCls, 25 °C): & = 7.57 (d, *“Jun = 2.0 Hz, 1H), 7.36 (dd, *Jyn =
8.5 Hz, *Jpn = 2.1 Hz, 1H), 6.82 (d, *Jyn = 8.5 Hz, 1H), 3.37 (s, 1H), 3.14 (t, *Jyp =
5.2 Hz, 4H), 1.73 (m, 4H), 1.58 (m, 2H), 1.12 (s, 21H) ppm.
3C NMR (101 MHz, CDCls, 25 °C): & = 155.8, 138.2, 133.4, 117.6, 115.9, 115.2,
106.4, 89.4, 82.3, 81.8, 52.5, 26.0, 24.2, 18.7, 11.3 ppm.
MS (EI): m/z (%) = 365.3 (100) [M], 322.2 (90) 280.2 (57).
EA calcd: C =78.84, H=9.65, N = 3.83 found: C = 78.88, H=9.48, N = 3.96.

4-Bromo-6-(2-(3-(2-triisopropylsilylacetylene)-6-piperidino)ethynyl)-1-
(nitro)benzene (119)

112
Pd(PPh3)4

HNIPr2 NO,

THF
| |

TIPS 81% TIPS

The acetylene 118 (480 mg, 1.31 mmol, 1.03 eq.) and the iodide 112 (420 mg,
1.28 mmol, 1.00 eq.) were dissolved in 50 ml dry THF and 20 ml diisopropylamine in
a 100-ml-2-neckflask. It was degassed for 15 minutes, then Pd(PPhs)s (145 mg,

9.81%) and Cul (24 mg, 9.8 mol%) were added. The reaction mixture was stirred



7 Experimental Section 273

16 hours at room temperature and was then quenched with water and extracted with
CH.Cl,. The aqueous phase washed twice with CH2Cl,. The combined organic
phases were dried over MgSO,4 and evaporated. The crude was absorbed on silica
and purified by CC (silica gel, 4 x 12 cm, hexane : ethyl acetate = 20 : 1) to give
compound 119 as an orange solid (585 mg, 1.04 mmol, 81%).

Mp.: 90.1 —= 91.9 °C.

TLC Rr 0.52 (hexane : CH,CI, = 1:1).

'"H NMR (400 MHz, CDCls, 25 °C): & = 7.98 (d, *Jun = 8.5 Hz, 1H), 7.85 (d, *Jnn =
2.1 Hz, 1H), 7.65 (d, *Jpn = 2.0 Hz, 1H), 7.57 (dd, U = 8.8 Hz, *Ju s = 2.1 Hz, 1H),
7.40 (dd, *Jun = 8.5 Hz, *Jup = 2.1 Hz, 1H), 6.87 (d, *Jun = 8.6 Hz, 1H), 3.23 (t, *Unn
=5.4 Hz, 4H), 1.76 (m, 4H), 1.61 (m, 2H), 1.13 (s, 21H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 155.5, 147.7, 138.3, 137.2, 134.4, 131.4,
127.6, 126.1, 121.0, 117.7, 116.0, 114.6, 106.1, 97.4, 89.7, 88.7, 52.7, 26.1, 24.2,
18.7, 11.3 ppm.

MS (EI): m/z (%) = 566.2 (56), 564.2 (52) [M*], 549.2 (100), 547.2 (92).

EA calcd: C =63.70, H =6.59, N = 4.95 found: C = 63.70, H = 6.55, N = 4.91.
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4-(2-triisopropylsilylacetylene)-6-(2-(3-(2-triisopropylsilylacetylene)-6-
piperidino)ethynyl)-1-(nitro)benzene (120)

TIPS
Br =-TIPS Il
0 O Pd(PPhs)s O @
N Cul N
P =
Z No, — 7 No,
NEt;
60°C
I 8% Il
TIPS TIPS
119 120

The bromide 119 (282 mg, 0.500 mmol, 1.0 eq.) was dissolved in 40 ml triethylamine.
The solution was degassed for 15 minutes. Then triisopropylsilylacetylene (224 ul,
1.00 mmol, 2.0 eq.), Pd(PPhs)s (60.0 mg, 10.4 mol%) and Cul (10 mg, 10.5 mol%)
were added and it was heated to 60 °C and stirred at this temperature for 14 hours.
The reaction mixture was cooled to room temperature and extracted with water and
CH.CIl,. The aqueous phase was washed three times with CH,Cl,. The combined
organic phases were dried over MgSO4 and evaporated. The crude was absorbed on
silica and purified by CC (silica gel, 4 x 12 cm, hexane : ethyl acetate = 20 : 1) to give
the product 120 as a orange solid (258 mg, 0.387 mmol, 77%).

Mp.: 74.5 -76.5 °C.

TLC Rr 0.66 (hexane : ethyl acetate = 10 : 1).

'H NMR (400 MHz, CDCls, 25 °C): & = 8.06 (d, *Jun = 8.6 Hz, 1H), 7.80 (d, *Jun =
1.8 Hz, 1H), 7.67 (d, *Jupn = 2.0 Hz, 1H), 7.48 (dd, Unn = 8.6 Hz, “Uun = 1.8 Hz, 1H),
7.40 (dd, 3Jup = 8.5 Hz, *Jup = 2.0 Hz, 1H), 6.87 (d, *Jun = 8.6 Hz, 1H), 3.23 (t, *Unn
=5.4 Hz, 4H), 1.77 (m, 4H), 1.59 (m, 2H), 1.14 (m, 42 H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 155.5, 147.5, 138.3, 134.2, 131.2, 128.8,
125.0, 119.6, 117.7, 116.0, 115.0, 106.2, 104.1, 97.5, 96.4, 89.6, 89.4 ppm.

MS (EI): m/z (%) = 666.4 (28) [M"], 649.4 (100).

EA calcd: C=73.82,H=28.76, N = 4.20 found: C =73.62, H = 8.65, N = 4.13.
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4-(ethynyl)-6-(2-(3-(ethynyl)-6-piperidino)ethynyl)-1-(nitro)benzene (121)

The TIPS-protected compound 120 (179 mg, 0.269 mmol, 1.0 eq.) was dissolved in
20 ml THF. TBAF (1M in THF, 100 pl, 0.100 mmol, 0.37 eq.) was added in four
portions in a 30 minute interval at room temperature. The reaction mixture was stirred
for aOOnother 30 minutes and then quenched with water and extracted with
dichloromethane. The aqueous phase was washed three times with
dichloromethane, dried over MgSO, and evaporated. The crude was absorbed on
silica and purified by column chromatography (silica gel, 3 x 12 cm, hexane : ethyl
acetate = 20 : 1) to give 121 as a red solid (95 mg, 0.269 mmol, 100%).

Mp.: 108.7 - 110.0 °C.

TLC Rr 0.13 (hexane : ethyl acetate = 20 : 1).

'"H NMR (400 MHz, CDCls, 25 °C): & = 8.06 (d, *Jun = 8.5 Hz, 1H), 7.77 (d, *Jupn =
1.8 Hz, 1H), 7.68 (d, *Jun = 2.1 Hz, 1H), 7.51 (dd, Uy n = 8.5 Hz, “Uyn = 1.8 Hz, 1H),
7.40 (dd, *Jup = 8.5 Hz, “Uyn = 2.1 Hz, 1H), 6.87 (d, *Jin = 8.6 Hz, 1H), 3.34 (s, 1H),
3.25 (t, Jnn = 5.4 Hz, 4H), 3.02 (s, 1H), 1.76 (m, 4H), 1.61 (m, 2H) ppm.

C NMR (101 MHz, CDCls, 25 °C): & = 155.6, 148.3, 138.7, 137.9, 134.2, 131.6,
127.5, 125.0, 119.5, 117.7, 114.8, 114.2, 96.5, 89.2, 82.9, 82.2, 80.9, 76.5, 52.6,
26.1, 24.2 ppm.

MS (El): m/z (%) = 354.1 (59) [M™], 337.1 (100).

EA calcd: C=77.95,H=5.12, N=7.90 found: C=77.77,H=5.15, N = 7.60.
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4-(2-(4-thioacetylphenyl)-ethynyl)-6-(2-(3-(ethynyl)-6-piperidino)-(2-(4-
thioacetylphenyl)-ethynyl)-1-(nitro)benzene (100)

Y-sac

Pd(PPhs),
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THF
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The diacetylene 121 (76.0 mg, 0.214 mmol, 1.0 eq.) and the 4-iodo-thioacetlyphenyl
(145 mg, 0.521 mmol, 2.44 eq.) were dissolved in 12 ml dry THF and 5 ml
diisopropylamine in a 50-ml-2-neckflask. It was degassed for 15 minutes, and then
Pd(PPhs3)s (60.0 mg, 0.0519 mmol, 10 mol%) and Cul (10.0 mg0.0525 mmol,
10 mol%) were added. The reaction mixture was stirred for four hours at room
temperature and 30 minutes at 40 °C and then quenched with water and extracted
with dichloromethane. The aqueous phase was washed three times with
dichloromethane, dried over MgSO, and evaporated. The crude was purified by
column chromatography and then dissolved in small amounts of dichloromethane
and precipitated into rapidly stirring hexane. The precipitate was filtrated of and dried
at high vacuum to give target compound 100 as a red solid (99.6 mg, 0.152 mmol,
71%).

Mp.: 175 °C followed by decomposition.

TLC R 0.40 (hexane : ethyl acetate =2 : 1).

'H NMR (400 MHz, CDCl3, 25 °C): & = 8.12 (d, *Jun = 8.6 Hz, 1H), 7.83 (d, Uy =
1.7 Hz, 1H), 7.75 (d, *Jup = 2.1 Hz, 1H), 7.59 (d, 3Jyn = 8.5 Hz, 2H), 7.57 — 7.53 (m,
3H), 7.50 — 7.43 (m, 3H), 7.38 (d, *Jun = 8.4 Hz, 2H), 6.92 (d, *Jun = 8.6 Hz, 1H),
3.29 (t, ®Jpn = 5.4 Hz, 4H), 2.45 (s, 3H), 2.43 (s, 3H), 1.79 (m, 4H), 1.63 (m, 2H)
ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 193.6, 193.1, 155.4, 147.8, 138.3, 137.4,
134.3, 134.2, 133.7, 132.4, 132.0, 131.0, 129.5, 128.4, 127.6, 125.1, 124.8, 1231,
119.7, 117.8, 115.0, 114.9, 96.6, 93.6, 90.5, 89.5, 88.3, 88.1, 52.6, 30.4, 30.3, 26.1,
24.2 ppm.

MS (MALDI-TOF): found m/z = 654.7626, 654.1647 calculated for C3gH3oN204S5.
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7.2.4 A Characteristic Emission Signal from a Single Molecule Contacted
With Two Electrodes
N,N’-bis(4-ethynylphenyl)-2,6-di-((3,5-di-tert-butylphenyl)methanamine)-1,4,5,8-

tetracarboxylicacid diimide (132)

Q O Q O
— O TBAF _ O
TlF’ST@—N / N—@%TIPS T> _—@—N N—@—:
(0] O rt O O
NH NH
128 132

The TMS-protected starting material (91 mg, 0.075 mmol, 1.0 eq.) was dissolved in
20 ml THF in a 100-ml-2-neckflask (not dry, Ar). Then TBAF (1M in THF, 20 ul,
0.02 mmol, 0.27 eq.) was added and it was stirred at room temperature. Then more
TBAF (1M in THF) was added after 30 minutes (15 ul, 0.015 mmol, 0.2 eq.) and after
1 hour (40 pl, 0.04 mmol, 0.5 eq.). The reaction mixture was then stirred for 2 hours
and then filtrated over a silica plug, evaporated and chromatographed (silica gel, 1 x
12 cm, CH,Cl,) to give the free acetylene 132 as a dark blue, red fluorescent solid
(45 mg, 0.050 mmol, 67%).

TLC Ry 0.55 (CH.Cly).

Mp.: = 350°C

'H NMR (400 MHz, CDCls, 25 °C): d = 9.48 (m, 2H), 8.34 (s, 2H), 7.67 (d, *Ji = 8.5
Hz, 4H), 7.34 (t, “Jun = 1.7 Hz, 2H), 7.28 (d, *Jun = 8.5 hz, 4H), 7.19 (d, *Jhn = 1.8
Hz, 4H), 4.61 (d, *Jnn = 4H), 3.14 (s, 2H), 1.29 (s, 36H) ppm.

3C NMR (101 MHz, CDCl3, 25 °C): 5 = 166.6, 163.3, 151.9, 149.8, 136.3, 136.0,
133.7, 129.2, 126.7, 124.6, 123.4, 122.7, 122.5, 122.4, 119.7, 102.7, 90.7, 48.7,
35.3, 31.8 ppm.

MS (FAB): m/z (%) = 900.4 (26) [M™], 203.2 (100).

UV/Vis: Amax 566, 609 nm.

GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 99.9% (at
16.46 min.)
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1,4-bis(hexyloxy)benzene (136)
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Hydroquinone (135) (37.8 g, 343 mmol, 1.0 eq.) was suspended in acetonitrile (400
ml) in a 1000-ml-3-neckflask with condenser. 1-Bromohexane (100 ml, 712 mmol, 2.1
eq.) and K,COs3 (110 g, 795 mmol, 2.3 eq.) were then added and it was refluxed for
25 hours. The hot reaction mixture was then filtrated and washed with acetonitrile.
While cooling with an ice-bath, the product 136 was crystallizing. The crystals were
filtrated off, washed with acetonitrile and dried at high vacuum to give compound 136
as colorless crystals (51.0 g, 183 mmol, 53%).

'H NMR (250 MHz, CDCl3, 25 °C): & = 6.82 (s, 4H), 3.90 (t, ®Jun = 6.6 Hz, 4H), 1.75
(9, *Jnn = 6.6 Hz, 4H), 1.44 (m, 4H), 1.34 (m, 8H), 0.90 (m, 6H) ppm.

1,4-bis(hexyloxy)-2,5-diiodobenzene (137)1%°!
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1,4-bis(hexyloxy)benzene (136) (48.1 g, 173 mmol, 1.0 eq.), KIO3; (14.9 g, 69.5
mmol, 0.4 eq.) and iodine (48.7 g, 192 mmol, 1.1 eq.) were suspended in
concentrated acetic acid (1000 ml) and 10% aqueous sulfuric acid (100 ml) in a 2-I-3-
neckflask with condenser. It was heated to reflux (115°C)for 6 hours. Then 20%
aqueous NayS,04 (~800 ml) was added to the hot reaction mixture until the brown-
red color disappeared. The reaction mixture was cooled to room temperature what
led to precipitation of the product. The precipitate was filtrated off, washed with
ethanol and recrystallized from ethanol to give compound 137 as a colorless solid
(87.5 g, 165 mmol, 95%).

'H NMR (400 MHz, CDCl3, 25 °C): & = 7.17 (s, 2H), 3.92 (t, °Jun = 6.4 Hz, 4H), 1.79
(tt, *Jun = 6.5 Hz, 4H), 1.50 (m, 4H), 1.35 (m, 8H), 0.91 (m, 6H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 152.8, 122.7, 86.3, 70.3, 31.5, 29.1, 25.7,
22.6, 14.0 ppm.
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9-Trimethylsilylethynyl-phenanthren (142)?%!
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9-Bromophenanthren (5.26 g, 20.5 mmol, 1.0 eq.) was dissolved in Nets (60 ml) in a
100-ml-2-neckflask. It was degassed for 15 minutes, then trimethylsilylacetylene
(5.00 ml, 36.1 mmol, 1.80 eq.), Pd(PPhs)4 (760 mg, 0.658 mmol, 3.2 mol%) and Cul
(120 mg, 0.630 mmol, 3.1 mol%) were added. The reaction mixture was stirred for
hours at 95 °C. The insoluble material was filtrated off (hot) and washed with hexane.
The filtrate was evaporated and purified by column chromatography (silica gel, 4x12
cm, hex -> hex:DCM = 5:1) to give the product 142 as a yellowish oil (5.37 g,
19.6 mmol, 95%).

TLC Rf 0.22 (hexane).

'H NMR (400 MHz, CDCls, 25 °C): & = 8.69-8.64 (m, 2H), 8.46 (m, 1H), 8.05 (s, 1H),
7.85 (d, ®Jup = 7.9 Hz, 1H), 7.72-7.65 (m, 3H), 7.59 (m, 1H), 0.38 (s, 9H) ppm.

3C NMR (101 MHz, CDCl3, 25 °C): 5 = 132.8, 131.5, 130.8, 130.4, 129.0, 128.0,
127.50, 127.46, 127.4, 127.3, 123.1, 123.0, 119.9, 103.6, 99.6, 0.6 ppm.

MS (EI): m/z (%) = 274.1 (62) [M"], 259.1 (100).

EA calcd: C = 83.16, H = 6.61, found: C = 83.10, H = 6.69.

9-ethynyl-phenanthren (143)¢!
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The TMS-protected compound 142 (1.94 g, 7.07 mmol, 1.0 eq.) was dissolved in
methanol (50 ml) in a 500-mi-flask. It was degassed, before K,CO3; (200 mg, 1.44
mmol, 0.20 eq.) was added. The reaction mixture was stirred for 2.5 hours at room
temperature. The solvent was then evaporated and the residue was taken up in
dichloromethane and extracted with aqueous NaHCOs3. The organic phase was dried
over MgSO, and evaporated to give the product 143 as beige solid (1.32 g,
6.53 mmol, 92%).
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Mp.: 64.0-66.0 °C

TLC Ry 0.78 (hexane:CHCl, = 1:1).

"H NMR (400 MHz, CDCls, 25 °C): & = 8.71-8.65 (m, 2H), 8.48 (m, 1H), 8.08 (s, 1H),
7.86 (d, Juy = 7.9 Hz, 1H), 7.71-7.66 (m, 3H), 7.61 (m, 1H), 3.49 (s, 1H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 133.4, 131.5, 131.4, 130.9, 130.4, 129.0,
128.2, 127.6, 127.4, 127.2, 123.2, 123.0, 119.0 ppm.

MS (El): m/z (%) = 202.1 (100) [M"].

EA calcd: C = 95.02, H = 4.98, found: C = 94.46, H = 5.13.

[3-Cyanopropyl)dimethylsilylJacetylene (138) [2°"
N\\\/\/Sldi'\c' —_— > N\\\/\,Slzi\//
(3-cyanopropyl)dimethylsilyl chloride (8.20ml, 45.0 mmol, (0.9 eq.) was dissolved in
THF (30 ml) in a dry 250-ml-2-neck flask with dropping funnel. Ethynylmagnesium
bromide (0.5 M in THF, 100 ml, 50.0 mmol) was added at -20 °C dropwise over 80
minutes. The reaction mixture was allowed to warm to room temperature and it was
stirred over night. Then water was slowly added and it was extracted with TBME. The
aqueous phase was washed with TBME. The combined organic phase was washed
with brine, dried over MgSQ,, evaporated and dried at high vacuum to give a

brownish oil (7.30 g, 45 mmol, 100%).

'H NMR (400 MHz, CDCls, 25 °C): & = 2.41 (m, 3H), 1.78 (2H), 0.79 (m, 2H), 0.20 (s,
6H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): 8 = 119.6, 94.5, 88.1, 20.4, 15.4, -2.1 ppm.
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9-((4-((3-cyanopropyldimethyisilyl)ethynyl)-2,5-dihexyloxy-
phenyl)ethynyl)phenanthrene (144)
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The acetylene 143 (390 mg, 1.93 mmol, 1.09 eq.) and the iodide 139 (983 mg, 1.78
mmol, 1.0 eq.) were dissolved in THF (40 ml) and diisopropylamine (7 ml) in a
100-ml-2-neckflask with condenser. The mixture was degassed for 15 minutes, then
Pd(PPh3)s (200 mg, 0.173 mmol, 9.7 mol%) and Cul (33 mg, 0.173 mmol, 9.8 mol%)
were added. The reaction mixture was stirred for 20 hours at 45°C. The reaction
mixture was then evaporated and the crude was purified by column chromatography
(silica gel, 3 x 12 cm, hexane:DCM = 1:2) to give the product 144 as a yellow solid
(1.01 g, 1.61 mmol, 91%).
Mp.: 87.6-89.0 °C
TLC Rf 0.45 (hexane : CHxCl, = 1 :2).
'H NMR (400 MHz, CDCl3, 25 °C): d = 8.73-8.66 (m, 3H), 8.08 (s, 1H), 7.87 (d, JuH
= 7.8 Hz, 1H), 7.74-7.65 (m, 3H), 7.61 (m, 1H), 7.10 (s, 1H), 7.00 (s, 1H), 4.09 (t,
%Jun = 6.6 Hz, 2H), 4.04 (t, *Jun = 6.5 Hz, 2H), 2.45 (t, Jun = 7.0 Hz, 2H), 1.98
(quin, 3Jyn = 7.1 Hz, 2H), 1.86 (m, 4H), 1.58 (m, 4H), 1.43-1.27 (m, 8H), 0.94 (m,
3H), 0.88 (m, 5H), 0.29 (s, 6H) ppm.
C NMR (101 MHz, CDCls, 25 °C): & = 154.2, 153.7, 131.6, 131.3, 131.2, 130.3,
130.1, 128.6, 127.5, 127.3, 127.1, 126.9, 122.7, 122.6, 119.9, 119.7, 116.6, 116.5,
114.4, 113.2, 102.7, 97.9, 93.6, 90.6, 69.41, 69.36, 31.64, 31.59, 29.5, 29.3, 25.8,
25.7,22.7,22.6, 20.7, 20.5, 15.7, 14.1, 14.0, -1.8 ppm.
MS (EI): m/z (%) = 627.3 (100) [M™].
GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 99.9% (at
17.32 min.)
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9-((4-ethynyl-2,5-dihexyloxy-phenyl)ethynyl)phenanthrene (145)
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The starting material (144) (865 mg, 1.38 mmol, 1.0 eq.) was dissolved in THF
(40 ml) and methanol (40 ml). The mixture was degassed for 15 minutes, then K,CO3
(390 mg, 2.82 mmol, 2.04 eq.) was added. The reaction mixture was stirred for
30 minutes at room temperature and 1 hour at 0°C. It was then quenched with water
and extracted with dichloromethane. The aqueous phase was washed twice with
dichloromethane. The combined organic phases were washed with water, dried over
MgSO,4 and evaporated. The crude was absorbed on silica and purified by column
chromatography (silica gel, 3 x 12 cm, hexane:DCM = 5:1 -> 1:1) to give the product
145 as yellow solid (440 mg, 0.875 mmol, 63%).

Mp.: 79.5-81.5 °C

TLC Rf 0.20 (hexane : CHxCl, = 5 :1).

'H NMR (400 MHz, CDCls, 25 °C): & = 8.73-8.66 (m, 3H), 8.09 (s, 1H), 7.87 (d,
*Jun = 7.8 Hz, 1H), 7.74-7.63 (m, 3H), 7.61 (m, 1H), 7.13 (s, 1H), 7.04 (s, 1H), 4.07
(m, 4H), 3.38 (s, 1H), 1.97 (quin, ®Jyn = 7.1 Hz, 2H), 1.86 (quin, *Jun = 7.1 Hz, 2H),
1.55 (m, 4H), 1.38 (m, 8H), 0.93 (m, 3H), 0.86 (t, *Jyn = 7.2 Hz, 3H) ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 154.6, 154.1, 132.0, 131.7, 131.6, 130.8,
130.5, 129.0, 127.9, 127.8, 127.5, 127.4, 123.11, 123.07, 120.3, 117.54, 117.51,
117.2, 114.9, 113.1, 93.9, 90.9, 82.8, 80.5, 70.1, 69.9, 32.1, 32.0, 29.9, 29.6, 26.2,
26.0, 23.1, 23.0, 14.5, 14.4 ppm.

MS (EI): m/z (%) = 502.3 (100) [M™].

GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 99.0% (at
18.66 min.)
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9-((4-(4-((3-cyanopropyldimethyisilyl)ethynyl)-2,5-dihexyloxy-phenyl)ethynyl-
2,5-dihexyloxy-phenyl)ethynyl)phenanthrene (146)
) _\_\_\ Pd(PPhy /_/_/_ /_/_/_
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The acetylene 145 (355 mg, 0.706 mmol, 0.98 eq.) and the iodide 138 (400 mg,
0.723 mmol, 1.00 eq.) were dissolved in THF (20 ml) and diisopropylamine (5 ml) in a
50-ml-flask. It was degassed for 15 minutes, then Pd(PPhs)s (92 mg, 0.0796 mmol,
11 mol%) and Cul (13.8 mg, 0.0723 mmol, 10 mol%) were added. The reaction

mixture was stirred for 16 hours at 45 °C, was then cooled to room temperature,

quenched with water and extracted with dichloromethane and water. The aqueous
phase was washed twice with dichloromethane. The combined organic phases were
dried over MgSO, and evaporated. The crude was purified by column
chromatography (silica gel, 4 x 12 cm, DCM:hex = 2:1 -> 5:1) to give 146 as yellow
solid (590 mg, 0.701 mmol, 91%).

Mp.: 85.8-86.5 °C

TLC Ry 0.28 (hexane : CHxCl, = 1 :2).

'"H NMR (400 MHz, CDCls, 25 °C): & = 8.75-8.66 (m, 3H), 8.09 (s, 1H), 7.88 (d,
*Jun = 7.8 Hz, 1H), 7.74-7.65 (m, 3H), 7.61 (m, 1H), 7.15 (s, 1H), 7.07 (s, 1H), 7.00
(s, 1H), 6.96 (s, 1H), 4.10 (t, *Jun = 6.6 Hz, 4H), 4.04 (t, *Jun = 6.6 Hz, 2H), 4.00 (4,
(t, *Jun = 6.5 Hz, 2H), 2.44 (t, Jyy = 7.0 Hz, 2H), 1.99 (quin, *Jun = 7.1 Hz, 2H),
1.87-1.78 (m, 8H), 1.63-1.48 (m, 8H), 1.42-1.30 (m, 16H), 0.91 (m, 14H), 0.28 (s, 6H)
ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 154.2, 153.9, 153.5, 153.3, 131.5, 131.3,
131.2, 130.3, 130.1, 128.5, 127.41, 127.35, 127.0, 126.9, 122.7, 122.6, 120.0, 119.7,
117.4, 116.9, 116.7, 116.4, 114.9, 114.2, 113.9, 113.1, 102.6, 97.8, 93.5, 91.8, 91 .4,
90.8, 69.74, 69.67, 69.3, 69.2, 31.64, 31.61, 31.59, 31.56, 29.5, 29.27, 29.25, 25.8,
25.7,22.6, 20.6, 20.4, 15.7, 14.1, 14.03, 13.99, -1.8 ppm.

MS (EI): m/z (%) = 927.6 (100) [M™].

GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 99.9% (at
15.86 min.)
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9-((4-(4-ethynyl-2,5-dihexyloxy-phenyl)ethynyl-2,5-dihexyloxy-
phenyl)ethynyl)phenanthrene (147)
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The dimethylcyanopropylsilane protected acetylene 146 (120 mg, 0.129 mmol,
1.0 eq.) was dissolved in 5 ml THF and 5 ml methanol. K,CO3 (68 mg, 0.49 mmol,
3.8 eq.) was then added and it was stirred for 12 hours at room temperature. The
reaction mixture was then extracted with water and TBME. The aqueous phase was
washed with 3 x 20 ml TBME. The combined organic phases were washed with
brine, dried over MgSO, and evaporated. The crude was purified by column
chromatography (silica gel, 2 x 12 cm, CH,CI, : hexane =1 : 2 -> 1 : 1) to give the
compound 147 as a yellow solid (87.0 mg, 0.108 mmol, 90%).

TLC Rr 0.46 (CH.CI,: hexane =1:1).

Mp.: 98.5-100 °C

'H NMR (400 MHz, CDCls, 25 °C): & = 8.74-8.67 (m 3H), 8.09 (s, 1H), 7.87 (d, 3Jnn =
3H, 3H), 7.61 (t, *Jun = 7.9 Hz, 1H), 7.14 (s, 1H), 7.06 (s, 1H), 7.01 (s, 1H), 6.99 (s,
1H), 4.10 (t, *Jup = 6.6 Hz, 4H), 4.02 (m, 8H), 3.35 (s, 1H), 1.99 (quin, >Jyn = 7.1 Hz,
2H), 1.92-1.79 (m, 6H), 1.63-1.47 (m, 6H), 1.41-1.25 (m, 18H), 0.90 (m, 18H) ppm.
3C NMR (101 MHz, CDCls, 25 °C): & = 154.1, 153.9, 153.5, 153.3, 131.5, 131.3,
131.2, 130.3, 130.1, 128.6, 127.42, 127.37, 127.05, 126.9, 122.7, 122.6, 120.0,
117.9, 117.0, 116.5, 114.9, 114.3, 113.9, 112.6, 93.5, 91.6, 91.3, 90.8, 82.3, 80.1,
69.8, 69.7, 69.6, 69.4, 31.7, 31.62, 31.60, 31.5, 29.5, 29.3, 29.2, 29.1, 25.8, 25.68,
25.67, 25.6, 22.64, 22.58, 14.04, 14.01 ppm.

MS (El): m/z (%) = 802.5 (100) [M™].

GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 99.0% (at
16.69 min.)
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9-((4-(4-(4-iodo-2,5-dihexyloxy-phenyl)ethynyl-2,5-dihexyloxy-phenyl)ethynyl-
2 5-dihexyloxy-phenyl)ethynyl)phenanthrene (148)

Pd(PPh3)

Q; )/—\\ )/—\\ _ _Cu Qg )/—\\ )/—\\ Q
Pr),NH
° i

a0C _/_ﬂ J_ﬂ _/_ﬂ

The iodide 137 (530 mg, 1.00 mmol, 10.0 eq.) and the acetylene 147 (80.0 mg,
0.0996 mmol, 1.0 eq.) were dissolved in 10 ml THF and 2 ml diisopropylamine. It was
degassed for 15 minutes, before Pd(PPhs)4 (12.0 mg, 0.010 mmol, 10 mol%) and Cul
(2 mg, 0.01 mmol, 10 mol%) were added. It was then stirred for 3 hours at 60°C. The

reaction mixture was evaporated, absorbed on silica gel and chromatographed (silica
gel, 2 x 12 cm, CH2Cl, : hexane =1 :2 -> 1 : 1) to give compound 148 as a yellow
solid (96.0 mg, 0.0796 mmol, 80%).

Mp.: 119.9-120.9 °C

TLC Rr 0.29 (CH.CIy: hexane = 1:1).

'H NMR (400 MHz, CDCls, 25 °C): & = 8.75-8.67 (m, 3H), 8.09 (s, 1H), 7.88 (dd, *Jn
= 1.2 Hz, 3y = 7.9 Hz, 1H), 7.74-7.65 (m, 3H), 7.61 (td, *Jyn = 1.1 Hz, 3dqn = 7.4
Hz, 1H), 7.31 (s, 1H), 7.15 (s, 1H), 7.08 (s, 1H), 7.04 (s, 1H), 7.02 (s, 1H) 4.10 (t,
3Jun = 6.6 Hz, 4H), 4.06-3.99 (m, 6H), 3.96 (t, *Jun = 6.5 Hz, 2H), 2.00 (quin, *Jupn =
7.1 Hz, 2H), 1.85 (m, 10H), 1.62-1.48 (m, 12H), 1.42-1.30 (m, 24H), 0.90 (m, 18H)
ppm.

3C NMR (101 MHz, CDCls, 25 °C): & = 154.2, 153.9, 153.5, 153.47, 151.8, 131.5,
131.3, 131.2, 130.3, 130.1, 128.6, 127.42, 127.37, 127.1, 126.9, 124.0, 122.6, 120.0,
117.22, 117.2, 117.0, 116.4, 116.1, 114.4, 114.3, 114.2, 113.9, 113.8, 93.5, 91.64,
91.61, 91.1, 90.82, 90.79, 87.9, 70.06, 69.99, 69.8, 69.7, 69.6, 69.4, 31.7, 31.63,
31.61, 31.58, 31.5, 29.5, 29.3, 29.23, 29.16, 25.78, 25.75, 25.68, 25.67, 25.6, 22.7,
22.63, 22.59, 14.1, 14.03, 14.01 ppm.

MS (EI): m/z (%) = 1205.6 (29), 1204.6 (29) [M™], 77.0 (100).

UV/Vis: Amax 407 nm.

GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 99.0% (at
15.44 min.).
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Crystal data for 148: formula C74Hg3l11Os, M = 1205.45, F(000) = 1276, yellow block,
size 0.11 - 0.14 - 0.39 mm?, triclinic, space groupP-1,Z=2a=14.2136(6) A, b =
14.9988(6) A, ¢ = 16.9653(7) A, a = 113.668(2)°, B = 93.579(2)°, y = 97.560(2)°, V =
3257.2(2) A3, Deac. = 1.229 Mg - m™. The crystal was measured on a Area
diffractometer at 123K using graphite-monochromated Mo K,-radiation with A =
0.71073 A, Omax = 33.207°. Minimal/maximal transmission 0.93/0.94, u = 0.542 mm™.
The Apex2 suite has been used for datacollection and integration. From a total of
123417 reflections, 24657 were independent (merging r = 0.032). From these, 17295
were considered as observed (1>2.00(1)) and were used to refine 793 parameters.
The structure was solved by direct methods using the program SIR92. Least-squares
refinement against F was carried out on all non-hydrogen atoms using the program
CRYSTALS. R = 0.0435 (observed data), wR = 0.0692 (all data), GOF = 1.0863.
Minimal/maximal residual electron density = -0.36/1.85 e A, Chebychev polynomial

weights were used to complete the refinement.
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N,N’-bis(9-((4-(4-(4-iodo-2,5-dihexyloxy-phenyl)ethynyl-2,5-dihexyloxy-
phenyl)ethynyl-2,5-dihexyloxy-phenyl)ethynyl)phenanthrenyl)-2,6-di-((3,5-di-
tert-butylphenyl)methanamine)-1,4,5,8-tetracarboxylicacid diimide (122)

148 132

THF Pd(PPhgz)
Cul
5% (iPr)oNH

HN
\—)/_\\—O)/—\\—O)/—\\—/\OO— _O)=\_O)=\_)=\_
o T I Tt 2% a SN S S G

122
The blue acetylene 132 (20.7 mg, 0.0230 mmol, 1.0 eq.) and the yellow iodide 148
(57 mg, 0.0470 mmol, 2.04 eq.) were dissolved in 25 ml THF and 2 ml
diisopropylamine in a 50-ml-2-neckflask (dry, Ar). It was degassed for 15 minutes,
then Pd(PPh3)s (6 mg, 23 mol%) and Cul (1 mg, 23 mol%) were added. It was then
stirred for 23 hours at room temperature. The reaction mixture was evaporated and
chromatographed (silica gel, 1 x 12 cm, CH»Cl,) to give compound 122 as a green,
red fluorescent solid (67 mg, 0.0219, 95 %).
TLC Rr 0.31 (CH.CIy: hexane =2 : 1).
'H NMR (600 MHz, CDCls, 25 °C): & = 9.53 (m, 2H, NH), 8.73 (d, Jun = 7.9 Hz, 2H,
phenanthrene), 8.71 (d, ®Jun = 8.7 Hz, 2H, phenanthrene), 8.68 (d, 3Jin = 8.4 Hz,
2H, phenanthrene), 8.37 (s, 2H, NDI), 8.09 (s, 2H, phenanthrene), 7.88 (d, 3Jin = 7.1
Hz, 2H, phenanthrene), 7.72 (d, *Jun = 8.3 Hz, 4H, phenyl), 7.73-7.66 (m, 6H,
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phenanthrene), 7.61 (t, *Jun = 7.7 Hz, 2H, phenanthrene), 7.36 (s, 2H, NDI
substituent), 7.32 (d, Jyn = 8.4 Hz, 4H, phenyl), 7.22 (d, *J4n = 1.7 Hz, 4H, NDI-
substituent), 7.15 (s, 2H, OPE), 7.08 (s, 2H, OPE), 7.044 (s, 2H, OPE), 7.039 (m, 4H,
OPE), 7.035 (s, 2H, OPE), 4.64 (d, *Jyn = 5.1 Hz, 4H, N-CH,), 4.11 (t, *Ju = 6.6 Hz,
8H, OCH,), 4.06 (m, 16H, OCHy), 2.00 (quin, *Jyn = 7.1 Hz, 4H, CH.), 1.88 (m, 20H,
CH,), 1.57 (m, 24H, CH,), 1.37 (m, 48H, CH,), 1.30 (s, 36H, ‘Bu), 0.91 (m, 36H, CHs)
ppm.

3C NMR (151 MHz, CDCls, 25 °C): & = 166.2 (2C, Cq, C=0), 162.8 (2C, Cq, C=0),
153.8 (2C, Cq, C-0), 153.7 (2C, Cq, C-0), 153.4 (6C, Cq, C-0O), 153.3 (2C, Cq, C-0O),
151.2 (4C, Cq, NDI-substituent), 149.3 (2C, Cq, C-N), 135.7 (2C, Cq, NDI-
substituent), 134.8 (2C, Cq, C(phenyl), 132.4 (4C, Ct, CH(phenyl), 131.3 (2C, Ct,
CH(phenanthrene)), 131.1 (2C, Cq, C(phenanthrene)), 131.0 (2C, Caq,
C(phenanthrene)), 130.2 (2C, Cq, C(phenanthrene)), 129.9 (2C, Cq,
C(phenanthrene)), 128.6 (4C, Ct, CH(phenyl)), 128.4 (2C, Ct, CH(phenanthrene)),
127.2 (2C, Ct, CH(phenanthrene)), 127.1 (2C, Ct, CH(phenanthrene)), 126.9 (2C, Ct,
CH(phenanthrene)), 126.8 (2C, Ct, CH(phenanthrene)), 126.72 (2C, Ct,
CH(phenanthrene)), 126.2 (2C, Cq, NDI), 124.2 (2C, Cq, C(phenyl)), 122.5 (2C, Ct,
CH(phenanthrene)), 122.4 (2C, Ct, CH(phenanthrene)), 122.1 (4C, Ct, NDI-
substituent), 121.9 (2C, Ct, NDI-substituent), 121.8 (2C, Cq, NDI), 119.8 (2C, Cq,
C(phenanthrene)), 119.2 (2C, Ct, CH(NDI)), 117.0 (8C, Ct, CH(OPE)), 116.8 (2C, Ct,
CH(OPE)), 116.3 (2C, Ct, CH(OPE)), 114.4 (2C, Cq, C(OPE)), 114.3 (2C, Caq,
C(OPE)), 114.1 (4C, Cq, C(OPE)), 113.6 (2C, Cq, C(OPE)), 113.5 (2C, Cq, C(OPE)),
102.1 (2C, Cq, NDI), 93.9 (2C, Cq, C=C), 93.3 (2C, Cq, C=C), 91.4 (2C, Cq, C=C),
91.3 (6C, Cq, C=C), 90.6 (2C, Cq, C=C), 86.9 (2C, Cq, C=C), 69.6 (2C, Cs, OCH,),
69.5 (8C, Cs, OCHy;), 69.2 (2C, Cs, OCHy), 61.6 (2C, Ct, alkyl-3-CH>), 48.1 (2C, Cs,
N-CH,), 34.6 (4C, Cq, Bu), 31.69 (2C, Ct, alkyl-B-CH,), 31.66 (6C, Ct, alkyl-B-CHy),
31.65 (2C, Ct, alkyl-B-CH>), 31.3 (12C, Cp, Bu), 29.6 (2C, Ct, alkyl-y-CHy), 29.37
(2C, Ct, alkyl-y-CHy), 29.34 (6C, Ct, alkyl-y-CHy), 29.31 (2C, Ct, alkyl-y-CH), 25.81
(2C, Ct, alkyl-6-CHy), 25.77 (2C, Ct, alkyl-6-CHy), 25.72 (6C, Ct, alkyl-6-CHy;), 25.70
(2C, Ct, alkyl-6-CH,), 22.68 (4C, Ct, alkyl-e-CHy), 22.67 (4C, Ct, alkyl-e-CHy), 22.66
(2C, Ct, alkyl-e-CHy), 22.65 (2C, Ct, alkyl-e-CH3), 14.08 (2C, Cp, alkyl-CH3), 14.072
(4C, Cp, alkyl-CH3), 14.065 (4C, Cp, alkyl-CH3), 14.03 (2C, Cp, alkyl-CH3) ppm.
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MS (MALDI-TOF): found m/z (%) = 3058.24 (24), 3057.26 (51), 3056.27 (85),
3055.27 (100), 3054.27 (87), 3053.26 (40) [M']; calculated for CouogH244N4O16:
3058.86 (22), 3057.85 (48), 3056.85 (82), 3055.85 (100), 3054.84 (90), 3053.84 (40).
UV/Vis: Amax 609, 563, 415 nm.

GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 99.5% (at
12.34 min.)
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N,N’-bis(9-((4-(4-(4-iodo-2,5-dihexyloxy-phenyl)ethynyl-2,5-dihexyloxy-
phenyl)ethynyl-2,5-dihexyloxy-phenyl)ethynyl)phenanthrenyl)-2-((3,5-di-tert-
butylphenyl)methansulfide)-6-((3,5-di-tert-butylphenyl)methanamine)-1,4,5,8-

tetracarboxylicacid diimide (123)

148 134

THF Pd(PPhs)
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The pink acetylene 134 (25.0 mg, 0.0272 mmol, 1.0 eq.) and the yellow iodide 148
(68.0 mg, 0.0564 mmol, 2.07 eq.) were dissolved in 28 ml THF and 2.5 ml
diisopropylamine in a 50-ml-2-neckflask (dry, Ar). It was degassed for 15 minutes,
then Pd(PPhs)s (7 mg, 0.0061, 22 mol%) and Cul (1 mg, 20 mol%) were added. It
was then stirred for 15 hours at room temperature. The reaction mixture was
evaporated and chromatographed (silica gel, 2 x 12 cm, hex:CH.Cl, =1:2 -> 1:5) to
give compound 124 as a reddish solid (31 mg, 0.0101 mmol, 37 %).

TLC R 0.70 (CHCl2:hex = 5:1).

'H NMR (600 MHz, CDCls, 25 °C): & = 9.98 (s, 1H, NH), 8.88 (s, 1H, NDI), 8.73 (d,
3Jun = 7.7 Hz, 2H, phenanthrene), 8.71 (d, ®Jun = 8.1 Hz, 2H, phenanthrene), 8.68
(d, *Jun = 8.3 Hz, 2H, phenanthrene), 8.44 (s, 1H, NDI), 8.09 (s, 2H, phenanthrene),
7.88 (d, *Jun = 7.5 Hz, 2H, phenanthrene), 7.74-7.66 (m, 10H), 7.61 (t, *°Jpn = 7.5
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Hz, 2H, phenanthrene), 7.38 (s, 1H, NDI-substituent), 7.34 (d, 3JH,H = 8.2 Hz, 2H,
phenyl), 7.33 (d, 4JH,H = 1.3 Hz, 1H, NDI-substituent), 7.32 (d, 3JH,H = 8.3 Hz, 2H,
phenyl), 7.30 (d, 4JH‘H = 1.4 Hz, 2H, NDI-substituent), 7.22 (d, 4JH,H = 1.4 Hz, 2H,

NDI-substituent), 7.16 (s, 2H, OPE), 7.08 (s, 2H, OPE), 7.05 (m, 8H, OPE) 4.70 (d,
%Jun = 5.3 Hz, 2H, N-CH,), 4.39 (s, 2H ,S-CHy) 4.11 (t, ®Jun = 6.6 Hz, 8H, OCH,),
4.09-4.03 (m, 16H, OCH,), 2.00 (quin, >Jun = 7.1 Hz, 4H, CH,), 1.88 (m, 20H, CH,),
1.57 (m, 24H, CH,), 1.37 (m, 48H, CH,), 1.31 (s, 18H, ‘Bu), 1.30 (s, 18H, ‘Bu), 0.911
(m, 30H, CHs;), 0.908 (m, 6H, CH3) ppm.

3C NMR (151 MHz, CDCls, 25 °C): & = 166.496 (1C, Cq, C=0), 166.301 (1C, Cq,
C=0), 162.784 (1C, Cq, C=0), 162.393 (1C, Cq, C=0), 153.993 (2C, Cq, C-0),
153.602 (8C, Cq, C-0), 153.406 (2C, Cq, C-0), 151.257 (1C, Cq, N-C), 151.257 (4C,
Cq, NDI-substituent), 144.42 (1C, Cq, S-C), 135.237 (1C, Cq, NDI-substituent),
134.847 (1C, Cq, phenyl), 134.456 (1C, Cq, phenyl), 133.675 (1C, Cq, NDI-
substituent), 132.435 (2C, Ct, phenyl), 132.269 (2C, Ct, phenyl), 131.33 (2C, Cq,
C(phenanthrene)), 131.273 (2C, Ct, CH(phenanthrene)), 131.135 (2C, Caq,
C(phenanthrene), 130.158 (2C, Cq, C(phenanthrene)), 128.45 (1C, Ct, NDI), 128.45
(4C, Ct, phenyl), 128.367 (2C, Ct, CH(phenanthrene), 127.228 (1C, Cq, NDI),
127.205 (2C, Ct, CH(phenanthrene)), 127.205 (2C, Ct, CH(phenanthrene)), 127.032
(2C, Cq, C(phenanthrene)), 126.79 (4C, Ct, CH(phenanthrene)), 126.707 (2C, Ct,
CH(phenanthrene), 126.641 (1C, Cq, NDI), 123.906 (2C, Cq, phenyl), 123.552 (2C,
Ct, NDlI-substituent), 123.32 (1C, Cq, NDI), 122.473 (2C, Ct, CH(phenanthrene),
122.39 (2C, Ct, CH(phenanthrene)), 122.141 (1C, Ct, NDI-substituent), 121.975 (2C,
Ct, NDlI-substituent), 121.725 (1C, Ct, NDI-substituent), 121.562 (1C, Cq, NDI),
120.314 (1C, Ct, NDI), 119.999 (2C, Cq, C(phenanthrene)), 119.804 (1C, Cq, NDI),
116.91 (8C, Ct, CH(OPE)), 116.827 (2C, Ct, CH(OPE)), 116.27 (2C, Ct, CH(OPE)),
114.333 (2C, Cq, C(OPE)), 113.943 (8C, Cq, C(OPE)), 113.747 (2C, Cq, C(OPE)),
100.853 (1C, Cq, NDI), 94.015 (2C, Cq, C=C), 93.429 (2C, Cq, C=C), 91.671 (2C,
Cq, C=C), 91.476 (6C, Cq, C=C), 90.89 (2C, Cq, C=C), 87.178 (2C, Cq, C=C),
69.797 (2C, Cs, O-CHy), 69.722 (2C, Cs, O- CHy), 69.662 (4C, Cs, O- CHy), 69.56
(2C, Cs, O- CHy), 69.376 (2C, Cs, O- CHy), 48.086 (1C, Cs, N- CH;), 37.875 (1C, Cs,
S- CHy), 34.82 (4C, Cq, 'Bu), 31.667 (2C, Cs, CH, Alkyl B), 31.635 (8C, Cs, CH, Alkyl
B), 31.596 (2C, Cs, CH, Alkyl B), 31.394 (12C, Cp, Bu), 29.531 (2C, Cs, CH, Alkyl y),
29.304 (8C, Cs, CHz Alkyl y), 29.277 (2C, Cs, CH; Alkyl y), 25.784 (2C,Cs, CH, Alkyl
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0), 25.749 (2C, Cs, CH, Alkyl ), 25.689 (8C, Cs, CH; Alkyl &), 22.648 (12C, Cs, CH;
Alkyl €), 14.053 (10C, Cs, CHs alkyl), 14.01 (2C, Cs, CHj3 alkyl) ppm

MS (MALDI-TOF): found m/z (%) = 3075.39 (21), 3074.40 (50), 3073.40 (83),
3072.39 (100), 3071.39 (86), 3070.39 (41) [M']; calculated for CaosH243N3016S:
3075.81 (25), 3074.81 (51), 3073.81 (85), 3072.81 (100), 3071.81 (90), 3070.80 (40).
UV/Vis: Amax 567, 530, 415 nm.

GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 99.0% (at
12.28 min.)
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N,N’-bis(9-((4-(4-(4-iodo-2,5-dihexyloxy-phenyl)ethynyl-2,5-dihexyloxy-
phenyl)ethynyl-2,5-dihexyloxy-phenyl)ethynyl)phenanthrenyl)-2,6-di-((3,5-di-
tert-butylphenyl)methansulfide)-1,4,5,8-tetracarboxylicacid diimide (124)

e *Cg
Qgth =0T 0=
i
P*

148 133

THF Pd( PPh3
29A; (/Pr 2NH

124

The violet acetylene 133 (16.5 mg, 0.0176 mmol, 1.0 eq.) and the yellow iodide 148
(44 mg, 0.0365 mmol, 2.07 eq.) were dissolved in 25 ml THF and 2 ml
diisopropylamine in a 50-ml-2-neckflask (dry, Ar). It was degassed for 15 minutes,
then Pd(PPhs)s (5 mg, 0.0043mmol, 24 mol%) and Cul (0.7 mg, 20 mol%) were
added. It was then stirred for 21 hours at room temperature. The reaction mixture
was evaporated and chromatographed (silica gel, 1 x 12 cm, hex:CH,Cl, =1:2 ->
1:10) to give compound 124 as reddish solid (16 mg, 0.0051, 29 %).

TLC R 0.86 (CH.CIy).

'H NMR (600 MHz, CDCl3, 25 °C): & = 8.95 (s, 2H, NDI), 8.73 (d, Jyn = 7.8 Hz, 2H,
phenanthrene), 8.71 (d, Jyn = 8.7 Hz, 2H, phenanthrene), 8.67 (d, >Jin = 8.3 Hz,
2H, phenanthrene), 8.08 (s, 2H, phenanthrene), 7.87 (d, 3JH,H = 7.3 Hz, 2H,
phenanthrene), 7.71 (d, °Jyn = 8.3 Hz, 4H, phenyl), 7.73-7.66 (m, 6H,
phenanthrene), 7.61 (t, *Jyn = 7.6 Hz, 2H, phenanthrene), 7.34 (d, *Jyn = 1.6 Hz, 2H,
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NDI substituent), 7.33 (d, *Jun = 8.5 Hz, 4H, phenyl), 7.30 (d, “Jhn = 1.5 Hz, 4H,
NDI-substituent), 7.16 (s, 2H, OPE), 7.08 (s, 2H, OPE), 7.05 (s, 2H, OPE), 7.042 (m,
4H, OPE), 7.038 (s, 2H, OPE), 4.43 (s, 4H, S-CH,), 4.11 (t, *Jun = 6.6 Hz, 8H,
OCH,), 4.09-4.03 (m, 16H, OCH,), 2.00 (quin, *Jyx = 7.1 Hz, 4H, CH,), 1.88 (m, 20H,
CHa), 1.57 (m, 24H, CH,), 1.37 (m, 48H, CH,), 1.30 (s, 36H, ‘Bu), 0.91 (m, 30H,
CHjs), 0.87 (m, 6H, CH3) ppm.

3C NMR (151 MHz, CDCls, 25 °C): & = 163.4 (2C, Cq, C=0), 162.3 (2C, Cq, C=0),
153.9 (2C, Cq, C-0), 153.8 (2C, Cq, C-0), 153.5 (8C, Cq, C-0), 151.2 (4C, Cq, NDI-
substituent), 149.4 (2C, Cq, C-S), 134.0 (2C, Cq, phenyl), 133.2 (2C, Cq, NDI-
substituent), 132.4 (4C, Ct, phenyl), 131.3 (2C, Ct, phenanthrene), 131.1 (2C, Cq,
phenanthrene), 131.0 (2C, Cq, phenanthrene), 130.1 (2C, Cq, phenanthrene), 128.8
(2C, Ct, NDI), 128.5 (4C, Ct, phenyl), 128.4 (2C, Ct, phenanthrene), 127.2 (2C, Ct,
phenanthrene), 126.81 (2C, Cq, phenanthrene), 126.8 (4C, Ct, phenanthrene), 126.7
(2C, Ct, phenanthrene), 125.3 (2C, Cq, NDI), 124.4 (2C, Cq, phenyl), 123.8 (2C, Cq,
NDI), 123.5 (4C, Ct, NDl-substituent), 122.5 (2C, Ct, phenanthrene), 122.4 (2C, Ct,
phenanthrene), 122.2 (2C, Ct, phenanthrene), 121.9 (2C, Ct, NDI-substituent), 119.7
(2C, Cq, phenanthrene), 118.9 (2C, Cq, NDI), 117.0 (8C, Ct, CH(OPE)), 116.8 (2C,
Ct, CH(OPE)), 116.3 (2C, Ct, CH(OPE)), 114.5 (2C, Cq, C(OPE)), 114.2 (2C, Cq,
C(OPE)), 114.1 (4C, Cq, C(OPE)), 113.6 (2C, Cq, C(OPE)), 113.5(2C, Cq, C(OPE)),
93.8 (2C, Cq, C=C), 93.2 (2C, Cq, C=C), 91.5 (6C, Cq, C=C), 91.4 (2C, Cq, C=C),
90.6 (2C, Cq, C=C), 87.9 (2C, Cq, C=C), 69.82 (2C, Cs, OCH,), 69.75 (2C, Cs,
OCH,), 69.7 (4C, Cs, OCHy), 69.6 (2C, Cs, OCHy), 69.4 (2C, Cs, OCH,), 38.2 (2C,
Cs, S-CH,), 34.8 (4C, Cq, Bu), 31.6 (12C, Cs, Alkyl-B- CH,), 31.4 (12C, Cp, 'Bu),
29.5 (2C, Cs, Alkyl-y-CHy), 29.3 (10C, Cs, Alkyl-y-CHy), 25.79 (2C, Cs, Alkyl-56-CHy),
25.75 (2C, Cs, Alkyl-6-CH,), 25.70 (8C, Cs, Alkyl-6-CHy), 22.7 (12C, Cs, Alkyl-¢-
CHy), 14.1 (10C, Cp, Alkyl-CH3),14.0 (10C, Cp, Alkyl-CH3) ppm.

MS (MALDI-TOF): found m/z (%) = 3093.10 (13), 3092.09 (27), 3091.08 (58),
3090.10 (94), 3089.11 (100), 3088.11 (81), 3087.10 (37)[M']; calculated for
Ca08H242N2016S2: 3093.78 (12), 3092.78 (28), 3091.78 (57), 3090.77 (15), 3089.77
(100), 3088.77 (90), 3087.76 (40).

UV/Vis: Amax 530, 497, 415 nm.

GPC (oligopore 6 um, toluene, UV/vis photodiode array detector) area 99.0% (at
12.30 min.)
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8 Abbreviations

A

Ac

AC
Ac20
AIBN
aq.

br
BTMA ICI,
cBQT*
CMOS
CNT
COSY
Cp

Cq

Cs

Ct

CcVv

d

D

DC
DCM
diglyme
DIPA
DMF
DMI
DMSO
DNP
EA
EDG
El

eq.
ESI

acceptor
acetyl
alternating current

acetic acid anhydride

2,2'-azobis(2-methylpropionitrile)

aqueous

broad

benzyltrimethylammonium dichloroiodate
cyclobis(paraquat-p-phenylene)

complementary metal-oxide—semiconductor

carbon nano tube
correlation spectroscopy
primary carbon
quarternary carbon
secondary carbon
tertiary carbon
cyclovoltammetry
duplet

Donor

direct current
dichloromethane
dimethylethyl glycol
diisopropylamine
N,N-dimethylformamide
N,N-dimethyl imidazolidinone
dimethylsulfoxide
dioxynaphtalene
elemental analysis
electron donating group
electron impact
equivalent

electron spray ionization
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298 8 Abbreviations

Et ethyl

ethyl-TMS ethyl-trimethylsilane

EtOAc ethyl acetate

EWG electron withdrawing group

FAB fast atom bombardment

Fc ferrocene

FRET Forster resonance energy transfer
GPC gel permeation chromatography
GSCC ground state coconformer

hex hexane

HMBC heteronuclear multiple bond coherence
HMQC heteronuclear multiple quantum Coherence
HOMO highest occupied molecular orbital
HOPG highly-ordered-pyrolytic-graphite

HPLC high performance liquid chromatography
HWE Horner-Wadsworth-Emmons

hv light

ITO indium tin oxide

LB Langmuir-Blodgett films

LDA lithium diisopropylamine

LUMO lowest unoccupied molecular orbital

m multiplet

m/z mass per charge

MALDI matrix-assisted laser desorption/ionization
MCBJ mechanical controllable break junction
Me methyl

MIM mechanically interlocked molecules
Mp melting point

MS mass spectrometry

MSCC metastable coconformer

MSTJ molecular switch tunnel junctions

NBS N-bromosuccinimide

n-BuLi n-buthyl lithium

NDI naphthalene diimide
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NKR Newman-Kwart rearrangement
NMR nuclear magnetic resonance
NOESY nuclear Overhauser effect spectroscopy
OP oligophenylene

OPE oligo(phenylene ethynylene)
OPV oligo(phenylene vinylene)

OWL on-wire lithography

PDMS polydimethylsiloxane

Pg protection group

Ph phenyl

ppm parts per million

q quartet

quant. quantitative

Rf retention factor

RR rectification ratio

rt room temperature

S singlet

SAM self assembled monolayers
SECM scanning electrochemical microscopy
SEM scanning electron microscopy
SERS surface-enhanced Raman scattering
Sia,BH bis(3-methyl-2-butyl)borane

STM scanning tunneling microscopy
STS scanning tunneling spectroscopy
SWNT single walled carbon nano tube

t triplet

TBAF tetra-n-butylammonium fluoride
TBAOH tetrabutyl ammonium hydroxide
TBME tert-butyl methyl ether

‘Bu tert-butyl

TCNQ tetracyanoquinodimethane

TEM transmission electron microscope
TFA trifluoroacetic acid

THF tetrahydrofuran



300 8 Abbreviations
TIPS tri-iso-propylsilyl

TLC thin layer chromatography
TMEDA N,N,N’,N'-tetramethylenediamine
TMS trimethylsilyl

TMS tetramethylsilane

TOCSY totally correlated spectroscopy
ToF time of flight

Trt trityl

TTF tetra-thiafulvalene

UV/vis ultraviolet and visible

viv volume per volume
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10 Appendix

10.1 Contributions

All molecules were synthesized and characterized by Sergio Grunder except:

55 (Viviana Horhoiu), 95, 96, 97 (Pascal Schmidt), 101, 112 (Yann Leroux), 126, 127,
129, 130, 133, 134, 139 (David Mufioz), 125 and 128 (Alfred Btaszczyk).

The MCBJ measurements in chapter 2.3 and 3.2.2 were performed by Dr. Songmei
Wu (in the group of Dr. Michel Calame and Prof. Ch. Schénenberger), the MCBJ
measurements in chapter 3.1.2.3, 3.1.3 and 3.1.4.3 were performed by Dr. Roman
Huber (in the group of Dr. Michel Calame and Prof. Christian Schonenberger). The
Investigation on the SWNT-junctions in chapter 5.5 were performed by Christoph

Marquardt (in the group of Prof. Ralph Krupke).
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