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Thesis abstract

Abstract

This doctoral thesis focuses on synthesis of rigid star-shaped and rod-like
viologen oligomers. The work is divided in two parts: (1) synthesis, charac-
terization and electropolymerization of star-shaped and (2) rod-like viologens
oligomers. In the first part the preparation of viologen stars consisting of a
phenyl core with triple 1,3,5-branching, each branch consisting of a linear
alternating series of diphenyl (PhV*") and dibenzyl (BnV*™") viologens and a
variety of peripheral groups —X (Br, OH), is presented. A new electrochemical
method of electrode modification (Gold, GC, ITO and CNTs) with viologen
derivatives based on a benzyl radical coupling mechanism is described. The
radicals are excessively generated at the star periphery resulting in a highly
cross-linked polyviologen film with persisting star subunits. It was
characterized by CV, STM and UV-Vis methods. Redox-titration experiments
monitored by UV-Vis reveals that the reduction of the viologen stars begins at
the periphery with the formation of PhV*™", continues with generation of BnV™
and ends with the reduction of the radical cations in the same sequence.
Thus, viologen stars combine the unique redox and electrochromic property of
isolated phenyl and benzyl viologen in one molecule.

The second part of the thesis focuses on the step-wise synthesis of a
library of rigid rod-like conjugated difunctional viologen/diphenyl oligomers
with varying chain lengths including different side chain substitution. All
oligomers are soluble in DMSO or MeOH depending on the counter anion
(PFs or CI). In order to tune the solubility of the oligomers, the side chains
were varied from methoxy to butoxy and oligo(ethylene oxide). The most

solubilizing side-chains are of the oligo(ethylene oxide) type. All viologen

XXi



Thesis abstract

oligomers were characterized by means of 'H-NMR, C-NMR, elemental
analysis, optical spectroscopy and cyclic voltammetry. A simple surface
functionalization and grafting technique has been developed for covalent
binding of the viologen oligomers onto various conductive substrates e.g.: Au,
GC and ITO. These modified electrodes are suitable for potential applications
in designing field-effect transistors, sensors and supercapacitors. The polymer
layers were characterized by means of FT-IR, STM, XPS and CV.

The combined results presented in thesis represent a major advance in
electrode functionalization by n-dopable viologen polymers and herald a

variety of potential applications that make use of n-type semiconductors.
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Introduction and aim of the thesis

1 Introduction and aim of the thesis

The way nature organizes macromolecules in cells influences their
morphology and functions. Even the simplest organism such as the rod-
shaped tobacco mosaic virus has a well-defined form, because structure and
function are related to each other. The nature achieved a perfect fit of rigid
and flexible molecules into organisms. We can consider molecules inside of
an organism as “molecular construction kit’, analogous to the children’s
Tinkertoy construction set, which are used to built complicated objects from a
limited set or rods, connectors and other simple building elements. The
organism is build following a simple and logic concept: the rigid rod-like
molecules form the skeleton and allow the organism to build and hold its
shape, which in turns is obtained by the connection of flexible molecules to
the rigid ones. Thus, there is a connection between the molecular structure of
a molecule and its function. But, to obtain the perfect form, nature uses in its
constructive process semi-rigid rod-like molecules that interact easier with
other flexible molecules than the rigid one, and build macromolecules by non-
covalent interactions. So, several supramolecular architectures are created in
organisms such as spherical micelles, vesicles, fibers, supramolecular helices
or nanotubes. Each supramolecular system is different, but they are mutually
depending on each other. Together they make life possible.

This fact can also be a guide for organic synthesis, as some functions can
only be realized if the structure of a molecule is stable. The synthesis of large
molecules having a defined form is a big challenge for organic chemists.

In chemistry the term “molecular rod” refers to long molecules showing a

relatively rigid conformation. Their synthesis and characterization is an
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important task and opens new possibilities in various fields of research:
chemistry, material science and biochemistry.

Based on their unique properties, three applications for rod molecules are
evident; i.e. building blocks in supramolecular assemblies, in investigation of
long-range interactions (charge and energy transfer) and model systems for
polymers with special optical and electronic properties.

A variety of rod-like oligomers have been designed and synthesized over
the past century. Based on the C-C bonds type (single, double, triple) present
in the molecule they are divided in saturated and m-conjugated rods. Most
rod-like oligomers have extended T1r-system and consist of unsaturated
repetitive subunits such as oligo(phenylenes) (OP)," oligo(thiophenes),
oligo(phenylenevinylenes) (OPVs),>® oligo(p-phenyleneethylenes) (OPEs),*
oligo(p-benzamides),® oligodienes 1-3,° carbon-rich metal-containing comple-
xes,”® etc.

Only a few examples for molecular rods with a saturated backbone are

known (Fig.1.1).

PAVANTS W@h
{@ Sivgn h  PhC : -
Cbz—ND{ND}ND(E]

Figure 1.1 Examples of rigid rod-like non conjugated oligomers: a) oligo(cubyls);® b)

oligo(staffanes);" c) oligo(ladderanes)'" and d) oligo(piperidines).*

Their architecture was achieved by three different approaches concerning
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the connection of the building blocks: a) the building blocks are connected by
one bond (staffanes);"'* b) by two or more bonds'® and c) the building blocks

are connected by a spiroatom as for example in the case of oligospiranes.

1.2 General methods for the preparation of oligomers

Well defined oligomers have several advantages over polymers. It is
thoroughly understood that the well-defined architecture of oligomers facilitate
the investigation of structure-property relationship within an oligomeric series,

and thus they serve as model system for polymers.
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Scheme 1.1 Principle of the iterative divergent/convergent approach.
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Experimental tests of current theories for the correlation of molecular
architecture and physical properties require model molecules with precisely
defined structures. Unfortunately, oligomer synthesis is limited by their poor
solubility, difficult separation, and demanding characterization.

Generally oligomers are prepared following two stepwise approaches
(without and with activation of monomers end groups). In the first approach,
the elongation of the oligomer chain is achieved by stepwise addition of an
excess amount of monofunctional monomer to the active end of a growing
chain. In the next step, the end groups of the oligomeric chain are converted
into active groups that make them easier to react with monomers, and,
therefore, enabling the oligomer to extend its molecular length.

Well defined oligomers with different end groups are synthesized by
following the iterative divergent/convergent approach (Scheme 1.1).""® The
monomer with inactive end groups is introduced into the reaction after the
selective activation of one of the end groups. This approach is attractive
because the molecular length of oligomers grows rapidly, and, therefore, the

purification of the products is relatively easy."

1.3 Applications of rigid rod-like oligomers

The application of molecular rods depends on their nature of backbone
(saturated or 1r-conjugated) and its side chain functionality.

Based on their functional side chain they can manage catalysis, selective
chiral interactions, light emission, cross-linking, hydrogen-bonding and to form

an assembly, in consideration of their simple rod shape.
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1.3.1 Molecular rods as “light pipes”

The nanotechnology works with materials having very specific electronic
and mechanical properties suited for many applications. Synthetic chemists
are encouraged to design well-defined compounds which meet these
requirements. They have developed the ability to control the structure and
properties of the building blocks.

Due to their rigid character with the high shape-persistence the conjugated
rigid rod-like oligomers can be regarded as ideal candidates for molecular
wires. Their purpose is to provide efficient electron transfer through the
molecular backbone. One can expect that in assembling molecular circuits in
a bottom-up fashion, instead of building assembling components in a top
down fashion on a chip, a last step of device miniaturization will be achieved.

Several rigid rod-like disperse oligomers have been investigated as
potential materials for wires in electronic applications. The most investigated
molecular wires belong to oligo(p-phenylenes),? oligo(phenylenevinylene),?*

21,22

oligo(phenylene-ethynylene), oligo(thiophene),?® oligo (thiopheneethyny-

24,25 27,28

lene), carbon nanotubes,”® organometallic molecular wires,

27,28

oligoporphyrines, etc. Some representative structures are shown in Fig.

1.2.
Carbon nanotubes have been used as molecular wires in electronics?® but

they are difficult to handle due to their insolubility in most organic solvents™

and also due to the loss of electrical properties after functionalization.?'*2

Pyridine based oligomers®*>*

are a special class of molecular wires. They
have attracted enormous interest due to the ability to form coordination

compounds with metals since they are easily converted to salts which affords
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oligomers soluble in water or organic solvents and also due to their redox pro-

perties.

Figure 1.2 Examples of molecular wires based on conjugated molecules: a) oligo(p-
phenylene), b) oligo(phenylne-ethynylene), c) pyridinium oligomer, d) carbon nano-

tube, e) oligo(thiophene) and f) oligo(phenylenevinylene).

Extended viologens®® or viologen analogues™ should be also mentioned.
The rigid structure and the fully conjugated backbones make them candidates
for molecular wires. The synthesis of discrete viologen oligomers may be
crucial due to their unique redox and electrochromic properties: they not only
serve as model compounds for understanding the fundamental properties of
TT-conjugated viologen-based polymers derived from their oligomers, but also
due their natural electron affinity, which makes them candidates for n-type
semiconductors. Their synthesis will be discussed in more detail in Chapter 3.

Metal alkynyls molecular rods® have been shown to be ideal building
blocks for luminescent molecular rods, in which the luminescence can be
tuned by changing the alkynyl ligands. Much interest exists in preparing rod-
like conjugated systems that capable of absorbing light at one end and
emitting light at the other end.*” The excitation of the donor at one end of the
rod leads to energy transfer to the acceptor at the other end of the rod, Fig.

1.3. These types of molecular rods tend to form columnar stacks due to the 11-
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T interactions between donor and acceptor and are used in the construction
of solar cells. The advantage in such solar cells is that the photogenerated
exciton split off at the place where is formed.

Nanofibres were grown from oligothiophene or oligophenylene on silicate
sheet substrate by Hot-Wall Epitaxy (HWE).*® The formed nanofibre show
highly polarized emission which make them useful in several applications like

waveguides, frequency doublers and lasers.

A
D conjugated backbone
Il
molecular wire

Figure 1.3 Electron transfer from excited donor (at one end of the rod) to the

acceptor (at the other end of the rod).*

1.3.2 Rod-like oligomers in biomembrane models
Highly hydrophobic rigid rod-like molecules labeled with fluorophores can
be assembled within the hydrophobic core of membranes in order to fulfill

many functions of some proteins found throughout the cell membrane .

_ thickness of lipid bilayer host
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S

length of rigid-rod guest

Figure 1.4 Orientation of the rod-like molecule guest within lipid bilayers of the host

biomembrane, adapted from literature.*
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It has been shown that the oligo(p-phenylenes) can be tuned to recognize
the lipid bilayer membranes (Fig.1.4) either by their thickness or pola-
rization*®*! due to the interactions between the rod (guest) and the lipid
bilayer (host).*? Artificial ion channels based on oligo(p-phenylene) were also
designed to investigate the selectivity mechanism of ion transport across

bilyer membranes.****

1.3.3 Rod-like molecules as liquid crystals for OLEDs

Rod-like monodisperse oligomers with luminiscent properties have been
investigated to use in emissive electronic and photonic organic devices, such
as light-emitting diodes (OLEDs)***" and organic lasers.*® A large group of

)’50

rod-like oligomers, e.g.: oligo(p—phenylene),49 oligo(thiophene oligo(p-

® oligo(p-phenylene-vynilene),”" etc. have a liquid crystalline

benzamides),
(LC) state. In conventional LC, rod-like oligomers are mostly formed by rod-
like molecules that have flexible chains attached to rigid cores (Fig. 1.5).

Usually, rod-like molecules arrange themselves into layers (known as smectic

LC phase).”

rod-like

5 ””‘[ﬂ _____________

layers of molecules

Figure 1.5 Liquid-crystal phase (smectic) of a rod-like molecule®.

The main interest in these type of compounds is that they exhibit high
charge-carrier mobility, polarized emission and that they can be aligned by an

external electric field.
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1.4 From oligomers to star-like molecules

The linear oligomers that are connected through a central structure (core)
will give a star-shaped molecule. Two basic synthetic strategies, divergent
and convergent approaches, have been used to design well defined star-

shaped systems (Scheme 1.2).

A) Coupling Activation Coupling Activation

Scheme 1.2 Divergent (A) and convergent (B) approaches for the synthesis of star-

shaped oligomers.

In the divergent approach, the star-shaped molecule grows in repetitive
steps outwards from the core diverging into space. A schematic represen-
tation is shown in Scheme 1.2-A. Starting from a reactive core, the star-
shaped molecule is grown by joining with the monomer (Step 1). Then the end
functionality of the arms are activated for the reaction with another molecule
monomer (Step 2). The steps 1-2 can be repeated until the high molecular

9
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structure is achieved. The divergent approach has the advantage of using a
simple monomer building block at every coupling stage. However, the
difficulty of separating the product from partially reacted star-shaped
precursor or unreacted monomer, remains a drawback of this strategy.

The convergent approach (Scheme 1.2-B) results in a star-shaped system
within one synthetic step by attaching the prepared oligomeric arms to the
core unit. This approach is the most adopted method to prepare star-shaped
molecules.

Combining different viologen subunits in star-shaped architectures is
advantageous because it allows for the inclusion of their inherent properties,
such as well-defined redox potentials and electrochromic properties. A well-
defined combined oligo-phenylviologen/benzylviologen star-like supramole-
cule might also be interesting, because it combines the properties of two

type of viologen in an unpredictable way.

1.5 Applications of star-like molecules

Star-like molecules have attracted interest for applications in
electroluminiscence (EL) devices,>® because they exhibit an amorphous state
and strong luminescence,® which is an important factor for the operation of
devices based on organic materials.

Amphiphilic star-like macromolecules were used as drug delivery system.>®
Their amphiphilic character and nanosize dimensions were used to promote
interactions with cell membranes and related biological systems. The star-
shaped systems containing a targeting molecule (antibody) in the centre and
a hydrophilic polymer bearing drug molecules in the shell of the
supramolecule were prepared for studies in cancer therapy. The results of the

10
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flow cytometric analysis showed that the star-shaped conjugates are more
effective for targeted drug delivery and cancer treatment than the classic

linear antibody-targeted polymers.*®

1.6 Aim of the thesis

Among the reported viologen-based molecular architectures (as

57-59 60,61

dendrimers, linear molecules for rotaxanes, organic/inorganic
composites®? etc.), rigid star-shaped and rod-like structures are rare, but
especially desirable because of their fixed geometric shape, stability and their
electronic and electrochemical properties. A thorough literature research
revealed that the star-shaped or the rod-like viologes have been not
described yet.

One of the motivation of the work described in the thesis is the synthesis of
Tr-conjugated viologens that can be reduced to radical cations which are
delocalized over very large distances. Fig. 1.6 shows the evolution of the
degree of conjugation in a series of known and hypothetical structures that
are compared to known flexible viologen dendrimer (a), where the -
conjugation is interupted by methylene spacers separating each 4,4'-
bipyridinium unit from its neighbours.

The planned compounds b) to d) have increasing Tr-conjugation. From
compounds a) to d) the average number of conjugated 6 membered rings
follows the sequence 1.5— 3 — 4— «. The later infinite conjugation is of
course only correct for very long rods, however, it demonstrates the fact that
the rods have no built-in “conjugation break”. With increasing conjugation the
number of methylens groups decreases gradually. This affects additionally the

stiffness of the resulting macromolecules, as each methylenic center is a

11
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source of conformational freedom. Increased 1r-conjugation or even infinite -
conjugation is a prerequisite for electronic conductivity in oligomers as:
oligo(p-phenylene), polyacethylene, polythiophene, etc. Thus, an intriguing
question would be, if compounds such as viologen rods are electronically

conductive or not.

a) Vio-Dendrimer b) Vio-Dendrimer ¢) Vio-Star d) Vio-Rod
Type | Type Il

-—< -|:x --|:|- |:|
%C\H\}C»C} OO OO0

=
o 4! OQ average conjug. rings

OO0 OO0

— increasing flexibility, increasing number of methylene groups (sp,-content),
increasing charge localisation, increasing n-system extension

increasing rigidity, increasing conductivity (?)

2 3

Figure 1.6 From localized to extended T1r-conjugation in viologen oligomers: a)
viologen dendrimer type | (average-extension: 2 aromats), b) viologen dendrimer
type |l (average-extension: 3 aromats), c) viologen star (average-extension: 4
aromats), d) viologen rod (average-extension: « aromats (depending on rod length);
highlighted red: interruption of tr-system by -CH, -; red circle at periphery: polyme-

rizable end groups.

Since molecular electronics is a flourishing current field of research, a
viologen rod such as in d) may be a candidate for applications as
interconnectors, transistors or photovoltaics. However, the experimental setup
for such measurements is highly sophisticated (nano-electronics) but many

phenomena can also be studied on the micrometer scale. For such purposes |

12
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would like to introduce further polymerizable functions at the periphery of
structures b-d) and polymerize these molecules into thin films which can be
studied by conventional technologies.

During my PhD work, | was guided by macromolecules with molecular
architectures of type b), c), d) in Fig. 1.6. In addition, | planned to introduce
peripheral groups which undergo electrochemical polymerization upon
reduction. Two mechanism were in discussion a) a new electrochemically
triggered benzyl-benzyl radical coupling for star-shaped viologens and a well-
known aryl-aryl coupling triggered electrochemically by reduction of the

corresponding diazonium salts in case of the viologen-rods.

1.7 Synthetic strategies for synthesis of viologens with extended 1r-
conjugation

The synthesis of the star-shaped viologens involves growing of the arms (a
linear alternating series of diphenyl and dibenzyl viologens) from the core
(1,3,5-trisbromomethylbenzene) (Scheme 1.3). It involves the solution of two
problems: the complete alkylation of viologen star (1,3,5-tris((4,4’-bipyridi-

nium)-methyl)benzene) and cross-linking which takes place during alkylation.

OO,
2PFg"
< b) N
A S A =

. .
-------

Scheme 1.3 Approach to the synthesis of star-shaped viologens.
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The selectivity during alkylation is based on the addition of the viologen
star into a solution containing excess of bromide. Several precipitations were
conducted to afford counter-ion pure products, either upon precipitations from
methanol/ether or under anion exchange conditions.

The synthetic strategies towards rigid viologen dendrimers (G, and Gy)
involves three successive reactions: N-alkylation, N-arylation and activation of
the functional end groups (Scheme 1.4). From the core 1,1-bis(3,5-
bromomethyl-phenyl-4,4’-bipyridinium) hexafluorophosphate the branches are
build up by N-alkylation with 1-(2,4-dinitrophenyl)-4-pyridin-4-ylpyridinium and
further by N-arylation with 3,5-bis(hydroxymethyl)aniline. Bromination of the
hydroxyl end groups, allows further N-alkylation/N-arylation and thereby
growth of the molecule. Steps b) — c) corresponds to the typical

transformation of a latent electrophile into is active state.

>
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Scheme 1.4 Approach to the synthesis of a rigid viologen-dendrimer.

Discrete 11-conjugated viologen oligomers are pure materials with defined
structure. Two 4,4’-bipyridine molecules could be conveniently linked in a T-
conjugated system via N-arylation or by Zincke reaction. Direct N-arylation is

not suitable for chain elongation because it requires that the aryl halide
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electrophile is activated by electron withdrawing groups.®® In contrast, the
Zincke reaction tolerates a wide variety of 1r-conjugated amines as

nucleophiles, resulting in a versatile route to N-aryl pyridinium salts.
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070 A

Scheme 1.5 Approach to the synthesis of rod-like viologen-besed oligomers.

The synthesis of the viologen/alkoxy diphenyl co-oligomers was achieved
by successive Zincke reactions between two monofunctional co-monomers:
bis-[1,1’-(2,4-dinitropheny-4,4’-bipyridinium)] dichloride (viologen= acceptor)
and 3,3’-alkoxy-benzidine (donor) (Scheme 1.5). The selectivity is controlled
by an excess of co-monomers used for chain elongation. In a first approach
((1) in Scheme 1.5), the viologen monomer reacts with an excess of 3,3-
alkoxy-benzidine and forms an oligomer containing NH; end groups.
Furthermore, the chain elongation can be achieved by successive addition of

an excess of monomers (acceptor/donor) to obtain the oligomeric series
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expressed as (2n+1), where n represents the number of viologen subunits in
the oligomer. In a second approach ((II) in Scheme 1.5), 3,3’-alkoxy-benzidine
reacts with an excess of viologen monomer and forms an oligomer containing
2,4-dinitrophenyl groups. The elongation is achieved as described in the first
approach, with the difference that monomers are added in succession

donor/acceptor and leads to a 2n oligomeric series.
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2 Synthesis and characterization of rigid viologen stars and

dendrimers

2.1 Introduction
Viologens (N,N’-disubstituted 4,4’-bipyridinium salts) have been extensi-

vely used as electron acceptors in molecular devices, such as photovoltaic

64,65 66,67 68,69 64,70

cells, Sensors, electrochromics and field-effect transistors.
They can undergo two one electron—transfer reactions to form first a stable
radical cation (violet/blue/green) and second, at a more negative potential, a
neutral quinoidal species (yellowish), which is prone to electrophilic attack.
The type of R groups (alkyl, benzyl, phenyl) at the pyridinium nitrogen strongly
influences their reduction potentials and spectral properties, reflected by the
synthetic efforts concerning new electrochromic viologens with symmetrical or
mixed alkyl, benzyl or phenyl substitution patterns, or asymmetric
combinations thereof.”

For many devices viologen-modified electrode surfaces are needed.
Polyviologens can be coated onto the electrode surface by graft
copolymerization. Efforts have been made to fabricate modified electrodes
based on viologen films® or by cation-anion interaction of the polyviologens
with a negatively charged electrode surface.”® Electropolymerization is
another possibility to fabricate such interfaces and, as electropolymerization
proceeds only at the electrode surfaces, it is a particularly suitable method for
the modification of area-defined electrodes. Electrochemically induced

electrode modifications involves “electrochemically assisted adsorption” of a

poly-viologen™ or cross linking of a polymer with viologen oligomers.”
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The polyviologen-modified electrodes were successfully prepared from

76-79 |78

pyrrole™ ">, vinyl"™® or thiophene® functionalized viologen monomers. The
electropolymerization of a branched cyanopyridinium monomer to highly
cross-linked polyviologen is also described.?’® Beside their electrochromic
and sensing properties, viologens may be interesting candidates as n-dopable
semiconducting materials.®

Various families of large molecules with viologen or pyridinium subunits
have been synthesized over the years. These supramolecules combine
unique geometric and electronic features. For example, - conjugated

8487 \vere intended to be used as

viologen oligomers or viologen analogs
molecular wires in organic electronics or the viologen®/pyridinium®
dendrimers with interrupted conjugation were used to trap molecules or

counter ions. Rotaxanes/pseudorotaxane®®

with viologen subunits were
used as electrochemical switches. Rigid star-shaped pyridinium molecules
were synthesized in order to improve the e-transfer efficiency along the
branches as compared to flexible dendrimers with interrupted conjugation.®’

In this chapter | will discuss the synthesis of three-armed viologen stars
consisting of a regularly alternating arrangement of dibenzyl viologen/diphenyl
viologen with up to 5.8 nm branch length and exhibiting a combined phenyl
and benzyl viologen electroactivity.

Recently, it has been shown that benzyl bromide can be electropolyme-
rized on HOPG (highly ordered pyrolytic graphite) probably via radical
intermediates.” In the present work this principle was applied for the

electropolymerization of viologen stars. It includes monomeric viologens, as

well as the star structures consisting of three, six and twelve viologen subunits
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and all of them showing efficient electropolymerization on ITO, gold and GC.
Obviously, electropolymerization of molecules characterized by a branching
structure results in cross-linked structures with increased mechanical stability
as compared to linear polymer analogues. Furthermore, the overlapping
benzylic and phenylic viologen reduction waves are expected to yield a broad
existence region for the localized radical species which is a crucial criterion for

electronic conductivity in n-dopable materials.

2.2 Results and discussion

2.2.1 Synthesis

A new class of semi-flexible dendritic molecules containing viologens have
been synthesized and investigated. The synthetic methods employed include
a combination of Zincke reactions and alkylation of monosubstituted viologens
for building up the two different classes of dendritic molecules (Scheme 2.1
and 2.2).

The synthesis of triple-branched viologen stars of generation 0 and 1
consisting of a benzene core are shown in Scheme 2.1. The diquaternary salt
1 was prepared by the reaction of 1,1’-bis-(2,4-dinitrophenyl)-4,4’-bipyridinium
dichloride®™ with an excess (2.3 eq) of 4-aminobenzylalcohol via the Zincke
reaction. Methanol/water 80 % (V:V) was the preferred solvent to ensure good
solubility of both starting materials. The exchange of the hydroxyl groups in 1
against bromide was achieved in HBr-acetic acid affording 2 in good yields. In
addition, 2 reacts with 3 (prepared according to literature®) in acetonitrile to
yield 4. The bromo-methyl derivative 4 was reacted with 4,4’-bipyridine in
MeCN to obtain 6 (as PFg salt), which was purified by several ion exchange
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steps. Alkylation of 6 with an excess of 2 yielded 7 as PFg salt after ion
exchange. Hydrolysis of C-Br in 4 was performed under mild conditions (in

MeCN/water) to yield 5.

/N
9
PhV P
" e
N N
PR | +Fe
OO0, C
—/ N\ X AN
PFe PFs Z +N l ZN
| PFg
— 1 X=OH AN s
2 X=Br N 3

Scheme 2.1 The synthesis of viologen stars.
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OH, “deactivated” functionality

H,N, X, “activated” functionality

== DO
0N+ o
}CO;_

| = AcOH / HBr
* 11

12: 0
Il = 8:——1/MeCN

= ,_Cé:: / MeCN

Scheme 2.2 Synthetic route to ellipsoidal dendritic viologens.
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In most cases several precipitations were conducted to afford pure
products, either upon addition of ether or under anion exchange conditions.
The latter is based on the fact that the halide salts are water/methanol
soluble, whereas the PF¢ salts are insoluble in water, but soluble in MeCN.

The synthetic route for the preparation of the ellipsoidal dendritic molecule
14 containing a PhV as core and mixed PhVBn branches is depicted in
Scheme 2.2. The preparation of 8 and 9 has been described. ® The
reaction of 9 with an excess of 8 in MeCN for 72 h gave 10 in moderate yield
(66.6 %). Compounds 11 and 14 were synthesized by analogous Zincke
reaction with 3,5-bis(hydroxymethyl)aniline in MeCN of 10 and 13,
respectively. Nucleophilic substitution of OH by Br in 12 was achieved in

HBr/AcOH solution after 4 days (yield 72 %).

2.2.2 Cyclic voltammetry of 1,2, 3,4,5and 7

The redox properties of 1, 2, 4, 5 and 7 were investigated by means of
cyclic voltammetry and spectroelectrochemistry. The CVs of 1 and 2 in
DMF/0.1M n-BusNPF¢ at a glassy carbon (GC) electrode, are shown in Fig.
2.1. Both compounds undergo two one-electron reversible redox processes
as typical for phenyl viologens,99 the bromine substituent shifts the first
reduction wave (Epnys+.) to more positive values (1(OH): -0.174, 2(Br): -0.102
V). For compound 2, an additional irreversible reduction peak is observed
mainly on the first scan at ca. -1.0 V. It is attributed to the reductive cleavage
of the benzylic carbon-bromine bond. The catalytic cathodic plateau current
on the second reduction peak indicates electrocatalysis, i.e. intra- or inter-
molecular from the two fold reduced phenyl viologen into the antibonding C-Br
o™ orbital.
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Current (MA)
=

101
15
_20-
16 -12 08 -04 00 04
Potential (V) vs. Ag/AgClI

Figure 2.1 CV of the monomeric phenyl viologens 1 (A)) and 2 (B)) at ca. millimolar
concentration in MeCN/BusNPFg, v = 100 mVs™' at GC (0.07 cm2).

The single scan voltammograms of 4 together with those of benzyl
viologen (BnV) and phenyl viologen (PhV) are illustrated in Fig. 2.2.
Obviously the reduction/oxidation of the viologen star 4 involves three
simultaneous electron transfers at the same potential. BnV and PhV
represent the subunits in the viologen star 4. The four waves of 4 can be
definitively attributed to the interdigitated set of waves of the subunit, following

the ordera — b — ¢ — d with:

a) C-(BnV**-PhV**)3/ C-(BnV*™*-PhV*)s = Il E%pnyse
b) C-(BnV**-PhV"); / C-(BnV*"-PhV*)s = I/l E%gnys.
c) C-(BnV"-PhV*)3/ C-(BnV*"-PhV°); = NIV E%nvo
d) C-(BnV*-PhV?%); / C-(BnV°-PhV°); = IVIV E%nvo

In case of compound 7 the same pattern is observed but involving a 6-fold

one-electron transfer on each wave (see electropolymerization).
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Table 2.1 Compilation of the electrochemical data of the monomers.

Compound (Eb')PVh (E°')BV+- (E")pv' (E")BV' (EO')CHZ(.). POlymerizable
1 -0.174 - -0.466 - - 0
2 -0.102 - -0.434 - -1.04 0
BnV - -0.311 - -0.701 - 0
4 -0.116 -0.273 -0.421 -0.696 - X
5 -0.137 -0.267 -0.403 -0.655 - (x)
7 -0.123 -0.282 -0.419 -0.695 - X
0 uA

BhVimonomer
| PhV:monomer

I ! 1 Y I : I .
-12 -08 -04 00
E vs. Ag/AgCl

Figure 2.2 Single scan voltammograms of dibenzyl viologen (BnV, c= 1.6 mM, blue),
diphenyl viologen (PhV, c=1.7 mM, red) and 4 (0.5 mM, black; blue and red
indicating BnV and PhV subunits) in DMF/0.1M n-BusNPFg, v= 100 mVs™' at GC. All

viologen stars show pronounced adsorption behavior.
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The O™ generation viologen stars, 4 and 5, have similar size but carrying
different peripheral groups, i.e. Br and OH. Their influence on E%phvs- is less
pronounced but observable (E°pry+ 4 (Br): -0.116V and 5 (OH): -0.137) (table
2.1). The first benzyl viologen reduction in 4 and 5 (all E®gys. = -0.27 V) is
shifted positive as compared to E%gny+. of the monomer BnV (E®gy+.= -0.31
V), probably for electrostatic reasons, involving 12+ and 2+, in the stars and
the monomer, respectively. The 1% generation viologen star 7 carries 24
positive charges, but no further positive shift of E°g.+ is observed, in con-
trast to viologen dendrimers.”® This reflects one fundamental difference
between viologen stars and dendrimers. The local charge density (charge per
volume) is increasing in dendrimers for higher generations, but not so in

molecular stars.

2.2.3 Spectroelectrochemical investigation of 4 and 5

Scheme 2.3 show the four reversible transition states of 4 as discussed
previously in Section 2.2.2. First, the phenyl viologen subunit is reduced to a
radical cation, followed by 1 e reduction of benzyl viologen subunit to benzyl
viologen radical cation. The evidence supporting this affirmation is provided in
the redox titration of 4 and 5.

The UV-Vis spectra of the electrochemically generated radical cations in 4
and 5 were compared with the spectrum of PhV*" and BnV™ (Fig. 2.4). The
first transition which is the reduction of PhV subunit to PhV*" was observed for
both molecules (4 and 5) when the applied potential was sequentially
increased from 0.0 V to -0.21 V (Fig. 2.4 and Fig. 2.5). The color of the
solution changes from pale yellow to green. The absorbance maxima at 441
nm (431 nm for 5) 605 nm, 648 nm and 715 nm, identified also in the spec-
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trum of PhV™ (Fig. 2.3), are known to be characteristic for viologen radical

cations. %101
% 10: ,(—:3?1_6' — 0.00V |
= \ =2 —-0.12v ()
S ) 3! —-0.36 Vv @D
3 ] 5 808 —-042V W@
-10 { § 0.4 -0.90 V (V) (adsorption)
1 <
-20 4 0.0
-14 10 -06 -0.2 0.2 200 400 600 800 1000 1200
Potential (V) vs. Ag/AgCI Wavelength (nm)

T
Z°N

Fo V-V PFg g (j
}\@/\Q\O N = [—1
,Nﬂ

Uingll |||—>|v

Scheme 2.3 Structure of 4 representing the four possible transitions states
generated electrochemically (top left side) and spectroelectrochemically (bottom).
The 4™ transition states are illustrated as circles and arrows in the color of the redox
species in solution: |—Il (green), lI=lll (blue), llI=IV (olive), IV—V (yellow). The
periphery and the core are represented as two circles: one of the circles (the core)

lies inside the other (the periphery).

E 1.2 -
q) ) +e
% 08 4 = PhV“
3 i — BnV
S 04
O
< -

0.0 A

200 400 600 800 1000 1200
Wavelength (nm)

Figure 2.3 UV-Vis spectra of PhV*™ and BnV*" in DMF and 0.1M n-BusNPFg.
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Upon gradual reduction to more negative potentials, the bands at 431 nm
and 648 nm became less intense, and a new sharp absorption band emerges

at 405 nm. The last one is observed also in the spectrum of BnV™",

— 000V 405 nm

318, — 003V =] 1 — 024V
L14 —-0.06V 31'4: — 027V
o — 009V 840- — 030V
210 — 012V & . — 033V
? 06 — -015V  £20.6- — -0.36V
Q V.04 715 nm o
< | g —-018V @ Y. — -0.39V
0.2 —021v 0273517
1 367 nm i
-0.24— T ' . . . 0.2 . ; t ; . )
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm)
— 054V
— 057V
— 060V
— 063V
@ > @ © 5 — 066V
— 069V
405 nm 405nm __ 72V
1.6 - ¥ 1

-
N

—

N

-0.42V

-0.45V
-0.48V

adsorption

Absorbance (au)
o o
-l.h o]

Absorbance (au)
o
co

o
~

-0.51V
0.0 1 510 nm 0.0
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm)

Figure 2.4 Potential dependent UV-Vis spectra of 4 in DMF and 0.1M n-Bus,NPFs.
The 4™ transition states are illustrated as circles in the color of the redox species in
solution: I—-Il (green), lI-lll (blue), llI-IV (olive), V-V (yellow). The periphery and
the core are represented as two circles: one of the circles (the core) lies inside the

other (the periphery).
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The color of the solution now is a mixture of green (from persistent BnV*’
subunits) and blue (characteristic for the formed BnV*™) (recognized as a

second transition in the absorption spectrum).

D —> @ ®_>@

— 0.00V
— -0.03V 4%5 nm
) i S 1.6
§1 , — -0.06V i _ — 024V
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c ] — 012V ¢ | bjI?S nm  —.030V
g 0.8 - — 015V g 0.8 —-0.33V
2 1 018v 8 | 036V
W 1] .
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Figure 2.5 Potential dependent UV-Vis spectra of 5 in DMF and 0.1M n-BusNPFe.
The 4™ transition states are illustrated as circles in the color of the redox species in
solution: |—ll (green), lI-lll (blue), [lI-1V (olive), V-V (yellow). The periphery and
the core are represented as two circles: one of the circles (the core) lies inside the

other (the periphery).
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The third transition was observed in UV-Vis spectra of 4 and 5 when the
potential was further increased in a negative potential range from -0.42 V to
-0.51 V and coincides with 1 e reduction of PhV*" subunits. The color of the
solution changes to olive. A decrease in intensity of absorption bands were
observed with the exception of a broad shoulder which appears at 436 nm in
the spectrum of 4. An isosbestic point was observed for 4 at 510 nm (498 nm
for 5). The broad absorption at ~1000 nm observed in the first three
transitions is also specific for the viologen radical cation.'?'% The fourth
transition is due to 1 e reduction of BnV*" subunits (the color of the solution
changes to brown). The absorbance of 4 and 5 during the fourth transition
suddenly decreases at potentials more negative than about -0.66 V due to the
electropolymerization or electrosorption of the neutral species at high-area

carbon felt working electrode.

v v i (D) |

BNV PhV’ <& BnV' PhV° <& BnV''PhV "< BnV" PhV <=5 BnV" PhV"
065V -0.44.V ‘ -0.28V -0.13V

g 7 N
SE 7 J o
25 081 . U
[oNe)] | ' . ;\ .
3% /: L
<® 04 J : \

1 --l-llll'r-’ |

0.0 | SR L

1.0 08 -06 -04 -02 00

Potential (V) vs. Ag/ AgCl
Figure 2.6 Spectroelectrochemical titration of 4 (at A= 399 nm) in DMF and 0.1M n-
BusNPFs. The 4™ transition states are illustrated as circles in the color of the redox
species in solution: |-ll (green), lI-lll (blue), IlI-IV (olive), IV-V (yellow). The
periphery and the core are represented as two circles: one of the circles (the core)

lies inside the other (the periphery).
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The dependence of the absorbance at a fixed wavelength on the electrode
potential is depicted in Fig. 2.6 and Fig. 2.7, and spectra show four steps
characteristics. The appearance of four transition steps confirms sequential

reduction of the two viologen subunits (PhV and BnV).

v W ) (D) |
BNV° PhV® <=L BV PhV'<=E Bn\V/"* PhV <=8 BnV"* PhV"" <& BnV"* PhV"*

-0.52Vv -042V -0.28 V -0.16 V

1.6 -
_ Hal

at 404 nm
Ty

Absorbance (au)
(an] [N
oo N

0.4 - o
| .............f/ ; E\n-

-1.0 .-Ol.8 .-Ol.6 '-OI.4 '-Ol.2 . O.IO
Potential (V) vs. Ag / AgCl

Figure 2.7 Spectroelectrochemical titration of 5 (at A= 404 nm) in DMF and 0.1M n-
BusNPFs. The 4™ transition states are illustrated as circles in the color of the redox
species in solution: I-ll (green), lI-lll (blue), IlI-IV (olive), IV-V (yellow). The
periphery and the core are represented as two circles: one of the circles (the core)

lies inside the other (the periphery).
The spectroscopically determined potentials are close to those found by
the voltammetry. As electropolymerization takes place at negative potentials,

the 4™ reduction potential is not reliable.

2.2.4 Redox orbital sequence from PM6 semiempirical calculations

The electronic structure of a single branch of compound 5 in its five
oxidation states (charge on system 4 to 0 corresponding to redox stae | to V
(eq. a)-d)) and Fig. 2.10-B) was calculated after geometry optimization using
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the semiempirical PM6 method.'® Notably, the HOMO localization switches
between phenyl (PhV) and benzyl viologen (BnV) upon addition of single
electron (decreasing charge on the system) following the order: 3+: PhV; 2+:
BnV; 1+: PhV; 0: BnV (dotted arrows in Fig. 2.8). The same phenomenon is
observed on the LUMO localization but shifted one oxidation state higher, e.g.
LUMO 4+ = HOMO 3+. These results point unambiguously to the jumping
redox state observed experimentally (Fig. 2.2, Scheme 2.3 and Fig.2.10-B).
The calculation of the spin density reveals the following sequence of
multiplicities 4+: singlet — 3+: doublet on PhV — 2+: triplett spread over PhV

and BnV — 1+: doublet on PhV, 0: singlet, as expected.

species charge LUMO HOMO spin density
eq. a)-d) on

and Scheme 2.3  system

singlet '

V 0 1
doublet -

\Y) 1+ :
triplet

I 2+

I 3+ doublw

PhV : BnV B ac

singlet :

| 4+

Figure 2.8 HOMO (= redox-orbital), LUMO and spin density localization on a single

branch of 5 (including from left to right: phenylviologen (PhV), benzyl viologen (BnV)
and central benzene subunits) as a function of electron occupancy calculated with
PM®6; charge on system refers to the calculated single branch, roman numbers refer

to the corresponding species in eq. a)-d) and in Scheme 2.3; broken arrows show the
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sequential PhV-BnV-PhV-BnV LUMO and BnV-PhV-BnV-PhV HOMO (redox orbital)

localization.

2.2.5 Electrochemical polymerization of viologen stars 4 and 7

The electrochemical polymerization of trimeric viologens 4, 5 and 7 was ca-
rried out in DMF containing 0.1M n-BusNPFg at GC, gold and ITO electrodes
by repetitive potential cycling between 0.2 and -1.2 V. Fig. 2.9 shows typical
CVs for the electropolymerization of 4 and 7. The peak currents grow steadily
under these conditions on different electrode materials (GC, Au and ITO) (Fig.
2.9- A, B). The viologen stars 4 and 7 of generation 0 and 1, both carrying 3

peripheral-Br, show efficient electropolymerization.

D)
20 pAI

412 08 04 00 04 -12 -08 -04 00 04
Potential (V) vs. Ag/AgCI
Figure 2.9 Electropolymerization of 4 (c = 4.9 *10* M) (A)) and 7 (1.8*10™* M) (B)) on
GC in DMF/BusNPF¢ during the first 60 scans, v = 100 mVs™; response of Poly-4 (C)

(T4= 310° or Isyounis= 1.810° mol/cm?) and Poly-7 (D) (I';= 2.810™" or Isuunis=
3.310"° mol/cm?) on GC in pure DMF/BusNPFg at v = 100 mVs™.

In contrast, the monomeric viologens with 2 peripheral -OH or -Br, i.e. 1

and 2, and the viologen star 5 carrying peripheral OH did not show any ele-
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ctropolymerization (Fig. 2.10). First, the increase of the peak current in Fig.
2.10-B) until the 12t cycle is due to the adsorption/precipitation of the 3 e
reduction product onto the electrode surface (also shown by

spectroelectrochemistry) and does not prove electropolymerization.

40 -
—~ 1A Z B) 12“T : e
N 320- 5
-— | - 7 ‘ 60lh
- L 5 S
S -10 O 0 -

-20 20 -

16 -12 08 -04 00 04 12 -08 -04 00 04
Potential (V) vs. Ag/AgCl Potential (V) vs.Ag/AgCI

Figure 2.10 CVs on GC of A) 1 (1.55 *10° M, 5 scans) and B) 5 (3.42*10* M, 60

scans).

Upon the electropolymerization of 4 and 7, the electrodes were grafted
with different amounts of polyviologen film (Table 2.2).

Thus, two prerequisites have to be met for efficient polymerization, (i) the
presence of a benzylic bromide and (ii) triple branching such as present in
viologen stars. Assuming benzylic radical coupling, cross-linking can only be
achieved with the viologen stars. The linear smaller monomer 2 can at best
lead to linear polymeric structures. In order to find the threshold electrode
potential for the electropolymerization, a series of 11 voltammograms
equilibrated between -0.3 and -1.3 V with a 100 mV off-set each and with a 30
second polarisation at the starting potential were recorded. The electro-
polymerization takes place during the equilibration time. The current observed
on the scan following the equilibration is a measure for the degree of

polymerization (Fig. 2.11).
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Table 2.2 Surface concentrations (') of Poly-4 and Poly-7 polymerized on GC, gold
and ITO.

Viologen- Modified Trimer conc. (T, Mol viologen | (I', Mol star-like
electrode (M)
Star subunits/cm?* | viologen/cm?)
4 GC 4.9*10™ 1.8*10°® 3*10°
4 Gold 4.9*10™ 1.75*10° 2.9*107
4 ITO 4.9*10™ 1.52*10° 2.5*107
7 GC 1.76 *10™ 3.3*10° 2.75*107°

* from charge integration over the four reduction peaks in CV in pure

electrolyte/solvent after 60 scans of electropolymerization.

= Q/nFA (2.1)
Where A is the area of electrode, n is the number of electrons involved in the
redox process and F is the Faraday constant.

The absolute cathodic current at -0.43 V (red vertical line in Fig. 2.12)
was plotted vs. the equilibration potential (red sigmoidal plot in Fig. 2.12). The
mid potential of the sigmoidal current function is located at -0.7 V corresponds
definitely to the 4™ wave in the CV, earlier identified as the C-(BnV*'-PhV°)s/C-
(BnV°-PhV?); transition. Notably, from the CV in Fig. 2.1, it was found that the
reduced phenylviologen subunit is able to catalyze the benzylbromide
reduction, however, the reduced benzylviologen with its more negative E° is
even a better electrocatalyst. No further increase is observed upon extension

of the equilibration potential into the region of direct benzyl bromide reduction.
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The direct or electrocatalytic reduction of benzyl halides has been extensi-
vely investigated, and it involves a one electron-transfer to form the
corresponding benzyl radical either involving a dissociative or a stepwise
mechanism. In the presence of protons at large negative overpotential, the
radical may be further reduced to the benzyl anion. However, this path is
unlikely under the given experimental conditions.

1.2 -0.4
equil. potential

-iabs.(-0.43V): rel. pon-
merization
efficiency

-1.2 -0.8 -0.4
Potential (V) vs.Ag/AgCI

0.0 0.2

Figure 2.11 Eleven overlaid CVs of 4 (c= 4.9 *10” M) on GC registered after
equilibration at -0.3,-0.4,-0.5 .... -1.2, -1.3 V for 30 s, v= 100 mVs™’ (lower panel) and
plot of the neg. absolute cathodic current (-iaps(-043v)) measured at -0.43 V (red vert.
line) vs. the equilibration potential (upper panel); interpretation of -ias0.43v) @s rel.

polymerization efficiency (crucial involvement of 4" reduction wave).

The benzyl radical may attack carbon electrodes and form films,% but for a
similar reaction on gold the more reactive phenyl radical is necessary.’® The
observed coulometry is definitely related to much more than a monolayer. The
radical may undergo further typical radical reactions, such as radical-radical

coupling (eq. 2.2)."%°
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2*4-Bne — 4-Bn-Bn-4 (2.2)

The electrochemical properties of the GC-modified electrodes were studied
in monomer-free solutions. CVs of Poly-4 and Poly-7 are shown in Fig. 2.9,
as C and D. The interdigitated structure of four waves persists nicely and
yields a broad range of electroactivity which could indicate electronic
conductivity in the solid state if reasonably doped with electrons. The
preliminary tests on the persistence in the electron-doped state reveal that the
stability depends much on the degree of doping. If the polymer 4 is cycled
between the C-(BnV™*-PhV**); and the C-(BnV*'-PhV*"); state, reasonable
stability (33 % loss of electroactivity after 20 cycles) is observed. However, if
scanned between C-(BnV **-PhV**); and -1.2, i.e. negative of C-(BnV°-
PhV°); a fast decay (90 % loss of electroactivity in 20 cycles) is observed.
The difference in polymer stability was related to protonation of C-(BnV°-
PhV°); by residual water in the solvent.

The monomer 4 dissolved in DMF was also polymerized using metallic Zn
powder or granulated Zn. The collected polymeric material showed loss of the
benzylic bromide (disappearance of the prominent C-Br stretching mode at

552 cm™ (experimental part).

2.2.6 UV-Vis characterization of Poly-4 thin film on ITO electrode

The spectroelectrochemical studies were carried out to confirm whether
the 4 transition states observed for compound 4 in solution are also
electrochemically induced in the polymer film. Depending on the applied
potential the film shows four different colors as demonstrated by the

absorption spectra in Fig. 2.12. The film colors are homogeneously distributed
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across the electrode surface, and the color changes are easily detected by
naked eye. In the oxidized form at 0 V, the absorption maximum of the film is
located in a UV range at ca. 300 nm. In the polymer backbone, the viologen
subunits are covalently bonded, and thus the charge transport through the film
can be considered to occur via an electron-hopping process'®”'%® between the
viologen subunits. The transitions PhV"*—PhV" and BnV'" — BnV" have
absorptions similar to that observed for the molecule 4 in solution, with an ab-
sorption maximum around 414 nm (green PhVs™, -0.39 V) and 407 nm (blue
BnVs™, -0.51 V).

Transitions specific for viologen radical cations were observed also at 631
nm, 622 nm and ~1000 nm, respectively. After application of a sufficiently
negative potential (-0.69 V) to reduce all of the PhVs*™ to PhVs’, the absor-
ption band at ~622 nm disappeared confirming the existence of a third tran-
sition. When the potential was more than -0.69 V, a broad absorption between

300 nm and 500 nm was observed. The result indicates that the BnVs™ began

103

to form neutral species (fourth transition).

Absorbance (au)

200 400 600 800 1000 1200
Wavelengh (nm)

Figure 2.12 UV-Vis absorption spectra of an ITO electrode coated with 4 (I ca.
0.37*10™"° mole«cm?) at 0 V, -0.39 V, -0.51 V, -0.69 V and -0.99 V in 0.1M KCI.
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2.2.7 STM investigation of Poly-4 on ITO

Poly-4 on ITO was imaged with STM under ambient conditions. The
surface structure of the supporting naked ITO has been described in many
studies as granular with an average grain size of 50-100 nm, exhibiting no
edges and a smooth surface.’®®""° The STM measurement on bare ITO (Fig.
2.13, A, B, C) confirms the granular structure, but additional structuring below
10 nm is observed (Fig. 2.13 C). The Poly-4-modified electrodes reveal that
the ITO grains and the inter-grain valleys are completely covered with Poly-4.
The average film thickness is approx. 60 nm as calculated from the density
(ds= 0.95 g/cm®) and its electrochemically accessible surface concentration
(T4 = 1.53*10" mol/cm?). For visual comparison the viologen star 4 has been
modeled with MM+ in Hyperchem (Fig. 2.14).""" A closer view (Fig. 2.13 E-F)
reveals structures which could be related to benzyl-benzyl coupled monomers

(tri-fold branching centers).

Figure 2.13 STM images (V,= 0.050 V, I= 1.001 nA) of bare ITO ( A-C) and Poly-4
(T4= 1.53*10®° mol/cm?) on ITO (D-F): A) 93 x 93 nm, Z range 12.5 nm; B) 30 x 30
nm, Z range 6.25 nm; C) 14 x 14 nm, Z range 3.13 nm; D) 88.5 x 88.5 nm, Z range
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12.5 nm; E) 31x 31nm, Z range 6.25 nm and F) 13.6 x 13.6 nm, Z range 0.781 nm;

MM" optimized 4 monomer structures are plotted at the same scale for comparison.

Notably, at 60 nm average film thickness such structures are detected on
the polymer surface exposed to the air which indicates reasonable electrical
conductivity of the polymer underneath. The gap voltage was not critical in
resolving molecular sub-subunits (0.1 to 1 V). This is in contrast to published
results on molecular STM-imaging of viologens which is restricted so far to
adsorbed molecular monolayers on Cu,'?'"? 7O, and Au®°.

The compounds 4+12PFg, 4'%*, 7+24PFg, and 7%**, i.e. with counter-
balanced charge and with fully developed cationic charge, were geometry
optimized with molecular dynamics using the MM+ force field (implemented in

Hyperchem)'"

using one fully localized positive charge on each pyridinium
and 1/6 negative charge on each F" and PF¢’ in the gas phase.

The MD temperature program was 273K-600K (5ps) -273K (1ps). The
polycations stretch because of the repulsive charge interaction. Only a slight
contraction is observed in the presence of the counter ions. 4*12PFg shows a
volume of 6490 A® (calculated with QSAR in Hyperchem).""" From M = 3574.3
g/mol and V= 6490 A3 follows a density d = 0.92 g/ml.

This value is lower than typically for crystalline viologen (d= 1.25 g/ml for
dimethylviologen dichloride), but d= 1 has been used in the literature for
another viologen polymer. '"°
Polymer film thickness:

Using d= 0.92 g/ml and the coulometrically determined surface concentra-

tion 4= 1.53*10™° mol/cm?, i.e. 5.47*10° g/cm?, the average polymer thick-

ness x is 5.47*10° g/cm?/0,92 g/cm® = 5.9 * 10° cm or 59 nm.
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Figure 2.14 MM+MD calculations of 4 and 7 with and without PFg counter ions,
double arrows indicate the center-triangle corner distance.

2.2.8 lon transfer across the Poly-4 film on ITO

Poly-4-ITO

—positively charged guest
(=)-negatively charged guest

Scheme 2.4 Interactions of Poly-4-ITO with anionic and cationic guests.
The embedding of organic molecules in a cross-linked polymer film is
naturally more facile. Such polymer films are ideal as an inert matrix for
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accommodating guest molecules (Scheme 2.4). In order to evaluate the
permselective properties of the electro-generated Poly-4, a series of guests
(Table 2.3) were used as interacting redox species.

Table 2.3 Intermolecular interactions between Poly-4 (on ITO) and anionic or

cationic guests.

guest molecule ferrocene | K3[Fe(CN)s | 1,1-bis-2-hydroxyethyl- | methyl- | Ru(bpy);
4,4’ -bipyridinium+2CI viologen

(Fe) | (Fe(CN)el™) (HEV) (MeV)
a)
Charge of the +/0 2-/3- 2+/+ 2+/+ 3+/2+
guest molecule
Accumulation in 0 X 0 0 0
Poly-4

a) the charge is considered during electrochemical oxidation/reduction ; X and 0

represents concentration and rejection of guests within Poly-4 film, respectively.

The modification of the ITO electrode was performed in 60 cycles by
cycling the potential between 0.2 and -1.2 V. After cleaning with acetone, it
was immersed in a 0.1M KCI solution containing Fc (1.07*107° M), [Fe(CN)e]*
(1.45*10° M), MeV (1.5*10° M), HEV (1.5*10 M) and Ru(bpy)s (1.5*10° M).
The inclusion of organic molecules into the Poly-4 film was studied following
the effects on the charging current of polyviologen/ITO electrode.

The preconcentration of Fc within the Poly-4 fiim was confirmed by the
appearance of the Fc/Fc* oxidation peak (in Fig. 2.15) when the potential was
scanned from -1.2 to 1.4 V. Due to the electrostatic repulsion forces between
positively charged molecules (host and guest) the formed Fc" is ejected within
and near to the polymer layer. No reduction peak of Fc'/Fc could be observed

during the cathodic scan.
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Figure 2.15 CVs of Fc in DMF-0.1M n-Bu;NPF¢ at a bare ITO electrode A) and at

Poly-4 /ITO modified electrode (area= 0.78 cm?) (red line) B). The CV response of
Poly-4/ITO is shown as black line.

As expected, the polycationic polymer favourises the encapsulation of
small anionic guests such as [Fe(CN)g]> as shown in Fig. 2.16.
Figures 2.17, 2.18 and 2.19 shows the CVs of MeV, HEV and Ru(bpy)s at

bare ITO (A) and at ITO modified with Poly-4. For the three redox species a

similar behavior was observed.

4.
200 1 A) [Fe(CN).] 800 1 B)
< 100 - 43 400
3 0 g 0
E ] S
© 100 -400 1
-200 e — €0y 00
15 10 -05 00 05 1.0 15 -10 05 00 05 1.0
Potential (V) vs. Ag/AgCI Potential (V) vs. Ag/AgCI

Figure 2.16 CVs of [Fe(CN)s]*> in 0.1M KCl at a bare ITO electrode A) and at Poly-
4/ITO-modified electrode (area= 0.78 cm?) (red line) B). Graph showing the CV

response of Poly-4/ITO (black line) and Poly-4/ITO + [Fe(CN)e]* after washing with
H,O (blue line).
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Figure 2.17 CVs of MeV in 0.1M KCl at a bare ITO electrode A) and at Poly-4/ITO-
modified electrode (area= 0.72 cm?) (red line) B). Graph showing the CV response of
Poly-4/ITO (black line) and Poly-4/ITO + MeV after washing with H,O (blue line).

As can be seen from the CVs, an important increase in the reduction
currents at the peak potentials was observed at the ITO-modified electrode
which confirms the preconcentration of the positively charged molecule at
Poly-4-solution interface. That is probably due to the -1 interactions
between the 4,4’-bipyridinium guest system and the polymer. After the
electrode was washed with adequate solvent (acetone or water), no

preconcentration of the redox guest at the electrode surface was observed (in

CV as blue line).

4007 A) HEV B)
—_ - — 4001
< ] HEV® <
< 200 < 200
E 0 . E 0
5 2001 5 -200
a3 . O -400 1
'400' _600_
12 08 04 00 04 12 -08 -04 00 04
Potential (V) vs. Ag/AgCl Potential (V) vs. Ag/AgCl

Figure 2.18 CVs of HEV in 0.1M KCI at a bare ITO electrode A) and at Poly-4/ITO
modified electrode (area= 0.72 cm?) (red line) B). Graph showing the CV response of
Poly-4/ITO (black line) and Poly-4/ITO + HEV after washing with H,O (blue line).
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Figure 2.19 CVs of Ru(bpy); in DMF-0.1M n-Bus;NPF¢ at a bare ITO electrode A)
and at Poly-4/ITO modified electrode (area= 0.78 cm?) (red line) B). Graph showing
the CV response of Poly-4/ITO (black line) and Poly-4/ITO + Ru(bpy); after washing

with acetone (blue line).

2.2.9 STM investigation of chemically synthesized Poly-4

The viologen star 4 was polymerized by reductive coupling in the
presence of Zn and its helical structure was solved by STM measurements.

Surprisingly, the Poly-4 when re-dispersed in DMF, and spread on HOPG
reveals straight nanofibres by STM. Fig. 2.20 shows STM images of Poly-4
on HOPG. The polymer observed on HOPG shows well-defined double helical
structures (Fig. 2.20-C, D). The interactions between the coils in isolated
strands are probably weak,''® which lead to disordered structures (Fig. 2.20-
B, I).

The organization of the Poly-4 in a helical shape may be explained in

17 118

terms of van der Waals' '* and hydrophobic' * attractive forces between the
4,4’-ethane-1,2-diyldiphenyl moieties in a linear polymer chain, which were

formed upon the reductive coupling of 4 (Scheme 2.5).
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Figure 2.20 STM images (Vp,= 0.05 V, I= 1 nA) of Poly-4 (chemical preparation) on
graphite (A-D): A) 335 x 335 nm, Z range 12.5 nm; B) 141 x 141 nm, Z range 12.5
nm; C) 90 x 90 nm, Z range 12.5 nm; D) 72 x 72 nm, Z range 6.25 nm.

7.0nm
===
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Figure 2.21 a) Polymer strands assembled in helical structure; b) topographic profile

along the green line in the polymer strand in a).
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The double helical structure of Poly-4 has been modeled with MM+ in
HyperChem'"" (Fig. 2.22 and 2.23) and added to the STM image (Fig. 2.21-
a). The polymer strands are formed by the reaction of each monomer units in
only two positions (possible are 3) as shown in Fig. 2.21 and Scheme 2.5.

The outwards oriented arms in Fig. 2.21 (green model) are probably
partially visible by STM, and the connected arms apears as bright and dark
areas (Fig. 2.21-b, red dotted lines). The section profile along the green line in
Fig. 2.21-a spans ca. 2.4 nm bright areas (Fig. 2.21-b, black dotted lines). The
central current maximum is probably related to the upwards bending of two
benzyl-benzyl coupled branches. Upwards bending may be related to the blue

branch sitting on top of the red branch in Scheme 2.5.

connection points

hydrbphbbic interacﬁons

Scheme 2.5 Formation of a double-helical structure of polyviologen (Poly-4).
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Figure 2.22 MM+ optimized geometry'"

of 6-mer (oligo-4) arranged in helical
structure. The distance between the branches oriented upwards and downwards is

ca. 6-7 nm and the double helix is 7-8 nm width.

Figure 2.23 Solvated structures of two polymer strands (each consisting of 6

monomers (4)) arranged in helix. The molecule is twisted by 90 degree.

2.2.10 Preparation and characterization of polyviologen - carbon
nano-tubes composites (Poly-4-CNTs)

In this subchapter | will discuss the preparation of polyviologen-CNTs
composites by chemical and electrochemical polymerization of viologen star
4. The Poly4-CNT composites were successfully obtained by copolymeri-
zation of the two components probably from a pre-organized state. It is based
on the 1r-staking and electrostatic interactions between the positive nitrogen in
and negatively charged COO" group of CNTs. The triple branched structure of

the monomer 4 is a key parameter for composite formation. It's length
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correlates with the CNTs (area 4-6 nm?) and the three branches can
interconnect CNTs.

The reductive coupling of the benzylic bromides in 4 occurs in the
presence of CNT’s either electrochemically or by Zn°/NH,CI (Scheme 2.6) and
results in composite Poly-4-CNT polymer with Poly-4 in tight and regular
contact on the CNT’s and clear CNT-interconnection chains made up of

several viologen star monomer.

a)

4, CNTs, DMF-0.1M n-Bu,NPF,
0.2—-1.2V (vs. Ag/AgCl)

ITO ITO-Poly-4-CNTs

b)
RT
4 + CNTs + Zn + NH,C| — > Poly-4-CNTs + Zn(NH,),*"
Stirring

Scheme 2.6 Preparative methods of Poly-4-CNT composites.

a) Electrochemical preparation of Poly-4-CNT composite film

The electropolymerization of 4 in the presence of CNTs in DMF-0.1M n-
BusNPFg on ITO electrode was performed by consecutive CVs. Fig. 2.24-A
shows an increase of the peak current with each scan indicating that the
electropolymerization takes place. Fig. 2.24-B represents the electrochemical
signal of Poly4-CNT composite film in bare electrolyte solution. The CV are
almost indistinguishable from those obtained in Section 2.2.5, Fig. 2.9.

An XPS was carried out on the ITO-Poly-4-CNT composite film surface. P,
C, N, O and F were detected on the surface (Fig. 2.25-A). The existence of
the big O1s peak is due to the presence of COOH groups on the CNTs and

possibly also due to the environmental moisture trapped in the film surface.'"®
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Figure 2.24 Electropolymerization of 4 (c= 4.9 *10* M) + CNTs (c= 0.2 M) (A) on GC
in DMF/BusNPF¢ during the first 60 scans, v= 100 mVs™; response of Poly-4-CNTs
(B) (4= 2.7310 or Mgypunis= 1.63:10® mol/cm?) on GC in pure DMF/0.1M-BusNPFg at
v= 100 mVs™.
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Figure 2.25 XPS spectra of ITO-Poly-4-CNT composite film. Wide scan A) and core
level: B) C1s and C) N1s.
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As expected, the binding energies of P2p (136 eV), C1s (284.62 eV,
286.12 eV), N1s (399.50 eV and 401.75 eV) and F1s (686 eV) are attributed
to the viologen polymer.’® No Br 3d peak was observed in the range 68-72
eV,””" confirming the reductive cleavage of C-Br bond during the
electropolymerization.

Fig 2.26 shows several STM images of the Poly-4-CNT composites as film
on ITO. Notice that in “far-view”, the polymer is hard to be recognized on ITO.
CNTs appeared as “sticks” covering the granular structure of ITO. In higher
magnification of a set of tubes (Fig. 2.26-B, C), it is clear that the composite

film consists of short CNTs (most of the tubes are around 120 nm).

A)

X

.
%

A
7.6nm ﬁ

rrri

Figure 2.26 STM images (V,= 0.2 V, I= 0.4 nA) of Poly-4-CNT (Is«cnts= 1.36*107
mol/cm?) on ITO (A-D): A) 596 x 596 nm, Z range 25 nm; B) 260 x 260 nm, Z range
25 nm; C) 178 x 178 nm, Z range 12.5 nm; D) 38 x 38 nm, Z range 3.13 nm; E) 22 x
22 nm, Z range 50 nm; F) 11 x 11 nm, Z range 1.56 nm.

Similar length of CNTs was earlier reported when CNTs were coated onto

ITO glass."® In Fig. 2.26-D can be seen a bundle of CNTs arranged in
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parallel “sticks” along the vertical direction. In horizontal direction parallel
linear chains can be clearly distinguishable. This is not surprising, because
the STM analysis of Poly-4 on HOPG proves his linear fiber-like structure.
The polymer chains cover and join CNTs bundles by means of non-covalent
and covalent wrapping. Fig. 2.26-E, F reveal regular oval-shaped patterns
with a length of 2.5 nm. These structures happen to be on the same length
scale as the arms of the monomer which are the repetitive units in the chain of
the polymer. The regular patterns on CNTs are evidence for the non-covalent
interactions between the CNTs and the polymer (monomer).
b) Chemical preparation of Poly-4-CNT composites

Fig. 2.27-A is a large STM image of Poly-4-CNT composites on graphite.
Several nanotubes come out from the upper to the lower corner of the image.
The macroscopic morphology of the tubes does not change when they are
covered by the polymer. Fig. 2.27-C-D) shows Poly-4 wrapped CNTs, where
the polymer is aligned in rows on the CNTs surface. The polymer appears as
a continuous film that covers the surface of the CNTs completely. Two
different areas can be distinguished: i) areas of composite formed from
shortened CNTs and ii) from long CNTs. This is because the CNTs break
during sonification due to the input energy which is necessary to disperse
them in solution.'® A magnified view of the shorter tubes is shown in Fig.
2.27-E) where it can be seen that the polymer covers the tubes entirely
making a connection with the other CNTs. A high degree of Poly-4 chain
organization can be seen along the tubes axis. This confirms that in monomer
solution (4), the CNTs adsorb as many molecules of 4 as possible to reduce

the interactions between tubes. Zooming in to the area where long CNTs are
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included in the composite (Fig. 2.27-F), allows to observe the polymer as

linear strands, without resolved molecular structure.

%.3nm
rrerT

Figure 2.27 STM images (Vo= 0.05 V, = 1 nA) of Poly-4-CNT (chemical
preparation) spread on graphite (A-F): A) 596 x 596 nm, Z range 50 nm; B) 191 x 191
nm, Z range 12.5 nm; C) 106 x 106 nm, Z range 6.25 nm; D) 36 x 36 nm, Z range

3.13nm; E) 21 x 21 nm, Zrange 3.13 nm; F) 19 x 19 nm, Z range 1.56 nm.

The CV curves of Poly-4-CNTs (Fig. 2.28) show the persistent four-

electron transfer process observed for Poly-4 on ITO (Fig. 2.9-C).

Current (uA)
N IN
2.2 .9,

o
Q

12 08 -04 00 0.4
Potential (V) vs. Ag/AgCI

Figure 2.28 Poly-4-CNT composites as cast film on GC electrode. CV recorded in
DMF + 0.1M n-BusNPFg at scan rate 50 mVs™.
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2.2.11 Electrochemical and spectroelectrochemical characterization
of viologen dendrimer 14

The viologen dendrimer 14 consists of benzyl/phenyl-substituted viologen
subunits. As expected, 14 will have the tendency to accept e easier than
BnV. But in the same time it is more difficult to reduce as compared with PhV
(Table 2.1). The cyclic voltammogram of 14 exhibits two reversible reduction
waves in negative scans (Fig. 2.29-A) assigned to V** (E®= -0.20 V) and V°
(E¥=-0.56 V), respectively.

1 A) 1 B)

N
o

1
N

Current (uA)
o
Current (uA)
A

1
I
|
(0)]

" .08  -04 00 04 .02 00 02
Potential (V) vs. Ag/AgCI Potential (V) vs. Ag/AgCI

Figure 2.29 A) CV of 1.35*10* M of 14 in DMF + 0.1M n-Bu,NPF; at gold electrode,
scan rate 100 mVs™'; B) Rotating disk voltammetry of 14 (7.18*10° M) at a GC RDE
and different rotation speeds: 52.33, 104.66, 157, 209.33, 261.66 and 314 rads™.

The controlled-potential electrolysis at potentials between 0 and -0.49 V
gave rise to the precipitation of the reduced species on carbon felt electrode,
as indicated by the strong decrease in spectral absorption at -0.49 V in Fig.
2.30.

The electronic absorption spectrum of 14 in the radical cation state, is
typical of V™ and is characterized by a sharp band at 411 nm and additional

absorptions at 602 nm, 717 nm and 957 nm (green solution).
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Figure 2.30 Potential-dependent UV-Vis spectra of 7.210° M of 14 in DMF and
0.1M n-BusNPFs.

The diffusion coefficient was calculated from the i. dependence on w'?
(Fig.2.20 B)) by using the Levich equation:'?*

llev=0.620 n FAD%3w "2y C4 (2.2)

where n is the number of electrons transferred (13), F is the Faraday's con-
stant (96485C mol™), A is the area of the rotating disk electrode (0.070 cm?),
D is the solution diffusion coefficient of the electroactive species (cm?s™), w is

' v is the kinematic viscosity of the

the rotation speed of the RDE in rad*s’
electrolyte ( for DMF 9.19*10° cm?s™) and Cs is the concentration of the
electroactive species in solution (7.18*10°® mol/ml).

The diffusion coefficient (D) of 14 was found to be equal to 0.12*10° cm?s™,

The value is in the same range with the one obtained by Heinen'® for a

charge trapping dendrimer with 26 bipyridinium subunits.

2.3 Conclusions
The synthesis, chemical and electrochemical characterization of two series
of rigid viologens (stars and dendrimers), with branched structure and
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alternating benzyl viologen/phenyl viologen subunits are discussed. These
molecules were obtained by consecutive Zincke/Menshutkin reactions. The
introduction of the hydroxymethyl groups at the periphery of the molecules by
the Zincke reactions allows their activation and their subsequent growth. The
presence of two different viologen subunits results in combined
electrochemical and optical properties of the molecule.

The four reduction peaks in the CVs of 4 and 5 are clearly visible and
correspond to the four consecutive monoelectronic reductions of the PhV and
BnV subunits. The UV-Vis redox titration of 4 and 5 yields approximately the
same E exhibiting a very similar spectrum to that of PhV and BnV.

The viologen stars 4, 5 and 7 are monodisperse triple-branching
macromolecules consisting of alternating benzyl and phenyl viologen sub-
units. According to MM* molecular dynamics simulations (fully developed
charge, gas phase) the stars adopt an open, flat or slightly convex structure
with the branches pointing towards the corners of an equilateral triangle (Fig.
2.14). This conformation allows an uncomplicated direct heterogeneous
electron transfer with all viologen subunits at their corresponding E°, in
accordance with the whole set of four waves appearing in CV (Fig. 2.2) and
the isosbestic spectroelectrochemistry (Fig. 2.4).

Polyviologen films (Poly-4 and Poly-7) can be successfully prepared on
GC, gold and ITO by cyclic voltammetry with potential ranging from 0.2 to -1.2
V at scanning rate of 100 mV/s. The electropolymerization is highly dependent
on the initial viologen structure. Despite the presence of bromomethyl-phenyl

on the viologen termini, only 4 and 7 formed polymers upon electroreduction.
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The introduction of benzyl viologen subunit in the branches seems to be
important for efficient electropolymerization. Viologen stars 4 and 7 can easily
be electropolymerized via benzyl-benzyl radical coupling. The radicals are
most probably generated by an intramolecular electron transfer from doubly
reduced benzyl viologen into the antibonding * orbital of the benzylic C-Br-
bond,'®'?" as indicated by the potential-dependent polymerization efficiency
(Fig. 2.11). The stars cross link to achieve a surface subunit concentration up
to 2*10® subunits/cm?. The persistence of the four waves is similar as earlier
observed in poly-pyrrole based benzyl and phenylviologens.”®

No differences in the electrochemical and spectroelectrochemical
properties of the polymers compared with the star monomers were observed.

The chemical polymerization of 4 was also successfully performed in the
presence of Zn and NH4Cl. The disappearance of C-Br stretching vibration at
552 cm™ in the FT-IR spectrum'®® of Poly-4 proves the benzyl-benzyl radical
coupling mechanism. The STM image of Poly-4 on HOPG shows polymer
fibers packed in helical structures.

A new composite material was prepared using CNTs and 4 by electro-
chemical and chemical polymerization. The Poly-4-CNT composites exhibits
electrochemical behavior of Poly-4. The STM and XPS confirm the presence
of CNTs in the polymer film.

Because the Poly-4 film can preconcentrate anions at the electrode
surface, the Poly-4-ITO-modified electrode could be used as sensitive and
selective sensor for organic/inorganic anions.

The cyclic voltammetry and spectral changes of two e” reduced species of

14 have been investigated. The CV of 14 shows that the two e reduction of
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BnV core coincide with the two e reduction of PhVBn branches. The
absorption spectra of 14 at -0.37 V is similar to that of PhV. Analysis of the
diffusion coefficient was done according to Levich equation, and the value of

D is in agreement with the reported value of a similar viologen derivative.
2.4 Experimental part

2.4.1 Cyclic voltammetry measurements

All solutions were de-aerated by Ar bubbling for 3 min. prior to the
electrochemical experiment. CV measurements were carried out at RT, in a
standard three electrode cell. The working electrodes were a gold disc (area=
0.070 cm?, Methrom, 6.1204.140), a glassy carbon (GC) (area= 0.066 cm?
Metrohm (6.0804.010)) and ITO glass slides ((In-doped SnO,, 20 Q/cm?) from
BTE Bedampfungstechnik (Elsoff, Germany), and the counter electrode was a
Pt wire. The reference electrode was a saturated (3M) Ag/AgCI/KCI electrode
(Metrohm, 6.0724.140), separated by a salt bridge containing the same
organic solvent/electrolyte as the measuring compartment. Prior to each
electrochemical synthesis, the working electrode (GC or Au) was carefully
polished with alumina powder on a polishing cloth and then rinsed with
distiled water. ITO glasses were cleaned following conventional
procedures.’®® All of these electrodes were dipped into the electrolyte solution
prepared by dissolving 0.1M tetrabuthylammonium hexafluorophosphate (n-
BusNPFg) (Sigma-Aldrich, = 99 %) in DMF (Sigma-Aldrich, = 99.9 %).
Potentiostatic control was performed by a PGSTAT 20 potentiostat from
AUTOLAB, connected to the cell and controlled by a PC running under GPES

for Windows, Version 4.2 (ECO Chemie 1995).
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The RDE measurements performed to find D of 14 were conducted at a
sweep rate of 5 mVs"'. A Metrohm 663 VA stand with a GC (0.29 cm
diameter) was used for rotating disk (RDE) studies. The experiments were
performed for rotational speeds of 500, 1000, 1500, 2000, 2500 and 3000

rpm.

2.4.2 Spectroelectrochemistry of 4, 5 and 14 in solution

Absorption spectroscopy can be utilized for the redox titration whenever
the absorption spectra of oxidized vs. reduced molecule show significant
differences throughout the visible range.

The cell’°

used for the spectroelectrochemical characterization of the
monomer solutions was of glass construction with a 2 mm cuvette and a
Ag/AgCl electrode as reference (Metrohm, 6.0724.140) (3M KCI, aqueous
solutions). The working electrode was a graphitized carbon felt GFA-5 of ca. 2
cm diameter from SGL Carbon. The cell was driven by an EG&G PAR model
173/179 potentiostat. The changes in absorbance were measured using a
Hewlett-Packard 8453 spectrophotometer with a maximum time resolution of
0.5 s. After thorough de-aeration of the solution by bubbling argon, an initial
reducing potential was applied in the interval from 0.0 V to -1.0 V. The
potential was held constant until the solution volume was totally reduced as
indicated by the stable absorption spectrum. The electrode potential was

sequentially increased in 30 mV steps. The electrolyte used for the redox

titrations was 0.1M n-BusNPFgin DMF.

2.4.3 Electropolymerization of 4 and 7

Polymer films were deposited on GC, gold and ITO from monomer solutions
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in 0.1M BusNPF¢/DMF by scanning the potential between 0.2 V and -1.2 V vs.
Ag/AgCl at 100 mVs™'. The sweep was stopped after 60 cycles, and the
modified electrode was rinsed with acetone prior to further experiments. The
modified electrodes were investigated by repetitive cyclic voltammetry (60
scans, at 100 mVs™) to explore the polymer by CV, UV-Vis or STM.

Poly-4-CNT nanocomposites on ITO were prepared by mixing an amount
of CNTs (0.25 wt %) to a solution of 4 (5*10* M) containing 0.1M n-BusNPFg,
The solution was then homogeneously dispersed by ultrasonification for 30
minutes. It was observed that viologen-star 4, dissolved in DMF, is a good
dispresive medium for the CNTs. Once the sonification was completed, the
solution was subjected to CV by scanning the potential between 0.2 V and -
1.2 V vs. Ag/AgCl at a scan rate of 100 mVs™. The formed nanocomposite
film was then analyzed by CV, STM and XPS.

For preparation of GC-Poly-4-CNTs-coated electrode, a DMF solution of
Poly-4-CNTs (prepared according Scheme 2.6-b) was used to cover the GC

electrode and then dried at 40°C for the electrochemical measurements.

2.4.4 Spectroelectrochemistry at modified electrode (Poly-4 on ITO)

A homemade spectroelectrochemical cell was constructed for the analysis
of aqueous samples using a 1cm quartz cell that was attached at the bottom
of a conventional three-electrode cell. The cell was mounted in the sample
compartment of a Hewlett-Packard 8453 spectrophotometer, and the
measurements were performed in aq. 0.1M KCI under Ar atmosphere. The
working electrode was ITO glass (ca. 0.98 cm?) containing the polymer, the

reference electrode was Ag/AgCl (3M KCI, aqueous solutions), and a Pt wire
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was used as the counter. The cell was driven by an EG&G PAR model 173/
179 potentiostat.

The ITO/film electrode was immersed in ag. 0.1M KCI solution and
subjected to potential steps between 0 and -0.99 V. The spectra were

recorded when absorption was constant, after 100 s.

2.4.5 PM6-modelling

A single branch of 5 (= sb5) was geometry optimized in the gas phase
without counter ions with PM6 embedded in MOPAC2009 and using Gabedit
2.40 as the graphical interface.”"'®? According to the electronic occupancy
the multiplicity was defined as singlet (4+ and 0 charged) or doublet (3+ or 1+
charged). In the ambiguous case (2+ charged) singlet and triplet were both

calculated providing a ca. 45 kcal lower energy for the triplet multiplicity.

2.4.6 STM measurements on modified electrodes (Poly-4 on ITO and

HOPG and Poly-4-CNTs on ITO)

The STM imaging was carried out with an EasyScan Nanosurf
(Switzerland) instrument at RT using typically 0.050 V bias voltages and 1.000
nA tunneling current. The images are raw data without any filtering. The STM
tips were cut from Pt/Ir wire (0.25 mm) (Schaefer Technologie GmbH in
Langen, Germany). The polymer-covered ITO glass electrodes were glued
onto the magnetic support and the surface was electrically connected to the
support with silver lacquer painted over the glass edge.

Poly-4-HOPG: Polymer adsorption on graphite was done from Poly-4 solution
in DMSO (ca. 1 mg/ml). A drop of the polymer solution was deposited on the
freshly cleaved graphite surface and evaporated at 40 °C.
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Poly-4-CNT-ITO: After preparation (electrochemical approach), the composite
film was washed with acetone and dried in air before visualization by STM.

Poly-4-CNTs-HOPG: After chemical preparation, the composite were
suspended in DMF and ultrasonicated for 30 minutes. A drop of the solution
was adsorbed on the freshly cleaved graphite surface, evaporated within 24

hours at RT and visualized by STM.

2.4.7 lon transfer studies

Ferrocene (Fc) (Fluka, = 98 %), tris(2,2’-bipyridyl) dichlororuthenium (ll)
hexahydrate (Ru(bpy)s) (Aldrich, 99.95 %) and potassium ferricyanide (llIl)
([Fe(CN)s*) (Sigma-Aldrich, min. 99 %) were used as purchased. The
synthesis of 1,1’-bis-2-hydroxyethyl-4,4’-bipyridinium dibromide (HEV) was
performed using procedures described earlier.’®'** Methyl viologen hexa-
fluorophosphate (MeV) was obtained after the ion exchange to PFg following
the procedure described by Xiao et al.”*> The experimental setup used in this
study was described in Section 2.4.1. For this study, the ITO glass electrodes

were modified as described in Section 2.4.3.

2.4.8 FT-IR investigation of viologen star 4 and Poly-4

The infrared spectroscopy (IR) measurements were performed using a
Vertex 70 instrument (Bruker) with Fourier transformation (FT-IR), equipped
with ATR module based on diamond crystal. The spectra were recorded over
the wavenumber range of 400-4000 cm™ for viologen star 4 and Poly-4
obtained via chemical reductive coupling. Bands are characterized as: strong

(s), medium (m), and weak (w).
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2.4.9 Detailed synthetic procedure

2.4.9.1 Materials and devices

The reagents: 4,4’-bipyridine (Aldrich, 98 %), 1-chloro-2,4-dinitrobenzene
(Fluka, = 98 %), 4-aminobenzyl alcohol (Aldrich, 98 %), HBr (Sigma-Aldrich, =
33 % in acid acetic), 1,3,5-tris(boromomethyl)benzene (Aldrich, 97 %), 5-
amino-isophthalic acid dimethyl ester (Aldrich, 98 %), HBr ( Sigma-Aldrich, 48
%), Single-Wall Carbon Nanotubes (99 wt %, d= 1-2 nm, length= 3-30 um,
Cheap Tube Inc), tetrabutylammonium chloride (TBACI) (Fluka, = 97 %),
ammonium hexafluorophosphate (NH4PFg) (Fluorochem, = 99 %) and lithium
aluminium hydride (Merck, tablets) were used without further purification.

Organic solvents were purified prior to use as follows: ethyl acetate was
distilled over phosphorus pentoxide (P05, Acros Organics) and methanol was
distilled over Na (Riedel de Haén, min. 99 %). All other solvents: acetonitrile
(MeCN) (Sigma-Aldrich 2 99.9 %) and diethyl ether, (Sigma-Aldrich, = 99 %)
were used as received.

'H- and "*C-NMR spectra were recorded on Bruker Avance spectrometer at

250 and 63 MHz, respectively, using the solvent signal as internal standard.

Elemental analyses were performed on Elementar Vario microcube

instrument.

2.4.9.2 Synthesis description
12PFs (C24H22F12N202P2): 1,1’-Bis-(4,4’-hydroxymethyl-phenyl)-4,4’-bipy-
ridinium bis (hexafluorophosphate)

To a solution of 2 g (3.56 mmol) 1,1-bis-(2,4-dinitrophenyl)-4,4’-bipyri-

dinium dichloride in 560 ml MeOH/water 80 % (V/V) at reflux 1.02 g (8.28
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mmol) 4-Aminobenzyl alcohol in 50 ml MeOH/water 80 % (V/V) was added
and allowed to reflux for 48 h. The mixture was cooled to RT and the solvent
was evaporated. The residue was dissolved in 150 ml water and filtered
through a filter paper to remove the 2,4-dinitroaniline side product. The filtrate
was washed three times with chloroform to remove 4-aminobenzylalcohol, the
aqueous phase was evaporated, then the residue was dissolved in 80 mi
MeOH, and the product was precipitated with 200 ml diethyl ether. The brown
precipitate was collected by suction filtration, dissolved in 80 ml water and
precipitated as PFg salt by addition of 10 ml 3M aq. NH4PFs. The beige
precipitate was filtered, washed with water to remove excess of NH4PFs and
dried under high vacuum to give 1°2PF¢ (1.39 g, 59.52 %).

'"H NMR (CDsCN, 250 MHz): 3.43 (s, OH, 2H); 4.80 (s, CHy, 4H); 7.78 (s,
CHarom., 8H); 8.67 (d, J= 7.5 Hz, Vio 4H); 9.22 (d, J= 7.5 Hz, Vio, 4H).

3C NMR (CDiCN, 63 MHz): 62.95 (CH,); 124.77; 127.69; 128.72; 141.44;
146.03; 147.30; 150.60.

Elemental analysis for Co4H22F 12N202P2¢3H,0: C40.34, H3.95, N3.92 (calc.),

C40.26, H3.83, N3.87(found).

2°2PFg (C24H20Br2F12N2P2): 1,1°-Bis-(4,4’-bromomethyl-phenyl)-4,4’-bipyri-
dinium bis (hexafluorophosphate)

2.5 g (3.78 mmol) 1,1’-Bis-(4,4’-hydroxymethyl-phenyl)-4,4’-bipyridinium
bis (hexafluorophosphate) (1) in 200 ml HBr in CH3COOH (5.7M) was stirred
for 4 days at RT while protected from light. The acid was evaporated, and the
residue was dissolved in methanol and then precipitated by addition of diethyl
ether. The brown precipitate was filtered, dissolved in water/MeOH (8:2 V/V)

and treated with 10 ml 3M aq. NH4PFs. The white precipitate (PFs salt) was
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filtered, washed several times with water and dried under high vacuum (2.12
g, 71.55 %).

'H NMR (CDsCN, 250 MHz): 4.77 (s, CH, 4H); 7.84 (dd, J= 10.0 Hz,
CHarom., 8H); 8.69 (d, J= 5.0 Hz, Vio 4H); 9.23 (d, J= 5.0 Hz, Vio 4H).

*C NMR (CDiCN, 63 MHz): 31.51 (CH,); 125.08; 127.38; 131.24; 141.86;

142.93; 145.68; 150.44.

4+12PFs (C111Ho3Br3F72N12P12):

To a solution of 2.6 g (3.30 mmol) 1,1’-bis-(4,4’-bromomethyl-phenyl)-4,4’-
bipyridinium bis (hexafluorophosphate) (2) in 60 ml MeCN, 0.8 g (2.06 mmol)
BusNPFs was added and then heated to 70°C. 0.38 g (0.37 mmol) of 3
(prepared according to the literature®®) in 6 ml MeCN was added in portions
while stirring over a period of 8 h. The mixture was further stirred for 5 days at
70°C. After cooling to RT, the mixture was filtered. The filtrate was added to
5ml TBACI (1M solution in MeCN). The brown precipitate (CI" salt) was
collected by filtration and washed with MeCN to remove the excess of TBACI.
For further purification, the product was precipitated three times from
MeOH/diethyl ether.

TLC: MeOH/HOAC/H0, 10:4:1-product stay at the start line

The brown precipitate was dissolved in 100 ml water/MeOH (1:1) and mixed
with 10 ml 3M aqg. NH4PFs. The brown precipitate formed (PFg salt), was
isolated, washed with water and dried under high vacuum (0.68 g, 51 %).
'"H NMR (CD;CN, 250 MHz): 4.77 (s, CHy, 6H); 5.81 (s, CHy, 6H); 6.04 (s,
CH,, 6H); 7.92-7.71(m, CHarom., 27H); 8.49 (bs, Vio, 12H); 8.69 (bs, Vio,
12H); 8.99 (bs, Vio, 6 H); 9.05 (bs, Vio, 6 H); 9.21 (bs, Vio, 12H).

3C NMR (CD:CN, 63 MHz): 31.51 (CH,); 63.49 (CH,); 63.66 (CH,); 125.09;
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125.68; 127.40; 127.49; 127.60; 127.73; 131.25; 131.43; 131.83; 134.90;
136.62; 141.87; 142.94; 143.22; 145.71; 145.89; 145.99; 150.57; 150.77.

IR: aromatic C-H (w, 3135; w, 3075), aromatic C=N* (s, 1635),"* aromatic
C=C (w, 1560; s, 1494; s, 1447; s, 1422), aromatic C-H in plane bending (w,
1000-1250), aromatic C-H out of the plane (s, 810), aliphatic C-Br (s, 552).
Elemental analysis for Cq11Hg3BrsF72N12P12: C 37.30; H 2.62; N 4.70 (calc.), C

37.06; H 2.98; N 5.11 (found).

Chemical polymerization of 4 was performed after a modified procedure
described by Malvestiti et al.™’
Poly-4: Compound 4 (0.02 g, 5.5* 10°® mmol) dissolved in 4 ml DMF was
stirred with one Zn pellet at RT and under Ar until the color of the solution
turned into dark green. 0.4 ml saturated aq. NH4Cl solution was added to the
mixture at which point the anion exchange with CI takes place and the mixture
precipitated. Water (ca. 2ml) was added to obtain a clear solution. After being
stirred for 5 h at RT and under Ar, the Zn pellet was removed from the
mixture, then the solution was filtered and washed with water and acetone
(ca. 0.012 g, 60 %).
FT-IR: aromatic C-H (w, 3117; w, 3035), aromatic C=N" (s, 1632),"*® aromatic
C=C (w, 1558; s, 1505; s, 1442; s, 1419), aromatic C-H in plane bending (w,

1000-1250), aromatic C-H out of the plane (s, 821).

Poly-4-CNTs composites: Compound 4 (0.02 g, 5.5*10° mmol), dissolved in 4
ml DMF, and 0.009 g CNTs were ultrasonicated for 10 minutes. One Zn pellet
was added to the solution and the mixture stirred at RT under Ar until the

color of solution turned into dark green. 0.4 ml saturated aq. NH4Cl and 0.2 ml
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water were added to the mixture and stirred for 5 h under Ar. The Zn pellet
was removed from the mixture, the solution filtered and the brown powder

washed with water and acetone.

5*12PF¢ (C111H96F72N1203P12):

0.2 g (0.05 mmol) of 4¢12PF¢ in 90 ml MeCN/water (1:1, V/V), was stirred
for 72 hours at 70°C. The mixture was then allowed to cool at RT, the solvent
evaporated, the residue dissolved in MeCN and added to 5 ml TBACI (1M
solution in MeCN). The brown precipitate (CI" salt) was collected by filtration
and washed with MeCN to remove excess of TBACI. After precipitation from
MeOH/diethyl ether, the product was converted into PFgs salt, was filtered,
and washed with water to remove excess of NH4PFs and then dried under
high vacuum (0.16 g, 84.65 %).

'"H NMR (CDsCN, 250 MHz): 3.58 (s, OH, 3H); 4.80 (s, CH,, 6H); 5.88 (s,
CH,, 6H); 6.04 (s, CHy, 6H); 7.70 (bs, CHarom., 3H); 7.92-7.78 (m, CHarom.,
24H); 8.49 (bs, Vio, 12H); 8.69 (bs, Vio, 12H); 8.98 (d, J= 5 Hz, Vio, 6H), 9.05
(bs, Vio, 6H); 9.22 (bs, Vio, 12H).

3C NMR (CDsCN, 63 MHz): 62.55 (CH,); 63.50 (CH,); 63.68 (CH,); 124.39;
125.68; 127.35; 127.46; 127.60; 127.73; 128.33; 131.44; 131.83; 134.89;

136.60; 143.23; 145.70; 145.88; 146.00; 146.92; 150.59; 150.77.

6°15PF¢ (C141H117F90N13P15):

To a solution of 0.3 g (1.92 mmol) 4,4’-bipyridine dissolved in 4 ml MeCN
at 70°C, 0.4 g (0.11 mmol) 4*12PF¢ dissolved in 40 ml MeCN was added in
portions with stirring over a period of 6 h. The mixture was stirred further for 3

days at 70°C. It was then allowed to cool to RT. The reaction mixture was
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diluted with 100 ml MeCN and then added to 10 ml 1M TBACI (solution in
MeCN). The precipitated CI" salt was filtered, washed with MeCN to remove
excess of TBACI, dried for 3 h under high vacuum and then dissolved in 100
ml water. The water phase was washed three times with 100 ml chloroform to
remove an excess of 4,4-bipyridine, and then the water evaporated. The
residue was dissolved in 100 ml water and added to 10 ml 3M aqg. NH4PF¢ to
convert the product into PF¢ salt. Then, the brown precipitate was filtered,
washed with water to remove excess of NH4PFg and dried under high vacuum
(0.3126 g, 66 %).

'"H NMR (CD;CN, 250 MHz): 5.88 (s, CHy, 6H); 5.98 (s, CHy, 6H); 6.04 (s,
CH,, 6H); 7.70 (s, CHarom., 3H); 7.87-7.92 (m, CHarom., 24 H); 8.47-8.49 (m,
Vio, 24 H); 8.70 (d, J= 7.5 Hz, Vio, 12H); 8.92 (dd, J= 5.0 Hz, Vio, 18H); 9.06
(d, J= 7.5 Hz, Vio 6H); 9.21 (d, J= 5.0 Hz, Vio, 12H).

3C NMR (CDsCN, 63 MHz): 62.97 (CH,); 63.50 (CH,); 63.67 (CH,); 122.58;
125.63; 125.68; 126.70; 127.52; 127.60; 127.73; 131.23; 131.43; 131.83;
134.89; 136.61; 137.04; 142.53; 143.12; 143.23; 145.39; 145.73; 145.87.
Elemental analysis for Ci41H117F9oN1gP15¢13H,0O: C37.86, H3.22, N5.63

(calc.), C37.56, H3.57, and N5.77 (found).

7°24PF¢ (C213H177Br3F144N24P24):

To a solution of 0.363 g (0.46 mmol) 1,1’-bis-(4,4’-bromomethyl-phenyl)-
4,4’ -bipyridinium bis (hexafluorophosphate) (2) dissolved in 20 ml MeCN at
70°C, 0.2 g (0.055 mmol) of 6+15PFg, dissolved in 20 ml MeCN, was added in
portions while stirring over a period of 5 h. The mixture was stirred further for
5 days at 70°C. After cooling to RT, the reaction mixture was diluted with 40

ml MeCN and then added to 10 ml 1M TBACI (solution in MeCN). The
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precipitated CI salt was filtered, washed with MeCN to remove an excess of
TBACI, and then recrystallized from MeOH (60 ml)/diethyl ether (100 ml)
mixture. The brown precipitate formed was filtered, dissolved in 50 ml water
and added to 5 ml 3M aqg. NH4PFs. The PFg salt was filtered, washed with
water and dried in vacuum (0.178 g, 46.90 %).

'"H NMR (CD;CN, 250 MHz): 4.77 (s, CHy, 6H); 5.74 (s, CHy, 6H); 6.05 (s,
CHy, 18H); 7.90 (bs, CHarom., 51H); 8.50 (bs, Vio, 24H); 8.69 (bs, Vio, 24H);
8.99-9.06 (m, Vio, 24H); 9.21 (bs, Vio, 24 H).

3C NMR (CDsCN, 63 MHz): 31.51 (CH,); 63.50 (CH,); 63.68 (CH,); 125.09;
125.68; 127.40; 127.52; 127.61; 127.74; 127.82; 131.25; 131.44; 131.83;

134.89; 136.64; 143.23; 145.73; 145.88; 146.00; 150.58; 150.76.

10+10PF¢ (CooHesFsoN13016P10):

Compound 8 (4.8 g, 10.25 mmol) was dissolved in 50 ml MeCN and stirred
at 70°C. 1.9 g (1.95 mmol) of 9°2PFs in 20 ml MeCN were added in portions.
The reaction mixture was stirred at 70°C for 72 h; 100 ml of diethyl ether was
then added. The solid formed was filtered and dissolved in conc. HBr to
perform anion exchange to Br. The excess of acid was distilled, the residue
dissolved in MeOH and the product purified by several recrystallizations from
MeOH/diethyl ether mixture (1:1). Finally, the brown precipitate was dissolved
in MeOH/H,O mixture and added to 10 ml 3M aq. NH4PFs. Then, the
precipitated PFs salt was filtered, washed with water and dried under high
vacuum (4.04 g, 66.60 %).

'"H NMR (DMSO, 250 MHz): 6.16 (bs, CH.-N*, 8H); 8.25 (bs, CHarom., 6H);
8.39 (bs, Charom., 4H); 9.05 (bs, CHarom. + Vio, 24H); 9.19 (bs, CHarom.,

4H); 9.54 (bs, Vio, 4H): 9.71 (bs, Vio, 16H).
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3C NMR (DMSO, 63 MHz): 62.98; 122.05; 126.93; 127.32; 127.72; 130.82;
132.28; 136.68; 138.69; 143.00; 143.41; 146.20; 146.90; 147.74; 149.37;
149.88; 150.11; 151.43.

Elemental analysis for CgoHesFeoN1sO16P10: C34.81, H2.14, N8.11 (calc.),

C34.53, H2.60, N8.12 (found).

1110PF¢ (CosHooFs0N1005P10):

274 g (0.88 mmol) of 1010PF¢ and 0.91 g (5.97 mmol) 3,5-
bis(hydroxymethyl)aniline were dissolved in 300 ml MeCN and refluxed for 72
h. The purification of 11 from 3,5-bis (hydroxylmethyl)-aniline and 2,4-
dinitroaniline side product was achieved by several precipitations from
MeOH/diethyl ether (1:2) of the corresponding CI" salt. Finally, the brown
precipitate was dissolved in MeOH/H,O mixture and added
to 10 ml 3M aqg. NH4PFs. Then, the precipitated PFg salt was filtered, washed
with water and dried under high vacuum (1.05 g, 40 %).

'H NMR (CD3CN, 250 MHz): 3.57 (bs, OH, 8H); 4.78 (s, CH,-O, 16H); 6.07 (s,
CH>-N", 8H); 7.69 (d, J= 6.75 Hz, CHarom., 12H); 8.01 (s, CHarom., 4H); 8.08
(s, CHarom., 2H); 8.59 (d, J= 4.75 Hz, Vio, 16H); 8.71 (d, J= 6.75 Hz, Vio,
4H); 9.08 (d, J= 6.75 Hz, Vio, 8H); 9.20 (d, J= 6.5 Hz, Vio, 12H).

*C NMR (CD;CN, 63 MHz): 62.54 (CH,-O); 63.23 (CH,-N*); 120.60; 127.13;
127.26; 127.50; 127.63; 127.73; 134.05; 136.20; 142.52; 143.41; 145.53;

145.57; 145.74; 146.13; 150.43; 150.71; 151.19.

12'10PF6 (CgsHszBrngonPm):
1 g (0.33 mmol) of 11°10PFg was dissolved in 100 ml HBr in AcOH (5.7M)

and stirred at RT for 4 days while protected from light. The acid was

69



Rigid viologen stars and dendrimers

evaporated and the crude product washed with 100 ml ethyl acetate. Anion
exchange was further performed by dissolving the precipitate in 150 ml
MeOH/H20 mixture (1:3) and adding it to 15 ml 3M aqg. NH4PFe. Then, the
precipitated PFg salt was filtered, washed with water and dried under high
vacuum (0.84 g, 72 %).

'"H NMR (CD3CN, 250 MHz): 4.75 (bs, CHx-Br, 16H); 6.09 (bs, CHx>-N*, 8H);
7.84 (bs, CHarom., 8H); 7.95 (bs, CHarom., 4H); 8.04 (bs, CHarom., 6H);
8.62 (bs, Vio, 16H); 8.74 (bs, Vio, 4H); 9.13 (bs, Vio, 8H); 9.21 (bs, Vio, 12H).
3C NMR (CDsCN, 63 MHz): 31.01 (CH2-Br); 63.25 (CHx-N*); 124.95; 127.17;
127.36; 127.64; 127.79; 133.04; 134.11; 136.20; 141.92; 142.56; 143.41;

145.66; 145.75; 146.16; 150.59; 150.95; 151.20.

13+26PF¢ (C226H170F 156N42032P26):

0.81 g (1.74 mmol) of 8 was dissolved in 25 ml MeCN and heated at 70°C.

While stirring, 0.49 g (0.14 mmol) of 12¢10PF¢ dissolved in 15 ml MeCN were
added to the above solution. The reaction mixture was stirred for 6 days. The
formed precipitate was filtered, dissolved in conc. HBr and stirred for 10 min.
The acid was distilled, and the crude product dissolved in water, and then
added to 5 ml 3M aq. NH4PFs. Then the precipitated PFg salt was filtered,
washed with water and dried under high vacuum (0.78 g, 71.34 %).
'"H NMR (CDsCN, 250 MHz): 6.07 (bs, CHx-N*, 24H); 8.03 (bs, CHarom.,
18H); 8.18 (bd, J= 8.5 Hz, CHarom., 8H); 8.58 (bs, Vio + CHarom., 28H); 8.66
(bs, Vio, 20H); 8.87 (bs, CHarom., 8H); 9.10 (bs, Vio, 32H); 9.16 (bs, Vio,
32H).

3C NMR (CD;CN, 63 MHz): 63.33 (CH,-N*); 122.29; 127.25; 127.49; 127.83;
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128.00; 130.54; 131.60; 134.10; 136.13; 138.07; 143.30; 143.42; 145.67;

146.20; 146.80; 150.16; 150.43; 150.55; 151.19; 151.51; 152.92.

14+26PF¢ (C242H218F 156N26016P26):

0.73 g (0.094 mmol) of 13°26PF¢ in 100 ml MeCN was mixed with 0.17 g
(1.14 mmol) 3,5-bis(hydroxymethyl)aniline in 30 ml MeCN and refluxed for 4
days. The solution was concentrated by evaporation (ca. 30 ml). Then, 50 ml
diethyl ether was added, and the formed precipitate was filtered, washed two
times with MeOH and dried under high vacuum (0.56 g, 79.61 %).

'H NMR (DMSO, 500 MHz): 4.66 (s, CH,-OH, 32H); 6.09 (s, CHx-N*, 16H);
6.18 (s, CH,-N", 8H); 7.66 (d, J= 9 Hz, CHarom., 24H); 8.05 (t, J= 6.5 Hz,
CHarom., 8H); 8.15 (d, J= 5.5 Hz, CHarom., 4H); 8.22 (t, J= 7 Hz, CHarom.,
6H); 8.74 (d, J= 6 Hz, Vio, 16H); 8.77 (d, J= 7 Hz, Vio, 16H); 8.87 (d, J= 7 Hz,
Vio, 16H); 9.31(d, J= 6.5 Hz, Vio, 8H); 9.38 (d, J= 6 Hz, Vio, 16H); 9.44 (d, J=
6 Hz, Vio, 8H); 9.50 (d, J= 6.5 Hz, Vio, 16H); 9.58 (d, J= 5 Hz, Vio, 4H); 9.65
(bs, Vio, 4H).

*C NMR (DMSO, 126 MHz): 61.98; 62.42; 122.06; 122.10; 125.44; 126.43;
126.61; 126.92; 127.10; 136.13; 142.12; 142.78; 144.87; 144.94; 145.00;
145.09; 145.44; 145.76; 146.05; 149.29; 149.52; 150.69; 150.88.

Elemental analysis for CasoH218F 156N26016P26°25H,0: C36.48, H3.39, N4.57

(calc.), C36.06, H3.48, and N4.79 (found).
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3 Synthesis and characterization of -conjugated rod-like

viologens

3.1 Introduction
The optical and electrochemical properties of conjugated oligomers makes

their use in construction of light-weight batteries,'®® thin-film transistors, 3%'4°

41143 and photovoltaic cells (PV) possible.*”"** Organic

light-emitting diodes
PV devices are made by creating an interface of an electron-rich material (p-
type) with an electron-poor material (n-type). Most of the known organic
oligomers or polymers are hole-transporting (p-type), on the other hand n-type
semiconductors (electrons carriers) are far less developed.™® A variety of n-
type oligomers have been designed and synthesized to control the band gap
in order to achieve the desired electrical and optical properties. The maijority
of OTFTs (organic thin film transistors) consists of fullerene derivatives as
electron acceptor which were combined with PCBM (phenyl-C61-butyric-acid-
methyl-ester) to increase the absorption in the visible and near-infrared region
and OTFTs mobility™®"*” therefore, the synthesis of n-type oligomers with
large absorption in the visible region is a big challenge from the point of view
of technical applications.

1,1’-Disubstituted 4,4’-bipyridinium salts (viologens) are possible candida-
tes for the design of new n-type oligomers as these species have interesting
redox (they can be electrochemically reduced) and electrochromic
properties.'*®

Oligomers having 4,4’-bipyridinium moieties substituted with biphenyl

groups are expected to be easily electrochemically reduced and possibly

show conductivity in this potential range. Over the past two decades, a lot of
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efforts have been made for developing synthesis of extended viologens or

viologen-analogs.

+ / \
—N \ =, + 7 N _
28F, 28r-
| I
2BF,
AN _ 2
+O+Of©\. _ O~
X=0,8

2BF,

TfO" TfO"

I/l+m= 0.6-0.95 I/1+m= 0.6
X Xl Xl

Figure 3.1 Conjugated viologen-analog monomers, oligomers and polymers from

literature.

73



1-conjugated rod-like viologens

The extended viologens Il and IV undergo reversible two-step one-
electron reduction in the cyclic voltammetry (CV), indicating the formation of
stable radical cations and neutral species.?*'**'*® The compounds I and I

151152 \whereas

undergo one-step two-electron reduction to neutral species,
compound IX undergo only one-electron reversible reduction.’® M. Valasek et
al. synthesized extended oligomeric viologens (V, VI) from p-connected 1,4-
benzene and 1,4-pyridinium rings. They show a reversible multi-step electron
transfer in the CV.#"°*"%¢ Matsushita et al’*""'*® have shown that VIl and VIII
are reduced by two electrons, whereas VIl shows a biradical character
according to ESR measurements. Poly(quinolinium) and poly(isoquinolinium)
salts X and Xl, showing viologen-like behavior, were also synthesized. Only
compound X forms stable radical cations upon 1 e reduction (dark purple)
which is further electrochemically reduced to the neutral molecule. Compound
Xl shows two irreversible 1 e reduction steps.’ Izuhara et al. synthesized
conjugated polymers with bispyridinium-phenylene units (XII) exhibiting
viologen-like redox behavior and n-type conductivity.®°

This chapter focuses on the preparation and characterization of new Tr-
conjugated, electroactive, cationic molecular rods. The structure can be
considered as an N-analogue of oligo-p-phenylene with the nitrogen carrying
positive charges. It can be also considered as an oligomeric chain of di-
alkoxyphenyl viologens or sequential arrangement of 3,3’-alkoxybiphenyl and
4,4’-bipyridinium units as an alternating chain of moderate electron donor and

strong electron acceptor units, respectively. The most discussed oligomers

are presented in Fig. 3.2.
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/ PFg

" N+C/>—C OO HNHz

/ PFe =7 Oprg

HN C/HQ }@ N}C NHz

/ PFg

CH3

H,C—CH,—CH,—CHj

H.C o o CH

Figure 3.2 Chemical structures of the rod-like viologen oligomers discussed in this

work.

3.2 Results and discussion

3.2.1 Synthesis

The synthesis of a series of new conjugated, electroactive rods consisting
of biphenyl viologens are described in Schemes 3.1-3.3. The general strategy
is based on the reaction of 1,1-bis(2,4-dinitrophenyl)-4,4’-bipyridinium
derivatives (17, 19a-c, 22a-b) with 4,4’-bis(aminobiphenyl) compounds ( 16a-
¢ and 18a-b) through a known reaction (the Zincke reaction).®>¢"162

Selectivity was achieved using an excess of the additional peripheral groups.
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It starts with the preparation of 1,1’-bis(2,4-dinitrophenyl)-4,4’-bipyridinium
(17+2Cl) according to Nanasawa,” with minor modifications from 4,4-
bipyridine and an excess of 2,4-chlorobenzene (I, Scheme 3.1). It is followed
by a double Zincke reaction between 172Cl and two molecules of o-
dianisidine (16a) in methanol/water to yield 18a°2Cl containing a central
dipyridinium unit (V) and two peripheral diphenyl units (DP) with two terminal
—NH; groups in 82 % yield (abbreviated as NH,-DP-V-DP-NH, Ill, Scheme
3.1). Notably, completeness and suppression of polymerization is solely
controlled by the excess of o-dianisidine used in the reaction (1 eq. excess
was sufficient). For its characterization the compound was quantitatively ion
exchanged to give 18a*2PFs.

R\
oH § o Q  1b)c) NH,

+ N*
e R 2 @ o 2d)e)c

15b NH,
15c 16b (1)
16¢ (2)
®
I 2% + n,
®

NH,
18a+2Cl; 18b+2CI
18a+2PF,

Scheme 3.1 Synthesis of rod-like 4,4’-bipyridinium monomers and their building
blocks: a) DMF/K,CO3/90°C/3 days; b) benzene/Zn/NaOH 50 %/70°C/14 h; c¢) HCI 20
%; d) (CH3),CO/Zn/NaOH/reflux/24 h; e) EtOAc/Zn/NaOH/reflux/12 h; f) CH;CN
Ireflux/72 h; g) MeOH/reflux/20 h.

76



1-conjugated rod-like viologens

Further elongation of rod 18a2Cl is based on the same sequence of
reactions. Treatment of 18a+2Cl with a fourfold amount of the viologen unit
17+2Cl yields after ion exchange 22a+6PFg in 86 % yield. Incorporation of the
two peripheral DP-NH; groups was achieved by the treatment of 22a<6PFg
with a fivefold amount of o-dianisidine to yield 23a*6PFg (NH,-DP-V-DP-V-DP-

V-DP-NH3) in 93 % yield (Schemes 3.2 and 3.3).

NH,

DP
19a+4PF, (a) I_\FTiz
19be4Cl (b) 20a+4PF,(c)
19¢c+4Cl (b) 20be4Cl (d)
20c+4PF, (d)

19a°4PF;s 29a04pPF,

Scheme 3.2 Synthesis of rod-like 4,4 '-bipyridinium dimers and their building blocks:
a) MeOH/reflux/48 h; b) MeOH/reflux/4 days; c) CH3;CN/reflux/48 h; d) MeOH/
reflux/3 days.

In another series of syntheses, rods with DP as the central group (I, Il,
Scheme 3.2) are envisaged. Starting with o-dianisidine and a fourfold amount
of 17+2Cl, 19a*4PFs was obtained after ion exchange in 45 % yield. The
corresponding amine-terminated rod 20a*4PFg (NH,-DP-V-DP-V-DP-NH>)
was obtained in 50 % yield from treating with a fivefold excess of o-
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dianisidine. Compound 21a*4PFs was also prepared from 19a*4PF¢ but using

aniline (10 eq.) instead of o-dianisidine in 74% vyield.

NH, L
H ® a L NH, ¢)
b) a)
2 V|i+ 2 m
V]2l 3 Y] 3
® ® [pp NH, @
NH 16a-b NH,

1Y

17.2C1 2 7
2 V')
18a+2Cl ®
18b-2Cl 22a+6PF, (a)
2
22b-6Cl (b) 232+6PF, (C)
23b+6PF, (a)
R
NO, 0
- -5 [
NO2
A
R
R= a:-0CH,
b' _o,_L
C:-¢" ¢ ¢ on

Scheme 3.3 Synthesis of rod-like 4,4’-bipyridinium trimers and their building blocks:
a) MeOH/reflux/3 days; b) MeOH/reflux/4 days; c) CH3;CN/reflux/48 h.

Separation of the product (23a*6PFs, 22a°6PFs, 20a*4PFs, 19a*4PF¢)
from mixtures of starting material excess (17+2Cl) and from dinitroaniline side
product was generally tedious due to their similar solubility, and purification of
the product was achieved by repetitive precipitation of the salts from
methanol/ethyl acetate (for CI" salts) or acetonitrile/diethyl ether (for PF¢
salts). Other conjugated rods consisting of viologen and biphenyl alternating
units were synthesized using the same scheme as for methoxy-biphenyl-

viologen rod-like derivatives (see detailed synthetic procedure), but replacing
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o-dianisidine  (16a) with  3,3-buthoxy-benzidine (16b) and 4,4'-
diaminobiphenyl-3,3’-[(0xy)2-ethoxy)2-ethoxy)2-ethanol] (16¢). The synthetic
route to prepare 16b and 16¢ is shown in Scheme 3.1: I. The 2-alkoxy-
nitrobenzene derivatives (15b-c) were first reduced with Zn and NaOH to
hydrazobenzenes (Scheme. 3.4) and were further rearranged to benzidines in
acidic conditions. The amount of Zn and base taken into the reaction is an
important parameter for the benzidine rearrangement, due to the several
parallel and consecutive reactions which may occur during the hydrogenation

process.'®?

O o
<
N+

R
/
o o
2 SR +57Zn+ 10 NaOH —— N +5Na,[Zn0,] + 4 H,0
NH
o
/
R

Scheme 3.4 The reduction of 2-alkoxybenzene to 1,2-bis(2-alkoxyphenyl)hydrazine,

in the presence of Zn and NaOH.

Compound 16¢c was obtained by reduction of 15¢ with Zn and NaOH in
acetone and ethyl acetate, but in poor yield (22 %). Its preparation was a
challenging task, due to the complicated mechanism of benzidine
rearrangement which leads to a mixture of diaminobiaryls and amino-

diarylamins (Scheme 3.5-a)'®*'%

and the disproportionation of hydrazoderi-
vates which accompanies all acid-catalyzed rearrangements (Scheme 3.5-
b).'®® However, the influence of some parameters as: solvent, Zn and base

amount that may help to improve the yield of this reaction, was studied in a

collaborative work with J. Ludden.'®’
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Scheme 3.5 Side products of acid-catalyzed benzidine rearrangement.

The reactivity of series b and c in the conjugated electroactive rods was
reduced as compared with the 3,3’-methoxy-diphenyl homologous due to their
large side chains attached to the diphenyl subunits.

Purification of compounds 19b-c, 20b-c, 22b, 23b, could not be
accomplished by simple repetitive precipitation of the product from me-
thanol/ethyl acetate (for CI" salts) or acetonitrile/diethyl ether (for PFg™ salts).
Repetitive column chromatography (elution with methanol) on Sephadex LH-
20 was used as key purification step in case of 19b-c, 20b-c, 22b, 23b, as CI’
salts (yield 21-33 %).

The purity control of the compounds is based on 'H-NMR, "*C-NMR, and
elemental analysis after purification and drying. The same 4 groups of
resonances (V, DP, NH and O-CH»-X) can be found for all rods 18a-b*2PFsg,
20a-c*4PF;s and 23a*6PF; (Fig. 3.3).
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OMe

HSC o HeHb  pg —
) C}—Q NHZ

2PFy Ha Hp He O
CH3 CH3

V DP

Hf Hg  HbHc
M

9.5 9..0 580 7570 65 6055 5045 40 3.5

—

Integral: 7.92 121 12.33

Figure 3.3 "H-NMR of 18a*2PF measured in MeCN —ds.

Table 3.1 Integration of 'H-NMR spectra of viologen oligomers with amine end-

groups measured at 300 K.

Compound experimental theoretical
IV/lop | Ia/lop | lo-chz-x/lop | Nlop | Ia/lbp | lo-che-x/lop
18a°2PF¢ | 0.65 | 0.33 1.02 0.66 0.33 1
18b°2PFs | 0.64 | 0.32 0.64 0.66 0.33 0.66
20a*4PF¢ 0.90 | 0.22 1.01 0.88 0.22 1
20b°4PF¢ | 0.87 - 0.70 0.88 0.22 0.66
20c*4PFg | 0.87 - 0.70 0.88 0.22 0.66
23a*6PFg 0.96 | 0.16 1.02 1 0.16 1
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Where X is H, C3H; or CsH4103; A is the integral of amine protons; DP is the integral
of diphenyl protons; V is the integral of viologen protons; O-CH,-X is the integral of

the protons pertain to the first carbon atom in alkoxy groups.

The ratio of intensities for the four groups are specific for 18a-b*2PFs, 20a-
c*4PF¢ and 23a*6PF¢ (Table 3.1, theoretical). The corresponding experimen-
tal values are as expected, confirming the structures unambiguously
(experimental, Table 3.1.). These data, together with the elemental analyses
corrected for some water content, °C-NMR and the results from cyclic

voltammetry indicate that a successful chain extension has occurred.

3.2.2 Electrochemical investigation of 18a-b, 20 a-b and 23a-b

To determine the electrochemical properties of these compounds and to
estimate the energy levels of their highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO), cyclic voltammetry (CV)
experiments were performed in DMF solutions containing 0.1M n-BusNPFg
using Ag/AgCl as the electrode reference at a scan rate of 50 mVs™.

As shown in Fig. 3.4, the monomeric, dimeric and trimeric viologen rods
exhibit similar electroactivity. It involves two phenyl-viologen typical reversible
reduction waves'® and one irreversible oxidation of anilins.®'"" Compounds
20a and 23a adsorb on the electrode surface as manifested by the sharp
peaks at the second reduction potential in Fig. 3.4-a. Coulometry during bulk
electrolysis indicates that the rods undergo an overall two-electron reduction
for each viologen subunit present in the molecule, and the ne (the number of
exchangeable electrons) increase linearily with the number of viologen

subunits (Table 3.2 and 3.3).
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Figure 3.4 CVs of: a) methoxy substituted-rods (6.75*107 mol/ml); b) butoxy
substituted-rods (2.61*10” mol/ml) in DMF solution containing 0.1M n-Bus;NPFs at GC
and a sweep rate of 50 mVs™.

As expected for the same concentration of monomer, dimer and trimer in
a viologen oligomeric series, the peak current in CV increase with the number

of viologen subunits of each molecule.

Table 3.2 Electrochemical properties and energy levels of viologen-oligomers.

Compound Eq2M (V) Ne E1/,"® (V) | E™ (V) | Band gap (eV)
18a°2PF¢ -0.2° -0.23° 0.75° -0.55° 0.88°% 1.2
20a+4PF -0.172 -0.18° 1.21° -0.53? 0.87° 1.07
23a+6PF; -0.14* | -0.16° | 1.16° -0.54° 0.87° 1.01
18b*2PF -0.23 -0.24° - -0.58 0.82 1.03
20b*4PF¢ -0.21 -0.22° - -0.57 0.82 1.00
23b*6PFg¢ -0.17 -0.19° - -0.54 0.82 0.96

®The potentials could not be accurately determined by CV because of strong
adsorption on electrode surface. "The potentials determinated by rotating disk
voltammetry at 261.66 rad/sec rotational speed. “The number of exchanged electrons

per molecule is determined by potential-controlled bulk reductive electrolysis.
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The HOMO and LUMO and thus the electrochemical band gaps, Eg=
(ELumo - EHomo) Were estimated by the relationship :'2
Enomo= -[E®™*' % + 4.65] eV (3.1)

ELumo= -[E°™® "+ 4.65] eV (3.2)

EC™set o and E°™® ™ were determined for the second reduction wave
according to the usual procedure described in literature.'”® The electroche-
mically determined values of LUMO energies does not change or change very
little within the two series of rods. The small HOMO-LUMO gap resulted upon
electrochemical doping is also confirmed by the electronic absorption
spectrum of the radical cation species, where a low energy band at 900-1100
nm (1.37-1.12 eV) is seen (Fig. 3.9).

With increasing length of the oligomers, the reduction potential becomes
more positive. The graph of the first reduction peak potentials in the methoxy

series vs.1/N (N= number of viologen units) fits a straight line (Fig. 3.5-a).

1.25 -
-0.16 -
a b
) Re=0.9076 12040 2 59904
EQ -0.18 1 ?21.15
wi o
L 1.10
-0.20 1
1.05
-0.22 1 1.00+
1.1 0.9 0.7 0.5 0.3 0.3 0.5 0.7 0.9 1.1
1/N 1/N

Figure 3.5 a) Plot of the E;;, ™ ' of the methoxy-rod series versus 1/N; b) Plot of the
band gap of the methoxy-rod series versus 1/N. The band gap was calculated with

eg. 3.1 and 3.2 and N is equal to the number of viologen units in the oligomers.

The 1/N dependence on the reduction potential is not unexpected since
the HOMO-LUMO gap of these oligomers also scales with 1/N, and the

reduction potential is related to the energy of the LUMO (Fig. 3.5-b).
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Table 3.3 Number of exchanged electrons per molecule measured by preparative

electrolysis coulometry.

Rod POt-Step Iback (A) t(S) Qback Qexp (C) Qcorr (C) Q theor (C) n(e)
(V) (c)

20a*4PF¢ | 0.1—-0.4 10° 4453 | -0.04 -0.264 -0.224 -0.117 1.91

-0.4— 0.1 0 6000 - 0.259 - 0.117 2.21

21a*4PF¢ | 0.1—-0.4 10° 6000 | -0.06 -0.495 -0.435 -0.235 1.85

-0.4— 0.1 0 7000 - 0.430 - 0.235 1.82

23a*6PF; | 0.1—-0.4 | 2*10®° | 6000 -0.12 -0.742 -0.622 -0.187 3.32

-0.4— 0.1 0 8000 - 0.528 - 0.187 2.82

3.2.3 Diffusion coefficient investigation of methoxy-rods series

In order to measure the diffusion coefficient of 18a*2PFg, 20a*4PFgs and
23a*6PFs several experiments were performed. First, the diffusion of the
methoxy-substituted rods was studied in DMF using linear sweep voltammetry
at a rotating disk electrode (RDE). For a rotating disk electrode, with area A
(cm?) at angular velocity w (rad x s™), the limiting current iy is given by the
Levich124,174,175 eq.:
liew= 0.620 n FAD?*w "2v"® C, (3.3)
where n is the number of electrons transferred, F is the Faraday’s constant
(96485 C*mol™), D is the solution diffusion coefficient of the electroactive
species (cm?s™), v is the kinematic viscosity of the electrolyte (for DMF 9.19
*10° cm?s") and Cy is the concentration of the electroactive species in

solution (mol/ml). All RDE measurements were performed in DMF using 0.1M
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n-BusNPFg as electrolyte at scan rate of 0.005 V/s. As shown in Table 3.4, the
monomer’s diffusion coefficient ist 1.8 fold higher than that of the dimer which
in turn is 1.3 times higher than that of the trimer. Considering that 18a*2PFg is
the simplest rod-shaped viologen which was synthesized, the diffusion of
more extended viologen-oligomers should be lower and the values of the
diffusion coefficients smaller. As expected in the series of diphenyl-methoxy-
viologen oligomers, D decreases from the monomer to the trimer showing that
their mobility strongly depends on the viologen-oligomer molecular size. The
effect of the viologen-oligomers concentration on the diffusion coefficient was
also investigated. It was found that the diffusion coefficient of 23a*6PF¢ varies

linearily with the concentration.

R
o
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—18a+2PF,
— 20a-4PF,
— 23a-6PF,

&
o
L
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A
o
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o
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Figure 3.6 Current-potential curves for the reduction of 18a*2PF¢, 20a*4PF¢ and
23a+*6PF¢ with the rotating disk electrode at 314 rad/sec.

As the Fig. 3.7 and Table 3.4 show, a higher concentration is associated
with a lower diffusion coefficient, a trend which was observed earlier for some
organic and inorganic systems.'"®

To cross-check the value of D obtained by the RDE method, the diffusion

coefficient measurements were performed also with a gold microelectrode.

86



1-conjugated rod-like viologens

The expression of a quasi-steady-state voltammetry at a microdisc
electrode has been shown to be: "’
lim=4nFDcr (3.4)

In this expression n denotes the number of electrons transferred per mole-
cule, F is the Faraday constant, c is the concentration, and r is the radius of
the electrode. All linear sweep voltammetric measurements at a gold disk
microelectrode were performed in DMF using 0.1M n-BusNPFg as electrolyte

at a scan rate of 0.005-0.06 V/s.
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Figure 3.7 a) Slope-concentration dependence of 23a*6PFs and b) Diffusion

coefficient-concentration dependence of 23a*6PF¢ in DMF-0.1M n-BusNPFe.

The diffusion coefficients of 18a*2PFs, 20a* 4PF¢ and 23a*6PFs were
calculated from the limiting current at the gold disk microelectrode obtained
from reduction of the oligo-viologens at -0.5 V. This method leads to
reasonable results. The obtained D values are in the same order of magnitude
as determined by RDE (but smaller) showing the same trend.

DOSY is a simple and fast method for the determination of diffusion
coefficient, and offers reasonable value with elimination of some factors which
affects the precision of electrochemical methods.'® Generally, 'H-NMR
spectra of the rods showed broad resonances because of the radicals formed

as result of their lower reduction potential. To limit the effect of signal
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broadening in "H-NMR, the amino groups in oligo-viologen were protonated
by 2 eq. PTSA (p-toluenesulfonic acid) in the NMR tube, and then DOSY
measurements were performed. The diffusion coefficients obtained from the
NMR experiments in de-DMSO were almost identical to the values measured

by RDE and correspond to the protonated molecules (Table 3.5).

Table 3.4 Diffusion coefficient values of 23a*6PF¢ at different concentrations.

Concentration D Slope R?
(moleml™) (cm?s™) (Acm?/(rads™)"?
2.56*107 0.941*10°° 6.37*107 0.9996
1.16*107 0.973*10° 2.95*107 0.9995
0.53*107 0.988*10°° 1.36*10” 0.9984

Table 3.5 Diffusion coefficients (D) of 18a°2PF¢, 20a*4PF¢ and 23a*6PFs.

RDE Microelectrode DOSY
Compound

D (cm?™”) | D (cm?®s™) Protonated-form | D (cm?s™)
18a2PF¢ 2.29*10° | 1.03*10° 18a*2PF¢PTSA | 1.73*10°
20a+4PFg 1.26*10° | 0.56*10° 20a*4PF¢PTSA | 1.21*10°
23a*6PF; 0.94*10° | 0.44*10° 23a*6PF¢PTSA | 0.93*10°
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3.2.4 Spectroelectrochemical investigation of r-conjugated rod-like

viologens

The absorption spectra of 18a°2PFs, 18b*2PFs, 20a*4PFs, 20b*4PF,
20c*4PFg, 21a°4PF;, 23a*6PFs and 23b*6PFg in DMF solution containing 0.1M
n-BusNPFs at 0.0 V are shown in Fig. 3.8. Viologen oligomers in the oxidized
form shows the absorption peaks at ~280 nm and ~320 nm which are
characteristic for T-m* electronic transitions of bipyridinium salts.'”®
Obviously, the introduction of new DP-V-DP subunit induced changes in the
absorption spectra of viologen oligomers. The viologen monomers show two
absorption bands at Amax= 316 nm (€= 34.8*10%) and 485 nm observed for
18a*2PF¢ and at Amax= 320 nm (€= 40.3*10°) and 412 nm for 18be2PF,
respectively. Increasing the monomer length by a new DP-V-DP subunit (20a-
c, 21a, and 23a-b) causes a shift of the absorption maximum to shorter
wavelengths. The maximum absorption at ~320 nm becomes a shoulder and
new absorption at Amax= 286 nm (for 20a*4PFg, €= 53.3*10%), Amax= 287 nm
(for 21a*4PFs, €= 49.7*10°%), Amax= 290 nm (for 20b*4PFg, €= 58.9*10°) and
Amax= 287 nm (for 20c*4PF¢, €= 44.8*10°) appeared. The absorption maxima
of 23a*6PFg (Amax= 287 nm, €= 72.6*10%) and 23b*6PFs (Anax= 287 nm, €=
92*10°) are slightly shifted compared to those given by the lower molecular
weight analog compound.

As the alkoxy group is changed from methoxy to ethylene oxide and
butoxy, the absorption maxima are slightly shifted by 1-4 nm.

After a stepwise increase of the potential up to ~400 mV, viologen radical
cations were electrochemically generated (the solution turned deep green).

The well-known radical cation of methyl viologen and other alkyl substituted
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viologens are blue,'® while the viologen radical cations of the synthesized
rods are deep green (except 18a*2PFg). During the reduction process of
18a*2PF¢ a color change from reddish brown to black was observed. The
spectrum shows a broad low energy absorption band between 4.1-1.55 eV

(302-800 nm) with a maximum of absorption at 1.58 eV (320 nm, €= 31.1*10°,

-0.42 V).
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Figure 3.8 Wavelength-dependent extinction coefficients of the 18a-b*2PFs, 20a-
c*4PFs, 21a°4PF¢, and 23a-b*6PF oligomers at 0.0 V.

The appearance of a shoulder at ca. 2.30 eV ( 540 nm, €= 20*10°) in the
absorption spectra of (Ho.NDP),V*™ (18a) was discussed in terms of a dimer

arrangement of bipyridine rings'®'1%2

(Fig. 3.9). This absorption was not
observed for the other viologen rods in the radical cation state. One
explanation for the missing peak, is that the long alkoxy side chains of
diphenyl subunits and the increased number of positively-charged nitrogens in
one molecule, do not favorise the association of the viologen cations in
dimers."®® In contrast to the absorption spectrum of 18a, the spectra of 18b,

20a-c and 23a-b (Fig. 3.9) look similar, exhibiting absorptions in the range

320-800 nm and a maximum which is shifted from Ama= 318 nm (for
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18b2PF;, €= 34.2*10° -0.34 V to 484 nm (for 23b*6PF¢, €= 67.5*10° -0.38
V).
The absorbtion band at 605-660 nm is assigned to the viologen radical

64,181,184

cations, the broad absorption peaks beween 708 nm and 1000 nm

could not be clarified. It was observed for bis-viologen radical cations (as

weak adsorption),'®®

or it may originate from CT (charge-transfer) interaction
between the electron-accepting viologen subunits and the electron-donating
diphenoxy or amino groups'®.

Table 3.6 Extinction coefficient of oligomeric viologen-radical cations”

Compound | Reduction | Apnax (nm) €
potential (V) (Lmolecm™)
18a+2PF; -0.42 320 31.1*10°
18b*2PFs -0.34 318 34.2*10°
20a+4PF -0.38 441 36.6*10°
20be4PF; -0.38 658 51.7*10°
20c+4PFs -0.38 457 44.5*10°
21a*4PF; -0.40 451 48.8*10°
23a+6PF -0.44 463 38.8*10°
23b*6PF; -0.38 484 67.5*10°

* Extinction coefficients were established from UV-Vis in 0.1M n-BusNPFs at the

reduction potential with maximum adsorption.
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Figure 3.9 Wavelength-dependent extinction coefficients of 18a-b*2PF¢, 20a-c*4PFg,
21a°4PF¢ and 23a-b*6PFsoligomers at -0.4 V.

Further reduction up to -0.7 V (vs. ref.) (Fig. 3.10) led to reddish-color
solution with a maximum absorption between 390-490 nm (21a*4PFg,

20b*4PFs, 20c*4PF¢, 23a°6PFg, 23b*6PF¢) and 311-319 nm (18a°2PFs, 20a

*4PFs, 18b*2PFs).
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Figure 3.10 Wavelength-dependent extinction coefficients of 18a-b*2PFs, 20a-c*4
PF;, 21a°4PF¢ and 23a-b*6PFgat -0.68 V.

The evolution of the peak absorption as a function of the number of

viologen units in oxidized state shows a ca. 30 nm shift of the absorption
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maximum to the lower wavelengths per viologen subunit addition. This effect
has already been observed for other conjugated oligomers."”®” A further
increase of the dimer length does not provoke important changes in the
absorbtion maximum of the viologen-trimer, indicating that saturation of
electronic delocalization has been achieved.'®

The extinction coefficients of 18a*2PFs, 20a*4PFg and 23a*6PFg, in
oxidized form, increases linearily with the number of viologen units present in
molecule (Fig. 3.11). This kind of modification in absorbance was also

observed for other conjugated molecules.'®
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Figure 3.11 Dependence of € (at Anax) on N (number of viologen subunits) for

methoxy-substituted viologen-oligomers in oxidized form.

The predominant feature of the electronic absorption spectra of the
viologen-oligomers is a steadily increasing molecular absorption as the num-

ber of viologen-diphenyl subunits increases.

3.3 Conclusions
In the present chapter, a series of oligomeric derivatives of alkoxy-diphenyl

viologens have been synthesized in order to investigate the effect of
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increasing the conjugated length on the optical and electrical properties. The
synthesized viologen-oligomers were characterized by 'H-NMR, "*C-NMR and
elemental analysis. It was demonstrated that it is possible to apply the Zincke
reaction as a concept to prepare conjugated oligomers containing n-dopable
4,4’-bipyridinium subunits. With the aim of synthesizing highly soluble
conjugated oligomers bearing viologen substituents, the alkoxy side groups of
the diphenyl subunits were varied. The aniline precursors (16b-c) are
accessible via benzidine rearrangement. The viologen oligomers bearing
ethylene oxide side chains are more soluble as compared to the outher series
of oligomers. The elongation of the viologen series bearing ethylene oxide
side chains was stopped due to the low yield of the benzidine rearrangement
reaction.

The formation of other redox states upon electrochemical reduction was
not observed for the viologen oligomers as in the case of other conjugated
oligomers (oligo-thiophenes).'® The coulometry experiments indicate that the
rods take one electron for each viologen subunit to form radical cations which
can be further reduced to neutral viologens. The reduction potential shifts
towards more positive values (for about 60 mV) for increasing rod length.

The diffusion coefficients of viologen oligomers bearing methoxy groups
were calculated from linear sweep voltammery at macro and micro disk
electrodes. It was found that the diffusion coefficients increase with
decreasing molecular weight. The DOSY technique gave reasonable values
for the diffusion coefficients for all amino-protonated viologen oligomers

investigated.
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The evolution of the electronic transitions of the successive redox states
(dication, radical cation and neutral) of viologen oligomers with increasing
chain length has been analysed and shows saturation after introduction of the
second DP-V-DP subunit. The radical cations are characterized by strong
adsorption bands in the visible range similar to many viologen radical cations,

covering the entire visible spectral range.

3.4 Experimental part

3.4.1 Cyclic voltammetric measurements

N,N-dimethylformamide (DMF, = 99.9), dimethylsulfoxide (DMSO, = 99.9)
and n-BusNPF¢ (puriss, electrochemical grade) were purchased from Sigma-
Aldrich and used for cyclic voltammetry (CV) and coulometry. CVs were
measured as described in Section 2.4.1.

A spectroelectrochemical cell™

was used for exhaustive electrolysis in
which the two compartments were separated by a fine glass frit. The working
electrode consisting of a graphitized carbon felt GFA-5 of ca. 2 cm diameter
(from SGL Carbon) and an Ag/AgCl reference electrode (Metrohm,
6.0724.140) (3M KCI aq. solution) were housed in one compartment. The
auxiliary electrode was a 2 cm? platinum plate. 0.1M n-BusNPFg in DMSO was
used as a supporting electrolyte for the experiment.

Connection to the graphitized carbon felt was established via a platinum

wire protruding through the top of the compartment containing the compound

to be investigated.
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3.4.2 Diffusion coefficient studies

The RDE measurements were performed as described in Chapter 2, Secti-
on 2.4.1. All measurements were made at RT in a single compartment three-
electrode cell with a Pt counter electrode and two different working electrodes:
a GC (diameter 0.29 cm diameter, Metrohm, 6.0804.010) and an Au disk
microelectrode (CH Instruments, Inc., CHI105, diameter 10 pym).

DOSY experiments were performed on a Bruker Avance IlI 500 MHz
spectrometer using the Bruker pulse program ledbpgp2s. Diffusion time (D20)
was 60 ms, the length of the diffusion gradient was 2500 us (P30) and the

gradient recovery delays were 200 ps (D16).

3.4.3 Spectroelectrochemical measurements

The experimental set-up used for the spectroelectrochemical measu-
rements has been mentioned in Chapter 2, Section 2.4.4. The spectroelectro-
chemical measurements were performed under potentiostatic conditions in
the negative range from 0 to -0.8 V using 0.1M n-BusNPFg in DMF as

electrolyte.

3.4.4 Detailed synthetic procedure

3.4.4.1 Materials and devices

The reagents: 4,4’-bipyridine (Aldrich, 98 %), 1-chloro-2,4-dinitrobenzene
(Fluka, = 98 %), 2-nitrophenol (Aldrich), brombutyl (Fluka 98 %), [2-(2-(2-
chloroethoxy)ethoxy)ethanol] (TCI), o-dianisidine (Sigma), Zn powder (Merck),
HCI (Sigma-Aldrich, = 37 %), Na,COg3 (Merck, = 99.9 %), NaOH (Fluka, = 98

%), MgSOq4 (Fluka, = 97 %), NH4PF¢ (Fluorochem, = 99 %) were used without
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further purification. The solvents were distilled following procedures described
in the literature.

The apparatus used for measuring 'H-NMR, ™C-NMR and elemental
analysis have been mentioned in Chapter 2, Section 2.4.9.1.

3.4.4.2 Synthesis description
Viologen oligomers: 18a-b, 19b, 20b-c and 22-b were used for the

backbones elongation as CI salts due to the convenient purification of the
reaction product and easy removal of excess viologen monomer (17°2Cl) and
incomplete reaction products on Sephadex LH-20 using MeOH as eluent. 'H-
and "*C-NMR, elemental analysis and CV investigations were performed on
18a-b, 19b, 20b-c and 22-b as PFs salts that provide satisfactory evaluation
of measurements. For this purpose, ca. 0.1 g viologen oligomer was anion

exchanged to PFg salt.

General _procedure for_anion exchange: 0.1 g of viologen oligomer was

dissolved in 50 ml water/MeOH mixture and added to 10 ml 3M aqg. NH4PF¢ to
afford the PFg salt as a brown precipitate. It was filtered, washed twice with
water, and dried under high vacuum (yield 93-96 %).

15b (C10H13NO3): 2-Butoxy-nitrobenzene
20 g (0.14 mol) 2-Nitrophenol, 19.35 g (0.14 mol) anhydrous K,CO3; and

17.22 ml (0.16 mol) brombutyl were dissolved in 100 ml dry DMF and stirred
with reflux for 3 days under Ar atmosphere. The reaction mixture was filtered,
the filtrate collected and the solvent evaporated. The resulted liquid was
dissolved in 150 ml ethyl acetate, washed two times with 200 ml aq. 5 %
NaOH and 100 ml water. Afer drying over MgSO4, and solvent evaporation,

15b was obtained as yellow liquid (23.63 g, 84.21 %).
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"H-NMR (CDCls, 250 MHz) &: 7.78 (d, J= 1 Hz, 1H); 7.51 (t, J= 7.5 Hz, 1H);
7.07 (d, J= 8.25 Hz, 1H); 6.99 (t, J= 7.5, 1H); 4.10 (t, J= 12.5 Hz, 2H); 1.81 (¢,
J= 15.2 Hz, 2H); 1.53 (m, J= 30 Hz, 2H); 0.97 (t, J= 15 Hz, 3H).

3C.NMR (CDCl;, 63 MHz) &: 152.47; 139.92; 134.03; 125.45; 119.96;

114.39; 69.27; 30.97; 19.09; 13.74.

15¢ (C12H17NOg): 2-{2-[2-(2-Nitrophenoxy)ethoxy]ethoxy}ethanol

15.11 g (0.1 mol) 2-Nitrophenol and 22.11 g (0.16 mol) anhydrous K,CO3;
were dissolved in 60 ml dry DMF, and heated while stirring at 70°C for 30
minutes under Ar. The solution was cooled to RT and 30 ml (0.19 mol) [2-(2-
(2-chloroethoxy)ethoxy)ethanol] was added in portions and stirred at 90°C for
3 days. The reaction mixture was filtered, the filtrate collected and the solvent
evaporated. The orange liquid was dissolved in chloroform and washed two
times with 200 ml aq. 5% NaOH. The organic layer was collected, dried over
MgSOQO,, filtered and the solvent evaporated. After drying in HV, 15¢ was
obtained as yellow liquid (28.8 g (0.1 mol), 98 %).
'H-NMR (CDCls, 250 MHz) &: 7.83 (d, J= 7.75 Hz, 1H); 7.53 (t, J= 14.75 Hz,
1H); 7.10 (t, J= 12.5 Hz, 1H); 7.03 (d, J= 7.25 Hz, 1H); 4.28 (s, 2H); 3.93 (s,
2H); 3.76 (s, 2H); 3.72 (d, J= 10 Hz, 4H); 3.63 (s, 2H); 2.37 (s, 1H).
®C.NMR (CDCl;, 63 MHz) d: 152.22; 140.11; 134.11; 125.61; 120.67;

114.92; 72.44; 71.19; 70.45; 69.63; 69.27; 61.78.

16b (C2oH23N20,): 3,3’-Butoxy-benzidine

This compound was prepared according to the method described by D.
Hinks et al.™®" with minor modifications (correction of the number of mol NaOH
50 % required to complete benzidine rearrangement and use of petroleum

benzine instead of ligroine as solvent).
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20 g (0.102 mol) 2-Butoxy-nitrobenzene (15b), dissolved in 50 ml petro-
leum benzine, was mixed with 27.74 g (0.42 mol) Zn and heated at 70°C. 6.24
ml aq. NaOH (50 %) was added in portions (0.5 ml after every 2 h). The
reaction mixture color changed from yellow to orange and colorless. 12 ml
(0.66 mol) of water was added and refluxed further for 12 h. The reaction
mixture was filtered, mixed with 100 ml ag. HCI (20 %) and stirred for 30
minutes at RT. The solvents were distilled, the residue dissolved in water,
neutralized with saturated Na,CO3; and extracted three times with chloroform.
The organic layer was collected and dried over MgSO,. After solvent
evaporation and drying in HV, 16b was obtained as brown solid (12.89 g,
76.64 %).

'H-NMR (CDCls, 250 MHz) &: 6.99 (s, 4H); 6.78 (d, J= 10 Hz, 2H); 4.09 (t, J=
10 Hz, 4H); 3.77 (s, 4H); 1.85 (t, J= 13.75 Hz, 4H); 1.56 (m, J= 21.75 Hz, 4H);
1.02 (t, J= 14.25 Hz, 6H).

®C.NMR (CDCl;, 63 MHz) 5: 146.97; 134.96; 132.62; 119.12; 115.16;

110.20; 68.05; 31.51; 19.40; 13.95.

16c (C24H36N20g): [(4,4’-Diaminobiphenyl-3,3’-oxy)2-ethoxy}2-ethoxy)2-
ethanol]

3.43 g (12.67 mmol) 2-{2-[2-(2-Aminophenoxy)ethoxy]ethoxy} ethanol (15¢)
dissolved in 30 ml acetone was mixed with 2.5 g (38.23 mol) Zn and heated to
reflux. 3 ml (37.5 mol) aq. NaOH (50 %) was added in portions to the reaction
flask. After 24 h the reaction was stopped, the solution filtered and acetone
evaporated. The residue was dissolved in 100 ml ethyl acetate, mixed with 1 g
(15 mmol) Zn and heated to reflux. Aq. NaOH (50 %) was added in portions

until the solution color changed from brown to pale yellow. After 12 h, the
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reaction mixture was filtered and the solvent evaporated. The residue was
dissolved in 100 ml ag. HCI (20 %) and stirred on an ice bath for 30 minutes.
The acid was evaporated and the solid obtained dissolved in water. The pH of
this solution was adjusted to 8 by adding saturated Na,COs. After extraction
with chloroform, the organic layer was dried over MgSOy, filtered, the solvent
evaporated, and the residue purified by column chromatography (elution with
ethyl acetate/MeOH (8:2). Yield: 0.66 g (1.37 mmol), 21.69 %.

'H-NMR (CDCl;, 250 MHz) &: 6.97 (s, 4H); 6.73 (d, J= 7.5 Hz, 2H); 4.20 (s,
4H); 3.86 (s, 4H); 3.71 (s, 12H); 3.59 (s, 8H).

®C.NMR (CDCl;, 63 MHz) &: 146.67; 135.46; 132.38; 119.99; 115.89;

111.64; 72.66; 70.71; 70.26; 69.79; 68.43; 61.64.

17+2CI (C22H14CI2NgOs): 1,1’-Bis-(2,4-dinitrophenyl)-4,4’-bipyridinium
dichloride

This compound was prepared according to the method described by
Nanasawa et al.®* with minor modifications (in order to remove
monophenylated 1-(2,4-dinitrophenyl)-4-(4-pyridyl)-pyridinium chloride
byproduct, the crude precipitate was washed several times with acetone). A
solution of 4,4 -bipyridine (6,4 g, 40 mmol) and 2,4-dinitrochlorobenzene (28.0
g, 140 mmol) in dry MeCN (120 ml) was heated to reflux with stirring for 72 h.
The dense yellow precipitate formed was diluted with MeCN (120 ml), filtered
and washed several times with MeCN and acetone until a pure (TLC: MeOH:
HOACc: H20; 10/4/1) product was obtained (8.0 g, 35 %).
'H NMR (D20, 250 MHz) &: 9.41 (d, J= 7.5 Hz, 4H); 9.34 (d, J= 2.5 Hz, 2H);

8.89 (d, J= 4 Hz, 4H); 8.87 (d, J= 5 Hz, 2H); 8.25 (d, J= 10 Hz, 2H).
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3C NMR (D0, 63 MHz) 5: 152.60; 149.81; 146.82; 142.78; 138.22; 131.13;

130.71; 127.54; 122.76.

18a*2PF¢ (C3sH3sF12N4O4P2): 1,1’-Bis-(4,4’-amino-3,3’-methoxy-biphenyl)-
4,4’-bipyridinium bis hexafluorophosphate

2g (3.56 mmol) 1,1’-Bis-(2,4-dinitrophenyl)-4,4’-bypiridinium dichloride
(17-2Cl) was dissolved at 50 °C in 250 ml MeOH/water (80 %, V/V). 2.2 g
(9.05 mmol) o-Dianisidine (16a) dissolved in 200 ml MeOH/water 80 % (V/V)
was added, and the reaction mixture was refluxed for 20 h. The solvents were
evaporated and the product precipitated two times with diethyl ether from
MeOH. After drying under high vacuum, 18a+2Cl was obtained as a dark violet
solid (1.98 g, 82 %).
18a*2PFs:
'H NMR (CD;CN, 250 MHz) 5: 9.12(d, J= 5Hz, 4H); 8.61 (d, J= 7.5 Hz, 4H);
7.65 (d, J= 7.5 Hz, 2H); 7.54 (s, 4H); 7.25 (s, 4H); 6.84 (d, J= 10 Hz, 2H);
4.42 (s, NHy, 4H); 4.04 (s, 6H); 3.99 (s, 6H).
3C NMR (de-DMSO, 63 MHz) 5: 152.38; 149.89; 147.93; 147.02; 146.50;
139.45; 129.00; 127.53; 127.10; 126.46; 120.70; 118.76; 114.18; 110.48;
109.84; 57.15; 56.02.
Elemental analysis for C3sHssF12N4O4P224H,0: C46.83, H4.55, N 5.74(calc.),

C 46.82, H4.75, N 5.98 (found).

18b°*2PF¢ (Cs0HeoF12N4O4P2):  1,1’-Bis-(4,4’-amino-3,3’-butoxy-biphenyl)-
4,4’-bipyridinium bis hexafluorophosphate

1.5 g (2.68 mmol) 1,1’-Bis-(2.4-dinitrophenyl)-4,4’-bipyridinium dichloride
(17+2Cl) was dissolved in 250 ml MeOH 80 % (V/V) and heated at 100°C. 3.5

g (10.65 mmol) 3,3’-Butoxy-benzidine (16b) was dissolved in 50 ml MeOH
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and added to the reaction flask. The reaction mixture was refluxed for 20 h,
the solvent evaporated and the residue precipitated two times from
MeOH/ethyl acetate. The dark violet precipitate formed was filtered and dried
under high vacuum (1.15 g (1.34 mmol), 50.29 %).

18b*2PFg:

'"H NMR (CD;CN, 250 MHz) &: 9.13 (bs, Vio, 4H); 8.63 (bs, Vio, 4 H); 7.63
(bs, CHarom., 2H); 7.51 (bs, CHarom., 4H); 7.22 (bs, CHarom., 4H); 6.83 (bs,
CHarom., 2H), 4.42 (bs, HzN, 4H); 4.29 (bs, O-CH,, 4H); 4.16 (bs, -O-CH,,
4H); 1.85 (bs, CHz, 4H); 1.73 (bs, CHy, 4H); 1.59 (bs, CH,, 4H); 1.41 (bs,
CHy, 4H); 1.03 (bs, CH3, 6H); 0.93 (bs, CHs, 6H).

®C NMR (CDs:CN, 63 MHz) &: 151.66; 147.24; 147.07; 146.59; 138.81;
128.73; 127.47; 126.68; 126.50; 120.31; 118.79; 114.17; 111.23; 110.38;
69.37 (O-CHy); 68.18 (O-CHy); 31.22 (CHy); 30.57 (CHy); 19.09 (CH.); 18.88
(CHgz); 13.20 (CHg3); 13.04 (CHj3).

Elemental analysis for CsoHgoF12N4O4P2: C56.07, H5.64, N5.23 (calc.),

C56.47, H5.47, N5.22 (found).

19a*4PFg (C46H34F24N3010P4):

3.6 g (6.41 mmol) of 1,1’-Bis-(2,4-dinitrophenyl)-4,4’-bipyridinium dichloride
(17-2Cl) was dissolved in 200 ml MeOH/water (1:1), and heated to reflux. o-
Dianisidine (16a) (0.4 g, 1.63 mmol), dissolved in 30 ml MeOH, was added in
portions to the reaction flask. The reaction mixture was refluxed for 48 h, and
the solvent was evaporated. Removal of an excess of 1,1’-bis-(2.4-
dinitrophenyl)-4,4’-bipyridinium dichloride (17+2Cl) was achieved by repetitive
precipitation of the residue from MeOH/ethyl acetate (1:2). The purity of the

product was checked by TLC on silica gel using: MeOH/H,O/HOAc (10:4:1).
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The product was further dissolved in water/MeOH mixture and added to 10 ml
3M aqg. NH4PFs. The resulting brown precipitate was filtered, washed with 40
ml water and dried under high vacuum to yield 19a+*4PF¢ (1.06 g, 45.39 %).

'"H NMR (CD3CN, 250 MHz) 5: 9.25 (s, CHarom., 2H); 9.21 (d, J= 4.25 Hz,
Vio, 8H); 8.92 (d, J= 8 Hz, CHarom., 2H); 8.77 (d, J= 6.5 Hz, Vio, 4H); 8.71 (d,
J= 6Hz, Vio, 4H); 8.22 (d, J= 8.5 Hz, CHarom., 2H); 7.85 (d, J= 7.5 Hz
CHarom., 2H); 7.76 (s, CHarom., 4H); 4.12 (s, O-CHj3, 6H).

®C NMR (CDs:CN, 63 MHz) &: 152.55; 151.30; 147.38; 146.84; 144.42;
131.65; 130.92; 130.57; 127.64; 127.31; 127.21; 127.13; 122.31; 120.62;

112.55; 56.92.

19b*4Cl (C52H46C14NgO10):

6.76g (12.02 mmol) of 1,1-Bis-(2.4-dinitrophenyl)-4,4’-bipyridinium
dichloride (17°2Cl) was dissolved in 200 ml MeOH (80 %). 1.0 g (3 mmol)
3,3’-Butoxy-benzidine (16c¢), dissolved in 50 ml MeOH, was added and
allowed to reflux for 4 days. The solvent was evaporated, and the solid
dissolved in MeOH. Ethyl acetate was added in portions until a brown
precipitate was formed. The product was further purified over Sephadex LH-
20 (elution with MeOH). After purification and drying under high vacuum,
0.856 g (0.789 mmol) (25.77 %) product was obtained.
19b+4Cl:
'"H NMR (MeOD, 250 MHz) &: 9.70 (d, J= 7.5 Hz, Vio (2H) + CHarom. (2H),
4H); 9.57 (bs, Vio, 6H); 9.35 (bs, CHarom., 2H); 9.14 (d, J= 7.5 Hz, Vio, 4H);
9.08 ( d, J= 5 Hz, Vio, 4H); 9.02 (d, J= 7.5 Hz, CHarom., 2H); 8.50 (d, J= 8.75

Hz, CHarom., 2H); 8.02 (d, J= 10 Hz, CHarom., 2H); 7.83 (bs, CHarom., 2H);
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7.76 (d, J= 8 Hz, CHarom., 2H); 4.43 (bs, O-CHa, 4H); 1.80 (d, J= 5 Hz, 4H);
1.47 (m, J= 21 Hz, 4H); 0.98 (t, J= 14.25 Hz, 6H).

19b4PF:

3C NMR (ds-DMSO, 63 MHz) &: 152.58; 151.95; 150.49; 150.02; 147.72;
147.16; 144.86; 143.16; 138.43; 131.42; 131.16; 129.92; 127.14; 126.98;
126.81; 121.89; 120.42; 112.95; 69.60 (O-CH,); 30.65 (CH,); 18.86 (CHy);

12.75 (CHs).

19¢+4Cl (Cs6H54CI4N5gO16):

480 g (854 mmol) of 1,1-Bis-(2.4-dinitrophenyl)-4,4’-bipyridinium
dichloride (17°2Cl) was dissolved in 150 ml MeOH (80 %). 1.0 g (2.12 mmol)
2-(2-{2-[(4,4’-Diamino-biphenyl-3,3’-oxy)ethoxy}ethoxy)-ethanol (16c), dissol-
ved in 50 ml MeOH, was added and refluxed for 4 days. The solvent was
evaporated and the residue dissolved in MeOH. Ethyl acetate was added in
portions, and the precipitate formed was filtered. Further purification was
achieved by repetitive column chromatography over Sephadex LH-20 (elution
with MeOH). After purification and drying under high vacuum, 0.867 g (0.701
mmol, 33.07 %) product was obtained.
19¢+4Cl:

'"H NMR (MeOD, 250 MHz) &: 9.68 (bs, CHarom. (2H) + Vio (2H), 4H); 9.59
(bs, Vio, 6H); 9.36 (s, CHarom., 2H); 9.12 (bs, Vio, 4H); 9.03 (bs, Vio, 4H);
9.00 (bs, CHarom., 2H); 8.50 (d, J= 8.5 Hz, CHarom., 2H); 8.05 (bs, CHarom.,
2H); 7.90 (bs, CHarom., 2H); 7.80 (d, J= 7.5 Hz, 2H); 4.61 (bs, 4H); 3.88 (bs,

4H); 3.70 (bs, 12 H); 3.59 (bs, 4H).
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®C NMR (MeOD, 63 MHz) d: 152.75; 151.76; 150.35; 150.01; 147.84;
147.13; 144.61; 143.15; 138.48; 131.62; 131.45; 129.93; 127.17; 126.98;

121.90; 120.94; 113.91; 72.36; 70.15; 70.06; 69.45; 68.76; 60.69.

20a°4PF¢ (Ce2Hs6F24N6O6P4):

0.35 g (0.24 mmol) (19a*4PFg) and 0.31 g (1.28 mmol) of o-dianisidine
(16a) were dissolved in 100 ml MeCN and refluxed for 48 h. After cooling to
RT, 250 ml diethyl ether was added to the reaction mixture, and the formed
precipitate was filtered, washed two times with MeOH (2 x 100 ml) and diethyl
ether (100 ml). Further purification was achieved by repetitive precipitation of
the residue from MeCN/diethyl ether (1:1.5). 20a*4PF¢ was obtained as a dark
brown powder (0.187 g, 50 %).

'"H NMR (d¢-DMSO + I, 250 MHz) d: 9.63 (bs, Vio, 8H); 9.03 (bs, Vio, 8H);
8.00 (bs, CHarom., 4H); 7.83 (bs, CHarom., 8H); 7.62 (bs, CHarom., 2H);
7.36 (bs, CHarom., 2H); 7.02 (bs, CHarom., 2H); 4.06 (bs, O-CHgz, 18H).

3C NMR (de-DMSO + I, 63 MHz) &: 152.78; 152.35; 151.58; 150.45; 149.84;
147.98; 147.49; 147.08; 146.62; 143.95; 139.50; 131.37; 129.00; 128.12;
127.24; 126.50; 125.78; 122.51; 122.61; 118.77; 114.23; 112.66; 110.57;
109.93; 57.54 (O-CHj3); 57.19 (O-CHs); 56.07 (O-CHj3).

Elemental analysis for Ce2Hs6F24NsO6P4¢5H20: C45.10, H4.02, N 5.09 (calc.),

found C45.39, H4.46, and N5.24 (found).

20b*4PF¢ (CgoHo2F24NsO6P4):

0.7 g (0.6 mmol) of 19b*4Cl, dissolved in 250 ml MeOH, and 0.9 g (2.74
mmol) of 3,3’-butoxy-benzidine (16b), dissolved in 50 ml MeOH, were mixed
and refluxed for 3 days. The solvent was evaporated to one-third of the

original volume, and ethyl acetate was added in portions until a dark brown
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precipitate was formed. The precipitate was filtered and purified over
Sephadex LH-20 (elution with methanol). After drying under high vacuum,
0.162 g (0.117 mmol) (24.28 %) product was obtained.

20b*4PFé:

'"H NMR (de-DMSO + |5, 250 MHz) 5: 9.61 (bs, Vio, 8H); 9.06 (bs, Vio, 8H);
8.00 (d, J= 7.5 Hz, CHarom., 2H); 7.83 (bs, CHarom., 6H); 7.62 (bs, CHarom.,
4H); 7.34 (bs, CHarom., 4H); 7.02 (d, J= 8 Hz, CHarom., 2H); 4.34 (t, J= 15.5
Hz, O-CH,, 8 H); 4.18 (bs, O-CH,, 4H); 1.80 -1.34 ( unresolved coupling,
combined integral 24H, CHy), 0.96 (t, J= 14.5, CH3, 6H); 0.89 (bs, CH3,12H).
3C NMR (dg-DMSO + I, 63 MHz) &: 152.21; 151.96; 150.20; 149.90; 148.02;
143.90; 131.47; 127.99; 127.50; 127.02; 120.60; 120.44; 119.31; 113.37;
112.36; 111.71; 111.44; 69.74; 69.51; 68.51; 31.27; 30.78; 19.18; 19.07;

14.25; 14.09.

20c*4PF¢ (Co2H116F24N6024P4):

0.67 g (0.54 mmol) 19¢+4Cl in 50 ml MeOH and 0.9 g (2.74 mmol) of 16¢
in 50 ml MeOH were refluxed for 3 days. The reaction mixture was allowed to
cool to RT, the solvent was evaporated to one-third of the original volume,
and ethyl acetate was added in portions until a dark brown precipitate was
formed. The precipitate was filtered and purified over Sephadex LH-20
(elution with MeOH). After purification, the solid was dissolved in 20 ml MeOH
and added to 15 ml 3M aq. NH4PFs. The precipitated PFg salt was filtered
and washed with water several times to remove an excess of NHsPFg. After
drying under high vacuum, 0.447 g (0.196 mmol, 36.47 %) product was

obtained.
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'"H NMR (de-DMSO + |5, 250 MHz) 3: 9.60 (bs, Vio, 8H); 9.03 (bs, Vio, 8H);
8.02 (bs, CHarom., 2H); 7.91 (bs, CHarom., 2H); 7.86 (bs, CHarom., 4H);
7.77 (bs, CHarom., 2H); 7.68 (bs, CHarom., 2H); 7.61 (bs, CHarom., 2H);
7.35 (bs, CHarom., 2H); 4.55 (bs, O-CHg, 8H); 4.28 (bs, O-CH_, 4H); 3.52 (bs,
02C2H4, 24H); 3.44 (bs, O2CoH4, 24H); 3.41 (bs, O2C2H4, 24H).

3C NMR (d¢-DMSO + I, 63 MHz) &: 152.04; 151.80; 151.67; 150.30; 150.21;
149.81; 148.07; 145.84; 144.65; 143.66; 139.68; 131.78; 129.11; 128.04;
127.07; 121.06; 120.98; 114.37; 114.28; 72.52 (O-CHy); 70.38 (O-CHy); 69.99
(O-CHy,); 69.40 (O-CHy); 68.84 (O-CH,); 60.87 (HO-CH,).

Elemental analysis for CgpH116F24NsO24P4: C48.68, H5.15, N3.70 (calc.),

C48.35, H5.14, N3.74 (found).

21a°4PF¢ (C46H35F24N4O2Py):

0.15 g (0.10 mmol) 19a*4PF¢ and 0.10 g (1.09 mmol) aniline were
dissolved in 30 ml MeCN and refluxed for 48 h. After cooling to RT, 60 ml
diethyl ether was added to the reaction mixture, and the formed precipitate
was filtered, washed several times with MeOH and dried under high vacuum.
Yield: 0.099 g (73.7 %).

'H NMR (CD;CN, 250 MHz) &: 9.19 (bs, Vio, 8H); 8.69 (bs, Vio, 8H); 7.84 (bs,
CHarom.,10H); 7.74 (bs, CHarom., 6H); 4.14 (bs, O-CHj3, 6H).

®C NMR (CDs;CN, 63 MHz) &: 152.61; 151.35; 150.89; 147.37; 145.95;
144.41; 132.46; 130.98; 130.76; 127.44; 127.13; 124.44; 120.63; 112.57;
56.92.

Elemental analysis for CsgH3sF24N4O2P4*3H,0O: C42.09, H 3.37, N 4.26

(calc.), C 42.01, H 3.74, N 4.59 (found).
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22a°6PF¢ (C7oH54F 36N10012Pg):

0.5 g (0.73 mmol) of 18a+2Cl and 1.7g (3.02 mmol) of 1,1-bis-(2,4-
dinitrophenil)-4,4’-bypiridinium dichloride (17+2Cl) were dissolved in 250 ml
MeOH/water 80 % and refluxed for 72 h. The solvent was evaporated, and the
crude product was precipitated two times from MeOH/ethyl acetate (1:3). The
yellow solid was filtered, dissolved in 200 ml MeOH and added to 10 ml 3M
aq. NH4PFs. The precipitated solid was filtered and washed twice with water.
Further purification was achieved by repetitive precipitation of the residue
from MeCN/diethyl ether (1:2). Purity of the product was checked by TLC on
silica gel using: MeOH/H,O/HOAc, 10:4:1. After drying under high vacuum,
22a*6PFs was obtained as a dark yellow solid (1.32 g, 86 %).

'"H NMR (CDsCN, 250 MHz) 5: 9.26 (bs, CHarom., 2H); 9.19 (bs, Vio, 12H);
8.92 (d, J= 10 Hz, CHarom., 2H); 8.73 (d, J= 7.5 Hz, Vio, 12 H); 8.21 (d, J=
7.5 Hz, CHarom., 2H); 7.83 (bs, CHarom., 4H); 7.75 (bs, CHarom., 8H); 4.11
(bs, O-CHs, 12H).

®C NMR (CDsCN, 126 MHz) 5: 152.18; 152.03; 151.62; 151.33; 148.56;
148.48; 147.96; 147.72; 145.57; 144.49; 139.19; 132.76; 132.07; 131.65;
128.76; 128.43; 128.30; 128.24; 126.83; 123.42; 123.20; 121.76; 113.72;
58.04 (O-CHs5).

Elemental analysis for Cr7oHs4F36N10012Ps2H20: C39.41, H2.74, N 6.56

(calc.), C 39.38, H 2.92, N 6.74 (found).

22b*6PF¢ (Cs2H7sF36N10012Ps):
1 g (1.18 mmol) of 18b*2Cl in 120 ml MeOH and 2.6 g (4.63 mol) of 1,1’-
bis-(2.4-dinitrophenyl)-4,4’-bipyridinium dichloride (172Cl) in 250 ml MeOH

(80 %, V/IV) were mixed and refluxed for 4 days. The solvent was evaporated
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and the residue dissolved in MeOH. Ethyl acetate was added in portions, the
precipitate formed was filtered, and purified over Sephadex LH-20 (elution
with MeOH). After purification and drying under high vacuum, 0.4 g (0.24
mmol, 21.02 %) product was obtained.

'"H NMR (ds-DMSO + I, 250 MHz) 5: 9.71 (bs, CHarom., 2H); 9.64 (bs, Vio,
12H); 9.18 (bs, CHarom., 2H); 9.07 (bs, Vio, 12H); 8.40, (bs, Charom., 2H);
7.97 (bs, CHarom., 4H); 7.80 (bs, CHarom., 8H); 4.34 (bs, O-CH,, 8H); 1.67
(bs, CH2, 8H); 1.33 (unresolved coupling, combined integral 8H); 0.87 (bs,
CHs, 12H).

3C NMR (dg-DMSO + I, 63 MHz) &: 151.55; 150.14; 149.78; 148.06; 147.71;
143.87; 143.41; 138.81; 132.39; 131.48; 130.72; 128.04; 127.13; 122.02;

120.55; 113.37; 69.82; 30.84; 19.06; 14.12.

23a°6PF¢ (CgsH76F36NsOsPs):

0.9 g (0.42 mmol) 22a+6PF¢ and 0.55 g (2.25 mmol) o-dianisidine (16a)
were dissolved in 100 ml MeCN and refluxed for 48 h. After cooling to RT, 250
ml diethyl ether was added to the reaction mixture and the precipitate filtered,
washed two times with MeOH (2 x 100 ml) and diethyl ether (100 ml). Further
purification was achieved by repetitive precipitation of the residue from MeCN
/diethyl ether (1:1.5). After drying under high vacuum, 23a*6PF¢ was obtained
as a dark colored solid (0.89 g, 93.4 %).

'H NMR (CD;CN, 250 MHz) 5: 9.19 (bs, Vio, 12H); 8.69 (bs, Vio, 12H); 7.83
(s, CHarom., 4H); 7.74 (bs, CHarom., 10H); 7.56 (bs, CHarom., 4H); 7.27 (bs,
CHarom., 4H); 6.87 (bs, CHarom., 2H); 4.45 (s, NH3, 4H); 4.11 (s, O-CHs,

12H); 4.05 (s, O-CHgs, 6H); 4.00 (s, O-CHs, 6H).
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3C NMR (ds-DMSO, 63 MHz) 5: 152.77; 152.39; 150.40; 149.87; 148.01;
147.02; 146.55; 143.86; 139.47; 131.36; 128.98; 128.17; 127.53; 127.22;
126.44; 120.62; 118.77; 117.37; 114.17; 112.62; 110.49; 109.85; 108.89;
57.53 (O-CHj3); 57.16 (O-CHs); 56.01 (O-CHs).

Elemental analysis for CgsHzsF36NsOsPs*8H20:C43.70, H3.92, N4.74 (calc.),

C43.51, H4.269, and N4.94 (found).

23b*6PFg (C110H124F36N3O5Ps):

0.3 g (0.18 mmol) 22b*6ClI was dissolved in 200 ml MeOH. To this solution
0.316 g (0.96 mmol) 3,3-butoxy-benzidine was added and the mixture
refluxed for 3 days. The solvent was evaporated, and the residue dissolved in
MeOH. Ethyl acetate was added in portions until a brown precipitate was
obtained. The formed precipitate was filtered and purified over Sephadex LH-
20 (elution with MeOH). After purification, the solid was dissolved in 150 ml
MeOH and added to 10 ml 3M aq. NH4PFs in order to perform anion
exchange from CI” to PFg. After drying under high vacuum, 0.14 g (0.05
mmol, 30 %) product was obtained.

'H NMR (ds-DMSO + I, 250 MHz) 5: 9.63 (bs, Vio, 12H); 9.09 (bs, Vio, 12H);
7.99 (bs, CHarom., 6H); 7.81 (bs, CHarom., 12H); 7.55 (bs, CHarom., 4H);
7.41 (bs, CHarom., 1H); 7.27 (bs, CHarom., 1H); 4.35 (bs, O-CH,, 16H); 1.66
(bs, CHz, 16H); 1.32 (bs, CHy, 16H); 0.87 (bs, CH3, 24 H).

3C NMR (de-DMSO + I, 63 MHz) &: 152.25; 150.17; 148.33; 143.94; 139.79;
138.87; 136.51; 136.33; 132.87; 131.49; 131.00; 128.02; 127.81; 127.53;
127.14; 120.64; 113.49; 69.66; 30.91; 19.14; 14.30.

Elemental analysis for Cq1oH124F3sNsOgPge7H,O: C49.26, H5.18, N4.17

(calc.), C48.96, H5.64, and N4.50 (found).
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C12H19NOy4: 2-{2-[2-(2-aminophenoxy)ethoxy]ethoxy}ethanol (24)

NH; (\o/\l _ _ 0/_\°_>
&y Qo004
HO — cr- HO
3
24 0_) 25
<—OH

14.7 g (54.19 mmol) [2-(2-(2-Chloroethoxy)ethoxy)ethanol] and 14.6 g Zn
(0.22 mol) were dissolved in 100 ml ethyl acetate and heated to reflux. 24.3
ml ag. NaOH (50 %), (0.3 mol) was added in portions (5 ml every 30 minutes).
In a few minutes the solution color changed from orange to reddish brown.
After 12 h, 6.4 ml (0.35 mol) water was added, and the mixture was further
stirred for 2 days. The reaction mixture was allowed to cool to RT, filtered and
washed with 100 ml aq. 1 % HCI. 100 ml of ag. HCI (20 %) were added, and
the solution was stirred for 30 minutes at RT. The acid was distilled, and the
pH of the solution was adjusted to 8 with saturated NaHCOs. Further, the
aqueous layer was extracted with chloroform. The organic layer was dried
over MgSOy, filtered, the chloroform evaporated, and the residue purified by
chromatography (elution first with ethyl acetate and then with MeOH) (7.18g
(0.03 mol), 60 %).
'H NMR (CDCl3, 250 MHz) 5: 6.70 (m, 4H); 4.08 (s, 2H); 3.91 (s, 4H); 3.79 (d,
J=4 Hz, 2H); 3.65 (s, 2H); 3.56 (s, 2H); 2.12 (d, J= 5 Hz, 1H).
3C NMR (CDCl;, 63 MHz) 5: 146.47; 136.77; 121.85; 118.51; 115.71; 113.03;

72.63; 70.64; 70.23; 69.69; 68.26; 61.54.
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C34H42CI2N2Os:  1,1°-Bis-(2,2’-biphenoxy-{2-[2-(2-aminophenoxy)ethoxy]
ethoxy}ethanol)-4,4’-bipyridinium dichloride (25)

1 g (1.95 mmol) 1,1’-Bis-(2,4-dinitrophenyl)-4,4’-bipyridinium dichloride
was dissolved in 200 ml MeOH (80 %) and heated at 130°C. 3 g (6.24 mmol)
2-{2-[2-(2-Aminophenoxy)ethoxy]ethoxy} ethanol was dissolved in 100 ml
MeOH, added to the reaction mixture and refluxed for 20 h. The solvent was
evaporated, the residue was dissolved in 200 ml ethanol and the solution
filtered. The filtrate was collected, the solvent evaporated and the residue
dissolved in water. For further purification, the aqueous solution was extracted
with chloroform for one week. The water was then evaporated and the solid
dried under high vacuum (0.65 g (0.96 mmol), 54 %).

'"H NMR (MeOD, 250 MHz) &: 9.48 (d, J= 5 Hz, Vio, 4H); 8.95 (d, J= 7.5 Hz,
Vio, 4H); 7.79 (d, J= 8.5 Hz, 4H), 7.51 (d, J= 7.25 Hz, 2H), 7.33 (bs, 2H), 4.42
(bs, 4H), 3.79 (bs, 4H), 3.64 (bs, 8H), 3.57 (bs, 4H).

®C NMR (MeOD, 63 MHz) d: 151.21; 150.64; 147.74; 133.40; 131.55;

126.70; 126.27; 121.81; 114.80; 72.33; 70.05; 70.01; 68.86; 68.56; 60.65.
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4 Electropolymerization of the viologen rods (18a, 20a and

23a) on conductive substrates

CH3
/

.'... “ "“‘
OO
Scheme 4.1 The electropolymerization of viologen oligomers on electrode surface.

4.1 Introduction

Electrodes modified by viologen species have been of increasing interest
for electrical, optical, and magnetic performance. Several methods for the
modification of electrodes such as the Langmuir-Blodgett (LB) technique,
192193 the self-assembly of thio-derivatized viologens'®*1% (SAM) onto gold
electrode surfaces, the layer-by—layer (LBL)'%®'" assembly, the poly-

condensation of viologen derivatives of organosilanes,'®'%° dip coating®*® and

201,202 203

spin coating of polyviologens or electropolymerization,”~ etc. have been
developed to modify electrode surfaces with viologens. The lack of a direct
contact between the electrodes and viologens affects the e transport at the
electrode/molecule interface and limit their practical application in construction
of organic electronics. Thus, the direct covalent attachment of organic
molecules to the conductive substrate improves the e  transport that is

required for molecular electronic application.
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One of the most versatile and facile methods of covalently grafting organic

204206 and semiconductive®®” materials is the

molecules onto conductive
reduction of aryl diazonium salts (Ar-N=N*X") through either electrochemical
or spontaneous reduction with the substrate.?’®?® Most of the electrode
functionalizations described in the literature address the reduction of simple,
small diazonium molecules, with some exceptions, e.g. ruthenium complexes,
oligo(phenyl-ethynyl)s, diphenylamines, etc.?'?"! This is the first study on the
reduction of long rod-like diazonium compounds (ca. 6 nm).

There are two possible polymerization mechanisms of diazonium salts:
a) C-C coupling

In the C-C coupling, the aryl diazonium cation accepts an electron, and
aryl radical and N, are released. The aryl radical reacts with the electrode
surface or with another aryl radical leading to aryl-aryl coupling.?'#2"?
b) azo-bridges coupling (C-N=N-C)

In this reduction process, the aryl diazonium cation accepts an electron

from the substrate and generates an aryl radical which attacks another

molecule of diazonium salt to form an azo radical-cation. Electrochemical

reduction of the formed radical cation yields a neutral azo compound.?'**'°

a) b)
R . R O lf1 I or ;ﬁ
-N, O LZ \Ifg . ?ﬁ/
CI- Nt N IN
ﬁ AL

Scheme 4.2 a) Chemical structure of a diazonium molecule A; b) The two possible
couplings of diazonium: route 1 (C-C bounds formation) or route 2 (azo-bridges

formation). The scheme was adapted from the literature.?"
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4.2 Results and discussion

4.2.1 Reaction of diazotation and coupling

The diazonium species of compounds 18a (2.4*10° mM), 20a (9*10™* mM)
and 23a (6.4*10” mM) in CI" salt form, were prepared in 0.5 M HCI in the
electrochemical cell and were not isolated prior to grafting. In order to
solubilize 20a+4Cl and 23a+6Cl, their solutions were warmed up to 45°C and 3
eqg. NaNO, was added (color change from green-brown to yellow (Scheme
4.3). The diazonium products were found to be quite stable; their solution was
still usable for electrode grafting three weeks after preparation when stored in

the refrigerator under Ar.

o " [ -
B 18a+2Cl NaNO, /HCI_ D18a+2Cl @ NG
S 20a+2Cl . D20a+4Cl
@ Fr1rrrr1e (0 I N S N N N
© L 23a2Cl : D23a+6CI
oo CH3 N
. . /!
: : o :
[ S B S N e
O~ O~
O
r
HsC

Scheme 4.3 Synthesis of rod-like viologen diazonium salts.

The electrodes (GC, Au and ITO) were modified by CV and by constant
potential reduction of the diazonium salt. The grafted substrate was then
thoroughly washed with distilled water to remove any physisorbed molecules
and then dried under Ar. The modified surfaces were investigated by CV, UV-

Vis, FT-IR, STM and XPS.
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a) Electropolymerization of the rod-like viologen diazonium salts (D18a, D20a
and D23a) by repetitive cycling

The first scan of a CV obtained for 18a+2Cl on a bare Au electrode (Fig.
4.1 black line) shows the first viologen reduction peak at -0.27 V. After nitrite
addition, the CV shows the classical diazonium electro-reduction feature with
an irreversible peak at -0.33 V (Fig. 4.1-a red line). On a second scan, this
peak disappeared. The thickness of the film still increases, with the number of
potential scans.

In comparison to 18a°2Cl, compounds 20a+*4Cl and 23a*6Cl are hardly
soluble in aq. HCI and give featureless CV responses (Fig.4.2-a). After nitrite
addition, the irreversible reduction peak of the diazonium was observed at
-0.14 V. The increase of the peak current observed after repetitive cycling,
concomitant with the disappearance of the diazonium peak indicate that the
electrode is grafted with each voltammetric cycle. A new reduction peak
appears at -0.25 V and is attributed to the first one electron reduction of the

oligo-viologen film grafted onto the electrode (Fig. 4.2-a green line).

—~ 0 4 a —_ b
- ) T O )
3 -50 =2 -
- +— -1000 -
E -1004 E ]
5, -150 5,_2000 i
-2001 -3000 A
-2504 ]
-4000 +——"-—+—+—+—+——
-06 -04-02 00 02 04 06 -08 -04 00 04
Potential (V) vs. Ag/AgCl Potential (V) vs. Ag/AgCl

Figure 4.1 CVs of 18a+2Cl (2.4*10° mM) in 0.5M HCI on: a) Au and b) ITO electrode
(black line). Reduction of in situ formed diazonium salt: 1% cycle red line; 2™ cycle
blue line; 10" cycle green line. Scan rate 0.1 V/s.
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Figure 4.2 CVs of 20a+2CI (910 mM) in 0.5M HCI on: a) GC and b) Au electrodes
(black lines). Reduction of in situ-formed diazonium salt: 1% cycle red line; 2™ cycle
blue line; 10" cycle green line. Scan rate 0.1 V/s.

b) Electropolymerization of the rod-like viologen diazonium salts (D18a, D20a
and D23a) by constant potential

The electrodes (GC, Au and ITO) were grafted from solutions of diazonium
(D18a, D20a and D23a) in HCI 0.5M. The potential was set at -0.4 V for 250

s. After electrolysis, the electrodes were rinsed thoroughly with water.

4.2.2 Electrochemical characterization of the modified electrodes with
the rod-like viologen polymers (Poly-18a, Poly-20a and Poly-23a)
Fig. 4.3 and 4.4 shows CVs recorded in 0.1M aq. KCI for Poly-18a and

Poly-20a on Au, GC and ITO electrodes after cycling for 10 scans.
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Figure 4.3 CVs of a) Au-Poly-18a ("= 1.71*10®° mol/cm?) and b) ITO- Poly-18a (I'=
4.45*10° mol/cm?) in 0.1M aq. KCI after derivatization in CV mode, scan rate 0.1V/s.

117



Electropolymerization of the viologen rods

1)
101 20 4
< <
=0 A E% 0 |
E -10- é
5 / 3 -20
© 20 1
-40
08 04 00 08  -04 00
Potential (V) vs. Ag/AgCI Potential (V) vs. Ag/AgCl

Figure 4.4 CVs of a) GC-Poly-20a (I'= 4.63*10° mol/cm?) and b) Au-Poly-20a (I'=

9.13*10° mol/cm?) in 0.1M aq. KCI after derivatization in CV mode, scan rate 50
mV/s.

The cyclic voltammetric responses of the modified electrodes with
polyviologens (-0.4 V for 250 s and after cycling for 10 scans) in blank
electrolyte shows the 2 e reduction of the viologen subunits. Obviously, the
coupling of a diazonium salt was successful (Fig. 4.5-a, b and Fig. 4.6-a, b).

The voltammograms give rise to reversible reductions corresponding to
the reduction of the grafted viologens. The two reversible peaks ascribed to
the V#*/V* and V*/V° are cathodically (to more negative potential) and
anodically (to more positive potential) shifted upon grafting on ITO glass (Fig.
4.5 and 4.6). This is due to the slow diffusion of counteranions. The thicker

the polymer the slower the diffusion.
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Figure 4.5 CVs of a) ITO-Poly-18a electrode (I'= 5.35*10® mol/cm?) in 0.1M KCI; b)

Au-Poly-23a electrode ('= 1.50*10° mol/cm?) in 0.1M DMF- n-BusNPFs ; scan rate
50 mV/s.
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Figure 4.6 CVs (50 scans) of a) GC-Poly-20a electrode (I'= 6.28*10° mol/cm?) and
(b) ITO-Poly-20a electrode (M= 6.47*10®° mol/cm?) in 0.1M aq. KCI.

The surface coverage of the attached viologen subunits was evaluated
from the area under the reduction peaks. The theoretical surface coverage for
a close-packed monolayer was calculated with ArgusLab 4.0.1 based on the
van der Waals radii. The area of the methoxy groups bonded at the edge of
the phenyl ring is ~7.5*107"° mol/cm? for rectangular molecules on the surface.
The electrochemical reduction of D18a, D20a and D23a on Au, GC and ITO

results in the formation of a multilayer.

4.2.3 FT-IR and XPS characterization of the modified electrodes (Poly-
18a-ITO and Poly-20a-ITO)

FT-IR and X-ray photoemission spectroscopy measurements were
performed on modified ITO electrodes in order to provide further evidence for
the reduction of diazonium groups and polymer growth. In the XPS C1s
spectra (Fig. 4.7-a) of the Poly-20 on ITO, the dominant peak component at
284.7 eV is assigned to the C-C species, the peak at 286 eV correspond to
the C-0?"®2" and C-N species®? and the shoulder at 289 eV is assigned to
carbonyl group (C=0) of oxygen containing hydrocarbons contaminants
present in atmosphere, or can result from the C-O bond degradation upon

electron bombardement.'® The N1s core level spectra (Fig. 4.7-b) of the
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polyviologen grafted film can be fitted with two peaks. The peak at 401.7 eV is
assigned to the positively charged nitrogen of viologen, the one at 399.5 eV is
attributed to the viologen radical cation formed during X-ray excitation in the

analysis chamber.?'

a) b)

C1s cc ¢N NTs  Nue
c-0

N+
C=0

Intensity (au)
Intensity (au)

582 286 200 394 398 402 406
Binding energy (eV) Binding energy (eV)

Figure 4.7 C1s a) and N1s b) core level spectra recorded on Poly-20-ITO modified

electrode. Polymerization time 500 s; INpoy.20= 1.08*10°® mol/cm?.

The absence of a peak at 403.8 eV in N1s spectra confirms that unreacted
diazonium species are not present at the surface.??? Anyway, the protonated
amine or the amine group of viologen precursor can also appear in N1s
spectra at ca. 400 and 402 eV.?>>?** A bpetter analysis of ITO-modified
electrode is provided by the FT-IR spectra of the polymer film on ITO.

A comparison of the FT-IR spectra of the original compound 18a<2Cl and
the diazonium salt D18a on the surface (Fig. 4.8) of the grafted film (Poly-
18a-ITO) can be interpreted as follows: the diazonium salt is reduced to
phenyl radical (with loss of N2) and aryl-aryl coupling take place. The FT-IR
spectrum of the isolated diazonium salt D18a shows that the both amine
groups have been diazotized. This is confirmed by the absence of stretching
bands for aromatic amines (in-plane N-H bend of at 1525 cm™ and C-N

stretch at 1296 cm™ in Fig. 4.8-a) and the presence of C-N=N" stretching

120



Electropolymerization of the viologen rods

vibration at 2235 cm™ (Fig. 4.8-b). Further, the lack of the band at 2235 cm™
characteristic for diazonium groups in Fig. 4.8-c indicates that the reduction of

D18a was complete and the polymer grows through aryl-aryl coupling.
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Figure 4.8 FT-IR spectra: a) 18a+2Cl; b) D18a*2Cl; and c) Poly-18a on ITO.

4.2.4 Spectroelectrochemical characterization of Poly-18a and Poly-
23aonlITO
The UV-Vis spectra of Poly-18a and Poly-23a on ITO (Fig. 4.9) in oxidized

and reduced state, can be considered as a superposition of 18a*2PF¢ and
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23a*6PFs except some shifts in the absorption maxima in oxidized state and

the absence of the peak at 538 nm assigned to a viologen dimer.
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Figure 4.9 UV-Vis spectra of: A) Poly-18a and B) Poly-23a on ITO. The spectra
were registered at different potential steps: 0.0 V (black lines); -0.45 V (green lines)
and -1.0 V (red lines).

4.2.5 STM investigation of Poly-18a, Poly-20a and Poly-23a on ITO
A detailed STM analysis of a bare ITO electrode was given in Chapter 2,
Section 2.2.7. Fig. 4.10-D is a “far-view” STM image of Poly-20a on ITO. The

polymer chains appear as rod-like bundles of different lengths.

A) B)

Figure 4.10 STM images (Vp,= 0.050 V, = 1.001 nA) of Poly-18a (Ipoy-18a= 2*10°
mol/cm?, A-C), Poly-20a (Ipoy.20= 1.08*10®° mol/cm? D-E) and Poly-23a (Ipoy.23.=
2.5*10° mol/cm?, F) on ITO: A) 100 x 100 nm, Z range 12.5 nm; B) 45 x 45 nm, Z
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range 6.25 nm; C) 25 x 25 nm, Z range 3.13 nm; D) 214 x 214 nm, Z range 25 nm; E)
27 x 27 nm Z range 3.13 nm; F) 72 x 72 nm, Z range 25 nm.

A closer view (Fig. 4.11-B, D) reveals oval-shaped structures whose
lateral dimension is ca. 5 nm. Thus, the molecules deposited onto ITO have
the size of the monomers involved in formation of a diazonium moiety (model

structure on top of the STM image) and is the repetitive units of the polymer.

_ 4.4 nm N
) L
Co i 1o e e e we Yo o
Shtnagadi

B)

4 8 12 16
X[nm] X[nm]

Figure 4.11 STM images (V, = 0.050 V, I = 1.001 nA) and topographic profiles of
Poly-18a (A) and Poly-20a (B): A) 25 x 25 nm, Z range 3.13 nm; B) 27 x 27 nm, Z
range 3.13 nm; C) topographic profile along the blue line in A) and D) topographic

profile along the blue line in B).

Similar topographic structures were observed for Poly-18a on ITO (Fig.

4.10-A-C). The size of one bright spot (Fig. 4.11-A, C) (around 2.4 nm) is
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comparable with the size of a single molecule of 18a (model structure on top
of the STM image). Fig. 4.10-F reveals the rod-like structure of Poly-23a of
ca. 6 nm width. The polymer multilayer showed disorder, revealing growth in a
parallel fashion on the ITO surface. It is not surprising since the length of

the monomer used for electropolymerization is 6.1 nm.

4.3 Conclusions

The viologens containing amino groups (18a<2Cl, 20a+4Cl and 23a<6Cl)
were successfully converted into their diazonium salts. The modification of
conductive surfaces: GC, Au and ITO on glass, with the rods was observed by
electrochemical reduction of "in situ" prepared diazonium salts. The gene-
ration of a C-C bond between the 3,3’-methoxy-biphenyl moieties with loss of
N2 was confirmed by FT-IR measurements. The electrochemistry and
electrospectroscopic behavior of the polymer is similar to that of the
monomer. The polymer thickness is controlled by the reduction time.

STM images of the polymers grafted on ITO (Poly-18a, Poly-20a and
Poly-23a) show polymer strips composed of repetitive monomers unit as oval-
shaped structures. The monomers (18a, 20a and 23a) can be distinguished
by STM. Applications of the functionalized substrates in electrochemical and

electrochromic devices as electron mediators and biosensors are envisioned.

4.4 Experimental

4.4.1 Materials
Acetonitrile (MeCN, Sigma-Aldrich), N,N-dimethylformamide (DMF, Sigma-

Aldrich), HCI (37 %, Sigma-Aldrich), NaNO; (Alfa Aesar), tetrabutylammonium
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hexafluorophosphate (n-BusNPFg, Fluka), KCI (Merck). All chemicals were of

reagent grade quality and used as received from the supplier.

4.4.2 General procedure of diazotization

The diazonium salts of rod-like viologen-oligomers were generated in situ
as follows: 18a (2.4*10° mM), 20a (9*10* mM) and 23a (6.4*10™* mM) were
dissolved in 0.5 M HCI. 3eq. NaNO, were added and the solution bubbled
with Ar for 5 minutes. The diazonium salts obtained were electrochemically

reduced to modify GC, Au and ITO electrodes.

4.4.3 Cleaning procedure
GC and Au electrodes were polished by alumina slurry on a cloth polishing
pad and then ultrasonicated in double distilled water followed by drying under

Ar. ITO glass was cleaned after conventional procedure.'?

4.4.4 Electropolymerization (grafting)

The electrochemical modification was performed with diazonium salts:
D18a, D20a and D23a. The modification was followed by CV (potential cycle
between 0.5 V and -0.5 V) and by constant potential (-0.4 V). The three-
electrode electrochemical cell used for electropolymerization has been
described in Chapter 2, Section 2.4.1.

The ITO electrodes used for grafting were of different size: 90 mm? for
electrode modification and UV-Vis, 150 mm? for FT-IR and 30 mm? for STM

measurements.
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4.4.5 Spectroelectrochemistry of Poly-18a and Poly-23a at ITO
electrode
The polymer film was grafted on an ITO electrode by electrochemical
reduction of the diazonium salt at -0.4 V for 250 s. The equipment used for
spectroelectrochemical experiments has been described in detail in Chapter
2, Section 2.4.4. The spectroelectrochemical measurements were performed
under potentiostatic conditions in the negative range from 0 to -1.0 V. Spectra

were recorded when the absorption was constant, after 200 s.

4.4.6 FT-IR investigation of 18a, D18a and Poly-18a on ITO

The spectra were recorded over the wave number range of 400-4000 cm’
for viologen-oligomer 18a, its diazonium salt D18a and Poly-18a-modified ITO
electrode. The apparatus used for FT-IR measurements has been mentioned
in Chapter 2, Section 2.4.8.

The Poly-18a-modified electrodes were obtained by electrochemical
reduction of diazonium salts at -0.4 V for 1000 s.

D18a was isolated from solution by precipitation with acetone. The

precipitate was filtered, washed with MeOH and dried under high vacuum.

4.4.7 STM investigation of ITO-modified with Poly-18a, Poly-20a and
Poly-23a
The experimental set-up used for STM measurements has been described
in Chapter 2, Section 2.4.6.
The polymer-coated ITO electrodes were prepared by electrochemical
reduction of diazonium salts at constant potential (-0.4 V for 500 s). After

modified electrodes were rinsed with water and subjected to STM analysis.
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5 Conjugated viologen rods with amide and ester linkage

5.1 Introduction

The synthesis of redox-active 1T-conjugated systems which present n-type
conductivity is a subject of high interest especially for organic photovoltaic
technology. The work described in this chapter was motivated by the
applications of viologen—based 1r-conjugated systems as n-type semiconduc-

tors systems in organic devices such as field-effect transistors (OFETs),?2>2%6

light-emitting diodes (OLEDs),**’ solar cells,?®

and by the formation of
supramolecular assemblies that show improved redox and binding properties.
The control of the electronic properties of viologen—based T1r-conjugated
systems could be achieved by synthesis of viologen-oligomers. Through
chemical tuning of redox-active oligomers it is possible to control molecule’s

properties like electrochromic properties or reduction potentials.??® These

parameters depend on the levels of the frontier orbital’s and their energy

230,231

gap

Synthetic approaches were developed to control the HOMO-LUMO gap of
conjugated oligomers and hence of the band gap of the new synthesized
molecule. The strategy used to design the extended viologen derivatives in
the present chapter was the quaternization of 4,4’-bipyridine by conjugated
moieties (benzamide or esters).

The synthesis of the molecules described in the current chapter is based
on the idea that linking phenyl/thiophene moieties with viologen groups could

influence the electronic properties.
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232233 gnd form

Oligo-p-benzamides possess an extended rod-like structure
self-organized building blocks due to their extended H bonding. The amide
linkages of the oligo-p-benzamides are in trans conformation and form hydro-
gen bonds between polymer chains resulting in helical structures.?®*#%°

For the synthesis of conjugated viologen-based molecules, it is expected
that the introduction of 4,4’-bipyridine into an oligomeric amide backbone
provides solubility of the viologen-oligomers in organic solvents and water.

Water-soluble viologen derivatives that have higher oxidation potentials
than FAD can mediate electrons efficiently from the FAD centers of glucose
oxidase to the electrode substrate.?®® It has already been reported that -
conjugated and heteroaromatic compounds like viologens act as drugs and
interact with DNA forming complexes®*"#® to inhibit gene replication. The
supramolecular chemistry of p-benzamides or thiophene-phenylene-esters
combined with the redox and electrochromic properties of viologens enable
the design of new DNA-targeted drugs which could show improved redox and

nucleic acid binding properties. More significantly, in tissue they could be easy

fragmented into small molecules by hydrolysis or enzymatic degradation.
5.2 Results and discussion

5.2.1 Synthesis
A first synthetic trial towards amide based-oligoviologens consists of the
combination of two viologen subunits via a benzamide linkage (Scheme 5.1).

Bis-1,1’-carboxy-/(amino)-phenyl-bipyridiniums 26 (prepared according to the

)149

literature and 27 (prepared after a procedure described in the

239,240

literature) were synthesized as monomeric units by the Zincke reaction

128



Conjugated viologen rods with amide and ester linkage

of PABA (p-aminobenzoic acid) and PPD (p-phenylenediamine) and bis-1,1’-
(2,4-dinitrophenyl)-4,4’-bipyridinium dichloride (17). For solubility purposes,
coupling of 26 with 27 or PPD was performed in DMF or DMSO when 26 and

27 were PFg salts or in MeOH when 26 and 27 were CI salts. The reaction of
26 with PPD (1:5 molar ratio) or 27 (1:4 molar ratio) in water using EDC (1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride) and HOBt (1-
hydroxybenzo-triazole) failed. An alternative to EDC is DDC (N,N’-
dicyclohexylcarbodiimide) which is insoluble in water but highly soluble in
common organic solvents®'2*® |ike DMF or DMSO, which also dissolve 26

and 27 as PFg salt.
NH,
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Scheme 5.1 Proposed synthetic route to -conjugated oligoviologens.

However, the carbodiimide and solvent-change did not help. Thus, the

244,245

method of P. Tang and the Schotten-Bauman reaction®*® were tried but

also failed.
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Scheme 5.2 Synthesis of bis-1,1-[N",N“- bis (4-(amino-phenyl)phenyl) benzene-1,4-
dicarboxylate]-4,4’-bipyridinium hexafluorophosphate (30).
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Scheme 5.3 Synthesis of bis-1,1’-[(4,4’-(amino-phenyl)phenyl)benzene-1,4-
dicarboxylate]-4,4’-bipyridinium hexafluorophosphate (33).
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Due to its electron withdrawing character, the 4,4’-bipyridinium subunit
increases the acidity of 26, whereas the basicity of amine 27 is reduced.

The amide formation was finally successful for p-phenylenediamine (PPD)
when the reaction was performed with terephthaloyl chloride in
dichloromethane (DCM) (Scheme 5.2). The synthesis of 29 was reported by
Y. Qian et al.?**’ and was prepared by reaction of PPD with a series of
terephthalic acid esters.

The preparation of the amide 29 from terephthaloyl chloride in dry DCM
yielded 29, a product which could be characterized by NMR spectroscopy.
Compound 29 is an amide with additional amino end groups which was
reacted with 17 by Zincke reaction in DMSO to afford 30 (Scheme 5.2). Due
to its very low solubility in H,O, MeOH or any other solvent, conversion of 30
into the PFg" salt was only possible with a poor yield (10.3 %).

In another approach, conjugated viologen rods with ester linkage were
synthesized. For this, conjugated dicarboxylates (32 and 36) were reacted
with 17 by Zincke reaction. 31 was obtained according to Atkins?*® with some
minor modifications (see detailed experimental procedure) in good yield
(87.95 %). The nitro groups were reduced successfully in DGM (diethylene
glycol dimethyl ether) to the amine to form 32.

The viologen rod 33 was obtained by the Zincke reaction of 32 with 17 in
high yield (71.57 %). The same reaction scheme was applied to synthesize 37
which is a viologen-thiophene-based conjugated molecule (Scheme 5.4). The

synthesis of 2,5-thiophenyldicarbony! dichloride (34) was reported.?*°
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Scheme 5.4 Synthesis of bis-1,1-[4,4’-(amino-phenyl)phenyl]thiophene-2,5-
dicarboxylate]-4,4’-bipyridinium hexafluorophosphate (37).
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Scheme 5.5 Synthesis of bis-1,1’-bis(4-methyl-benzoate)-4,4’-bipyridinium bis
(hexafluorophosphate) (38).
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Compound 34 was prepared from 2,5-thiophenyl carboxylic acid with an
excess of thionyl chloride (89 %), which further was reacted with p-nitrophenol
to afford 35. The reduction of the two nitro groups proceeded in a similar way
as for 32 to form 36 which finally reacts with 17 in MeOH/DGM mixture (1:2)
and yields 37 (56.91 %).

The ester 38 (Scheme 5.5) can be obtained by the Zincke reaction of 17
with the methyl-4-aminobenzoate in methanol/water (80 %, V/V). The yield of
this reaction was low (20 %). Compound 38 was obtained in good yield (78.62

%) when 26 was esterified with methanol and sulphuric acid.

5.2.3 Cyclic voltammetric characterization of 30 and 38

Cyclic voltammetric investigation of 30

Electrochemical studies on 30 were performed at RT. Fig. 5.1 shows the
CV of 30. The first two peaks are characteristic for the reduction of viologen to

a viologen radical cation (~ -0.2 V) and a neutral viologen (~ -0.49 V).
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Figure 5.1 Cyclic voltammograms of 30 (0.86*10 M) in DMSO-0.1M n-Bu;NPFgat a
sweep rate of 100 mVs™. The potential was swept from: A) +1.2 V and -2.2 V and B)
0.1Vand-0.7 V.

An irreversible cathodic peak shifted to more negative potentials was

observed in CV, which was attributed to benzamide reduction. For several
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benzamide derivatives this reduction was observed between -2.0 V and -2.5
V.250'251

Cyclic voltammetric investigation of 38

The presence of viologen subunit was observed when the compound was
examined using cyclic voltammetry. One electron reduction of viologen
subunit was observed at ~-0.1 V (Fig. 5.2). The small irreversible reduction
peak at -0.37 V (ref. Ag/AgCl) was attributed to the reduction of the benzoate
to benzoate radical anion formation which decomposes and forms a benzoate
anion (Scheme 5.6).2°2 It is known that esters which are activated by the
presence of an additional electroactive group are easily reduced.”®® The
oxidative back peak at +0.78 V observed for 38 was assigned to the oxidation

of the benzoate anion, facilitated by the electron-withdrawing bipyridinium

ring.?>*
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g
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—a)
-50
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Figure 5.2 Cyclic voltammograms of 38 (1.9 *10° M) in DMF-0.1M n-BusNClI at the
scan rate 100 mVs™. The potential was cycled between: a) +1.0 V and -1.2 VV and b)
0.1Vand-0.5V.

Ar—@—O—CH3 +e — Ar—'@—O—CH3
Ar—@—O—CH3 slow, Ar—@—o_ + CH,
Scheme 5.6 Electrochemistry of benzoate ester at GC electrode.
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5.3 Conclusions

In attempts to apply different strategies reported for the preparation of
amide bond in general by the connection of 26 with 27 failed. One explanation
is the presence of 4,4’-bipyridinium subunit which has an electron withdrawing
character and slows down the amide formation reaction.

Molecules 30 and 33 with a viologen subunit consisting of benzene-1,4-
dicarboxylates and amide/ester bridge were synthesized using the Zincke
reaction. These molecules could find applications in the construction of
supramolecules.

A new conjugated molecule (37) containing a donor (thiophene unit) and
an acceptor (4,4’-bipyridine) moiety have been successfully synthesized.
Their molecular structures are confirmed by 'H-NMR and "*C-NMR. The
molecule containing the amide linkage is hardly soluble in DMSO or DMF. By
replacing the amide bond with an ester, the solubility in organic solvents
DMSO, DMF, MeCN increases. One-electron reduction of benzoates esters is
complicated, and results in the formation of radicals that are decomposing

and form more complicated products.

5.4 Experimental part

5.4.1 Materials and devices

"H-NMR and "*C-NMR spectra were recorded on Bruker Avance spectro-
meter at 250 and 63 MHz, respectively, using the solvent signal as internal
standard.

The reagents: p-aminobenzoic acid (PABA) (Fluka, = 98 %), ammonium
hexafluorophosphate (NH4PFs) (Fluorochem, = 99 %), tetrabuthylammonium

hexafluorophosphate (n-BusNPFg) (Sigma-Aldrich, = 99 %), 1,4-phenylene-
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diamine (PPD) (Fluka, = 97 %), triethylamine (Fluka, = 99.5 %), terephthaloyl
chloride (Sigma-Aldrich, = 99 %), sodium hydrogen carbonate (NaHCOs3)
(Riedel de Haén, 99.7 %), p-nitrophenol (Fluka, = 99.5 %), Pd/C (10 %,
Fluka), Celite (Fluka), 2,5 thiophenecarboxylic acid (Acros Organics, 96 %),
sulphuric acid (H2SO4) (Sigma-Aldrich, 95-97 %), 3-amino- phenol (Aldrich, 98
%), 4-aminophenol (Riedel de Haén, 99 %) and 1,3-phenylene diamine (TCl,
> 98 %) were used as purchased.

The organic solvents were purified following procedures described in the
literature. All other solvents: diethyl ether (Sigma-Aldrich, = 99%), diethylene
glycol dimethyl ether (DGM) (Fluka, 99.5 %), dimethyl sulphoxide (DMSO)
(Sigma-Aldrich, = 99.9 %) and acetonitrile (MeCN) (Sigma-Aldrich, = 99.9 %)

were used as received.

5.4.2 Cyclic voltammetric investigation of compounds 30 and 38

The experimental set-up used for the cyclic voltammetric investigation of
30 and 38 has been described in Chapter 2, Section 2.4.1.

The voltammograms were scanned between +1.2 V and -2.2 V for 30, and
1.0 V and -1.2 V for 38, at a scan rate of 100 mVs™'. All solutions were de-
aerated by Ar bubbling for 3 minutes prior to the electrochemical experiment.
Prior to each electrochemical measurement, the working electrode (GC) was
carefully polished with alumina powder on a polishing cloth and then rinsed

with distilled water.
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5.4.3 Detailed synthetic procedure
26°2PF¢ (C24H1sF12N204P3): 1,1’-Bis(4-carboxyphenyl)-4,4’-bipyridinium
dichloride

To a solution of 2 g (3.5 mmol) 1,1’-bis(2,4-dinitrophenyl)-4,4’-bipyridinium
dichloride (17) in 200 ml MeOH/water (8:2 V/V) 1.14 g (8.3 mmol) p-
aminobenzoic acid (PABA) in 50 ml MEOH/water (8:2 V/V) was added and
stirred with reflux for 72 h. While adding PABA, the color of the solution
changed immediately from yellow to dark red. After cooling to RT, the product
was precipitated by adding 350 ml diethyl ether. The yellow precipitate formed
was filtered and washed with diethyl ether. After drying in vacuum, 1.68 g of
26°2Cl was obtained as yellow powder (yield 69.11 %). Further, 26 was
dissolved in MeOH and added to 10 ml 3M aq. NH4PF¢ to afford the PF¢ ™ salt
as a beige precipitate. It was filtered and washed twice with water and dried
under high vacuum (26°2PFg¢: 2.3 g, yield 93.6 %).
'H-NMR (ds-DMSO, 250 MHz): 8.11 (s, CHarom., 4H); 8.31 (s, CHarom., 4H);
9.10 (s, Vio, 4H); 9.75 (s, Vio, 4H).
3C.NMR (de-DMSO, 63 MHz): 125.93; 127.15; 131.49; 134.06; 145.46;

146.51; 149.79; 166.58.

29 (C20H1sN40;): N',N*-bis[(4-amino-phenyl)]benzene-1,4-dicarboxylate
To a solution of 583 g (563.95 mmol) PPD and 1.1 ml (8 mmol)
triethylamine in 100 ml dry DCM, 1.08 g (5.33 mmol) terephthaloyl chloride in
40 ml DCM was added on ice bath in portions over 10 minutes while stirring.
Upon addition of terephthaloyl chloride, formation of a yellow precipitate was
observed. The solution was further refluxed for 1 h. After cooling to RT, the

precipitate was filtered, washed with 150 ml saturated NaHCOj; solution, 100
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ml water and three times with 150 ml acetone. After drying under high
vacuum, 4 was obtained as yellow powder (1.62 g, yield 88.18 %).

'H-NMR (de-DMSO, 250 MHz): 4.96 (bs, (NH.), 4H); 6.55 (bs, CHarom., 4H);
7.38 (bs, CHarom., 4H); 8.01 (bs, CHarom. dicarboxylate ring, 4H); 10.03 (bs,
NHamide, 2H).

C-NMR (ds-DMSO, 63 MHz): 114.14; 122.75; 127.86; 128.31; 137.84;

145.82; 164.44.

30°2PF; (CsoH0F12NsO4P2): Bis-1,1’-[N', N*-bis(4-(amino-phenyl)phenyl)
benzene-1,4-dicarboxylate]-4,4’-bipyridinium hexafluorophosphate

1g (2.9 mmol) of N',N*-bis(4-aminophenyl)-terephthalamide (29) was
dissolved in 80 ml (DMSO/H,0) mixture (2:1) and heated to reflux. 0.62 g
(1.10 mmol) 1,1’-bis(2,4-dinitrophenyl)-4,4’-bipyridinium dichloride (17) in 40
ml water was added and stirred for 24 h at 100°C. After cooling to RT, the
formed precipitate was filtered. Ethyl acetate was added to the filtrate and the
formed precipitate collected by filtration. It was dissolved in H,O/MeOH
mixture and added to 50 ml 3M aq. NH4PFs. The formed precipitate (PF¢ salt)
was filtered and washed with water. After drying under high vacuum, 30 was
obtained as brown powder (0.33 g, yield 10.3 %).
'"H-NMR (ds-DMSO, 500 MHz): 6.63 (s, CHarom. phenyl ring, 4H); 7.44 (s,
CHarom. phenyl ring, 4H); 8.02 (s, CHarom. phenyl ring, 4H); 8.13 (s,
CHarom. phenyl ring, 4H); 8.22 (s, CHarom. dicarboxylate ring, 8H); 9.06 (s,

Vio, 4H); 9.70 (s, Vio, 4H); 10.83 (s, amide, 2H); 10.89 (s, amide, 2H).

31 (C20H12N20g): 4-(Nitrophenyl)-benzene-1,4-dicarboxylate
To a solution of 5.5 g (39.5 mmol) of p-nitrophenol and 3.5 ml (25.14

mmol) triethylamine in 40 ml DCM at reflux, 2 g (2.85 mmol) terephthaloyl
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chloride dissolved in 60 ml DCM was added in portions while stirring and
refluxing over about 3 h. The mixture was stirred further for 6 h. The formed
precipitate was filtered, washed with 100 ml ethyl acetate and two times with
100 ml hot water. After drying under high vacuum, 31 was obtained as white
powder (3.6 g, yield 87.95 %).

'"H-NMR (d¢-DMSO, 250 MHz): 7.67 (d, J= 9.2 Hz, arom. protons of the
dicarboxylate ring, 4H); 8.37 (d, J= 7.5 Hz, arom. protons of the phenyl
substituted ring, 8H).

®C.NMR (ds-DMSO, 63 MHz): 123.70; 126.05; 130.97; 133.78; 145.82;

155.80; 163.64.

32 (C2oH16N204): Bis(4-aminophenyl)benzene-1,4-dicarboxylate ester

To a solution of 3.18 g (7.8 mmol) of bis(4-nitrophenyl)-benzene-1,4-dicar-
boxylate (31) dissolved in 300 ml diethylene glycol dimethyl ether (DGM)
heated to 100°C, 0.5 g Pd/C (10 % Pd) catalyst was added, and the reaction
mixture was stirred over night under hydrogen atmosphere. After cooling to
RT, the solution was filtered over Celite. The Celite was washed with 50 ml
MeOH, the filtrate was evaporated and the yellow residue dried under high
vacuum (2.7 g, yield 97.44 %).
'H-NMR (ds-DMSO, 250 MHz): 5.14 (s, (NH,), 4H); 6.60 (d, J= 8.75 Hz, arom.
protons of the phenyl ring, 4H); 6.94 (d, J= 8.75 Hz, arom. protons of the
phenyl ring, 4H); 8.26 (s, arom. protons of the dicarboxylate ring, 4H).
®C.NMR (de-DMSO, 63 MHz): 114.51; 122.26; 126.82; 130.46; 134.09;

140.99; 147.27; 164.86.
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33°2PF¢ (Cs0H36F12N4OsP2): Bis-1,1’-[(4,4’-(amino-phenyl)phenyl)benzene-
1,4-dicarboxylate]-4,4’-bipyridinium hexafluorophosphate

To a solution of 0.6 g (1.06 mmol) of 1,1’-bis(2,4-dinitrophenyl)-4,4’-
bipyridinium dichloride (17) in 100 ml MeOH/water (80 %, V/V) heated at
reflux, 0.92 g (2.64 mmol) bis (4-aminophenyl)-1,4-benzendicarboxylate ester
(32) in 100 ml DGM was added. After stirring for 24 h with reflux, MeOH was
evaporated, and the precipitate formed was filtered. Further anion exchange
to PFs" was performed by dissolving small portions of the solid in a hot
water/MeOH mixture and adding this solution to 10 ml of 3 M ag. NH4PFs. The
formed precipitate was filtered, washed with 100 ml water and two times with
200 ml hot DGM. After drying under high vacuum, 33+2PFg was obtained as
brown powder (0.84 g, yield 71.57 %).
'"H-NMR (ds-DMSO, 250 MHz): 5.23 (bs, (NH,), 4H); 6.62 (bs, CHarom.
phenyl ring, 4H); 6.95 (bs, CHarom. phenyl ring, 4H); 7.86 (bs, CHarom.
phenyl ring, 4H); 8.36 (bs, CHarom. dicarboxylate (8H) + CHarom. phenyl ring
(4H), 12H); 9.21 (bs, Vio, 4H); 9.94 (bs, Vio, 4H).
3C.NMR (de-DMSO, 63 MHz): 114.52; 122.32; 124.36; 126.93; 130.51;

130.65; 130.90; 133.22; 134.62; 140.92; 147.38; 164.85.

34 (C¢H.CI,0,S): 2,5-Thiophenedicarbonyl dichloride

1.5 g (8.63 mmol) of 2,5-thiophenecarboxylic acid was mixed with 25 ml
thionyl chloride and stirred for 10 h at 70°C. After cooling to RT, excess
thionyl chloride was removed by distillation and the colorless powder dried
under high vacuum (1.6 g, yield 89 %).
'H-NMR (CDCl;, 250 MHz): 7.99 (s, 2H).

3C-NMR (CDCls, 63 MHz): 136.50; 145.49; 159.86.
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35 (C4gH10N20sS): Bis(4-nitrophenyl)benzene-2,5-thiophene-dicarboxy-
late:

To a solution of 4 g (28.3 mmol) p-nitrophenol and 2.1 ml (15.08 mmol)
triethylamine in 40 ml DCM at reflux, 1.5 g (7.17 mmol) terephthaloyl chloride
dissolved in 60 ml of DCM, was added in portions while stirring and refluxing
over about 30 minutes. The mixture was stirred for further 24 h. The white
precipitate formed was filtered, washed with 30 ml DCM and three times with
100 ml hot water. After drying under high vacuum, 2.51 g of 35 was obtained
as white powder (yield 84.61 %).

36 (C41sH14N204S): Bis(4-aminophenyl)benzene-2,5-thiophenedicarboxy-
late:

2 g (4.85 mmol) of bis(4-nitrophenyl)benzene-2,5-thiophenedicarboxylate
(35) and 0.344 g Pd/C (10% Pd) in 250 ml DGM were stirred at 100°C for 8 h
under hydrogen atmosphere. After cooling to RT, the solution was filtered
over Celite. The Celite bed was washed with 50 ml MeOH and the brown
solid, obtained after filtrate evaporation, was dried under high vacuum (1.53 g,
yield 89.35 %).

'"H-NMR (ds-DMSO, 250 MHz): 5.23 (s, NHy, 4H); 6.59 (d, J= 7.5 Hz,
CHarom. phenyl ring, 4H); 6.94 (d, J= 7.5 Hz, CHarom. phenyl ring, 4H); 8.02
(s, CHarom. thiophene ring, 2H).

3C.NMR (ds-DMSO, 63 MHz): 114.88; 122.25; 135.13; 138.80; 140.54;
147.52; 148.72; 160.54.

Elemental analysis for C1gH14N204S: C61.01, H3.98, N7.90 (calc.), C60.99,

H4.15, N7.59 (found).
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37-2PF¢ (C47H32F12N4O3sP2S>): Bis-1,1’-[4,4’-(amino-phenyl)phenyl]
thiophene-2,5-dicarboxylate]-4,4’-bipyridinium hexafluorophosphate

0.6 g (1 mmol) 1,1’-Bis(2,4-dinitrophenyl)-4,4’-bipyridinium dichloride (17)
and 0.94 g (2.6 mmol) bis(4-aminophenyl)benzene-2,5-thiophene dicar-
boxylate (36) dissolved in 150 ml (MeOH 80 %-DGM, 1:2) were stirred for 20
h at 100°C. The formed brown precipitate was filtered, dissolved in
MeOH/water and added to 50 ml 3M aq. NH4PFs. The product (PFe salt) was
filtered and washed with 100 ml water and 200 ml DGM. After drying under
high vacuum, 37+2PF¢ was obtained as brown powder (0.68 g, yield 56.91 %).
'"H-NMR (de-DMSO, 250 MHz): 6.59 (s, CHarom. phenyl ring, 4H); 6.94 (s,
CHarom. phenyl ring, 4H); 7.81 (s, CHarom. phenyl ring, 4H); 8.08 (s,
CHarom. phenyl ring (4H) + CHarom. thiophene ring (4H), 8H); 9.07 (s, Vio,
4H); 9.72 (s, Vio, 4H).
3C.NMR (de-DMSO, 63 MHz): 114.51; 122.19; 124.18; 127.05; 135.17;

136.08; 137.63; 139.62; 140.59; 146.56; 147.47; 152.56; 159.58; 160.43.

38¢2CI (C26H22N4Cl2): 1,1°-Bis(4-methyl-benzoate)-4,4’-bipyridinium
dichloride

To a solution of 1.12 g (2.39 mmol) 1,1’-bis(4-carboxyphenyl)-4,4’-bipyri-
dinium dichloride (26) in 200 ml MeOH, 1.5 ml conc. H,SO4 (26 mmol) was
added and stirred for 6 h at 80 'C. After cooling to RT, the solvent was
evaporated to 100 ml of its volume, and the product was precipitated by
addition of diethyl ether. The yellow precipitate was filtered, washed several

times with diethyl ether and dried in vacuum.
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'H-NMR (MeOD, 250 MHz): 3.64 (s, -OCHs, 6H); 8.11 (d, J= 7.5 Hz, CHarom.
phenyl ring, 4H); 8.43 (d, J= 7.5 Hz, CHarom. phenyl ring, 4H); 8.96 (d, J=
5Hz, Vio, 4H); 8.61 (d, J= 7.5 Hz, Vio, 4H).

3C-NMR (MeOD, 63 MHz): 52.00 (-OCHs); 124.85; 127.27; 129.96; 131.40;
133.28; 145.61; 145.77; 151.09; 165.40.

The CI" salt was further dissolved in water/MeOH (8:2 V/V) and added to
10 ml 3M aq. NH4PFes. The white precipitate (PFes salt) was filtered, washed
several times with water and dried under high vacuum (1.12 g, yield 78.62 %).
Elemental analysis for CysH22F 12N204P222H,0: C41.50, H3.48, N3.72 (calc.),

C41.10, H3.26, and N4.08 (found).

39°2PFs (C2:H1sF12N2O2P;): 1,1’-Bis(3-hydroxyphenyl)-4,4’-bipyridinium
bis(hexafluorophosphate)
+/— —\+
O-O-0-Q
HO PF, PF, OH

To a solution of 3 g (56.34 mmol) 1,1’-bis(2,4-dinitrophenyl)-4,4’-
bipyridinium dichloride (17) in 325 ml MeOH/water (8:2 V/V), 1.4 g (12.82
mmol) 3-aminophenol in 60 ml MeOH/water (8:2 V/V) was added and stirred
with reflux for 36 h. While adding the amine, the color of the solution changed
immediately from yellow to black. After cooling to RT, the product was isolated
by adding diethyl ether until an orange precipitate was formed. The precipitate
was collected by filtration, dissolved in 150 ml MeOH/water solution and
precipitated as PFg salt by addition of 10 ml 3M aqg. NH4PFs. The yellow

precipitate was filtered, washed with water to remove an excess of NH4PFg

and dried under high vacuum (1.97 g, yield 57.17 %).
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'H-NMR (ds-DMSO, 250 MHz): 7.29 (bs, CHarom. of phenyl ring, 6H); 7.55
(bs, CHarom. of phenyl ring, 2H); 8.96 (bs, Vio, 4H); 9.60 (bs, Vio, 4H), 10.46
(bs, OH, 2H).

®C.NMR (ds-DMSO, 63 MHz): 111.73; 115.04; 118.46; 126.62; 133.19;

143.22; 145.72; 149.08; 158.59.

40°2PFs (C22H1sF12N202P3): 1,1°-Bis(4-hydroxyphenyl)-4,4’-bipyridinium
bis (hexafluorophosphate)

PFg PFg

3 g (5.34 mmol) 1,1’-Bis(2,4-dinitrophenyl)-4,4’-bipyridinium dichloride (17)
in 250 ml of a MeOH/water solution (8:2, V/V) and 1.48 g (13.62 mmol) 4-
amino- phenol in 80 ml MeOH/water solution (8:2, V/V) were heated to reflux
and stirred for 48 h. After cooling to RT, the product was separated from the
reaction mixture by adding 400 ml diethyl ether. The yellow precipitate formed
was filtered and washed three times with 100 ml diethyl ether. The precipitate
was dissolved in 150 ml MeOH/water and then added to 10 ml 3M aq.
NH4PFs. The brown precipitate formed was collected by filtration, washed with
water and dried under high vacuum (2.2 g, yield 61.2 %).
"H-NMR (ds-DMSO, 250 MHz): 7.09 (s, CHarom. phenyl ring, 4H); 7.77 (s,
CHarom. phenyl ring, 4H); 8.95 (s, Vio, 4H); 9.55 (s, Vio, 4H); 10.49 (s, OH,
2H).
BC.NMR (ds-DMSO, 63 MHz): 116.94; 126.58; 126.91; 134.43; 145.79;

148.62; 160.71.
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41°2PFs (C22H20F12N4P2): 1,1°-Bis(3-aminophenyl)-4,4’-bipyridinium bis

(hexafluorophosphate)

+ /T —\+ /S

HoN PF, PFS NH2

To a solution of 1 g (1.78 mmol) 1,1’-bis(2,4-dinitrophenyl)-4,4’-
bipyridinium dichloride (17) in 100 ml MeOH/water (8:2 V/V) 1.55 g (14.39
mmol) benzene-1,3-diamine in 20 ml MeOH was added and stirred under
reflux for 48 h. While adding the amine, the color of solution changed
immediately from yellow to red. After cooling to RT, the solvent was
evaporated to dryness, the residue washed three times with 250 ml DCM and
ultrasonificated in 150 ml MeOH/ethylacetate mixture (1:2, V/V). The
precipitate was collected, dissolved in 50 ml hot water, filtered over filter paper
and the filtrate precipitated as PFg salt by addition of 10 ml 3M aq. NH4PFs.
The brown precipitate was collected by filtration, washed with water and dried
under high vacuum (0.21 g, yield 18.90 %).

'H-NMR (CDsCN, 250 MHz): 4.82 (s, NH,, 4H); 7.01 (d, J= 12.5 Hz, CHarom.
phenyl ring, 6H); 7.44 (d, J= 10 Hz, CHarom. phenyl ring, 2H); 8.60 (d, J= 5
Hz, Vio, 4H); 9.15 (d, J= 5 Hz, Vio, 4H).

*C-NMR (CDsCN, 63 MHz): 108.82; 111.87; 127.06; 131.14; 143.38; 145.22;

150.10.
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6 Summary and outlook
The main subject of the thesis is the synthesis of monodisperse rigid
viologen oligomers with star and rod conformation, and with an extended -

conjugation system (Fig. 6.1).
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Figure 6.1 Nanometer-sized viologen stars and viologen rods exemplified by
compounds 4 and 23a.

Two approaches were considered for the preparation of the rigid viologen-
oligomers: i) consecutive Menshutkin N-alkylations?*>%*® for the synthesis of
the star-shaped viologens with three branches consisting of alternating benzyl

viologen/phenyl viologen subunits and, ii) consecutive Zincke reactions to
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form the rod-like 1-conjugated oligomers consisting of alternating alkoxy-
diphenyl and 4,4’-bipyridinium subunits. Alkoxy side chains were introduced
on the diphenyl subunit to tune the solubility of the oligomers. The end groups
of the two types of viologen oligomers (star-shaped and rod-like) are tailored
for electropolymerization.

Electrochemistry of the viologen stars shows four redox interdigitated
peaks: two for the benzyl viologen subunits and two for the phenyl viologen
subunits. The electrochemistry of the viologen rods shows only two waves for
the single type of phenyl viologen subunits present in these structures.

Electropolymerization (and Zn° induced polymerization) in case of the stars
is based on the generation of peripheral benzyl radicals by reduction of the
corresponding benzyl bromide.

In case of the rods, polymerization is based on in situ prepared peripheral
diazonium salts. The stars and rods are exceptionally large monomers, which

can be easily visualized by STM within the polymeric network (Fig. 6.2).

6.1 nm

»ﬁw{“»«r*st}r»:iﬁi‘{i*'b‘f Ry

Figure 6.2 STM images (V,= 0.050, I= 1.001) of polyviologen star (Poly-4) and
polyviologen rod (Poly-23a) on ITO: A) 13.6 x 13.6 nm, Z range 0.781nm and B) 72 x
72 nm, Z range 25 nm.
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Moreover, nanocomposites of polyviologen stars with carbon nanotubes
were prepared and visualized by STM.
Outlook:

Organic electronics have recently attracted much academic and
commercial interest. Several p-type semiconductors have been found, but n-
type semiconductors are less known. The nanometer-sized conjugated
viologen presented in this work are ideal candidates for n-doped
semiconductors as molecules, as polymer or as polymer composites (e.g. with
CNT’s).

Future work should, therefore, focus on the conductivity measurements of
the rod-like alkoxy-diphenyl/viologen oligomers and polymers.

In analogy to the results of a recent publication,”®” SWCNT combined with

viologen rods or stars could have interesting transistor behavior (Fig. 6.3).

SWCNTs

Fig. 6.3 Representation of a CNTs-based field effect transistor doped with the rod-

like viologen.
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Appendix

Appendix
A.1 Cyclic voltammetry of 4

The peak current of the first reduction of 4 linearly increased with the
square root of the scan rate in the range 0.03-1.0 Vs™, indicating that 4

follows diffusional process under experimental conditions.

4.0x10°,
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A.1 Dependence of the peak current (ip) on the square root of the scan rate (V).

A.2 Electropolymerization of 4 and 7 at GC, Au and ITO electrodes

Polymer films were deposited on GC, gold and ITO from monomer
solutions in 0.1M n-BusNPF¢DMF by scanning the potential between 0.2 V
and -1.2 V vs. Ag/AgCl at 100 mVs™. The sweep was stopped after 60 cycles

and the modified electrode was rinsed with acetone prior to further

experiments.
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Current (uA)
Current (MA)
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A.2 A) The electropolymerization of 4 (4.9 *10*M). B) CVs of Poly-4 on Au. CVs

were measured in 0.1M n-BusNPFgat a scan rate of 100 mV/s.
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A.3 A) The electropolymerization of 4 (4.9 *10“*M). B) CVs of Poly-4 on ITO. CVs

were measured in 0.1M n-BusNPFgat a scan rate of 100 mV/s.
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A.4 CVs of Poly-4 on GC in 0.1M n-BusNPFs and scan rate 100mVs™: A) potential
range 0.2— -0.4V and B) potential range 0.2— -0.6V. GC was modified from 4.9*10™
M of 4 during 20 scans at U= 100 mVs™ and potential range: 0.2 V— -1.2 V.

171



Appendix

As Fig. A.4 clearly show, the modified GC electrode is more stable while
scanning the potential only over the first three viologen reduction waves.
Polymer stability: (QME2/QME+)*100 (A1)
(3.11*10°/4.64*107°)*100= 67.22 % potential scan 0.2 V— -0.4 V.
(11.51*10°°/10.65*107°)*100= 10.78 % potential scan 0.2 V— -1.2 V.

QME+ and QMEy, are the charge calculated from CV of modified GC after

integration over the whole scan region. ME, is the first scan and MEy is the

20" scan.
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A.5 A) The electropolymerization on ITO of 7 (1.76 *10*M). B) CVs of Poly-7 on

ITO. CVs were measured in 0.1M n-BusNPFg at a scan rate of 100 mV/s.

A.3 FT-IR characterization of Poly-4 (chemical polymerization)
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A.6 FT-IR spectra of 4 (a) and Poly-4 (b).
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aq.

AcOH

BnV

BnVv*

n-Bu4NPF6

bs

bd

CHarom.

BC-NMR

Ccv

CVs

DCM

DGM

DMF

DMSO

List of abbreviations

aqueous

acetic acid

dibenzyl viologen

dibenzyl viologen radical cation

tetrabuthylammonium hexafluorophosphate

broad singlet

broad doublet

aromatic proton(s)

carbon nuclear magnetic resonance spectroscopy

cyclic voltammogram

cyclic voltammograms

diffusion coefficient

dichloromethane

diethylene glycol dimethyl ether

dimethylformamide

dimethyl sulfoxide

formal reduction potential
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AE,

eV

Fc

[Fe(CN)e]™

GC

HEV

"H-NMR

labs

ITO

NH4PFg

MeCN

MeOH

MeV

potential difference between the anodic and cathodic

peak potentials

electron volt

ferrocene

potassium ferricyanide

glassy carbon

hour

1,1’-bis-2-hydroxyethyl-4,4’-bipyridinium dibromide

proton nuclear magnetic resonance spectroscopy

absolute peak current

peak current

tunneling current

indium tin oxide
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molar concentration

acetonitrile

methanol

methylviologen
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rad

RT

PABA

PhV

PHV"

PPD

PTSA

RDE

rm

Ru(bpy)s

UV-VIS

Vp

Vio

VS.

TBACI

radian

room temperature

p-aminobenzoic acid

diphenyl viologen

diphenyl viologen radical cation

p-phenylenediamine

p-toluenesulfonic acid

rotating disk electrode

revolutions per minute

tris(2,2’-bipyridyl) dichlororuthenium (lI) hexahydrate

surface coverage

ultraviolet-visible spectroscopy

scan rate

bias voltage

protons of 4,4’-bipyridinium ring

versus

tetrabuthylammonium chloride
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