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Chapter 1

Introduction
1.1. Background

The creation of nanostructured composite molecular films with tailored functionalities
is an area of intense interest in current material research. Nanostructured materials,
including monolayer and multilayer films on inorganic solids, are a branch of
supramolecular systems with specific interactions between the solid surfaces and the
adsorbed organic species. The surface - based devices, created by the organization
of organic species on the surfaces of inorganic solids, have been well investigated in
order to use thin films as chemically modified electrodes. The surface of metal or
metal oxide can be used for the direct deposition of layer-by-layer thin films from a
solution by covalent or ionic bonds. This concept of absorption and direct reaction on
the surface is universal and can be used to assemble multicomponent 2D lateral and
3D film microstructures using cheap and easy processing techniques. The same
technique can be used with different components as smart organic or inorganic
molecules [1-5], colloids [6-8], macromolecules [9-12] and biological components
such as proteins or DNA [13-22].

The monolayer film could be formed by exploiting the chemisorption of an active
surfactant-containing material on a solid surface, e.g., the formation of gold thiolate
resulting in self-assembled monolayers (SAMs) of organosulfur compounds [23] and
the in situ formation of polysiloxane-directing SAMs of organosilicon derivatives [22].
The molecularly controlled creation of nanostructured films has been dominated by
Langmuir-Blodgett (LB) deposition since about 70 years, in which monolayers are
formed from a gas-liquid interface to a solid planar substrate [24]. In 1960 Kuhn et al.
have carried out controlled synthetic multicomposite films of organic molecules by
using the LB technique with donor and acceptor dyes [25]. The LB technique is
limited, because noncovalently attached films are not very robust; the molecules are
often not firmly trapped and can be lost in solvents.

A layer-by-layer assembly technique with alternating physisorption of opposite
charge at liquid/solid interfaces was first introduced by Decher et alin 1991 [13, 26-
29] giving access to multilayer films.

The multilayer film could be also formed using layer-by-layer assembly techniques

including: electrostatic interaction z-z* stacking [30, 31], hydrogen bonding [32, 33],
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coordination bonding [15, 34, 35], charge transfer [36, 37], molecular recognition [13,
38, 39], adsorption/drying cycles [40, 41], stereocomplex formation [42, 43], covalent
bonds [44-46], etc. The sequence of deposition of different materials defines the
multilayer architecture and thus the device properties. Each deposited monolayer is
able to enhance the deposition of the next layer.

Also in 1991, Grétzel decided to copy a nature’s trick and to project the ‘Gréazel celf
[47, 48]. The cell uses organic dye molecules to capture light energy to inject an
electron from a dye into a semiconductor. As semiconductor he introduced
mesoporous TiO,, a scaffold for photo- and electroactive compounds on electrodes
[47, 49]. The TiO; structure consists of nanocrystals which build the mesoporous
structure of thin films (thickness 100 nm - 5 um). If electro- or photo- active
monolayers are coordinated to the porous structure, amplification of the surface
concentrations of 100 per um is achieved [50-54].

Similar phenomena are observed by antimony tin oxide (ATO) [55, 56], fluoro tin
oxide (FTO) [57] and indium tin oxide (ITO) [58, 59] layers, but the highest surface
concentrations are achieved with TiO.. A number of promising applications for these
materials are in the area of nonlinear optical materials [60, 61], conductive film [62],
light emitting device [47, 63], sensor and biosensor [64, 65], display [66-69], solar
cell [64, 65] etc.

1.2. Concept and objectives

1.2.1. Concept

The principal idea behind this work consists in the modification of different
mesoporous electrode materials (TiO2, ATO, FTO and ITO) with various interesting
organic and electroactive compounds. The materials include electrochromic and
electrocatalytic compounds, as well as simple reversible redox systems. The main
goals concern
(i) the methodology of the modification and irreversible stabilization of the
compounds on the mesoporous support, and
(i)  the optimization of different applications in the fields of electrochromic cells
(working and counter electrodes) and electrocatalysis of the reduction of
alkyl bromides.
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In all cases the method consists in the coordination of a bifunctional anchoring group
onto the inner walls of the mesoporous system. One functionality is a TiO2 chelating
phosphonate (carboxylate, salicylate etc.). The other is either an electrophilic or
nucleophilic group. The name of the compounds reflects the two ends of the
compound: electrophilic (EAG) and nucleophilic anchoring groups (NAG) (scheme 1).

anchoring group

Electrode
|

] Repellents* !
i(for laterally structured electrodes) :

NBB cascade steps (n) EBB

NEG EEG

Ry

multilayer-modified optically
transparent electrochromic or catalytic electrodes
(OTEs)

N: nucleophilic, E: electrophilic, AG: anchoring group, BB: building block,
EG: end group; *it was used only in the Viologens case;

Scheme 1. Cascade type preparation of modified electrodes

According to the scheme, these compounds will be cross-linked and grown using the

following techniques:

e Sn2-type bond formation between a benzyl bromide and the free nitrogen of a
bipyridine;
e Condensation between a free carboxylic acid and an amine via an activated ester;

e (Condensation of a carboxylic halide and an amine via amide bond formation;
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e Condensation of a carboxylic halide and an alcohol via ester bond formation;
e Electropolymerisation of pending vinyl groups in redox active species after

monolayer formation.

1.2.2. Objectives

With the above mentioned techniques we plan to achieve the following goals:

e Improvement of the stability of the image information in electrochromic cells with
ink-jetted images;

e Improvement of the contrast ratio of ink-jetted electrochromic images:
a) using repellent monolayers for “white regions”;
b) using molecular amplification techniques.

e Optimization of the oxidation kinetics of viologen modified TiO. electrodes

e Preparation of a high capacity colourless counter electrode.

e Application of Bio-electrocatalysis to the mesoporous TiO, system

1.3. Chemically modified electrodes by cascade reaction

1.3.1. Ways to obtain covalently attached multilayer assemblies

The principle of the chemically modified electrodes by cascade reaction is easy and
involves ionic self-assembly technique and chemical reactions in situ. Depending on
the nucleophilic or electrophilic nature of the anchoring group attached on the surface
(EAG and NAG in figure 1.1), the next steps consist in the sequential exposure of the
electrodes to a counter part solution containing electrophilic (EBB) and nucleophilic
(NBB) building blocks, respectively. The building blocks are multifunctional. There are
two, three or even six or seven identical nucleophilic or electrophilic groups in the
NBB or EBB present, allowing for cross-linking and/or exposition to further unreacted
groups. In the following reaction step, the electrode is exposed to a solution of the
counter part building block with opposite reactivity.

The reaction can be repeated again and again, and the redox units cross-link and
grow layer by layer from the pore walls into the solution. The general reaction
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scheme is shown in scheme 1.The amplification (growth of the number of
electroactive subunits) and cross-linking is granted in this procedure.

The final step consists in the exposure of the electrode to a solution of a compound
with a single electrophilic or nucleophilic group (EEG or NEG, figure 1.1). The single
functional group with opposite reactivity (as compared to the exposed electrode)

terminates the cycle and leaves the surface non-reactive.

_____________________ -
| Types of nucleophilic || Types of electrophilic
| anchoring group (NAG) || anchoring group (EAG)
| H,N“ " Si(OC,H,), |
| NC\>EF®+ CC1 [| R, orR;R;R— D—@—\_POH
: =, N7 \_pop, HN"NHN-"~" Si(OC H,), | 6,7,8,9
I
| 2Br° cc2 | iy
+7 —\ + - \
[R—N"\ 7 Br Hooc NS\ N COOH
DOy O |00, G0
2 N7\ _poy
: 3 [ O, Cl
Br-
=\, 2CI” OH |
I R;—@N—\_ N/~ N_@_ | CY@O
PO,H, R—N COOH
| 4 D;@ | o) cl
- - S a *CC3
-———
| Crosslinkers (NBB) || Crosslinkers (EBB)
I 2PF, or 281 | Br
| 7N R, or R32R1—N\Z\>—@I\7—R1;Ra orR, |
| O 11,12, 13 ' By
| CC4 zgo » e | Br
| N o | _
NN — | N 3PF, S | 2PF,
I = v |/N | R, or R; N\/':\>—<\:\/N R;or R,
TN
: CC5 Nt | 17,18
| R9 |N\ I Rm Rwo
| R} = | R
| H‘m A | ks /
I R, R, h/ I Rio Rio
| cce S 14,15 | cc7
_____________________ -
: End groups (NEG) oF || End groug)PsF (EEG)
N D~ N—RR, o R, | G :
| . \ / or | \ \ p —R,, Re—br
| 19, 20, 21 | 22 cCs
—_ e —_—
Repellents
Br H,O,P-(CH,),-CH,
@\‘_\—POGHQ n=3 CC9; n=5CC10; n=7 CC11;
23 n=9 CC12,n=13CC13;

2, 11)R,=-(CH,):NH;; ()R.=-NH,; (5,12)R;=-(CsH.)NH,; (6,CC8)R,=-CH,(C;Hs); (7,22)R.=-CH,(C,H,)CH,Br;
(8,17)R,=-CH,(C,H.)(CH,).Br; (9,18)R,=-(C,H.)(CH,),Br,; (13)R,=-(C.H,)(CH,),(OH),; (CC8,15)R,=-(CH,),OH;
(CCT)R,,=-(CH,).l; (19)R,=-CH;; (20,22)R ;=-C.H;; 21)R,=-C.H;;

*CC3 = EAG and EEB

Figure 1.1. Synthetic scheme of the viologen monomers used for reaction type cascade on mesoporous
electrodes (TiO,)
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Another type of layer growth is represented in figure 1.2. In this case the first layer
consists of an anchoring of the building block or the end groups are
electropolymerizable. In contrast to the reaction in figures 1.1 and 1.3, this reaction
executed with building blocks is not of the cascade type, but an electropolymerization

which is more difficult to control.

fe————————————
| Types of anchoring group || Building blocks
I
| 2Br :
N N (T
e\ [
| 24 PO;H, |
I +/§ I
| 7 N [
| <
S I
| A S
' <) |
| \\ |
I N |
I
| N |
S I
[ ! “ |
I 6Br
-~ I
| < [
I N |
O |
I /P\ ”
| o 9 I End group
|
| 25 I

Figure 1.2. Synthetic scheme of the vinyl-viologen monomers surface cross-linking
and growth on mesoporous electrodes (TiO,)

In the figure 1.3 are shown other electrophilic or nucleophilic redox active subunits
such as ferrocene derivatives used by reaction type cascade to other mesoporous
materials, such as ATO and ITO.
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=== ! :
| Type anchoring group | Crosslinker End group
I @Rm I ©R17Or Ris ©_R14
| |
| Fe | Fe Fe
| Rl | = =
| 30* : 33; 34 36
| | | ______________________ =
== | o
| ! |
| Fe | Fe ! Fe 1

<= | ’ '
I I Rw | R19 1
| ! I
332 : 35 ! 374 .
L — — — )

(o}
R15 :/\NH/\/SH R1s:/<NH/\/SH
*anchoring group or crosslinker; NH> NH,
**reference (' °
R, =N M AN
\I\NHZ Rye =" “NH 1

NHp

(36,30)R,,=-COF; (31)R,=-CH,NHC,H,SH: (32)R,,=-CONHC,H,SH; (33)R,,=-CH,NHC,H.N(C,H,NH,),;
(34, 35)R,,=-CONHC,H,N(C,H,NH.),; (37)R,;=-COOCH.;

Figure 1.3. Synthetic scheme of the ferrocen monomers used for reaction type cascade
on mesoporous electrodes (ATO, ITO, FTO,Au)

The bond forming reactions in figures 1.1 and 1.3 are based on substitution reactions
between (multifunctional) pyridine N and (multifunctional) benzylic bromides, alcohols
with carboxylic acid chlorides, as well as the condensation between carbonyl
compounds or carboxylic fluorides with amines.

In conclusion, a synergy effect between incorporating electroactive species into
multilayer and solid-phase supported is obtained. These materials will endow the
resulting assemblies with novel properties. This technique to create a covalently
attached multilayer film can be used to produce chemically modified electrodes with
high stability, which guarantees the application of these electrodes under severe

conditions.
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Chapter 2

Electrochromics and electrochromic device

2.1. What is electrochromics?

The history of chromogenics dates back to 1704, when Diesbach discovered the
chemical coloration of Prussian Blue (PB). In the 1930s, electrochemical coloration
was noted in bulk tungsten oxide. Twenty years later, in 1953 Kraus observed
electrochemical coloration in thin films of WOz, deposited on a semitransparent metal
layer [70]. The first electrochromic devices (ECD) were made in 1969 by Deb [71,
72]. In 1973, Philips laboratories took up the idea that diheptyl viologen could be
used in a display device called “Schoot's ECD device” [73]. Electrochromics
phenomena, based on viologens and tungsten oxide had found an application in the
1980s as switchable mirrors in cars [74]. Wrighton et al. prepared derivatized
electrodes with bipyriylium species, which bind to the oxide lattice on the surface of
an OTE [75-77]. In the 1990s, several companies began to develop devices for
glazing applications, and the work continues. For example, companies such as
Donnelly and Gentex produce currently and market successfully the automotive rear-

view mirrors.

The species, which are involved in electrochromism phenomena (i.e. electron donor
or acceptor), exhibit a change of colour, resulting from an electron-transfer reaction
at an electrode either at an electroactive surface film or in an electroactive solution
[78].

Electrochromic materials, which change their optical properties in response to an
electric field and can be returned to their original state by a field reversal, are divided
at least into five major families:

e metal oxide systems (WOs3, MoOs, NiO,, IrO, or C0203),

e Prussian Blue systems,

e conducting polymers (polyaniline, polypyrrole, or polythiophene),

e metallopolymers and phthalocyanines

e 1,1’-disubstituted-4,4’-bipyridylium salts (the viologens) [61].
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These materials have major advantages such as: a small switching voltage, a high
contrast between their two coloured states, high colour purity in those states,

reversibly coloured or bleached.

2.2. Electrochromics of viologens

1,1’-Disubstituted-4,4’-bipyridyls, so called viologens, are of great electrochemical
interest because of their three oxidation states and the high reversibility of the redox
reactions especially of the first one [79]. Fields of applications are: solar energy
storage devices [50], preparation of chemically modified electrodes [80], catalytic
reduction of a substrate [81]; studies of the rates of electron transfer at electrode
substrate-film interface [82]; their potential electrochromic applications [73, 83], their
use in electrochromic writing paper [84], bioelectronic devices [85], electron-transfer

mediation to various biological molecules [86, 87], etc.
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Scheme 2. Redox sates of viologen

The viologens have three common redox states. The most stable is the dication state
which is colourless (scheme 2) when pure unless optical charge transfer with the
counter anion occurs. Reductive electron transfer to viologen dications forms
coloured radical cations, the stability of which is attributable to the delocalization of
the radical electron throughout the n-framework of the bipyridyl nucleus, the R and R’

substituents commonly bearing some of the charge [61].
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The electrochromism occurs in viologens because, in contrast to the viologen
dications, the radical cations have delocalized positive charge, colouration arising
from an intramolecular electron transition. Suitable choice of nitrogen substituents to
attain the appropriate molecular orbital energy levels can, in principle, allow a colour
choice of the radical cation. The alkyl group, for example, promotes a blue-violet
colour whereas aryl groups generally impart a green hue to the radical cation. The
intensity of the colour exhibited by di-reduced viologens is low since no optical
charge transfer or internal transition corresponding to visible wavelengths is
accessible.

A system based on substituted viologens with all compounds in solution may be
operating as follows: the substituted (cationic) viologen serves as the cathodic
colouring electrochromic material with a negative charge, whereas ferrocen
derivatives (in this case) acting on as the anodic colourless electrochromic materials.
When the system is switched on, the species will move by electrical migration to their
respective electrodes. After the dual electrochromic colouration process is initiated,
the products will diffuse off from their respective electrodes and meet in the
intervening solution where mutual reactions regenerating the original uncoloured
species take place. Bleaching occurs at short or open circuit by homogeneous

electron transfer in the solution.

2.3. Existing electrochromic devices without high resolution

The currently used electrochromic devices belong to two categories.

In the first type of system the electrodes made of conducting glass are covered with
an organic or inorganic polymer the colour which is different in the reduced and in the
oxidized state. The colour change that occurs by oxidation on the first electrode must
be the same that occurs by reduction of the second electrode. This type of assembly
is used in electrochromic windows. It is bi-stable, which means that once the colour
has been switched, the state of the device remains even if in the absence of applied
voltage. Limitation of these types of systems is the slowness of the colour change,
due to the low migration rate of the counter ions in the bulk polymer.
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In the second type of systems, two complementary electrochromic molecules are
dissolved in a solvent. One becomes coloured by oxidation and the second one by
reduction. This type of system is very simple to build, reacts very fast and allows the
production of dark or bright colours. However it has the strong drawback that an
electrical current is needed to maintain the coloured state, because the two types of
coloured molecules diffuse through the system and react with each other to restore
the bleached states. Therefore, it cannot be used for large area devices or for

battery-powered displays.

2.4. How to build an electrochromic device with persistent high resolution

Working electrode

TiO, electrode coated Ink-jett ; Dgrivatise with
‘doctor blade’ ‘anchoring groups’ Repellent viologens by
methode to the picture treatment cascade
Deposit seal

Counter electrode @

ATO elp;ctcri'ode Silanization Derivatise with
coate >
with ‘APS’ ferrocen by
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)

Make final Fill with
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2.5. How electrochromic systems work

Nanostructured anode Nanostructured cathode : -
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Sb-doped SnO, film : Sb-doped Sn0O, film

Figure 2.1. Electrochromic systems

To colour the pictures, a voltage is applied across the two transparent conducting
oxide layers. This voltage drives electrons into the counter electrode, through the
electrode and into the electrochromic layer. The presence of the electrons in the
electrochromic layer changes its optical properties.

To reverse the process, the polarity is reversed driving the ions in the opposite
direction, out of the electrochromic layer, and the pictures become transparent again.

2.6. Electrochromic device with surface confined chromophores

a) b) c) d) e) b) a)

Figure 2.2. Principle of an electrocromic cell

The conventional method of fabricating electrochromic devices utilizes a ‘sandwich’
configuration of electrodes. The electrochromic devices consist of up to five layers of
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materials; they are further sandwiched between two layers of glass (a). The central
three layers are: electrochromic layer: inorganic (WOs3) or organic compounds
(viologens) (c), electrolyte (d), ion storage (e) are sandwiched between two
transparent conducting oxide layers as i.e. indium-doped tin oxide (ITO) (b). All
layers are of course transparent to visible light. The electrochromic device is able to
change its colour reversibly upon a voltage pulse.

The principle procedure was known at beginning of my work. Furthermore, it was
recently shown that laterally resolved high resolution images become accessible by
an ink jet technique [88].

However, the stability was a problem because such pictures tend to diffuse over
prolonged times. Further it was not known how to amplify the contrast ration of such
electrochromic pictures.

Here, studies have been performed for the development of an electrochromic display
using nanostructured films of semiconducting metal oxides in which two
electrochromic molecules are fixed on the solid surfaces. The working electrode-TiO»
nanostructured films have a large surface area which means that up to 1000 times as
many electrochromic molecules can be attached to the film. The viologens are bound
to the surface and can be switched from “colourless” to “coloured” and vice versa
very fast. The high number of viologen molecules attached gives strong colouration
and a high rate of electron transfer. The charge to colour the viologen molecules is
supplied by a second, nanostructured counter electrode. The electrode is comprised
of a doped semiconductor ATO with CeO, layer (parallel development) or with a self
assembled multilayer of the ferrocen derivatives (my contribution). It can store the
charge due to its high capacity. The display is endowed with memory, resulting
bistability and low power consumption.
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Chapter 3

Methodology of modification and irreversible
stabilization of electrochromic materials on mesoporous
electrode surfaces

3.1. Titanium dioxide (TiO2) as mesoporous electrodes
3.1.1. Why titanium dioxide (TiO,)?

Titanium dioxide, TiO,, is a material that appears in a number of common substances
such as white paint, toothpaste, sun lotion, soap, coloured food and medical
implants. It is a low cost material, easy to produce in large quantities, chemically
inert, non-toxic and biocompatible. Titanium dioxide (TiOy) exists in three different
crystal structures: brookite, anatase and rutile, is a high band gap semiconductor with
an indirect gap of 3-3.2 eV (i.e., 3.05 eV rutile and 3.2 eV anatase). It is transparent
to visible light (down to 370 nm) and has excellent optical transmittance. TiO> shows
good electronic conductivity under doping conditions, charge separating properties, a
high refractive index and good insulating properties, and, as a result, it is widely used
as protective layer for very large scale integrated circuits (VLSI) as well as for the
manufacture of optical elements.

In this thesis two aspects of TiO, have been exploited:

i) the electrochromic properties
of a ca. 5 um thick layer of
nanostructured TiO,, dyed
with viologens are of specific

interest for display
applications;

ii) the electrocatalytic
properties of TiO;

electrodes, modified with

vitamin B, derivatives.
Figure 3.1. SEM - picture of sintered TiO,
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Nanocrystalline films consist of particles with typical diameters in the size range from
~10 nm to ~100 nm, which are loosely packed, thereby forming highly porous
materials that provide strong enlargement of the surface area (~1000 times). The
TiO, films show high affinity towards many molecules (e.g. dyes), that makes
possible surface modifications with carboxylates, salicilates and phosphonates. Very
interesting devices have been achieved by molecular derivatization of the surface of
nanocrystalline TiO; thin film electrodes. TiO- film electrodes have a potential use for
a number of electronic device applications such as dye-sensitized photovoltaic cells
[89], as well as antireflective (AR) coating [90], planar waveguides [91],
electrocatalytic electrodes and sensors [53], electroluminescent devices [47],
photochromic [54], and electrochromic displays [66, 88]. The common principle in
some of these devices relies on fast electron transfer between a surface-bound
molecular modifier and the nanocrystalline TiO» electrode.

In figure 3.2 a schematic representation of the energy level diagram of the
FTO/TiO2/Viologens interface in an aprotic electrolyte is presented, showing the
electron transfer during colouration. In the TiO» film, used as transparent wide band-
gap semiconductor, the valence band (VB) is filled with electrons (HOMO level) and
the conduction band (CB) is empty (LUMO level). Between the CB and VB the so-
called band-gap is located, an energetically forbidden region, meaning, that charged

species (electron or holes) cannot exist in this energy range.

CcVv 710 cV v,ﬁ\
(LUMO) SE l 05 (LUMO) SE +0.3
Fermi level|= —_—— redox level Fermi leve||== —— redox level
\VAWAV VT
electrolyte
EN electrolyte EN Y
VB VB
(HOMO) (HOMO)
+ TiO, + TiO,
FTO chromophore FTO chromophore
film film
a) reduction b) oxidation

Figure 3.2. Energy diagram of a nanoporous electrode with attached viologen molecules in an
aprotic electrolyte showing electron transfer in reduction-oxidation processes

When an electrochemical potential, negative enough to reach the conduction band
of the metal oxide, is applied to the electrode, electrons flow from the power source
to the TiO; into the conducting band. These electrons are transferred to the viologen
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molecule confined on the surfaces, switching it from the uncoloured state to the
coloured state by a reduction process (figure 3.2 a).

The electron transfer between the TiO, and the viologen is energetically favorable.
When this transfer is nearly reversible with respect to interfacial charge transfer, the
redox level of the viologen will be close to equilibrium with the Fermi level of the
semiconductor Ereqox=Ern [92].

The reverse process is shown in figure 3.2 b. These electrons of the reduced
chromophore jump back to the conduction band of TiO,. The energetic configuration
is less favorable since the electrons have to move uphill in order to be extracted from
the film. The difference between the conduction band edge and the chromophore’s
redox level (0E) constitutes a potential energy barrier that is responsible for the

slower or incomplete observed bleaching.

Figure 3.3 is a schematic representation of an energy level diagram of the
FTO/TiO2/Viologen interface in a protic electrolyte and the influence of acid or base
on the position of the conduction band edge. The position of the conduction band
edge of TiO, is mainly governed by the solvent-electrolyte system and must be
optimized for electrochromics or solar cells.

The presence of the proton in an electrolyte system moves the conduction band edge
of the TiO, into a positive direction (figure 3.3 a), and a complete oxidation
(bleaching) is observed. This behavior is attributed to charge trapping due to the
movement of the relative location of the conduction band of the semiconductor and
the viologen reduction potential. The semiconductor conduction band is too negative
for efficient oxidation.

- - CBE
N g1 e
CB ' . CB :
(LUMO) v H (LUMO) VN o
fr electrolyte J\'/L electrolyte
E/V CBE| EV
HH HO
VB VB |
(HOMO) (HOMO)
+ Tio, + Tio,
FTO FTO chromophore
film
a) b)

Figure. 3.3. The influence of acid or base on the position of the conduction band edge (CBE)
of a nanoporous electrode with attached viologen molecules in a protic electrolyte
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When in an electrolyte system a base is added (figure 3.3 b), the proton effect is
suppressed, and the conducting band is driven into negative direction. This leads to
a typical charge trapping situation that prevents electrochemical reoxidation of the
reduced chromophore and thus inhibits reversible phenomena.

To combine both, the advantage of the nanostructured TiO; film and the advantage
of rapidity and colouration efficiency of the molecular electrochromism, | developed a
method to produce a device using on molecular multilayers anchored to the
semiconductor surface of TiO,.

A suitable molecule that is colourless in the oxidized state and coloured in the
reduced state is linked to the surface of the colourless semiconductor (5 um TiO; film

in this case) on conducting glass.

3.2. Why cross-linking?

Most studies started with nanostructured TiO, films and a monolayer of viologen,
similar to those prepared by O’Regan and Grétzel for the corresponding solar cell
[47]. The electrochromic properties of a TiO. electrode modified with a viologen
monolayer was first reported by Marguerettaz et al. in a study about the electron
transfer to viologens [93]. Cinnsealach et al. described an electrochromic (EC)
window with a working electrode consisting of viologens chemisorbed on the surface
of a nanostructured TiO, film [68]. The preparation of homogeneously colouring
working electrodes consisting of a TiO; film with a monomolecular layer of viologens
equipped with TiO.-coordinating groups such as phosphonic, salicylic or benzoate
acid functionality, have been described by Campus et al. [50]. The chemical
modification is achieved by immersing the mesoporous nanocrystalline electrode into
a solution of the modifying material for times ranging from approximately 10 minutes
to approximately 24 hours. It was not clear if electrochromic materials can be
deposited without reversible diffusion of the material into the solution. In the case of
laterally patterned structures of viologens, as in case of ink-jetted images, this
phenomenon reduces the resolution of the pattern.

Since data are not available in literature, | have checked the stability of the
derivatized TiO, electrodes with monolayer and cross-linked viologens under
accelerated aging conditions.
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For the prevention of the lateral diffusion | developed a technique to fix the image via
a molecular cross-linking reaction. The cross-linking takes places in a single or multi-
step reaction. The process i.e. involves a cascade reaction and takes place in a
solvent, where migration of the anchoring material is suppressed. This procedure has

the following advantages:

e dual effect: limited lateral diffusion of the materials and amplified color by
introducing further viologen centers;
e the creation of branched structures between the electrochromic material;

e improvement of the fixation of the compounds, applied on the surface.

In general, the term “cross-linking” includes reactions where either chains or
individual molecules are linked together. The cross-linking process may be a
cascade type process, particularly a stepwise cascade reaction as described in
chapter 1 (scheme 1).

In a first series of experiments cascade-reaction-modified TiO, electrodes have been
prepared using compounds 1 as anchor, 18 as cross-linker and 6 as a standard (see

scheme 3.1).

The study shown in scheme 3.1 contains three sections describing the precursor
adsorption (adsorption), the cross-linking reaction (cross-linking) and the stability
test under accelerated aging conditions (desorption). Each reaction step was
checked by spectroelectrochemical techniques.

The following parameters were varied in a systematic way: time of cross-linking
reaction, concentration of the precursor 1, concentration of cross-linker 18 and

standard 6 as well as the time of desorption.
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Optical transparent electrode (OTE) with
5 um TiO, nanocrystals coating

| |

Adsorption of 1 Adsorption of 6 (standard)
1mM /EtOH:H,0 (95:5 vol%), 0.5h at r.t. 1 mM /EtOH:H,O (95:5 vol%), 0.5h at r.t.

Adsorption

Cross-linking with 18
10 mM, 1 mM, 0,1 mM /MeCN
0.5h, 1h, 2h, 24h at 40°C

Cross-linking

Desorption in EtOH/H,O (1:1 vol.%) Desorption in EtOH/H,0 (1:1 vol.%)

0.5h, 1h, 2h, 24h at r.t. 1 to 2 minutes at r.t.

Desorption
UV-VIS Analysis

Br 2Br Br 2PF, Br

N\ A\ N\
O s DOy 900
r r

1 6 18

Scheme 3.1. Solid phase synthesis and stability of cross-linked viologens on TiO,

In figures 3.4 to 3.6 selected results are presented (spectroelectrochemical
absorptions at 510 nm in LiCIO4/MeCN). Figure 3.4 shows the fast loss of the non-
cross-linked electrochromophore E-6 in EtOH/H20 (1:1) (t12 < 1 min).
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Figure 3.4. Desorption kinetic of standard ® E-6 in EtOH/H,O

In figure 3.5 the same traces can be found in combination with those of the cross-

linked viologens. Obviously, the cross-linked compounds exhibit a higher initial

absorption as well as an enhanced half-life time (ca. two orders of magnitude) as

compared to the non-cross-linked standard E-6. The other parameter in figure 3.5 is

the time of cross-linking.
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Figure 3.5. Influence of cross-linking time on desorption
kinetics E-1, E-1-18 TiO, in EtOH/H,O,
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The longer the reaction time, the higher is the absorption, as expected. However,

decay rates do not seem to depend strongly on the cross-linking time. All desorption

experiments were performed at room temperature.
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In figure 3.6 the influence of the concentration of the cross-linker 18 is demonstrated.
Absorbance is increased with increasing concentration of 18 present during the

synthesis.
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Figure 3.6. Desorption of E-1, E-1-18 from TiO, electrodes in EtOH/H,O prepared
from different concentration of 18: M 0.1 mM and ® 100 mM, t.,... =2 h

In a second series of experiments with cascade reactions, TiO; electrodes (E) have
been prepared using compounds 1 and 8, as anchoring compounds, 14 and 16 as
cross-linkers and 20, 22 and CC8 as end groups. The effect of the number (1-3) of
the cascade reaction steps on the surface concentration I' is shown in table 3.1. In
addition to this increased stability the amplification of the coloud areas towards

forced desorption is observed with the number of cascade cycles.
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Monomer sequence | Surface concentration (without and after forced desorption)
in cascade reaction I [molecm™®] x 107
E-1 0.4 [a] 0.26 [a] 0.08 [a] 0.02 [a]
E-1-(16-14)1-22-20 1.97 [a] 1.63 [b] 1.26 [C] 1.13 [d]
E-1-(16-14),-22-20 2.57 [a] 2.28 [b] 1.97 [c] 1.96 [d]
E-8-14-CC8 9.3 [e]

[a] without desorption, [b] 1 day in MeCN, [c] 1 h in EtOH/H.0 (1:1), [d] 1day in EtOH/H.0 (1:1), [e] 2
min.n EtOH/H,0 (1:1)

Table 3.1. Single step and cross-linking, i.e. stabilization. I" [mol.cm™] calculated from
UV-VIS absorption and desorption measurements at 740 nm (using €=3.20-10%® and

560 nm (using e=1.8210", respectively.

It can be concluded that in a monolayer TiO, device, when applied and kept at
negative potential in two or three cell electrode systems (vs. Ag/AgCl), the affinity of
the coloured viologens towards the TiO, drops substantially and some viologen is lost
into the electrolyte by diffusion. In an electrochromic filter device this phenomenon is
no problem because the dissolved viologen molecules get back to the TiO.-
coordinating sites. In an electronic picture consisting of TiOz-anchoring viologen
pixels, such diffusion may result in continuous loss of the pictorial information by
lateral diffusion of the viologen from occupied to unoccupied sites via the solution
figure 3.7 [88].

a) b)

Figure 3.7. Effect of cross-linking on the long-term behaviour of the
dissolution quality in an electrochromic display
a) without cross-linking and b) with cross-linking 6 months old
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3.3. Types of cascade reactions on the nanostructured TiO: film

Depending on the nature of anchoring groups (nucleophilic NAG or electrophilic
EAG) coordinated on TiO, electrodes, there are different types of solid-phase-

supported reactions:

e Sn2-type bond formation between a benzyl bromide and the free nitrogen of a
bipyridine;

e Condensation of a carboxylic halide and an amine via amide bond;

e Electropolymerisation of pending vinyl groups in redox active species after

monolayer formation

3.3.1. Multi-step cross-linking by an Sy2- mechanism and accelerated aging
tests

From the preliminary results in chapter 3.2 | decided to study multi step cross-linking
reactions. In schema 3.2 a typical cross-linking experiment on mesoporous TiO> with
two different anchoring groups NAG 1 route la and EGA 8 route Ib is shown.

After exposure of the TiO, electrodes to the anchoring mono-alkylated bipyridine 1
(plate E-1, figure 3.8) at millimolar concentration, the electrodes are treated with the
electrophilic triple cross-linker 16 at 0.1 M to induce the surface-confined substitution
reaction, followed by treatment with the nucleophilic triple cross-linker 14 (compare
E-1-16-14 in figure 3.8). Further treatment of the electrodes with 16, or 16 followed
by 14, yields cross-linked modified electrodes E-1-16-14-16 or E-1-(16-14),,
respectively. In order to saturate all open reactive sites, the electrodes were treated
sequentially with compound CC8 and 20 to yield electrode E-1-(16-14)3-20-CC8.
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Optical transparent electrode (OTE) with
5 um TiO, nanocrystal coating

Route la

Route Ib

Adsorption of (NAG) 1

1 mM /EtOH:H,0 (95:5 vol%), 1h at r.t.

Adsorption of (EAG) 8
1 mM /EtOH:H,0 (95:5 vol%), 1h at r.t.

Adsorption

100 mM /MeCN
4h at 60°C

Cross-linking with (EBB) 16 n=1-3

Cross-linking with (NBB) 14

100 mM /MeCN
4h at60°C

Cross-linking

Reaction with (NEG) 20 and (EEG) CC8

100 mM /MeCN —

L 4h at60°C
Termination
UV-VIS Analysis
Desorption in MeCN Desorption in EtOH/H,O (1.1 vol.%)
24h atrt. 1h, 24h, 48h at r.t.
Desorption

Br
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Scheme 3.2. Cascade reaction on TiO, with anchoring compounds
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Figure 3.8. Cascade reaction on TiO,
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The UV-VIS results of plates E-1, E-1-16-14, E-1-16-14-16 and E-1-(16-14)3-20-
CC8 are shown in figure 3.9. Obviously, increased cross-linking leads to increased
surface concentration of electrochromic sub-units (in LiCIO4+/MeCN using € = 3200,
I'= A740 o/ € 1000 with abs. = absorbance, ¢ = extinction coefficient [dm®mol'cm]
and I = surface concentration [mol'cm™]. From the coulometric analysis of the cyclic
voltammograms respectively at 20 mV/s, _f:Q/nFAdeCmde [molcm™], Q=charge [C],
F=Faraday constant, Aeecrose=€lectrode surface [cm?]). As a matter of fact the

absorbance at 540 nm is beyond the limits if the spectrometer used.
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Figure 3.9. Influence of cascade step on the surface concentration

The same plates have been subjected to an accelerated aging test. The plates have
been sequentially rinsed in acetonitrile and water-ethanol for several hours up to
days. Such a treatment releases most of the dye if it is only present as an anchored

monolayer.

Figure 3.10 shows the results. | used normalized surface concentrations for case E-
1, E-1-16-14, E-1-16-14-16 and E-1-(16-14)3-20-CC8. The simple anchored modifier
decays to approximately 2 percent of its initial surface concentration during this
treatment, but the cross-linked electrodes withstand the accelerated aging showing
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generally more than 50 % of the activity at the end. The persistence is much better in
the cross-linked state.
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Figure 3.10. Influence of cross-linking on relative stability
towards forced desorption:
H after synthesis,d 1 d in MeCN, 01 din MeCN + 1 h in EtOH/H,0,
(01 din MeCN + 1d in EtOH/H,0, 1 d in MeCN + 2 d in EtOH/H.0,

In scheme 3.2 route Ib a comparative cross-linking experiment is shown using the
electrophilic anchor (EAG) 8 for monolayer surface modification with a monolayer
(electrode E-8), in contrast to route la where the nucleophilic anchor (NGA) 1 was
used. Such an electrode was treated with the electrophilic triple cross-linker 14 at 0.1
M concentration to induce the surface-confined substitution reaction (electrode E-8-
14) and then treated with benzyl bromide CC8 (electrode E-8-14-CC8).

The corresponding surface concentrations after the synthesis are shown in figure
3.11 (as calculated from the absorbance at 560 nm in LiCIO4/MeCN using € =

17670). Again, a multiple exposition increases the surface concentration.

43



8.00E-08 -
. 6.00E-08-
e
L
© -08 -
£ 4.00E-08
—
2.00E-08 -
0.00E+00 r .
) ™ )
4 N ¢
\Z ((/fb' ,\b(o cascade step
'%l
&

Figure 3.11. Influence of cascade step on the surface concentration
using anchoring group 8

Figure 3.12 shows the aging test of the three plates. The influence of cross-linking is
obvious but less pronounced than in the sequence described in scheme 3.2 route la.

This may be related to the fact that only one cross-linking step was used in this
sequence.
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Figure 3.12. Influence of cross-linking on the relative stability
towards forced desorption using anchoring group 8:
B after synthesis,l 1 d in MeCN, 01 d in MeCN + 1 h in EtOH/H,O,
(01 din MeCN + 1d in EtOH/H,O, M 1 d in MeCN + 2 d in EtOH/H,0,
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In conclusion, high stability can be achieved for the electrochromic layer on
mesoporous TiOy, by Sn2 cross-linking reactions directly on the surfaces. The
absorbance increase almost by a factor of 10 and the stability towards accelerated
aging (washing with organic and/or aqueous solutions over hours) is much higher
than traditionally anchored electrochromophore monolayers (cfm. scheme 3.2). This
means that principally the TiO; layer could be reduced by the same factor in order to
reach traditional absorbance. This could improve the optical quality of the plates
(reduction of haze).

In scheme 3.3 a preliminary experiment is shown using two different amino-silane
derivatives as anchoring groups followed by a reaction under formation of secondary
amines in the first reaction step. This type of reaction may replace the Sn2-type
reaction between benzylic bromides and pyridine nitrogen.

The new anchoring compounds are easily adsorbed on TiO, but the reaction takes
generally more time and needs higher temperature as compared to
alkylphosphonates. It is not yet known if they can be used in the ink jet mode
(ongoing research). However, as the amino alkyl moiety can easily be reacted with
benzylic bromides. | used either the monoamino- compound 3-amino-propyl
triethoxysilan CC1 or the diamino- compound N-[3-(trimethoxy silanyl) propyl] ethane
1,2-diamine CC2 route la (scheme 3.3, figure 3.13). The monoamino compound CC1
yields TiOg-plates of better optical quality than the diamino compound (slight haze).
The coloration of the reduced plates shows similar intensities as those observed with
phosphonates for the same amount of cascade steps.
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Optical transparent electrode (OTE) with
5 um TiO, nanocrystals coating

‘ Route la
Adsorption of (NAG) CC1 and CC2 Adsorption of (NAG) CC2
2 mM / toluene, 1h at 100°C 2 mM /toluene, 1h at 100°C

Adsorption

Cross-linking

Termination

Cross-linking with (EBB) 16
100 mM /MeCNi/triethylamine [—  Route Ib
0.5h at 100°C

n=1-3

Cross-linking with (NBB) 14

100 mM /MeCN L
0.5h at 80°C

Reaction with (NEG) 20
100 mM /MeCN
0.5h at 80°C

Reaction with (EEG) CC8
¢ =100mM /MeCN
0.5h at 80°C

CV Analysis

Desorption in MeCN Desorption in EtOH/H,O (1:1 vol.%)

24h

atrt. 1h, 24h, 48h at r.t.

Desorption

H,N-"~"~ Si(OC,H,),

CC1
HN7TSHN-"™S" Si
cC2

(OC.H,),

Br Br

rﬁ

+

o CV Analysis R X
N— \ / — Nt

\ /2

16 C,H,Br
ccs S

14

Scheme 3.3.Cascade reaction on TiO, using anchoring compounds such as
3-(aminopropyl)-triethoxysilane(CC1) and N-[3-(trimethoxy silanyl) propyl] ethane-1,2 diamine (CC2)
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Figure 3.13. Influence of cascade step on surface concentration using the
anchoring compounds : [ 3-amino triethoxysilan (CC1) and
B N-[3-(trimethoxy silanyl) propyl] ethane 1,2-diamine (CC2)

The stability upon washing is also enhanced after cross-linking, as with the
phosphonates (figure 3.14).
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Figure 3.14. Influence of cross-linking on the relative stability
towards forced desorption using anchoring groups:
3-amino-propyltriethoxysilan or N-[3-(trimethoxy silanyl) propyl] ethane 1,2-diamine
B after synthesis, [l 1 d in MeCN, [J1 d in MeCN + 1 h in EtOH/H,0,
01 din MeCN + 1d in EtOH/H,O
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Experimental conditions for the preparation were similar as described for
phosphonates anchoring, but the cross-linking temperature was higher and the
reaction time shorter. The analysis was partly done by coulometry in a 3-electrode
system in 0.2 LiCIO4#/MeCN, vs. Ag/AgCl, 20 mV's™', besides spectroelectrochemistry.
In a parallel experiment, following route Ib (see scheme 3.3), the plates were treated
with N-[3-(trimethoxy silanyl) propyl] ethane 1,2-diamine CC2 as anchoring group,
crosslinked with compound 16, and finally treated with end group compound 20.
Thus, a TiO; electrode, containing a viologen monolayer was obtained.

The surface concentration for the monolayer viologen is shown in figure 3.15 (as
determinated by cyclovoltammetry in the 3-electrode system in 0.2 LiCIO4/MeCN, vs.

Ag/AgCl, 20 mV's™") with corresponding forced desorption in figure 3.16.
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cascade step

Figure 3.15. Influence of cross-linking on the surface concentration using
N-[3-(trimethoxy silanyl) propyl] ethane 1,2 -diamine (CC2)

48



1.00E+007

oo
o
=}
m
o
—_

L

6.00E-011

4.00E-017

normalized I" [%]

2.00E-011

0.00E+00

& &
& ‘V’\ cascade step
¢

((;0

*CC2 N-[3-(trimethoxy silanyl) propy!] ethane 1,2 -diamine + ferrocene
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using anchoring group: N-[3-(trimethoxy silanyl) propyl] ethane 1,2-diamine (CC2)
M after synthesis, H1 d in MeCN,[]1 d in MeCN + 1 h in EtOH/H,0,
001 din MeCN + 1d in EtOH/H,O

The new anchoring compounds 3-amino-propyl triethoxysilane CC1 or the diamino-
compound N-[3-(trimethoxy silanyl) propyl] ethane 1,2-diamine CC2 with additional
functional groups offer the possibility for solid phase cascade reactions, either by

substitution or by condensation.

3.3.1.1 Application of the cascade reaction to ink-jet produced electrochromic

images

360 ppi (points per inch) electrochromic images can be cross-linked according
scheme 3.2 route la or Ib.

Functionalized anchoring groups were printed on a TiO,-coated glass plate to obtain
stabilized electrochromic images after cross-linking. A suitable test-pattern was

created (figure 3.17) to evaluate the results.
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Synthesis:

Step 1: The test-pattern (figure 3.17) was printed on a TiO, coated ITO-electrode
using a 0.1 M solution of compound 8 (electrochromic anchoring group).

Step 2: The electrode was then treated
with a 0.02 M solution of 14 in MeCN at
60 °C for 1 h and thereafter rinsed with
pure MeCN.

Step 3: The remaining N-groups of

compound 14 on the electrode surface
were saturated with compound CC8. For

. _ this step the electrode was treated with a
Figure 3.17. Test pattern for cross-linked _
images with the coloration intensity of 0.1 M solution of CC8 for 4 h at 60 °C

one pure colour (cyan) in % (original size). 4nd rinsed with pure MeCN at the end.
The two pictures at the bottom have a

resolution of 360 ppi.
Treatment with a polar solvent:

To simulate an accelerated
aging process the electrode
was treated with EtOH/HO
(1: 1 vol. %) at r.t. Figure 3.18
shows the electrode direct after
synthesis and after the

accelerated aging process.

The resolution of the image and
intensities of the dots are

(M comparable to the results of a

After synthesis 0.5 h in EtOH/H,0 2 h in EtOH/H,0 printed electrochromic image

1, vol.% 1:1, vol.% : L
(1:1, vol.%) (1:1, vol.%) without cross-linking. The wash-

Figure 3.18. Electrode after synthesis and after the

accelerated aging process cycles caused a decrease of

the colour intensity and a
slightly diffusion of the dots. Have in mind that under the same conditions an
electrochromophore without cross-linking is washed out within 2 min.

The picture is as rich in details and as well resolved as one which has not been

cross-linked and that is checked prior to force aging. The picture obtained after
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cross-linking gains much in stability as compared to the non-crosslinked case. If, for
example, an image-jetted plate, which is not cross-linked, is treated with
ethanol/water for a few minutes, all the information is lost. Unfortunately, the cross-
linking step with 14 occurs in a slight coloration of the "white" areas (ca. 15% of
intensity), because of the direct adsorption on the TiOs,.

However, as seen from figure 3.18, a 30 min. exposition to ethanol/water does not
abolish the image because of completely cross-linking, but leads to a decrease of the
absorption to ca. 0.5 of its original value.

3.3.1.2. Adsorption-desorption on TiO. of the different viologens without
anchoring groups

Adsorption-desorption is an undesirable side reaction in electrochromic prints,
because it leads to bluish tint in ‘white regions’.

From 3.3.1.1 it was evident that viologens without anchoring group can coordinate on
the TiO» surface. Using the procedure in scheme 3.4 this phenomenon was studied
in more detail. In route la is shown additionally an experiment in which no anchoring
compound was used (i.e. the triple viologen 14 is depicted).

After treatment with benzyl bromide CC8 the plate shows considerable absorbance
(figure 3.19 as calculated from absorbance at 540 nm in LiClIO4/MeCN using € =

5930), but washing leads to loss of most of the electrochromophore.
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reaction step

Figure 3.19. Influence of the cross-linking on the relative stability towards
forced desorption
M after synthesis, [145 min. EtOH H,0 (1:1 vol. %)
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Optical transparent electrode (OTE) with
5 um TiO, nanocrystals coating

Route la

Route lc

| Route Ib

Adsorption of (NBB) 17/18
100 mM /MeCN,
0.5h, 3h, 15h, 24h at 60°C

Adsorption of (EBB) 14
100 mM /MeCN, 4h at 60°C

Adsorption of (EEG) 22
100 mM /MeCN
0.5h, 3h, 15h, 24h at 60°C

Reaction with (EEG) CC8
100 mM /MeCN

UV -VIS Analysis

0.5h at 80°C

UV -VIS Analysis

Desorption in EtOH/H,O
(1:1 vol.%)
45 min. atr.t.

Desoarption in MeCN
24h atr.t.

Desorption in EtOH/H,O
(1:1 vol.%)
1h, 24h at r.t.

UV -VIS Analysis

UV -VIS Analysis

3PF, > Br

| ~
| -~
NIz 2PF,
+ + /7 \ —\+
~
= Br
|

14 o 17

Br
Br 2PF, Br
jeiasviv
Br Br
18

2PF,
—\+
OOy
Br
22

C,H,Br
cCcs

Scheme 3.4. Absorption desorption on TiO, with different viologens

The experiments shown in scheme 3.4 route Ib and Ic, respectively, (and figures

3.20 to 3.25) describe a surprising phenomenon: benzylic bromides react with the

TiO, surface or polymerize under the condition of surface substitution. The TiO,
electrodes were treated with the tetrabromides 17 and 18, route Ib, as well as with

the monobromide 22, route Ic, for different times at elevated temperature.
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Figure 3.20. Influence of the surface reaction time of compound 17
on the surface concentration

Figure 3.20 shows the surface reaction of the tetrabromide 17 (benzyl type viologen)
after synthesis (as calculated from absorbance at 440 nm in LiCIO4+/MeCN using € =
5018), and diagram 3.21 shows the corresponding forced desorption. Obviously, this

compound is either surface confined by a direct link or it has been polymerized as
seen from its slow surface concentration decay.
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Figure 3.21. Influence of the surface reaction time on the relative stability
towards forced desorption using compound 17:

H after synthesis, @1 d in MeCN, 01 d in MeCN + 1 h in EtOH/H,0,
[11 d in MeCN + 1d in EtOH/H,0,
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In figure 3.22 the tetrabromide 18 (phenyl-type viologen) is shown that was used as
modifier. This sequence shows the growth of the surface concentration as a function
of the reaction time (calculated from absorbance at 440 nm in LiCIO4+/MeCN using € =
29000). The electrodes show a fast loss upon accelerated aging experiments (figure
3.23).
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Figure 3.22. Influence of the surface reaction time of compound 18
on the surface concentration
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Figure 3.23. Influence of the surface reaction time on the relative stability
towards forced desorption using compound 18:
H after synthesis, @1 d in MeCN, 1 d in MeCN + 1 h in EtOH/H,0,

11 d in MeCN + 1d in EtOH/H,0,
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Finally, the resulting surface concentrations for the mono-bromide 22 treatment are
shown in figure 3.24 (as calculated from absorbance at 735 nm in LiClO4/MeCN
using € = 4122) with the corresponding forced desorption in figure 3.25. Almost

complete loss is observed.
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Figure 3.24. Influence of the reaction time of compound 22
on the surface concentration
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Figure 3.25. Influence of the surface reaction time on the relative stability
towards forced desorption using compound 22:
H after synthesis, @1 d in MeCN, 01 d in MeCN + 1 h in EtOH/H,0,
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Thus, the undesirable side reaction of some of the benzylic or phenylic viologen
bromides consists either of a reaction with the surface or of a polymerization
reaction. This reaction needs to be controlled in a better way, because they tend to
reduce the contrast ratio of printed images. The “white” regions are also collared (ca.
15% intensity). An effective method of suppression is described in the following

chapters.

3.3.1.3. Why repellents?

Above | mentioned the problem that the white surfaces resulting from an ink-jetted
electrochromic picture (using e.g. 8 in figure 3.26), that is cross-linked with a viologen
compound such as 14 (figure 3.26), are slightly bluish (see also the pictures of the
zebra test image chapter 3.3.1.2). This phenomenon is probably due to an unknown
type of adsorption of 14 (or other viologen precursors) to the naked TiO; surface. It is
graphically shown in figure 3.26 (inset 1 and 3). Therefore, | have tried to cover the
white surfaces with different repellent compounds. The repellant compounds are
printed parallel with the viologen as shown in figure 3.26, inset 2 and 4. Their task is
to prevent adsorption of 14 onto the surface and we expected a better contrast as

schematically shown in figure 3.26 (inset 4) as compared to (inset 3).

1. 2.

ink jetted pure TiO, ink jetted ink jetted

information surface information repellent
P>

4,
cross-linked unwanted cross-linked
ink jetted side ink jetted ink jetted
information reaction information repellent

Figure 3.26.Suppression of viclogen attachment on "white" areas
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The influence of six potential repellent compounds was studied. TiO, electrodes have
been prepared according to the protocol in scheme 3.5.

Optical transparent electrode (OTE) with
5 um TiO, nanocrystals coating

Adsorption of (EBB) 14 Adsorption of 23, CC9-CC13
100 mM /MeCN, 100 mM /EtOH/H,0 (95:5 vol.%)
4h at 60°C 1hatrt.

Adsorption of (EBB) 14
100 mM /MeCN

Treatment whit CC8 4h at 60°C
100 mM /MeCN
4h at 60 °C

NN\—PoH,

CC9
! NN N—poH,

N P UV-VIS Analysis CcC10
S NAAA PO,

Nez ccni
|N: \/\/Mpost

4 B cc12

N+

» C,H,Br VN POH,  NANAANAA o,

14 CcCs8 23 CC13

Scheme 3.5. Reaction sequence TiO, with using six different masks 23, CC9-CC13

The structure of the repellents is shown in figure 3.27. One type consists of alkane
phosphonates with different alkyl chain length. These compounds are supposed to
build up a self assembled monolayer (SAM) on the jetted areas. If the SAM is tight for
a charged compound such as 14 (used in the cascade reaction) | may get none of
the undesired colouration within the white areas. Another approach is performed by
the use of compound 23, a cationic pyridinium compound equipped with an
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anchoring functionality. This compound should repel the cationic cross-linking

compound 14 due to unfavorable electrostatic interactions.
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Figure 3.27. Influence of six repellent molecules a reaction sequence (14-CC8) on TiO,
B after synthesis, B 2’ minutes in EtOH/H,O (1:1 vol.%)

The results of these studies are presented in figure 3.28. Here, we compare the
surface concentration of viologen chromophores anchored traditionally on compound
8 (E-8-14-CC8), with the un-masked (and unwanted) surface concentration of a plate
without 8 (E-14-CC8) and those obtained with different repellents. Definitely, the

unwanted absorption is drastically reduced in all masked cases.
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The efficiency of masking can be correlated with the molecular structure of the
masking compound as shown in figure 3.28. With the straight chain alkyl
phosphonates the masking efficiency (= low surface concentration) grows with the
length of the alkyl chain. However, the “short” anchored pyridinium compound is as
efficient as the Cqs-alkyl phosphonate probably because of the build-in repulsion of
cations. Interestingly a much higher part of “loosely’-hold chromophores can be
washed off in case of short alkyl phosphonates.
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3 2.00E-07 1 contrast contrast
E ra_tlo ratio
C - without With
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...... Y-
1.00E-07 T
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0.00E+00 . , : : : : : |
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/ L¢) N N N N Y
“ © i o O © &

Figure 3.28. Quality of masking using different repellents under
cascade synthesis conditions
M after synthesis, B 2’ minutes in EtOH/H,O (1:1 vol.%)

In conclusion, good repellents are long-chain alkyl phosphonic acids CC9-CC13 or
pyridinium ethyl phosphonic acid 23. The beneficial effect of such a treatment is

documented in table 3.2.
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Monomer sequence in Surface concentration
cascade reaction I" [molem™®] x 107
E-14-CC8 2.9 [e]
E-23-14-CC8 0.10 [e]
E-CC9-14-CC8 0.30 [e]
E-CC12-14-CC8 0.13 [€]
E-CC13-14-CC8 0.13 [e]

[e] 2 min. in EtOH/H,O (1:1)

Table 3.2 Repellents and adsorption of the viologens in cascade reaction. I" [mol.cm
?] calculated from UV-VIS absorption and desorption measurements at 740 nm using
€=3.20-10% and at 560 nm using e=1.8210%.

3.3.1.4. Masking experiments on ink-jetted electrochromic pictures

Cross-linking an electrochromic print by cascade reactions stabilizes the picture
towards lateral diffusion and loss of information. In previous chapters (3.3.1.1 and
3.3.1.2) | have mentioned problems that arise when one is using a reaction cascade
on an ink-jetted anchored precursor viologen. The problem is that the “white regions”,
i.e. those without jetted viologen anchor still turn violet when a cascade reaction is
performed on the plate. In the last chapter (3.3.1.3), a study to circumvent that
problem was presented, using different 'repellent compounds' like alkyl phosphonates
and cationic pyridinium salts equipped with anchoring groups. | have now applied this
technique on ink-jetted pictures.
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Optical transparent electrode (OTE) with Br

5 um TiO, nanocrystal coating N7 N
2 H203P—/_ —/ N\ /
1
—\. Br
Ink-jetted solution of (NAG) 1 CAAAAAApon, AL o
CC13 23
Adsorption of repellent CC13 or 23 N
1 mM / Isopropanol N
thatrt. Br LN apry St
Masking ‘white @/Q
regions Ni=
- ; Br Br N,
Cross-linking with (EBB) 16 16 |
20 mM /MeCN
4h at 60°C »
14
Cross-linking with (NBB) 14 PF
20 mM /MeCN . —
4h at 60°C /—NM@\/
Br
Cross-linking 22

Treatment with (EEG) 22
20 mM /MeCN
4h at 60°C

UV-VIS Analysis

The electrode was washed in MeCN for 10 minutes, prior to the next reaction step

Scheme 3.6. Procedure for the preparation of electrochromic pictures with chromophores
using the repellent technique

TiO, electrodes were treated according to the procedure shown in scheme 3.6. |
have applied “the best conditions” that have been worked out and presented in

preliminary experiment. The results are shown in figure 3.29.
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Figure 3.29. Electrochromic picture prepared by cascade reactions

with and without reppellentmolecules
* printed with partials clogged nozzles

On the left is presented the state of the art of the cross-linked electrode without
repellent (figure 3.29 a). One can easily see the violet color touch in the “white
regions” in the middle (figure 3.39 b). On the right (c) the electrochromic pictures are
presented, obtained if a repellent is used for the white regions, either an alkyl
phosphonate or the pyridinium phosphonate. Significantly less colored white regions
are obtained. It should be pointed out that the print quality of pictures b) an c) is bad
because some nozzles of the printer did not work. However, this is usually not a
problem.

In conclusion, “white regions” come out much better in ink-jetted electrochromic prints
after cross-linking the electrochromophore by cascade reactions if a repellent
compound is used. This can be either a mono-pyridinium phosphonate or an alkyl

phosphonate.

3.3.2. Cross-linking by condensation of a carboxylic halide and an amine via

amide bond formation

In chapter 3.3.1 | have introduced triethoxy-amino alkyl silyl (CC1 and CC2)
compounds as new anchors for the TiO, surface. The bond formation occurred
between the viologen compound 14 and tris bromomethyl benzene 16. Now the
formation of an amide bond formation between the amino alkyl silyl compounds CC1
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and bis- amino- alkyl viologen 11 using trimesic acid chlorides CC3 was studied. The

reaction sequence is shown in figure 3.30 and in the protocol in scheme 3.7.

Optical transparent electrode (OTE) with H,N-~" SI(OC.H.),
5 um TiO, nanocrystal coating cCc1
Oy, Cl
Adsorption of compound CC1 cl o
2 mM /toluene I ¢
1hat 110°C cc3
Cross-linking with (EBB) CC3 "
ross-linking wi n=1-3 HN A N7 D NS ~NH,
> 100 mM / toluene V=
2h at 60°C 11

Cross-linking with (NBB) 11
100 mM /H,0/10 ul tri-ethylamine  f¢--—--
2h at 60°C

Cross-linking

CV Analysis
UV-VIS Analysis

The electrode was washed with pure solvent (toluene and water, respectively) and drying in argon, prior to the next reaction step

Scheme 3.7. Cascade reaction on TiO, using a new amide type bond formation
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(H.C,0).Si
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§3
® .
4Br'/| = I] Ti0, E-¢C1-(CC3-11),
T
NH,
11
Y — TiO, E-¢C1-(CC3-11),
cc3

Figure 3.30. Cascade reactions on TiO,using a new amide type bond formation
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Figure 3.31. Influence of cascade step on surface concentration using a new amide
type bond formation

The results of the cascade reactions are shown in figure 3.32. The amount of
absorption or surface concentrations are comparable with those reported in the case
using tris- bromomethyl benzene 16 and an S\2 type substitution reaction with the
same O-Si-anchor. The switching kinetics of these electrodes is extremely slow
(minutes to hours), especially with many cascade steps. One may improve this
unfavourable kinetics by quarternization of non-alkylated amino functions with
alkylating agent. Absorbance grows linearly with the cascade steps up to ca. 5 steps,

and then it flattens out (figure 3.32).
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Figure 3.32. Influence of the cascade reaction number’s on the absorbance
using a new amide type bond formation,
t = 2 minutes

synthesis
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Amide-type bond formation can be used instead of a substitution reaction in the

cascade reaction; however, the resulting electrochromic response is slow.

3.3.3. Cross-linking by electropolymerization of pending vinyl groups in redox
active species after monolayer formation

Using a printable ink containing an electrochromic compound with a TiO2 anchor (i.e.
8) and a reductively polymerizable end group, it is possible to stabilize the
monomolecular electrochromic layer after printing by reductive cathodically-induced

electrocopolymerization.

Optical transparent electrode (OTE) with
5 pm TiO, nanocrystal coating

Route la || Route Ib
y . Adsorption of (EAG) 8
Ink-jetted solution of (NAG) 1 1mM /EtOH:H,O (95:5 vol%), 1h at r.t.

Adsorption of repellent 23
1 mM, /Isopropancl
1h at r.t.

Masking ‘white
regions

Cross-linking with (EBB) 16

20 mM /MeCN
4h at 60°C
Reaction with compound 26 Electro-copolymerisation in
20 mM /MeCN |- 200 mM LiCIO,/MeCN
4h at 60°C 3 cyclic voltametry scans (0 to -0.8V)

Electro-copolymerisation with compound 29
3 mM /200 mM LiCIO,/MeCN

3 cyclic voltametry scans (0 to -0.8V)

Desorption in H,O |
24hatrt. |

Br
o 1 [ L 2PF,
CV - Analysis | "16 N N4 +\
2Br
7N W =\+
H;O‘F‘_/_Na_@rgr\ar NK_\ /AR
8 Br

Scheme 3.8. Two ways of the preparation of the surface polymerisable viologens
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Figure 3.33. Two ways of the preparation of the surface - polymerizable viologens
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Figure 3.33 shows a schematic representation of a typical electrocopolymerization
reaction of pending vinyl group of the monolayer vinyl electrochromophore thereof on
an electrode and vinyl end groups into an electrolyte by applied voltage. The TiO;
electrodes were printed with the anchoring electrophilic compound 8 at 1 mM and
treated with vinyl-bipyridine 26 at 0.02M to produce the surface-confined compound
E-25 (scheme 3.8). The surface confined compound was polymerized by application
of a negative electrode potential in acetonitrile / 0.2 M LiCIO4 (route I) in figure 3.33)

using ca. 3 cyclic voltammetry scans (0 to — 0.8 V vs. AgAgCl).

Another approach (figure 3.34, route Il) comprises the cyclisation of the E-25
electrode in the same potential range, but now in presence of methylvinyl viologen 29
(3 mM in acetonitrile (0.2M LiClQy)). It is expected that 29 is co-polymerizing with E-
25 when the radical anion on E-25 has developed, thus leading to an anchored multi-
layer (figure 3.33), similar to our earlier described cascade crosslinking reaction. In
preliminary experiments we have studied the new procedure on plane TiOo
electrodes as well as on ink-jetted structures. We found an increased stability for
both approaches (route | and Il), i.e. we found the Zebra picture after accelerated

aging (one day in water) being still present (figure 3.34).

after synthesis 24 hinH,0O

Figure 3.34. Electrode directly after synthesis and after an
accelerated aging process. Graphical information prepared
according route la scheme 3.8

The new electro-polymerization of vinyl-terminated viologens on TiO, may be an
interesting way to stabilize the compounds. Preliminary results indicate that the
stabilization towards accelerated aging (i.e. washing) is similar to cascade-type
cross-linked viologens, however, electrocopolymerization occurs in ink-jetted as well

as in ‘white regions’ if a vinyl viologen is present in solution (copolymerization).
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3.4. Application: Ink-jetted switchable electrochromic image

Optical transparent electrode

(OTE)

!

5 um TiO, nanocrystals coating I

Ink jetting of alphanumeric data of
images using electrochromic ink

Cross-linking reaction
(stabilization and colour amplification)

Figure 3.35. 5 x 5 cm working electrode

3.4.1. TiO; coating glass

The nanostructured TiO; film is obtained by the doctor blade method on conducting
glass. The colloidal suspension of TiO, was spread onto a piece of conducting glass
(FTO) with scotch tape on the edges to shield the conducting layer in a narrow area
from the non-conducting TiO, and to set the height between the FTO substrate and
the glass rod used to spread the suspension. After approximately three minutes of
drying, the electrodes were heated at 450°C for 30 minutes leading to well-

crystallized porous anatase TiO; film of about 5 um of thickness.
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3.4.2. Ink-jetted electrochromic pictures

The electrochromic picture was prepared using a personal computer (PC) and a
commercial ink jet CD printer [88]. The caddy and the spacing of the printer were
adapted to handle the TiO,/OTE/glass substrate, and the ink nozzles of the printer
head were equipped with vessels for electrochromic ink instead of the original
cartridges. The electrochromic ink consists of a viologen or a precursor equipped
with a phosphonic acid anchoring group and a further nucleophile (1) or electrophile
(8) as functional group (NAG, EAG see chapter 1, figure 1.1). The concentration of
the ink is 100 mM resulting in 1.3 x 107 mol/cm? of anchoring viologen; provided that
the volume jetted for a 100 % coloured area is 1.3 pl / cm® The solvent and its
ingredients are optimized for fine droplet formation. The images received directly
after ink jetting were checked for their quality (absorbance, switching time and
stability) [88].

3.4.3. Procedure for the preparation of electrochromic pictures

The electrochromic picture on the nanostructured TiO» film was obtained according to
a literature procedure [88].

The electrochromophore for example may be provided with a nucleophilic anchoring
(NAG) or an electrophilic anchoring group (EAG). In the case of an NAG
electrochromophore once applied, it may be treated alternatively with electrophilic
building blocks (EBB) and nucleophilic building blocks (NBB). Washing may take
place between the steps. The treatment is terminated by a nucleophilic end group
(NEG). In the case where an EAG is employed, the cross-linking may be built firstly
treating the deposited electrochromophore with NBB and alternatively with EBB. In
this case the cross-linking reaction can be terminated with an electrophilic end group
(EEG) (scheme 3.9).
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Optical transparent electrode (OTE) with
5 um TiO, nanocrystal coating

Ink-jetted solution of (NAG) 1

Cross-linking with (EBB) 16
20 mM /MeCN
4h at 60°C

Cross-linking with (NBB) 14
20 mM /MeCN
4h at 60°C

Treatment with (EEG) 22
20 mM /MeCN
4h at 60°C

Treatment with (NEG) 20
20 mM /MeCN
4h at 60°C

UV-VIS Analysis

Adsorption of repellent 23 <
1 mM / Isopropanol - |
0.5h at r.t. ““'"i
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The electrode was washed in MeCN for 10 minutes, prior to the next reaction step

Scheme 3.9. Procedure for the preparation of electrochromic pictures
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3.4.4. Optimization of the solvent electrolyte system

3.4.4.1. Square voltage excitation of three- and two-electrode systems

Ar-bubble LB

Reference
electrode

Figure 3.36. Clamp-closed cell 7 x 7 cm

(three electrode arrangement, 1M LiClO, /ethylen glycol)

the square (red circle) was used for spectroscopic control of the absorption,
as the blank was used the electrode in oxidized state

3.37

absorption of the working

Figure shows the
electrode (figure 3.36) in the
3-electrode system using an
ITO-glass as counter
electrode and a silver wire as

reference electrode as a

function of the applied
potential. The working
electrode was  prepared

according to the cross-linking
procedure in scheme 3.9.

The absorbance vs. voltage, figure 3.37, shows a typical Nernstian behavior and a

maximum of absorbance at 560 nm of ca. 1.35, i.e. a good dynamic behavior. The

absorbance at 607 nm is that showing a little contribution of pymerization, whereas

that at 940 nm shows exclusively pymerization.

. 1.4
. : .
—_ L] -1
S
©
— -0.6
% 2
G s
A . a -0.2
; L3 +—»
-0.8 -0.6 -0.4 -0.2 0
voltage [V]

Figure 3.37. Absorption in the three electrode system after equilibration
¢ abs. 560 nm, @ abs. 607 nm, A abs. 940 nm
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Figure 3.38 show the absorbance responses of the three electrode system with 2, 5,
10 and 20-second square voltage steps. As seen from the absorbance vs. time plots,
the system is too slow to follow the 2-second excitation. With 5-second excitation the

absorbance changes are almost doubled as compared to the 2-second excitation.
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Figure 3.38. Absorbance responses of a three-electrode system with 2 (a), 5(b), 10 (¢) and
20 (d) seconds square voltage steps (0 to -0.7V), 607 nm and B940 nm
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With a 10-second excitation (figure 3.38 c) the absorbance changes grow to approx.
1 at 607 nm and with 20-seconds excitation (figure 3.38 d) an absorbance change of
ca. 1.2 is reached.

It is interesting to observe a time-dependent change in the pymerization that results
in a hysteresis when the absorbance at 607 nm (slightly influenced by pymerization)
is plotted vs. the absorbance at 940 nm (exclusively pymerization). In practice this
results in a fast change to blue when the electrode is reduced followed by a slow
build-up of the violet tint due to pymerization. When oxidized, first the blue tint

disappears and later the violet tint disappears.

Figures 3.39 and 3.40 shows the results of the same measurements but in the closed
cell two-electrode system using a CeO, counter electrode as described according to
literature [88]. In figure 3.39 the absorbance (square) on the right scale of the figure
is drawn as a function of the cell voltage. An almost linear increase of the
absorbance over approximately one volt under equilibrating conditions is observed.
The maximum absorbance is the same as in the three-electrode system (ca. 1.4).

1.6
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2 15 1 0.5 0

voltage [V]

Figure 3.40. Absorption in the two electrode system after equilibration
¢ abs. 560 nm, @ abs. 607 nm, A abs. 940 nm

Figure 3.40 shows again square-voltage excitation responses of the absorbance.
Considering the starting absorbances which are not always zero, the dynamic
behavior of the two and three electrode systems is very similar. The same hysteresis
is observed, i.e. first reduction of the blue part followed by pymerization upon
reduction, and the first oxidation of the blue part followed by oxidation of the

pymerized part.
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Figure 3.41. Absorbance responses of a two-electrode system with 2 (a), 5(b), 10 (¢) and
20 (d) seconds square voltage steps (0 to -1.4V), €607 nm and @940 nm
a1, b1, c1, d1 reduction-oxidation hysteresis
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From the identical behavior of the switching experiment and the equilibration
experiment It can be concluded that the amount of the charge present on the counter
electrode was sufficient for the experiment as well as that the kinetics are not
influenced by the counter electrode.

3.4.4.2. Effects of electrolyte and solvent on the working- and counter

electrodes

A series of electrolyte/solvent systems has been studied to find the optimal kinetics.
Again we used cross-linked viologens on TiO, according to scheme 3.9. Earlier
studies have shown the beneficial effect of protons on the reversibility of the
electrochromic images. | have studied this phenomenon more intensively now. If a
viologen-modified electrode is pretreated by dipping it into a 1 M HCI solution, dried,
and then measured in 0.2 M LiClO4 / MeCN | find reversibility (first scan in the CV of
figure 3.41).

0.50 mA
0 2 B # —————— =
7 /<3 scan
y 4. 2 scan
5/ )
10)scan Tincan

-0.8V ov

*The electrode was dipped in 1 HCI, dried and then in
0.2M LiClO4/MeCN, vs. Ag/AgCl, 20 mV//s measured

Figure 3.41. Cyclic voltammograms demonstrating the transition from
reversibility to irreversibility due to loss of protons at the
TiO2-surfaces of ther cross-linked working
electrode* pretreated in 1M Hcl
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However, after the 3" scan the cathodic peak moves into the negative direction and
after the 10™ scan oxidation is no more observed. | attribute this behavior to charge
trapping. The relative location of the conduction band edge of the semi-conductor
and the viologen reduction potential becomes unfavorable, i.e. the semi-conductor
band CB is too negative for an efficient oxidation. This may be due to the fact that
benzylic viologens are more positive than alkyl viologens. With HCI pretreatment |
obviously protonate the surface but then | loose the protons on the semi-conductor

after a few scans, and the viologen oxidation becomes very slow.

In table 3.3 we present a series of experiments using electrolyte solvent systems with
different amounts of water or in the presence of different acids in the electrolyte-
solvent. Polyethylene glycol proved to be a reasonable solvent only if ca. 50 % water
is present. Further addition of HCI improves the kinetics. In pure water the system is
reversible, but, of course, there is the danger of H, evolution. Water cannot be used
for traditional phosphonate monolayers. One would loose the electrochromophore
after the first scan in water. Only cross-linked viologens withstand such conditions.

Electrolyte/ Proton source 1x cross-linked
solvent ul(mg) in Eoo/V | Ep/V | E°/IV r Obs.
5ml solvent mol/cm?
x10”
0,2M LP /H,O H,O -0.52 -0.40 -0.46 0.74 reversible
0,3M 10 mg toluol p-sulfon acid | -0.49 | -0.17 | -0.33 1.17  |irreversible
LIN(SO.CF3)/
Glutaronitrile
0,5MLP/ PEG | 1% H,O (50ul) - -0.29 - - irreversible
200 2% H,0 (100pul) - -0.27 - - irreversible
5% H,0 (250ul) - -0.30 - - irreversible
50% H,0 (2500pl) -0.67 | -0.54 | -0.60 0.12  |irreversible
0,5M LP/PEG 37%HCI (25 ) - - - - irreversible
200 16% HCI (in 100ul H,0) - -0.12 - - irreversible
10% HCI (in 250! H,0) - -0.20 - - irrever_sible
0.4% HCI (in 2500“' HQO) -0.59 -0.46 -0.52 0.64 reversible
0,iIMLP/TEG- | 1M HCI (500ul) -0.58 | -0.30 | -0.44 0.66 |reversible
DiMe
e LP:LiCIOy

PEG 200: polyethylene glycol 200;
TEG-DiMe: tetraethylene glycol dimethyl ether;

Table 3.3. Effects of water or of a proton source in the solvent/electrolyte, scan rate
20 mV/s vs. Ag/AgCl
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In table 3.4 we present a series of experiments using different organic, water-free

solvents/electrolytes and

the

cross-linked

viologen-modified  TiO»-electrode.

Reversibility increases in all solvents with increasing salt concentration. Good results

are achieved with: 1M LiCIO4 in ethylene glycol, 0.2 M LiCIOy in y-butyrolactone and

methoxy propionitrile (1:3), 0.2 M LiCIO4 in vy -butyrolactone and glutaronitrile (1:3).

1x cross-linked
Electrolyte/solvent Eoo/V Epe/V E°/V T mol/cm? | Observations
x107

0,2M LP /MeCN -0.50 -0.35 -0.42 1.00 slow oxidation
0,3M -0.51 -0.16 -0.34 0.77 slow oxidation
LiN(SO,CF3)./Glutaronitrile™*
0,5M LP/PEG 200* - -0.22 - - slow oxidation

and recuction
1M LP /EG -0.58 -0.32 -0.45 1.08 very reverible
0,5M LP /EG* - -0.19 - - slow reduction
0,25M LP /EG* - -0.16 - - slow reduction
1M LP /TEG-DiMe* -0.63 -0.24 -0.44 0.69 slow reduction
0,5M LP /TEG-DiMe* - -0.25 - - slow reduction
0,25M LP /TEG-DiMe* - -0.18 - - slow reduction
0,2 M LP/yBL+G (1:3vol.%) -0.65 -0.19 -0.42 0.97 reversible
0,2 M LP /yBL+3MeOPN -0.55 -0.29 -0.42 1.03 very reversible
(1:3vol.%)
0.2LiCl /EG -0.61 -0.12 -0.35 0.72 reversible
o LP:LiCIO4
e PEG 200: polyethylene glycol 200
e EQG: ethylene glycol;
e TEG-DiMe: tetraethylene glycol dimethyl ether;
e »BL+G: y-butyrolactone and glutaronitrile

e ¥»BL+G : ybutyrolactone and 3- methoxypropyonitrile
* values differ because of partial oxidation — reduction at 20 mV/s or values are small

because of charge trapping

Table 3.4. Effects of electrolyte/solvent on the working electrode, scan rate 20 mV/s

Conclusion:
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b

Figure 3.42. Closed electrochro.mic cell

(CeO, counter electrode, 1 M LiCIO, /ethylen glycol)

We have achieved excellent
the high

electrodes using cross linking techniques as

long-term
stability of resolution working
described in report 1 to 10. In connection with
the ferrocene derivatives-counter electrode
we reached convincing dynamics between
the bleached and colored state. However, we
are not sure if we got the best results with
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respect to the electrolyte/solvent system. The stability of the picture is excellent.
Figure 3.42 at the bottom of the electrode was checked with a microscope after 6
months for lateral diffusion. No indication of such diffusion was found at this time (see

chapter 3.2, figure 3.7).

Chapter 4

Modifications of mesoporous electrode surfaces with
ferrocen derivatives

4.1 Poly-ferrocene modification by surface cascade reactions

Ferrocenes have found broad applications as outer sphere redox mediators in
solution because of their fast electron transfer rate, their broad range of E°, which is
adjusted via substituents attached to the cyclopentadienyl ring system [94, 95] and
due to the ease of their synthesis [96].

Attempts to prepare electrode surface confined ferrocenes are numerous and based
on SAM and Langmuir Blodget techniques [97, 98] or on surface confined polymers.
The latter comprise polysiloxane-ferrocenes [99], or hydrophobic Nafion gels loaded

with ferrocenes [100], or polymers prepared by electropolymerization [93, 101].

More recently, the so called layer-by-layer surface modifications known to work with
oppositely charged polyelectrolytes [102] have been applied to ferrocenyl
organometallic polyelectrolytes [103].

Notably, the layer-by-layer technique allows to control easily the surface
concentration by the number of deposition steps [55]. A drawback of this technique is
that the multilayer structure is rather fragile. It is often sufficiently stable in an
aqueous system, and the stability is crucially dependent on the ionic strength and pH.
Related are attempts to build up electroactive layers on electrodes using the
sequential exposition of the electrode to ferrocenyl-modified streptavidin and biotin
[104] i.e. layer fixation based on strong antigen antibody interactions.

In chapter 3, | have described the layer-by-layer technique using covalent bond

forming reactions [104]. | have shown how to grow and cross-link ink-jetted viologens
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anchored to nanocrystalline TiO,. The electrode modification was based on
substitution reactions between electrode surfaces confined species and sequentially
exposed di- or tri-functional benzylic bromides and bipyridines in solution. Thus, a
layer of viologens from a three-dimensional network of covalent bonds, the layer
thickness of which was fabricated with the layer thickness controlled by the number
of reaction steps (n).

On the basis of these results, | have extended now the principle of the solid phase-
supported electrode modification to fast amide- forming reactions. For this purpose
the OTE was first modified with a layer of the anchoring amine CC1 and then
sequentially exposed to the multifunctional electrophilic and nucleophilic building
blocks, EBB and NBB, respectively, in scheme 4.1.

APS-modified oxide electrode

APS =HN-"~_"~siOCH.), HNHZ

cc NBB

Og,.Cl : <?>/\ NH/\/NI
' € NH,
Cl 0]

: 33

EBB

0 Cl HNHZ
CC2
0]
N
cascade %)KNH/\/ I
steps (n) @ NH,
0 34
F Fe F
o>_© H NS
30
cc1a ™

\ 4
poly-ferrocene
modified oxide electrodes

Scheme 4.1. Cascade modification of electrode surfaces with poly-ferrocenes

Typically, the molar extinction coefficients of ferrocenes in both oxidation states are

negligible in the visible range (emax < 1000) as compared to strongly colouring
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electrochromophores such as viologens with €nax > 15000. Thus, ferrocenes have
been used in transparent or reflective electrochromic cells as non-colouring charge

storing system, mainly in solution under self-erasing conditions [88, 105, 106].

4.2. Procedure for the preparation of poly-ferrocene on oxide electrodes

4.2.1 The preparation of poly CC14-30, 33-CC3, and 34-CC3 on oxide electrode

The monomeric ferrocenes 30 to 37 were synthesized according to scheme 6.5 in
Chapter 6.

Glass slides (69 mm x 69 mm), coated with ITO (In-doped SnO,, 20Q/cm?) from BTE
Bedampfungstechnik (Elsoff, Germany) or FTO glass (F-doped SnO,, 15Q/cm?) from
LOF were used as received. The glasses were cleaned according to the method
reported by Hillebrandt et al. [107] prior to silanization.

Colloidal ATO paste [69] was coated on 69 mm x 69 mm FTO glass electrode using

the doctor blade method to yield after firing 4 um thick films [50].

Silanization. The ITO, FTO and ATO electrodes were functionalized with (3-
aminopropyl) triethoxysilane (APS) CC1 according to the method reported by Lee et
al[108]. The silanization of FTO and ITO was checked electrochemically by reaction
of the amine-terminated surface with ferrocenyl carboxlic acid fluoride 36 yielding
surface concentrations of ' =4.2 *107'° mol cm® and I'=3.3 - 107'°, respectively, from
CV at 0.1 V/sin 0.2 M LiCIO4#/MeCN.

Cross-linking. Freshly prepared APS-coated ITO and FTO plates (NAG, see scheme
4.1) were exposed sequentially to a solution of the electrophilic trimesic acid chloride
(Fluka) CC3 (c =5 mM in toluene) or to a solution of ferrocenyl-1,1’-diacid fluoride 30
(5 mM in CHxCly) for 15 min. at 20 °C (EBB in scheme 4.1). Thereafter, the
electrodes were treated with the nucleophilic compounds 34 or CC14, 5 mM in
CHxCl> containing 2% pyridine, 15 min., at 20 °C, (NBB in scheme 4.1). The
procedure was repeated using the sequence EBB-NBB-EBB-NBB and so on for up to
20 cascade steps (n=20) to yield the modified electrodes E-(34-CC3),-(ITO or FTO)
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and E-(CC14-30),-(ITO or FTO). Between each reaction step the plate was rinsed
with the pure solvent of the precedent step. APS-coated ATO plates (NAG) were
modified in the same way but for 30 min and at 40 °C using EBB CC3 (5 mM in
toluene) in combination with the NBB compounds 33 or 34 (3 mM in CHxCly, in
presence of 2% pyridine) to yield (after up to three cascade steps (n=3)) the modified
electrodes E-(33-CC3),-ATO and E-(34-CC3),-ATO, respectively.

4.2.2. Electrode surface modification

A general procedure for the surface modification of different oxide electrodes
(nanocrystalline antimony tin oxide = ATO, fluorine doped tin oxide = FTO, and
indium tin oxide = ITO) is presented in scheme 4.1. First, the electrodes are activated
with aminopropyl triethoxy silane (APS CC1) yielding a monolayer of the compound
with amino functionalities exposed to the solution side. The quality of these
monolayers on FTO and ITO was checked by quenching the amino functions with the
mono functional redox tag ferrocene carboxlic acid fluoride 36; surface
concentrations of '=4.2 107" and I'=3.3. 107'° mol cm® was achieved. These are
larger values then expected for an ideally flat surface but similar to values reported in
the literature [55, 98, 109, 110]. Two reasons account for the increased surface
concentrations:

(i) surface roughness of the sputtered oxide and

(i) the tendency of APS to polymerize in the presence of moisture [109].

On freshly prepared APS-modified electrode ferrocene multilayer, were produced by
entering the cascade cycle (scheme 4.1). Here, the surface is exposed to a high
concentration of one of the electrophilic building block (EBB) compounds, i.e. a di- or
tri-functional carboxylic acid halide, resulting in a fast and irreversible N-acylation.
Reaction conditions are chosen for complete quenching of all surface functionalities
and, simultaneously, for the survival of the second (third) acyl halide group on the
surface, pointing towards the solution side. In the next step the electrode is exposed
to a solution of one of the multifunctional amines, i.e. one of the representatives from
the nucleophilic building blocks (NBB). The cascade can be further continued ad
libitum vyielding surface-EBB-NBB-EBB-NBB .... etc. With each cascade cycle (n)
additional electroactive material is bound to the surface, and with each step the
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character of the outermost layer is switched between electrophilic and nucleophilic.
Notably, sequences involving the electrophilic monomer 30, e.g. E-(30-34),, E-(30-
33), and E-(30-CC14),, yield polymers with ferrocenes build into the backbone,
whereas cascade sequences based on the electrophilic monomer CC3 lead to

polymers with pending ferrocenes.

4.2.3. The electrochemistry of the modified electrode

The effect of the cascade cycles on the electrochemistry is shown in figure 4.1, figure
4.2, and table 4.1. When APS-activated ITO or FTO is used as a substrate, the
electrochemical response of the surface bound ferrocene grows linearly with the

number of cascade cycles up to n = 20 (figure 4.1).

®_110°

I'/molcm?

—1210°

E/V vs. Ag/AgClI
I |
0 08 1 3 6 9 12

cascade steps n
| | I

Figure 4.1. CV of E-(34-CC3),-ITO as a function of cascade steps (n); surface concentration
of E-(34-CC3), on a 0.8 cm’ ITO electrode withn = 1,3,6,9,12; v =0.02 Vs
in MeCN/0.2 M LiCIO,vs. Ag/AgCI. The electrode was pretreated in 1M HCI.

Notably, it is necessary to dip the modified electrode in aq.HCI or to add a drop of aqg.
HCI to the organic solvent/electrolyte in order to observe the fully developed
electroactivity. Protonation of the tertiary amine and/or of unreacted primary amino
functions seems to enhance the charge propagation in the polymer. | have, therefore,
tried to quaternize the amines by alkylation. However, it was not possible to achieve
the same effect by treating the modified electrodes with methyl iodide at 40 °C for up
to 24 h.
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The effect of the electrode material and of the monomers used in the cascade

reaction on the electrochemistry is shown in figure 4.2, table 4.1 and table 4.2.

Cascade ATO ITO* FTO*

Steps (n) | E- (33-CC3), | E-(34-CC3), | E-(CC14-30), | E-(34-CC3), | E-(CC14-30), | E-(34-CC3),
" [molem?]x 107

n=1 0.11 0.10 0.0078 0.0025 0.012 0.0027

n=2 1.05 1.41 0.0085 0.0083 0.016 0.012

n=3 2.16 2.20 0.011 0.014 0.020 0.025

n=10 - 0.026 0.11 0.028 0.14

n=20 - 0.052 - 0.04 -

Measured by coulometry from CV at v = 0.02 Vs in 0.2 LiCIO#/MeCN, vs. Ag/AgCI. *electrode pretreated with agq.

HCI

Table 4.1. Surface concentrations observed using the reactive “layer by layer”

technique

After one cascade step, corresponding to the formation of a monolayer of ferrocene

on the electrode, the surface concentrations on ATO, ITO and FTO are 0.21107,

0.0025107, and 0.0027-107 molcm?, respectively.

Thus, the 4 um thick

mesoporous ATO electrode exhibits a ca. 100 times higher I" than the flat ITO and

FTO electrodes. This ratio is related to the roughness factors of ATO (approx. 20 per

um thickness) and to the tendency of the anchoring silane CC1 to increase the

apparent surface concentration by moisture- induced oligomerization.

E/V vs. Ag/AgClI
I

0

cascade steps n

I'/molcm™

1.1 1

2

3

— 2.10-7

1107

Figure 4.2. CV of a) E-(33-CC3),-ATO and b) E-(34-CC3),-ATO as a function of
cascade steps (n); ® surface concentration of E-(33-CC3); and W E-(34-CC3),
on a 0.5 cm®ATO electrode, v =0.01 Vs” in MeCN/0.2 M LiCIO, vs. Ag/AgCI.
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The observable surface-confined electroactivity increases linearly with the increasing
number of cascade steps on the large area ATO electrode over three cascade steps
(figure 4.2, tabel 4.1).

Up to this polymer thickness it is not necessary to protonate the surface amines in
order to observe electroactivity. The response of ferrocene on ATO is fast. We
observe ca. 120 mV peak separation at 20 mV s and 500 mV at 100 mV s™" without
loss of coulometry (without IR-compensation). Notably, the peak current density is 3
mA cm™® at 100 mV s™' leading to a significant potential drop in the conducting layer.
When comparing the E° values of E-(33-CC3),, E-(34-CC3),,, and E-(CC14-30), with
those of the related monomers, it becomes obvious that E° mainly reflects the trends
yet observed in the monomers (table 4.2). For the E° values of the monomers it is
well known that they are dictated by substituents [94, 95].

E° | Fecpa>-R | Fecpo-Ri7 | Fe(cp-Rig)2 | Fecpo-Rig | Fecp-Risa | Fe(cp-Rig)2 | Fe(cp-Ris)2
[V] 33 35 34 36 37 30
E° 0.32 0.41ca. 0.53* 0.76 0.82 1.13
0.37* 0.59
(111, 112] 0.4097
poly-ferrocene
E-(33-CC3), E-(34-CC3), E-(CC14-30),

E° 0.42 0.52 <E°<0.57 0.75

*in phosphate buffer or aqueous KCI, ** 3mM in 0.2 LiCIO4/H20 + 1% HCI

R = -H; R4 = -COF; R17 = -CHo.NHCH2N(C2oHsNHy2)2; Rig = -CONHCH:N(C2H4NHo)2;
R19=-COOCH;

Table 4.2. Reduction potentials of ferrocene monomers and polymers

The E° of the polymer E-(34-CC3), with one amide function (0.51 < E° < 0.57 V) is
similar to that of monomer 34 in organic solvents (E° =0.59 V), just as E° of the
monomer 33 (E° =0.41 V) with one amine bound side chain persists in E-(CC14-30),
(E° = 0.41 V). E-(CC14-30) with two amide functions (E° = 0.75 V) was measured in
MeCN. The corresponding monomer 35 was only measureable in water and shows a
value of E° = 0.53 V, the difference in E° being related to a water induced shift (see
below). All monomers exhibit reversible electrochemistry at v= 10 Vs, except of 30
and Fe(cp-Rig)2, i.e. those with the most positive oxidation potential. With these
compounds (ipe/ipa << 1) is much smaller than 1 at v =20 mV s probably because of
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solvent attack. E° in water is generally less positive because the product cation of the
oxidation process is better stabilized by water than by organic solvents. Thus,
addition of trifluoroacetic acid to the amides 34 and 35 in MeCN does not affect E°,
whereas addition of aqueous HCI shifts E° to positive potentials by 0.06 V and 0.15
V, respectively, because the effect of water solvation dominates. On the other hand,
addition of trifluoroacetic acid to the amine 33 in MeCN shifts E° to more a positive
potential by 0.072 V (reflecting the protonated amino function o to the cp ring),
whereas addition of aqueous HCI does not affect E° (reflecting the two competing
effects protonation (positive shift) and solvation (negative shift)). The same trends
are generally observed for the polymer- modified electrodes.

So far | have shown that the poly-ferrocene electrodes show fast response, a high
capacity and a high stability. In order to use the electrode as a transparent counter
electrode in electrochromic displays, a low absorption in both oxidation states is
needed. For this purpose the extinction coefficients of the relevant monomeric
ferrocenes were measured in MeCN / LiCIO4 (0.2 M). The dates are reported in table
4.3. Principally, the same absorption maxima are observed for the polymers on ATO
as for the monomers in solution. Notably, the ferrocene-related absorptions of the
polymers are below 0.15 in the whole visible range using surface concentrations up
to 3 to 4x107 molcm™®. Due to the ATO layer, only the absorption peak of the
oxidized form at 630 to 635 nm could be evaluated quantitatively. From this analysis
and using the corresponding extinction coefficients of the monomers the surface
concentrations were calculated. These are identical with those determined by
coulometry (table 4.1).

Because of its relatively small extinction coefficients in the visible wavelength range
in oxidation states, its high capacity and its fast kinetic behaviour, the poly-ferrocene-
modified ATO-electrode is definitely a candidate for a transparent counter electrode
in electrochromic devices. In such systems the cathodic material (such as a surface
confined viologen) exhibits an extinction coefficient of 1510% and a colouration
efficiency of 160 cm*C™", respectively. Thus, using viologen surface concentrations of
510 molcm™ absorption changes of 0.8 can be reached. The corresponding charge
of 510° ¢cm*C" has to be balanced at the counter electrode. In order to ensure
sufficient capacity on the counter electrode, even when the system gets off the
equilibrium ca. 1510° cm®C™ or 15.10"® mol'cm™ is needed on the counter electrode.
As shown in table 4.1 and 4.3 these conditions are by far fulfilled using two or three
cascade steps to prepare a ferrocene-modified ATO-electrode.
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Ferrocene monomers M nm (e / dm®mol'em™)
Red. Ox.
Fecpz-R 325 (75.5) 373 (271.1)
437 (64.4) 474 (100.0)
617 (264.4)
Fe(cp-Rig)2 349 (582.2) 641 (384.4)
450 (384.4)
Fecp.-Ri7 33 320 (811.1) 631 (371.1)
431 (351.1)
Fecps-Ris 34 315 (813.3) 630 (360.0)
420 (353.3) 634 (355.5) *
ferrocene polymers (oxidized)
A/nm (A) I'/ mol/cm?
E-(33-CC3);-ATO 631 (0.11) 3 x10”
E-(34-CC3),-ATO 634 (0.13) 3.6x107

* used for polymer measured in MeCN/LiCIO4 (0.2 M) polarized at 0 V and 1V vs. Ag/AgCl for the reduced and
oxidized state, respectively.

R = -H; R14 = -CO; R17= -CH2NHCH2N(CgH4NH2)2; R18 = 'CONHCHQN(CQH4NH2)2,
R19=-COOCHj;
Table 4.3. UV-VIS absorption maxima and extinction coefficients of reduced and

oxidized ferrocenyl monomers and polymers

4.3. Effects of electrolyte and solvent on poly-ferrocene counter electrodes

The modified glasses were studied under “real” conditions (glutaronitrile/LiClIO4) and
optimized for high capacity, fast response and good optical quality.

Figure 4.3 shows the surface concentration (available from coulometric
measurements) of the electrode as a function of the HCI-content of the glutaronitrile.
The presence of aq. HCI was found crucial for a fast electrochemical response. We
achieved ca. 1.6'10® mol/cm? under optimized conditions. Moreover, such values are
only observed when the electrode is scanned slowly.

| think that residual N-functions within the polymer are protonated by the acid. Thus,
higher mobility of ions in the polymer is achieved in the presence of the acid.
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| have tried to use alkylating reagents such ethyl iodide and methyl iodide instead of
HCI, however, the alkylating agent did not improve the current response. | also have
used p-toluene sulfonic acid or trifluoracetic acid instead of HCI. However, these are

not of comparable influence compared to HCI.

2.00E-08

.
1.60E-087 o o

1.20E-081 W

8.00E-09-
*

" [mol/cm?]

4.00E-09 1

n [
0.00E+00 . . . . :
0 20 40 60 80 100

scan rates [mV/s]

Figure 4.3. Capacity of ferrocene modified counters electrodes
€ 2% HCI in glutaronitrile; Mcounter electrode pretrated in HCI,
dried and measured in glutaronitrile

Besides the glutaronitrile-LiCIO, combination we have tried glutaronitrile-
LiIN(SO2CF3)2 or glutaronitrile- TBAPFs- as well as TEG-DIME with LiCIO4. None of
these combinations were as good as the glutaronitrile-LiCIO4 (+HCI) electrolyte.

The poly-ferrocene counter electrode reaches surface concentrations of ca. 2107

mol/cm? but only in the presence of some HCI.
The electrolyte with HCI or water cannot be used because of problems with the

mechanical stability of the ATO layer on FTO after heating. Especially, if contacted

with water the ATO tends to peel off.

In table 4.4 a series of experiments performed is presented with the same type of
solvent electrolytes but with the ferrocene counter electrode (as described in chapter
4.2). Faster responses are observed with MeCN and glutaronitrile in contrast to the

working electrode behavior.
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Electrolyte/solvent

2x cross-linked

3x cross-linked

E-33 -ATO E-34 -ATO
Ew/V] En/V | E°NV [ Tmoll | E/V | Ex/V | E°N | T mol/
cm?x107 cm?x10”

0,2M LP /MeCN 0.62 | 0.23 0.43 1.94 0.67 0.41 | 0.544 4.53
0,3 M LiN(SO.CF3)o/ | 0.92 | 0.07 | 0.50 1.87 0.97 | 0.31 | 0.644 | 2.31
Glutaronitrile
1M LP /EG 0.53 | 0.22 | 0.37 1.09 0.66 | 0.37 | 0.519 1.16
1M LP /TEG-DiMe | 0.54 | 0.29 | 0.41 0.79 0.72 | 0.39 | 0.559 1.02
0,2 M LPABL+G 0.56 | 0.26 | 0.41 0.94 0.73 | 0.34 | 0.538 | 0.87
(1:3vol.%)
0,2MLP 0.50 | 0.31 0.41 0.82 0.61 0.47 | 0.541 0.22
vBL+3MeOPN
(1:3vol.%)

LP: LiCIO4; EG: ethylene glycol; TEG-DiMe: tetraethylene glycol dimethyl ether;

¥BL+G: y-butyrolactone and glutaronitrile; y-BL+G : ybutyrolactone and 3- methoxypropyonitril

Table 4.4. Effects of electrolyte/solvent on the ferrocene counter electrode E-33-ATO
and E-34-ATO, scan rate 20 mV/s, vs. Ag/AgCl

Both cross-linked ferrocene electrodes show on the new ATO substrate much higher

capacity (10 times more) then earlier on the FTO glass without ATO. Thus, E-34 on
ATO shows 1.5110”7 mol/cm? and E-33 on ATO shows 1.89-10” mol/cm? even using

only 2 cascade steps. This is the reason why the kinetics of the poly-ferrocene on

ATO in MeCN is very good. In glutaronitrile the kinetics are of course slower but still

acceptable.
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4.4. Closed cells with E-33 counter electrodes

In order to judge the kinetic and
optical quality of the counter
electrode under almost real
conditions, | used a 2-electrode
systems with a ca. 0.5 mm gasket
hold together by clamps. A cell
with  E-33 on ATO counter
electrode is shown in figure 4.4.

Compared with a cell with a CeO
counter electrode (see chapter 3)

| preferred definitely the optical

impression of the CeO;, counter

R 012345
UNNUE[TKT 678948
osmnkocx CDEFGHI
JEKLMNOPQ
RAziviaed

electrode.

Figure 4.4. Closed cell with E-33 on the ATO
counter electrode and LiN(SO.,CF.), /glutaronitrile

Moreover glued closed systems with E-33 on ATO the counter electrode and
glutaronitrile/LiN(SO3CF3)2 have been prepared. The system is optically good but the

kinetics is only satisfactory.

Conclusion:

The ATO colloid is an excellent surface electrode on an FTO electrode support. | was
able to improve the capacity of our cross-linked ferrocene electrode by a factor of 10
as compared to the FTO support without any loss in kinetics.

Based on the comparative analysis of a counter electrode with phenothiazine on ATO
and a CeO; counter electrode, poly ferrocene counter electrode can be interesting for
closed cells. A minor colouration grey-green is expected, but this is definitely less
than the pink colouration resulting from phenothiazine.
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Chapter 5

Electrocatalytic application of the layer-by-layer technique:
TiO- - electrode with cross-linkable B, - derivatives

5.1. Background. The modified surface electrodes with B, - derivatives

Vitamin By, and related macrocyclic Co complexes, that mimic the vitamins reactivity,
are used as electrocatalysts in organic synthesis [113-117], in waste water treatment
[118, 119] and in sensing applications [120-124].

Originally, vitamin By, was used as a homogeneous electrocatalyst but more recently
much effort has been directed towards the immobilization of vitamin B12 or of one of
its derivatives on an electrode surface.

Monolayer or polymeric multilayer on flat electrodes, as well as mono and multilayer
on three dimensional electrodes have been reported.

Thus, a mixed long chain cobester derivative combined with an organoalkyl silane
monolayer with a very low apparent surface concentration (I" ) was prepared on an
ITO (indium tin oxide) electrode, and its physico-chemical properties were described
[125]. A tri-alkoxysilyl B> derivative was covalently linked to an oxidized Pt surface
showing I' = 1.610"° mol/cm? [126]. The electrode was used for the preparative
electrosynthesis of styrene with turnover number rates of 6260 per h. Modifications of
electrodes with a polymeric epoxy resin formed from a B, diamine derivative and a
di- epoxy component on flat pyrolytic carbon [120], or on carbon felt [127] have been
reported, showing a loading of 110" to 110" mol/cm? depending on the conditions
of preparation and representing sub-mono to 10 vitamin Biz layers. Polypyrrole
derivatives of By, on flat gold or glassy carbon electrodes have also been reported
[128] Hydrophobic hepta-propyl cobesters were trapped in a silica sol gel layer on an
ITO electrode but only surface concentrations in the range of a monolayer (610"
mol/cm?) were observed [129]. However, turnover numbers > 1000 for
electrocatalytic applications were reported [129].

In a preliminary study | have shown, that the inner surface of mesoporous TiO;
electrodes can be modified with an EDTA derivative of cobester c-acid that
coordinates via three carboxylic groups to TiO, [53]. These three-dimensional
electrodes exhibit surface concentrations in the range of 0.5 to 310° mol/cm?,
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depending on the TiO» film thickness and a reasonable stability allowing preparative
scale electrocatalysis, e.g. the photo-assisted radical- type intramolecular cyclization
[53]. Rusling has extended these studies using 8-aminocob (lll)yrinic acid c-lactam
(vitamin B2 hexacarboxylate) on TiOz; he reported I' = 1.110® mol/cm® and
demonstrated electrocatalytic applications, i.e. another radical- type intramolecular
cyclization and reductive eliminations. Both research groups observed a loss of the
electrocatalyst from the semiconductor, especially during electrocatalysis.

| have developed the cross-linking technique described in chapters 3 and 4 for the
modification of TiO, electrodes with electrochromic materials and for the modification
of antimony- doped tin oxide (ATO) with ferrocene derivatives [55, 88]. This
technique was applied for stabilization of vitamin B4, on TiO, electrodes.

5.2. Modification of TiO, — electrodes with cross-linkable B> - derivatives

5.2.1. Synthesis of vitamin B12 derivatives

The vitamin B12 or cob(ll)ester derivatives CC15 to CC17 (see scheme 5.1) have
been prepared according to procedures taken from the literature.

The vitamin B12 derivatives were prepared by Steiger. The monoacid Cob(ll)ester-c-
acid CC15 was prepared according to a literature procedure [130] as aquo-cyano
perchlorate, the triacid cob(lll)ester-c-EDTA-amide CC16 according to the method
reported by Mayor et al. [131] as the dicyano compound, and the heptaacid
cob(lll)yrin-hepta acid CC17 according to the method reported by Stepanek et al.
[132] as the dicyano compound. The heptol CC6 and the heptaiodide CC7 were both

prepared by Steiger et al. [133] as the corresponding dicyano compounds.
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CC7:R=R =R,,=-(CH,),l, a=b=-CN 6* CH,

Scheme 5.1. Vitamin B,, derivatives

5.2.2. Procedure for the preparation of vitamin B>~ modified TiO, film

electrodes

Colloidal TiO, [69] paste was coated on 10 mm x 10 mm FTO glass electrodes (F-
doped SnOz, 15 Q/cm?) from LOF using the doctor-blade method to yield 5 um thick
films [50]. The glasses were cleaned according to the method reported by Hillebrandt
et al [107] prior to coating.

E-CC15, E-CC16 and E-CC17: 2 mg of CC15, CC16 or CC17 per ml were dissolved
each in a solution of EtOH / H,O (95:5 v/v). TiO, electrodes were exposed to these
solutions for 1 h at r.t. The electrodes were then rinsed with the EtOH/H,O. E-CC®6:
TiO, electrodes were exposed to a solution of trimesic acid chloride (CC3, Fluka, ¢ =
20 mM) in toluene for 60 min at 60 °C, and rinsed with toluene. E-CC7: The TiO;
electrodes were then functionalized with the phosphonic acid 1 as described by
Felderhoff et al.[51].
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E-CC3-(CC6-CC3),: E-CC3 was exposed to a solution of the dicyano-cob(ll)yrin-
heptole CC6 2mg/ml in MeCN for 1h at 60 °C and then treated with CC3 (c = 20 mM)
in toluene for 60 min at 60 °C (see scheme 5.2) to yield E-CC3-(CC6-CC3);.

This electrode was then treated with a solution of CC6 (2mg/ml) in MeCN for 1h at 60
°C, followed by a treatment with CC3 (c = 20 mM) in toluene for 60 min at 60 °C to
yield E-CC3-(CC6-CC3).. This reaction sequence was repeated more to yield E-
CC3-(CC6-CC3);. Between each reaction step the electrode was rinsed with the pure
solvent of the precedent step.

E-1-(CC7-CC4),: E-1 was exposed to a solution of dicyano-cob(lll)yrin-hexaiodide
CC7 4mg/ml in MeCN for 6h at 60 °C (see scheme 5.2), followed by a treatment of
the electrode in 50 mM bipyridine CC4 for 6h at 60 °C in MeCN to yield E-1-(CC7-
CC4), (at this reaction time the yield was achieved). The procedure was repeated
once and twice to yield E-1-(CC7-CC4), and E-1-(CC7-CC4);, respectively. Between

each reaction step the electrode was rinsed with the pure solvent of the precedent

step.
EAG NAG
OxCl B
7N\
C%(é\fo N\/;>_<\_/_/\N_\_I:)OSH2
o) | anchoring group
CC3 for TiO, 1

NBB
(4 \ -
cascade steps =/ W4
(n=1-3)
CC4

oligomeric B,, on TiO,

Scheme 5.2. Vitamin B,,-derivatives on TiO, electrodes
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5.2.3 Electrode surface modification

Two new types of vitamin B2>- modified TiO; film electrodes were prepared according
to the general reaction scheme 5.2, and the electrochemical and catalytic properties
were compared with vitamin Bs> mono-, three-, or seven carboxylic acid functions
coordinated on TiO,. After immersion of the TiO, electrode in a millimolar solution of
the vitamin Bz with one-, three-, or seven- carboxylic acid groups for 1 hour, all
electrodes showed an intense orange-red colour. This means, that the 3 components
were strongly adsorbed at the surface. Then, the electroactivity of the electrodes was
checked in propylene carbonate with 0.5M TBAP between 0 and -0.9V vs. Ag/AgCl.
Only the Co(ll)/Co(l) wave can be observed on TiO, because this material behaves
as a semiconductor at potentials more positive than -0.3V. The best response is
observed using the tri- acid E-CC16, much smaller responses are obtained for mono-
E-CC15 and hepta- E-CC17 acid (figure 5.1). The surface concentrations calculated
from visible absorbance spectroscopy of the electrodes E-CC15, E-CC16 and E-
CC17 at 525 nm, yielded initially 1.49 107 molcm™ (geometric area) for E-CC16 (see
table 5.1); the values are about 2 times smaller for the E-CC17 and E-CC15. it is
believed that the mono acid is a very bad coordinator and that the hepta- acid is
occupying too much space, thus diminishing the surface concentration. Measuring
the same samples in CV yielded values which are much smaller. The decrease of the
surface concentration is 99% for E-CC15 and about 90% for the other samples in
comparison to the UV/VIS values. Since these values which were obtained without
electrolyte, | conclude that the coordination is not very stable and the catalyst has
been desorbed and is dissolved. This desorption can be prevented by cross-linking
the modifiers using cascade type surface reactions (see figure 5.1b, 5.1c).
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Figure. 5.1. Cyclic voltammograms of B,,-modified TiO, electrodes, a) coordinative modification
E-CC15, E-CC16 and E-CC17; b) and c) cross-linking electrode E-CC3-(CC6-CC3), and
E-1-(CC7-CC4), respectively (n= 1-3 ). The electrodes E-CC15, E-CC16; E-CC17 and
E-CC3-(CC6-CC3), were measured in PC/0.5 M TBAP + 1%, HAc, at v=20 mV s™;
and electrode E-1-(CC7-CC4),in MeCN/0.5 M LP + 1%, HAc, at v=5mV s™.

Generally, the preparation of cross linked samples can be done by sequential
exposition of the TiO, surface to multifunctional electrophilic (EBB) and nucleophilic
(NBB) compounds according to scheme 5.2. An oligomeric Biz film is irreversibly
formed on the TiO, surface. With the reaction E-CC3-(CC6-CC3), the yield increases
with the time of reaction, whereas at E-1-(CC7-CC4), a maximum is obtained for a
reaction time of 6h (figure 5.2). For extended times the yield decreases i.e. to 75%
after 12 h (figure 5.2 inset). It can be seen, that the thickness of the film is

determined by the number of cascade steps (figure 5.3. inset).
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Figure 5.2. Cascade reaction times and absorption of vitamin B,, modified electrodes E-1-(CC7-CC4),
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Figure 5.3. Cascade reaction steps and absorption of vitamin B., modified electrodes
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The calculated values for the surface concentrations of the oligomeric vitamin B2 film
are shown in table 5.1. For CV-measurements the influence of bipyridine must by
eliminated. From figure 5.1 (5.1b, and 5.1c) the amount at bipyridine can be
obtained by subtraction of the areas in figure 5.1¢ (Aco + Asipyrigine) and in figure 5.1b
(Aco alone) (the corrected values (E-1-(CC7-CC4),) are shown in parentheses, table
5.1). In comparison to the UV measurements the values for CV are about 10 times
less because the UV measurements were made in air (without the additional
absorption of bipyridine).

[ x 107 [mol/cm?] at A=525 nm, € =2512

E- E- E- E-1-(CC7-CC4), E-CC3-(CC6-CC3),
cCci5 | CC16 | CC17 n=1 n=2 n=3 n=1 n=2 n=3
0,73 1,49 0,83 1,0 1,31 1,6 1,0 1,56 1,7

I'x 107 [mol/en?] vs. Ag/AgCl, v='5 mV

0,008* | 0,11* | 0,09 | 1,07 1,22 1,33 0,09 | 0,16* | 0,21
(0.07)* | (0,12)* | (0,19)*

* Modified electrodes were measured in 0,5M TBAP/PC with 1%, HAc, v=20 mV, vs. Ag/AgCl;
**Corrected values without bipyridine values, modified electrodes were measured in 0,5M LP/PC with 1%, HAc,
v=5mV, vs. Ag/AgCI

Table 5.1. Surface concentration [mol/cm?] of vitamine B2 on TiO2

5.3. The catalytic reduction of organic halide with E-1-(CC7-CC4), and E-CC3-
(CC6-CC3), electrodes

The modified- electrodes were also tested with respect to the catalytic reduction of
organic halides. The catalytic reduction of DBEt (232 umol) (Figure 5.4) with E-1-
(CC7-CC4); showed a characteristic catalytic current (lll) at about -0.9V and the

oxidation peak disappeared.
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Figure 5.4. Electrocatalytic reduction of 1,2 - dibromoethane with E-1-(CC7-CC4),,
v =20 mV/s, 0.5 M TBAP/PC, C,H,Br, 0.023 mol/l, —E,.,, —E-1, E-1-(CC7-CC4),

The calculated turnover number and turnover frequencies are presented in table 5.2

Electrode Substrate | nsubstrate | Q[C] | ncatalyst | TON* | TOF~
[umol] [umol]
E-CC3-(CC7-CC3); DBEt 232 2,7 0,05 260 787
E-1-(CC6-CC4), DBCH 146 550 0,05 2600 | 156
E-1-(CC6-CCa), DBCH 146 26,4 0,065 | 2104 | 191
E-1-(CC6-CCa), DBCH 146 24,6 0,08 1586 | 106
73 12 0,08 750 374

DBCH = dibromocyclohexane, DBEt = 1,2 dibromoethane in Propylen carbonate/0,5 M Tetrabutylamonium
perchlorate at -1,1V vs. Ag/AgCl.
*TON =( Q/2F)/n(cat), *TOF =TON/t(h™)

Table 5.2. Preparative reductive elimination on 0.5 cm? Biz on TiO:

In figure 5.5 a typical electrocatalytic curve is shown, as substrate using DBEt with E-
CC3-(CC6-CC3)4. It can be seen, that the catalytic activity of the electrode is
abolished after 20 min; no residual current is observed. The reason could be the
formation of an irreversibly polymeric layer on the electrode. The same results are
obtained using multilayer electrodes of E-CC3-(CC6-CC3).; and also for E-1-(CC7-
CC4),_; electrodes. The catalytic reduction of DBCH at E-1-(CC7-CC4), electrodes

work much better (see table 5.2).
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Figure 5.5. Catalytic activity of E-CC3-(CC6-CC3), current versus time
v =20 mV/s, 0.5 M TBAP/PC, C,H,Br, 0.023 mol/l, vs. Ag/AgCI

Since the charge is higher than expected for the complete reduction of the substrate |
suppose, that the bromide is oxidized at the anode and a small amount of Brp
diffuses back into the cathode compartment, (in agreement with the weak yellow
colour). Rusling et al. [134] found for coordinated Bi2/TiO2 a turnover frequency
(TOF) of 100 h™'. For my crosslinked electrodes E-1-(CC7-CC4), | obtain a turnover
frequency (TOF) that is better, although the substrate was consumed and the
electrodes showed still catalytic activity. This suggests that our cross-linked vitamin
B2 derivatives on TiO, are even more efficient catalysts than only coordinated
vitamin B2 on TiOs.

It should be mentioned, that these experiments could be further optimized for
increased stability and turnover numbers.

In conclusion, cross-linking the vitamin Bi, derivative can improve efficiency and

stability of the electrodes.
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Chapter 6

Synthesis and characterization of redoxactive subunits for
the preparation of multilayer-modified electrodes

6.1. Redoxactive subunit-groups

As referred above, the main goal of this work was the creation of multilayered
electrodes with electrochromic properties. The synthesis of the monomers, which are
needed for the crosslinking cascade reaction on mesoporous surfaces, is described
in the following.

Generally the synthesis of phenyl substituted bipyridines is in this work always done
starting with dinitrobenzene, whereas those with a benzylic or alkyl residue are
prepared from aliphatic and benzylic bromides.

In the first part three major groups of compounds were synthesised:

1) anchoring compounds
2) crosslinkers
3) terminal compounds

each of them with either electrophilic or nucleophilic properties.

In the second part of this work the synthese of vinyl monomers, which can be used
for electro-copolymerisation directly at the surface and a couple of monosubstituted
ferrocenes are described. The ferrocenes were and crosslinked grown layer by layer
(3 up to 20) on metaloxide electrodes. They were later used as transparent counter

electrodes in electrochromic devices.
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6.1.1. Synthesis of anchoring compounds

The first series of experiments consisted in the synthesis of mono viologen subunits,
the electrophilic and nucleophilic compounds 1 to 10, 23 and 24 equipped with
different TiO, surface anchoring groups such as benzoate, salicylate and
phosphonate (scheme 6.1).

Route | shows the preparation of the compounds 1, 2, and 6 to 9 according to a
literature procedure [50, 51]. The intermediately formed compound N-
(diethylphosphono-2-ethyl)-4,4’-bipyridinium bromide 0.1 is the starting point for the
subsequent synthesis of different symmetrical and asymmetrical anchoring
molecules. The intermediate 0.1 has been prepared in moderate yield (55%) from
4,4'-bipyridine and 2-bromoethane-diethyl phosphonate via an Sy2 mechanism in a
Menschutkin- type reaction. Under these conditions double alkylation was excluded.
The monomeric viologen 2,6,7,8 was obtained by treatment of the intermediate 0.1
with alkyl- and aryl bromides in MeCN (route Ib). All intermediate dicationic products
0.1 to 0.5 were precipitated from MeCN as the dibromides in good yield.

Synthesis of 24 was not successful using the sequence of route lc. The first step
consisting in quaternization of 0.1 applying an excess of 1,2-dibromoethane to
intermediate 0.6. Finally, elimination of HBr was initiated in N-ethyldiisopropylamine
with good yield (83%). The hydrolysis in 1 M HBr of the corresponding vinyl diethyl
phosphontes 0.7 was not easy, because polymerisation could not be prevented
completely during the reaction.

2-Bromoethane-diethyl phosphonate, pyridine or substituted pyridines (route Il to 1V)
can also react to the uncoloured anchoring molecules (3, 4) or to the repellent (23)
using a similar procedure as described above.

Solvolysis of all resulting diethylphosphonate derivatives 0.1 to 0.7, 0.10 to 0.13 was
achieved by refluxing the compounds for 48 h in 1 M HBr to yield the corresponding
phosphonic acides 1, 2, 6 t0 9, 23 and 24 as hygroscopic bromides.

The monomeric benzoate and salicylate viologens 5 and 10 were obtained following
a similar reported synthesis [50]. 4,4’-Bipyridin was converted with 1-chloro-2,4-
dinitrobenzene by a nucleophile substitution reaction to the intermediately formed
compound 0.14 by route Va, and 0.17 by route Vb according to [135]. The reaction is
known as Sanger method for the determination of the N terminal amino acids in a
peptid rest. The chlorine atom of the 2,4- dinitrobenzene is activated as a leawis

group by the two nitro groups. The aniline derivatives are created by opening ring.
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This type of reaction is known since approximately 100 years [136] but the
mechanism was examined in detail only 70 years later [137]. The resulting dinitro-
intermediate is a well known starting material for the synthesis of diphenylbipiridinium
salts. Route Va shows the preparation of the asymmetrically compound 5. The first
step consists in the mono-quaternization of 4,4’-bipyridyl resulting in the mono-
substituted compound 0.14. This is converted with 4-amino salicylic acid in EtOH to
intermediate 0.15 followed by a second quaternization (step two) with 1-
trifluormethansulfonyl-2,4- dinitrobenzene (triflat) to dinitro- derivate 0.16. Finally
intermediate 0.16 was treated with phenylendiamine in MeOH to yield the product 5.
The preparation of 10 involved the intermediate 0.17 followed by the substitution with
4-amino benzoic acid in good yield.

The detailed steps for synthesis of all compounds are described in chapter 6.2.
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Scheme 6.1. Synthesis of the viologen anchoring groups
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6.1.2. Synthesis of crosslinkers

In the second series 2-, 3- and 4-fold crosslinker viologen monomers were
synthesised (scheme 6.2).

The conjugated 4-fold electrophilic 13, respectively nucleophilic phenyl crosslinkers
18 have been prepared according to route la. The starting material 0.17 (synthesised
according to a literature [135, 138, 139], has reacted with 3,5-di(hydroxymethyl) aniline
0.18 synthesized according to literature [140-143] by the reaction of 5-amino-
isophthalacid-dimethylester and lithium-aluminium hydride. The electroactive counter
anions of compound 0.17 were exchanged to hexafluorophosphate in aqueous
solution of NH4PF¢ before reaction with 0.18. This was necessary after each reaction
step, because the products can be isolated without difficulty as hexafluorophosphate
salts. The compound 13 as PF¢-salts is good soluble in hydrobromic acid/acetic acid
and further can be converted to tetra- bromide 14 PFs- salt in good yield (78%).

The conjugated 2-fold electrophilic crosslinker 12 was prepared according to route Ib.
by the reaction of 0.17 as CI salt and p-phenylenediamine in 80% ethanol. The
reaction of 1-(2,4-dinitrophenyl)piridinium chloride with aniline forming a intermediate
pentamethine salt Zincke salts® and 2,4-dinitroaniline is known as the Zincke
reaction. This process is now the standard route to N-arylpyridinium salts which
cannot be formed by direct reaction of electrophilics and pyridine [144]. The
mechanism consists in two stages ring opening-ring closing and the excess amine
does play an important role in assisting proton transfer in conversion of Zincke salts

to Zincke product.

Route Il yields the nucleophilic 2-fold crosslinker by alkylating 4,4‘-bipyridine with y-
bromopropylamine hydrobromide in anhydrous ethanol in acceptable yield and a high
degree of purity [145]. Formation of the monoalkylation works readily while the
second alkylation is slower because of the lower nucleophilicity of the unalkylated
pyridine. Therefore the ethanol is a good solvent for the monoalkylation product,
allowing the reaction to proceed to the dialkylated stage.

According to route lll one can obtain the electrophilic 3-fold crosslinker 16 by
nucleophyl aryl substitution with LiAlH4 in dry ether of 1,3,5-trimethoxybenzene to
1,3,5-tris(hydroxymethyl)benzene, followed by treatment with HBr/AcOH to 1,3,5-
tris(loromomethyl)benzene [146-148] or by a radical allylic bromination from mesitylen

105



with N-bromosuccinimide and dibenzoylperoxid/light as catalyst in CCls (low vyield
11%) [149]. The compound 16 plays the role of the ‘performed branching unit’ in the
divergent synthesis of dendrimers and is further used for the synthesis of electrophilic
4-fold crosslinker 17 (routes llla) or the 3-fold nucleophilic 14 and 15 respectively
crosslinker (route lllb). The symmetrically substituted 1,1°-[di-37",5" -bis-
(bromomethyl) benzyl]-4,4 -bipiridinium di-hexafluorophosphat 17 was synthesised
according to a literature procedure [88] by the alkylation of 4,4 -bipyridine with an
excess of 1,3,5-tris(bromomethyl)benzene 16 followed by ion exchange with NH4PFe.
Similarly, the well-known trifunctional crosslinker 1,3,5-tris[(-4,4"-
bipiridinium)methyllbenzene trihexafluorophosphat 14 consisting of a mesithyl
derivative, linked to three 4,4 -bipiridine units, was prepared by reaction of compound
16 with an excess of 4,4 -bipyridine in MeCN. For the purpose of crosslinking directly
at the electrode surface, the electroactive counter anions were exchanged to
hexafluorophosphate in an aqueous solution of NH4PF¢ [150]. Compound 14 as
bromide salt react with the three peripheral nitrogens quantitatively with bromethanol
to 1,3,5-tris[(N-hydroxyethyl-4,4"-bipiridinium)methyl]oenzene hexabromide 15 [23].
The detailed steps for synthesis of all compounds are described in chapter 6.2.
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6.1.3. Synthesis of the end group compounds

As shown in scheme 6.3, in the third series of experiments viologen monomers as
end groups were synthesised.

Following route | nucleophilic end groups were prepared according to a literature
procedure [50] by the nucleophilic substitution of 4,4" bipyridinium using a ten-fold
excess of aliphatic bromide or iodide to N-methyl-, N-ethyl- and N-propyl-
4,4 bipyridinium bromide/iodide respectively (19, 20, 21).

Route Il shows the corresponding procedure for the synthesis of electrophilic end
groups. 1-[4-(Brommethyl)benzyl] 1°-ethyl 4,4 bipyridinium dibromide 22 was
prepared by a similar synthesis [50] from compound 20 using an excess of o,a’-
dibromo-p-xylene in MeCN. For the purpose of crosslinking directly at the surface
electrode, the electroactive counter anions of all compounds were finally exchanged
to hexafluorophosphate in an aqueous solution of NH4PFg,

The detailed steps for synthesis of all compounds are described in chapter 6.2.

F. PF,

=] 2
* — . + —
%RW—N@—@N +R—Br, ——>R—N W~ N—r,

20 + NH,PF, 22

N@—@N + R,0rR,, R,—Brorl I
= + NH,PF,

CC4 ]
PF,

o

19, 21

(19)R,=CHj; (20)R,,=-CHs; (21)R,;=-C;H;;

Scheme 6.3. Synthesis of the end group viologen monomers

6.1.4. Synthesis of vinyl monomers

Scheme 6.4 shows, how the vinyl monomers were synthesised. These compounds
were electro(co)polymerisation directly at the surface. Route | shows an ,in
situ“synthesis of vinyl viologen 2 {1°-[3,5- bis- (1" vinyl- 4,4 bipyridinyl-1-ylmethyl)-
benzyl]-4,4 bipyridinyl-1-yl}-N-(phosphono-2-ethyl)-hexa-bromide 25 directly at the
surface, because the synthesis of the anchoring group 24 was not successful. The
polymerisation of anchoring group 24 could not be completely prevented during the
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final eliminations step of the synthesis. When the elimination is made directly at the
surface of the electrode, the polymerisation could be avoided. The ,in situ“ synthesis
can be made in one or two reaction steps according to scheme 6.4 route la and Ib
respectively. After exposing the TiO-plates to the anchoring electrophilic solution 17
at 1mM concentration in EtOH:H.O (95:5% vol.), 1h at 20°C, the plates are treated
with vinyl-bipyridine 26 at 20 mM concentration in MeCN, 4h at 60°C, to produce the
surface confined compound TiO,-25 (route la). The structure elucidation is based on
spectroscopic and electrochemistry techniques. Similarly, the compound 25 can be
obtained in two reactions steps (route Ib). The ink-jetted TiO»-plates were exposed to
the anchoring nucleophilic solution 1 at 1 mM concentration in EtOH:H>O (95:5%
vol.) for 1h at 20°C followed by alkylation of the compound 16 at 20 mM
concentration in MeCN, 4h at 60°C. The surface confined compound TiO»-25 can
further be used in an electrocopolymerisation reaction directly at the surface with the
vinyl containing compound 29. The monomers 26 and 28, used further in
electrocopolimerisation reaction were obtained in two reactions steps according to
scheme 6.4. (route lla and llb respectively). The first step consisted in the
quaternization of 4,4 bipyridine using an excess of 1,2-dibromethane via the
intermediate 0.22 and 0.23, respectively. The elimination of HBr occurred smoothly
under base condition (N-ethyldiisopropylamine/methanol) to form the N-vinyl
bipyridinium monocation 26 or N,N"-vinyl bipyridinium dication 28 in high yield [83,
151, 152]. The compound 27, a trifunctional crosslinker with three peripheral vinyl
groups, is obtained by reaction of compound 16 with an excess of vinyl- bipiridine 26
in MeCN following a procedure similar to the reported one [151].

The detailed steps for synthesis of all compounds are described in chapter 6.2.

109



m~|/|
lib.

(16)R,=-CH,(C,H,)(CH,)2Br,

N-ethyldiisopropylamine,

2Br

O-~=

0.23

Scheme 6.4. Synthesis of the vinly-viologen monomers
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6.1.5. Synthesis of substituted ferrocenes

The monomeric ferrocenes 30-37 were synthesized according to scheme 6.5. The
compound 33 was prepared according to a literature procedure [55] and 31 was
obtained by similar synthesis from ferrocene aldehyde by reductive amination using
the same amine, tris- N,N,N- (2-aminoethyl)amine and cystamine respectively via an
intermediate Schiff base (route la. and Ib).

The fluorocarbonylferrocene and di-fluorocarbonylferrocene respectively (30, 36)
were prepared according to the method by Galowd et al. [153] from mono- and
diferrocenecarboxylic with cyanuric fluoride and pyridine in dichlormethane as orange
solid in 80% yield. The acid fluorides can be used with success in the synthesis of
esters and amides because they are very reactive, stable, no aqueous workup is
necessary and they react rapidly and efficiently with alcohols, primary and secondary
amines to provide the corresponding esters and amides in good yield.

The monomers 32 and 34 respectively were synthesised according to a literature
procedure [55] by reaction of the fluorocarbonylferrocene 36 and cystamine (route
lla.) or tris- N,N,N- (2-aminoethyl)amine (route llb.) respectively in one reaction step.
Similar conditions were used to synthesise the monomer 35 by reaction of di-
fluorocarbonylferrocene and tris- N,N,N- (2-aminoethyl)amine (route Illa). The
product is soluble only in acidified water and therefore it cannot be used in the
crosslinking reaction.

The monomer 37 was prepared according to the method by Galowd et al. by the
reaction of di-fluorocarbonylferrocene in methanol in excellent yield (route llib).

The detailed steps for synthesis of all compounds are described in chapter 6.2.
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Scheme 6.5. Synthesis of the ferrocen monomers
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6.2. Synthesis of monomers

6.2.1. Synthesis of 1-(2-phosphonoethyl)-4-pyridin-4-ylpyridinium bromide (1)

1. + BrC,H,PO(OC,H,),

Br
7\ — 2.+ 1M HBr C\>_@+
N > N
Y =/ N\ \_pop,
CoH:N, C,H.BrN,O,P
156 345

This synthesis follows a known procedure [146]. A suspension of 4 g (25.64 mmol) of
4,4’-bipyridyl with 14 g (57,14 mmol) diethyl 2-bromo-ethylphosphonate and in
dibutyl ether (10 ml) was stirred at 50°C for 23 h under reflux. After approximately 30
minutes a white precipitate was obtained. The product was thoroughly washed with
dry diethyl ether. The resulting yellow powder was dried for 12h in high vacuo (HV)
(14.08 mmol, 55 % yields).

1-[2-(Diethoxyphosphory)ethyl]-4-pyridin-4-ylpyridinium salt (5.65 g, 14.08 mmol) was
heated with 170 ml of HBr (1M, 72 h,130°C) under reflux. The cold mother liquor was
evaporated. The yellow powder was isolated and dried for 24h in HV (13.33 mmol
94.7% yield).

"H-NMR: (250 MHz, D20):9.04 (m, 4H), 8.54 (m, 4H), 4.94 (d,2J[H,P] = 12.6Hz,
3J[H,H] = 7.6Hz, 2H), 2.50 (dt, 2J[P,H] = 12,9Hz, 2J[H,H] =
7.6 2H).

6.2.2. Synthesis of 1-(3-aminopropyl)-1’ (phosphono-2-ethyl)- 4,4’-bipyridinium
dibromide hydrobromide (2)

By 1.+ BrC,H.NH, Br
(HchO)ZOP—/_N =/ 4 - =/ \ 4 \_po,H,
C,H,,BN,O,P C..H,.Br.N,O,P
401 564

To a solution of 520 mg (1.29 mmol) of 1-[2-(diethoxyphosphory)ethyl]-4-pyridin-4-
ylpyridinium bromide and 560 mg (2.55 mmol) of 1-bromo 3-aminopropyl
hydrobromide in ethanol (20 ml) was stirred at 80°C for 72 h under reflux. After

approximately 48 h a pale yellow precipitate was obtained. The warm mixture was
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filtered, washed 3 times with dry diethyl ether and dried for 12h in HV ( 0.75 mmol, 58
% yield).

1-(3-Aminopropyl)-1’-[(diethoxyphosphory)ethyl] 4,4’-bipyridinium-salt (400 mg 0.64
mmol) was heated with 80 ml of HBr (1M, 72 h,130°C) under reflux. The cold mother
liuor was evaporated. The yellow powder was isolated and dried 24h in HV (0.61
mmol 95%, yield).

'H-NMR: (250 MHz, D;0):9.0 (m, 4H), 8.44 (m, 4H), 4.86 (t, *J[H,H] = 6.2 Hz, 2H),
4.75 (d, *J[H,H] = 7.6 Hz, 2H), 3.08 (qu, 3J[H,H] = 6.2Hz
2H), 2.78 (m, 2H) 2.38 (dt, 2J[H,H] = 7.6 2J[P,H] = 12.9Hz,
2H).

6.2.3. Synthesis of 1-(2-phosphonoethyl)-4-(2-pyridin-4-ylethyl) pyridinium
bromide (3)

1. + BIC,H,PO(OC,H,), Br
NG — 2.+ 1M HBr - NN =N
_ \ s No
\W/ \ /, _\—P03H2
C12H12N2 C14H1aBrNZO3P
184 373

A suspension of 750 mg (4.07 mmol) of 1,2-bis(4-pyridyl) ethane in 3 g (12.24 mmol)
of diethyl 2-bromo ethylphosphonate was stirred at 50°C for 24 h under reflux. After
approximately 10 h a white precipitate was obtained. The mixture was filtered,
washed three times with dry diethyl, and dried for 16 h in HV to obtain 1-[2-
(diethoxyphosphory)ethyl]-4-(2-pyridin-4-ylethyl) pyridinium bromide (2.36 mmol, 58
% yields) as white powder was obtained.
1-[2-(Diethoxyphosphory)ethyl]-4-(2-pyridin-4-ylethyl) pyridinium salt (500 mg, 1.16
mmol) was heated with 80 ml of HBr (1M, 48h,130°C) under reflux. The cold mother
liquor was evaporated. The pale yellow powder was isolated and dried for 48h in HV
(1.07 mmol 92%, yield).
"H-NMR (250 MHz, D20): 8.64 (d, %J[H,H] = 7.5Hz, 2H), 8,54(dd, 3J[H,H] =
17.5Hz, 3J[H,H] = 10Hz, 2H), 7.79 (m, 4H), 4.46
(dt,J[H,P] = 17.5Hz, %J[H,H] = 7.5Hz, 2H), 3.30 (s,
4H), 2,50 (dt, 2J[H,H] = 7.6Hz, 2J[P,H] = 12.9Hz,
2H).
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6.2.4. Synthesis of 4-amino-1- (phosphono-2-ethyl) pyridinium bromide
hydrobromide (4)

1. + BrC,H,PO(OC,H,), 2Br
HN_@ 2.+ 1M HBr s =X
2 \ /, - ¢ \S/ _\—PO3H2
CsH:N, C,H,,Br,N,O,P
94 364

A mixture of 1 g (10 mmol) of 4-amino pyridine and 7.5 g (30.61 mmol) of diethyl 2-
bromo-ethylphosphonate was stirred at 50°C for 23 h under reflux. The resulting
precipitate was filtered and thoroughly washed with dry diethyl ether. The yellow
powder was dried for 12h in HV (6.8 mmol, 68 % yields).
4-Amino-1-[2-(diethoxyphosphory)ethyl] pyridinium-salt (2 g, 5.8 mmol) was heated
with 170 ml of HBr (1M, 72 h, 130°C) under reflux. The cold mother liquor was
evaporated. The yellow powder was isolated and dried 24h in HV (5.1 mmol, 88%,
yield).

"H-NMR (250 MHz, D;0): 7.90 (t, 3J[H,H] = 5.0 Hz, 2H), 6.78 (t, 3J[H,H] = 7.5Hz,
2H), 4.29 (t, 3J[H,H] = 5.5Hz, 2H), 2.45 (m, 2H).

6.2.5. Synthesis of 1-(4-aminophenyl)-1’-(3-hydroxy-4-carboxyphenyl)-4,4’-
bipyridinium dihexafluorophosphate (5)

HO 2PF, NO: HO 2PF,
+/7 \ —\+ +/7 \ —\*
HoOC N D\, NO, + HN NH, —> HoocC NQ—@—@—NHZ
CQSH16F12NAO7P2 CSHBN2 C23H19F’\2NSO3P2
750 108 675

80 mg (0.74 mmol) of phenylendiamine was dissolved in MeOH (20 ml) under argon,
and 150 mg (0.192 mmol) of 1-(3-hydroxy-4-carboxyphenyl)-1’-(dinitrophenyl)-4,4’-
bipyridinium dihexafluorophosphat were added in MeOH (30 ml) within 1.5 h (1 ml/3
minute) drop wise. The resulting red mixture was stirred for 24 h at 85°C under reflux.
The mother liquor was evaporated, and the resulting dark residue was dissolved in
MeOH (10 ml). The solution was dropped into 100 ml of diethyl ether; the resulting
precipitate was filtered and washed with ether. After drying in vacuo (r.t. 24 h), 66 mg
(0.098 mmol, 51%, yield) of a 1-(4-aminophenyl)-1’-(3-hydroxy-4-carboxyphenyl)-
4,4’-bipyridinium dihexafluorophosphat as red powder was obtained.
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'H-NMR (250 MHz, CDsCN):  9.22 (d, 3J[H,H] = 7.1Hz, 4H), 8.56(d, J[H,H] =
7.2Hz, 4H), 7.52 (d, °J[H,H] = 2.5 Hz, 1H), 7.25 (m,
2H), 6.8 (s, 2H), 6.55 (d, ®J[H,H] = 12.5Hz, 2H).

6.2.6. Synthesis of 1- (phosphono-2-ethyl)-1’-toluoyl-4,4’-bipyridinium
dibromide (6)

1.+ C,H,Br

Br 2Br
2.+ 1M HBr —\+
TN/, +BCHPOOCH,), o K‘M S N@—@
=N HC.oP—/ =/ 4 nop—/" = N4 @
C10H3N2 C17HZBBrN203P C19H21Br2N2OSP
156 401 516

This synthesis follows a known procedure [146]. A suspension of 4 g (25.64 mmol) of
bipyridine with 14 g (57.14 mmol) of diethyl 2-bromo-ethylphosphonate in dibutyl
ether (10 ml) was stirred at 50°C for 23 h under reflux. After approximately 30
minutes a white precipitate was obtained. The product was thoroughly washed with
dry diethyl ether. The resulting yellow powder was dried for 12h in HV (14.08 mmol,
55 % yield).

1-[2-(Diethoxyphosphory)ethyl]-4,4’-bipyridinium-salt (800 mg, 2 mmol) was dissolved
in MeCN (10 ml) and 36 ul (3 mmol) benzylbromide was stirred at 70°C for 7 h under
reflux. After approximately 20 minutes a yellow precipitate was obtained. The
precipitate was filtered and washed 2 times with MeCN (8 ml) and 2 times with dry
CH2CI2 (10 ml). The yellow powder was dried for 24h in HV (1.681 mmol, 84 % yield).
1-[2-(diethoxyphosphory)ethyl]-1’-toluoyl-4,4’-bipyridinium-salt (500 mg, 0.08 mmol)
was heated with 170 ml of HBr (1M, 72 h,130°C) under reflux. The cold mother liquor
was evaporated and dried for 24h in HV. Yellow hygroscopic oil was isolated.

"H-NMR (250 MHz, D;0): 8.92 - 8.87 (m, 4H), 8.30 - 8.25 (m, 4H), 7.25 (s, 5H), 5.66

(s, 2H), 4.70 (m, 2H), 2.30 (dt, 2J[P,H] = 17.7 Hz, 2J[H,H] =
7.3Hz, 2H).
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6.2.7. Synthesis of 1-[4- (boromomethyl) benzyl]- 1’-(2-phosphonoethyl) 4,4’
bipyridinium dibromide (7)

1.+ C,H,Br,

Br 2Br
2.+ 1M HBr —\+
DOy mereces DO DO~
N N N
—/ \ H.C.OP—/ N=/ N\ HoP—/ =/ N4 @\/8
;
CoH:N, CH;BrN,O,P C,,H,,Br;N,O,P
156 401 609

The synthesis was performed according to a literature procedure [50]. 4 g (25.64
mmol) of bipyridine with 14 g (57.14 mmol) of diethyl 2-bromo-ethylphosphonate and
10 ml of dibutyl ether was stirred at 50°C for 23 h under reflux. After approximately 30
minutes a white precipitate was obtained. The product was thoroughly washed with
dry diethyl ether. The yellow powder was dried for 12h in HV (14.08 mmol, 55 %
yield).

1-[2-(Diethoxyphosphory)ethyl]-4,4’-bipyridinium-salt (3 g, 7.4 mmol) was dissolved in
MeCN (30 ml), and 2.9 g (11 mmol) of a,o’-dibromo-p-xylol in MeCN (20 ml) was
added drop wise. Immediately, a yellow precipitate was obtained. The mixture was
stirred at 57°C for 6 h under reflux. The resulting precipitate was filtered and washed
2 times with MeCN and 2 times with dry diethyl ether. The yellow powder was dried
for 24h in HV (6.6 mmol, 89 % yield).

1-[2-(diethoxyphosphory)ethyl]-1’-[(1-bromo p-xylyl - 4,4’-bipyridinium-salt (1,2 g, 1,8
mmol) was heated with 170 ml of HBr (1M, 72 h,130°C) under reflux. The cold
mother liquor was evaporated, and the orange powder was dried for 48h in HV (1.57
mmol, 87 % yields). The product is very hygroscopic.

"H-NMR: (250 MHz, D;0): 9.07 (d, 3J = 5 Hz, 2H), 9.05 (d, 3J = 5 Hz, 2H ), 8.44 (d,
%) = 7,5 Hz, 2H), 8.43 (d, ®J = 2.5 Hz, 2H), 7.50 (d, °J =
15 Hz, 2H), 7.39 (d, °J = 10 Hz, 2H), 5.83 (s,2H), 4.88 (dt,
3J[H,P] = 12.5 Hz, 3J[H,H] = 7.6 Hz, 2H), 4.70 (s,2H),
2.41 (dt, 3J[H,P] = 18.5 Hz, 3J[H,H] = 7.5 Hz, 2H).
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6.2.8. Synthesis of 1-[3,5-bis(bromomethyl)benzyl]-1’ -(2-phosphonoethyl)- 4,4 -
bipyridinium dibromide (8)

1. + C,H,Br,

Br 2Br
2.+ 1M HBr —\+
7\ + BrC,H,PO(OC,H,), AW +/\/:\>_<:/\
— H.COoP—/ =/ N\ HOP—/ "=/ 4 Br
CoH:N, CiH.BN,O.P C,.H,,BrLF,,N,O,P,
156 401 832 Br

A solution of 1.5 g (3.7 mmol) of 1-[2-(diethoxyphosphory)ethyl]-4,4’-bipyridinium-salt
(also prepared according to a literature procedure [146] and 2g (5.6 mmol) of 1,3,5-
tris(bromomethyl)benzene in MeCN (30 ml) was stirred at 80°C for 7 h under reflux.
From the beginning an intensive yellow precipitate were obtained. The yellow
suspension was filtered; the filtrate was washed once with MeCN and four times with
ether and dried for 16h in HV (3.0 mmol, 81 % yield).
1-[3,5-Bis(bromomethyl)benzyl]-1’-[2-(diethoxyphosphory)ethyl]-4,4’-bipyridinium salt
(1g,1,3 mmol) was dissolved in 170 ml of 1M HBr and heated for 48 h at 130°C under
reflux. The cold mother liquor was evaporated, and the orange powder was dried for
48h in HV (1.06 mmol, 82 % yield). The product is very hygroscopic.

MS (25°C, API-S positive): 540.8 (100, M*), 265 (80)

"H-NMR(250 MHz, D20): 9.06 (m, 4H), 8.49-8.43 (m, 4H), 7.47 (s, 2H), 7.34 (s,1H),
5.84 (d, 3J[H,H] = 12.4 Hz, 2H), 4.82 (dt, °J[H,P] = 12.9
Hz, 3J[H,H] = 7.6 Hz, 2H), 4.49 (s,4H), 2.40 (dt, 3J[H,P] =
18.1 Hz, 3J[H,H] = 7.4 Hz, 2H).

6.2.9 Synthesis of 1-[3,5-bis(bromomethyl)phenyl]-1’-(2-phosphonoethyl)- 4,4’

bipyridinium hexafluorophosphate (9)

1.+ C,H,Bro,
2.+ 1M HBr
Cl NO )
PF o PF,CI 2 3.+ HBI’/AC_OH 2PF, Br
A > VA . 4.+ NH,PF,/H,0 N/
O 2 0p OO0, A
H.COoP_/ = H,.C.O.P H,0,P .
NO,
CieHxFN,OP,  CH,CIN,O, C,H,CIF,N,O,P, C oHxBLFN,O,P,
466 202 668 816
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A solution of 4 g (8.5 mmol) of 1-[2-(diethoxyphosphory)ethyl]-4,4’-bipyridinium-salt
(also prepared according to a literature procedure [146] and 13g (64 mmol) of 2,4-
dinitro-chlorobenzene in MeCN (150 ml) was stirred at 90°C for 120 h under reflux.
After approximately 4h first crystals were obtained. The mother liquor was
evaporated; the residue was dissolved in MeCN. The mixture was kept at 6°C for 24
h. The precipitate was filtered and washed with cold water. The aqueous phase was
evaporated, and a yellow precipitate was thoroughly washed with MeCN. A white
powder was obtained and dried for 24h in HV (2.0 mmol, 23 % yield). The product is
very hygroscopic.

A solution of 250 mg (0.37 mmol) of 1-[2-(diethoxyphosphoryl)ethyl]-1’-(2,4
dinitrophenyl)-4,4’-bipyridinium salt and 132 mg (0.86 mmol) of (5-amino-1,3-
phenylene)dimethynol in MeOH (50 ml) was stirred 7d at 70°C under reflux. The cold
mixture was poured and brined into 100 ml of diethyl ether. The brown precipitate
was filtered, the mother liquor was evaporated, and the resulting residue was
dissolved in 15 ml of MeOH and dropped into 250 ml of diethyl ether. The mixture
was kept at 6°C for 24 h. The brown precipitate was filtered, washed with diethyl
ether and dried for 6 hin HV (0.28 mmol, 75% yield).
1-[3,5-Bis[hydroxymethyl)phenyl]-1’-[2-(diethoxyphosphoryl)ethyl]-4,4’-bipyridinium-
salt (150 mg, 0.23 mmol)was dissolved in 170 ml 1M HBr and heated for 48 h at
130°C under reflux. The cold mother liquor was evaporated, and the light yellow
powder was dried for 24 h in HV (0.22 mmol, 95 % yield).

The product was then dissolved in 100 ml of HBr/AcOH and stirred for 96 h at 24 °C
under argon. The reaction mixture was treated, with 10 ml of water and 5 ml of a 10%
NH4PFs solution. The brown precipitate was filtered, washed with water and ether. A
light brown powder was isolated which was dried for 24 h in HV (0.15 mmol, 68 %
yield).

"H-NMR: (250 MHz, D-0): 9.29 (d, 3J[H,H] = 6,9 Hz, 2H), 9.14 (d, 3J[H,H] = 7,0 Hz,
2H), 8.65 - 8.58 (m, 4H), 7.64 (s, 3H), 4.99 - 4.92 (m, 2H)
4.53 (s, 4H), 2.49 (dt, 3J[H,P] = 18.4 Hz, 3J[H,H] = 7.4 Hz,
2H).
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6.2.10. Synthesis of 1,1’-bis[(4-carboxyphenyl)-4,4’-bipyridinium dichloride (10)

cl NH
NO 2
NO, ’ 2Cr NO: 20 |
— — + —
NO, COOH
CoH:N, C.H,CIN,0, C,,H..CI,N,O, C,H,NO, C.H::CILN,O,
156 202 561 137 469

The synthesis follows a known procedure [139]. 4 g (25.6 mmol) of 4,4'-bipyridine
and 26 g (89,6 mmol) of 2,4-dinitro-chlorobenzene in MeCN (150 ml) was stirred at
90°C for 24 h under reflux. At the beginning, the solution was clear brown, after 4 h
first yellow crystals were obtained. The yellow suspension was filtered. The filtrate
was washed once with MeCN (50 ml) and four times with diethyl ether (40 ml), and
dried for 16 hin HV (19 mmol, 74% yield).

To a solution of 841 mg (1,5 mmol) of 1,1’-(2,4- dinitrophenyl)-bipyridinium salt in 30
ml of ethanol, 904 mg (6.6 mmol) of 4-amino benzoic acid in ethanol (70 ml) was
dropped slowly. After 1.5 h the mixture was colored to dark red. The mixture was
stired at 90°C for 3h. The solvent was evaporated, the resulting residue was
dissolved in 30 ml of water, and the reaction was continued for 24h at 100°C. The
mother liquor was evaporated. The resulting residue was dissolved in MeOH (40 ml)
and dropped into 250 ml of diethyl ether. The brown precipitate was filtered, washed
three times with 40 ml of ethylacetate, three times with 40 ml of diethylether and
dried for 16 h in HV (1.1 mmol, 73% yield).

'H-NMR: (250 MHz, MeOH):  9.67 (d, 3J[H,H] = 7.0Hz, 4H), 8.99 (d, 3J[H,H] = 7,0

Hz, 4H), 8.44 (d, *J[H,H] = 7.5Hz, 4H), 8.07 (d,
SJ[H,H] = 7.5Hz, 4H).
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6.2.11. Synthesis of 1,1’-bis(2-ammoniopropyl)- 4,4’-bipyridinium tetrabromide
(11)

4Br
— —\ + +
N/ D—\ N +BrCHNH, —> HN— ,—N@—@—V—NHs
C,,H:N, C,H,BrN CisHaBrN,
156 138 580

The procedure follows a reported synthesis [145]. To a solution of 25 g (118 mmol) of
3-bromopropylamine hydrobromide in 125 ml of anhydrous ethanol at 45 °C was
added 8.3 g (53 mmol) of 4,4’ bipyridine dissolved in 100 ml of ethanol. The mixture
was refluxed at 80°C for 45 h. After 2 h a pale yellow solid was obtained. The warm
mixture was filtered, washed with ethanol and acetone and then reprecipitated from
an aqueous solution with ethanol. The pale yellow powder was dried for 12 h in HV
(24 mmol, 45 % yield).

'H-NMR: (250 MHz, D;0):9.16 (d, 3J[H,H] = 7.5 Hz, 4H), 8.57 (d, 3J[H,H] = 7,5 Hz,
4H), 5.05 (t, 3J[H,H] = 6.2 Hz, 4H), 3.70 (t, °J[H,H] = 6.3
Hz, 4H).

6.2.12. Synthesis of 1,1’-bis (4-aminophenyl)- 4,4’-bipyridinium di-
hexafluorophosphate (12)

C22H14C| N O C H N CZZH20F12N4P2
561 108 630

Phenylendiamine (186 g, 1.73 mmol) was dissolved in MeOH (20 ml) unter argon,
and a solution of 150 mg (0.192 mmol) of 1,1’-(2,4- dinitrophenyl)-bipyridinium salt
(also prepared according to a literature procedure [139]) in MeOH (30 ml) was
added dropwise within one hour. At the beginning the mixture was colored to dark
red. The mixture was stirred at 90°C for 24 h under reflux and argon atmosphere.

The solvent was evaporated, and the resulting residue was dissolved in 30 ml of
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water and treated with 10 ml of a 10% NH4PFs solution. The red precipitate was
filtered off, washed with water and ether. A red powder was isolated which was for
dried for 24h in HV (0.101 mmol, 52% vyield). The product is hygroscopic.

'H-NMR: (250 MHz, CDsCN):  8.94 (d, 3J[H,H] = 7.0 Hz, 4H), 8.42 (d, 3J[H,H] = 7.0
Hz, 4H), 7.38 (d, 3J[H,H] = 7.5 Hz, 4H), 6.81 (d,
8J[H,H] = 7.5 Hz, 4H).

6.2.13. Synthesis of 1,1’-bis [3,5-bis(hydroxymethyl)phenyl]-4,4’-bipyridinium
dihexafluorophosphate (13)

NO: 2PF, NO. NH; HO 2PF, OH
—\ + e
WD« QL —— OO
HO OH
HO  OH

C22H14F12NGOGP2 CSH11NOZ CZGH26F12N2O4P2
780 153 720

The synthesis was performed according to a literature procedure [146]. A mixture of
1 g (1.28 mmol) of 1,1-bis [3,5-bis(hydroxymethyl)phenyl]-4,4’-bipyridinium
dihexafluorophosphate and 460 mg (3.1 mmol) of (5-amino-1,3-
phenylene)dimethanol in 50 ml MeOH was stirred at 70°C for 23 h under reflux. The
cold mixture was poured into 100 ml of brined diethyl ether. The brown precipitate
was filtered off and washed three times with ether; a brown powder was obtained and
dried for 6 hin HV (1.14 mmol, 89 % yield).

'H-NMR: (250 MHz, DMSO-d6): 9.68 (d,3J[H,H] = 6.1 Hz, 4H), 9.03 (d,3J[H,H] = 6.2
Hz, 4H), 7.74 (s, 4H), 7.68 (s, 2H), 5.58 (b, 4H),
4.70 (s, 8H).
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6.2.1.4. Synthesis of 1,1°,1"- [benzene-1,3,5-triyltris(methylene)tris](4-pyridin-4-
ylpyridinium trihexafluorophosphate (14)

l\{ AN

s

| O\ :

Br - 3PF, | SN
7\ — + NH,PF,/H,0 X =

_— >
O oo
Br

Br N

+

| ~N
C.H.N, C.H.bBr, =
156 356 L
| _
C39H33F13N6P3
1020

The synthesis was performed according to a literature procedure [146]. 4,4
Bipyridine (14 g, 89 mmol) was dissolved in warm MeCN (80 ml), and 5 g (5.8 mmol)
of 1,3,5 tris (boromomethyl) benzene was added in 50 ml MeCN within 7 h (1 ml/8,5
minute). The mixture was stirred at 70°C for 30 h under reflux. The cold mixture was
filtered and washed three times with CHxCl,. The filter cake was dissolved in water
and extracted four times with CH.Cl..Methanol was added dropwise to initiate the
precipitation. A yellow powder was obtained and dried in HV (4.4 mmol, 74% yield as
bromide salt).

The bromide -salt (3.2 g, 3.88 mmol) was dissolved in 80 ml of water, and 15 ml of a
NH4PFs 10% was added dropwise. The precipitate was filtered and washed with cold
water; a white powder was obtained and dried for 24 h in HV (2.7 mmol, 78% yields).

'H-NMR: (250 MHz, CDsCN):  8.88 (d,%J[H,H] = 6.3 Hz, 6H), 8.82 (d,3J[H,H] = 7,0

Hz, 6H), 8.37 (d, 3J[H,H] = 7.0 Hz, 6H), 7.83 (d,
3J[H,H] = 6,3 Hz, 6H), 7.60 (s, 3H), 5.80 (s, 6H).
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6.2.15. Synthesis of 1,1’,1”- [benzene-1,3,5-triyltris(methylene)]tris(1’-
hydroxyethyl- 4,4°-bipyridinium) hexabromide (15)

HO

1

\ I\S\O
\N \N/\/OH
’/éj\/’\“/ + Bre,AOH - (&]\/NJ'/
C,H,BrO
125
N
® »
HO
CSQH33F18N6P3 C43H4SBr6NGO3

1020 1200

1,1°,1”-[Benzene-1,3,5-triyltris(methylene)tris] (4-pyridin-4-ylpyridinium tri-

hexafluorophosphate (320 mg, 0.38 mmol) (prepared according to a published
procedure [154] was reacted in 2.5 ml of bromoethanol/10 ml methanol at 80 °C for 7
days. The mother liquor was evaporated, and the resulting red oil was dissolved in 50
ml of methanol and precipitated with 30 ml ether. The solid was isolated and washed
with ether several times to remove excessive bromoethanol. After drying in vacuo
(r.t., 24h), 320 mg (0,26 mmol, 70%) 1,3,5-tris-[(N- hydroxyethyl -4,4’-bipyridinium)

methyl] benzol-hexabromide was obtained as yellow solid.

"H-NMR (250 MHz, D20): 9.08 (s, 10H), 8.87 ( s, 2H), 8.48 (s, 10H), 8.26 (s,
2H), 7.68 (s, 3H), 5.90 (s, 6H), 4.51 (superimposed
by water, 6H), 4.03 (s, 4H), 3.46 (s, 2H).

6.2.16. Synthesis of 1,3,5-tris-(bromomethyl) benzene (16)

Br
/@\ + NBS/CCI,
_— >
hv

Br Br

CH,, C,H,Br,
120 356
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The synthesis follows a known procedure [149]. Mesitylene (20 g, 166 mmol) and 95
g (530 mmol) N-bromo succinimide (NBS) dissolved in 500 CCl4 (dried 24 h over
CaCl; and distilled) was irradiated with a 500 W-lamp for 24 h and stirred at 70°C for
30 h under reflux. The mixture was kept at 6°C for 24 h. The succinimide was filtered
off, and the solvent was evaporated. The residue was dissolved in CHCI3;, and
washed once with an ag. NaHCO3; solution and two times with H>O. The organic
layer was then dried (Na>SQ.), filtered and CHCI; was evaporated. The oily residue
was dried in HV, and then dissolved in CHCIs, and petrol ether was added. Under
these conditions the crystallization starts. The mixture was kept for 3 days at 6°C.
Light yellow crystals were obtained, isolated and dried for 24 h in HV (19 mmol, 12%
yield).

'H-NMR: (250 MHz, CDCl3):  7.38 (s, 3H), 4.48 (s, 6H)

6.2.17. Synthesis of 1,1’-bis[3,5-bis(bromomethyl)benzyl]-4,4’-bipyridinium
dihexafluorophosphate (17)

Br Br

2PF,

7 - N —\l.
Br Br

Br

C10H3N2 CgHgBr3 CzaHzeBr4F12N2P2

156 356 Br 1000

The synthesis was performed according to a literature procedure [88]. A solution of
1,3,5-tris-(bromomethyl)benzene (1.07 g, 2.9 mmol) in MeCN (10 ml) was reacted at
70 °C with a dropwise added solution of 150 mg (0.96 mmol) 4,4’-bipyridine in 8 ml
MeCN. After 30 h the precipitate was collected, washed with MeCN and diethyl ether
and dried in wvacuo to yield 0.78g (0.89 mmol) of 1,1’-bis[3,5-
bis(bromomethyl)benzyl]-4,4’-bipyridinium as the corresponding dibromide salt
(93 %). 500 mg of the dibromide (0.57 mmol) dissolved in 80 ml water was
precipitated by addition to 10 ml ag. solution of 10 % NH4PFs, collected, washed with
water and dried in vacuo for 24 h to yield 0.3g (0.3 mmol) of 1,1-bis[3,5-
bis(bromomethyl)benzyl]-4,4’-bipyridinium dihexafluorophosphat (53 %).
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'H-NMR (250 MHz, DMSO): 9.5 (d, 3J[H,H]=6.8Hz, 4 H), 8.78 (d, 3J[H,H]
—5Hz, 4 H), 7.62 (s, 6H), 5.94 (s, 4 H), 4.69 (s,
8H).

6.2.18. Synthesis of 1,1’-bis[3,5-bis(bromomethyl)phenyl]-4,4’bipyridinium
dihexafluorophosphate (18)

NO, 2PF, NO: N HO 2PF, OH Br PE;
= + —\* + HBr/AcOH + —=\+
HO OH Br
HO OH

C,H,.CL,N,O, C,H,,NO, CaeHaeF :NO,P, CuHBriF NP,
561 153 720 972

The synthesis was performed according to a literature procedure [146]. 1,1°-Bis[3,5-
bis[hydroxymethyl)phenyl]-4,4’-bipyridinium salt (630 mg, 0.875 mmol) (also prepared
according to a procedure already described, chapter 6.2.12.) was dissolved in 150
ml of HBr/acetic acid under argon and stirred for 4 d. at r.t. The reaction mixture was
evaporated, and the residue was dissolved in 2 ml of water and 3 ml of a 10% agq.
NH4PFs solution was added. The brown precipitate was filtered, washed with water
and dried in HV. The resulting brown powder was dissolved in MeNO; and 5 ml of
10% aq. NH4+PF¢ was added dropwise. The organic phase was filtered, and the light
brown precipitate was washed with CHClI3, ether and water. A light brown powder
was isolated and dried for 24 h in HV (0.501 mmol, 57% yield).

'H-NMR: (250 MHz, CDsCN):  9.20 (d,2J[H,H] = 7.1 Hz, 4H), 8.66 (d,3J[H,H] =
7.1Hz, 4H), 7.91 (s,2H), 7.81 (s, 4H), 4.71 (s, 8H),
4.70 (s,8H).

6.2.19. Synthesis of 1-methyl-4-pyridin-4ylpyridinium hexafluorophosphate (19)

PF,

= + NH,PF/H,0 —\+
N o e OO
CoHeN, 142 C,H, FeN,P
156 316
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The synthesis was performed according to a literature procedure [155]. To a solution
of 5 g (32 mmol) of 4,4’-bipyridyl in 20 ml of N-methyl-2-pyrrolidone (NMP), a solution
of 3.42 g (24 mmol) of methyliodide in 20 ml of NMP was added dropwise during 12
hours at 50°C. The resulting solution was stirred for another 3 hours, and then the
solution was poured into 250 ml of toluene. The resulting precipitate was filtered off
and washed 3 times with toluene to remove unreacted starting materials.
Subsequently, the precipitate was dissolved in MeCN (600 ml), and the insoluble
dimethylated by-product was filtered off. After evaporation of the solvent and drying
in vacuo (r.t., 24h) 1-methyl-4,4’-bipyridinium iodide (17 mmol, 53% yield) was
obtained.

1-Methyl-4,4’-bipyridinium salt (2.5 g, 8.3 mmol) was dissolved in water (20 ml) and
added to 5 ml of a vigorously stirred 10% aqg. NH4PFg solution. The white precipitate
was filtered, washed with water and dried for 24 in HV (6.1 mmol, 73%, yield).

'H-NMR: (250 MHz, CDsCN):  8.58 (d,%J[H,H] = 6.5 Hz, 2H), 8.23 (d,%J[H,H] = 6.0

Hz, 2H), 7.93 (d,%J[HH] = 6.0 Hz, 2H), 7.38
(d,%J[H,H] = 6.0 Hz, 2H), 3.98 (s, 3H).

6.2.20. Synthesis of 1-ethyl-4-pyridin-4-ylpyridinium hexafluorophosphate (20)

PF.
= + NH,PF/H,0 =+
N /_\ \ / + CszBr % N /_\ \ / —\
CoH:N, 108 C,,H,;FN,P
156 330

The synthesis was performed according to a literature procedure [83]. A suspension
of 6 g (73.4 mmol) of 4,4’-bipyridyl with 50 g (459 mmol) of ethylbromide was stirred
at 34°C for 50 h under reflux. After 30 min a brown precipitate was obtained. After 7
hours a further portion of 5 g ethyloromide in diethylether (30 ml) was added
dropwise. The resulting precipitate was filtered and thoroughly washed with dry
diethyl ether and toluene. The crystallization of the product proceeded slowly (48 h at
4 °C) from ethanol-ether-toluene. The resulting yellowish powder was dried for 24 h
in HV (22 mmol, 30% yield).

1-Ethyl-4-pyridin-4-yl-pyridinium salt (4 g, 15 mmol) was dissolved in 80 ml of water,
and 10 ml of a 10 % aqg. NH4PF¢ solution was added dropwise. The resulting solid
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was filtered off, washed with cold water and dried for 24 h in HV (3.9 g 12.1 mmol,
80% vyield).

'H-NMR: (500 MHz, DMSO):  9.25 (d,3J[H,H] = 12.5 Hz, 2H), 8.92 (d, 3J[H,H] =
4.8 Hz, 2H), 8.64 (d, *J[H,H] = 6.5 Hz, 2H), 8.12 (d,
3J[H,H] = 4.1 Hz, 2H), 4.68 (q, 3J[H,H] = 7.3 Hz,
1H), 1.60 (t, 2J[H,H] = 7.3 Hz, 3H).

6.2.21. Synthesis of 1-propyl-4-pyridin-4ylpyridinium hexafluorophosphate (21)

PF,
— + NH,PF/H,0 =\ +
NS D\ CHBr —— > N/ H—\ N—_
CH:N, 122 CHiF NP
156 344

The synthesis was performed according to a literature procedure [83]. A suspension
of 5 g (32 mmol) of 4,4’-bipyridyl with 100 g (82 mmol) of propylbromide was stirred
at 70°C for 50 h under reflux. After 30 minutes a brown precipitate was obtained.
After 7 hours a further portion of 50 g ethylbromide, dissolved in diethylether (30ml),
was added dropwise. The resulting precipitate was filtered and thoroughly washed
with dry diethyl ether and toluene. The crystallization of the product proceeded slowly
(48 h at 4 °C) from ethanol-ether-toluene. The yellow powder was dried for 24 h in
HV (mg, 15.6 mmol, 48% yield).

1-Propyl-4-pyridin-4-yl pyridinium salt (2 g, 7 mmol) was dissolved in 80 ml of water,
and 10 ml of a 10% aqg. NH4PF¢ solution was added dropwise. The resulting solid
was filtered off, washed with cold water and dried for 24 h in HV (1.38 g, 4.02 mmol,
57% yield).

"H-NMR: (250 MHz, CDsCN):  8.85 (d,*J[H,H] = 5.0 Hz, 2H), 8.79 (d, *J[H,H] = 7.5
Hz, 2H), 8.33 (d, *J[H,H] = 5.0 Hz, 2H), 7.82 (d,
3J[H,H] = 5.0 Hz, 2H), 4.56 (g, *J[H,H] = 7.3 Hz,
2H), 2.04 (g, %J[H,H] = 15.1 Hz, 2H), 1.03 (1,
2J[H,H] = 7.3 Hz, 3H).
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6.2.22. Synthesis of 1-[4-(bromometyl)benzyl]-1’-ethyl-4,4’-bipyridinium
dihexafluorophosphate (22)

PFe + NH,PF/H,0 s/ ey
N SN+ cHB, —————> N O\,
Br
CoHF NP 264 CoHoBIF NP,
330 659

The synthesis was performed according to a literature procedure [146]. 1-Ethyl-4-
pyridin-4-yl-pyridinium salt (1 g, 3.7 mmol) (also prepared according to procedure
already described, chapter 6.2.20) and 2 g (7.5 mmol) of oo’ dibrom-p-xylene were
dissolved in MeCN (30 ml) and stirred for 6.5 h at 70°C under reflux. From the
beginning on a yellow precipitate were formed. The mixture was filtered and washed
twice with MeCN (10 ml), diethylether (10 ml), and CHxClI, (5 ml). The yellow crystals
of 1-[4-(bromometyl)benzyl]-1’-ethyl-4,4’-bipyridinium salt were dried for 24h in HV
(mg, 3.4 mmol, 92% yield).

1-[4-(Bromometyl)benzyl]-1’-ethyl-4,4’-bipyridinium salt (2 g, 3 mmol) was dissolved
in 80 ml of water, and 10 ml of a 10% aq. NH4PFs solution was added dropwise. The
solid was filtered off, washed with cold water and dried for 24h in HV (1.71g, 2.6
mmol, 86% yield).

'H-NMR: (250 MHz, D;0; as Br salt): 9.13 (d, %J[H,H] = 6,7 Hz, 2H), 9.11 (d,
3J[H,H] = 6.4 Hz, 2H), 8.53 - 8.51 (m, 4H),
7.52 (d, *J[H,H] = 8.0 Hz, 2H), 7.45 (d,
%J[H,H] = 8.0 Hz, 2H), 5.90 (s, 2H) 4.73 (q,
3J[H,H] = 7.3 Hz, 2H), 4.63 (s, 2H), 1.67 (t,
3J[H,H] = 7.3 Hz, 3H).

6.2.23. Synthesis of 1-(2-phosphonoethyl)pyridinium bromide (23)

1.+ BrC,H,PO(OC,H,), Br

<\—>N 2.+ 1M HBr - C—N+
/, >
N\ _poh,

C.H.N C,H,,BrNO,P
79 268
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The synthesis was performed according to a literature procedure [88]. Pyridine (2 g,
25.3 mmol) was reacted with 7 g (28.6 mmol) diethyl-2-bromo-ethyl phosphonate at
50 °C for 23 h. The resulting precipitate (2 g, 25.3 mmol) was collected by filtration,
washed with diethyl ether, and dried in vacuo at r.t. for 16 h yielding 5.6 g (17.
3 mmol) of the corresponding diethyl ester as a white powder (68.3 %). The total
amount of the intermediate was subjected to hydrolysis in 180 ml of 1 M HBr at
130 °C for 48 h. After evaporation of the solvent the resulting oil was dried for 48 h in
vacuo. The crude product was dissolved in 100 ml MeOH and precipitated by
addition of diethyl ether. 1-(2-Phosphonoethyl) pyridinium bromide was isolated and
dried in vacuo to yield 3.4 g (12.7 mmol, 73.4 % yield).

MS (25 °C, API-S positive): 540.8 (100 M*), 265 (10).

"H-NMR (250 MHz, D20): 8.83 (d, 3JHH]=6.4 Hz, 2H), 849 (i,
3J[H,H] = 7.5 Hz, 1H), 8.01 (t, 3J[H,H] = 7.5 Hz, 2H),
4.81-4.73 (m, 2H), 2.43 - 2.30 (m, 2H).

6.2.24. Synthesis of 1-(2-phosphonoethyl)-1°-vinyl-4,4’-bipyridinium dibromide
(24)

Br 2Br 1. + N-ethyldiisopropylamine/MeOH 2Br
N\ e +C\>_@ 2.+ 1M HBr N/ —\!
N +CH,Br, —> N N
HCOP—/ =/ Ny Tt HCoP—/ = g, fop—/ =" N7\
C,;H,,BrN,O,P C,sH,Br,N,O,P C,,H..Br,N,O,P
401 589 452

To a solution of 1.5 g (3.7 mmol) of 1-[2-(diethoxyphosphoryl)ethyl]-4-pyridin-4-
ylpyridinium bromide, dissolved in 35 ml of warm MeCN, 14.26 g (75,8 mmol) 1,2-
dibromoethane was added, and the reaction mixture was stirred at 80°C for 25 h.
After 3h a yellow precipitate was formed. The precipitate was filtered off and
thoroughly washed with MeCN and diethyl ether. The resulting yellow powder was
dried for 6h in HV (mg, 2.7 mmol, 73 % yield).

1-[2-(diethoxyphosphoryl)ethyl]-1’-(2-bromoethyl)-4,4’-bipyridinium bromide (1.6 g,
2,7 mmol) was dissolved in 170 ml of 1 M ag. HBr and heated for 72 h at 130°C
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under reflux. The cold mother liquor was evaporated to dryness, and the yellow
powder was isolated and dried for 36 h in HV (mg, 2.25 mmol, 83% yield).

1-(2-phosphonoethyl)-1’-(2-bromoethyl) 4,4’-bipyridinium salt (1 g, 1.8 mmol) was
dissolved in 180 ml methanol, and this solution was dropped to a solution of 5g (38.7
mmol) N-ethyldiisopropylamine in 20 ml methanol. The mixture was stirred at -10° C
for 20 h. The pH value of the solution was controlled and adjusted to pH=10. The
resulting solution was concentrated to about 50 ml and dropped into 250 ml ether.
The resulting precipitate was filtered off and washed thoroughly with ether and dried
for 24 h in HV. The crude material was purified by chromatography (Sephadex LH-
20, column: 35 x 3.5 cm, MeOH as eluent) to give a slightly colored product. Most of

the product polymerized, on the column as well as during the work-up).

'H-NMR: * not yet ready

6.2.25. ‘In-situ’ synthesis of 1,1’-[(5-{[1°-(2-phosphonoethyl)-4,4’-bipyridinium-1-

yllmethyl}-1,3-phenylene)bis(methylene)]bis(1’-vinyl-4,4’-bipyridinium)
hexabromide (25)

TO, - electrode | + opyr —> 2Br NN, +_\ ———> &pr
= — N |
\+| N &
N CH, BN, N
K/ o 263 -0
4 S
o o o7 o
TiO, - electrode
CyH2BrN,O,P C,.H,Br.N,O,P CusHBr.N,O,P
702 700 1226

TiO, plates were exposed to the anchoring electrophilic  1-[3,5-
bis(bromomethyl)benzyl]-1’-(2-phosphonoethyl)-4,4’-bipyridinium dibromide (8) 1 mM
in ethanol/water (1:1 vol.%)] for 1h at 20°C. The plates were then treated with 4-
pyridin-4-yl-1-vinylpyridinium bromide (26, 20 mM in MeCN) for 4h at 60°C, to
produce the surface-confined compound 1,1’-[(5-{[1-(2-phosphonoethyl)-4,4’-
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bipyridinium-1-ylJmethyl}-1,3-phenylene)bis(methylene)]bis(1’-vinyl-4,4’-bipyridinium)
hexabromide (25). The surface-confined compound (25) was checked by cyclic
voltametry applying a negative electrode potential (0 to -0.8 V vs. AgCl) in MeCN/0.2
M LiCIlO4 using 3 cyclic voltammetry scans (see chapter 3, figure 3.33).

6.2.26. Synthesis of 4-pyridin-4-yl-1-vinylpyridinium bromide (26)

Br

Br - .
7 — 7 —\+ N-ethyldiisopropylamine/MeOH 77N —\+
N B N +CHB, —> N@—@—\_ > N\ R\
188 Br
C10H3N2 an“BI’QN2 C12H11BrN2
156 344 263

The synthesis was performed according to a literature procedure [155, 156]. A
solution of 3.2 g (20.5 mmol) of 4,4-bipyridyl in 37.6 g (200 mmol) of 1,2-
dibromoethane was stirred for 6 h at 100°C. The resulting precipitate was filtered off
and washed thoroughly with ether. The yellow solid was isolated and dried for 24h in
HV (mg, 19.8 mmol, 97% yield).

1-Bromoethyl-4-pyridin-4-yl-pyridinium bromide (6.8 g, 19.8 mmol) was dissolved in
MeOH (180 ml) and dropped to a solution of 2.5 g (19.4 mmol) of N-
ethyldiisopropylamine in MeOH (20 ml) at -10 °C. The reaction mixture was stirred at
-10°C for 20h. The pH value of the solution was controlled and kept below 10. The
resulting solution was concentrated to about 50 ml and dropped into 250 ml of ether.
The precipitate formed was filtered off and then was dissolved in 50 ml of MeOH. The
precipitation procedure was repeated once to remove N-ethyldiisopropylamine
hydrobromide salt. At last, the precipitate was filtered off, washed thoroughly with
ether and dried in HV. The product was purified by chromatography (Sephadex LH-
20, column: 35 x 3.5 cm, MeOH as eluent) to give a slightly colored product (3.7 g,
14.4 mmol, 73% yield).

"H-NMR (250 MHz, D20): 9.00 (d, 3J[H,H] = 5.0 Hz, 2H), 8.67 (d, 3J[H,H] =
5.0 Hz, 2H), 8.37 (d, 3J[H,H] = 7.5 Hz, 2H), 7.83 (d,
3J[H,H] = 7.0 Hz, 2H), 7.46 (d,d, 3J[H] = 15 Hz, -
CH=, 1H), 6.13 (d,d, 3J[H] = 15 Hz, =CH trans, 1H),
5.77 (d,d, 3J[H] = 7.5 Hz, =CH cis, 1H).
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6.2.27. Synthesis of 1,1°,1”- [benzene-1,3,5-triyltris(methylene)]tris(1’-vinyl 4,4 -
bipyridinium) hexafluorophosphate (27)

| ~N
~
AN
|.J  6PF
Br N
; B . NH,PF,/H,0 NION
N, N : l_
A\ | J .
Br Br \IJ\rl /N\\
| \
X
+
VN 2
CgHgBr3 C12H11BrN2 C45H42F36N6P6
356 263 1536

A warm solution of 220 mg (0.84 mmol) of 4-pyridin-4-yl-1-vinylpyridinium bromide in
MeCN was dropped to a solution of 100 mg (0.28 mmol) of 1,35
tris(bromomethyl)benzene in MeCN (10 ml). The mixture was stirred for 30 h at 60°C.
After approximately 3 hours a first yellow precipitate was observed. The precipitate
was filtered off and washed thoroughly with MeCN and ether. The yellow solid was
isolated and dried for 24 h in HV (368 mg, 0.24 mmol, 86 % yield). The product was
purified by chromatography (Sephadex LH-20, column: 35 x 3.5 cm, MeOH as
eluent) to give 184 mg (0.12 mmol, 50% vyield) of 1,1’,1”-[benzene-1,3,5-
triyltris(methylene)]tris(1’-vinyl 4,4’-bipyridinium) hexabromide as a slightly yellow
powder.

1,1°,1”-  [Benzene-1,3,5-triyltris(methylene)tris](4-pyridin-4-yl)-1-vinylpyridinium  salt
(184 mg, 0.12 mmol) was dissolved in 20 ml of water, and 10 ml of a 10% NH4PFs
solution was added dropwise. The solid was filtered off, washed with cold water and
dried for 24h in HV to yield 101 mg (0.06 mmol, 21% yield) of 1,1’,1”- [benzene-
1,3,5-triyltris(methylene)tris](4-pyridin-4-yl)-1-vinylpyridinium hexafluorophosphate as

a light yellow powder.

"H-NMR (250 MHz, CDsCN)  9.54 (d, 3J[H,H] = 5 Hz, 6H), 9.46 (d, 3J[H,H] = 5 Hz,
6H), 8.87 (d, 3J[H,H] = 7.5 Hz, 12H), 7.67 (s, 3H)
7.83 (d, 3J[H,H] = 7 Hz, 2H), 7.46 (dd, 3J[H] = 15
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Hz, -CH=, 1H), 6.54 (dd, 3J[H] = 15 Hz, =CH trans,
3H), 6.02 (d,d, 3J[H] = 7.5 Hz, =CH cis, 3H) 5.95 (s,
6H).

6.2.28. Synthesis of 1,1’-bis(vinyl)-4,4’-bipyridinium dibromide (28)

2Br' " .
— N-ethyldusopropylamlne/MeOH +
N D +CHBr—>_\—/\ \—/\

__ /, s _\_ _\

CioHaN, C14H1GBF4N2 C.H.F.,BINP,
156 532 500

The synthesis was performed according to a literature procedure [155]. A solution of
1.6 g (10 mmol) of bipyridyl and 19 g (101 mmol) of 1,2-dibromoethane in DMF (150
ml) was stirred for 24 hours at 100°C. The resulting precipitate was filtered and
washed with diethyl ether and MeCN, respectively. The precipitate was dissolved in
methanol (200 ml) and filtered off. After evaporation of the mother liquor and drying
for 24 h in HV, 3.7 g (7 mmol, 70% yield) of 1,1’-bis(2-bromoethyl)-4,4’-bipyridinium
dibromide was obtained as yellow powder.

N-Ethyldiisopropylamine (1 g, 7.75 mmol) in methanol (5 ml) was slowly dropped into
a solution of 2 g (3.7 mmol) of 1,1’-bis(2-bromoethyl)-4,4’-bipyridinium salt in 300 ml
of methanol at -10 °C. The brown precipitate was filtered off, and the solution was
dropped into 400 ml of diethyl ether. The resulting precipitate was filtered off and
washed with diethyl ether. After drying for 24h in HV, 1 g (2 mmol, 54% yield) of
crude product was obtained. The product was purified by chromatography (Sephadex
LH-20, column: 35 x 3.5 cm, MeOH as eluent) to give 280 mg (0.56 mmol, 15% yield)
of 1,1’-bis(vinyl)-4,4’-bipyridinium dibromide as slightly yellow powder. Most of the
product polymerized on the column during the work-up).

"H-NMR (250 MHz, D20): 9.28 (d, *J[H,H] = 7.0 Hz, 4H), 8.63 (d, *J[H,H] =
7.0 Hz, 4H), 7.56 (dd, 3J[H] = 15 Hz, -CH=, 2H),
6.23 (dd, ®J[H] = 15 Hz, =CH trans, 2H), 5.85 (dd,
3J[H] = 7.5Hz, =CH cis, 2H).
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6.2.29. Synthesis of 1-methyl-1’-vinyl -4,4’-bipyridinium dihexafluorophosphate
(29)

I I'Br 1+ N-ethyldiisopropylamine/MeOH 2PF,
— = + NH,PF —\+
N D N—  +CHB, —>—NC\>—@+ 2+ TH.PR/RO > —\/ ), =\
= 188 = s = A
C11H11|N2
298 C,.HBrIN, CiHiFNP,
421 488

The synthesis was performed according to a literature procedure [155]. 1-Methyl-4-
pyridin-4-yl-pyridinium iodide (6 g, 20 mmol) (also prepared according to procedure
already described) and 40 g (95 mmol) of 1,2 dibromoethane in DMF (80 ml) was
heated for 10 h at 100°C. The resulting precipitate was filtered off and washed with
ether several time. After drying in vacuo (r.t., 24 h) 7.5 g (17.8 mmol, 89% yield) of 1-
methyl-1’-(2-bromoethyl)-4-pyridin-4-yl-pyridinium bromodiodide was obtained.
1-Methyl-1’-(2-bromoethyl)-4-pyridin-4-yl-pyridinium bromidiodide (7.5 g, 17.8 mmol)
was dissolved in MeOH (200 ml) and dropped slowly at -10 °C to 1.5 ml of an ag.
NaOH solution (10 M). After 13 hours, the solution was adjusted to pH = 5 with 48%
HBr ag. solution, and then the temperature were raised to 20°C. The solvent was
evaporated, and the crude product was purified by chromatography (Sephadex LH-
20, column: 35 x 3.5 cm, MeOH as eluent) to give 3.8 g (9 mmol, 50% vyield) of 1-
methyl-1’-vinyl-4,4’-bipyridinium salt as yellow powder.
1-Methyl-1’-vinyl-4,4’-bipyridinium salt (3.8 g, 9 mmol) was dissolved in 20 ml of
water, and 10 ml of a 10% NH4PFs solution was added dropwise. The solid was
filtered off, washed with cold water and dried for 24h in HV. 3.82 g (7.8 mmol, 44%
yield) of 1-methyl-1’-vinyl-4,4’-bipyridinium hexafluorophosphate as light yellow
powder was obtained.

"H-NMR (250 MHz, CDsCN): 9.0 (d, 3J[H,H] = 7.0 Hz, 2H), 8.89 (d, 3J[H,H] = 7.0
Hz, 2H), 8.49 (d, 3J[H,H] = 7.0 Hz, 2H), 8.42 (d,
3J[H,H] = 7.0 Hz, 2H), 7.55 (dd, 3J[H] = 15 Hz, -
CH=, 1H), 6.31 (d,d, 3J[H] = 15 Hz, =CH trans, 1H),
6.24 (dd, 3J[H] = 7.5Hz, =CH cis, 1H), 4.43 (s, 3H).
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6.2.30. Synthesis of ferrocenyl-1,1’-diacid fluoride (30)

= e = oo
Pyridin

Fe +CFN, ———> Fe

HOOC—@ FOC —@
C.H.FeO, CuH,F.FeO,
274 278

The synthesis was performed according to a literature procedure [153]. 1,1
Ferrocene-dicarboxylic acid (0.5 g, 1.82 mmol) was dissolved in 30 ml of dry CHxCl>
under argon, and 0.5 ml (6.5 mmol) of pyridine was added dropwise. The mixture
was cooled to 0°C. Then, 1.3 ml (6.3 mmol) of cyanuric fluoride was added, and the
mixture was vigorously stirred for 1h. After the reaction was finished, the mixture was
poured into 30 ml of ice/water. The organic phase was separated and washed twice
with water (30 ml, each). The mixture was dried (CaCl,), filtered and concentrated in
vacuo. The product was crystallized from acetone/water. After drying for 24h in HV,
406 mg (1.46 mmol, 80% yield) of ferrocenyl- 1,1’- diacid fluoride was obtained as
red-orange crystals.

"H-NMR (250 MHz, CDsCl): 5.0 (s, 4H), 4.73 (s, 4H).

6.2.31. Synthesis of 1-(2-mercaptoethyl)-1-(ferrocenylmethyl) amine (31)

@—COH @-CH=NC2HASH @—cmNH C.H,SH
DMPA NaBH,

Fe + NH,C,H,S,C.HNH, Fe _NeBH.
CuHiuFeO CHN.S, Ci;H,FeNsS C,.H,FeNsS
214 152 273 275

4-Dimethylaminopyridine (DMPA) (488 mg, 4 mmol) and 225 mg (1 mmol) of
cystamine were dissolved in methanol (30 ml) under argon. Then, ferrocene
carbaldehyde (428 mg, 2 mmol), dissolved in methanol (10 ml), was added drop wise
during 1h. The mixture was stirred for 6 hours at 80 °C. The mother liquor was
evaporated, and the Schiff base (red solid) was dissolved in 20 ml of ethanol to which
225 mg (5.7 mmol) of NaBH4 were added. The mixture was heated with caution to
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reflux for about 4 h, and mother liquor was then evaporated. The resulting oil was
dissolved in 30 ml of petrol ether and extracted with 30 ml of water/HCI. The aqueous
phase was separated, neutralized with KOH, and extracted with CH,Cl,. The organic
layer was dried (Na>S0Q.), and the solvent was evaporated. The product was dried in
vacuo (r.t., 48 h) to yield 264 mg (0.96 mmol, 48% yield) of N-(2-mercaptoethyl)-N-
(ferrocenylmethyl) amine as a hygroscopic red oil.

"H-NMR (250 MHz, CDsCl): 7.0 (s, 1H), 4.20 (s, 3H), 4.27 (s, 6H), 3.54 (s, 2H),
3.30-2.80 (brs, 4H), 1.94 (s, 1H).

6.2.32. Synthesis of 1-(2-mercaptoethyl) ferrocene carboxamide (32)

@—cm @—cw HC,H,SH
DMPA

Fe + NH,C,H,S,CHNH, ———> Fe
P CHNS,
152
C,,H,FFeO C,H,;FeNS
232 273

4-Dimethylaminopyridine (DMPA) (244 mg, 2 mmol) was suspended together with
112.5 (0.5 mmol) of cystamine in CHxCl> (30 ml) under argon and heated at 40°C.
Then, fluorocarbonylferrocene (232 mg, 1 mmol) - prepared according to [153] and
dissolved in dry CH2Cl, (10 ml) - was added drop wise during 1h. The mixture was
stirred for 15 hours at 60 °C. The precipitate and the solid obtained after evaporation
were dissolved in 30 ml of water/Na,COs (pH~12), and extracted with 10 ml of
CHCl». The organic layer was washed with water and dried over MgSQO; to yield -
after solvent evaporation and drying in vacuo (r.t., 24h) - 250mg (0.86 mmol, 86%) of
N-(2-mercaptoethyl) ferrocene carboxamide as intense orange crystals.

'H-NMR (250 MHz, CDsCl):  7.06 (s, 1H), 4.82 (s, 2H), 4.40 (s, 2H), 4.27 (s, 5H),

3.77 (9, %J [H,H] = 6.1Hz, 2H), 3.02 (t, *J[H,H] =
10.4 Hz, 2H), 1.28 (s, 1H).
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6.2.33. Synthesis of 1,1’-bis(2-aminoethyl)-1-{2-[(ferrocenylmethyl)amino]ethyl}
amine (33)

@—COH @—CH:NCQH4N(CZH4NHZ)2 @—CHZNHCQH4N(CZH4NH2)2
NaBH,

Fe + N(CEHANHz)a > Fe _— Fe

> <= <=
146
CMHwoFeo CiH,FeN, C,;HiFeN,
214 342 344

The synthesis was performed according to a literature procedure [55]. Tris(2-
aminoethyl)amine (614 mg, 4 mmol) was dissolved in toluene (20 ml) under Ar, and
312 mg (1,5 mmol) of ferrocene carbaldehyde, dissolved in 10 ml of toluene, were
added within 1h drop wise and reacted for 6 h at 110°C. The mother liquor was
evaporated, and the Schiff base (red solid) was dissolved in ethanol (20 ml) to which
225 mg (5.7 mmol) of NaBH4 were added. The mixture was heated with caution to
reflux for about 4 hours, and the mother liquor was than evaporated. The resulting
red oil was dissolved in 50 ml of petrol ether and extracted with 50 ml of water/HCI.
The aqueous phase was separated, neutralized with KOH, and extracted with 70 ml
of CH2Cl,. The organic layer was dried (Na>SO4). The solvent was evaporated, and
the product was dried in vacuo (rt 48 h) to yield 303 mg (0.88 mmol) of N,N-bis(2-
aminoethyl)-N-{2-[(ferrocenylmethyl)amino]ethyl}amine as a hygroscopic red powder
in 53 % yield.

MS (25°C, API-ES Positive): 345.1 (100 M"),
"H-NMR (250 MHz, CD3Cl): 4.26 (s, 3H), 4.15 (s, 6H), 3.68 (s, 2H), 3.01-2.55
(brs. 12H), 2.19 (s, 1H), 0.90-0.87 (brs., 4H)

6.2.34. Synthesis of 1-{2-[bis(2-aminoethyl)amino]ethyl}ferrocene- carboxamide
(34)

@—COF @CON HC,H,N(C,H,NH,),

Fe +N(C,HNH,), ——> Fe

@ C.H.N.S, @
152
C,H,FFeO C,;H,;FeN,O
232 358

The synthesis was performed according to a literature procedure [55].
Fluorocarbonylferrocene (232 mg, 1mmol) (prepared according to the method
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described to a literature[153] was reacted with 600 mg (4.1 mmol) of tris-N,N,N-(2-
aminoethyl)amine in 10 ml of dry CHxCl,, under Ar at r.t. for 5h. The reaction mixture
was filtered, and the mother liquor was evaporated. The crude product was dissolved
in 30 ml of water/NaCOs; (pH~12) and extracted three times with 10 ml of CHCl».
The combined organic layers were dried over MgSO, *2H,0 at r.t., filtered, and the
solvent was evaporated yielding 265 mg (0.73 mmol, 73% yield) of compound 4 after

drying in vacuo (rt, 48h) as intense orange crystals.

MS (25°C, API-ES Positive): 359 (100 M*).

"H-NMR (CDsCl): 7.06 (t, 1H), 4.76 (s, 2H), 4.33 (s, 2H), 4.21 (s, 5H),
3.49 - 3.48 (t, 3J(H,) = 7.5 Hz, 2H), 2.86 - 2.77 (m,
4H), 2.71 - 2.54 (m, 4H), 2.20 (s, 2H), 0.9 - 0.85 (t,
3J(H,) = 5.0 Hz, 4H).

6.2.35. Synthesis of 1,1’-bis{[bis(aminoethyl)amino]ethyl}ferrocene-
dicarboxamide (35)

@— COF @CON HC,H,N(C,H,NH,),

Fe +N(CHNH,), —> Fe

@ COF CH.N, @CON HC,H,N(C,H,NH,),
146
C12H10F2Feo4 CMHMFENBO2
278 530

The synthesis was performed according to a literature procedure [55]. Di-
fluorocarbonylferrocene (139 mg, 0.5 mmol) (prepared according to the method
described in the reference [153] was reacted with 600 mg (4.1 mmol) of tris-N,N,N-(2-
aminoethyl)amine in 10 ml of dry CHxCIl> under argon at r.t. for 3h. The reaction
mixture was filtered, and the mother liquor was evaporated to yield the crude product
which was broken apart by ultra sound and washed several times with ether (10 ml,
each). N,N'-bis{[bis(aminoethyl)amino]ethyl}ferrocene-dicarboxamide was obtained
as an intense red powder (140 mg, 0.26 mmol, 52% yield) which is soluble only in
acidified water.

139



MS (25°C, API-ES Positive mode, 50V):

"H-NMR (250 MHz, D;0+DCl):

531(M*H*,25),  266.1
177.7 (M *3H*, 25).

(M*2H*, 40),

4.37 (s, 4H), 4.34 (s, 4H), 3.06 - 3.00
(br. s, 24H).

6.2.36. Synthesis of fluorocarbonylferrocene (36)

@—cow

Fe + Cs Fst

<>

C,,H,,FeO,
274

Pyridin
é
C,,H,FFeO
232

The synthesis was performed according to a literature procedure [153]. A suspension

of 1 g (8.6 mmol) of ferrocenecarboxylic acid and 0.6 ml (7.2 mmol) of pyridine in dry

CH.CI> (25 ml) was cooled to 0°C under argon. Cyanuric fluoride (1.2 ml, 7.2 mmol)

was added, and the mixture was stirred for 1.5 h. A red precipitate was observed.

The mixture was treated with ice-water, and the suspension was filtered. The organic

layer was separated and washed twice with cold water (25 ml, each). The resulting

solution was concentrated, and the crude product was purified by column

chromatography [silica gel, column: 35 x 4 cm, solvent: hexane/EtOAc (6:1, v/v)] to

give 808 mg (3.4 mmol, 94% yield) of fluorocarbonylferrocene as dark orange

crystals.

"H-NMR (250 MHz, CD4CI):

4.85 (s, 2H), 4.58 (s, 2H), 4.31 (s, 5H).

6.2.37. Synthesis of fluorocarbonylferrocene-dimethylester (37)

Fe + CH,OH

@ COF

C.HF.FeO,
278

Pyridin

@— COOCH,

Fe

@cooom

C.H,FeO,
302
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The synthesis was performed according to a literature procedure [153]. A solution of
73.5 mg (0.26 mmol) of di-fluorocarbonylferrocene (prepared according to the
method described in the literature [153]) in 3 ml of dry CH2Cl, was added slowly to
solution of methanol (0.26 mmol) containing 31.7 mg (0.26 mmol) of DMAP. The
mixture was stirred at room temperature for 12 h. The mixture was filtered and
washed with CHxCl,. The mother liquor was evaporated and dried for 12h in HV. The
fluorocarbonylferrocene was obtained as an orange powder (57 mg, 0.19 mmol, 76%

yield).

"H-NMR (250 MHz, CD;CN): 4.69 (s, 4H), 4.68 (s, 4H), 3.68 (s, 6H).
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Chapter 7

Summary

In this work a new approach for the immobilization of electroactive compounds on
mesoporous electrodes is described. It consists in the formation of a self assembled
monolayer on the inner walls of the mesopores (ITO, FTO, ATO, TiO,). This layer
was then cross-linked and grown towards the center of the pore using substitution,
condensation or electropolymerisation reactions.

The cascade type reaction was used for three types, of applications:

a) electrochromic film based an viologen multilayers on mesoporous TiO;

b) high capacity redox active films based on ferrocene multilayers on
mesoporous ATO;

C) electrocatalytic films based on vitamin B> multilayers on mesoporous TiO,.

Electrochromic films

Starting point of this work was a new technique for the preparation of high resolution
electrochromic images which has been developed in our group. A drawback was the
weak intensity and the insufficient stability of the ink-jetted electrochromic picture.

In my work | developed a cross-linking procedure that allows the preparation of
stable electrochromic picture with increased contrast and durability of more than 18
months.

It involved the syntheses of on-purpose prepared molecular units with latent or fully
developed electrochromic properties. The units were 4,4’-bipyridins with optional N-
alkyl, N-benzyl or N-phenyl groups exhibiting nucleophilic or electrophilic character,
or equipped with TiO, anchoring groups.

The cascade reaction yielded electrodes of different surface concentration and
different degree of pimerisation.

Moreover, it was possible to optimize durability and contrast to the point of

commercial requirements.
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Cascade type preparation of modified electrodes

anchoring group

EAG NAG
. L

Electrode

l

NBB cascade steps (n) EBB

NEG EEG

N £

multilayer-modified optically
transparent electrochromic or catalytic electrodes
(OTEs)

N: nucleophilic, E: electrophilic, AG: anchoring group, BB: building block, EG: end group;

The optimization of the counter electrode was achieved by a similar procedure, but
using ferrocene derivatives. The charge capacities obtained from multilayer cross-
linked and amplified ferrocene-on-ATO electrodes was excellent except far a
greenish tint due to ferrocene in the oxidized form.

Finally the cascade type reaction sequence was applied to vitamin By, derivatives in
order to prepare catalytically active TiO» electrodes.

Different procedures, including ester type linkage and Sy2 type N-alkylation were
used for this purpose.

The B> modified electrodes showed increased stabilities, higher turn over numbers
and larger turnover rates as compared to Bi, modified electrodes on the same
support, but without cross linker.

The electrodes catalyzed efficiently the reduction of vicinal dibromides without loss of

the catalyst from the support.
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Zusammenfassung

In dieser Arbeit wird ein neuer Ansatz beschrieben, elektroaktive Verbindungen auf
mesopordsen Elektroden zu fixieren. Dies wurde erreicht durch die Bildung eines
sich selbst organisierenden Monolayers auf der Innenseite eines mesoporésen
Tragers (ITO, FTO, ATO, TiO,). Dieser Layer wurde dann vernetzt und in Richtung
des Porenzentrums weiter aufgebaut durch Substitutions- Kondensations- oder

Elektropolymerisations- Reaktionen.
Diese Kaskadenreaktion wurde flir drei Arten von Anwendungen verwendet:

a) elektrochrome Filme, basierend auf Viologen - Multilayern auf mesoporésem
TiOo.

b) hoch speicherfahige redoxaktive Filme, basierend auf Ferrocen - Multilayern
auf mesoporésem ATO;

C) elektrokatalytische Filme, basierend auf Bs> — Multilayern auf mesoporésem
TiOs.

Elektrochrome Filme

Ausgangspunkt dieser Arbeit war eine neue Technik flr die Herstellung
hochaufgelOster elektrochromer Bilder, die in unserer Arbeitsgruppe entwickelt
wurde. Ein bisheriger Mangel war die schwache Intensitdt und die unzureichende
Stabilitat der elektrochromen Bilder.

In der vorliegenden Arbeit habe ich ein Vernetzungsverfahren entwickelt, welches die
Herstellung stabiler elektrochromer Bilder mit verbessertem Kontrast und einer
Haltbarkeit von mehr als 18 Monaten erlaubt.

Es beinhaltet die Synthesen von molekularen Einheiten mit latent vorhandenen oder
voll entwickelten elektrochromen Eigenschaften. Diese Einheiten waren 4,4°-
Bipyridine, die entweder mit optionalen N-alkyl, N-benzyl oder N-phenyl Gruppen mit
nukleophilem oder elektrophilen Eigenschaften oder mit TiO, Ankergruppen
versehen waren.

Die Kaskadenreaktion ergab Elektroden mit unterschiedlichen
Oberflachenkonzentrationen und unterschiedlichen Pimerisationsgraden.
Dartberhinaus gelang es, die Haltbarkeit und den Kontrast so weit zu steigern, dass

sie kommerziellen Anspriichen genigen.
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Kaskadenreaktionstyp fiir die Vorbereitung der modifizierten Elektroden

Ankergruppen

EAG X f NAG

Elektrode

NBB Kaskadenschritt (n) EBB

NEG EEG

N £

Multilayer -modifizierte optisch
transparente elektrochrome oder katalytische Elektroden
(OTEs)

N: nucleophilic, E: electrophilic, AG: Ankergruppen, BB. Bausteine, EG: Abschlussgruppen;

Die Optimierung der Gegenelektroden wurde durch ein ahnliches Verfahren erreicht
unter Verwendung von Ferrocen- Derivaten. Die Ladungskapazitaten, die durch
Multilayer Vernetzung auf ATO-Ferrocen Elektroden erhalten wurden, waren
hervorragend mit Ausnahme der Tatsache dass ein schwach griner Farbton,

verursacht durch oxidiertes Ferrocen, vorhanden war.

SchlieBBlich wurde die Kaskadenreaktion auf Bis

Herstellung von katalytisch aktiven TiO, Elektroden.

Derivate angewendet zur

Verschiedene Verfahren, einschlieBlich Esterbindung und N-Alkylierung vom Sy2-

Typ wurden fir diesen Zweck verwendet.
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Die mit By, modifizierten Elektroden zeigten verbesserte Stabilitdt, hdhere ,turn
over‘- Zahlen und gr6Bere ,turn over“-Raten im Vergleich zu unvernetzten Bi»
modifizierten Elektroden.

Die Elektroden katalysierten effizient die Reduktion von vicinalen Dibromiden ohne

Abldsung des Katalysators vom Tragermaterial.
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Abbreviations

SAMs Self-assembled monolayers

LB Langmuir-Blodgett

ATO Antimony tin oxide

FTO Fluoro tin oxide

ITO Indium tin oxide

TiO» Titanium dioxide

EAG Electrophilic anchoring groups

NAG Nucleophilic anchoring groups

EBB Electroleophilic building blocks

NBB Nucleophilic building blocks

EEG Electrophilic end group

NEG Nucleophilic end group

PB Prussian Blue

ECD Electrochromic devices

OTEs Optically transparent electrod

VLSI Very large scale integrated circuits
AR Antireflective

VB Valence band

CB Conduction band

CBE Conduction band edge

LUMO Lowest unoccupied molecular orbitals
HOMO Highest unoccupied molecular orbitals
EC Electrochromic

E- Electrode (TiOy, FTO, ITO or ATO)
UV-VIS Ultraviolet-visibile spectrophotometry
CVv Cyclovoltammetry

r Surface concentration

LP Lithiumperchlorat /Fluka

MeCN Acetonitrile /Merck

PEG 200 Polyethylene glycol 200 /Fluka
TEG-DiMe Tetraethylene glycol dimethyl ether /Fluka
EG Ethylene glycol /Fluka

v-BL+G v-Butyrolactone and glutaronitrile /Fluka
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v-BL+G v-Butyrolactone and 3- methoxypropyonitrile /Fluka

APS Aminopropyl triethoxy silane /Acros

Fecp Ferrocene

TBAP Tetrabutylammoniumhexafluorophosphate /Merck
PC Propylencarbonate /Merck

HAC Acetic acid /Fluka

DBEt 1,2 Dibromoethane /Fluka

DBCH Dibromocyclohexane /Fluka

EDTA Ethylen-diamin- tetra-acid

EtOH Ethanol /Merck

MeOH Methanol /Merck

HBr Hydrobromic acid /Merck

HBr/AcOH Hydrogen bromide /glacial acetic acid /Merck
HCI Hydrochloric acid/Merck

EtOAc Ethylacetate /Merck

DMPA 4-Dimethylaminopyridine /Fluka

HV High vacuum

r.t. Room temperature

CC1-5and CC8-14  Commercial compounds /Fluka, Merck or Acros
CC6-7 and CC15-17 Compounds prepared by B. Steiger

0.11-0.24 Intermediary synthesis compounds

1-37 Synthesis compounds
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