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| | Abbreviations

> x>

>

AMI1.5G

a.u.

acac
acacH
OlAllyl
QDonor
arG

OoN3

QoMs

270) %

ORu
allyl-acac
allyl-acacH
Allyl-PG
A-PG-N3
aq.

Athick
Athick,allyl

bpy

calc.
CP MAS NMR
d

D
d
o

entry

acceptor
absorbance

see nomenclature
acceptor-precursor

standarized global solar emission spectrum at 48° incident angle

(corresponds to the solar emission on a clear spring day in middle Europe at
[1]

noon)

arbitrary units

acetylacetonato

acetyl acetone

degree of functionalization with allyl groups

degree of functionalization with aminonaphthalimide units (energy donor)
degree of functionalization with functional group FG
degree of functionalization with azide groups

degree of functionalization with mesyl groups
degree of functionalization with propyl groups
degree of functionalization with [Ru(dcbpy)sacac]”
oct-7-en-2,4-dione anion

oct-7-en-2,4-dione

allylated PG

acceptor functionalized polyglycerol azide (see also nomenclature)
aqueous

see nomenclature

see nomenclature

2,2'-bipyridine

calculated

cross polarization magic angle spinning NMR

day

donor

thickness

chemical shift
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D-Allyl-PG
D-A-PG
D-A-PG-N3
dcbpy
DCM
di-Me-dcbpy
DMF

Am mo'l
DMSO

An

DSC

Dihick

e.g.

EE

en

eq.

EQE

EQFE cceptor
EQE,.,,
EQERgt
EQEjim

donor-functionalized allylated polyglycerol
donor acceptor-modified polyglycerol derivatives
donor acceptor-modified polyglycerol derivatives
4,4'-dicarboxy-2,2'-bipyridine
dichloromethane
4,4'-dicarboxy-2,2'-bipyridine dimethyl ester
N,N-dimethyl formamide

mass loss

dimethyl sulfoxide

refractive index difference

dye solar cell

see nomenclature

for example

ethyl acetate

ethylene diamine

equation

external quantum efficiency

EQE mediated via acceptor absorption
experimental EQE

EQE mediated via resonant energy transfer
simulated EQE

equations

energy transfer efficiency

ethanol

injection efficiency

anisotropy decay time

fluorescence quantum yield

photon flux

hour

global power conversion efficiency

hyperbranched polyglycerol

incident photon to current efficiency (same as EQE)
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IR

v

Jsc

Aabs, max
A

Aem, max
LHE
LHE\
IPG
MA
MAA
MeOH
MMA
MMAA
n.d.

n.p.

Nrg

N

N3
N719
N719
N719+D
NMP
NMR
PA
PDA
PG-N;
PG-OMs
PHMS
ppm
propargyl-acac
Pt-cat.

py-ds

infra red

current-voltage

short circuit current

wavelength of maximum absorption

wavelength

wavelength of maximum emission

light harvesting efficiency

light harvesting efficiency mediated by acceptor absorption
linear polyglycerol

methyl acrylate

metacrylic acid

methanol

methyl metacrylate

methyl metacrylic acid

not determined

not present

number of functional groups FG

number of protons accounting for an NMR signal
[Ru(dcbpy)>(NCS), ]
[Ru(dcbpy)2(NCS),]-di-tetrabutylammonium salt
see nomenclature

see nomenclature

N-methyl pyrrolidone

nuclear magnetic resonance

see nomenclature

see nomenclature

polyglycerol azide

polyglycerol mesylate
poly-dimethyl-co-hydromethy-siloxane

parts per million

oct-7-in-2,4-dione anion
Platinum-1,1,3,3-tetramethyl-1,3-divinyldisiloxane in Xylene (2.1%)
deuterated pyridine
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Ro
RT

TBA-OH
TEM
TEOS
TGA
THF
THF-dsg
TLC
TPS

UF
UV-Vis
X Acceptor
XDonor

ZDA

fluorescence anisotropy

Forster radius

room temperature

fluorescence lifetime

time

transmission
tetrabutylammonium hydroxide
transmission electron microscopy
tetracthoxysilane
thermogravimetric analysis
tetrahydrofurane

deuterated tetrahydrofurane
thin layer chromatography

trimethylsilylpropanesulfonic acid
[MesSi(CD;);SO3D, NMR-standard for D,0]

ultrafiltration

ultraviolet and visible

fraction of light absorbed by the acceptor
fraction of light absorbed by the donor

donor acceptor ratio

VIII



ABBREVIATIONS AND NOMENCLATURE

I Nomenclature

ILT Glossary

acceptor unit [Ru(dcbpy).acac]Cl and its derivatives or a residue comprising this
complex
donor unit alkylated 4-aminonaphthalimide derivatives or a residue comprising

this aromatic system

fluorol unit donor unit

II.II Aminonaphthalimides

R=R'=Bu;R"=H Fluorol 7GA, commercial laser dye

Aminonaphthalimides were named by attaching the names of R, R’, and R" in front of
“fluorol.” If there was a chloride atom in the 4 position, “chloro” was attached. R” = H is
omitted. The following residues were abbreviated

R’ = (CH,);SiMe,(CH;),SiMe,H:  “hydrosilyl”

R’ = (CH;);SiMe,(CH;),SiMe,(CH;)sCO-CH,CO-CH;3:  “acacH”

ILIII Polymers

PG-OMs ,0ms polyglycerol mesylate with a degree of functionalization of aoms
PG-N3_ an3 polyglycerol azide with a degree of functionalization of an;

D oponor-Allyl-PG allylalted polyglycerol with a degree of donor funct. of aponor
Aru-PG-N3, o\3 acceptor functionalized polyglycerol azide with ans. The

degree of functionalization with acceptor groups is Ry
with respect to PG-units.

D.pa-Aru-PG-N3, N3 donor acceptor functionalized PG. The PG azide had an initial
degree of functionalization of a3, the degree of
functionalization with acceptor groups is ary, and the donor
acceptor ratio on the polymer is zpa.

IX



ABBREVIATIONS AND NOMENCLATURE

ILIV Dye Solar Cells

Throughout the thesis the device names below are formatted in boldface. Unless stated
otherwise, the photoelectrode thickness was 3.7 um. The index “thick” indicates an electrode
thickness of 8 um.

A Cell stained with [Ru(dcbpy),acac]Cl

Ay, thick Cell stained with [Ru(dcbpy),allyl-acac]Cl and an photoelectrode
thickness of 8§ um

Athick Cell stained with [Ru(dcbpy),acac]Cl and an photoelectrode thickness of 8 pm.

Dihick Cell stained with 4-carboxybutyl butyl fluorol and a
photoelectrode thickness of 8 pm

N179 Cell stained with N719

N179+D Cell stained with a mixture of N719 and 4-carboxybutyl butyl fluorol

PA Cell stained with Aj90,-PG-N3_ 409
PDAyg Cell stained with Dg g-Asy,-PG-N3_ 301
PDA, Cell stained with D;-A 2004)-PG-N3, 304,
PDA, Cell stained with D3 7-Agy-PG-N3_ 60
PDAs Cell stained with Ds-A100)-PG-N3, 100%
PDA, Cell stained with D7-A100)-PG-N3_ g5,
PDAg¢ Cell stained with Dg-A30,-PG-Nj3, 309



INTRODUCTION

1 Introduction

One of today’s major challenges is the energy management for a globally increasing
population and prosperity. Awareness of the limitations posed by finite natural resources,
notably the fossil fuels, is spreading partially because of rising energy costs. There are two
major, viable strategies for reconciling the right of populations from second and third world
countries to catch up on quality of life with the need to contain the consequences resulting
from an increasing inavailability of energy: (i) energy production based on renewable
resources and (ii) a more efficient energy use of today’s applications and life-style. These
challenges have led to an increased motivation for sponsorship and promotion of research and
developments in alternative technologies for energy conversion and saving. The topic of this
thesis is in part in response to the need for the new technological developments in order to
help solving the ecological and energy related problems facing the the world right now.

In particular, the dye solar cell (DSC) has the potential to be produced at low-cost and
with a low energy input. In this work the concept of applying energy transfer as a means to
increase dye solar cell efficiency, as suggested for the first time by Amadelli e al. in 1990,
has been evaluated here in greater detail. As a result, its potential in future dye or alternative

hybrid solar cell applications has been highlighted.

1.1 Dye Solar Cell

In the past few years the interest in alternative photovoltaic technologies, especially with res-
pect to reducing production cost and new properties (e.g., flexibility), has encouraged exten-
sive research efforts in the fields of organic and supramolecular photovoltaic devices. One
major field of research deals with the dye sensitized solar cell (DSC, Gritzel-cell),”*! which
features potentially low production costs due to the fact that the materials used in the
assembly of this device are commodities, e.g., TCO and TiO,. The state of the art for the
overall efficiency in DSCs is 10% for individual cells."*! This efficiency, which is comparable
to that of amorphous silicon solar cells, was reached by the optimization of the individual
components and materials used for its assembly. In the following three chapters the setup and
principle of the DSC is described, as well as the electrical characteristics and spectral

properties.
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1.1.1  Setup and Principle of the Dye Solar Cell

Figure 1a presents the setup and individual components of a DSC schematically.

a) Conducting
glass
/ TiO, Dye Electrolyte Cathode
Injection'.,.;:; -
—
E ;Maximum
I j voltage
- m
= -
& Red —T _ Ox*
"~ Mediator
Interception Diffusion
—SOS+
L " >
e
-------- B

Figure 1. a) Schematic setup of the DSC. The spatial arrangement of the cell’s éomponents is
indicated in combination with their energy levels (y-axis of the scheme). The dashed arrows indicate
the way of the electrons through the device. b) Scanning electron micrograph of the surface of a

mesoporous TiO, film (anatase) used as support for the dye and thus as front electrode within a
DSc.M

They include the front electrode, which comprises (i) the transparent conducting substrate
(TCO) for (ii) the nanoporous TiO,-layer (Figure 1b) which carries in turn (iii) the redox-
active dye. The back electrode (cathode) is functionalized with a catalytic layer and may be
designed transparently as well. The electrodes are connected by an electrolyte containing a

redox couple (mediator). The latter consists typically of an I" /I; -system. The device opera-

tion consists in the sequence of processes shown in equations (1.1) to (1.4).

S+hv——>S8" (1.1)
S"+Ti0, —— S* +Ti0O,(e") (1.2)
. 3 1
S*+=T ——S+—1; (1.3)
2 2
%I;+e‘—>%l; (1.4)

Initially a photon is absorbed (k) effectuating the dye being transferred from its ground (S°)

into its excited state [S*, eq. (1.1)]. Then electron injection into the TiO, takes place

[Injection, eq. (1.2)] leaving the dye in its oxidized state (S", a hole is produced on the dye).

The electron diffuses through the nanoporous TiO, to the front electrode and the hole is

transferred from the dye to the electrolyte [Interception, eq. (1.3)]. Finally the holes diffuse to
2
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the back electrode. The processes shown in egs. (1.1) — (1.3) provide efficient charge

separation and lead to a photovoltage under illumination."’

On connecting a load to the
contacts (front and back electrode of the device) electrical power may be extracted from the
device; a photocurrent flows from the front electrode through the load to the back electrode.

The electrons that flowed through the external circuit then recombine at the back electrode
with the holes [I;, eq. (1.4)] and thus regenerate the system into the state it was in prior to

light absorption. Ideally, there is no net change in the chemical constitution of the cell’s com-
ponents, thus the DSC is also termed as regenerative electrochemical photovoltaic cell. The
processes described so far all contribute to the conversion of light to energy, however, not
every photon absorbed by the device necessarily leads to the generation of an electron to be
collected at the front electrode. The following factors may play a role in decreasing the
device’s performance: (i) absorption of light not followed by electron injection [e.g., absor-
ption by the electrolyte or absorption of a dye molecule not connected electronically to the
Ti0, semiconductor, eq. (1.5)]

S+hy——> S —— S +heat (1.5)
and (i1) recombination of electrons that have been injected into the conduction band of TiO,

with the holes in the electrolyte [e.g., triiodide, eq. (1.6)].

%IS+Ti02(e)—>%I3+TiO2 (1.6)

1.1.2  Electrical Characteristics of a Photovoltaic Device

The characteristics of a photovoltaic device are generally determined via the measurement of
a current voltage curve (IV-curve) under illumination. During this measurement the current
that is extracted from the illuminated device is determined as a function of a bias voltage that
is applied to the device (Figure 2). This measurement allows extracting of the following
electrical characteristics for a specific illumination: (i) the open circuit voltage Uk, (ii) the
short circuit current density js. and (iii) the fill factor FF. The open circuit voltage U, in the
device is caused by the difference in the electron concentration in the conduction band under

illumination (ncg™™™*%) and in the dark (nc™).
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Figure 2. Typical IV-curve for a DSC under illumination. The current density j is plotted as a
function of the bias voltage U.

The dependence of the latter two values and U, is described by eq. (1.7).t":¢7

illuminated
kT . n
G PR S
U, =—In——

e Hep

(1.7)

Jse 18 largely dependent on the solar cell’s spectral properties and is thus described in the next
section. The fill factor is defined as the fraction between the maximal extractable power of
the device (=jmpp - Umpp) and the product of ji. and U, [eq. (1.8)].

pr = LV (1.8)

JoeUoe

The latter measurement allows the determination of the global efficiency 7g10pa1 Of a solar cell,
which is defined in eq. (1.9) as the ratio between the maximum power extractable from the
device and the incident power Pi,. (ca. 1000 W m2 for full sunlight).

.Uy, - FF
p=de e T 2 (1.9)

mc

1.1.3  Spectral Characteristics of a Photovoltaic Device

The amount of light that is absorbed by the cell is referred to as the light-harvesting efficiency
LHE which depends on the surface concentration / and the extinction coefficient ¢ of the dye
in the cell.l!” This wavelength-dependant function may be calculated according to eq. (1.10) if

the cell is transparent.!"

LHE(A)=1-10"*" (1.10)
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Furthermore, the ratio between the number of incident photons and collected electrons is

referred to as external quantum efficiency EQE. EQE(A) for devices stained with one

sensitizer is proportional to LHE(A) [eq. (1.11)]. The proportionality factors are the injection

(#nj) and collection (77.0n) efficiencies. Since these efficiencies were not determined
separately in this work they will be summarized as & in the following [eq. (1. 12)].1

EQE(A) =@, LHE() (1.11)

billoon =k (1.12)

The short circuit current density jg is a function of the spectral properties of both the solar

cell, as characterized by the EQE(A), and the light source, as described by its photon flux
DA(A) [eq. (1.13)].

F 800 nm
jo=— j EQE(1)-®(A)dA (1.13)
A4 300 nm
F = Faraday constat
Ny = Avogadro constant

1.1.4 Sensitizers

Research towards novel sensitizers is one of the most active areas in basic DSC research. A
variety of sensitizers that has been evaluated in the DSC is presented in Scheme 1. Initial
success was achieved especially with carboxylated Ru polypyridyl complexes. Today’s
standard sensitizer is [Ru(dcbpy)>(NCS),] (“N3”, 1) or rather its bis-tetrabutylammonium salt
termed “N719” (2). This sensitizer is commercially available and was the first one to give
devices with 77> 10%.1"*) The latter dye collects photons up to 750 nm, however, a consider-
able fraction of the solar emission is in the near IR. In order to harvest this part of the
sunlight efforts were undertaken to find dyes which absorb further into the near IR region of
the solar emission spectrum. Such dyes are the terpyridine based Ru-complex termed “Black

Dye.”[IO]

With respect to the application of the devices a good efficiency is only one
condition. Equally if not more important is their stability. The motivation for the deve-
lopment of amphiphilic sensitizers like the dyes “Z907” (3) and “K 19 (4) were their superior
long-term stability (“K 19 reveals a more efficient light harvesting in the near IR due to the

more extended 7-system on one bpy-ligand).!'" '
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Ru-based sensitizers:

1: "N3" 2: "Black Dye"

Organic sensitizers:

7: "JK2"

\ s
S%\s ¥ Q
N
Stoo 5: "D149 O NEtzH* 6: "B1" HO,C™ N\,
HO

Scheme 1. Selection of sensitizers based on Ru-complexes and purely organic dyes that have been
described in the literature.

Furthermore, there is a large interest in developing new purely organic dyes, which are
suitable as sensitizers for the DSC.!"*!! This interest can be partially rationalized by the fact
that the extinction coefficient of some classes of organic dyes (e.g., perylene- and xanthene-
based dyes) are about one magnitude larger than that of the presently used Ru-based dyes
(e.g., N719")). The use of dyes with high extinction coefficients (&> 50 - 10° M cm™) imply
that the optimal surface density for the operation of a DSC could be lower than for conven-
tional DSCs based on Ru-complexes (¢= 10— 15 - 10° M em ™).} Thus, one should be able
to design the nanoporous electrode functionalized with a strongly absorbing dye so that it has
a lower thickness than with the present standard electrode (< 10 pm) but an equal ability to
absorb light. In general, a reduced electrode thickness would also result in a reduced rate of
electron recombination with the electrolyte. In turn the open circuit voltage U, increases due
to a higher electron concentration in the conduction band of the TiO,, which further results in
a higher overall efficiency [assuming a constant ji. and FF, see also eq. (1.7)]. The above-

mentioned organic dyes do not yield devices with good photoelectrochemical properties, e.g.,
6
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Rhodamine 6G yields very low photocurrents due to major recombination of the electrons

[22

injected into the semiconductor with the oxidized dye,”” and DSCs with perylene sensitizers

have not reached efficiencies comparable to devices based on Ru-complexes inter alia due to

a low open circuit voltage due to recombination.!"* *”!

By the variation and optimization of
the photoelectrochemical properties it was possible to find a variety of purely organic
sensitizers giving good efficiencies in DSCs;!'* 1> 18 21- 2324 however, producing a molecule
which combines photophysical and electrochemical features so that its performance as
sensitizer is excellent is a challenging task. Very recently an efficiency comparable to devices
stained with “N719” was reached with the purely organic sensitizer “D149” 5,11 and the
organic squaraine derivative “B1” 61*° absorbs predominantly in the red and near IR. The
development of sensitizers has initially been an empirical field. Only recently the rational
design of sensitizers has led to new, promising structures like the dye “JK2” 7 which presents
a large aromatic system with electron donating and accepting substituents.””! In conclusion
present topics in DSC research include the development of a sensitizer that absorbs over the

whole spectral range, notably in the near IR, and also possesses an excellent photo- and

electrochemical stability.

1.2  Forster Energy Transfer

Energy transfer is a process, which has attracted extensive research interest in the past, due to
its large implications in biology and in the past decade also for analytical purposes and in
supramolecular chemistry. There are different mechanisms of energy transfer, one of which,
the resonant energy transfer [(F)RET, long-range-, fluorescent-resonant- or Forster-energy

28,29 13031 this type

transfer],*® **) will be briefly considered here. According to the Forster-theory,
of energy transfer proceeds exclusively through dipolar interactions over distances of 1 nm —
10 nm. The rate of energy transfer kgt between the energy donor and acceptor is rationalized
by the equations (1.14) through (1.16) and depends largely on the photophysical properties
and orientation of those moieties. This set of properties is summarized in the Forster-radius
Ry [eq. (1.14)], which describes the distance at which the energy transfer efficiency (ETE) is
50%. Ry is dependant on the spectral overlap integral J, the fluorescence quantum yield of the
energy donor @, the orientation factor x°, which is assumed to be 2/3 for flexibly linked
chromophores and finally the refractive index of the surrounding media n. J describes the
spectral overlap of donor emission with acceptor absorption. In eq. (1.15) Fp describes the
fluorescence intensity of the donor normalized to unity and & is the extinction coefficient of

7
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the energy acceptor, both of which are dependent on the wavelength A. Furthermore, kgr
depends on the interchromophoric distance  and the donor lifetime in absence of the acceptor

™ (see eq. (1.16))

re_9000(In10) K'D,J

0 1287° Nn* (1.14)

J = TFD (D), (A)A*dA (1.15)

kET(r)=i(&J (1.16)
o\ F

Due to its distance dependence, RET is widely used to elucidate distances in chromophore-
labeled biomolecules.”®! From the equations (1.14) to (1.16) it becomes apparent which con-
ditions favor a high kgt and thus a high ETE, namely, (i) a good overlap of the emission
spectrum of the donor with acceptor absorption, (ii) an energy donor with a large value for
@p, (iii) a small interchromophoric distance », and (iv) a molecular orientation allowing
suitable dipole-dipole-interactions (x* > %5). Energy transfer from one or more energy donors

to an energy acceptor is also commonly referred to as the antenna effect.

1.3 Natural Light Harvesting Complexes and Synthetic Analogues

The process of light harvesting is the basis for most life on earth. By capturing light energy
plants are able to convert water and carbon dioxide into dioxygen and matter with a higher en-
ergy content which then serve as energy suppliers for other species. Thus the process of
natural light to energy conversion is of tremendous importance for life. Figure 3 is a
schematic representation of the structure of the photosynthetic unit of purple bacteria.”? 1t
reveals a central reaction center encircled by light-harvesting complexes termed LH1 and
LH2. The LH1 complex is composed of a ring-shaped assembly of chlorophyll and

carotenoid moieties embedded in a protein matrix that surrounds the RC. A similar ring-

shaped assembly, arranged further away from the RC, makes up the LH2 complex.



INTRODUCTION

YT
gjb\ %\Q:Q"/g 'l.‘ Ep_ \9‘
@}z:o/\’ﬁc 50 Nt
T (j\ RC @ PR

Figure 3. Schematic representation of bacterial light-harvesting complexes (LH1 and LH2) showing
the different protein-embedded light-absorbing porphyrins (presented as the rhombi) arranged in
circles around the reaction center (RC). The path of the excitonic energy is indicated by arrows."*”!
The hopping of excitonic energy between identical chromophores (i.e., between rhombi within one
circle) is referred to as energy migration, while energy transfer is defined as the energy hopping
between different chromophores (typically from a chromophore with a high HOMO-LUMO-gap to a
chromophore with a lower one).

These chlorophyll-containing assemblies enhance the light absorbing area: Photons that strike
the relatively large surface area that the LH complexes cover are absorbed more efficiently
and their energy is transferred to the RC via several hundred chlorophylls within the extensive
LH system with unit efficiency.””**! A considerable amount of work has been carried out
towards the synthesis and characterization of artificial light-harvesting systems based on den-

drimers 12> 33371

In such systems the excitonic energy resulting from light absorption of
chromophores located in the periphery is efficiently funneled to one central chromophore.
The latter behavior was termed antenna effect.”” It was argued that these types of
compounds are good platforms for the simulation of natural light-harvesting systems due to
the well-defined and spherical structure. One example of a multichromophoric molecule
simulating highly efficient energy transfer from several peripheral to one central
chromophoric unit is shown in Scheme 2.°*! The chromophoric units composing the
dendrimer 8 shown in Scheme 2 are typically highly luminescent if prevalent in diluted
solution. Within 8, the fluorescence of the chromophores within the periphery is quenched
while the emission intensity of the central chromophore is increased. The latter results were

consistent with nearly quantitative cascade energy transfer from the coumarines via the

naphthalimides to the perylene core.”® It turned out, however, that the defined structure from
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dendrimers is not necessary for efficient energy transfer. Statistical copolymers decorated
with suitable chromophoric units on the polymeric chain were also shown to effectuate near-
quantitative excitonic energy transfer. One example is polymer 9 shown in Scheme 3, where

the energy acceptor is a Ru-complex.?**!

)
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Scheme 2. Fréchet-type dendrimer carrying 8 coumarin and 4 aminonaphthalimide moieties that are
arranged around one central perylene core.
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Scheme 3. Polymer comprising coumarin and [Ru(bpy);](PFe),-units effecting energy transfer from
the coumarin to the Ru complex.

The conclusion from the above-mentioned examples is that resonant energy transfer is a very
robust tool: As long as the conditions for efficient resonant energy transfer, namely, a high
fluorescent quantum yield of the donor, freely rotating chromophores, a high spectral overlap

integral, and interchromophoric distances that are well below the Forster-radius are met,

efficient energy transfer will take place.

10
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1.4 The Antenna-Effect in the Dye Solar Cell

As it was shown above, the antenna effect is a crucial strategy for making an effective use of
light for energy conversion in light-harvesting natural systems.®” Furthermore, it has also
been explored in synthetic, supramolecular systems.*” *** In case of the artificial systems
presented above the event following the energy transfer was the emission of a photon. Rather
than using the antenna effect before an energy conversion event, it only led to an enhance-
ment of the Stokes shift. The utilization of the antenna effect within a DSC, however, would
mimic the energy transfer — energy conversion — cascade from natural light-harvesting

d** %) and its feasibility was

systems. Using such a cascade in the DSC has been propose
proven by experimental work. Some multichromophoric sensitizers are shown in Scheme 4.

HOOC

CgHiz

CO,Et
Scheme 4. Structures of some multichromophoric sensitizers described in the literature.

Within the trinuclear Ru complex 10 the energy donor and acceptor species both present
metal complexes.'” ** Different modifications of porphyrins (e.g., 11 and 12) have also been

U791 The EQE(A) of devices stained with these sensitizers clearly

used as sensitizers.
sustained the fact that the chromophoric unit that is not in direct contact with the
semiconductor also contributes to the photocurrent. The above-mentioned sensitizers, though,
do not emanate from compounds known to give highly efficient dye solar cells. Odobel and
Zabri®! described the synthesis of compound 13, which presents a dyad comprising an
organic energy donor and a Ru-complex that is very similar to sensitizers known to give
highly efficient devices, however, the performance of this dye in the DSC was not investi-

gated.
11
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2 Objective

One alternative strategy to make effective use of light for energy conversion, which is
primarily applied in light-harvesting natural systems,”” but which has also been used in
synthetic, supramolecular systems, is the antenna effect.”* **** The rationale for the present
thesis is that it should be possible to enhance DSC performance using energy transfer systems
(Figure 4). This rationale offers the advantage of a simple, independent optimization of
photophysical and electrochemical features of the sensitizing system by choosing different
units for the light-harvesting and the electron-injection. It was already shown that energy
transfer can be followed by electron injection for a fluoresceine-antracene dyad adsorbed on
TiO,. However, in this work, the absorption of the antenna was exclusively in the UV, which
is not practical for DSC applications.”” Furthermore, using this effect in the DSC has already
been proposed by others and its feasibility was proven by experimental work dealing with

[2, 42, 45, 46]

either metal complexes as energy donor and acceptor chromophores, or different

791 These publications, however, do not emanate from

modifycations of porphyrins.[
sensitizers known to give a high performance in the DSC (e.g., [Ru(dcbpy)>(NCS),]™). The
concept of this work was to test the work hypothesis that combining the advantages of
organic dyes, like a high extinction coefficient with the advantages of highly efficient Ru-
sensitizers, namely the ability to efficiently inject electrons into the TiO>-conduction band,
will lead to an increase in DSC performance. The increase in performance would be the result
of the absorption — energy transfer — electron injection cascade shown in Figure 4: The
organic dye enhances light absorption and serves as energy donor, a Ru-complex is the energy

acceptor and subsequently transfers excitation into electronic energy. The energy is

transferred from the energy donor to the acceptor by resonant energy transfer.

hv Resonant Energy Electron
Transfer Injection
Energy Energy Nanoporous
Donor Acceptor Electrode

Ru-
complex

Linker

Figure 4. Mechanism of the enhancement of light-harvesting via resonant energy transfer.

12
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The second work hypothesis was inspired by the way natural systems (e.g., the light
harvesting complexes I and II) manage to capture light efficiently for light-to-chemical energy
conversion: It should be tested whether it is possible to use the energy transfer from multiple
energy donors to one acceptor, thus whether the above-mentioned concept also works for
artificial energy transfer systems having energy donor acceptor ratios larger than one, for an
increase in DSC performance.

The following approach was to be followed for the testing of the hypotheses:

(1) Identification of suitable chromophores

(11) Synthesis of model chromophores and functional chromophores allowing covalent

attachment to a linker

(ii1)  Covalent attachment of donor and acceptor chromophores to suitable small and

polymeric substrates

(iv)  Photophysical characterization of donor-modified polymers towards their energy

transfer behavior
(v) Photophysical characterization of model donor acceptor-compounds
(vi)  Evaluation of donor acceptor systems in the DSC

The choice of chromophores and synthesis of compounds is discussed in chapter 3. Results
from the photophysical characterization of donor polymers are presented in chapter 4. The
detailed photophysical characterization of the synthesized compounds within the solar cell is

portrayed in chapter 5.

13
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3 Synthesis of Donor Acceptor Systems for the Dye Solar Cell

In order to test the work hypotheses considering energy transfer in the DSC, a variety of
compounds with different characteristics was necessary for photophysical studies in solution
as well as sensitizers in the DSC. These compounds comprised (i) small model chromophores
and donor acceptor dyads with a defined donor acceptor-ratio (1:1), (ii) polymers functiona-
lized exclusively with donor or acceptor chromophores, and (iii) polymers functionalized with
both kinds of chromophores. Isolating compounds that carry the dissimilar chromophoric
units on a common linker was not trivial. The successful synthetic strategies that lead to the

isolation of such compound are described in the following.

3.1 Choice of Chromophores

The chromophoric units that were employed here comprised the ruthenium polypyridine
complex [Ru(dcbpy).acac]Cl 14 as energy acceptor and the alkylated aminonaphthalimide
Fluorol 7GA 15 as energy donor (Scheme 5). In the following two sections the reasons for

the choice of this set of chromophores is presented.

i
15: Fluorol 7GA

14: [Ru(dcbpy),acac]ClI 2
16: 4-aminonaphthalimide

Scheme 5. Structure of the most common dye used in the DSC ("N3," 1), and of the chromophores
[Ru(dcbpy),acac]Cl (14) and Fluorol 7GA (15), along with its parent compound 4-aminonaphthal-
imide (16), that were used in this work as energy acceptor and donor, respectively.

3.1.1 Energy Acceptor

Today’s most common dye used in the DSC, [Ru(dcbpy)(NCS),] “N3” (1), was developed
by Nazeeruddin et al. (Scheme 5).’l' This molecule does not offer a facile means of covalent

attachment of a linker group without affecting its photophysical properties. Takahashi et

14
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52]

al®! and Sugihara et al.”*! showed that complexes, in which the two thiocyanato ligands

have been replaced by a 1,3-diketonato moiety, e.g., [Ru(dcbpy),acac]Cl 14, Scheme 5, have
very similar efficiencies to N3, if employed as sensitizers in the DSC. The latter was proven

by the similarity in EQE(A)-data shown in Figure 5 and solar cell characteristics. "

60

T

40

EQE (%)

20

0

1 1 1
400 500 600 700 800
Wavelength (nm)

Figure 5. EQE(A)of DSCs sensitized with [Ru(dcbpy),(NCS),] (1, dash) and [Ru(dcbpy),acac]ClI (14,
solid).

The assumption that modification at the terminal positions of the acetylacetonato-ligand
would not drastically alter the photophysical and photoelectrochemical properties of the
parent complex led to the choice of [Ru(dcbpy)sacac]” as energy acceptor for resonant energy
transfer within the DSC. This complex offers (i) efficient electron injection into the
nanoporous electrode and (ii) a means of chemical modification via the introduction of

functional groups on the terminal Me-group of the acac-ligand.””

3.1.2 Energy Donor

The energy donor will serve as an additional absorber within the DSC. Combining a donor
and acceptor chromophore should be a means to tune the DSC absorbance towards the solar
emission spectrum. The energy of the light absorbed by the donor should furthermore be
transferred to the energy acceptor, thus the rate for energy transfer should be high. Taking
into account the conditions for optimal RET presented in Section 1.2, the energy donor should
possess (1) a complementary absorption to the energy acceptor, (i1) a high quantum yield, (iii)
an emission spectrum which overlaps with the acceptor absorption, i.e., large overlap integral,

(iv) a facile means of chemical modification considering the introduction of a linking unit,
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and (v) (photo)chemical stability. The parent compound 4-amino-1,8-naphthalimide 16°*°"

was chosen as a suitable chromophoric system since it fulfills all of the above-mentioned

criteria. 4-butylamino-N-butyl-1,8-naphthalimide (Fluorol 7GA) 15 is a commercial product,

which has found an application as a laser dye. Fluorol 7GA derivatives have been used for
energy transfer studies in the past.!

38]

It absorbs in a wavelength regime, where

[Ru(dcbpy).acac]” does not strongly absorb and has a high quantum yield even in polar sol-

vents (Figure 6). The emission spectrum matches well with the low-wavelength absorption of

[Ru(dcbpy),acac]” (Figure 6) and the extinction coefficient of these chromophores is

comparable. The Forster-radius of the Fluorol 7GA/[Ru(dcbpy).acac]Cl-chromophore pair is
Ro=4.6=%0.1 nm in EtOH.

Table 1. Summary of spectral properties of parent chromophores in ethanol.

Chromophore Aabs. max [NM]  €[M ' em '] Aem max [nm] @ [%]
Fluorol 7GA (15)P% 440 16000 536 81
[Ru(dcbpy)sacac]Cl (14)P! 544 13500
UV-Vis spectra in NaOH-MeOH
200004 e [Ru(dcbpy),acac]Cl -
- ---Fluorol 7GA
7>, Emission in EtOH g
T 150004 N Fluorol 7GA T
= \ -
o | =
T / \ &
S 10000/ \‘ - O
: ......... “ 8
® 50004 . v D
// \ ,," (L)
./ i &
L7 O T e, L
0-+F+— T e L e T T T  EH A
350 400 450 500 550 600 650 700

A/ nm

Figure 6. Juxtaposition of the absorption and emission spectra of the energy donor Fluorol 7GA (15)

and the absorption spectrum of the energy acceptor [Ru(dcbpy),acac]Cl (14). There is a good overlap
between the Fluorol emission and Ru-absorption.
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3.2 Experimental Design

In order to test the hypothesis that photons absorbed by a fluorescent dye close to an electron
injecting Ru-complex in the DSC will result in additional current generation, the following
experimental approach was chosen: (i) development of a synthetic strategy allowing the
facile covalent attachment of Fluorol 7GA (15) to [Ru(dcbpy),acac]ClI (14); (ii) photophysical
characterization of the model compounds in solution including absorption and emission spec-
tra and excited state lifetime measurements in solution and (iii) evaluation of these systems
within the DSC by determination of the external quantum efficiency (EQE) and the overall
efficiency under different types of illumination. Previous energy transfer studies using
chromophore decorated Fréchet-type dendrimers showed that energy transfer in these systems

29: 361 However, less perfect structures, i.e., statistical copolymers also

is highly efficient.!
reveal high energy transfer efficiencies.*! Thus in addition to bifunctional linkers leading to
defined donor acceptor compounds with a 1:1 donor acceptor ratio, the support of the
respective chromophores to multifunctional linkers was followed as a strategy to acquire do-

nor acceptor systems with donor acceptor ratios larger than unity.

3.2.1 Retrosynthetic Considerations

Scheme 6 summarizes retrosynthetic considerations towards the synthesis of donor acceptor

compounds 17 suitable for an application in the DSC.
(B ., (&)
17 .
S D O
X. ' > Y Y'
@, &
23

N TR
vcuma_v., (&)

21
Scheme 6. Retrosynthesis of donor acceptor systems. The synthesis of such systems is led back to the
functional chromophores and linker. Two different synthetic strategies are presented: (i) sequential
addition of donor and acceptor chromophores to the linker (or vice versa) and (ii) simultaneous
support of donor and acceptor chromophores.
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This scheme traces donor acceptor systems 17 back to respective functional donors (18, D-X),
acceptors (A-X') or acceptor precursors (19, A’-X") and linkers 20. The donor acceptor
systems could be synthesized via the acceptor or donor functionalized linker 21 and 22,
respectively [strategy (i)], or via the simultaneous support of donor and acceptor units to 20
[strategy (i1)]. Since there might be restrictions posed by the solubility of the desired acceptor
moiety in most common solvents, chemical transformations leading to the support of
[Ru(dcbpy).acac]Cl derivatives could result in the necessity of acceptor precursors (A’) for
the supporting reaction. The latter will finally be transferred to the acceptor for use in the

DSC (conversion from 23 to 17 in Scheme 6).

3.2.2 Different Synthetic Strategies

A variety of synthetic strategies was evaluated for the synthesis of molecular systems
comprising Fluorol 7GA and [Ru(dcbpy).,acac]Cl derivatives covalently bound to a mono-
and polymeric linking unit. Table 2 presents an overview of the functional groups that were
chosen for the evaluation of linking chemistry. The functionalities X, X', Y and Y’ refer to
Scheme 6. A more detailed description of the linking units used is given prior to the sections

describing the respective synthetic results.

Table 2. Summary of strategies which were evaluated towards the synthesis of donor acceptor
systems. These strategies were based on the support of respective donor and acceptor chromophores
on di- and multifunctional linking units (see Scheme 6 for the significance of X, X’, Y and Y’).

Functional groups X, X’. Y and Y’ on

Ent ' Reaction Type Results in
Y @ X YY' . X yp Section
1 -CH=CH, -SiMe,-H -CH=CH, hydrosilylation 34.1
2 -SiMe,-H CH=CH, none hydrosilylation 34.2
3 -C=CH -CH,-N3 -C=CH cycloaddition 3.6
cycl. aromatic i i _ imide-formation 3.3 and
4 anhydride HaN-(CH2)4-Ns -C=CH + cycloaddition 3.6
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The motivation for referring to hydrosilylation reactions as a means to support functional
units was inspired by work from Finkelmann et al. who applied this reaction successfully to
the synthesis of liquid crystalline poly- and elastomers from olefin-functionalized entities

[58-61) The motivation for the use of

(e.g., mesogens and crosslinkers) and polyhydrosiloxanes.
the 1,3-dipolar cycloaddition between azides and terminal alkynes (Huisgen-reaction, Click-
Chemistry) was its tolerance towards a large variety of solvents and functional groups, which

6261 In the following the syntheses carried out

turned out to be crucial for this work.!
according to Scheme 6 and Table 2 will be presented. These results are classified as follows:
Initially Section 3.3 presents the synthesis of linker-modified Fluorol 7GA derivatives. Then
the reactions towards linking the donor chromophore to acceptor precursors via hydrosily-
lation is discussed (Section 3.4). The synthesis of functional [Ru(dcbpy),acac]Cl derivatives
(some of which are employed as substrates in Section 3.4) is presented in section 3.5. Finally

the linking of alkyne functionalized chromophores to azides is presented in Section 3.6.

3.3 Functionalization of 4-Aminonaphthalimides with Linker Units

The 4-amino-1,8-naphtalimide derivative Fluorol 7GA (15) that served as parent
chromophore does not allow immobilization to suitable linkers. Thus the synthesis of functio-
nal Fluorol 7GA derivatives was necessary. Their synthesis proceeds in two steps from

commercial 4-chloro-1,8-naphtalic anhydride (24) (Scheme 7).54371

O o 0
Q ‘ a @ Ry O y (b) R-N ‘ "!'R'
S L

24 15:R=R'=Bu, R"= H
(c)
30b: R = R' = Bu, R" = CH,CH=CH,

Scheme 7. Synthesis of functional aminonaphthalimides from commercial 4-chloro-1,8-naphthalic
anhydride and from commercial Fluorol 7GA 15. (a) R-NH, in EtOH (X = CI) or R-NH, in imidazole
(R = 2,6-diisopropylpheny 1, X = C;H;N»). (b) R’-NH, in NMP (R” = H). (c) 15 to 30b: Allyl
bromide and NaH in DMF. The imide formation reactions carried out according to this scheme are
summarized in Table 3 (Section 3.3.1). The aromatic nucleophilic substitutions performed are
associated in Table 4 (Section 3.3.2).

Generally, the first step in the synthesis of aminonaphthalimides consists in the imide
formation of a 1,8-naphthalic anhydride carrying a functional group, e.g., Cl, or NO; in the 4-
position with an amine. The second step involves the displacement of the functional group in

the 4-position by another amine via an aromatic nucleophilic substitution. The latter reaction
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proceeds only in polar aprotic solvents. Thus by running the above-mentioned reactions it is
possible to selectively functionalize the anhydride in EtOH and subsequently the aromatic
ring in NMP with different amines.>* 37 %

An alternative route to functionalize aminonaphthalimides carrying a hydrogen atom
on the aromatic amine nitrogen is the abstraction of the proton with NaH in DMF, which leads
to a dark purple anion, and alkylation with an alkyl bromide (conditions ¢ in Scheme 7).5**

In this work the following amines were used for their introduction into the naphthalimide
system: butyl amine, allyl amine, propargyl amine, 4-azidobutylamine, 5-aminovaleric acid
and 2,6-diisopropy aniline. Butyl amine served as a dummy. Allyl amine was introduced in
order to acquire a derivative which could be further subjected to hydrosilylation reactions.
Propargyl amine and 4-azidobutyl amines were the basis for fluorol derivatives suitable for
1,3-dipolar cycloadditions. The synthesis of a carboxylated Fluorol 7GA derivative required
for NMR experiments in aqueous solution and as sensitizer in the DSC started from 5-
aminovaleric acid. 2,6-Diisopropy aniline was frequently used as a substrate to introduce
bulky substituents sandwiching a more extended aromatic system. Therefore this amine was
also used here in order to evaluate the synthesis of fluorol derivatives which possibly do not

show concentration quenching.!®”

The compounds synthesized here are designated using the
following nomenclature scheme: R-R’-R"-fluorol. R is the name of the substituent on the
imide nitrogen, R’ and R" are the names of the substituents on the amine nitrogen or the 4-
position of the aromatic ring. R" = H is omitted. For example the imide formation of 24 with
butyl amine leads to butyl-chloro-fluorol; the Sy, ar reaction with allyl amine leads to butyl

allyl fluorol.

3.3.1 Imide Formation with Halogenonaphthalic Anhydrides

The imide formation of the chloronaphthalimide 24 is a very straight forward reaction
(Scheme 7, first reaction step). The individual products that resulted from the latter reaction
are presented in Table 3. Runs 1 — 4 were carried out by dissolving the chloronaphthalic

anhydride in refluxing EtOH and addition of the amine.>”!

The work-up consisted solely in
the removal of the solvent and drying. If amines with a hydrophobic residue were used,
product formation was quasi instantaneous (entries 1 and 2). If the functional amines H,N-
(CH;)4-COOH and H,;N-(CH»)4-N3 were used, the conversion did not proceed to completion
(entries 3 and 4). Reacting the anhydride with 2,6-diisopropyl aniline under the above-

mentioned conditions did not lead to product formation. In analogy to the imide formation
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with perylene tetracarboxylic acid anhydride, this imide formation succeeded using molten
imidazole as solvent.®”*) The NMR spectra of the products showed aromatic impurities
which were already present in the starting material. The crude products were used in the next
reaction step, the nucleophilic aromatic substitution, without further purification. In
conclusion the conversion of halogenonaphthalic anhydrides with primary amines led to a
series of functional halogenonaphthalimides suitable for their further conversion into Fluorol

7GA derivatives with linker units.

O o)

O R-NH,, EtOH, reflux R
Q Cl N X

0 Q or HN—\ 140°C 0 Q
24 K/N
NH

2
Table 3. (Pseudo-)halogenonaphthalimides synthesized in this work. The reactions were carried out
by dissolving 4-chloro-1,8-naphthalimide in refluxing ethanol and addition of an excess of the
corresponding amine (except for entry 5: conversion with 2,6-diisopropylaniline in molten imidazole).

Entry Product R= X= Solvent  Yield

1 butyl chloro fluorol 25 -(CH;);CHj -Cl EtOH 80%

2 propargyl chloro fluorol 26 -CH,-C=CH -Cl EtOH 71%

3 4-carboxybutyl chloro fluorol 27 -(CH,),~-COOH -Cl EtOH  56%"

4 4-azidobutyl chloro fluorol 28 -(CH2)4-Nj3 -Cl EtOH 349"
i-Pr.

s GSdeminen ) o i 7
i-Pr

a) These reactions did not proceed to completion. The reaction product consisted of a mixture of
starting material and title compound, which was employed for the next synthetic step without further
purification. Instead of the yield, the conversion was calculated from a "H-NMR of the crude product.
b) This reaction was carried out at 140°C. Under these conditions the chloride atom on the aromatic
ring was substituted by an imidazole group.

3.3.2 Functional Fluorol Derivatives

The 4-halogeno-1,8-naphthalimides from Table 3 were further reacted with amines to yield
the respective 4-aminonaphthalimide derivatives (Scheme 7, conditions b, Table 4 except for
run 2). The reactions were carried out by dissolving the respective halogenonaphthalimide
and the butyl or allyl amine in NMP and stirring at 60 — 80°C for 1 to 3 days. Under these

conditions both chloride atoms and the imidazole group in 29 were substituted. During the
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reaction an intense yellow color appears. The work-up consisted in the removal of the solvent
by condensation under high vacuum and column chromatography on silica gel using

isohexane ethyl acetate mixtures and/or recrystallization from EtOH.

o o)
1.) NaH in DMF 15: X = -NH-Bu R-N ‘ RNF2 NMP Ry ‘ v
2.) allyl bromide v _ X H
O RT 30b: X = NBUMCHOH=CH, Q 60-80°C, 1-4d G Q

Table 4. Aminonaphthalimide derivatives synthesized in this work. The reactions were carried out by
stirring the halogenonaphthalimides with 3 — 5 equivalents of amine at 40 — 80 °C for 1 — 4 days
(except for Entry 2: This compound was synthesized via the allylation of the parent compound Fluorol
7GA 15 with allyl bromide and NaH in DMF). The products were isolated by column
chromatography on silica gel.

Entry  Product Name Structure X =% R'= Yield
0
butyl allyl N O )
1 fluorol 30a o O NN -Cl Allyl  92%
H
o}
dibutyl allyl N O .
2 fluorol 30b 5 O o -NH-Bu na. 80%
0
propargyl butyl =~ N O )
3 fluorol 31” o O NN -Cl Bu  85%
H
o 0o
4 4-carboxybutyl HOJ\/\/\N O l Bu  10%°
butyl fluorol 32 o O NN 0
H
0
i Naso o
4-azidobutyl N O .
5 butly fluorol 33 o O N -Cl Bu  90%
H

2,6-diisopropyl- o -
6 phenyl allyl N O | Allyl 60%
fluorol 34” o NN

a) Aromatic substituent in starting material (see Scheme 7). b) This product was purified by
recrystallization from ethanol. c¢) Unoptimized yield. d) The product was only characterized by
1

H NMR.

A slightly faster approach to the synthesis of an olefin functionalized fluorol derivative was

realized by the substitution of the amine hydrogen on Fluorol 7GA by the allyl group. The

22



SYNTHESIS

latter conversion was achieved using NaH and allyl bromide in DMF [Scheme 7, conditions
(c), Table 4, entry 2]. This reaction, however, brings about a significant change in the photo-
physical properties of the aminonaphthalimide moiety: The fluorescence quantum yields of
aminonaphtalimides carrying 2 alkyl substituents on the amine nitrogen is close to zero in

polar organic solvents™>* >*

and the absorption maximum in EtOH is blue-shifted by about 10
nm. The latter is possibly a result of peri-interactions impairing the interaction of the amine-
nitrogen’s lone-pair with the aromatic system. The compounds were consistent with their 'H
and °C NMR, mass spectrometry and/or elemental analysis data. The "H NMR spectra of
compounds 30a and 30b are shown in Figure 7a and Figure 8a. The reactions described in
this chapter lead to a variety of fluorol derivatives that are suitable for different
immobilization strategies. While no attempts were undertaken to proceed with compound 34,
further conversions of compounds 30a, 30b, 31 and 33 are described in the following

chapters. Furthermore 32 will serve as an important model compound in '"H NMR and

photophysical studies within the DSC.

3.4 Hydrosilylations with Olefin Functionalized Chromophores

The hydrosilylation with Si-H-bearing linkers was an important strategy for linking the olefin-
bearing donor and acceptor chromophore or chromophore precursors to each other.
Furthermore, this reaction was employed to immobilize the donor chromophore to allylated
polyglycerol (Allyl-PG). In the next sections the reactions carried out towards the Pt-media-

ted addition of hydrosilanes to olefins will be presented.

3.4.1 Addition of Si-H Moieties to Donor Chromophores and Acceptor Precursors

Scheme 8 summarizes the hydrosilylation reactions carried out in this work and their
respective substrates. [Ru(dcbpy).acac]Cl-derivatives used as energy acceptor chromophores
in this work are completely insoluble in unpolar organic solvents, which renders hydrosily-
lation reactions with this type of compounds impossible. Thus the methylated species [Ru(di-
Me-dcbpy)allyl-acac]” derivatives 35a and 35b as well as allyl-acacH 36 were used as
acceptor precursors in hydrosilylations (the synthesis of the latter 2 compounds is described in
sections 3.5.2.3 and , respectively). In contrast to the energy acceptor, the olefin
functionalized donor chromophores 30a and 30b are suitable for hydrosilylation reactions.
The rational for using 30b in addition to 30a was founded on the fact that 30b was available

within one reaction step from the commercially available Fluorol 7GA 15.
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@/\ : Donor Chro- : Acceptor Precursors
mophores
(A
O O
N N-Bu s~
O
R 0] 36: Allyl-acacH
30a: R = H: butyl allyl fluorol . Mo
30b: R = Bu: dibutyl allyl fluorol 35: [Ru(di-Me-dcbpy),allylacac]X
35a: X = CI" 35b: X" = PFg"

Ry
.Si SiMe,H
H @ Si'H : Hydrosilane bearing linkers HMe,Si
n R, \/\
m Si
Mez B ] .
H\S/\/SI\H \ !‘| SlMezH
Mes 39 ~siOrsi— HMe,Si 41
. O-ci- O-c:-Oka:
1,2-bis(dimethylsilyl)ethane ~ MesSi OH,S'\O S\ | SiMes Tetra-Si-H-dendrimer
H _.H 37
\/S| - -6
40 Statistical Poly-dimethyl-co-hydromethy-siloxane
diethylsilane M, = 1100, ~7 Si-H-groups per polymer molecule
s (a) s
_Si AN a i
n R2 n R2
m m

(b)
glz /\@ ‘(C) §|2
@/\/ @ %i or (d) @/\/ %i
n 2 m 2

Scheme 8. General synthetic scheme describing the synthesis of donor acceptor systems via the
addition of Si-H-bearing linkers to the olefin functionalized donor chromophore and/or olefin
functionalized acceptor precursor. The types of olefin-functionalized donor chromophores, acceptor
precursors and Si-H-bearing linkers that were used in this work are shown in the boxes. Platinum-
1,1,3,3-tetramethyl-1,3-divinyldisiloxane (Pt-cat.) was employed as hydrosilylation catalyst.
(a) toluene or DCM, Pt-cat, (b) toluene or DCM, Pt-cat, (¢) NaOH, H,O, (d) [Ru(di-Me-dcbpy),Cl,],
solvent, base (This reaction is described in detail in Section 3.5.2).

m

Initial experiments towards the syntheses shown in Scheme 8 were carried out with the Si-H-
bearing polymer poly-dimethyl-co-hydromethy-siloxane 37 (PHMS). One example of these

preliminary experiments is shown in Scheme 9. It was shown that it is possible to link the
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donor chromophores 30a and 30b and acceptor precursors 35a and 36 to Si-H moieties
yielding the polymer 38. However, the conversion of Si-H to the respective Si-CH,CH;-R
group was not necessarily quantitative, although IR-spectroscopy data proved that Si-H had
completely reacted. In conclusion, these experiments showed that despite the hydrosilylation
with the olefin-bearing chromophores and precursors proceeding in the desired manner, it

does not proceed free of side reactions.

(A A
\
\ N—Bu ~gitO1gi—

N O-ci-0 0-gj-0
+ MesSiT Y ~Si” ~Si~~["SiMe
+ BU/ (0] Ehe HII\ / \ ’
30
n m
37
o) Bu
N
agl
Pt-catalyst, CH,Cl, Bu/
40 - 80°C
Me;Si O—Sl O o- S| ~o1SiMe;
/SI 10 SI\
MeO,C
z NaOH solvolized
A\ 6/ MeOH fragments
7 \N Ru ‘O
MeO,C
— COzMe
Meo,C 38

Scheme 9. Hydrosilylation comprising the functional olefins 30 and 35 as well as the Si-H bearing
polysiloxane 37.

Polysiloxanes are not suitable as a linking unit, especially because the Si-H moieties are
partially converted into a different functional group, whose identity was not further investi-
gated, and because of the instability of the siloxane polymer towards the reaction conditions
prevailing during conversion of the acceptor precursor (A') to the acceptor (A, second step in
Scheme 9, third step in Scheme 8).

On the other hand, hydrosilylation reactions with carbosilanes 39, 40 and 41 lead to
compounds that do not comprise hydrolytically sensitive Si-O-bonds. Although side reactions
leading to the decomposition of the Si-H-groups cannot be ruled out, the resulting side pro-
ducts may be removed by appropriate purification steps. The rationale for the choice of this

set of hydrocarbosilanes as linkers was (i) variation in the resulting donor acceptor distance
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by employing two different difunctional silanes 39 and 40, respectively, and (ii) variation in
the donor acceptor ratio by using the tetra-Si-H-dendrimer 41.

Reactions with aminonaphthalimides carrying a hydrogen atom on the amine nitrogen
were conducted in DCM under reflux, the other hydrosilylations proceeded in toluene at 40 —
60°C. Platinum-1,1,3,3-tetramethyl-1,3-divinyldisiloxane (Pt-cat.) was employed as hydro-
silylation catalyst. The initial step of the hydrosilylation sequences served to couple the donor
chromophores 30 to the difunctional Si-H-linkers 39 and 40 resulting in the Si-H-bearing
donor units 42 and 43 (Table 5, entries 1 — 3, Scheme 8, step a). In these reactions an excess
of disilane was used in order to minimize dimer formation. The acceptor precursors 35 and
36 were subsequently coupled via a second hydrosilylation step to the reaction products 42a
and 42b (Table 5, entries 4 — 6, Scheme 8§, step b). The products butyl acacH fluorol (44a)
and dibutyl acacH fluorol (44b) as well as the tetramethylester of 45 emerged from these
reactions. Furthermore the decoration of 41 was performed with 4 units of allyl-acacH (36,
Table 5, entry 7). In this run an excess of olefin was employed. The transformation of the
acceptor precursor to the acceptor moiety suitable for its application as sensitizer in the DSC
is the third step of the sequence in Scheme 8. Depending on the nature of acceptor precursor,
this step consists in the hydrolysis of the tetramethyl ester of 45 in aq. NaOH if the precursor
was a [Ru(di-Me-dcbpy),allyl-acac]” derivative, and the complex formation between
[Ru(dcbpy),Cl;] and the functional acac-derivative if allyl-acacH was used in the
hydrosilylation. The latter reaction is discussed in detail in Section 3.5.2.2. In case of runs 1
and 2 yielding the products butyl hydrosilyl (42a) and dibutyl hydrosilyl fluorol (42b) the
hydrosilylation reaction proceeded smoothly in relatively good yields (77 and 61%). These
products were isolated via column chromatography on silica gel. Run 3 led to a complex
product mixture. By isolating the side products formed during the latter reaction it was shown
that butyl propyl fluorol emerged from the hydrogenation of the double bond in a yield larger
than 15%. The results from runs 1 — 3 are consistent with bulkier substituents on the silane
leading to enhanced formation of side products, e.g., the reduction of the olefin. The products
of runs 1 and 2 were subjected to further hydrolsilylation reactions (Runs 4 — 6) which led in
all cases to the desired compounds 44a, 44b and 45 which present donor chromophores
covalently linked to the acceptor precursors. Run 4 proves that the hydrosilylation principally
proceeds smoothly with the f~diketonato derivative allyl-acacH (36, 92%). In run 5 the low
yield (34%) was due to problems with the column chromatography. The yield of 45 in run 6

was calculated over 2 steps (hydrosilylation and cleavage of the methyl ester).
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Table 5. Reactions carried out towards the addition of multifunctional or aminonaphthalimide-functionalized Si-H moieties to functional olefins. Reactions in
DCM were stirred under reflux; reactions in toluene were stirred at 40 — 60 °C. The reaction control was carried out via TLC in isohexane ethyl acetate mixtures.

Entry Product Substrates Reaction parameters
Structure Name Olefin Silane Ratio® Solvent” Purif. Yield
o
N Ve, butyl hydrosilyl fluorol butyl allyl He o e chrom. on 0
1 0 O‘ g 42a fluorol 30a B, M 30 DM ilicaget 777
H 2
o
N Me, dibutyl hydrosilyl dibutyl allyl H o g chrom. on 0
2 o O‘ NM?A.;\/S'H fluorol 42b fluorol 30b I%Ile/z\/ H >0 toluene silica gel 61%
Bu 2
o
NN butyl-(diethylsilyl) butyl allyl H chrom. on o
3 o O‘ ’?‘/\/\E{H propyl-fluorol 43 fluorol 30a S 73 DCM silica gel 27%
B 2
o
Bu .
N Ve, oct-7-en-2,4- butyl hydrosilyl chrom. on o
4 ) O‘ g M butylacacH fluorol ¢4a | TLURR R 0.8 peM et 92%
2 o O
o
B . . .
Y Ve, dibutyl acacH fluorol oct-7-en-2,4- dibutyl hydrosilyl chrom. on o
5 o O‘ NS Iy 44b dione 36 fluorol 42b = toluene silica gel 34%
Bu 2 o O
“ ‘ Ie)
By o N 1Y o [Ru(di-Me- . chrom. on
6 o ‘O W M&"/T N donor acceptor dyad 45 dcbpy)allyl- bugiol?(;?rfzs.;lyl 1.1 DCM Sephadex 19%%
o Ao acac]PF, 35b LH20"
o O .
QPP _ tetra acacH dendrimer oct-7-en-2,4- H. «% _ chrom. on 0
7 Me, 1) 46 dione 36 Ve, ) > 02 toluene silica gel 25%

4

a) Silane-olefin ratio in the reaction mixture. b) Reactions in DCM were stirred under reflux, reactions in toluene were stirred at 40 — 60°C.

c) The

tetramethylester employed in this run hydrolyses upon NaOH-addition prior the column chromatography step in water. ¢) This compound was only characterized
by 'HNMR. d) Yield over 2 steps.



SYNTHESIS

'HNMR and IR data from the crude reaction mixture showed that no Si-H-groups were
present with the conversion of the olefin 35 being incomplete. These facts are consistent with
the Si-H groups undergoing a side reaction. Hypothetical side reactions are the reduction of
the ester group on the di-Me-dcbpy ligand or the formation of SiF4 or SiF¢> resulting from a
ligand exchange between the phosphorous center of the PF¢ -counterion and the carbosilane.
The addition of aq. NaOH to the latter hydrosilylation’s crude product led to quantitative
cleavage of the tetramethyl ester and formation of the tetrasodium salt within seconds. The
latter was purified via column chromatography over Sephadex LH20 with water as eluent.
Product 45 was isolated by precipitation upon acidification in a 19% overall yield.

Run 7 shows that it was also possible to couple multiple acceptor precursors to the
tetra-Si-H-dendrimer 41 resulting in the tetra acacH dendrimer 46. Further experiments,
which are not mentioned in Table 5, consisted of the reaction of silane 43 with the olefins
[Ru(di-Me-dcbpy),allyl-acac]PFs 35b and allyl-acacH 36. In the former case no conversion
was detectable via "H NMR. The latter led to a complex product mixture; the isolation of the
desired reaction product failed. In order to synthesize a molecule comprising three donor and
one acceptor units tetrasilane 41 was reacted with 3 eq. of 30a. The isolation of the respective
dendrimer carrying 3 fluorol and 1 Si-H unit from the mixture of dendrimers decorated with 0
— 4 chromophoric groups formed under these conditions was not successful.

Representative '"H NMR spectra from the products of runs 1, 2, 4, and 5 are shown in
Figure 7 and Figure 8 in combination with the spectra of the respective olefinic substrate.
The 'H NMR spectra clearly show the type of functional group present on the fluorol moiety.
On reacting the olefin group in 30a and b (see spectra a) with the difunctional hydrosilane 39
the typical olefin signals between 6 = 6.2 — 5.2 ppm disappear, new signals around 6= 0.7 —
0.2 ppm and 3.8 ppm indicate the presence of Si-CH, and Si-H groups in the molecule
(spectra b). The coupling of 42a and b to allyl-acacH is confirmed by the additional Si-CH,
signal and the respective change in integration ratio for 6 = 0.7 — 0.2 ppm. The keto enol
tautomerism prevalent in S-diketonates is also observed in 'H NMR data from the compounds
44a and b (Figure 7 and Figure 8c). The latter spectra show that the hydrogen atoms on the
28-, 26- and 24-carbon atoms reveal significantly different chemical shifts depending on the
constitution of the f-diketonate moiety.

In conclusion, the experimental work described in the section above lead to the
development of a methodology for the covalent attachment of the fluorol moiety attached to
an acceptor precursor via a linker that is stable under a wide variety of conditions. Notably
the sequential addition of butyl allyl fluorol 30a and the acceptor precursors 36 and 35 were
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key reactions towards the synthesis of the donor acceptor dyad 45, a bichromophoric
compound that was evaluated as energy transfer sensitizer in the DSC. The conversion of

compounds 44a and b are described in section 3.5.2.2.
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Figure 7. 'H NMR spectra (300 MHz, CDCl;) of a) the olefin-bering energy donor 30b and products
b) 42b and c) 44b emerging from the hydrosilylation sequence.
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Figure 8. 'H NMR spectra (300 MHz, CDCl;) of a) the olefin-bering energy donor 30a and products
b) 42a and c) 44a emerging from the hydrosilylation sequence.
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3.4.2 Addition of Si-H bearing Fluorol Derivatives to Allyl-PG

A series of donor-modified polymers was synthesized by the Pt-catalyzed addition of Si-H-
bearing energy donor 42a to allylated polyglycerol 47 (Allyl-PG) with a degree of
polymerization of 67 (M, = 5000 g mol ') in refluxing DCM (Scheme 10) yielding the donor
functionalized polyglycerol derivatives 48. These polymers will be referred to as D p-Allyl-
PG (ap corresponds to the degree of loading in %). More details towards 47 will be given in
Section 3.6. The loading of the Allyl-PG with the energy donor was adjusted by the reaction
stoichiometry. This series was synthesized in order to study whether it is possible to use
polymeric Fluorol 7GA derivatives to effectuate energy migration (energy hopping between
identical chromophoric units) prior to energy transfer from the donor to the acceptor, thus
extending thereby the light harvesting distance, if a suitable Ru-acceptor was present. The
detailed photophysical characterization of these polymeric energy donor compounds is

presented in Chapter 4 of this work.

o Pt-cat. Usn o/\/

°N o)
a7
o} )/ o M
= CH,Cl, ez
K/\S ~_-SiHMe, K/\S /\/SI
Me, Me, 48

Scheme 10. Synthesis of D-Allyl-PG via the addition of a Si-H-bearing fluorol derivative (42a) to
allylated polyglycerol (47).

Four derivatives with different loadings were synthesized. The loadings were chosen such
that polyglycerols (i) with a near quantitative conversion of allyl to chromophoric groups (run
1 leading to 48a), (ii) with a considerable loading of chromophores (run 2 leading to 48b) and
(ii1) with a low loading of chromophores (down to loadings corresponding to less than one
chromophoric unit per polymer molecule, runs 3 and 4 leading to 48¢ and 48d) would result.
The experimental parameters and results are summarized in Table 6. The details considering
the calculation of arg from 'H NMR data are given in the Appendix (9.1.1). The polymeric
substrate Allyl-PG used for these reactions did not carry remaining OH-groups, as determined
by IR-spectroscopy. An aany value of 100% would be expected. The fact that this value is
larger than 100% 1is thus due to the experimental error in the method used for the
determination of arg. The data presented in Table 6 clearly demonstrates that the loading
with donor chromophore may be tuned via the stoichiometry. In runs 2 — 4 @ponor, cale. and

Obonor agree within the experimental error.
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Table 6. Reactions carried out towards the addition of butyl hydrosilyl fluorol 42a to Allyl-PG 47.

# Product CODonor, calc.a) aDonorb) NDonorC) aAllyld) aOPre) Xa Work'up Yield

0 Allyl-PG 47 - - - 106% 0%  106% -

1 Dol oy, 63% 42 1% 3% 11s% LosPianongg,
2 D%‘ﬁggl' 25% 24% 16 7%  13%  109% ag;;ge 75%
3 D;g‘jgzl' 4.5% 3% 2 98% 3%  104% diélgséim 51%
4 D‘;ﬁé‘f;gl' 0.75% 0.3% >1  103% 2%  106% digﬂ%im 45%

Q) ODonor, cale, - degree of loading that should result according to the reaction stoichiometry. b) @ponor:
degree of loading with the donor moiety as determined from the products 'H NMR spectrum.
¢) Nponor: @average number of chromophoric units per polymer molecule. d) aany: degree of loading
with remaining allyl group. e) aop:: degree of loading with O-CH,CH,CH3;, possibly resulting from
the reduction of the double bond, a plausible side reaction of the hydrosilylation. The details
considering the calculation of arg from "H NMR data are given in the appendix. f) From a solution of
toluene:acetone (3:1).

The significant deviation between those values observed in run 1 might be due to the
hydrosilylation being impaired by steric hindrance which might occur after a certain degree of
functionalization has been reached. The increase in aponor also effectuates a decrease in aanyi.
In case of run 1 this decrease in aany (17% in stead of 37%) 1s significantly more pronounced
than expected for aponor = 63%. This behavior could be explained by side-reactions leading to
the chemical modification of the allyl group; e.g., the hydrogenation of the allyl group would
result in an n-propyl group. In order to estimate the conversion from the latter side reaction
the parameter aopr Was calculated from the intensity of the signal centered at around 0.9 ppm
(see appendix for details). It indicates the degree of loading with n-propyl groups. For runs 2
—4 oppy 1s low, however, aopr = 35% for run 1 points to the fact that olefin reduction might be
a significant side reaction if the hydrosilylation proceeds slower due to sterical limitations.
The latter observation is in consistence with the results obtained during the synthesis of

compound 43, however, °C NMR data does not give clear evidence for this side reaction.
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Figure 9. 'HNMR spectra (300 MHz, CDCl;) of a) butyl hydrosilyl fluorol (42a), b) Dgsv,-Allyl-PG
(48a), ¢) Du-Allyl-PG ( 48b), and d) Allyl-PG (47).

Selected '"H NMR spectra of D-Allyl-PGs are shown in Figure 9b and ¢ in combination with
the spectra of the reaction’s starting materials (Figure 9a and d). This figure clearly shows
that the characteristic chemical shifts of both substrates are present in the product spectrum.
The support to the polymeric substrate is proven by the following facts: (i) the significant line
broadening with respect to the monomeric donor upon its immobilization (ii) the decrease in
intensity of the signals from the CH,CH=CH, protons (around 5.3 and 5.9 ppm), and (iii) the
increasing signal intensity between 0 = 0.7 — 0.1 ppm (the signals corresponding to Si-CH,-
protons). In the >C NMR spectra of the D-Allyl-PG derivatives, signals at 5= 10.5, 24.0 and
24.5 ppm are characteristic for the 21- and 22-C atoms on the newly formed Si-
CH,CH,CH,O-linker.

In conclusion, the reactions summarized in Table 6 lead to a series of polymers with a
varying degree of loading with donor chromophore (aponor). The magnitude for @penor
covered values corresponding to more than one fluorol unit per 2 monomer units to less than
one fluorol unit per polymer molecule. The detailed photophysical characterization of this

series’ compounds are presented in Chapter 4.

33



SYNTHESIS

3.5 Functional [Ru(dcbpy),acac]Cl Derivatives

The ruthenium complexes for energy transfer studies in the DSC were exclusively derivatives
of [Ru(dcbpy),acac]Cl (14). The synthesis of the latter compound described in the literature
proceeds from RuCls - x H;O (x ~ 3) and 4,4’-dicarboxy-2,2’-bipyridine (dcbpy, 49) via
[Ru(debpy)-CL]®! (50) to 14 (Scheme 11).°" For the last reaction step 2,4-pentadione
(acacH, 51) was used as chelating ligand. In this work functional Ru-complexes were
synthesized by using a-substituted acacH derivatives for complex formation with
[Ru(dcbpy),Cl,] derivatives. In the following the synthesis of the ligands and their further

conversion to Ru-complexes is described (Scheme 11).

3.5.1 Synthesis of Ligands

dcbpy was synthesized in a 2-step procedure from 4-picoline (52) via 4,4’-dimethyl-2,2’-

(71, 72] Raney-

bipyridine 53! to 4,4’-dicarboxy-2,2’-bipyridine 49 according to the literature.
nickel was used as a catalyst for the dimerization of 4-picoline. The oxidation of the latter to
dcbpy was carried out using KMnOj, in aqueous H,SO4 (4M) or CrOs in conc. H;SO4. The
product was isolated with either condition by taking up the raw product into a basic aqueous
solution. Under these conditions an insoluble metal hydroxide formed which was separated
via filtration. dcbpy was finally isolated by precipitation upon acidification of the basic
aqueous solution. The yields were 40% with KMnO4 and 75% with CrOs. Although the
'HNMR spectrum was consistent with literature data the elemental analysis of the thus
synthesized dcbpy did not fit the calculated values. This fact is consistent with the product
containing crystal water and/or not being fully neutralized (with, some sodium ions remaining
in the product). 4,4’-dicarboxy-2,2’-bipyridine dimethyl ester (di-Me-dcbpy, 54) was synthe-
sized in a heterogeneous reaction by refluxing debpy in MeOH with H,SO, for 7 days.[’?
Extraction and recrystallization gave an analytically pure product according to 'H NMR,
*C NMR spectroscopy and elemental analysis.

The introduction of alkyl groups selectively into the terminal Me-group in 2,4-
pentadione has been described in the literature via the monoalkylation of the dianion.””) The

latter is formed with NaH and n-BuLi in THF and reacts readily with alkyl halogenides to

give the product substituted at the terminal position.
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Scheme 11. Synthesis of functional [Ru(dcbpy),acac]” derivatives from commercially available
compounds and acacH bearing fluorol derivatives 44. (a) Raney-Ni, reflux; (b) KMnO4, H,SO, (4M),
H,O, then Na,CO; and precipitation via addition of HCI, then post-oxidation in 6M HNO;, 40%;
(¢) CrOs in conc. H,SO4, 2h, then Na,CO; and precipitation via addition of HCI, 75%; (d) DMF, 3 h,
reflux (see also Table 7); (e) H,SO4, MeOH, reflux, 89% based on recovered starting material; (f) 54
to 56: RuCl; - x H,O (x ~ 3), EtOH, reflux, 12 h, > 97% (see also Table 7); (g) solvent, base, acacH
derivatives, details are described in Table §; (h) 1.) NaH, THF, 0 °C, 2.) n-BuLi, —20 °C, 3.) R"-CH,-
Br; 51 to 36: purification via distillation, 42%; 51 to 55: purification via column chromatography on
silica gel, 78%.
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In this work allyl bromide and 3-trimethylsilylpropargyl bromide were used to react with the
above-mentioned dianion to give oct-7-en-2,4-dione (36, allyl-acacH) and 8-trimethylsilyl-
oct-7-yne-2,4-dione (55, TMS-propargyl-acacH) in a 42% and 78% yield, respectively. 36
was isolated via distillation at reduced pressure, the low yield is due to the decomposition of
the product to a higher molecular weight compound. 55 was isolated via column

chromatography.

3.5.2 Synthesis of Complexes

The synthesis of [Ru(dcbpy),acac]Cl derivatives was a challenging part of this work. It
consisted in (i) the synthesis of a precursor comprising two chloro ligands on the ruthenium
center and (i1) the exchange of the chloride ligands with acacH derivatives (Scheme 11).
Furthermore, considerable effort was put into the synthesis of [Ru(di-Me-dbpy),allyl-acac]”
(tetraesters of [Ru(dcbpy),allyl-acac]”) since preliminary results showed that these complexes

may be coupled to Si-H moieties via hydrosilylation (see Section 3.4.1).

3.5.241 [Ru(dcbpy):Cl;] and [Ru(di-Me-dcbpy).Cl,]

Although initial attempts at reproducing literature procedures were successful, the yields of
isolated compounds were very low. Different strategies applied for the synthesis of
[Ru(dcbpy),Cl,] derivatives are summarized in Table 7). It was difficult to synthesize
[Ru(dcbpy),Cl,] 50 from RuCl; - x H,O and dcbpy according to literature procedures'™ for the
following factors: (i) The exact 2:1 stoichiometry of the reactants required for this reaction
could not be precisely adjusted due to the high hygroscopy of RuCl; and the undefined salt
and water content of dcbpy. (ii) Evaluation of the purity of 50 via "H NMR spectroscopy in
D,0O/NaOD was difficult due to the partial exchange of Cl-ligands for OH leading to
complex mixtures of [Ru(dcbpy),XY] derivatives (Table 7, entry 1). Converting the crude
product 50 by refluxing in MeOH in presence of a catalytic amount of H,SO,4 led to the
tetramethylester 56, a compound that is soluble in organic solvents and well characterizable
by 'HNMR. 56 synthesized by this method still contained a range of impurities.
Furthermore, column chromatography led to the decomposition of the 56 (Table 7, entry 2).
The method of choice for the synthesis of precursors for the formation of [Ru(dcbpy).acac]
derivatives turned out to be the preparation of [Ru(di-Me-dcbpy),Cl,] 56 from RuCls - x H,O
(x ~ 3) and di-Me-dcbpy 54 in EtOH (Table 7, entry 3).[71
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Table 7. Synthesis of Ru dichloro precursors according to different reaction conditions.

# Product Substrates Conditions Result
RuCl; - x HO (x ~ 3) DMF, difficult to monitor
1 [Ru(dcbpy).Cl,] 50 dcbpy 49 reflux, 3 h and characterize
[Ru(dcbpy)>Cl,] 50 MeOH, decomposition of

2 [Ru(di-Me-dcbpy),Cl,] 56

product upon column

MeOH H,SO04 chromatography”

RuCl; - x HO (x ~ 3) EtOH > 97%, crude product

3 [Ru(dl-Me-dCbpy)2C12] 56 di-Me-dCbpy 54 (analytically pure!)

a) It was probably during drying at 40 C in presence of silica gel that lead to the decomposition.

Although the latter strategy requires an additional step (the esterification of dcbpy), the extra
effort pays off since this complex formation proceeds smoothly to [Ru(di-Me-dcbpy),Cl;]
(56) by refluxing the starting materials in EtOH overnight in yields greater than 97%.""
Considering the further reaction of [Ru(dcbpy).Cl,] derivatives to acac-complexes it was
found that it was not of importance whether 50 or the respective tetraester 56 was used as
substrate: It was observed that the COOMe-groups on the ligand bound to a Ru(Il) center

hydrolyze quasi instantaneously if exposed to alkaline water (see below).

3.5.2.2 [Ru(dcbpy);acac]Cl derivatives

Reactions carried out towards the synthesis of Ru acac complexes with carboxylic acid groups
according to (g) in Scheme 11 are summarized in Table 8. This set of reactions allowed the
complex formation between the dichloro precursors 50 and 56 and acacH (51) and its
functional a-substituted derivatives 36, 55, 44a and 44b yielding the linker-functionalized
complexes [Ru(dcbpy),allyl-acac]Cl (57) and [Ru(dcbpy).propargyl-acac]Cl (58) as well as
the bichromophoric complexes 45 and 59 which will be termed donor acceptor dyad (45) and
butyl dyad (59) in the following.

The reaction conditions for the formation of [Ru(dcbpy).acac]Cl from
[Ru(dcbpy),Cl,] described in the literature consist in refluxing the substrates in DMF:H,0
(2:1) with ligand 51 and Na,CO:s.
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Table 8. Reactions carried out towards the complex formation of [Ru(dcbpy),Cl,] derivatives with functional acetylacetone derivatives.

The number in

parentheses corresponds to the equivalents of reagent added. The reactions were carried out under nitrogen atmosphere. Oxygen was excluded from the reaction
mixture by bubbling nitrogen through the reaction mixtures prior to heating.

. Temp. Slow addi- . . .
# Product Run Ligand RY Base  Solvent cmp- ion of” Purification® Yield
reaction time tion o
acacH Na,CO; DMF:H,0 reflux water, 1.4; then o
1 [Ru(dcbpy),acac]Cl 14 CS 145 (1.5) H (10) 21 o h - KOH/MeOH, 0.9 11%
2 [Ru(dcbpy)sallyl-acac]Cl 57 csiop ~ AblacacH - NaCO;  DMFH,O reflux i water, 3.3 36%
(1.1) (10) 2:1 lh
3 [Ru(dcbpy)sallyl-acac]Cl 57 CS 160 a”y(léalc;‘CH Me K(‘;QB)“ MeOH I base in MeOH water, 2.8 40%
i o water (2x), 2.9; then
4 [Ru(dcbpy)sallyl-acac]Cl 57 cs1og  AblacacH o Na€O;  DMEHO - 60-100°C oo 450 DMF MeOH:HLO 3:1 with  66%
(1.5) (10) 2:1 25h
NaOH, 3.0
TMS-propargyl- KO7Bu reflux . o
5 [Ru(dcbpy).propargyl-acac]C1 58 LB 19 acacH (1.5) Me @) MeOH, abs. 45h base in MeOH water, 2.0 55%
s d) butyl acacH KOBu MeOH:DMF reflux . . water, 2.0; then MeOH o
6 Donor acceptor-Dyad®” 45 CS 171 fluorol (0.9) Me (12) 51 4h ligand in DMF with NaOH, 2.4 17%
butyl acacH TBAOH DMF:H,0 60°C base in solvent o
7 Donor acceptor-Dyad 45 LB 50 fluorol (0.9) Me (10) 21 1h mixture water, 2.5 8%
butyl acacH Na,CO; DMF:H,0 60-80 °C . .
8 Donor acceptor-Dyad 45 LB 30 fluorol (0.9) Me (10) 21 75h ligand in DMF water, 2.0 n.d.
butyl acacH KOrBu reflux . o o
9 Donor acceptor-Dyad 45 LB 89 fluorol (0.9) Me 3) MeOH 6h base in MeOH water, 2.5 32%
dibutyl acacH Na,CO; DMF:H,0O reflux o
10 Butyl-Dyad 59 TR 25 fluorol (0.75) H (10) 21 Ah - water, 2.4 5%

a) Substituent on the carboxy group of the ruthenium precursor. b) In some cases one reagent was added dropwise to the reaction mixture, which one is indicated
in this column. c) the solvents used for the individual chromatography steps and the pH the solution was titrated to with aq. HCI. are given in this column. d) In
this run, yellow side products that would not elute from Sephadex LH20 with water were isolated and further purified via chromatography on silica gel. ¢) The
crude product was purified via extracting impurities soluble in the organic media into CH,Cl, prior to the column chromatography on Sephadex LH20.
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The reproduction of the literature synthesis was tedious due to low yields and the formation of
side products (Entries 1, 2, and 10). One reason for the low yields of this reaction is the
decomposition of the acetylacetone unit during the reaction. In run CS 171 (Table 8, Entry 6)
the side products of the reaction were isolated and further purified via column
chromatography on siliga gel. One compound was identified via "H NMR and MS to be

compound 60, which results from a retro-claisen condensation.

RY Me,

/ O R = . Si
S R Seale
W H/N O 0
OH O
\ N\Bu
(0]

OH
Scheme 12. Side reactions leading to a decomposition of the functional acacH-ligands. By the
isolation of the side products of run CS 171 (Table 8, entry 6) it was shown that compound 60 was
formed.

Strategies to improve the reaction yields included the choice of different solvents, bases, and
temperatures and the dropwise addition of one reagent. The best yield was achieved in this
series of reactions with DMF:H,O (2:1) and dropwise addition of allyl-acacH (Table 8, entry
4) despite several chromatography steps. Adding a solution of KO7Bu to the refluxing
reaction mixture containing the Ru precursor and functional acacH ligand also lead to higher
yields than the ones achieved using literature conditions (Table 8, entries 3, 5, 6, and 9).
Lowering the reaction temperature was the crucial factor for attaining better yields. Avoiding
the presence of the entire amount of base and functional acacH derivative in the reaction
mixture by dropwise addition of one or the other might also have contributed to the
improvement of the yield. Using TBAOH as base did not afford an improvement (Table 8§,
entry 7) in the reaction’s outcome. The products were all isolated from the reaction mixture
in the same manner. After the evaporation of the solvent the crude product was taken up in
water (if it was not entirely soluble, some NaOH was added), loaded onto a Sephadex LH20
column, and eluted with water. The side products eluted first; the title compound last. The
individual fractions containing the title compound were identified via their UV-Vis spectrum.
The fractions containing the title compound were acidified with diluted HCI. Precipitation of
[Ru(dcbpy).acac]” derivatives was observed below a pH of 3.5. The precipitate was best
isolated by centrifugation and freeze-drying. If one chromatography step did not lead to a
satisfactory purity, a second one using alkaline MeOH or MeOH-water mixtures was

performed.
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In conclusion, by the syntheses presented in Scheme 11, several functional [Ru(dcbpy)sacac]”
derivatives were made. By lowering the reaction temperature and variation of solvents an
increase in yields was achieved. Most importantly the complex formation between butyl
acacH fluorol 44a and [Ru(dcbpy),Cly] derivatives 50 and 56 led to dyad 45. Through this
pathway the access to 45 in sufficient amounts for spectroscopic and photophysical was
achieved. 45 lives up to the requirements posed for monomolecular donor acceptor sensi-

tizers in the objective.

3.5.23 [Ru(di-Me-dcbpy);allyl-acac] X

Table 9 shows strategies carried out towards the synthesis of the [Ru(di-Me-dcbpy),allyl-
acac]” cation which was used as an intermediate to donor acceptor systems as described in

Section 3.4.1.

Figure 10. Photography of viles containing water (top) and CH,Cl, (bottom). The left one contains
[Ru(dcbpy),allyl-acac]Cl 57 (the water phase is dark red), the right one [Ru(di-Me-dcbpy),allyl-
acac|PF; 35b (the organic phase is black).

Substituting the acidic hydrogens in 50 by methyl groups leads from a very polar material that
is only soluble in alkaline water and polar organic solvents to a compound that is soluble in
organic media (e.g., CH,Cl,), thus rendering it suitable for hydrosilylation reactions (Figure
10). Three different strategies towards the synthesis of [Ru(dcbpy),allyl-acac]” derivatives
were evaluated: (i) esterification of [Ru(dcbpy).ally-acac]Cl 57 using MeOH/H,SOy, (ii)
complex formation between [Ru(di-Me-dcbpy),Cl,] 56 and allyl-acacH 36 in analogy to the
experiment from entry 4 in Table 8, and (iii) methylation of the tetra-sodium salt of

[Ru(dcbpy).ally-acac]Cl 57 with CHsl in DMSO.
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MeOZC =
S ‘ «Cl 36, KOtBu s 35: R =Me MeOH, H,S0y, reflux
Ri, ———> X RU_ or
| | abs. MeOH 7 | o= 57:R=H KOH, DMSO, CHjsl, 0°C
= ‘ Cl (¢}
MeO,C X RO,C
35a: X = CI —
35b: X" = PFg
CO,Me CO,R

Table 9. Reactions carried out towards the synthesis of [Ru(di-Me-dcbpy),allyl-acac]” derivatives.

it Substrate Run  Coum Cond. Work-up Result

terion

~15%, formation
of [Ru(di-Me-
dcbpy),Cl,] was
observed”

extraction in CH,Cl, with
NaHCO;, column with
CH,Cl,:MeOH (10:1)

[Ru(dcbpy)allyl-  CS MeOH, cat.
acac]Cl 57 102 H,S0y, reflux

allyl-acacH, ~13%, formation

Ru(di-Me- AK _ column with .
2 [ X MeOH, KOrBu, ] ] of numerous side
dcbpy),Cl,] 56 120 reflux CH,C1,:MeOH (10:1) products”
CH;l, NaOH, extraction in CH,Cl, with
[R‘;(C‘ii"jlg)g;lyl' 1C756 PFs DMSO, cold NH,CI, HNO; and 76%
0°C —RT NaClI”

CH;I, NaOH,  extraction in CH,Cl, with

4 [Ru(debpy)allyl- - CS PF¢ DMSO, cold HCI, extraction with 33%

acac]Cl 57 196 0°C—RT  NaHCO;"

a) Product still contains a considerable amount of impurities. b) The residue in the organic phase was
either dried or precipitated with NH4PFs. c¢) Furthermore, elution over Sepahdex LH20 with
H,0:Acetone 2:1, then with added NacCl, precipitation after column with NH4PF;.

All three strategies lead to compounds containing the [Ru(di-Me-dcbpy).allyl-acac]” cation.
It was possible to form [Ru(di-Me-dcbpy).allyl-acac]” via the esterification reaction in MeOH
(Table 9, Entry 1), however, the decomposition of the substrate by the formation of [Ru(di-
Me-dcbpy),Cl,] was one major side reaction under these reaction conditions. Furthermore,
the substitution of the chloro ligands in [Ru(di-Me-dcbpy).Cl:] by allyl-acac™ in KO7Bu and
MeOH (Table 9, Entry 2, in analogy to the reaction from Table 8, Entry 3) also leads to
[Ru(di-Me-dcbpy),allyl-acac]”. The formation of the latter species was monitored by the
color of a solution resulting from adding one drop of the reaction mixture into CH,Cl,: A
deep green color is characteristic for [Ru(di-Me-dcbpy),Cl,], while the presence [Ru(di-Me-
dcbpy),allyl-acac]” is indicated by a deep purple — black color. Since the reactions described
so far did not smoothly lead to [Ru(di-Me-dcbpy),allyl-acac]”, the reaction mixtures were

worked-up via extraction with alkaline water and brine and subsequent column chromato-
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graphy on silica gel using CH,Cl,-MeOH mixtures as eluent. The chromatography was

difficult due to smearing of the product over the column.[’¥

During these purification steps,
partial hydrolysis of the methyl ester was observed. The difficulties described above were the
reasons for the low yields in these runs. However, [Ru(di-Me-dcbpy).allyl-acac] "X isolated
according to these procedures reacted smoothly in hydrosilylation reactions. The identity of
the counter ion was not further analyzed. It might be CI™ but there is also the possibility that it
was exchanged during the purification. On the other hand, the methylation of the tetrasodium
derivative of [Ru(di-Me-dcbpy),allyl-acac]Cl with CHsl in DMSO smoothly led to [Ru(di-
Me-dcbpy),allyl-acac]” which was isolated from the reaction mixture by the addition of acidic
water and the extraction into CH,Cl,. In order to obtain high yields the contact of [Ru(di-Me-
dcbpy).allyl-acac]” with basic water had to be absolutely avoided. Thereforme it was crucial
to make sure that the amount of acid added in order to quench the reaction mixture
overcompensated the base that was initially present. It was shown via 'H NMR spectroscopy
on samples of the crude product that no isomerization or chemical transformation on the Ru-
center took place. The crude product was water soluble and [Ru(di-Me-dcbpy),allyl-acac]PFg
35b precipitated on addition of NH4PFs to the aqueous solution. Alternatively, aqueous
solutions containing [Ru(di-Me-dcbpy),allyl-acac]” were further purified over Sephadex
LH20 in water (or acetone-water mixtures if the loading of the column was high) using an
NaCl gradient. No hydrolysis of the methyl ester in neutral H;O was observed. Using
[Ru(di-Me-dcbpy),allyl-acac]PFs 35b as a source for [Ru(di-Me-dcbpy)sallyl-acac]” in
hydrosilylation reactions led to conversions that were not as smooth as conversions relying on
[Ru(di-Me-dcbpy),allyl-acac]X 35a. The latter might be due to remaining crystal water in
35b or interference of PF¢ with silicon compounds.

In conclusion, the reaction conditions from Entries 1 and 2 in Table 9 lead to [Ru(di-
Me-dcbpy),allyl-acac]-derivatives in poor yields due to side reactions on the Ru center and
resulting difficulties with the work-up and purification. The latter side reactions do not take
place if [Ru(dcbpy),allyl-acac]Cl is converted to [Ru(di-Me-dcbpy)sallyl-acac]” via the
methylation of the carboxylates. The isolation of [Ru(di-Me-dcbpy),allyl-acac]” as PF; salts
by chromatographic separation over Sephadex LH20 in water or water-acetone mixtures was
possible.  These results suggest that [Ru(di-Me-dcbpy),allyl-acac]” derivatives could
alternatively be synthesized by the conversion of 56 with allyl-acacH in an organic solvent,
e.g., pyridine, and isolation of the product from the reaction mixture via quenching in acidic
water, column chromatography over Sephadex LH20 in neutral or slightly acidic water,””’

and finally by extracting the complex into the organic phase or precipitation with PF¢ .
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3.5.3 Characterization of Ru Complexes

3.5.3.1 "H NMR of [Ru(dcbpy),acac|Cl and its Functional Derivatives

The measurement of NMR spectra of the Ru polypyridine complexes presented in this work
was carried out in alkaline D,O or CD3;0D. Deuterated sodium hydroxide served as base.
Figure 11 shows 'HNMR spectra of [Ru(dcbpy).acac]Cl 14 and its linker-functionalized
derivatives 58 and 57.

Hydrogens on dcbpy-ligand:
3-H, 6-H, 3'-H, 5-H, 6'-H,

i "

T T T
9.0 8.5 8.0 7 5 5 4 3 2
¢ [ppm]
Figure 11. 'HNMR spectra (300 MHz, D,O/NaOD) of a) [Ru(dcbpy),allyl-acac]Cl (57), b)

[Ru(dcbpy),acac]ClI (14) and ¢) [Ru(dcbpy),propargyl-acac]Cl (58). The spectra do not have signals
within the break.

. .y /L\JUL

Spectrum b in Figure 11 shows 6 signals between 9.0 and 7.4 ppm. This is consistent with the
symmetry of this type of enantiomeric Ru complex. Introducing one functional group into the
a-position of the acac-ligand reduces the symmetry; these compounds may be composed of
two different diastereomers. The respective hydrogens on either dcbpy ligand resonate at
slightly different chemical shifts with the result that the '"H NMR spectra of [Ru(dcbpy),allyl-
acac]Cl and [Ru(dcbpy),propargyl-acac]Cl show 12 aromatic signals, some of which are
overlapping. A detailed assignment of the different signals to the type of diastereomer was

not performed. The introduction of the allyl group leads to characteristic olefinic signals
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around 5.3 and 4.6 ppm. Methylene groups between the coordinating CO-unit and the
functional group resonate around 2.40 and 1.95 ppm, the terminal CH; group around 1.9 ppm.
The signal intensity of hydrogens in a-position to the coordinating carbonyl groups is lower
than predicted from the structure. Furthermore, the signal for the alkyne proton is missing.

The latter two facts are consistent with H-D-exchange in the basic environment.

3.53.2 3C NMR of [Ru(dcbpy).acac]Cl and its Functional Derivatives
Figure 12 and Figure 13 show “C NMR spectra of [Ru(dcbpy)sacac]Cl 14 and its linker-

functionalized derivatives 58 and 57. The terminal CHj unit resonates at around 30 ppm, the
a-CH, unit at around 43 ppm. The fact that the signal at 30 ppm is not present in spectrum b
is probably due to H-D-exchange. The introduction of the allyl (propargyl) group leads to
characteristic olefin (alkyne) signals at 139 (87) and 117 (73) ppm and one signal at 34 (19)
ppm for the additional methylene group. The latter chemical shifts are typical for the
respective functional units (notably in case of the propargyl group). Thus, the chemical shifts
of the alkyne moiety prove unambiguously that the trimethylsilyl group from 55 was cleaved
during the complex formation. In order to measure a “CNMR spectrum of
[Ru(dcbpy),propargyl-acac]Cl revealing the signal at 73 ppm, the sample had to be prepared
in non-deuterated water with traces of deuterated methanol as standard. If the sample was
prepared exclusively in deuterated solvents, H-D-exchange at the terminal alkyne-C led to a
BC NMR spectrum without the latter signal. Spectrum b in Figure 13 shows 9 signals
between 164 and 124 ppm. In analogy to results from 'H NMR this is consistent with the
symmetry of this type of enantiomeric Ru complex assuming that the 3 and 3’ carbon atoms
resonate at the same chemical shift (125 ppm). The transformation from enantio- into
diastereomers via the introduction of one functional group into the a-position of the acac-
ligand is also obvious from the "CNMR spectrum of [Ru(dcbpy)sallyl-acac]Cl and
[Ru(dcbpy),propargyl-acac]Cl. For most of the signals that were present in the spectrum of
[Ru(dcbpy).acac]Cl two signals with a slightly different chemical shift appear (Figure 13).
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Figure 12. CNMR spectra (75 MHz) of a) [Ru(dcbpy)sallyl-acac]Cl (57) in D,O/NaOD, b)

[Ru(dcbpy),acac]Cl (14) in D,O/NaOD, and c¢) [Ru(dcbpy),propargyl-acac]Cl (58) in HO/NaOH with
some CD;0D.
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Figure 13. Cutout of >C NMR spectra (75 MHz, D,0/NaOD) of from Figure 12. a) [Ru(dcbpy)sallyl-
acac]Cl (57) in D,O/NaOD, b) [Ru(dcbpy),acac]Cl (14) in D,O/NaOD, and c¢) [Ru(dcbpy),propargyl-
acac]Cl (58) in H,O/NaOH with some CD;OD. The numbering of the C-atoms on the dcbpy ligands
is in analogy to the numbering of 45 as presented in Scheme 13.
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3.5.3.3 "H NMR of Donor Acceptor Dyads

The NMR solvent of choice for the characterization of the dyads was deuterated alkaline
methanol. Measurements in alkaline D,O did not lead to clearly resolved signals supposedly
due to the aggregation of the highly amphiphilic structure 45 if prevalent as tetrasodium salt
in water. Figure 14 summarizes "H NMR spectra allowing the confirmation of the structure
of the donor acceptor dyad: spectrum a) belongs to butyl acacH fluorol 44a, b) to the donor
acceptor dyad 45 and c) to [Ru(dcbpy),acac]Cl 14 in CD;OD.

Signals belonging to:
A D A D+A

|
il

I , LJ

T ' 1T - T " 1T v 7/ 1T 17 " T * T T 1T © 1
9.0 8.5 8.0 7.5 7.0 4 3 2 1 0

5
5 [ppm]
Figure 14. "H NMR spectra (300 MHz) of a) butyl acacH fluorol (44a), b) donor acceptor dyad (45),
and ¢) [Ru(dcbpy),acacH]Cl (14) in MeOD. Some NaOD in D,0 was added to the NMR sample for
spectra b) and ¢). The spectra do not show signals within the break between 6= 6.5 — 5.6 ppm. The

section of the "H NMR spectrum shown between spectra a) and b) and 6= 2.0 — 1.5 ppm (b') is from
dyad 45 in a mixture of alkaline MeOH/MeOD (5:1).

The spectrum in Figure 14b clearly shows that the signals of the butyl acacH fluorol unit are
also present in the dyad with exception of the triplett at 2.45 ppm. The latter signal is
characteristic for the keto form of 44a. Thus its disappearance on reaction 44a with
[Ru(dcbpy).CL] confirms the complex formation. Furthermore, the '"H NMR spectrum of 45
also comprises aromatic signals that are characteristic for the [Ru(dcbpy),acac] -unit (see
spectrum c). The integral ratio of the signals belonging to one hydrogen atom from the donor
and acceptor group, respectively, is 1. All of the above-mentioned characteristics confirm the
successful complex formation between 44a and 56. In analogy to observations made during
measurements with [Ru(dcbpy),acac]Cl derivatives (see 3.5.3.1) the signals of the -CHj3 and
—CHj-groups at o6 = 1.82 and 1.89 ppm, respectively, are underrepresented if
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MeOD/NaOD/D;0 is used as NMR solvent system. The analogous measurement of a
spectrum in a mixture of CD;0D and CH3OH leads to an enhanced signal intensity due to the
suppression of H-D-exchange (see spectrum b' in Figure 14). In analogy to the spectrum of
dyad 45, the '"H NMR spectrum of butyl-dyad (59) contains the signals of donor and acceptor
units, however, the donor acceptor chromophore ratio in the sample isolated from the reaction
with dibutyl acacH fluorol 44b was only 0.8:1 and thus contained impurities, which were
likely decomposition products formed during the isolation of the material after the

fractionation via chromatography in water.

3.5.34 3C NMR of Donor Acceptor Dyad

Figure 15 shows C NMR spectra of butyl-acacH -fluorol 44a and the donor acceptor dyad
45 in MeOD and [Ru(dcbpy),acacH]CI 14 in D,O. Scheme 13 shows the atom numbering
applied for the assignment of NMR signals.

Scheme 13. Structure of donor acceptor dyad 45 and atom numbering used for the assignment of
NMR signals. Although not chemically equivalent to the upper dcbpy ligand, the atoms of the lower
ligand are numbered identically. The atom number of signals originating from the dcbpy ligands are
followed by “-bpy” in the NMR assignment in Figure 15.

In analogy to the results of '"H NMR data from 45 the ’C NMR spectrum is also largely a sum
of the signals of the individual functional units butyl acacH fluorol 44a and
[Ru(dcbpy),acac]Cl 14. In analogy to the results of *C NMR spectra of the functionalized
Ru complexes 58 and 57, the introduction of one substituent at the terminal Me-groups on the
acac-moiety leads to two signals with slightly different chemical shifts for each position on
the dcbpy ligand. The assignment of the spectra was based on a DEPT-spectrum of 44a and
CH-COSY measurements with 45.
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Figure 15. "*C NMR spectra of a) acacH-butyl-fluorol (44a) in MeOD, b) the donor acceptor dyad
(45) in MeOD, and c) [Ru(dcbpy),acacH]CI (14) in D,O. Some NaOD in D,0O was added to the NMR
sample for spectra b) and c¢). Top: &= 200 — 95 ppm. Bottom: § =47 — -5 ppm. The signals within
the break between & = 95 — 48 ppm are exclusively from MeOD. The section of the C NMR
spectrum shown between spectra a) and b) and 0= 43 — 27 ppm (b") is from the dyad in a mixture of

alkaline MeOH/MeOD (5:1).
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The H-D-exchange on the a-positions of the acac-ligand described before had also
implications on the °C NMR spectrum: Signals of the 24 and 28 carbon atoms are very weak
or not present if the spectrum is recorded in alkaline MeOD. The same measurement in a
MeOH/MeOD mixture leads to intense signals at 42 and 28 ppm (see spectrum b' in Figure
15).

3.5.3.5 Elemental Analysis and Mass Spectrometry

Table 10 shows the results of elemental analysis and mass spectrometry data of
[Ru(dcbpy).acac] derivatives. The deviations between the calculated and experimental C, H
and N content are below 0.3%. Different amounts of crystal water were taken into account.
These results confirm the structure of the Ru complexes. Furthermore, the most intensive
peak of the mass spectra corresponds to the calculated exact mass for the cationic complex.
The mass spectra typically revealed another peak exceeding the mass of the cationic complex
with 22 to 23 units. This points to incomplete neutralization of the carboxy groups during the
precipitation from alkaline aqueous solution, which could lead to sodium ions bound to the

carboxylates.

Table 10. Results of elemental analysis and mass spectrometry of functional Ru complexes. The
calculated values are shown in parantheses.

Compound C H N M,

[Ru(dcbpy).acac]Cl n.d. n.d. n.d. 689.0

46.02 4.00 6.86
[Ru(dcbpy),allyl-acac]Cl - 4 H,O (45.97) (4.22) (6.70) 729.1

49.38 3.48 7.06

[Ru(dcbpy),propargyl-acac]Cl - H,O (49.27) (3.49) (7.18) 727.0

donor acceptor-dyad - H,O (gggg) é'gé) (2'33) 1183.2

butyl-dyad n.d. n.d. n.d. 1239.4
3.5.3.6 UV-Vis spectra of Functional [Ru(dcbpy);acac] Derivatives

Figure 16 shows normalized, electronic spectra of Ru compounds 58, 57, 14, 45 and 59 as
well as the spectrum of 15 in alkaline EtOH. Absorption maxima are summarized in Table
11. [Ru(dcbpy),acac]Cl and its linker modified derivatives show close to identical spectra.

The spectra of 45 and 59 are also identical to [Ru(dcbpy),acac]Cl for A > 510 nm, however
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the absorption at 390 > 4 > 510 nm is significantly and somewhat larger for 45 and 59,
respectively. These observations agree with the following facts: (i) The introduction of a
substituent into the terminal position of the acac-ligand does not alter the absorption
properties significantly, (ii) the significantly higher absorption of 45 and 59 as supposed to 58
in the range 390 > 4 > 510 nm is in consistence with light absorption by the donor moiety,

and (iii) the latter effect is weaker than expected for butyl-dyad.

2.0

UV-Vis spectra in EtOH/NaOH:
——dyad

- - - - butyl-dyad

------ Fluorol 7GA

1.5

[Ru(dcbpy),R-acac]:
R=H

\ -~ - -R=allyl
N R = propargyl

1.0+

0.5

0.0 T T — T T T — T |
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A [nm]

Figure 16. UV-Vis spectra of [Ru(dcbpy),acac]Cl 14 and its linker functionalized derivatives 57 and
58 in alkaline EtOH (gray lines). Furthermore the spectra of dyad 45, butyl-dyad 59 and Fluorol 7GA
15 are displayed. The spectra were normalized to 1 at their reddest absorption maximum.

Table 11. Absorption maxima of [Ru(dcbpy),acac]” derivatives and Fluorol 7GA in alkaline EtOH.

Compound Amax,1 [AM]  Amay, 2 [nm] ﬂ[”l“;;’;f
[Ru(dcbpy),acac]Cl 310 385 527
[Ru(dcbpy),allyl-acac]Cl 310 385 527
[Ru(dcbpy),propargyl-acac]Cl 309 384 523
dyad 310 442 527
butyl-dyad 310 ( 4328223)) 527
Fluorol 7GA - 445 -

a) maximum in neutral EtOH.
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Figure 17. 3 Sets of UV-Vis spectra illustrating the pH dependence of the electronic specra of
a) [Ru(dcbpy),acac]Cl (14), b) dyad 45, and c) butyl-dyad (59).

Figure 17 shows UV-Vis spectra of 58, 45 and 59 in alkaline, neutral, and acidic EtOH. All
the spectra in Figure 17 show a dependence of the absorption spectrum on the pH of the
solvent. The addition of TFA does not alter the spectral properties significantly (the shoulder
at 630 nm becomes somewhat more pronounced). The addition of base, on the other hand,
effects a significant hypsochromic shift of the spectrum from the [Ru(dcbpy),acac]” moiety of
about 20 nm in all cases. The absorption maximum at 445 nm from 45 decreases somewhat
with increasing pH (Figure 17b). In addition, the absorption at 422 nm of 59 in EtOH is
significantly reduced by the addition of base (Figure 17c). The absorption of the
aminonaphthalimide moiety does not reveal a pH dependence in EtOH (not shown). The
observations mentioned above are consistent with (i) an increase in the electronic energy of
the ligand-centered LUMO in [Ru(dcbpy),acac]” due to additional electron density generated
via deprotonation of the carboxy groups, (ii) bleaching of the donor moiety in 59 by the
addition of base (Figure 17c), and (iii) the slight decrease of the absorption maximum at 445
nm in Figure 17b being effectuated by the shift of the acceptor absorption. The latter
conclusion, the additivity of the absorption spectra of the donor and acceptor unit is further
underlined by the results presented in Figure 18. It shows the extinction coefficient &(1) of
dyad 45 in combination with corresponding spectra of the parent chromophores in alkaline
MeOH. Furthermore, Figure 18 shows a curve, which was calculated according to eq. (3.1).

EDyad = 0.99-&ponor + 0-96'5Acceptor (3.1

EDyad = EDonor T EAcceptor (3.2)
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Figure 18. UV-Vis spectra of the donor acceptor dyad 45 (solid), the energy acceptor
[Ru(dcbpy),acac]Cl 14 (dot) and the energy donor Fluorol 7GA 15 (dash) in NaOH/MeOH.
Furthermore, a theoretical spectrum calculated according to &pyaa = 0.99 &ponor + 0.96° Eacceptor 1S Shown
(light gray, dash-dot).

This curve is in very good agreement with the experimental spectrum of the dyad. The very
moderate derivations of the simplest prediction [eq. (3.2)] show that there are no significant
interactions between the electronic ground states of the individual chromophoric units within
dyad 45. The above-mentioned deviations are in consistence with minor alterations in the
chemical environment of the chromophores effectuated by the introduction of the linker.

In conclusion, the characterization of the Ru-compounds synthesized in this work via
UV-Vis spectroscopy in EtOH and MeOH at different pH showed a pronounced dependence
of the absorption of the acceptor unit for pH > 7. The donor unit in 59 was bleached by the
addition of base. The pH did not have any influence on the donor unit of 45. Thus, the
presence of at least one hydrogen atom on the aromatic amine nitrogen is crucial for the
stability of the 4-aminonaphtalimide unit. Donor and acceptor absorption were shown to be

additive.

3.5.3.7 Luminescence

The emission behavior of the dyad 45 was characterized by the emission spectra of solutions
of both, the dyad and an optically matched mixture comprising the chromophores Fluorol
7GA and [Ru(dcbpy),allyl-acacH]Cl in EtOH. In order to exclude artifacts resulting from the
luminescence of unbound aminonaphthalimides units, the sample of 45 used for luminescence

studies was purified one additional time and separated from the eluent via freeze drying in-

[76]

stead of precipitation. The emission spectra of both solutions showed a maximum at 532

nm. This value is within the typical range for alkylated 4-aminonaphthalimides.”"
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Figure 19. Results of experiments towards the emission behavior of the donor acceptor dyad. a) UV-
Vis and b) emission spectra (Aexe. = 440 nm) of the donor acceptor dyad (solid) and an optically
matched solution containing [Ru(dcbpy),allyl-acacH] and Fluorol 7GA (dashed).

The emission intensity of the solutions is decreased by 94% by the covalent link between the
chromophores. This strong decrease in donor emission intensity is an indication towards a
high energy transfer efficiency to the energy acceptor. The characteristic donor absorption
maximum is present at a wavelength between 439 (MeOH) and 450 nm (TiO,/electrolyte),
depending on the solvent. Linking the Fluorol unit covalently to the ruthenium center brought
about a drastic reduction in fluorescence intensity. This behavior is typical for efficient

81 However, due to the poor luminescent properties of the energy

resonant energy transfer.”
acceptor, it was not possible to prove that donor quenching also leads to acceptor excitation.
As a consequence, the measurement of an excitation spectrum based on the acceptor

luminescence was not an option for the determination of the energy transfer efficiency.

3.5.4 Conclusion: Functional Ru Complexes and Aminonaphthalimides

In conclusion several functional chromophores were made by the syntheses described so far.
These chromophores comprised the linker modified naphthalimides (notably 31) and Ru
complexes (notably 58) for different immobilization strategies. The successful one is
described in the next chapter. Furthermore, the work described so far also led to the energy
transfer sensitizers 45 and the model chromophores 32 (as donor) as well as 57 and 14 (as

acceptor models) to be evaluated in the dye solar cell (see Chapter 5).
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3.6 Clicking Alkyne Functionalized Chromophores to (Poly)azides

Since recently, an overwhelmingly number of publications keep describing the 1,3-dipolar
cycloaddition of azides to alkynes,[63] also termed “Click Chemistry,”[62] as a versatile method
for the covalent attachment of a wide variety of different molecular units. The attractions of
this reaction are the mild reaction conditions and the compatibility with a wide range of func-

[65] In

tional groups. It has been used to functionalize materials with chromophores before.
this work, the click reaction was also employed to link the alkyne functionalized donor and
acceptor chromophores 31 and 58 to a polymeric azide which was the key step towards the
synthesis of polymers carrying the donor and acceptor moiety. Two different methodologies
consisting of the sequential and the simultaneous addition of the acceptor and donor units
were evaluated (Scheme 14). The experimental work described in the following section
aimed at the variation of the following molecular parameters: (i) the polymeric architecture,

(1) the donor acceptor ratio, and (iii) the donor acceptor distance.
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Scheme 14. Synthesis of donor acceptor functionalized polymers via the 1,3-dipolar cycloaddition of
a polymeric azide to the alkyne functionalized chromophores. Reaction step (a) presents the
simultaneous addition of donor and acceptor chromophores; the sequence encompassing steps (b) and
(c) is the sequential addition to the polymeric azide.

The motivation for the variation of these parameters was the subsequent evaluation of their
influence onto the energy transfer efficiency of D-A-systems within a dye solar cell. The

synthesized compounds will be designated using the following abbreviation scheme:

Z,

D, -A, -Polymer-FG, . D, indicates the presence of the donor with the donor acceptor
ratio of zps and A, specifies the presence of the acceptor with its respective degree of

functionalization ag,. The degree of functionalization arg used here is defined as the ratio
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between the number of functional groups (Nrg) and the number of monomeric units (Nv) per
polymer molecule [eq. (3.3)].
a5 = Nrg - Nu . (3.3)

“Polymer” indicates the type of polymer used and “-FG,, ” indicates that the polymer carries

another species of functional groups with a degree of functionalization of apg. If the

respective polymer has not been functionalized with the donor or acceptor D, - or A, will

be omitted.

3.6.1 Synthesis of Polyglycerol Azide

In order to study the above-mentioned structure-property relationships, the polymer used as a
support should fulfill the following requirements: (i) it should be available in different
architectures; (ii) it should allow the facile chemical modification to a respective polymeric
azide, and (iii) it should be soluble or swellable under the conditions applied for the chemical
reactions and in the acetonitrile-based electrolyte of the DSC. Polyglycerol (PG, 61) is a

polymer that was considered to meet these requirements (Scheme 15).
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Scheme 15. Structures of the different types of polyglycerol used for the synthesis of polyglyerol
azides in this work.
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PG is available through the anionic ring-opening polymerization of glycidol or its derivatives.
The polymerization of glycidol leads to a hyperbranched polymer (61a).””" On the other
hand, the polymerization of protected glycerol derivatives, e.g., ethoxyethyl glycidyl ether,
leads to linear polyglycerol derivatives which may be deprotected to yield linear PG (61b)."*"!
An alkoxide moiety initiates the polymerization reaction. Two different polyglycerols were
used in this work: (i) hyperbranched polyglycerol® with M, = 5000 g mol™ (n = 67, hPG)
and (ii) linear polyglycerol with M, = 1700 gmol ' (n = 20, IPG)."? Both polymers were
available from previous studies. The rational for using these polymers for the support of the
donor and acceptor chromophores was (i) their stability towards a range of reaction conditions
especially, hydrolytic stability under basic conditions, (i1) their solubility in water and organic
solvents, which is to some extent dependant on the nature of the polymer’s functionalization,
(ii1) the possibility of establishing structure-property relationships considering the molecular
architecture (hyperbranched vs. linear), and (iv) the facile substitution of OH groups by azide
groups via a two step sequence, which was first described by Roller et al.* The latter
sequence yielding polyglycerol azides (62, PG-Nj3) is shown in Scheme 16 and consisted in (i)
the mesylation of polyglycerol using methanesulfonyl chloride in absolute pyridine and (ii)
subsequent nucleophilic substitution of the resulting mesylated PG (63, PG-OMs) with
sodium azide in DMF."™  Polymers with two different architectures (linear vs.
hyperbranched) were used for the synthesis and the degree of functionalization with azide was
varied for the hyperbranched polymer.

Table 12 gives an overview about the different PG-N3 derivatives that were synthe-
sized. For the synthesis of 63a - f the polymer was dissolved in pyridine and methanesulfonyl
chloride was added dropwise at 0°C. In most cases, the resulting PG-OMs was worked up
exclusively by addition of ice and evaporation of the solvents. In some cases PG-OMs was
purified via dialysis. The reaction products were characterized by 'H NMR and >C NMR
spectroscopy. The methyl group of the OMs moiety leads to signals between 3.15 and 3.25
ppm and 36.6 and 38.4 ppm in the 'H and *C NMR spectra, respectively. The degree of
loading with OMs (aoms) was calculated from '"H NMR data by relating the intensity of the
CHj; resonance to the intensity of the PG backbone (see Appendix for details). From Table 12
it becomes obvious that the desired loading as controlled by the reaction stoichiometry is

mostly experimentally achieved.
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Scheme 16. Synthesis of polyglycerol azides 62 from polyglycerol (63) via the mesylation of OH-

groups and the nucleophilic substitution of the resulting mesyl groups in 63 with azide.

Table 12. Reactions carried out towards the synthesis of polyglycerol azides (62) via the sequence
shown in Scheme 16. The polyglycerol used was either hyperbranched with M, = 5000 g mol ™' (APG)
or linear with M, = 1700 g mol™" (/PG).

a)

> Product Sub- Qoms = Oy, Purification .

= . s Yield” Charge

o (intermediate)  strate

theor.  exp. of 63 of 62

1 PG'I\(%;;")A’ 622 b 10%  15% i dalysis it 60%  BO s67

2 PG‘TE;I‘;“)”’ 2b  wpG 30%  31% : dialysis it 9% Boss6
PG-N3, 40% 62¢ o 0 dialysis in dialysis in 0

3 (63¢) PG  40% 40% acetone/H,O MeOH 33%  BO 542
PG-N3_ 600, 62d o o dialysis in dialysis in 0

4 (63d) PG 60% 59% acetone/H,O MeOH 38%  BO 540
PG-Nj3, 1000 62€ Extraction )

5 (63¢) PG  100% 98% - into CH,Cl, 20% BO 573
[PG-N3_ g39, 62f Extraction

6 (63) PG 100% 83% - into CH,CL, 36%  BO 582

a) It was assumed that the loading of an; equals aows as determined by '"H NMR. b) Isolated yield
over two steps. c¢) In this run, the conversion from OMs to azide was initially 92%, stirring the
reaction product further with NaN; in DMF led to a complete conversion but low yield.

The mesylated PGs 63a — f were further reacted with NaN; in DMF at 60°C for 3 days.
Evaporation of the solvent and dialysis of the crude product afforded the polyglycerol azides
62a — f (PG-N3, 0% — /PG-Nj 100%, see Table 12). The products were characterized by
'H NMR and ">C NMR spectroscopy. After dialysis or extraction, the >C NMR spectrum of
the reaction products did not show the characteristic signal for the CH3z group of the OMs-
moiety. The respective signal in the 'H NMR spectra of the products had a marginal
intensity. Signals at 53.7 — 50.9 ppm and 60.5 — 61.2 ppm in the °C NMR spectrum indicate

[83]

the presence of primary™ and secondary™ azide groups, respectively. In the following

work it was assumed that the loading of azide was equal to the loading with mesylate (an3 =
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aowms) as determined from the 'H NMR spectra of the compounds 63a — f. The thus prepared

PG-Nj3 derivatives were used as polymeric supports for alkyne functionalized chromophores.

3.6.2 Clicking: Preliminary Experiments

Preliminary experiments showed that the choice of solvent is crucial for the synthesis of
donor acceptor systems. For example the simultaneous addition of the donor and acceptor
chromophores to PG-Nj 40, in a THF-water mixture led to donor functionalized PG-Nj,
which precipitated from the reaction mixture and acceptor functionalized PG-Nj3;, which
stayed in solution. From this result it was concluded that it is absolutely crucial that the
solvent system is able to dissolve (i) the hydrophilic acceptor substrate, (i1) the hydrophobic
donor chromophore 31, and (iii) the resulting donor acceptor polymers during the entire

course of the reaction.

3.6.3 Simultaneous Addition of Donor and Acceptor Chromophores to PG-Nj;

The simultaneous addition of both chromophores to PG-N3 leads to donor acceptor polymers
within one reaction step (Scheme 17). The reactions were conducted so that the acceptor
chromophore 58 was added to the polymer first and the alkyne functionalized donor 31 3 — 12
hours later. Two different reaction conditions leading to donor acceptor functionalized
polymers were successful. Reactions carried out according towards these strategies are

summarized in Table 13.

N—CPEDN

Conditions A:
DMSO:H,0,
CuSO,

Sodium ascorbate

Conditions B:

Benzyl alcohol
[(PPh3)3CuBr]
EtNiPr,

Scheme 17. Simultaneous addition of donor and acceptor chromophores 31 and 58 to polyglycerol
azide 62 the number of equivalents refers to azide groups. a) PG-Nj_ 40, (62¢), [Ru(dcbpy),propargyl-
acac]Cl (58) (0.5 eq.), CuSOy (0.25 eq.), sodium ascorbate (2 eq.) in DMSO:water 1:1, after 3 h
addition of propargyl butyl fluorol (31) in DMSO (the final DMSO water ratio was 2:1), stirring for 7
d in the dark, then work-up via extraction, precipitation, chromatography, precipitation and freeze-
drying, resulting zps = 1 acc. to UV-Vis measurements, 47%. b) PG-Nj3 1900, (62€) or [PG-Nj gs0, (62f),
58 (0.1 eq.), [(PPh;3);CuBr] (0.1 eq.), EtNiPr, 50 °C (1 eq.), in benzyl alcohol, 12 h; then addition of
31 (0.4 eq.) and [(PPh;3);CuBr] (0.1 eq.), 50 °C, 4d, purification via column chromatography on
Sephadex LH20 in THF:aq. TBA-OH (3:1). The yields were 67% and 54%, respectively.
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Reacting the substrates 31, 58, and PG-Nj3_40 (62¢) in DMSO:water (2:1) with CuSOy (0.25
eqg.) and sodium ascorbate (2 eq.) in the dark over the course of one week and work-up by
extraction, precipitation, column chromatography, and finally precipitation and freeze drying

led to the desired polymer (Table 13, Entry 1).

Table 13. Reactions carried out towards the synthesis of D-A-PG-Nj; derivatives from different PG-
N;, an3-derivatives propargyl butyl fluorol and [Ru(dcbpy),propargyl-acac]Cl.

2 Product.?)

g =, Stoichiometry Results
3 (run)

c c d . e
QRuy QDonor ZDA QRu ) CODonor ) ZDA ) Yleld )

29% 15%
1 Di-A 20%)-PG-N3, 405, 64 A 20% 20% 1 (20%) (2002) 1 47%

2 Ds-Ag0%)yPG-N; 190v 652 B 10% 40% 4  20% 65% 5 67%

3 Ds-Axow/PG-N; gso, 65b B 10% 40% 4 18% >100% 7 54%

a) The substrate used for the supporting reaction becomes obvious from the last third of the product
name. b) See conditions stated in Scheme 17. c¢) Calculated from 'H NMR spectra in THF-
ds:D,0:py-ds (in case of 65, TBA-OH had to be added). The experimentally determined values are
discussed in detail in Section 3.6.5.2 as of page 71). The values in parentheses is the loading
determined from combining IR and UV-Vis results. d) Determined via UV-Vis spectroscopy. ¢) The
yield calculated here assumed the donor acceptor ratio and conversions according to the reaction
stoichiometry.

Figure 20 shows a photography of the chromatography column during the separation of the
crude product of the latter reaction. The functionalized polymer forms a band that is clearly
separated from the starting materials remaining in the crude product. The product revealed a
donor acceptor ratio of zpa =1 according to UV-Vis measurements in good agreement with

the value expected according to the reaction stoichiometry.

remaining donor accep-

Ru-complex tor polymer

Figure 20. Photography of the chromatography column filled with Sephadex LH20 and water during
the separation of Dj-Ajge-PG-Ns 40, (64). The individual bands are labeled. Unsupported donor
remains at the start of the column if water is used as eluent and the polymeric species clearly elutes
first (right band, brown). The intermediate band is purple and thus assigned to unsupported
[Ru(dcbpy),propargyl-acac]CI.

As the IR spectrum of the product did not show an azide band, it was assumed that the
conversion of azide groups was close to quantitative. From a combination of results from IR

and UV-Vis measurements the loading of this polymer with donor and acceptor units of
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Obonor = Ry = 20% is inferred assuming that no decomposition of azide took place. This is in
clear contrast to results from 'HNMR (Table 13) leading to a donor acceptor ratio of
zpa =0.5. Since the measurement of UV-Vis spectra was considered very reliable, this
disagreement points to the fact that '"H NMR measurements do not reflect the actual donor
acceptor ratio. The latter fact is discussed in more detail in Section 3.6.5.2. However, D-A-
PG-Nj3 derivatives are compounds with highly different monomeric units considering their
polarity. Thus, although D;-A3¢%,-PG-N3_ 409 forms a homogeneous solution in D,O/NaOD or
THF-dg:D,0:py-ds, the formation of aggregates or the precipitation of unpolar domains within
a polymer molecule leads to major difficulties for the determination of apg from "H NMR
spectra. In conclusion, the synthesis of 64 led to the following results which were important
with regard to the synthesis of the series of D-A-PG-Nj derivatives described in the next two
sections: According to conditions (a) in Scheme 17 (i) good conversions and (ii) a good
control over zpa via the stoichiometry were achieved; (iii) comparing zpa determined by two
different methods revealed that the information from "H NMR data is rather qualitative; (iv)
the purification methods applied to Ru polypyridine complexes is also applicable to D-A-PG-
Nj derivatives. In order to allow for a more precise determination of ag, additional D-A-PG-
N3 derivatives were synthesized by the two-step route shown in Scheme 14. It consists of the
sequential addition of 58 to polyglycerol azides 62, purification and characterization of the
resulting A-PG-Nj3 derivatives 66, and subsequent addition of 31. This method offers a more
reliable value for ogy.

Anticipating the results of sections 3.6.4 and 3.6.5 the control over ag, and aponer that
was achieved in the synthesis of 64 was not necessarily reproducible. In most other runs in
DMF/water or DMSO/water mixtures aiming at the addition of the alkyne functionalized
chromophores the conversions and control over arg were only fair or poor. This was ascribed
to the fact that although the substrates are dissolved in these mixtures, they still formed
aggregates impeding the reaction. This was the motivation for conducting one final
experiment relying on only one solvent. According to conditions (b) in Scheme 17 the
addition of 58 and 31 to PG-Nj3, 100 and /PG-Nj3 gso, was carried out in the absence of water
using benzyl alcohol as solvent. The rational for using an aromatic alcohol was its ability to
interact with the polar moieties as well as the aromatic moieties of the reaction partners. It
turned out that the combination of benzyl alcohol and iPr,NEt is an excellent solvent system
for the substrates as well as the resulting D-A-PG-Nj; derivatives. In contrast to the other D-
A-PG-Nj; derivatives described in this work the polymers 65 were not soluble in basic

water.®™ Instead a 3:1 mixture of THF and aqueous TBA-OH (0.12 M) was used as solvent
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and THF:water (3:1) was used as eluent over Sephadex LH20. After precipitation,
considerable amounts of an aromatic impurity were still left in the product. Even an
additional column chromatography step did not lead to a complete elimination of the impurity
from polymers 65 (see signals around &= 7.6 ppm in "H NMR spectra in Figure 29 on page
73).

65a and 65b had a rather peculiar solubility behavior. The measurement of
satisfactory "H NMR spectra was only possible in THF-dg:D,0:TBA-OH mixtures. Although
'HNMR is not a reliable method for the precise determination of the loading, there are
pronounced signals of both acceptor and donor moieties in the 'HNMR spectra. In
combination with the relatively good agreement between experimental and theoretical zpa and
the poor solubility of the products a high conversion and good control of zps may be inferred.
Although these conditions require more optimization with respect to the amount of catalyst
employed and the work-up procedure benzyl alcohol, DIPEA and [Cu(PPhs);Br] might be the
solvent/catalyst system of choice for the addition of the alkyne functionalized chromophores
to polyglycerol azides. No further experiments were carried out according to these conditions
due to time limitations. The detailed characterization of the D-A-PG-Nj derivatives 64 and 65

described here will be presented as of section 3.6.5.1.

3.6.4 Addition of Alkyne-functionalized Energy Acceptor to PG-Azides

Supporting of [Ru(dcbpy),propargyl-acac]Cl 58 to polyglycerol azides was carried out using
aqueous CuSOy (typically 0.05 eq. based on alkyne groups) and sodium ascorbate (typically
0.35 eq. based on alkyne groups) as catalyst system according to step (b) in Scheme 14.[°)
Table 14 shows the reaction scheme and summarizes the reactions that were carried out
leading to A-PG-Nj derivatives 66. DMF-water mixtures were used as solvents for this
reaction. The DMF-water ratio was chosen so that the reaction mixture was homogeneous.
Generally, the DMF content required to get a homogeneous solution of PG-N3_ .3 increased
with its increasing azide functionalization (an3). The optimal pH for the reaction was not
determined, but it was reasoned that the solubility of Cu®" would be very limited under strong
basic conditions. Therefore, the pH of the solution containing the Ru-complex was adjusted
to 6 — 7 after its dissolution in alkaline water. The reactions were stirred at room temperature
in the dark for several days (up to two weeks). Their purification consisted generally in
column chromatography on Sephadex LH20 using water as eluent. In most cases the latter
elution led to two clearly separated fractions.
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DMF/Water
CuSO,

Sodium ascorbate

Table 14. Reactions carried out towards the synthesis of A-PG-Nj; derivatives from different PG-Nj,
an3-derivatives and [Ru(dcbpy),propargyl-acac]Cl.

Product® Reaction parametersb) Results
4 9
(Run) Solvent d) ORu ORu . o Con- IR-
DMF:H,0 t1d] calc.? exp” Yield vers.” int.”
1 AI-S%‘(IZ:(S}';%;O)% 66a 12 14 4%  15% nd 38% s
2 A”f(%g;;g)/ 66b 1:9 6 8% 3%  nd  40% s
3 AS%'(PC(;'%;S‘;‘) 66¢ 1:9 6  10% 5%  nd  50% s
4 Am%'(lzjcg'lz\g&;gﬁ 66d 15 14 12%  10% nd 8% s
5 A“%'(l():gggzo)% 66e 1:9 6  15% 11% nd. 3% s
6 D20 PGNs ao, 661 0:1 15 40%  29%  67% 3%  w
(FK 76)
7 AS%'(ECS}';\;;‘;;’ 66g 3:1 15 10% 8%  57%  83% s
A S T IO S -
g  AwPONo wm86l g 0% 19%  49%  48% s

(CS 233h)

a) The substrate used for the supporting reaction becomes obvious from the last two thirds of the
product name. b) CuSOy (typically 0.05 eq. based on alkyne groups) and sodium ascorbate (typically
0.35 eq. based on alkyne groups) was used as catalytic system. The pH of the reaction mixture was
adjusted to 6 — 7 with aq. HCI. c¢) DMF:water ratio used as solvent. d) Reaction time in days. e)
Degree of loading with Ru-complex according to the stoichiometry of the reaction mixture, and
f) experimentally determined after isolation of product via 'H NMR. g) The yield was only calculated
if it was possible to isolate the polymer via precipitation upon acidification. h) The conversion was

calculated according to oy, exp. * Oy, cale.

(w = weak, s = strong).
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The first one contained the acceptor functionalized polymer (A-PG), the second one contained
unreacted 58, which could be reisolated via precipitation upon addition of HCl. From the
series of A-PGs synthesized in this work the isolation of the A-PGs from their aqueous
solutions was possible by titration to a pH of 2 — 2.5 with HCI if an3 = 30% and ory > 29%
(Table 14, entries 6 — 9). If the respective degrees of functionalization were lower, the
precipitation upon acidification into water, methanol, or acetone was incomplete. A
considerable amount of Ru compound remained in the supernatant. In these cases (Table 14,
entries 1 — 5) the compounds were isolated by (azeotropic) removal of the solvent and freeze
drying. The thus isolated products likely contained inorganic salts that formed during the pH-
adjustment. Hence the yields were calculated only after the addition of the donor
chromophore over two steps (see Section 3.6.5). The factors leading to a high conversion in
this reaction remain unclear from the results shown in Table 14. There is no correlation
between the conversion and the parameters reaction time, solvent composition, and the type of
PG-Nj; used. The poor conversion in case of PG-Nj3, 1990, and /PG-Nj g3¢, is probably due to
the large difference in polarity of the two different substrates: The deprotonated Ru-complex

is highly hydrophilic; the latter two PG-derivatives, on the other hand, are rather hydrophobic.

3.6.4.1 "H NMR Spectra of A-PG-N;

Figure 21 shows the '"H NMR spectra  of  Az99,PG-N3 40%, A10%PG-N3 300, and
[Ru(dcbpy).acac]Cl in D,O/NaOD. Furthermore, [Ru(dcbpy)sacac]Cl in MeOD is also
shown. The signal for the hydrogen atom remaining on the triazole ring resonates typically at
7.6 — 7.8 ppm.[*** This signal was not clearly resolved due to overlap with the signals from
the dcbpy ligands. However, the following facts support the successful immobilization of the
Ru-complex to the PG-N3 without chemical alteration on the [Ru(dcbpy),acac] ™-moiety: (i)
The characteristic chemical shifts of the aromatic hydrogen atoms are close to identical in the
monomeric and polymeric Ru complexes for the spectra measured in D,O with exception of
the signal assigned to the 6-bpy-H; (ii) the significant peak broadening with respect to the
'HNMR spectrum of 14, which is prevalent in the spectra of all A-PG-N; derivatives,
supports the fact that A-PG-Nj; derivatives are actually polymeric species; (iii) the new signal

at around 4.2 ppm is typical for triazole-N-CH,-groups;*"!

and (iv) there is a significant shift
of the signal assigned to the 6-bpy-H in D,O from around 8.80 (see Figure 21 spectrum d) to
8.65 ppm (see Figure 21 spectra a + b) brought about by the supporting reaction. Such a shift
is also observed in [Ru(dcbpy),acac]Cl for this signal on changing the NMR solvent from the

polar solvent D,O to less polar MeOD (see Figure 21 spectra ¢ and d).
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N=N
R/&N\C/R
Hz PG-Backbone
bpy-H HDO

a)

b)

C)

o I

e 8 7 & 5 4 3 2 1
5 [ppm]

Figure 21. 1H NMR spectra of a) Azg%PG—N3, 40% in DzO, b) AlO%PG-Nl 30% in DzO and
[Ru(dcbpy),acac]Cl in ¢) MeOD and d) D,0.

Thus, the fact that the Ru-complexes are exposed to a less polar environment by the addition

to the polymer backbone is also evident for the chemical shift of the 6-bpy-H in D,0.

3.6.4.2 BC NMR Spectra of A-PG-N;

Typical >C NMR spectra of the [Ru(dcbpy),acac]-derivatives prior (gray) and after (black)
immobilization onto PG-N3 are shown in Figure 22. In analogy to the results from "H NMR
experiments the carbon atoms from the dcpby ligand resonate at identical chemical shifts
whether linked to the polymer or not. This fact underlines once again the absence of chemical
alteration on the [Ru(dcbpy),acac] -moiety. Furthermore, two new signals appear at 123 and
145 ppm. These chemical shifts are typical for 1,4-disubstituted 1,2,3-triazoles.™* 8% 1
order to determine the chemical shift of the hydrogen atom on the triazole ring a HSQC
measurement was carried out with Ajgy,-PG-Nj3 400, 66f (Figure 23). This measurement
showed that the signal at 6 = 123 ppm (black dotted line) does not correlate with any signal

within the "H NMR spectrum. This fact would be consistent with an H-D exchange or a very

broad peak leading to no significant C-H-correlation signal of the respective hydrogen atom.
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Figure 22. "“CNMR spectra (75 MHz) of A;0,PG-N3, 300, (black, top) and [Ru(dcbpy),propargyl-

acac]Cl (gray, bottom) measured in D,0.
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Figure 23. 2D-NMR spectrum of A,gy,-PG-Nj 400, 66f. The black dotted line indicates the position of
the 5-C atom from the triazole ring.
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3.64.3 UV-Vis Spectra

Figure 24 shows UV-Vis spectra of [Ru(dcbpy),propargyl-acac]Cl (dashed) and Ajge,-PG-
N3 40%. The longest wavelength absorption maxima for 14 and 66f are 515 and 519 nm,
respectively. The shape of the spectrum is nearly identical. Thus, the only change in
absorption properties upon the addition of the azide to the alkyne is a slight red-shift. This

result confirms once again the presence of the [Ru(dcbpy),acac] -moiety on the polymer.

204,
Spectra in aq. NaOH (0.1M)

A . -PG-N

- = = [Ru(dcbpy),propargyl-acac]Cl

1
! —
] I’ 0.6 299 3, 40%
U

1.5+

Ala.ul]

0.5+

0.0 : . : . : , . ,
300 400 500 600 700

A [nm]
Figure 24. UV-Vis spectra of [Ru(dcbpy).propargyl-acac]Cl (dashed) and Azg9,-PG-Nj3_ 400, (solid) in
ag. NaOH (0.1 m).

3.6.4.4 IR Spectra

The last column in Table 14 summarizes results from the IR spectra of the A-PG-Nj
derivatives. The fact that the azide band at around 2100 cm ' is weak in case of Ajrgo,-PG-
N3 409 underlines the fact that the conversion was high in this run. In the other isolated
products a strong azide band was prevalent in the respective IR spectrum. This demonstrates
that azide groups remain after the cycloaddition reaction and isolation thus offering the

possibility to further derivatize these polymers by addition of the alkyne-functionalized

energy donor moiety.

3.6.5 Addition of the Energy Donor to A-PG-N;3;

All products that were isolated from the runs presented in Table 14 were subjected to the
cycloaddition with the donor chromophore resulting in donor acceptor polymers D-A-PG-Nj3
(67). Supporting of propargyl butyl fluorol 31 to A-PG-N; was carried out using aqueous

CuSO4 and sodium ascorbate as catalyst system [according to Table 15 as well as Scheme 14,
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conditions (c)]'**! as well as DMSO-water mixtures as solvent.™”) The DMSO-water ratio was

adjusted for every run individually.

DMSO:H,0, CuSO,
Sodium ascorbate

Ny © H
Y
Sep

H

N~
o, L
N O
o 3

Table 15. Reactions carried out towards the synthesis of D-A-PG-N; derivatives from different A-
PG-N;, 4ns-derivatives and propargyl-butyl-fluorol.

) Product®™"? Conditiodr)ls Results

(Run) Sol.? pH [t d] cZaDl?:. ei];’?e) Oponor’) Yield®  Conv. ig‘ii)
L e 4l 9" 32 15 0 0% nd? 0% nd
2 D 32 =90 7 9 86 26% 30%  9%6% w
3 DOB‘A(SE/;'SPZC”;;‘I;;‘;%Umc 321055 7 5 080 32% 34% 16% @ w
4 Pl ey 41 9 35 15 030 3% ndY  20% nd
5 DOAS'A(lggf;%I_‘I;SW67e 2073 7 17 054 5%  33%  31% np.
7 DOy E s 68 7 525 37 30%  69%  70% nd.
g DosAinPCMNuim 67y S 9b 21 15 076 14% 44%  50% s

(CS 233h)

a) The substrate used for the supporting reaction becomes obvious by omitting the D.pa- part of the
product name. b) CuSOy, (typically 0.05 eq. based on alkyne groups) and sodium ascorbate (typically
0.35 eq. based on alkyne groups) was used as catalytic system. c) The solvent used for the reaction
was a mixture of DMSO and water. The DMSO:water ratio is given in this column. d) Reaction time
in days. e) donor acceptor ratio as determined from UV-Vis spectroscopy. f) Calculated according to
ZpA * Oaccepor- ) Isolated yield over two steps. h) Intensity of the azide band in the product’s IR
spectrum. i) In these runs, adjusting the pH with HCI was omitted. The basic solution of the A-PG-Nj;
derivatives was used for the reaction. j) In these runs an excess of propargyl-butyl-fluorol was added
to the reaction mixture, the value for zp was thus calculated by zpa = (a3 — Qacceptor) aAccepm[l. k) In
these cases the polymer did not precipitate upon acidification, it was isolated via evaporation of the
solvents. The products contained considerable amounts of salts. 1) This product was eluted with
MeOH and subsequently with acetone:H,O (3:1).
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The A-PG-Nj; derivatives 66 were dissolved in basic water (NaHCOs); in some cases the pH
of the resulting aqueous solution was adjusted to a pH between 5.5 and 7.3 using aq. HCI.
Table 15 summarizes the reactions that were carried out accordingly. The work-up of these
polymers generally consisted in addition of HCI, upon which the precipitation of the crude
product occurred. The purification consisted in column chromatography on Sephadex LH20
with water as eluent and freeze drying of the precipitate that formed on acidification. The
products were characterized via 'H NMR spectroscopy in D,O and a mixture of THF-
ds:D,O:pyridine-ds, IR spectroscopy, and UV-Vis spectroscopy. In some products the copper
content was determined by atomic absorption spectroscopy. The reactions carried out
according to Table 15 show in most cases a poor agreement between zpa adjusted via the
reaction stoichiometry (zpa calc.) and the experimental value determined via UV-Vis
spectroscopy (zpa exp.). Satisfactory conversions were only achieved in entries 2 and 7. The
pH of the reaction mixture does not influence the outcome significantly within the range that
was studied here. This becomes obvious from a comparison of entries 2 and 7. The reasons
for low conversions in the other runs thus remain unclear. Most likely, insolubility of the
substrate or shielding of the azide groups by the hydrophilic Ru-complexes were the causes
for the poor conversions. The former hypothesis was underlined by UV-Vis experiments
conducted with samples of the reaction mixture from runs 2, 3, and 5 (Figure 25). The
samples of the reaction mixture in DMSO were clear solutions (as revealed by the high
transparency of their UV-Vis spectra between 750 and 900 nm, Figure 25, black curves). It
turned out, however that the donor acceptor ratio within the sample of runs 5 and 3 is
dependant on whether the sample was filtered through a 0.22p syringe filter or not. After
filtration, the donor acceptor ratio in the filtrate is a lot higher than before. This is consistent
with the Ru-functionalized polymer forming aggregates impeding the reaction. If no aggre-
gates are formed (as in case of run 2, where the filtration does not alter the UV-Vis spectrum)
the conversion is quantitative. An optically transparent reaction mixture is thus not a suffi-
cient criterion for efficient solubilization of the reaction partners. Furthermore, the decompo-
sition of azide groups on the polymer backbone might also explain low conversions: In 67e
(Entry 5) there is no azide band remaining in the product, although the sum of ar, and aponor
is below an3. In contrast to the synthesis of 64 (Section 3.6.3) the sequential addition of
acceptor and then donor chromophores to polyglycerol azides did not generally yield good

control over ag, and zpa.
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Figure 25. Normalized UV-Vis spectra of reaction mixtures of runs 2, 3, and 5 from Table 15.
Spectra of samples from the respective reaction mixtures were measured prior (black) and after (gray)
filtration of the sample through a 0.22p syringe filter.

In conclusion, despite the formation of a homogeneous solution of the reaction partners the
click addition of propargyl-butyl-fluorol to A-PG-Nj derivatives proceeded in two out of eight
runs to satisfactory conversions. The products D s-Asy-PG-N3, 309 67¢, D3 7-Agy,-PG-N3 602
67g and Dge-Aszy-PG-N3. 300, 67b obtained according to Table 15 were considered as
polymeric donor acceptor sensitizers for testing in the DSC. Their UV and NMR spectra are
presented in the next sections in combination with the ones of 64 and 65 synthesized

according to Table 13.

3.6.5.1 UV-Vis spectra of D-A-PG-N3; Derivatives

As it was shown in previous sections, the characteristic absorption properties of the
chromophoric units do not drastically change by the alterations on their linker groups. As a
result, the absorption spectra of donor and acceptor (Figure 26a) will behave additively and
the donor acceptor ratio is reflected in the relative intensities of the donor and acceptor
absorption. UV-Vis spectra were measured in order to determine zps. If possible, alkaline
water was used as solvent (see Figure 26b). Polymers 65 were not water soluble. Alternati-
vely, a mixture of THF:aq. TBA-OH (0.12 M, 3:1) was used as solvent for these polymers.
These spectra are shown in Figure 26b and Figure 27. They are all similar with respect to
their absorption maxima and their shape for 4 > 525 nm, however, the ratio of maximal donor
and acceptor absorption was highly dependant on the polymer composition, namely, zpa.
Determining zpa from UV-Vis data was performed by comparing the product’s experimental

spectra [Aexp(4)] to a simulated spectrum [Acaic (4, zp-a)] calculated according to eq. (3.4).

Acalc = gAcceplor +z DA’ gDonor (3 4)

69



SYNTHESIS

zpa Was chosen so that Aex, (4) and Acaic (4, zp-a) agree. The thus determined value for zp.a
for the individual products of the runs is presented in Table 13 and Table 15. Furthermore,
they are compared to zpa acquired from 'H NMR data in Table 17. Figure 28 underlines zpa
within polymer 64 impressively. This compound has an absorption behavior that is close to

identical to 45, a compound where the precise 1:1 ratio was proven by both 'H NMR and UV-

Vis spectroscopy.

a) 25000 b)

Extinction coefficients in NaOH (0.1M): 14+ — Elt -
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Figure 26. UV-Vis spectra of a) the water soluble parent chromophores 14 and 32 and b) D-A-PGs
67b, 67g, and 67c in aqueous NaOH (0.1 M). The simulated spectra were calculated using eq. (3.4)
and the data from a) as well as zps = 8.6, 3.7 and 0.8 for 67b, 67g and 67¢, respectively.
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Figure 27. UV-Vis spectra of D-A-PGs 65a and 65b in THF:aq. TBA-OH (0.12 M, 3:1). The
following values were assumed for the simulation: &uax. ponor = 16000 1 mol ! cm’l, Emax, Acceptor = 13500
1mol™ em™ and zps = 5.0 and 7.0 for 65a and 65b, respectively.
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Figure 28. UV-Vis spectra of dyad 45 and D-A 30,)-PG-N; 40+, (64) in aqueous NaOH (0.1 M).

3.6.5.2 "H NMR Spectra of D-A-PG-N;

In order to acquire a NMR spectrum comprising signals of both the donor and acceptor
moieties, the samples have to be dissolved in a solvent that can dissolve both units with a
concentration which allows a satisfactory signal-to-noise ratio. Since the donor and acceptor
have completely different solution properties, the characterization of polymers comprising the
donor and acceptor moieties was challenging. Although it was possible to prepare a clear
solution of D-A polymers with remaining OH groups in alkaline water, the '"H NMR spectrum
of such solutions only revealed signals of the acceptor moiety, the polymer backbone, and the
butyl group of the donor moiety. The latter were significantly less intense than expected from
the donor acceptor ratio and no signals of the aromatic protons from the donor group were

91 Better NMR spectra were measured in a mixture of THF-dg:D,0 in presence of

detectable.
a base. For the polymers 64 and 67 py-ds was sufficient. In case of 65 py-ds and NaOD did
not to lead solutions of the polymer with a concentration high enough to perform 'H NMR
measurements. Addition of NaOD and NMe4OH to the THF water mixture led to phase
separation of the solvent system. Thus NBuyOH, which was not available in its deuterated
form, had to be added to the NMR samples in order to prepare a homogeneous solution. This
gave rise to intense signals from HDO at § = 4.24 ppm and from NBuy" at & = 3.20, 1.61,
1.35, and 0.90 ppm making it impossible to evaluate the resulting spectra around these
signals.

A selection of 'H NMR spectra from donor acceptor modified PGs recorded in deuterated
THF water mixtures is shown in Figure 29 and Figure 30. Furthermore, the spectra of the
compounds [Ru(dcbpy),allyl-acac]Cl (57) and Fluorol 7GA (15) is shown in a mixture of the
deuterated solvents THF-dg, D,O and py-ds and the spectrum of 4-carboxybutyl butyl fluorol
32 in alkaline D,O is also presented. Figure 30 shows the spectra of D-A-PGs with a
considerable amount of remaining OH-groups in the backbone (on3 < 60%) and Figure 29 the
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spectra of D-A-PGs featuring anz > 85%. The assignments that were made to the signals are
compiled in Table 16. The following signals in the aromatic region of the spectrum are
assigned by comparing the spectra of the polymers (Figure 29a and b as well as Figure 30a —
c) with the spectra from the model compounds (remaining spectra in Figure 29 and Figure
30): (i) The 3-, 3’- and 6-bpy-Hs on the acceptor moiety and (ii) the aromatic 8- and 5-Hs on
the donor moiety. The 3-bpy-H, 3’-bpy-H and 6-bpy-H in [Ru(dcbpy),allyl-acac]Cl appear at
9.06, 8.90 and 8.75 ppm, respectively. The corresponding signal in the polymers appears with
a slight upfield shift between 8.99 — 8.92, 8.84 — 8.79 and 8.71 — 8.65 ppm, respectively. For
the latter spectral range it cannot be ruled out that the aromatic proton’s resonances of the
donor unit contribute to the signal. A comparison of the 'H NMR spectra of 4-carboxybutyl
butyl fluorol (32) in alkaline D,O (Figure 29d) and Fluorol 7GA (15) in THF-dg:D,0:py-ds
(9:3:1), (Figure 29¢) reveals a pronounced solvent dependence of "H NMR resonances within
this type of aromatic system. In Figure 29e, the signals at 7.61 and 6.71 ppm are assigned to
the 8-H and 5-H of the donor moiety, respectively. The aromatic signals of 4-carboxybutyl
butyl fluorol (32) in an organic solvent appear at identical chemical shifts than those of
Fluorol 7GA, however, in alkaline water, the aromatic resonances exhibit a pronounced
upfield shift. The signals at 7.01 and 6.05 in the spectrum shown in Figure 29d were assigned
to the 8- and 5-H. The above-mentioned considerations are relevant for the assignment of the
distinct broad signals of the polymers around 7.16 and 6.15 ppm. Since these chemical shifts
are in between the ones for the 8-H and 5-H in organic solvents and D0, respectively, these
resonances were assigned to the aromatic protons of the donor group in the 8- and 5-positions.
The upfield shift of these resonances clearly proves the change in chemical environment
brought about by the binding to the acceptor-functionalized polyglycerol support. The signals
in the range 8.3 — 7.4 ppm are poorly resolved and were thus assigned to the remaining
aromatic protons including the triazole-H. Furthermore, the methylene unit on the imide
nitrogen resonates at o = 5.2 ppm in the polymer as supposed to 4.9 ppm in 31. The linking
(CH;),-unit between the ruthenium complex and the triazole resonates between 2.7 and 2.3
ppm in analogy to 66. The terminal butyl group on the donor unit leads to a shoulder at
around 3.0 ppm as well as broad signals at 1.4, 1.2 and 0.7 ppm. In case of polymers 65a and
65b, where TBA-OH had to be added to the NMR sample the resonances of TBA"™ dominate
the spectra between 4.0 and 0.5 ppm.
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Figure 29. 'H NMR spectra (300 MHz) of polyglycerols functionalized with the donor and acceptor
chromophores and small model compounds. a) D7-Ai9%)-/PG-N3 350, (65b) in THF-ds:D,0O:py-ds
(1241) with TBA-OH, b) D5-A(10%)-PG-N3’ 100% (653) in THF-ngzO (31) with TBA-OH, C)
[Ru(dcbpy)allyl-acac]Cl (57) in THF-dg:D,0:py-ds (9:3:1); d) 4-Carboxybutyl butyl fluorol (32) (ca.
7 mM) in alkaline D,O; e) Fluorol 7GA (15) in THF-dg:D,O:py-ds (9:3:1).
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Figure 30. 'H NMR-spectra of D-A-PG-Nj; derivatives that were soluble without the necessity of
TBA-OH and respective model compounds. a) Dgg-Az0-PG-N3 300, (66b) in THF-dg:D,O:py-ds
(1171), b) Do,g-As%—PG-N3,30% (67C) in THF—dg:DZO:py—ds (971), C) Dl-A(zo%)-PG—N3,40% (64) in
THF-dg:D,O:py-ds (9:3:1); d) [Ru(dcbpy).allyl-acac]Cl (57) in THF-dg:D,O:py-ds (9:3:1); e) 4-
Carboxybutyl butyl fluorol (32) (ca. 7 mM) in alkaline D,O; f) Fluorol 7GA (15) in THF-dg:D,O:py-ds
(9:3:1).
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Table 16. Assignment of '"H NMR resonances of D-A-PG-Nj derivatives.

Entry  Region Assignment Reason
1 8.99 — 8.92 3-bpy-H ‘
5 2.84 879 3>_bpy-H good agreement with model
compound
3 8.71 — 8.65 6-bpy-H

remaining signals of aromatic

4 8.3-74 protons incl. triazole-H
5 73-6.9 8-H pronounced upfield shift compared to
model compound due to chance in chemical
6 6.4-6.1 5-H environment via click coulpling
7 55_49 10-CH,, N-H and/or good agreement with model
' ' C=0-CH=C-O compounds
3 44-29 1"-CH,, PG-backbone, N-  good agreement with model
' ' CH, of TBA™ compounds
CH,CHa-linker between Ru- in analogy to PG functionalized
9 2.65-2.10 . ) . .
complex and triazole exclusively with acceptor units
10 17-15 2"-CH, + TBA"
" + good agreement with model
11 1.5-1.2 3"-CH, + TBA
compound 15
12 0.95-0.65 4"-CH; + TBA"

Table 17. Intensities from "H NMR characterization of selected D-A-PG-N; derivatives, loadings
Oponors Ry and the donor acceptor ratio zpa calculated thereof (see section 9.1.3 in the appendix on
page 165 for details). Furthermore, zps as determined from UV-Vis spectra is shown in the last

column. The samples are sorted with increasing zpa, yy.vis-

Entry Polymer 'H NMR UV-Vis
QDonor QRu ZDA,HNMR  ZDA,UV-Vis
1 Do .s-Asy-PG-N3 300, 67¢ 6% 10% 0.56 0.8
2 D1-A0%)-PG-N3, 400, 64 4% 15% 0.26 1.0
3 D3 7-Agy,-PG-N3_ 600, 678 47% 9% 53 3.7
4 Ds-A(10%)-PG-N3, 100% 65a 65% 20% 3.2 5.0
5 D7-A10%)-PG-Nj3, 850, 6Sb 113% 18% 6.4 7.0
6 D3 6-A39-PG-N3 300, 67b 14% 1% 10 8.6
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As a result, it is not possible to determine the polymer backbone’s signal intensity with high
accuracy. This leads in turn to inconclusive results for ary and @penor as determined from
"H NMR spectra (vide infra).

Based on the assignments stated in Table 16 the following strategy was applied in
order to calculate the degree of loading with the respective chromophores. The signals of the
acceptor moiety’s 3- and 3’-bpy-Hs as well as the donor moiety’s 5-H are the only ones which
are clearly resolved and not overlapping with other resonances. Thus, the intensity of these
signals was used for the calculation of the loading with the respective chromophore in
combination of the intensity of the signal assigned to the PG backbone (see Section 9.1.3 in
the Appendix on page 165 for details). Table 17 compiles the values for ary, @ponor and zpa
as deterined from 'HNMR. These values are in some cases very sensitive to the phase
correction applied to the "H NMR spectrum prior to integration. The agreement in zpa
determined from '"H NMR and UV-Vis measurements is only fair, and the value for aponer in
entry 5 is inconclusive. Thus, the values for ar, and apenor should not be overrated. The
determination of the functionalization from '"H NMR data in analogy to previous work using
PG as polymeric support for hydrophobic substrates is not possible with the same
precision.”® # *131 The values deduced from 'H NMR data in Table 17 should rather be

understood as an order of magnitude.
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3.6.5.3 BC NMR Spectra of D-A-PG-N;
Figure 31b shows a BC NMR spectrum of Dj37-Agy,-PG-N3_ 609 (67g) in py-ds:D,O (4:1).

14000 scans were applied to the measurement of this spectrum. Under these conditions
spectra with good signal to noise ratios are generally achieved. The noise in the spectrum
displayed in Figure 31b was reduced using line broadening and a reduced number of points
from the FID. This spectrum clearly reveals signals that are typical for the polymer backbone
and the donor unit, however, the signals of the acceptor are not clearly resolved (see also

Figure 31a and c for comparison with 45 and 66d).

PG-N,-
backbone
/Ruo
PG |
Lot
. CH2

a) A10%'PG'N3, 30% RM
b) D3.7'A8%'PG'N3, 60%

*

*

c) dyad

I
100 80 60 40 20 0
5 [ppm]

Figure 31. "C NMR spectra (75 MHz) of a) A go,-PG-N3 30, in D,0/NaOD, b) D; 7-Age,-PG-N; [45
mg in 0.7 ml py-ds:D,0 (4:1), sum of a regular spectrum with 4000 scans and a DEPT spectrum with
10000 scans], the signals designated with an asterix in spectrum b) are characteristic for the donor
unit. ¢) Dyad 45 in MeOD/NaOD.
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3.6.6 D-A-PG-Nj; Conclusion

In conclusion, the syntheses described in Section 3.6 led to a series of donor acceptor
functionalized polymers revealing a range of chromophore densities and ratios. The control
of the molecular parameters ary, @ponor and zpa via the stoichiometry of the reaction mixture
was achieved in some cases, e.g., 64, 67b. However, in most cases the control was limited.
Using one single solvent suitable for all reagents, namely, benzyl alcohol as supposed to a
solvent mixture gave promising results towards an enhanced control over the molecular
parameters via the reaction stoichiometry (Table 13). This procedure requires further
optimization with respect to purification of the resulting polymers, e.g., by using different
solvent mixtures for the column chromatography on Sephadex LH20. Furthermore, the com-
pound’s polarities and thereby solubilities were determined by ans. If anz was low, it was
possible to purify the respective D-A-PG-N; derivatives in an alkaline aqueous solution
(polymers 64 and 67).*" Otherwise mixtures of organic solvents and water with TBA-OH
had to be used (polymers 65). NMR measurements of samples with D-A-PG-Nj3 derivatives
gave spectra with a low signal to noise ratio and undefined baselines making the precise
calculation of agry, and @ponor impossible. The structure of the D-A-PG-Nj derivatives was
verified by the following two facts: (i) The precipitation of the reaction product from the
reaction mixture and subsequent purification of the precipitate using column chromatography
led to a product clearly showing the polymer backbone as well as donor and acceptor units in
'H NMR and UV-Vis spectra and (ii) the shift of the signal assigned to the 5-H on the donor
from o= 6.8 to 6.2 ppm upon its immobilization to A-PG-N3 is a clear evidence for the donor
unit being forced into the polar vicinity of the [Ru(dcbpy).acac]” groups by the covalent
attachement to the azide groups.

The series of polymers synthesized according to Scheme 14 encompassed compounds
with donor acceptor ratios between zero and 8.6 and a variety of chromophore densities. The
D-A-PG-Nj3 derivatives 64, 65a, 65b, 67b, 67c, and 67g as well as Azgy,-PG-N3_ 490, (66f) were
further tested towards their behavior as polymeric energy transfer sensitizers in the DSC.

This work is described in Chapter 5.
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4 Photophysical Behavior of Polymeric Fluorol Derivetives

In nature the enhancement of the light absorption cross section of the photosynthetic reaction
center is achieved by the light harvesting complexes I and II, which basically represent an
arrangement of specific chromophores.*? This arrangement allows the funneling of excitonic
energy taken up via light absorption to the reaction center by a multistep process consisting in
energy migration, which is an energy hopping step within identical chromophores, and energy
transfer, which is an energy hopping step within two different chromophores. In order to de-
termine whether energy migration would contribute to light harvesting in the DSC, the series
of D-Allyl-PG derivatives 48 was studied by photophysical methods in more detail.”>*”! The
results of these studies are presented in this chapter. In analogy to similar studies with

[95] [96] and

different chromophores immobilized to polymers* and dendrimers, e.g., porphyrin-
perylene-decorated”! structures, the photophysical experiments consisted in the measurement
of absorption and emission spectra as well as in the characterization of the fluorescence
lifetime and anisotropy decay via single photon counting experiments.'*®! In these studies the
key criteria for the proof of energy migration in respective artificial chromophore assemblies

96, 98]

was a significant decrease in the anisotropy decay time . In this work the above-

mentioned measurements were carried out with D-Allyl-PG derivatives that had a loading
with the energy donor of 0.3, 3, 24 and 63% (48a - d see Chapter 3.4.2) in THF solution at
room temperature. Fluorol 7GA (15) was used as monomeric model compound. In the
following the results of steady state and time resolved measurements are presented and
discussed. The characteristic photophysical properties of these of polymers are summarized

in Table 18.

4.1 Steady State Measurements

Figure 32 shows the absorption and emission spectra of Fluorol 7GA 15 and polymers 48a - d
with different aponer. From Figure 32a it becomes obvious that the support of the
chromophore to the polymer and @ponor have only a minor influence on the absorption
properties. The absorption maximum of the polymers increases from Agps, max = 429 to 431 nm
with an increasing aponor- In analogy to the latter behavior, the emission maximum changes
very moderately from Aexe, max = 500 to 502 nm on enhancing cponor from 0.3 — 24%. The

polymer Dg30,-Allyl-PG, however, reveals an emission maximum at Aexe, max = 515 nm. Figure
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32b shows the fluorescence intensity for different aponor. This figure clearly reveals that the

fluorescence intensity decreases (i) by the support of the chromophoric unit to the polymer

and (i1) by an increase in apenor. The fluorescence intensity has been summarized in Table 18

using the ratio M Aboner) * P [P Apenor) and @y represents the integral of the fluorescence

intensity of D, -Allyl-PG and Fluorol 7GA, respectively].
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Figure 32. Normalized absorption and emission spectra of the different D-Allyl-PG derivatives and
Fluorol 7GA in THF. a) Absorption and emission spectra normalized to unity (Aex.. =430 nm). b)
Emission spectra (Aex.. = 430 nm) normalized with respect to the amount of absorbed light.
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4.2 Time-resolved Measurements

Figure 33 shows the time-resolved luminescence decay of the D, -Allyl-PG derivatives

and Fluorol 7GA in THF. The characteristics of the luminescence and anisotropy decays n,
Ai, 5 and ¢, respectively, were acquired from experimental data by fitting model exponential

decay functions [eqgs. (4.1) and (4.3)] to the experimental data via a deconvolution software

(PicoQuant).

t

n _
I()=) Ae " (4.1)
i=1
t time
1(%) = intensity as a function of time
n = number of exponential components
A; = amplitude of the component i
T = luminescence lifetime of the component i

Eq. (4.2) is the definition of fluorescence anisotropy 7(¢) in terms of the ratio of the fluores-

cence intensity components /j (f) and [.(f) polarized in plane and perpendicular to the

polarization of the excitation beam.">°°
I(t)—1,(¢
r(t) = 1O-1LO 4.2)
1(0)+21,(1)
_t
F()=Ry, +Re * (4.3)
r(f) = anisotropy as a function of time
Ring = residual anisotropy
R, = initial anisotropy
& = anisotropy decay time

The results of these fits are summarized in Table 18 and in Figure 34. The luminescence of
Fluorol 7GA has a monoexponential decay in air-saturated EtOH solution. This behavior is
typical for a monomeric fluorophore in solution. In air-saturated THF, however, a short
component with a low amplitude (7= 0.70 ns) had to be added to the model function in order
to yield a satisfactory value for *. In analogy to their parent chromophore the D-Allyl-PG
derivatives’ fluorescence decays have a component with a long (6.3 < 7; < 9.3 ns) and short
(03 < 3 < 1.0 ns) lifetime. Additionally, another exponential component with an
intermediate lifetime (2.1 < »» < 6.0 ns) is needed to fit the experimental decays appropriately.
Thus the fluorescence decays of the polymers feature a 3-exponential decay with lifetimes
(termed long for 7;, intermediate for 7, and short for 73 in the following) in the same orders of
magnitude irrespective of aponor (see Figure 34a). 1, is characteristic for the polymeric

species, since the decay function of Fluorol 7GA lacks a component with a similar decay
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time. In contrast to the moderate dependence of 71, &, and 73 on apenor the amplitudes of the
Ay, A; and A3 depend strongly the polymer loading: 4; decreases and 43 increases with increa-

SINEg Aponor- A2(Aponor) 18 maximal at 24% (see Figure 34b).

Table 18. Photophysical properties of D-Allyl-PG derivatives in air-saturated THF. The values from
time-resolved experiments are the average of 3 measurements. The experimental error for 4 and 7 was
determined as the standard deviation of one set of measurements. The error in ¢ is the uncertainty
given by the deconvolution software.

Entry 1 2 3 4 5
Compound | Fluorol 7GA®  Dys,-Allyl-PG ~ Diso-Allyl-PG  Dyus-Allyl-PG”  Dgyo-Allyl-PG
Loading - 0.3% 3% 24% 63%
Aabs, max [NM] 428 429 429 430 431
Aem, max [nm] 499 500 500 502 515
-1
A ponor) Py 100% 84% 81% 55% 24%
[“0]
A 0.918+0.025  0.597+0.010  0.561+£0.047  0.301=0.019  0.062 = 0.006
71 [ns] 9.264+0.033  9.096+0.043 878027  8.025+0.175  6.39=0.15
4> 0286+0.014  029=0.11  0.538+0.020  0.412%0.005
7, [ns] 4936+0.090  538+0.67  4.137+0.194  2.299+0.046
A; 0.082+0.025  0.117£0.018  0.151£0.096  0.161=0.012  0.526=0.010
75 [ns] 0.70+£0.16  0.499+0.081  0.45%0.25 090£0.13  0.621+0.009
x’ 1.12 111 1.04 1.07 1.08
R, 0.095+0.012  0.252+0.053  0.244=0.071  0.161£0.072  0.140=0.031
& [ns]” 057+0.11  0.714£0.056  0.716£0.056  0.72%0.12 1.15£0.10
G-factor® 091 0.91 091 0.89 0.83
x’ 1.09 1.36 1.29 115 1.23

a) This compound showed a monoexponential decay function with 7= 9.06 ns in air-saturated EtOH
(¥ =1.124). b) This compound showed a triexponential decay function in air-saturated EtOH
(1 =8.00£0.14 ns, 4, =0.385+0.017; =4.05+0.19 ns, 4, =0.437+0.022; 75=0.82 £ 0.16 ns,
A3;=0.178 £ 0.005). d) Results of three measurements are shown. The error bars represent the
uncertainty given by the deconvolution software. e¢) This factor takes into account differences in
detection efficiencies for vertically and horizontally light.””!

Fitting the anisotropy decay data »(f) was possible with monoexponential models. The data
quality, however, was poor for small f-values and the R;-values acquired from the fits are
therefore not reliable. The relevant result from the anisotropy measurements is that ¢

increases somewhat via coupling the chromophore to the Allyl-PG-support (see ¢ for Fluorol
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7GA and D-Allyl-PG in the range aponor = 0.3 — 24%), however, for aponor = 63% a

significant increase in ¢ was observed with respect to lower aponor values (Figure 34c).

4
1074 > Fluorol 7GA
s D, -Aly-PG
v D, -Aly-PG
o D.. -Allyl-PG
IE 103 24%
£ < D, -Aly-PG
S
>
2 10°
[0)
=
10"

Figure 33. Semilogarithmic plot of the time-resolved photoluminescence decay of D-Allyl-PG
derivatives and Fluorol 7GA in air-saturated THF and the instrument response function, IRF
(symbols). The respective model function fitting the experimental data best is shown as solid black
line. The parameters that were used to fit the function are summarized in Table 18.

83



PHOTOPHYSICAL BEHAVIOR OF D-ALLYL-PG

a) 124 [long component (r,)
L] intermediate component (z,)
2

104 A short component (z,)

=3
8+ ==
'a‘ i
< 64 T
‘- s | |7
21| 7
0- 2, % 77 b/ ,%—.

6% oath g -30\(;/(\)\10( o TGP

b) 1.07 [CTlong component (A,) T
ZZ7] intermediate component (A,)
0.8 7772 short component (A)
3
© {Ll; ==
=)
E %
S _
<
2 ﬁf
n
o oAt 3% 30 o TOR
1.4+
c) ]
1.2 ‘I‘ +
1.0 ‘}
0.8 1
T e
L. 0.6
< ]
0.4
0.2
0.0 T T T T T T T

°lo A% °lo ) Gh
) 2P 03 o
Figure 34. Graphical representation of the photophysical data of 48a - d and 15 from Table 18 as

column diagrams: a) Luminescence decay times 7, — 73, and b) their respective amplitudes A, — 4.
¢) Anisotropy decay times ¢ (results of individual measurements).
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4.3 Discussion

In the following, the key results of the individual photophysical characterization methods are
summarized and associated. The absorption maximum for D-Allyl-PG derivatives and the
monomolecular model compound Fluorol 7GA is nearly identical within this series, which is
consistent with the chromophoric units being in a similar chemical environment in the ground
state. The emission intensity and the other photophysical characteristics of the Dy 30,-Allyl-
PG and Dj¢-Allyl-PG is identical within the experimental error. This is consistent with the
fact that these derivatives are a mixture of unfunctionalized Allyl-PG molecules that are
photophysically inactive and D-Allyl-PG molecules functionalized with 1 — 2 chromophore
moieties per polymer molecule in different ratios. The drop in fluorescence intensity upon
immobilization of the chromophoric moiety to the polymer is in analogy to the typical beha-
vior of fluorophores being immobilized to biomacromolecules. The latter also frequently
leads to a drop in fluorescence intensity.**!®” The further drop in fluorescence intensity for
Cbonor > 3% 1s consistent with concentration quenching on a microscopic level. Assuming an
identical extinction coefficient the absolute chromophore concentration within the samples
used for photophysical characterization are identical, however, the spatial distribution of the
latter units within the solution, i.e., concentration of chromophore within the domain of a
polymer molecule in solution, largely depends on aponor. An increasing Qpenor leads to an
increasing microscopic chromophore concentration that in turn causes enhanced concentration

(1991 and thus a decreasing emission intensity.

quenching

The fact that the fluorescence lifetime decay for Fluorol 7GA in EtOH is
monoexponential is typical for solutions of diluted fluorophores. The reason for the
appearance of the additional component in THF is unclear. One possibility would be the
occurrence of an additional quenching mechanism based on a second order reaction, e.g.,
quenching by oxygen, proceeding in this solvent. The additional exponential component with
an intermediate lifetime () and slight increase in ¢ arising from the immobilization of the
fluorol unit to the Allyl-PG is in consistence with the chromophore moieties having an
additional decay pathway mediated via constraints in rotational diffusion by the covalent link
to the polymer. The slight changes in 7 for the individual components might be rationalized
by changes in the molar mass of the chromophoric units as a function of @onor ") The rather

drastic changes on 4, and A3 upon increasing Qponor are in consistence with the molecular

processes that are responsible for 73 which involving a second order reaction between the
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chromophoric units, e.g., concentration quenching. The latter becomes predominantly more
relevant with increasing @ponor.

The motivation for the detailed photophysical characterization of the D-Allyl-PG derivatives
was the question whether energy migration could contribute to light harvesting in the DSC.
Based on the results presented in Sections 4.1 and 4.2 it turns out that energy migration does
not take place in these polymers. The key result supporting this fact is the increase in ¢, with
increasing Q@ponor, Which stands in contrast to the behavior of chromophore-decorated
dendrimers capable of performing energy migration. In such systems ¢ is typically decreased
with respect to monomolecular model chromophores. The increased value for ¢ observed for
Oponor = 63% supports the fact that the rotational diffusion is impeded and that no energy
migration takes place.

In conclusion, the major influence of the increasing aponor on the D-Allyl-PG
derivatives’ photophysical properties are (i) drop in fluorescence intensity, (ii) occurrence of
an additional exponential component in the fluorescence decay function, (iii) shifts in the
weight of long and short components of the fluorescence decay function, (iv) shifts in 7
notably 71, (v) the shift in Aem_ max, and (vi) increase in . Hypothetic mechanisms accounting
for these observations are (i) the immobilization leading to a different behavior in rotational
diffusion, an additional deactivation pathway of the excited state and a decrease in 7z resulting
from the alteration of the molecular mass of the chromophoric units, (ii) enhanced
concentration quenching with increasing @ponor, and (iii) contributions from excimer emission
for aponor = 63%. Since an increasing instead of a decreasing ¢ was observed with increasing
Ofponor, €nergy migration in D-Allyl-PGs may be ruled out. Thus only direct energy transfer

from donor to acceptor contributes to current generation in the DSC.
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5 Characterization of Donor Acceptor Systems in the DSC

The main goal of this work is to demonstrate that the photons, which are absorbed by the
energy donor moiety, also contribute to current generation within the dye sensitized solar cell.

Master plates, which comprised of 5 DSC test cells with an active area of 2.5 cm® per cell,!'**

193] were used in order to characterize the performance of different donor acceptor systems
(Scheme 18). These consisted of (i) a mixture of donor and acceptor moieties coadsorbed
onto the TiO; electrode, namely carboxybutyl-butyl-fluorol 32 and N719, (ii) donor acceptor

dyad 45, and (iii) donor acceptor polymers.

a) coadsorbed donor b) donor acceptor c) donor acceptor polymers
+ acceptor dyad
[ T|02 [ T|02 [ T|02

Scheme 18. Different energy transfer systems evaluated in the DSC in this chapter. TiO, represents
the nanoporous photoelectrode of the DSC. a) Coadsorbed donor and acceptor chromophores. b)
Donor acceptor dyad 45. ¢) Donor acceptor polymers.

The experimental strategy to deliver the proof that the performance of efficient sensitizers
may further be enhanced by resonant energy transfer was carried out via the following steps:
(1) find a suitable standard cell setup, (i) characterization of DSCs comprising either donor or
acceptor model compounds as sensitizers, (iii) characterization of the different donor acceptor
compounds synthesized in this work, and (iv) comparative evaluation of the results. In this
chapter the methods of DSC characterization and methodology applied for the estimation of
the energy transfer within the device are presented (Section 5.1) prior to the discussion of the

experiments and results.
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5.1 DSC Characterization Methods Used

The most self-evident characterization technique for solar cells is the IV measurement under
illumination yielding the power conversion efficiency. This type of measurement was also
carried out with the devices prepared in this work and is briefly described in sections 5.1.1
and 5.1.5. In order to determine whether the photons absorbed by the energy donor moiety
from a donor acceptor sensitizer contribute to current generation, however, a detailed
knowledge of the devices’ spectral properties is necessary. This data allows the wavelength
dependant comparison of the light-harvesting efficiency (LHE) with the current generated
thereof, as determined by the external quantum efficiency (EQFE). The latter comparison led

to the estimation of the energy transfer efficiency (E7TFE) within the device.

5.1.1 Solar Cell Efficiency

The calibrated power conversion efficiencies of the test cells were measured under simulated
AM1.5G conditions using a solar simulator with a halogen lamp field. The test cells were
cooled during the measurement and a mask was applied in order to minimize scattering of
light from the surrounding into the active cell area. From the IV measurements Uy, jsc, FF

and 77 were extracted (see also Section 1.1.2 on page 3).

5.1.2 Light Harvesting Efficiency

The light harvesting efficiency used here is the percentage of incident light that is absorbed by
the sensitizer. The determination of the cells’ LHE(A) was based on transmission
measurements of the stained (Zsuined) and unstained (Zeiectrolyte) transparent devices. A DSC
that was assembled identically to the test cells containing no sensitizer was used as a

reference. The light harvesting efficiency [LHE(A)] was calculated using the expression (5.1).

LHE(A) RO (5.1)
T;lectrolyte (/1 )

The cell transmission was measured by means of an UV-Vis spectrometer in standard setup.
The different layers in the cell were not perfectly planar and the positioning of the cell to the
light beam was not necessarily perfectly perpendicular. These facts resulted in some
transmission measurements revealing artefacts that were ascribed to interference at thin layers

as well as the transmission in the red and IR part of the spectrum revealing slightly different
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values. The correction methodology applied to enhance the transmission data is described in
the experimental part (Section 8.4.2). Thus the values for 7 used for the calculation of LHE

were averaged at each wavelength over different measurements.

5.1.3 External Quantum Efficiency

The external quantum efficiency EQE(A) is defined as the ratio between collected electrons
and incident photons [eq. (5.2)], and is sometimes referred to as incident-photon-to-current-
efficiency (IPCE).!"

EQE = number of c'olh?cted electrons (5.2)
number of incident photons

The EQE of the test cells was measured by illuminating the test cell with bias light of an
intensity comparable to the one under AMI1.5G conditions. Monochromatic light was
chopped with a frequency of around 15 Hz and the EQFE at the respective wavelength was
measured via a lock-in amplifier. In order to minimize artifacts resulting from high
recombination at low light intensities and the lag between start of illumination and the
respective current output, the bias light was chosen to be intensive while the chopping
frequency was chosen to be as low as possible.!® 14

As mentioned in the introduction the external quantum efficiency at a specific
wavelength is proportional to the light harvesting efficiency, the proportionality factor being
the product of the injection and collection efficiencies. For brevity @iy - 77con 1n eq. (1.11) will
be summarized as & in the following [eq. (5.3)].1

EQE(A)=k-LHE(A) (5.3)

k was estimated in this work by normalizing EQE so that the plot of EQE.,, fits with LHE.
The respective normalization factor then corresponds to k' (k= EQE - LHE ™).

5.1.4 Energy Transfer Efficiency from the Spectral Properties of a DSC

The proportionality between LHE and EQFE described in eq. (5.3) is valid for monomolecular
sensitizers. In case of quantitative energy transfer from the donor to the acceptor
chromophore, eq. (5.3) should also be valid for donor acceptor systems as sensitizer, notably
in the wavelength area, where the donor chromophore adds significantly to LHE. However, if
the energy transfer does not proceed to completion, light absorption of the donor does not

contribute to the photocurrent to the same extent as light absorption by the acceptor. Simula-
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ted LHE and EQFE spectra for the different situations described above are displayed in Figure
35:1%1 For an energy transfer efficiency (ETE) of unity LHE equals EQE. For ETE <1 EQE
is below LHE in the wavelength range of donor absorption, e.g., ETE = 80%. For very low
ETE, e.g., ETE = 0% the resulting EQFE of such a donor acceptor sensitized device would
actually be below the EQFE of a device exclusively sensitized with the respective acceptor.
These examples show that the comparison of LHE and EQFE data should allow the estimation

of the energy transfer efficiency within the device.

100+
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Figure 35. Simulated LHE(A) for DSCs stained with a donor acceptor sensitizer and a respective
acceptor-only device and simulated EQE(A) for different energy transfer efficiencies (ETE). The
curves LHEp asysiem and EQEp_a-sysiem, £TE = 100% are identical.

Thus a modified expression between EQE and LHE applicable to donor acceptor sensitizers
was derived. The most important assumptions of this derivation are presented in the
following (the details are in Section 9.2 of the Appendix). The energy transfer efficiency used
in this work is defined as the fraction between the number of acceptor excitation events (and
in turn electron injection events) due to resonant energy transfer (Nrpr) and the number of
photons that are absorbed by the donor [Ny, ponor, S€€ €q. (5.4)].

N RET

ETE = (5.4)

/v, Donor
In order to get an approximate value for the ETE, EQE(A)-functions were calculated based on
the absorption spectra Ap.a-syseem(4) and Aacceptor(4), as they prevail in the device. The latter
were derived from LHE(A) of the respective devices stained with the donor acceptor sensitizer
and acceptor, respectively, according to eq. (5.5).

A(A) =—log[l - LHE(A)] (5.5)
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In addition to eq. (5.3) the following assumptions were made for the simulation of
EQEDp.a-system as a function of ETE:
(1) EQEp_a-system 15 the sum of the EQE of the chromophoric units:

EQE = EQE,__+EQE,

D-A-System

(5.6)

Donor cceptor

(i1) In analogy to the latter equation, the absorption spectrum of the donor acceptor sensitizer
Ap-a-system 18 the sum of the absorption spectra of the chromophoric units:

A =4 +4 (5.7)

D-A-System Donor Acceptor
It is important to note that Aacceptor 1S the absorbance of the acceptor proportion within the
specific DSC stained with the respective D-A-system (this data was extrapolated from a
device stained with the respective energy acceptor sensitizer, see Section 9.4.3 for details).

(ii1) The fraction of light of a specific wavelength absorbed by the donor and acceptor, Xponor

and Xacceptor, respectively, was assumed to be

ADonor (ﬂ) . (/1) — AAcceptor (/1)
A

4 xAcceptor
D-A-System (/1 ) AD-A-System (/1 )

Based on egs. (5.3) and (5.6) — (5.8), expression (5.9) was derived allowing the simulation of

XDonor (4) = (5-8)

EQEDp.a-system as a function of ETE (see Section 9.2 of the Appendix for details).

EQE

D-A-System, sim

A A
(ETE)=LHE-{—A°“"““ +ETE-(1——A°°6"““ J] (5.9)

D-A-System D-A-System

In order to determine the ETE for a given donor acceptor device EQEp.a-system, sim calculated

according to eq. (5.9) was fitted to EQEp.a-system, exp ° k! by variation of the parameter ETE.

5.1.5 IV Measurements under Monochromatic Illumination

Some of the devices comprising donor acceptor as well as acceptor-only sensitizers
investigated in this work had comparable performances under simulated one sun AM1.5G
illumination. The halogen lamps used for the latter purpose had a relatively low photon flux
in the blue area of the visible spectrum (see also Figure 35). The details for this behavior will
be pointed out in the following sections. It is obvious, however, that the extent of current
enhancement via RET is proportional to the integral of the product of EQE(A) and emission
intensity of the light source [eq. (1.13)]. Thus, a halogen lamp field with very weak emission
intensity in the blue, the wavelength where the donor moiety used in this work absorbs, is not
the proper system to establish the proof of principle that energy donor acceptor dyes

comprising Fluorol 7GA as a donor unit also yield a higher 7 in addition to a higher j (see
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Appendix, Section 9.3). The above-mentioned proof of principle would be best verified using
light sources with emission maxima that allow selective excitation of the wavelength of
maximal donor and acceptor absorption. Thus, in addition to the measurement of the IV
characteristics under one sun (AM1.5QG), current voltage measurements were carried out using
a blue (green) LED array emitting between 465 and 475 nm with a maximum at 470 nm (515
and 535 nm with a maximum at 525 nm) as light sources. These light sources were chosen,
since their emission maxima overlap well with the absorption of the lower energy metal-to-
ligand charge transfer (MLCT) band of the Ru-complex as well as the 7-7z*-absorption of the
energy donor, respectively. A considerable fraction of the blue radiation will be absorbed by
the donor, whereas the green light will be exclusively absorbed by the acceptor moiety. Thus,
the influences originating from the energy transfer on DSC performance are best seen by
comparing IV characteristics of different devices under these types of illumination. The
calibration of the light source intensity was carried out by adjusting a DSC stained with an
acceptor moiety (either N719 or [Ru(dcbpy)acac]Cl) so that the short circuit current output

was identical to the one measured under simulated AM1.5G conditions. The results of these

measurements are presented as the ratios ;- j;een and P, .P"! | respectively. The current

blue green
ratio shows to what extent the current per Ru-unit is increased via energy transfer. In
addition, the absolute value for the current generated via RET under blue illumination was

estimated using eq. (5.10).

j — EQED—A—System, sim (ETE’ 470 nm) B EQEAcceptor, sim (470 nm) . ] (5 10)
e R EQED-A-SyStem, sim (ETE’ 470 nm) e .
EQEAcceptor, sim = EQED-A-Syslem, 51m(ETE = 0)

The proof that RET is principally suitable for yielding additional current and a better device

was established by the selective illumination experiments.

5.2 Design and Assembly of Test DSCs

Today’s standard DSC setup for high efficiency cells consists of a relatively thick (10 — 15
um) nanoporous TiO, layer functionalized with one sensitizer absorbing light between 300
and 700 nm. Additionally, a scattering layer is placed on top of the TiO, layers. Due to the
efficient light-harvesting in and the opaqueness of this type of cells, the spectral
characteristics of the sensitizer are not very pronounced: Such cells manage to absorb the

incident light in the wavelength range where the sensitizer absorbs (between 300 and 650 nm
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for Ru-based sensitizers) nearly quantitatively. Introducing an additional donor chromophore
into such cells would not result in current and/or efficiency enhancement. On the other hand,
a DSC comprising a TiO; photoelectrode that is transparent and thin enough to allow a small
but measurable portion of the incident light to be transmitted is the ideal system for studying
the influence of additional sensitizers onto DSC performance. Thus thin transparent
photoelectrodes (1 print of TiO, paste resulting in an electrode thickness of 3.7 um) which
were manufactured by screen printing of a commercial anatase paste were used. If the
performance of one monomolecular sensitizer was to be tested, 2 prints of TiO, were applied.
The front electrode was stained with the sensitizers. EtOH was used as solvent for
monomolecular sensitizers. However, for polymeric sensitizers aqueous solutions or THF-
water mixtures, which were adjusted to a pH of 6 — 10 using ethylene diamine buffer and
tetrabutylammonium hydroxide, were used. It was surprising that staining of the photoelec-
trode was possible from slightly alkaline solutions containing water since monomolecular
sensitizers would desorb from TiO, under these conditions. The DSC assembly was
completed by laminating front and back electrodes together using a hotmelt foil (Syrlin),
filling the cell with electrolyte, and sealing of the holes. The transmission measurements of
initially assembled cells did not deliver reliable data for 4 <430 nm since the DSC
transmission was very low in this wavelength range. Reducing the iodine content of the
electrolyte by one magnitude led to significantly better results considering the transmission
measurements and no obvious drop in DSC performance. Thus in most cases an electrolyte
with the reduced iodine concentration was used. In summary, the DSC test cells revealed the
following characteristics deviating from the standard setup for high efficiency DSCs: (i) a thin
photoelectrode and (ii) a reduced I, concentration in the electrolyte. These accordingly
assembled devices showed a maximum light harvesting efficiency below 90% and a
transmission above 5% at 400 nm. The individual solar cells that were assembled are
summarized in Table 19. Different sets of DSCs were tested with the aim of (i) characterizing
the behavior of the model chromophores (entries 1 — 3), and studying the energy transfer
between (i1) coadsorbed donor and acceptor chromophores (entries 4 and 5), (ii1) within the
dyad (entries 6 and 7), and (iv) within donor acceptor polymers revealing different donor
acceptor ratios (entries 8§ — 14). It was attempted that the only parameter varied within a set of
cells was the sensitizing dye. This criterion was fulfilled if DSCs with monomolecular
sensitizers were assembled, but in case of the polymeric sensitizer, it was not possible to find
a universal solvent mixture and pH at which all of them were soluble. Thus, photoelectrodes

were stained with polymers in ethylene diamine (en) buffer or mixtures of en-buffer and THF.
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The names of the resulting devices are given in the last column of Table 19. In the following
the cell names will be represented in boldface. The results of all characterization techniques
for the cells assembled for energy transfer studies are summarized in Table 24. Sections of
this data are presented in the individual sections of this chapter. The structures of the

sensitizers used here are summarized in Scheme 19.

BU\H
0" N "0
HO Yo O~ OH
. " 14: R = H
2:'N719 32: 4-carboxybutyl butyl fluorol 57 R = CH,-CH=CH,

N~
PG "
N'N\\N
\;K/ D
m

64, 65a, 65b, 67b, 67c, 67g:
donor acceptor polymers

Scheme 19. Structures of the sensitizers investigated here.
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Table 19. Overview of the dye solar cells that were assembled in this work. The table gives the type of sensitizer along with its donor acceptor ratio (zpa), the
staining conditions (solvent mixture and dye concentration cqay.), the number of screen-printing steps with TiO, paste applied for the photoelectrode preparation
(number of prints, NP), the iodine concentration in the electrolyte (c1,), and the resulting number of functional cells (NC). The last column gives an abbreviation
for the specific devices that will be used to refer to the devices in the text.

Aim  Entry DSC-# Dye ZDA Staining Solvent [m;dryrel:lfl] NP ¢ Y NC DNe;I;Cee
S o 1 CS 234-1  carboxybutyl-butyl-fluorol (32) 0 EtOH 0.15 2 03 5 Dthick
g "g 2 CS 234-2  [Ru(dcbpy)sacac]ClI (14) 0 EtOH 0.16 2 03 1 Athick
e 3 CS 234-3  [Ru(dcbpy)sallyl-acacH]CI (57) 0 EtOH 0.19 2 03 5 Aanyl, thick
- 4 CS 240-3 N719(2) 0 EtOH 0.92 1 003 2 N719
RN
85% 9 CS 240-4 iﬁgg%;yl_butyl_ fluorol (32) 0.45 EtOH g:zé 1 003 2 N719+D
N 6 CS226-1  [Ru(dcbpy).acac]Cl (14) 0 EtOH 0.28 1 03 3 A
SET 7 (CS226-2  donor acceptor dyad (45) 1.0 EtOH 0.14 I 03 3 Dyad
8 CS226-3  Az99%-PG-Nj, 309, (66f) 0 en-buffer® 5.5 mm 0.39 1 03 3 PA
< 9 CS 240-1 Do s-Ase-PG-N3 309 (67¢) 0.8 en-buffer” 4.8 mm 0.20 1 003 3 PDAys
% 10 CS 226-4  Djo-A@ow)-PG-N3, 4% (64) 1.0 en-buffer” 4.3 mum 0.29 1 03 3 PDA;,
g 11 CS241  Ds7-Asy-PG-Ns eov (67g) 3.7 zz;ﬁ:fizﬁ;ii;i“ﬁQ“Wfﬁﬁgféﬁ 033 1 005 2 PDA
D OSMOS D RGN, S0 TITSImMGIIESON 019 1 00 1 PDA
é 13 CS240-6  D7.0-Aq10%)-IPG-N3, 350, (65b) 7.0 en-buffer® 6.8 mM in THF:H,0 3:1 0.19 1 003 0 PDA,
14 CS 240-2  Dg6-Asz0-PG-N3 309 (67b) 8.6 en-buffer? 20 mm in THF:H,0 1:1 0.15 1 003 3 PDA,

a) [mol 1'']. b) Determined by fitting a simulated absorption spectrum to the experimental one of the DSC stained with N719 and carboxybutyl-butyl-fluorol
assuming &yz19 = 13500 1 mol ' em™ and gpgner = 16000 1 mol ™' cm . ¢) ethylene diamine in water adjusted to a pH of 6 with HCI.
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5.3 Results of DSC Characterization

The results of the different characterization methods described in Section 5.1 acquired with
the devices summarized in Table 19 are presented here. Results of the device Dinick, Athick
and Ay, wmick that were stained with the parent chromophores (entries 1 — 3) are shown and
discussed in the next section. The results from methods investigating the IV and spectral
properties that were obtained with donor acceptor sensitized cells along with cells containing
exclusively the acceptor as reference are presented in Table 24 on page 110 and in Sections

5.3.2 and 5.3.3.

5.3.1 Model Chromophores

In order to assess the behavior of donor acceptor systems in the DSC the knowledge of the
performance of the individual donor and acceptor chromophores as sensitizers in the DSC is
crucial. The latter was the motivation for the assembly of the devices Dinick, Athick, and
Ay, thick comprising carboxybutyl-butyl-fluorol (32), [Ru(dcbpy).acac]Cl (14)  and
[Ru(dcbpy).allyl-acac]Cl (57) and as sensitizers in the DSC, respectively. 57 served as a
model for [Ru(dcbpy).acac]Cl derivatives revealing a substitution in the a-position of the
acac ligand. The IV characteristics of the devices mentioned above are summarized in Table

20.

HO™ "0 OH
Table 20. IV characteristics of DSCs staine with model chromophores carboxybutyl-butyl-fluorol
(32), [Ru(dcbpy),acac]Cl (14) and [Ru(dcbpy),allyl-acac]Cl (57).

Device

. -1 0
Entry Name Dye cells U, [mV] ji[mA cm ] FF [%] n [%]
0.0108 +
1 Drthick 32 5 379+ 11 0.056 £0.002 51+2 0.0004
2 Athick 14 1 685 6.1 74 3.1
3 Aanyl, thick 57 5 634+ 11 6.3+0.3 72 £1 2.9+0.1
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DSCs featuring the compound carboxybutyl-butyl-fluorol (Dick) Were characterized in order
to address the question whether the donor moiety is able to act as a sensitizer. It was possible
to carry out IV measurements with corresponding cells, which showed that the cells are
functional and that they reveal an open circuit voltage at around 400 mV but j and as a result
n was extremely low (Table 20, entry 1). In order to rule out that this extremely low
performance was a result of the spectral mismatch between sensitizer absorption and the
halogen lamp field of the solar simulator additional IV measurements were carried out under
blue illumination (the calibration of light intensity was carried out as described in Section
5.1.5). Changing the illumination from white to blue brought about a 5.8-fold increase in ji
and 8.2-fold increase in Ppax of Dumick- Despite this increase the photocurrent represented only
5% of the one measured with A anyi, tick under identical illumination. The fact that Dk does
not produce a significant photocurrent, although a considerable amount of light is absorbed by
the sensitizer, is caused by the disability of the aminonaphthalimide moiety to efficiently
inject electrons into the nanoporous TiO, electrode.

The device efficiency of DSCs stained with [Ru(dcbpy),acac]Cl and [Ru(dcbpy),allyl-
acac]Cl (devices Atick and Amick, anyl, respectively, Table 20, entries 2 and 3) were assembled
in order to test whether the chemical modification on the terminal methyl group of the acac-
ligand effectuates the behavior of [Ru(dcbpy)acac]” derivatives as sensitizer. This set of
devices shows close to identical electrical properties under illumination with simulated
AM1.5G light.

In addition to the results mentioned above, 2 entries from Table 24 are also interesting
in the present context: The IV results from the devices A and PA (Table 24, entries 6 and 8)
are equally close to identical indicating that supporting the acceptor chromophore to the
polyglycerol azide does not interfere significantly with DSC performance.

The sets of devices presented here clearly demonstrate that the chemical modification
on the acacH-ligand as carried out in this work does not markedly change the photovoltaic

performance of the resulting sensitizer in itself.

5.3.2 Donor Acceptor Systems based on Monomolecular Sensitizers

In the following the results from DSCs characterization of devices that were assembled in
order to study the energy transfer within monomolecular sensitizers are presented. These are
namely the devices N719, N719+D, A, and Dyad (Table 19, entries 4 — 7, respectively). Due

to their similarity, these results are presented together.
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5.3.2.1 Results

The parameters that were varied within the set of devices mentioned above consisted
exclusively of the type of dyes used for the staining step. The IV results are summarized in
Table 21. From a comparison of the IV characteristics of both types of DSCs within the set, it
is obvious that within the experimental error the efficiency is identical for the device
sensitized with the energy acceptor unit or the energy donor acceptor systems. The expected
current enhancement under this type of illumination effectuated by the presence of the donor
moiety, however, is smaller than the experimental error (see Section 9.3 in the Appendix).
Therefore, the IV data presented in Table 21 do not allow the discussion of the effect of the

donor moiety.

Table 21. IV characteristics of DSCs stained with 2, 32, 14, and 45.
Uoe Jse FF U

Entry Device [mV] [mA cm ] [%] [%]
1 N719 676 +7 4.1+0.1 701 2.0+0.1
2 N719+D 666 + 7 4.1+0.1 70+£0 1.9+0.1
3 A 654+ 6 49+0.4 73+ 1 23+0.2
4 Dyad 690 + 10 5.0+0.1 73+£3 2.5+0.1

In order to determine whether the photons absorbed by the energy donor moieties in devices
N719+D and Dyad contribute to current generation, a detailed knowledge of the spectral
properties of the respective DSCs is necessary. Figure 36 summarizes the latter for the
devices N719 and N719+D as well as Figure 37 for the devices A and Dyad. The figures a)
on pages 99 and 100 are averaged transmission spectra of several devices and the figures b)
on those pages present LHE(A). One important difference in Figure 36a and Figure 37a is the
transmission at low wavelengths: The devices comprising N719 as sensitizer were filled with
an electrolyte containing 0.03 M iodine, whereas the others contained the 10-fold
concentration. As a result, Tpsc(400 nm) is between 5 and 15% for the former set of devices
allowing the reliable calculation of LHE down to short wavelengths. With the latter set of
devices the calculation of LHE yields very large experimental errors for 4 <430 nm. The
shapes of LHE of the donor acceptor systems are similar to that of their respective acceptor-
only devices in the range > 550 nm. LHE, however, is significantly higher in the range from

400 — 500 nm if the donor moiety was present during the staining step (Figure 36b and Figure
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37b). This behavior indicates that the donor group is also present and intact within the device.
LHE, and LHEN719 are somewhat larger than LHEpyaq and LHEN719+p for 4> 520 nm. This
fact is consistent with the acceptor content being somewhat reduced by the spatial
requirements of the respective donor unit. The figures ¢) on pages 99 and 100 show typical

EQE(A) curves for DSCs stained with the respective acceptor sensitizers and donor acceptor

systems.
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Figure 36. Results of different wavelength dependant characterization techniques applied to the
devices N719 and N719+D. a) Transmission as determined via an UV-Vis spectrometer in standard
setup: N719 (dashed) and N719+D (dotted). The transmission spectrum of unstained DSCs which
were filled with electrolyte are presented as well (solid). All the spectra presented here were
calculated averaging T(A)-values of several cells after normalization to the red edge of the spectrum;
the error bar is the standard deviation at each wavelength. b) Light harvesting efficiencies as
calculated from the data presented in a). The error bars were calculated via the mean square method
using the errors in Tiecwolyte aNd Tiinea.  €) Representative EQE(A)-curves for the devices N719 (V)
and N719+D (OJ), acquired using chopped monochromatic light and bias illumination (ca. 1 sun). d)
Diagram superimposing the data presented in b) and c). For clarity an offset of 0.1 units is applied to
the EQE(A)-plot N719+D. LHE(X) was superimposed so that the part of the spectrum with A > 540
nm overlaps with the EQE(A)-curves in this spectral range.
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The shape of the curve in the range of 520 to 800 nm is nearly identical in each set of
measurements. e.g., the EQE(A) curves for 14 and 45 both show maxima at 540 nm and a

shoulder at 600 nm.P!!

This part of the EQE curves is due to light absorption and electron
injection of the energy acceptor. Furthermore there are maxima at 410 nm (400 nm) and 450
nm for [Ru(dcbpy),acac]Cl (N719) and dyad 45 or N719 carboxybutyl-butyl-fluorol mixture

as sensitizer, respectively.
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Figure 37. Results of different wavelength dependant characterization techniques applied to the
devices A and Dyad. a) Transmission as determined via an UV-Vis spectrometer in standard setup: A
(dashed) and Dyad (dotted). The transmission spectrum of unstained DSCs which were filled with
electrolyte are presented as well (solid). All the spectra presented here were calculated averaging
T(A)-values of several cells after normalization to the red edge of the spectrum; the error bar is the
standard deviation at each wavelength. b) Light harvesting efficiencies as calculated from the data
presented in a). The error bars were calculated via the mean square method using the errors in
Tetectrolyte AN Tained. ©) Representative EQE(A)-curves for the devices A (V) and Dyad (0J), acquired
using chopped monochromatic light and bias illumination (ca. 1 sun). d) Diagram superimposing the
data presented in b) and c). For clarity an offset of 0.05 units is applied to the EQE(A)-plot Dyad.
LHE(A) was superimposed so that the part of the spectrum with 4> 540 nm overlaps with the EQE(A)-
curves in this spectral range.
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In the case of acceptor-only sensitized devices, the maximum at 410 nm (400 nm) is less
intensive, whereas in the devices comprising the D-A-systems, the maxima at 450 nm are
significantly more intensive than the ones at around 540 nm. The maxima at 410 nm and 400
nm are consistent with the current generated from the blue MLCT band of the energy
acceptor. The maxima at 450 nm, as well as the significantly higher intensity relative to the
maxima at 540 nm, are in agreement with generation of current via the energy donor moieties.
The EQFE values for the set of measurements are identical within the experimental error for A
> 520 nm. Since the halogen lamps used for the IV characterization of the devices had a
rather low emission intensity in the blue part of the spectrum, the overlapping EQE-curves are
in good agreement with the identical ji. as determined under the solar simulator (see Table
21). In addition to the identical curve form between the donor acceptor and acceptor-only
devices in the range 4 > 550 nm the figures c) on pages 99 and 100 clearly reveals their strong
divergence for A =400 — 550 nm, the wavelength range, in which the energy donor absorbs.
Figure 36d and Figure 37d superimpose the data presented in figures b) and c), respectively.
This superimposition shows clearly that equation (5.3) is valid for N719 over the entire
spectral range displayed in Figure 36d: An excellent accordance between LHE and EQE is
found for £ = 0.8. For all further devices discussed in this section the accordance is given if
A>520nm. Below those wavelengths, the overlap of EQFE- and LHE-data is only fair.
Possible reasons for these deviations, which are valid for both devices stained with donor
acceptor systems and acceptor-only devices, are discussed in further detail in the Appendix
(Section 9.4 on page 169). However, the significant divergence between LHE and normalized
EQE-data for the devices Dyad and N719+D (as judged on the data between 450 nm and 520
nm) are certainly due to incomplete energy transfer from excited donor moieties to the
acceptor. Fitting EQF, k' to EQE4n(ETE) according to (5.9) leads to ETE = 89 + 10%
and 85 £ 3% for the devices N719+D and Dyad, respectively. Table 22 summarizes results
from monochromatic illumination experiments. As already suggested by the EQE data, this
data reveals that the devices stained with the donor acceptor systems are superior to the ones
stained with the acceptor only as determined from the ratios jyjye - jgree{l and Pppye - Pgreenfl.
Under green light, the donor acceptor and acceptor-only devices largely give identical short
circuit currents. Under blue illumination, however, j is significantly higher for the cells

comprising the energy donor moiety.
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Table 22. Results from IV measurements under monochromatic illumination.

. _j blue ] Donor. bluea) _Pblue
Ent Device . ’
y J green [m A Cm_z] })green
1 Dithick - 0.35 )
2 N719 1.04+0.01” - 1.01 = 0.03"
3 N719+D 1.26+0.01” 1.5 1.24+0.01Y
4 A 1.00 =+ 0.01° - 0.99 + 0.02°
5 Dyad 1.24 £0.02° 2.5 1.21 +0.04°

a) calculated according to (5.10). b) Device Aauy, mick served as reference for light intensity
calibration. c) Device A served as reference for light intensity calibration.

The same effect is also observed for the maximum output power Py.x. The results obtained
here are consistent with the fact that both types of DSCs have a similar EQE(A) for
A> 520 nm, but the light absorbed by the donor leads to a EQE(A < 520 nm) which is higher
for Dyad and N719+D than for A and N719 within this wavelength range. Upon comparing
data for 7, j. and LHE it is striking that the devices A and Dyad are about as efficient as
devices N719 and N719+D (see Table 24 on page 110) despite the fact that LHEA nearly
doubles LHEN719. This behavior is also reflected in a lower value for & for A and Dyad. The
latter fact is consistent with 14 and 45 forming aggregates or multilayers on the nanoporous

Ti0, electrode which leads to a lower injection efficiency (thus a lower k).

5.3.2.2 Discussion

The experimental evidence described so far clearly sustains the hypothesis that absorption of
the energy donor contributes to current generation, which in turn might lead to a higher
efficiency. In the following, the key results of the individual characterization methods are
summarized and associated. The LHE spectra of devices investigated here (figures b on pages
99 and 100) clearly indicate that the donor chromophore absorbs in a wavelength range,
where the acceptor chromophore only absorbs weakly. The introduction of the additional
donor chromophre by either coadsorption with (as in device N719+D) or covalent coupling to
a carboxylated Ru-polypyridine complex (as in device Dyad) provided a photoelectrode
functionalized with two chromophoric units with a higher overall light absorption cross-

section in the wavelength range where the donor absorbs. The spatial demands of the donor
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unit, however, leads to a minor decrease in the acceptor content as proven by the slightly
lower LHE(A) for 4> 540 nm with respect to the acceptor-only devices.

Energy transfer between donor and acceptor chromophores in solution is typically
characterized by time-resolved fluorescence measurements or by the comparison of
absorbtion and excitation spectra.” Attempts to carry out analogous experiments with dyad
45 were not successful due to the poor luminescence properties of the acceptor and the
effective quenching of donor luminescence as a result of the interchromophoric distance well
below the Forster radius. Efficient electron injection of the Ru-complex into TiO; is an
adequate substitute to acceptor emission in order to detect electronic excitation. Therefore the
comparison of EQFE(A) and transmission measurements of DSCs comprising donor acceptor
(devices Dyad and N719+D) and respective acceptor-only sensitizers (devices A and N179)
was used as a method for the determination of ETE. The relevant EQE-measurement (Figure
38a and b, squares) showed clearly that light absorption by the energy donor in Dyad and
N719+D contributes to current generation. This becomes apparent from the comparison of the
LHE(A)-spectra with the EQE(A)-graphs (figures d on pages 99 and 100). All curves
distinctively show the characteristic MLCT-band for the respective acceptor moiety.
Furthermore, the curves belonging to Dyad and N719+D exceed the normalized EQE(A) and
LHE(A)-values of A and N179 for 400 nm < A < 500 nm, the wavelength interval
corresponding to donor absorption. This behavior clearly demonstrates that the higher LHE in
this interval is converted into output current. Since it was shown that electron injection from
the donor moiety can be ruled out (see Section 5.3.1), the gain in EQE in this region (relative
to the long-wavelength part of the curve) was assigned to resonant energy transfer. In order to
determine the extent of RET, simulations of the impact of ETE onto the shape of the
EQEpya.a(A)-function were carried out. Figure 38 also shows the key results of the EQE
simulation. In addition to the experimental EQE-data from Figure 36¢ and Figure 37c, which
was normalized by fitting different values for k (resulting in EQEcy, -k 1), three simulated
curves EQFEm, ere =0, EQFEim, e =y and EQEim, £1E = 100% are presented (v = 89% and 85% for
N719+D and Dyad, respectively). These functions are shown as the upper edges of the dark
gray and gray areas and as a black line, respectively. EQFEqim, £1£ = 0% 18 tantamount to the light
harvesting efficiency by the acceptor moiety within the donor acceptor system, while
EQFEgm ere=1 1 synonymous with its overall light harvesting efficiency (LHEpyaa and
LHEN719+p). The approximation of EQEgp, to EQEexp;l{1 by a variation of ETE gave good
agreement between the experimental and simulated data for E7En719+p = 89 % and ETEpyaq =
85% (see plots of EQEim gre and EQEcyy).
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Figure 38. Summary of the conclusions drawn from the data presented in Figure 36 and Figure 37 for
the set of devices a) N719/N719+D and b) Dyad/A. The black line represents LHEp._a_system Which 1is
identical to EQFEgm gre-1- The upper margins of the gray and dark gray areas correspond to
EQFEgm, re-0s5 and EQEqm, gre -0, respectively. The latter curve also represents the fraction of light
absorbed by the acceptor moiety within the respective donor acceptor system. The significance of the
areas highlighted underneath the curves is presented. Normalized, experimental EQE-data EQF.y,, - k!
is also shown for the DSCs stained with the devices with donor acceptor systems ([]) and acceptor-
only cells (V). The constant £ summarizing injection and collection efficiencies was determined by

fitting EQE(A) to the LHE(A) curve at A > 520 nm (kpyaa = 0.39; kn7194p = 0.80). EQEp, 4 and EQE,,
n719 Was normalized to fit with EQEcx, pyad - k'and EQEp N1194D ' for 4> 520 nm.

Thus, the energy transfer efficiency from the Fluorol unit to the respective acceptor unit
within the devices was approximated to 89 +10% and 85 £ 3% for N719+D and Dyad,
respectively. The considerations leading to the error in this value are presented in the
Appendix. The EQE of a DSC is thus enhanced by donor absorption, even if the energy
transfer efficiency is lower than unity. In order to summarize the circumstances prevalent in
the DSCs discussed here the areas under the distinctive EQFE,-functions were labeled in
Figure 38. The proportion of photocurrent generated by direct acceptor absorption is
represented by the dark gray area in Figure 38 (labelled as EQFEaccepior). The gray area
represents the proportion of photocurrent generated via donor-absorption and RET (labelled

as EQFERrgt), whereas the light gray area corresponds to the proportion of light absorbed by the
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donor moiety which did not contribute to current generation due to a quenching mechanism
other than RET (labelled as “Lost”). The white area depicts the proportion of light
transmitted. The key conclusion from Figure 38 is that most of the photons absorbed by the
donor also effectuate RET and charge injection into TiO,. The highest proportion of current
generated via donor absorption is prevalent in the device Dyad at 460 nm, where 45% of all
the electrons collected at the front electrode were initially generated by donor absorption.

Choosing an illumination exclusively in the wavelength range, where the energy donor unit
absorbs strongly, the fraction of electrons generated via RET is drastically enhanced
compared to simulated AM1.5G illumination by halogen lights. Under illumination with Apax
= 470 nm, more than 40% of the current is generated due to RET in the donor acceptor
device. Thus the motivation for performing IV measurements under monochromatic blue and

green illumination was to test whether RET leads to a higher device performance. The crucial

. . .1 -1 .
results from these measurements were presented as the ratios j,. - Joeen a0d By By 10

green
Table 22. They show that switching the mode of illumination from green to blue affords an
increase in jg. for the DSCs comprising donor acceptor systems as sensitizers. Since U, and
FF did not depend significantly on the type of illumination, the increase in jy. also results in a
higher maximum output power Ppa. Furthermore, the current under blue illumination
generated via donor absorption (jbiue, Donor) 1S close to one magnitude larger in Dyad and
N719+D as supposed to the donor-only device Dick. This result clearly sustains the work
hypothesis that resonant energy transfer is a viable way for efficiency enhancement for dye

solar cells.

5.3.3 Donor Acceptor Polymers

In the following the results from the DSCs that were stained with different chromophore
functionalized polymers (device PA and PDA,) are presented (Table 19, Entries 8 — 14) and

discussed. If suitable, the data presented in section 5.3.2 is referred to again.

5.3.3.1 Results

In contrast to monomolecular sensitizers the polymeric ones were not soluble in EtOH. Thus
slightly acidic or basic aqueous solution or mixtures of the latter with THF were employed for
the preparation of staining solutions. It turned out that these solvent mixtures were also
suitable for the preparation of photoelectrodes. The characterization of devices PA and PDA

by IV measurements under different types of illumination reveals the general trend that the
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introduction of an increasing number of donor units leads to a significantly lower efficiency
(Table 23). Devices PDAgs and PDA; have identical efficiencies to PA within the
experimental error. However, as soon as the donor acceptor ratio exceeds 1, 77 decreases
considerably. On increasing zpa from zero to 8.6, 77 drops about 86% with respect to PA, V.
about 15% and js. about 85% (a plot of ji vs. zpa 1s also show in Figure 41). The drastic
decrease in efficiency is thus due to the decreasing current. Figure 39 shows the results of
selective illumination experiments. Data points from all investigated devices (including
devices Dyad and A) are plotted. An increasing donor acceptor ratio also leads to both, an
increasing jolue * jgreen’l. Within the experimental error and range of donor acceptor ratios

examined here, the trend is linear.

Table 23. IV characteristics of devices stained with (donor) acceptor polymers. Device Aany, thick
served as reference for light intensity calibration for the IV characteristics under monochromatic
illumination (with some exceptions).

= [V-Measurements”
> . . : )
£  Device Polymeric Dye zpa, Vo Jeo o FF o i B
&3 [mV] [mAcem™] [%] [%] — P
green green
5 PA A2994-PG-N3_ 300, 66f 0 714 47+05 69 23 1.03 1.04
6 PDAys Do,g-As%-PG-N3, 300 67¢ 0.8 677 46+0.1 70 22 1.24 1.23
7 PDA; Di1.0-A@ow)y-PG-N3 400,64 1.0 664 40+05 71 19 113 114
8 PDA, Dy 0-Agy,-PG-N3 67g 40 616 0.85+0.18 70 037 198 193
9  PDAs  Dso-Ago%)-PG-N3 1005 652 -0 662 1.7 64 074 215 196
10 PDA; D70-Au0w%)/PG-N3 550 65b 7.0 5 1.9 -- 226 -
11 PDAy  DseAPG-N33067b 861 613 07+01 75 032 279 289

a) The number corresponds to the entry in Table 24 on page 110 for the same set of data. b) See Table
24 on page 110 for details considering IV measurements.
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Figure 39. Plot of jyjye - jgree,(l vs. the donor acceptor ratio zps. The data is taken from Table 24.
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The spectral properties (LHE and EQE - k') of the devices PA and PDA are shown in Figure
40. LHE, was added to all spectra for comparison. It was not possible to measure EQE(A)
with the device PDA due to a short circuit between the glass substrates. The light harvesting
efficiency maxima of donor and acceptor absorption were taken from these spectra [LHEponor
= LHE(A = 460 nm), LHEAcceptor = LHE(A = 535 nm)] and plotted against zpa (Figure 41).
The light harvesting efficiency of the acceptor moiety decreases strongly with increasing zpa.
Upon increasing zpa from zero to 8.6, LHE Acceptor drops about 85% with respect to PA (Figure
41a). LHEponor decreases only slightly or not at all (Figure 41b). The energy transfer
efficiencies within the devices were estimated according to the method described in Section

5.14.

a) _ 100, __100, __ 100,
) S b) = C) g
< < o o) {*\
x x IS || i,
W W w60
g g g
B G N
3 3 3 2 PDA
0 0 0 !
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800
2 [nm] A [nm] A [nm]
100, 100, 100,
d)g 80 e)g f)g g0/ ™\
I B I
w60 W w60
g e g g
,E 40- ,E ,E 40+
T 20 I I 20
= PDA = = PDA,
0 4 ; .0 . . M, Q) . . S
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800
2 [nm] A [nm] A [nm]
) 100,
9
SLESI LHE
e A
W 60, —LHEP(D)A
w —1
— E ag D "
5 40ff o EQEP(D)Ak
T 20 \
PDA9

400 500 600 700 800
A [nm]

Figure 40. LHE(A) (solid black line) and EQE(A) - k' (squares) for devices stained with polymeric
sensitizers. For comparision LHE(A) of device A stained with [Ru(dcbpy),acac]Cl is also displayed in
all diagrams as solid light gray line. The devices used to measure the individual spectra are a) PA,
b) PDAys, c) PDA,, d) PDA,, ¢) PDA;, f) PDA,, g) PDA,. It was not possible to measure EQE(A)
with PDA;. Values for LHE and EQF at the wavelength of maximum donor and acceptor absorption
[LHE(A=445nm) = LHEpeo and LHE(A=535nm) = LHEaccepior, respectively] of this series of
devices are summarized in Table 24.
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Figure 41. Plot of a) LHEccepior () and jse, amis (M) as well as b) LHEpee: (V) vs. the donor
acceptor ratio as determined by UV-Vis spectroscopy. The values were taken from Table 24.

The respective experimental (EQE, - k', LHE) and simulated datasets (EQEsimulated, ETE) are
displayed in Figure 42. All devices revealed a significant contribution of donor absorption to
EQE(A) with ETE values between 66 and 90%. No clear trend between zpa and ETE is

observed, except for the fact that ETE is lowest for zp, at its largest.
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Figure 42. Juxtapositions of experimental results of the DSC’s spectral properties (LHEp._a sensitizer aNd
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Table 24. Results of IV measurements under different types of illumination and characteristic LHE and EQE values obtained with the DSCs assembled
according to Table 19, entries 4 — 14. The methodology for the calculation of £ and ETE from the device’s spectral properties is described in Section 5.1.4.

[V-Measurements® Spectral Characteristics” Result of Fit
Aim  Entry Device zpp Usc Jse 1 FF n Tt B,. LHE, LHEN EQEp EQEn k ETE
[mV] [mAcm ] [%] [%0] j [o]
green green
2T« 1 N719 0 676+7 41+01 70+1 20+0.1 1.04+£0.01° 1.01+0.03° 44%  52%  34%  42% = 0.80 na.
Ra [}
g 55 2 NTI9+D 045° 666+7 41+0.1 70+0 19+0.1 126+0.01° 124+0.01°  55%  48%  42%  39% 080 89+10
-3 3 A 0 654+6  49+04 73+1 23+£02 1.00£0.01Y 099+0.02Y 80%  85% = 24%  29% 0.32 n.a
273
3 E 4 Dyad 10 690=10 50+0.1 73+3 25+01 124+002Y 121004  94% 80%  34%  31% 039  85+3
5 PA 0  714+£15 4705 69+1 23+02 1.03+0.01Y 1.04+0.00° 80% 83% 26%  31% 0.32 n.a.
g 6 PDAgg 08 6776 46+01 701 22+0.1 124+003° 123+£004° 71% 59%  37%  34% = 054 796
E 7 PDA, 1.0  664+15 40+05 71+1 19+02 1.13+0.09° 1.14+0.06Y 84%  76%  27%  28% 037  74+8
‘é 8 PDA, 40 616+12 085+0.18 70+1 037+0.08 198+0.05" 1.93+0.05" 64% 23%  14% 6% 026  78+5
é 9 PDA; 50 662 1.7 64 0.74 2.159 1.96° 79%  31%  29% 13% 0.41 90 + 4
%» 10 PDA;, 70 2 1.9 23 0.00 2.26° n.d. 89%  41%  nd. n.d. n.d. n.d.
& o o o o . . 033  66+7
11 PDAy 86 61317 07+0.1 751 032+0.04 279+£0.04° 289+0.07° | 56% 12%  13% 4% 028) (85+5)

a) IV curve measured under simulated AM1.5G conditions (halogen lamp field). For the determination of jye - jgreel(l and Pppe - Pgreen’1 LED arrays with
Amax =470 and 525 nm were used as light sources, respectively. During the measurement of the IV characteristics under blue illumination, it was noticed that a

drift in illumination intensity of ca. 10% occurred. Thus the measured jy,. values were reduced by 10% for the calculation of jyye jgreen’l.

If no errors are given,

only one cell was characterized. b) Donor: LHE(A = 445 nm), EQE(A =450 nm); Acceptor: for [Ru(dcbpy),acac]Cl-derivatives LHE(A = 535 nm), EQE(A = 540
nm); for N719 LHE(A = 518 nm), EQE(A = 520 nm). c¢) Determined by fitting a simulated absorption spectrum to the experimental absorption spectrum of the
DSC stained with N719 and carboxybutyl-butyl-fluorol assuming &y7;9 = 13500 1 mol'em™ and oo = 16000 1 mol ™ cm™. d) Device A served as reference for

light intensity calibration.
calibration.

e) Device Aauy, mick Served as reference for light intensity calibration. f) Device N719 served as reference for light intensity
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5.3.3.2 Discussion

The experimental evidence described in Section 5.3.3.1 clearly shows that absorption of the
energy donor contributes to current generation also in polymeric donor acceptor sensitizers.
In the following, the key results of the individual characterization methods are summarized
and associated. The LHE spectra of the devices investigated here (Figure 40) clearly indicate
that the introduction of the additional donor chromophore was also possible by means of
adsorption of D-A-PG-Nj derivatives. In contrast to results obtained with dyad 45 the spatial
demands of the donor unit and polymer backbone lead to a significant decrease in the acceptor
content, especially if zpa is larger than one. The latter is illustrated by the decreasing
LHEccepror 1n Figure 41a, which is directly responsible to the decrease in js. and 7. In
addition to the crowding out of the acceptor unit the staining conditions (especially the pH),
the polarity of the polymer backbone and most importantly caccepior may also influence the
acceptor content: LHEppas and LHEppa7, resulting from devices stained with polymeric
sensitizers based on a hydrophobic backbone and an estimated ar, of 10%, are overall higher
than LHEppa4 or LHEppay (sensitizers comprising a rather hydrophilic backbone and o, of
8% and 3%). All LHE spectra distinctively show the characteristic MLCT-band from
[Ru(dcbpy),acac]” extending from ~750 nm to 520 nm. Furthermore, LHE(400 < A < 520
nm) is larger than one would expect for a hypothetical acceptor-only device with identical
acceptor loading, which proves the presence of the donor unit. The difference between
LHEponor and LHE pceeptor (1.€. LHEponor - LHE Accepm[l) becomes much more pronounced with
increasing zpa, which clearly shows that it is possible to tune LHE by varying the reaction
stoichiometry during the synthesis of polymeric sensitizers. This is possible despite the
dispersity for aponor and agr, that is prevalent in D-A-PG-N; derivatives, and despite
preferential adsorption for polymers with a larger or, that is to be expected (this topic is
covered in more detail in the Section 9.5 of the Appendix on page 170). The influence of the
polymer architecture and molecular weight onto LHE(A) may be evaluated from the devices
PDA; and PDA; that were stained with the hyperbranched and linear D-A-PG-Nj; derivatives
65a and 65b, respectively. A comparison of the respective LHE curves (Figure 40e and f)
shows that PDA; harvests light somewhat more efficiently, which points to the fact that
linear, low molecular weight sensitizers might be better suited to sensitize the nanoporous
photoelectrode, however, the different pH used for the staining might also have influenced

LHE(A) of these devices.
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The parameter connecting LHE and EQE of solar cells in general is k according to eq. (5.3). &
varied between 0.26 and 0.54 for the devices stained with polymeric sensitizers. k being close
to unity is a prerequisite for highly efficient solar cells. Thus, following up on optimizing this
parameter is reasonable. The low value of £ = 0.26 for PDA4 coincides with the highest pH
during photoelectrode staining (pH = 10, see Table 19). Optimization of & could be realized
by the further variation of the molecular parameters aponor, @ru and zps as well as by the
systematic variation of staining solvent mixtures, concentrations and temperatures. In
analogy to the monomolecular donor acceptor systems, EQFE(A) showed clearly that light
absorption by the energy donor in the devices stained with D-A-PG-Nj; derivatives contributes
to current generation. This becomes apparent from the comparison of the LHE(A)-spectra
with the EQFE(A)-graphs (Figure 40). The increased LHE effectuated by the donor is reflected
in an increased EQFE with energy transfer efficiencies between 66 and 90% (Figure 42).
Despite the fact that the measurement of EQE(A) was not possible for PDA~, this device also
reveals a high energy transfer efficiency as determined by jye - jgree{l = 2.26 which is very
similar to the value measured with PDA5 (js. was the only result from electrical measurements
that could be measured with PDA; due to a short circuit on this masterplate). The only clear
correlation between zpa and ETE that was observed is the fact that ETE is lowest for zpa at its
largest. This would be consistent with some donor units that are far away from an acceptor
unit, and therefore not able to transfer their excitation energy. The relatively low impact of
the experimental parameters ponor, Oru, and zpa on ETE underlines that using polymers as a
support for different chromophores functioning as light-harvesting antennas is a viable
concept for efficient light-harvesting in the DSC. Strikingly, the extent of current and power
enhancement based on RET (as determined by jpe - jgree{l) increased about nearly one
magnitude by the use of D-A-PG-Nj; derivatives as sensitizers. The device PDAg shows an
increase in current of 179% on changing from green to blue illumination (as opposed to 24%
with Dyad). The highest proportion of current generated via donor absorption is prevalent in
this device at 460 nm, where 82% of all the electrons collected at the front electrode were
initially generated by donor absorption. Another comparison attests the potential of the
antenna effect via RET more impressively. Under blue illumination the RET-mediated short
circuit current in devices Dyad and PDAs, which both have comparable values for £, amounts
t0 Joiue, ReT = 2.5 and 2.9 mA cm 2, respectively [estimated according to eq. (5.10)]. The
higher juie, reT for PDA5s stands in clear contrast to its significantly lower acceptor content (as
indicated by the low value for LHE,). This remarkable result highlights that the principle of

energy funneling from multiple energy donor units in the vicinity of an electron injecting
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energy acceptor may significantly enhance the current and power output of thin dye solar
cells. The significantly decreased LHEAcceptor TeSUlting by the displacement of the acceptor
chromophore is compensated via the presence of donor effecting additional light absorption
and energy transfer. The approximation of EQEqm to EQE., k' showed that in some cases
the majority of electrons collected at the front electrode have initially been generated by
donor absorption under monochromatic illumination with blue light (Figure 42). The areas
labeled as EQFERrgr in Figure 42a — g become increasingly important to the overall LHE with
increasing zpa. Finally, in analogy to selective illumination experiments with monomolecular
sensitizers, the increase based on the antenna effect in j, on changing from green to blue
illumination leads proportionally to an increase in Pp,x. These results clearly sustain the work
hypothesis that resonant energy transfer is a viable way for efficiency enhancement in (thin)
dye solar cells and that LHE(A) may be tuned by the chromophore composition of donor

acceptor polymers.

5.4 Conclusions

In conclusion, a simple concept for the increase of current generation of thin dye solar cells
based on resonant energy transfer was devised. This was achieved by the introduction of a
second chromophore acting as energy donor for the electron injecting acceptor chromophore.
The criteria of choice for the donor chromophore were based on the Forster theory. !
Although the use of multichromophoric dyes in the DSC has been described before, the
novelty in the concept extensively evaluated in the present thesis consisted in the use of a

) [38, 54]

purely organic dye as energy donor, namely Fluorol 7GA (15 and ruthenium

)[51, 52] and

complexes known to give efficient solar cells, namely [Ru(dcbpy).acac]Cl (14
[Ru(dcbpy)>(NCS),] (1)*! as energy acceptors. Three different implementations of the above-
mentioned concept were realized and evaluated. These consisted in (i) coadsorption of donor
and acceptor chromophores onto TiO,, (ii) introduction of the donor unit by its covalent
immobilization to the energy acceptor, and (iii) covalent immobilization of both chromo-
phores to a polymeric support. All three methods had in common that an identical or a lower
device performance to respective reference devices was determined with the novel sensitizers
under simulated sunlight. This behavior is consistent with the donor chromophore absorbing
in a wavelength area where the (simulated) solar emission intensity is very low. Furthermore
they had in common that high energy transfer efficiencies always led to a significant genera-

tion of current mediated by energy transfer. The pros and cons of the individual methodolo-

gies for the implementation of RET in the DSC will be discussed in the following. Comments
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therein relating to significantly increased currents and efficiencies refer to the data acquired
under selective illumination with blue light.

(i) Coadsorbed chromophores. This concept is fascinating because of its simplicity. The
simple addition of 32, which was accessible within two straight forward synthetic steps, to the
staining solution comprising 2 led to a significant additional photocurrent ascribed to resonant
energy transfer. Furthermore, it was possible to use today’s standard sensitizer "N719" as
energy acceptor, which results in good injection and collection efficiencies (as determined by
k =0.8) and a good global efficiency considering the high transmittance of the device. The
downside to this concept is the limited control it gives over zpa, which is dominated by the
competitive adsorption of the sensitizers on the TiO, surface. Clearly, N719, bearing 4 car-
boxy groups, has a higher tendency to adsorb as indicated by zpa = 0.45 for device N719+D,
however, the considerably smaller molecule 32 is also adsorbed, presumably in corners of the
rough TiO; electrode that are too small for the adsorption of N719. The latter hypothesis is
also confirmed by the fact that the acceptor-content as determined by LHE, is not
significantly reduced by the addition of 32 to the staining solution (Table 24). Furthermore,
only the surface of the nanoporous TiO, is used as an effective light-absorbing volume. In
this concept the advantage that the donor chromophore does not need to be in direct contact
with the TiO, electrode for efficient electron injection is not made use of.

(ii) Defined donor acceptor sensitizers. The concept involving dyad 45 as a defined molecule
offers the advantage of a precise control on zpa. The additional spatial requirement of the
donor chromophore and linker only led to a minor decrease in acceptor content as determined
by LHEs. The synthesis of such systems, however, is very involved, notably for defined
compounds with zps > 1 (e.g., a dendron carrying several donor units in the periphery and one
acceptor suitable for DSC applications in the focal point). Nevertheless, this sensitizer was
the first one based on an organic fluorophore and an efficient Ru-based sensitizer to be
evaluated in such detail in the DSC.I'"]

(iii) Donor acceptor polymers. The characterization of devices with polymeric sensitizers
with a high donor acceptor ratio (zpa > 3) clearly showed that this parameter allows tuning of
LHE and EQFE by the chemical composition of the polymer. The latter behavior is made
possible by the high ETE at high zpa, thus by the antenna effect. The pronounced spatial re-
quirement of the hyperbranched polymer backbone and donor is manifested in a significant
crowding out of the acceptor unit resulting in a decreasing LHE. This method, however,
offers the potential of maintaining LHE, at a higher level by optimizing the molecular

parameters ory, bonor, Zpa and most importantly the molecular architecture. This set of
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parameters offers diverse opportunities to further optimize the present concept. E.g., a linear
polymer that carries one sensitizing acceptor unit at the chain end and several donor units on
or within the chain would allow for a more efficient use of the TiO, surface (thus a system
with low agry, high aponer and zpa). The crowding out of the acceptor unit should be less pro-
nounced with such an architecture.[*”

Despite the considerable initial success at implementing resonant energy transfer in the
dye solar cell by the three concepts mentioned above, the following factors remain unclear or
need to be optimized: (i) Considering the Forster radius of the donor acceptor pair comprising
15 and 14 (Ry = 4.6 nm) ETE should be close to unity assuming a donor acceptor distance in
45 below 2 nm. The facts accounting for the missing 15% in ETE are unidentified. (ii) A lot
of light is wasted in cells with [Ru(dcbpy),acac]Cl derivatives due to inefficient electron
injection (low k). Optimizing the staining conditions might be a viable way of enhancing k.
(ii1)) The wavelength range of donor absorption (400 — 500 nm) is irrelevant for practical
applications. Ru-based sensitizers are also able to harvest this light without antenna systems
(Figure 45a on page 124). Thus the donor acceptor sensitizers described here should be
considered model compounds proving the general feasibility of the concept. Conditions under
which the principle described here could prove useful for practical applications are outlined in

the outlook of this thesis (Chapter 7 as of page 123).
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6 Summary

In this work, three different donor acceptor systems effectuating an improvement of light
harvesting and energy conversion at the wavelength of donor absorption were assembled and
evaluated. The aminonaphthalimide Fluorol 7GA (15) and the Ru-complex
[Ru(dcbpy).acac]Cl (14) were referred to as donor and acceptor chromophores, respectively.
A prerequisite to these studies consisted in the synthesis of donor acceptor dyad 45 and
polymers 64, 65, and 67 as well as model chromophores 14, and 32.

The initial synthetic methodology for linking the donor and acceptor molecules was
based on a set of olefin functionalized chromophores, which were coupled in subsequent

hydrosilylation steps to 1,2-bis(dimethylsilyl)ethane (Scheme 20).

BU\ Bu\ J/
_> HO.
a a ©
25 30a =
B '\s/Ie2 Bu-y N
(c) u\N Si/\/ ! —O/ . \\\ or
— o Me, NH Me,
O 42a:R= H Sl/\/SI

(d) Me, ‘ N\
44a:R =
2 4

HO™ O
Scheme 20. Synthesis of donor acceptor dyad: via a sequence consisting of two condensation and
hydrosilylation reactions, respectively and finally a complex forming reaction: (a) BuNH,, EtOH,
reflux 80%; (b) excess CH,=CHCH,NH,, NMP 60 °C, 92%; (c¢) HSiMe,CH,CH,SiMe,H, Pt-catalyst,
CH,Cl,, reflux, 77%; (d) Oct-7-en-2,4-dione, Pt-catalyst, CH,Cl,, reflux, 90%; (e) [Ru(di-Me-
dcbpy),CL], KOfBu, MeOH/DMF, reflux, then purification via column chromatography using
alkalinke water on Sephadex LH20, 32%.

Iz

The resulting link between the energy donor and acceptor is only constituted of alkyl- and Si-
C-groups, both of which are known to possess excellent chemical stability. Due to their
insolubility in organic solvents [Ru(dcbpy)acac]” derivatives could not be subjected to
hydrosilylation reactions directly. Thus the synthetic route proceeded via the 2 step
hydrosilylation sequence of butyl allyl fluorol (30a) with (i) an excess of 1,2-
bis(dimethylsilyl)ethane (39) giving the respective Si-H functionalized chromophore 42a and
(i1) Oct-7-en-2,4-dion yielding the A-diketonato functionalized energy donor 44a. The
subsequent complex formation was carried out by reacting [Ru(di-Me-dcbpy),Cl;] (56) with
the ligand 44a in presence of KOfBu in MeOH. Isolation of dyad 45 after the column
chromatography step was performed by precipitation from aqueous solution with HCI. Figure
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43 shows 'H-NMR and electronic spectra of the compounds Fluorol 7GA,
[Ru(dcbpy).acac]Cl and the dyad in (basic) MeOH.

a) b) 25000+ UV-Vis spectra in NaOH-MeOH
—— Dyad
Fluorol 200004 /  \ e [Ru(dcbpy),acac]Cl
7GA T — — -Fluorol 7GA
& —-—-Prediction
_© 15000
|
Donor- re]
Acceptor € 100004
g Dyad y
[
50004
[Ru(dcbpy),acac]Cl
914 912 9!0 8!8 8?6 8?4 8?2 810 7?8 716 714 712 710 618 6?6 350 400 450 500 550 600 650 700
& [ppm] Alnm

Figure 43. a) '"H-NMR-spectra (300 MHz, MeOD/NaOD) of the aromatic region of Fluorol 7GA 15,
dyad 45 and [Ru(dcbpy),acac]Cl (14). b) UV-Vis spectra of donor acceptor dyad (45) (solid), the
energy acceptor [Ru(dcbpy),acac]Cl (14, dot), and the energy donor Fluorol 7GA (15, dash) in
NaOH/MeOH. Furthermore, a theoretical spectrum calculated according to &pyaq = 0.99 &ponor +
0.96- gacceptor 18 shown (light gray, dash-dot).

The 'H NMR spectrum of the dyad in Figure 43a clearly shows both the signals of the donor
unit and the aromatic protons of the dcbpy ligands. From the integral of the signals belonging
to the donor and acceptor group respectively, the 1:1 donor acceptor ratio was confirmed.
Additionally, the 1:1 ratio was independently confirmed by UV-Vis spectra (Figure 43b)
showing that the extinction coefficients of 45 are the sum of its individual chromophoric
components. Furthermore, it was observed that the acacH derivatives used in this work were
subjected to decomposition under the conditions applied for the complex formation. This fact
accounts for the low yields.

Scheme 21 summarizes the sequence of reactions leading to alkyne functionalized
donor and acceptor chromophores and their subsequent support to a polymeric azide via
“Click-Chemistry.” The alkyne functionalized ligand 55 was synthesized by monoalkylation
of the dianion resulting from the treatment of penta-2,4-dion (51) with NaH and »-BuLi with
trimethylsilylpropargylbromide in a 78% yield. The latter ligand was then incorporated into
[Ru(dcbpy),propargyl-acac]Cl (58) by refluxing the ligand in presence of [Ru(di-Me-
dcbpy),Cl,] and KO7Bu in MeOH. Under these conditions, the TMS-group was cleaved. The
alkyne functionalized donor chromophore propargyl butyl fluorol (31) resulted in analogy to
30a by the two-step sequence comprising imide formation and chloride substitution on

chloronaphthalic anhydride 24 in a 69% yield over two steps.
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26: X =-Cl

31: X =NH-Bu

67

OH X O

HO™ 0
Scheme 21. Synthesis of donor acceptor functionalized polymers. (a) 1.) NaH in THF, 2.) n-BuLi, -20

°C, 3.) Me;Si-C=CCH,-Br, 78%; (b) [Ru(di-Me-dcbpy),Cl,], KOBu, MeOH/DMF, reflux, 55%; (c)
PG-Nj3, CuSO4. Sodium ascorbate, DMF/Water, < 67%; (d) HC=CCH,NH,, EtOH, reflux, 81%; (e)
Bu-NH,, NMP, 60 — 80 °C, 85%; (f) CuSO,4. Sodium ascorbate, DMSO/water, up to 69% yield.

The difficulty in supporting both chromophores onto one polymer consisted in finding an
appropriate solvent system that would allow the formation of a homogeneous reaction mixture
with all reaction partners. While the solubility of the polyglycerol azide highly depends on

the degree of azide functionalization ¢ , 58 is soluble in basic water and alcohols and 31 is

soluble in organic media. Supporting both chromophores simultaneously to the PG-Nj3 409
was possible in a DMSO-water-mixture with CuSO,; and sodium ascorbate as catalyst.
Alternatively, the simultaneous support of 58 and 31 to PG-Nj3 1000 (62€) and /PG-Nj gsv,
(62f) in benzyl alcohol using diisoproply-ethyl-amine and [Cu(PPh;3);Br] as catalytic system

led to a better control over the donor acceptor ratio and higher conversions.
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The characterization of the highly amphiphilic D-A-PG derivatives via 'H NMR
spectroscopy was not a reliable method for determining the loading of the polymer with the
respective chromophoric units. Thus, in some cases D-A-PG derivatives were synthesized in
a 2-step sequence via (i) the addition of 58 to different PG-N3 derivatves 62 in DMF-water
mixtures, isolation, characterization and calculation of ag, of the respective A-PG-N3 and (ii)
the addition of 31 to the remaining azide groups in DMSO-water mixtures. By the syntheses
described in Scheme 20 and Scheme 21 a variety of donor acceptor sensitizers suitable for the
application in the DSC were made. The molecular parameters of these newly synthesized
sensitizers are summarized in Table 25 in combination with results considering their

performance in the DSC.

Table 25. Molecular parameters of donor acceptor sensitizers and results of their performance in the
device. zpy = donor acceptor ratio. For polymers: ap = loading with donor, ar, = loading with
acceptor, an; = initial azide functionalization of PG-backbone. 7 = global power conversion
efficiency under simulated AM1.5G conditions. LHEa = light harvesting efficiency at the longest-
wavelength absorption maximum of the acceptor sensitizer. j jg’1 = Jblue jgm{1 = current ratio
determined by monochromatic illumination experiments. ETE = energy transfer efficiency within the
device. k= ¢y 1eon = product of injection and collection efficiencies.

)

Molecular Parameters® Performance of resulting DsC?

g Dye ap  ore Zoa” ony Device Y LHE. jvj.' ETE k
[%]  [%] [%] [%]  [%] [%]
1 2 0 N719 20 52 1.04 0.8
2 2+32 0.45 N719+D 19 48 126 89 0.8
3 14 0 A 23 85 1 0.32
4 45 1 Dyad 25 80 124 85 0.39
5 66f 0 29 0 30 PA 23 8  1.03 0.32
6 67¢ 4 5 0.8 30 PDAes 22 59 124 79 0.54
7 64 20 20 10 40 PDA; 19 76 1.13 74 037
8 67g 32 8 37 60 PDAys 037 23 198 78 0.6
9 65a 409 10 5.0 100 PDAs 074 31 215 90 0.41
10 65b 409 10° 7.0 8 PDA; 0 41 226 nd. nd.

11 67b 26 3 86 30 PDAy 032 12 279 66 033

a) See Table 13 on page 59 and Table 15 on page 67 for synthetic results of the polymeric sensitizers.
b) See Table 24 on page 110 for details towards the characterization of the devices. c) Determined
from UV-Vis spectra. d) The experimental error is 10%. e) According to the initial reaction stoichio-
metry.

In addition to the synthetic work, dye solar cells using the novel donor acceptor systems were

assembled (Table 25). The detailed characterization of these cells consisted in IV
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measurements under simulated AM1.5G conditions as well as monochromatic illumination
and the characterization of the cell’s spectral properties resulting in LHE(A) and EQFEcxp(A)
data. The energy transfer efficiency within the device (ETE) was estimated from the latter
two spectra by fitting a simulated EQFE curve calculated according to eq. (7.1) to
EQEcp(A) - k. k was determined relating EQE(A) to LHE(A) for A> 520 nm.

A A
EQED_A_System,Sim(ETE) = LHE .| Acceptor | pTE .| 1 — JAcceptor (7.1)
D-A-System D-A-System
A acceptor Acceptor absorbance of within the respective D-A-sensitized device

Ap.a-sysem = Absorbance of the D-A-sensitized device [4 = —log(1 — LHE)]

The key results from DSC characterization are presented in Table 25. This dataset allowed
the evaluation of the different methodologies for the implementation of resonant energy
transfer within the DSC. These consisted in (i) coadsorption of donor and acceptor
chromophores onto TiO, (device N719+D), (ii) introduction of the donor unit by its covalent
immobilization to the energy acceptor (device Dyad) and (iii) covalent immobilization of
both chromophores to a polymeric support (devices PDAy). All three methods had in
common that high energy transfer efficiencies led to a significant generation of current
mediated by energy transfer in any case. Comments relating to significantly increased
currents and efficiencies in the following refer to the data acquired under selective
illumination with blue light (jy jgfl).

Figure 44 shows a selection of spectral properties and respective fits. The
methodology for the determination of ETE devised here served as a tool to clearly distinguish
between contributions of donor and acceptor absorption to the photocurrent (see areas labeled
EQErer and EQE scceptor 1n Figure 44).

Coadsorbing chromophores 2 and 32 onto the TiO, photoelectrode was the most
straightforward method. This concept fascinates by its simplicity. The addition of 32 to the
staining solution comprising 2 led to a significant additional photocurrent ascribed to resonant
energy transfer. Furthermore, it offered the advantage that today’s standard sensitizer “N719”
was used as energy acceptor, resulting in good injection and collection efficiencies (as
determined by & = 0.8) and a good global efficiency considering the high transmittance of the

device. The downside to this concept was the limited control it gives over zpa.
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Figure 44. Selected results from spectral properties and EQE simulations of devices a) N719+D
stained with N719 and 4-carboxybutyl butyl fluorol, b) Dyad stained with 45 and c) PDAj stained
with Ds=A10%)-PG-N3_100%, (652).

Dyad 45 presented a defined molecule which allowed better control of zpa in the device. The
additional spatial requirement of the donor chromophore and linker only led to a minor
decrease in acceptor content as determined by LHEA. The synthesis of 45, however, was very
involved. Nevertheless, this sensitizer was the first one based on an organic fluorophore and
an efficient Ru-based sensitizer to be evaluated in such detail in the DSC.!"*

The characterization of devices with polymeric sensitizers having a high donor
acceptor ratio (zpa > 3) clearly showed that this parameter allows one to tune LHE and EQE
by the chemical composition of the polymer. The latter behavior is made possible by the high
value for ETE (in most cases >> 70%) at high zpa, thus due to energy transfer from multiple
donor units per acceptor unit (the antenna effect). The devices PDA, revealed an increasing
current ratio jppe jgreen_1 with increasing zpy which indicates that the current generated per
Ru-complex is enhanced by RET (an increase of up to 179% was achieved, see Table 25,
entry 11). The pronounced spatial requirements of the hyperbranched polymer backbone and
donor are manifested in a significant crowding out of the acceptor unit which obviously
results in a decreasing acceptor-mediated light-harvesting efficiency (LHES). In turn, this is

the cause for the decreasing global efficiency 7. This is obvious from Figure 44b and c:
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LHE\ (corresponding to the curve EQFEim, £1e = 0%) 18 significantly decreased in polymeric
sensitizers with large zps. Remarkably, the presence of the donor unit keeps LHE and EQE at
a high level within the wavelength range A = 440 — 460 nm. The latter fact clearly proves the
potential of the concept of RET-mediated light-harvesting in the DSC: The presence of
organic chromophores is capable of making up for the low LHE of the Ru-complex. Due to
the fact that wavelength range of donor absorption was narrow and in the blue (1 =400 — 500
nm), no efficiency enhancement could be shown under practically relevant conditions.
However, the donor acceptor sensitizers described here are model compounds proving the

general feasibility of the concept.
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7 Outlook

Despite the considerable initial success at implementing resonant energy transfer in the dye
solar cell the following factors remain to be optimized:

(i) Suppression of sacrificial light absorption. Many photons that were absorbed are wasted
in cells relying on [Ru(dcbpy),acac]Cl derivatives due to inefficient electron injection (low k).
This behavior is possibly linked to aggregate formation of the dye. A suppression of
aggregate formation could be achieved by optimizing the staining conditions with respect to
solvent compositions, additives and temperature.

(i) Crowding out of acceptor units. In case of polymeric sensitizers with a low degree of
loading for the ruthenium complex (ary) the spatial requirements of the polymers and donor
units brought about a significant crowding out of the electron injecting acceptor unit which
also accounted for the light-harvesting for 4 > 520 nm. Using polymers as a platform for
photoelectrode functionalization, however, offers the potential of maintaining LHE at a
higher level by optimizing the molecular parameters of the polymers. These consist in oy,
Obonor» ZDA and most importantly the molecular architecture. This set of parameters open
diverse opportunities to further optimize the present concept. E.g., a linear polymer that
carries one sensitizing acceptor unit at the chain end and several donor units on or within the
chain (thus a system having low agry, high aponor and zpa) would allow for a more efficient
use of the Ti0O; surface for acceptor adsorption. The crowding out of the acceptor unit should
be less pronounced with such an architecture.*) Polymeric systems also have the potential of
making efficient use of the pores in the nanoporous TiO, electrode for additional light
harvesting: Energy donors extending into the electrolyte without significantly reducing the
diffusion of the redox couple could funnel light energy to the acceptor adsorbed onto the TiO,
surface, notably if these donor units are also capable of energy hopping via energy
migration.”” Additionally, the acceptor content, and efficiency reduction thereby, could also
be compensated by an energy donor revealing a low Stokes-shift that absorbs and emits in a
similar wavelength range as the acceptor (e.g., perylene tetracarboxylic acid diimides could
prove useful as energy donor for the Ru complexes described here).

(iii) “Catching the Blue Sun.”"""" The latter heading expresses that the wavelength range of
donor absorption has a low relevancy for the global efficiency of the DSCs (Figure 45a). The
energy transfer does not contribute to an enhancement of 7 under practically relevant

illumination (AM1.5G conditions). Furthermore, the [Ru(dcbpy).acac]” is also capable of
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light harvesting in the range of donor absoption. Thus the present results should be
considered a model study. The concept of RET in the DSC, however, could prove useful if an
efficient sensitizer for the near-IR emission were available that is incapable of absorption in
the visible range (Figure 45b). In such a case, antenna systems could be designed with
multiple donor chromophores covering the visible part of the solar emission spectrum, e.g.,
donors based on perylene derivatives, thus transferring the energy to a red or near IR
absorbing acceptor chromophore, which then would effectuate electron injection. Squaraine
6'*°! presents such a red-absorbing sensitizer, although a dye extending further into the red
would be desirable (up to ~ 1000 nm could be beneficial in the DSC). The methodology for
the determination of ETE from the device’s spectral properties could prove useful in

evaluating the contribution of energy transfer in future antenna systems.

Donor-: Acceptor:
Fluorol 7GA ~ Ru-complex

Transmitted

Solar Emission [a.u.]

400 500 600 700

b)

L) v L)
800 900
Future LH-Antenna:
Perylenes

= Future Acceptor:
25252,
400 500 600 700 800 900
Wavelength [nm]

Solar Emission [a.u.]

Figure 45. Spectral ranges of donor acceptor absorption a) in the present work and b) the way they
should be designed if practical relevance should be found.
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8 Experimental

8.1 Equipment used

'"HNMR and CNMR spectra were recorded on a BRUKER ARX 300 spectrometer,
operating at 300 and 75 MHz, respectively. The solvent signals were used as internal
standard. The NMR samples comprised 3 to 50 mg dissolved in 600 — 1000 ul NMR solvent.
FT-IR spectra were recorded on a BRUKER Vector22 FT-IR spectrometer on/in KBr between
4000 and 500 cm .

UV-Vis spectra were recorded on a PERKIN ELMER Lambda 20 spectrometer using PMMA
or PS cuvettes if possible. Alternatively quarz cuvettes were used.

Photoluminescence spectra were measured on a J&M TIDAS diode-array spectrometer and
normalized with respect to sample absorption and integration time.

Time-resolved fluorescence measurements proceeded via single-photon counting. The
samples had an absorbance below 0.1 in a 0.5 cm quartz cuvette and were excited with a 459
nm laser diode. The fluorescence response of the sample was recorded at 536 nm with a
photomultiplier. The decay profile of the sample and the instrument response (IRF) was
recorded using the software TIME HARP. The maximum number of counts collected for one
fluorescence decay profile was at least 10000. The fluorescence decay and instrument
response was measured without polarizers in the light path. The anisotropy decay was
determined with polarizers for the excitation and emission beams by the measurement of the
fluorescence decay under parallel [/yv(f)] and perpendicular [Iyy(f)] adjustment of the
polarizers applying identical measuring times. The measurements were corrected by the G-

factor via tail-matching [see eq. 9.1)]."

G= L () 9.1)
Ly (1)
The anisotropy decay was calculated from experimental data according to eq. (9.2).
r(t) — GIVV(t)_IVH(t) (9.2)
Gl (1) +21 (1)

The decay profiles for the intensity and anisotropy decays were fitted to linear combinations
of exponential functions [see eq. (4.1) and (4.3)] using the software package FluoroFit from

PICO QUANT minimizing »* according to the Levenberg-Marquard algorithm.
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IV measurements were carried out by exposing the devices to a halogen lamp field with a
calibrated intensity. The solar cells were exposed to the lamp field on a copper block that was
thermostated at 13 °C.

Selective illumination during IV measurements was carried using a set of 2 BL3000 Blue and
BL3000 Green LED arrays from LAMINA CERAMICS mounted onto a cooled copper block.
Thermogravimetric Analysis measurements were carried out under air using a STA 409 from
NETZSCH heating between 50 and 650 °C at 10 K min .

Particle sized distributions were measured on a HORIBA particle size analyzer.

8.2 Chemicals

All chemicals were used as received unless stated otherwise. 4-Chloro-1.8-naphthalic
anhydride (technical grade, ACROS, 50 w%), sodium hydride (95%, ALDRICH), allyl amine
(ALDRICH), propargyl amine (ALDRICH), diethylsilane (ABCR) 1,2-bis-
dimethylsilanylethane (HSiMe,CH,CH,SiMe;H) (ABCR). N-methy-pyrrolidone (NMP,
FLUKA), n-butyl amine (FLUKA), 5-aminovaleric acid (FLUKA), 2,6-diisopropyl aniline
(ACROS), RuCl; - x H,O (x ca. 3, ABCR), NH4PFs (ABCR), methanesulfonic acid chloride
(ACROS), functional silanes (ABCR). TiO; particles (TIONA 568, a rutile pigment, coated
with Al,O3 and Si0, from MILLENIUM CHEMICALS)

debpy  (49),"" " [Ru(di-Me-dcbpy),Cl]  (56),*  [Ru(dcbpy),Cl.]  (50),*) allyl-
acacH (36)"> ' 8-trimethylsilyloct-7-yne-2,4-dione (55)* ' and 4-Azido-1-amino

butane!'”!

were prepared according to published procedures. Si(CH,CH,CH,SiMe,H)s was
synthesized and kindly supplied by Dr. Harald Hahn from the group of Prof. Dr. Heinrich
Lang, TU Chemnitz. Linear polyglycerol was prepared from its ethoxyethyl protected form
having M, = 3100 gmol'. The latter was prepared and kindly supplied by Heidemarie
Weinhart from the group of Prof. Dr. Rainer Haag, FU Berlin. Hyperbranched polyglycerol
(SB 134, M, = 5000 g mol ') was available from previous studies of Dr. Holger Tiirk.

Toluene was extracted three times with H,SO4 and Na,CO; and distilled prior to its use for

hydrosilylation reactions.
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8.3 Synthetic Procedures

Butyl chloro fluorol (25)

C46H14CINO,
Exact Mass: 287.0713
Mol. Wt.: 287.7409

4-Chloro-1.8-naphthalic anhydride (50 wt%, 20 g, 43 mmol, 1 eq.) was dissolved in EtOH
(technical grade, 1600 ml) at 80°C. This solution was cooled to 70°C and then n-Butylamine
(6.3 g, 86 mmol, 2 eq.) was added. After keeping the reaction mixture for 10 min at 60°C, the
solvent was evaporated to dryness and the residue was recrystallized from EtOH (240 ml) and
washed with cold EtOH and water to yield Butyl-Chloro-Fluorol 25 (10.1 g, 35 mmol, 82%).
This product contained traces of aromatic impurities, which were not removed prior to further
synthetic steps.

"H-NMR (CDCls, 300 MHz, spectrum contains signals of impurities at 6 = 8.42, 8.39, 8.26,
8.08, 7.90, 1.16 and 0.68) & (ppm) = 8.57 (dd, 1H, *Jos = 7.3 Hz, “Jo; = 1.1 Hz, 9-H), 8.49
(dd, 1H, *J75 = 8.5 Hz, *J70 = 1.0 Hz, 7-H), 8.40 (d, 1H, *J45 = 8.0 Hz, 4-H), 7.77 (dd, 1H,
3Jso =13 Hz, *Js7 = 8.4 Hz, 8-H), 7.73 (d, 1H, *Js4 = 8.0 Hz, 5-H), 4.12 (t, 2H, *J1011 = 7.6
Hz, 10-H), 1.68 (m, 2H, 11-H), 1.41 (qt, 2H, *Ji2.11 = 7.5 Hz, *J15.13 = 7.5 Hz, 12-H), 0.94 (t,
3H, *J13.12 = 7.3 Hz, 13-H).

BC-NMR (CDCls, 75.4 MHz, spectrum contains signals of impurities at 5= 133.68, 133.01,
131.45, 130.03, 127.95, 126.81, 122.17) 6 (ppm) = 163.57 (1-C), 163.32 (3-C), 138.80 (6-C),
131.83 (9-C), 130.93 (4-C), 130.39 (7-C), 129.13 (8-C), 128.89 (5-C), 127.72 (6a-C), 127.24
(9b-C), 123.02 (9a-C), 121.53 (3a-C), 40.29 (10-C), 30.10 (11-C), 20.32 (12-C), 13.78 (13-
O).

MS (EL 70 eV): m/z (%) =287.1 [M'].

IR(KBr): v = 1733, 1558, 1262, 781, 638, 480 cm™.
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Propargyl chloro fluorol (26)

C45HgCINO,
Exact Mass: 269.0244
Cl Mol. Wt.: 269.6825

This compound was synthesized analogously to butyl-chloro-fluorol 25 using propargyl
amine in stead of butyl amine. Yield: 81%.

'H-NMR (CDCls, 300 MHz, spectrum contains signals of water, ethanol and impurities at =
8.42, 8.39, 8.02, 8.00, 5.27, 3.46, 1.21, 1.01) & (ppm) = 8.66 (dd, 1H, *J55="7.3 Hz, “Jr9=1.1
Hz, 9-H), 8.57 (dd, 1H, *Jog = 8.6 Hz, “Jo7 = 1.1 Hz, 7-H), 8.50 (d, 1H, *Jy 5 = 8.0 Hz, 4-H),
7.83 (dd, 1H, *Jso = 7.3 Hz, *Jgs7 = 8.4 Hz, 8-H), 7.80 (d, 1H, *J54 = 8.0 Hz, 5-H), 4.92 (d, 2H,
*Ji0.12 = 2.4 Hz, 10-H), 2.18 (t, 1H, “J12.10 = 2.5 Hz, 12-H).

PC-NMR (CDCls, 75.4 MHz) & (ppm) = 163.57 (1-C), 163.32 (3-C), 138.80 (6-C), 131.83 (9-
C), 130.93 (4-C), 130.39 (7-C), 129.13 (8-C), 128.89 (5-C), 127.72 (6a-C), 127.24 (9b-C),
123.02 (9a-C), 121.53 (3a-C), 40.29 (10-C), 30.10 (11-C).

MS (EI, 70 eV): m/z (%) = 268.9 (100) [M'].

4-Carboxybutyl-chloro-fluorol (27)

C47H14CINO,
Exact Mass: 331.0611
Cl Mol. Wt.: 331.7504

4-Chloro-1.8-naphthalic anhydride (50 w%, 6.00 g, 12.9 mmol, 1 eq.) was dissolved in EtOH
(technical grade, 600 ml) at 80°C. This solution was cooled to 70°C and then 5-aminovaleric
acid (1.81 g, 15.5 mmol, 1.2 eq.) and NaHCO; (1.30 g, 15.5 mmol, 1.2 eq.) were added.
After keeping the reaction mixture for 3 h at 60°C, the solvent was evaporated to dryness.
The conversion was 56% and the reaction product contained starting material.

'H-NMR (CDCls, 300 MHz, spectrum contains signals of starting material, ethanol and
impurities) o (ppm) = 8.70 — 7.30 (aromatic signals of product and starting material), 4.16 (t,
2H, 10-H), 2.37 (m, 2H, 13-H), 1.75 (m, 4H, 11 and 12-H), 7.80 (d, 1H, *Js4 = 8.0 Hz, 5-H),
4.92 (d, 2H, *J10.12 = 2.4 Hz, 10-H), 2.18 (t, 1H, “Ji2.10 = 2.5 Hz, 12-H).
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4-Azidobutyl-chloro-fluorol (28)

C16H13CIN4O,
Exact Mass: 328.0727
Mol. Wt.: 328.753

This compound was synthesized analogously to butyl-chloro-fluorol 25 using 4-azidobutyl
amine in stead of butyl amine.

'H-NMR (CDCls, 300 MHz, spectrum contains signals from the starting material, ethanol and
from impurities at 6= 1.0 — 1.4 and 2.5 — 3.0 ppm) J (ppm) = 8.59 — 7.57 (m, SH, aromatic
H), 4.08 (t, 2H, *Jio11 = 7.1 Hz, 10-H), 3.26 (dd, 1H, *Ji3.12 = 6.9 Hz, 13-H), 1.79 — 1.53 (m,
4H, 11- and 12-H).

BC-NMR (CDCls, 75.4 MHz) & (ppm) = 163.46 (1-C),163.20 (3-C), 138.93 (6-C), 131.88 (9-
), 130.97 (4-C), 130.47 (7-C), 129.03 (8-C), 128.74 (5-C), 127.72 (6a-C), 127.22 (9b-C),
122.71 (9a-C), 121.22 (3a-C), 51.02 (13-C), 39.63 (10-C), 26.37 (11-C), 25.21 (12-C).

2,6-Diisopropylphenyl-imidazolo-fluorol (29)

15

Co7H25N30,
Exact Mass: 423.1947
Mol. Wt.: 423.5063

This reaction was carried out under nitrogen. 4-Chloro-1,8-naphtalic anhydride (50w%, 5 g,
10.75 mmol, 1 eq.) and imidazole (42 g) were placed in a 500-ml two neck flask. 2,6-
Diisopropyl aniline (92%, 4.97 g, 25.8 mmol, 2.4 eq.) were added and the mixture was heated
to 140 °C for 3 h. After cooling to room temperature HCI (0.2 M, 360 ml) was added and the
mixture was stirred for 20 h after which a precipitate was formed. The title compound was
isolated from the precipitate via column chromatography using an isohexane/ethyl acetate
(1:1) with silica gel as stationary phase. Yield: 3.2 g, 5.67 mmol, 72%.

'H-NMR (CDCls, 300 MHz) & (ppm) = 8.73 (m, 2H, Ar-H), 8.14 (dd, 1H, J=0.9 Hz, J= 8.6
Hz, Ar-H), 7.88 — 7.83 (m, 2H, Ar-H), 7.76 (d, 1H, J = 7.7 Hz, 5-H), 7.47 (dd, H, Jgy = 8.0
Js7="1.5 Hz, 8-H), 7.37 — 7.30 (m, 4H, 13-, 12- and 17-H), 2.71 (septet, 2H, J = 6.9 Hz, 14-
H), 1.14 (d, 12H, J= 6.9 Hz, 15-H).
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PC-NMR (CDCl;, 75.4 MHz) & (ppm) = 163.70 (1-C), 163.21 (3-C), 145.52 (Ar-C), 139.36
(Ar-C), 138.03 (Ar-C), 132.61 (Ar-C), 131.52 (Ar-C), 130.62 (Ar-C), 129.67 (Ar-C), 129.04
(Ar-C), 128.46 (Ar-C), 127.74 (Ar-C), 124.21 (Ar-C), 124.05 (Ar-C), 123.13 (Ar-C), 123.00
(Ar-C), 121.41 (Ar-C), 29.14 (14-C), 23.90 (15-C).

MS (EL 70 eV): m/z (%) = 423.1 (94) [M], 380.1 (100) [M — propyl'], 365.2 (12) [M —
propyl - CH; + H'].

Butyl allyl fluorol (30a)

C19H20N207
Exact Mass: 308.1525
Mol. Wt.: 308.3743
C, 74.00; H, 6.54; N, 9.08; O, 10.38

25 (7.19 g, 25 mmol, 1 eq.) was dissolved in NMP (60 ml) and allyl amine (14.3 g, 250 mmol,
10 eq.) was added. The mixture was heated to 60°C for 3 days, after which the major part of
the solvent was removed in vacuo. The residue was separated from traces of remainig starting
material by column chromatography on silica gel using an isohexane/ethyl acetate gradient to
afford compound 30a. Yield: 7.10 g, 23 mmol, 92%.

'H-NMR (CDCls, 300 MHz) & (ppm) = 8.54 (dd, 1H, *Jog = 6.7 Hz, *Jo 7 = 0.7 Hz, 9-H), 8.41
(d, 1H, *J75 = 8.4 Hz, 7-H), 8.11 (d, 1H, *J45 = 7.9 Hz, 4-H), 7.57 (dd, 1H, *Js7 = 7.5 Hz, *Js
= 8.2 Hz, 8-H), 6.68 (d, 1H, *J54 = 8.4 Hz, 5-H), 6.00 (ddt, 1H, *Ji4,5 = 5.2 Hz, *Ji5,16(cis) =
10.3 Hz, *Ji5160ans) = 17.2 Hz, 15-H), 5.52 (t, 1H, *Jxp.14 = 5.2 Hz, N-H), 5.35 (dd, 1H, *Jgem
= 1.3 Hz, *Ji5.6 = 17.2 Hz, 16-H), 5.27 (dd, 1H, *Jgem = 1.3 Hz, *Ji5.46 = 10.3 Hz, 16-H), 4.13
(t, 2H, 2J1011 = 7.5 Hz, 10-H), 4.05 (m, 2H, 14-H), 1.68 (m, 2H, *Jis17 = 7.4 Hz, 11-H), 1.41
(tq, 2H, Jio11 = 7.7 Hz, *Ji5.3 = 7.7 Hz, 12-H), 0.93 (t, 3H, *J13.1, = 7.3 Hz, 13-H).

PC-NMR (CDCl;, 75.4 MHz) & (ppm) = 163.70 (1-C), 163.21 (3-C), 145.52 (Ar-C), 139.36
(Ar-C), 138.03 (Ar-C), 132.61 (Ar-C), 131.52 (Ar-C), 130.62 (Ar-C), 129.67 (Ar-C), 129.04
(Ar-C), 128.46 (Ar-C), 127.74 (Ar-C), 124.21 (Ar-C), 124.05 (Ar-C), 123.13 (Ar-C), 123.00
(Ar-C), 121.41 (Ar-C), 29.14 (14-C), 23.90 (15-C).

MS (EI, 70 eV): m/z (%) = 308.2 (100) [M'], 291.2 (56) [M — CH4'] 252.1 (44) [M — Bu +
H.

Anal. Cald. for C;9H,0N,O,: C, 74.00; H, 6.54; N, 9.08. Found: C, 73.61; H, 6.60; N 8.90.

IR v = 3388, 3001, 2953, 2861, 1677, 1639, 1578, 1434, 1391, 1345, 1244, 1119, 1076, 770

-1
cm .
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Propargyl-butyl-fluorol (31)

C19H1gN20,
4 4 Exact Mass: 306.1368
Mol. Wt.: 306.3584
N7 e c 7449, H,5.92 N, 9.14; 0, 10.44

26 (2.765 g, 10.3 mmol, 1 eq.) was dissolved in NMP (50 ml). Butylamine (3.75 g, 51.3
mmol, 5 eq.) was added and the mixture was stirred at 60°C for 12 h. The solvent was
removed at high vacuum and the crude product was recrystallized from ethanol. Yield: 2.69
g, 8.77 mmol, 85%.

'H-NMR (CDCls, 300 MHz) & (ppm) = 8.55 (dd, 1H, *Jog = 7.30 Hz, “Jo; = 0.65 Hz, 9-H),
8.44 (d , 1H, *Jog = 8.38 Hz, 4-H), 8.06 (d, 1H, *J,5 = 7.95 Hz, 7-H), 7.58 (dd, 1H, *Jz; =
7.52, *Jso = 8.38 Hz, 8-H), 6.68 (d, 1H, Js4 = 8.6 Hz, 5-H), 5.30 (m, 1H, N-H), 4.92 (d, 2H,
J = 2.58 Hz, CH,C=CH), 3.38 (m, 2H, 1'-H), 2.15 (t, 1H, *J = 2.58 Hz, =CH), 1.79 (m, 2H,
2'-H), 1.52 (m, 2H, 3'-H), 1.01 (t, 3H, *Jy3 = 7.31 Hz, 4-H).

BC-NMR (CDCl;, 75.4 MHz) & (ppm) = 163.8 (1-C), 163.0 (3-C), 149.8 (6-C), 134.7 (4-C),
131.2 (9-C), 129.6 (9a-C), 126.3 (7-C), 124.4 (9b-C), 122.3 (6a-C), 120.0 (8-C), 109.2 (3a-C),
104.2 (5-C), 79.3 (12-C), 70.0 (11-C), 43.4 (1"-C), 30.8 (2"-C), 29.0 (10-C), 20.3 (3"-C), 13.8
(4"-C)

IR v = 3380, 3293, 3261, 2994, 2953, 2929, 2867, 2123, 1688, 1642, 1576, 1547, 1465,
1416, 1395, 1369, 1336, 1300, 1246, 1186, 1171, 1153, 1097, 1068, 949, 770, 677, 515 cm .
Anal. Cald. for: C;oH1sN>O, - 0.125 H,O: C, 73.95; H, 5.96; N, 9.08 . Found: C, 73.96; H,
5.95; N 9.10.

MS (EL 70 eV): m/z (%) = 306.0 (100) [M ], 263.0 (10) [M — propyl'].

4-carboxybutyl butyl fluorol (32)

C21H24N204
Exact Mass: 368.1736
14 16 Mol. Wt.: 368.4263
N/\/\17 C, 68.46; H, 6.57; N, 7.60; O, 17.37
H 15

The crude mixture containing 4-carboxybutyl-chloro-fluorol and 4-chloro-1,8-naphthalic
anhydride (3 g) was dissolved in NMP (80 ml). Butyl amine (2.65 g) was added and the

mixture was heated to 80 °C for 44 h. The solvent was removed in vaccuo. In order to
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separated Dibutyl-fluorol from 4-carboxybutyl butyl fluorol, the residue was taken up in
CH,Cl, (100 ml) and extracted into aq. NaOH (2M). The org. phase was discardesd. The aq.
phase was acidified with HCI (20%) and extracted with CH,Cl,. The resulting organic phase
was dried over MgSO, and the solvent was evaporated. Recrystallization from EtOH
afforded the title compound. Yield: 0.40 g, 1.1 mmol, 10% over 2 steps.

'H-NMR (MeOD/NaOD, 300 MHz) & (ppm) = 8.49 (dd, 1H, *Jog = 8.5 Hz, “Jo; = 1.1 Hz, 9-
H), 8.45 (dd, 1H, *J;5 = 7.4 Hz, “J79 = 1.0 Hz, 7-H), 8.30 (d, 1H, *J45 = 8.5 Hz, 4-H), 7.59
(dd, 1H, *Js; = 7.4 Hz, *Jso = 8.3 Hz, 8-H), 6.72 (d, 1H, *Js4 = 8.7 Hz, 5-H), 4.13 (t, 2H,
3J10.41 = 6.6 Hz, 10-H), 3.43 (t, 2H, *Ji415 = 7.2 Hz, 14-H), 2.22 (t, 2H, *J13.1, = 7.0 Hz, 13-H),
1.82 - 1.66 (m, 6H, 11-, 12- and 15-H), 1.51 (tq, 2H, *Ji6.17 = *Ji6.15 = 7.4 Hz, 16-H), 1.05 (t,
3H, *Ji7.16 = 7.4 Hz, 17-H).

BC-NMR (MeOD/NaOD, 75.4 MHz) & (ppm) = 183.06 (COONa), 166.39 (1-C), 165.80 (3-
0), 152.72 (6-C), 136.06 (4-C), 132.24 (7-C), 131.17 (9a-C), 129.48 (9-C), 125.38 (8-C),
123.24 (6a-C), 121.73 (9b-C), 109.14 (3a-C), 105.05 (5-C), 44.49 (14-C), 41.24 (10-C), 39.32
(13-C), 31.93 (15-C), 29.64 (11-C), 25.68 (12-C), 21.75 (16-C), 14.60 (17-C).

MS (EIL 70 eV): m/z (%) = 368.0 (100) [M'], 351.0 (23) [M — OH'], 309.0 (18) [M —
CH,CO,H].

Anal. Cald. for: C;;H24N>O4 - 0.25 H,0: C, 67.63; H, 6.62; N, 7.51. Found: C, 67.82; H,
6.66; N 7.44.

UV-Vis (EtOH): Amax (nm) [e (1 mol ™' cm )] = 445 (15920).

UV-Vis (aq. NaOH, 0.1M): Amax (nm) [&(1 mol' cm™)] =455 (15610).

4-Azidobutyl-butyl-fluorol (33)

C2oH23N505
Exact Mass: 365.1852
Mol. Wt.: 365.4289
C, 65.73; H, 6.34; N, 19.16; O, 8.76

4-Azidobutyl-chloro-fluorol (0.3 g, 0.92 mmol, 1 eq.), butyl amine (46 mg, 8.2 mmol, 10 eq.)
and NMP (17 ml) were stirred at 80 °C for 3 d. The solvent was removed in vaccuo and the
residue was further purified via column chromatography on silica gel using isohexane/EE
(3:1) as eluent to afford the title compound (0.3 g, 0.82 mmol, 90%).

'H-NMR (CDCls, 300 MHz, spectrum contains signals of impurities at § = 2.01, 1.22 and
0.88 ppm) & (ppm) = 8.53 (dd, 1H, *Jog = 7.4 Hz, *Jo7 = 0.9 Hz, 9-H), 8.41 (d , 1H, *Jog = 8.5

132



EXPERIMENTAL

Hz, 4-H), 8.06 (dd, 1H, *J,5 = 8.3 Hz, *J79 = 0.9 Hz, 7-H), 7.56 (dd, 1H, *Js7 = 8.2 Hz, *Jso =
7.3 Hz, 8-H), 6.68 (d, 1H, *Js4 = 8.5 Hz, 5-H), 5.29 (bs, 1H, N-H), 4.16 (t, 2H, *Ji6,7 = 7.0
Hz, 10-H), 3.38 (t, 2H, *J»12, = 7.2 Hz, 14-H), 3.31 (t, 2H, J = 6.8 Hz, 13-H), 1.85 — 1.60 (m,
6H, 11-, 12- and 15-H), 1.51 (tq, 2H, *Ji617 = 7.4 Hz, *Ji.15s = 7.4 Hz, 16-H), 1.00 (tq, 2H,
Ji7.16 = 1.3 Hz, 17-H).

PC-NMR (CDCls, 75.4 MHz) & (ppm) = 164.66 (1-C), 164.07 (3-C), 149.52 (6-C), 134.54 (4-
C), 131.11 (9-C), 129.78 (9a-C), 125.84 (7-C), 124.60 (9b-C), 122.98 (6a-C), 120.10 (8-C),
109.95 (3a-C), 104.30 (5-C), 51.21 (13-C), 43.40 (14-C), 39.29 (10-C), 30.99 (15-C), 26.48
(11-C), 25.40 (12-C), 20.30 (16-C).

MS (EL 70 eV): m/z (%) = 365.2 (70) [M'], 323.0 (20) [M — N3], 293.2 (87) [M — CH3(CH))
sNH], 182.1 (100) [M - CH3(CH,) sNH — N3(CH,) 4N —H'].

HRMS (EI): m/z =365.185201. Calc. for C;0H23Ns0,: 365.185175. Derivation: 0.1 ppm.

2,6-Diisopropylphenyl-allyl-fluorol (34)

15

Co7H2N20,
18 Exact Mass: 412.2151
Mol. Wt.: 412.5

2,6-Diisopropylphenyl allyl fluorol (29) (1.0 g, 2.4 mmol, 1 eq.) and allyl amine (2.7 g, 47
mmol, 20 eq.) were dissolved in NMP (33 ml). The mixture was stirred at 40 °C for 20 h.
Then water and DCM were added and the organic phase was extracted 7 times with acidic
water. The organic phase was dried over MgSQOj, the solvent evaporated and the residue was
purified by chromatography over silica gel using a ishexane:ethyl acetate 1:1. Yield: 0.6 g,
1.45 mmol, 60%.

'H-NMR (CDCls, 300 MHz, spectrum contains impurities at 5= 0.8 and 1.5 ppm) & (ppm) =
8.60 (dd, 1H, *Jog = 6.7 Hz, *Jo; = 0.7 Hz, 9-H), 8.47 (d, 1H, *J;5 = 8.4 Hz, 7-H), 8.14 (d, 1H,
3Jus=17.9 Hz, 4-H), 7.63 (dd, 1H, *Js7 = 7.5 Hz, 8-H, *Jso = 8.2 Hz, 8-H), 7.39 (m, 1H, 13-
H), 7.24 (m, 2H, 12-H), 6.74 (d, 1H, *Js4 = 8.6 Hz, 5-H), 6.00 (m, 1H, 17-H), 5.44 (m, 1H, N-
H), 5.36 (dd, 1H, *Jgem = 1.1 Hz, *J1516 = 17.2 Hz, 18-H), 5.28 (dd, 1H, *Jgem = 1.3 Hz, *Ji5.16
= 10.3 Hz, 18-H), 4.07 (m, 2H, 16-H), 2.70 (sept, 2H, *Ji415 = 7.4 Hz, 14-H), 1.10 (d, 6H,
3J15,14 = 6.9 Hz, 15-H) overlapping with 1.09 (d, 2H, J;514 = 6.9 Hz, 15-H).
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Dibutyl allyl fluorol (30b)

20

19

1218

Ca3H28N20,
N Exact Mass: 364.2151
\ / Mol. Wt.: 364.4806

/_/’ o 22 C.75.79H,7.74,N,7.69; 0, 878

Dibutyl-fluorol (0.987 g, 3.04 mmol, 1 eq.) was dissolved in DMF (abs., 50 ml). NaH (0.188

g, 7.84 mmol, 2.6 eq.) was added, after which the color of the solution turned from bright
yellow to dark purple. Then allyl bromide (0.442 g, 3.65 mmol, 1.2 eq.) was added and the
solution was stirred at room temperature for 2 h. Then, excess NaH was quenched by the
addition of MeOH and the solvents were evaporated. The residue was dissolved in CHCl;
and extracted with aqueous NH4Cl, twice, and brine. The combined aqueous extracts were
extracted with CHCIl; and the combined organic extracts were dried over MgSO..
Purification of the crude product over silica gel using isohexane/ethyl acetate (5:1) as solvent
afforded 0.886 g dibutyl allyl fluorol 30b (2.43 mmol, 80%).

'H-NMR (CDCls, 300 MHz) & (ppm) = 8.54 (dd, 1H, *J76 = 7.2 Hz, *J;5 = 1.0 Hz, 7-H), 8.46
(d, 1H, °J,, = 8.3 Hz, 1-H), 8.43 (dd, 1H, *Js¢ = 8.3 Hz, *Js; = 1.2 Hz, 5-H), 7.63 (dd, 1H,
3Js7 =7.4 Hz, *Jgs = 8.3 Hz, 6-H), 7.18 (d, 1H, *J»; = 8.3 Hz, 2-H), 5.89 (ddt, 1H, *Jirans =
17.1 Hz, *Juis = 10.1 Hz, *Jasp1 = 5.8 Hz, 22-H), 5.31 (dd, 1H, *Jians = 17.1 Hz, *Jp30, = 1.4
Hz, 23-H (trans)), 5.23 (dd, 1H, *Jus = 10.3 Hz, *J2351 = 1.2 Hz, 23-H (cis)), 4.14 (t, 2H, *J13.14
= 7.4 Hz, 13-H), 3.91 (d, 2H, *J512 = 5.8 Hz, 21-H), 3.31 (t, 2H, *Ji7,5 = 10.3 Hz, 17-H),
1.68 (m, 2H, J= Hz, 14-H), 1.55 (m, 2H, J = Hz, 18-H), 1.42 (qt, 2H, *Ji5.16 = 7.4 Hz, *Ji5.14
= 7.4 Hz, 15-H), 1.29 (qt, 2H, *Ji0.18 = 7.4 Hz, *Ji920 = 7.4 Hz, 19-H), 0.95 (t, 3H, *J1615 = 7.4
Hz, 16-H), 0.85 (t, 3H, J20.19 = 7.4 Hz, 20-H).

BC-NMR (CDCls, 75.4 MHz) & (ppm) = 164.52 (12-C), 164.02 (11-C), 154.92 (3-C), 133.97
(22-C), 131.91 (7-C), 130.96 (5-C), 130.51 (1-C), 130.11 (6-C), 126.92 (4-C), 125.22 (8-C),
123.16 (9-C), 117.88 (10-C), 116.60 (2-C), 115.79 (23-C), 58.00 (17-C), 51.73 (21-C), 39.97
(13-C), 30.21 (14-C), 28.86 (18-C), 20.35 (15-C), 20.29 (19-C), 13.80 (16- and 20-C).

MS (EI, 70 eV): m/z (%) = 364.2 (42) [M], 321.2 (100) [M — propyl'], 265.1 (7) [M — propyl
— butyl'], 237.1 [M — propyl — butyl — C;H,'].

Anal. Cald. for C53HsN>O,: C, 75.79; H, 7.74; N, 7.69. Found: C, 75.66; H, 7.79; N 7.65
UV-Vis (EtOH): Amax (nm) [¢(1mol " ecm™)] =261 (14960), 417 (10960).

IR v = 3078, 2958, 2931, 2871, 1694, 1652, 1614, 1588, 1513, 1466, 1427, 1389, 1352,

1267, 1187, 783, 760 cm .
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Butyl hydrosilyl fluorol (42a)

Ca5H3N20,Si,
Exact Mass: 454.25
Mol. Wt.: 454.75
C, 66.03; H, 8.42; N, 6.16;
0O, 7.04; Si, 12.35

13

Butyl allyl fluorol 30a (1.75g, 5.675 mmol, 1 Eq.) was dissolved in DCM (150 ml) under a
nitrogen atmosphere. To this solution 1,2-Bis-dimethylsilanylethane (3.00 g, 20.49 mmol, 3.6
Eq.) and the platinium catalyst solution (100 ul) was added. The mixture was stirred under
reflux for 3 h after which the solvent was evaporated. Purification by chromatography on
silica gel using isohexane/ethyl acetate (5:1) as eluant yielded 1.998 g (4.393 mmol, 77%) of
the title compound as orange crystals. 'H-NMR (CDCl3, 300 MHz) & (ppm) = 8.52 (d, 1H,
*Ji2 = 6.9 Hz, 9-H), 8.40 (d, 1H, *J3, = 8.4 Hz, 7-H), 8.08 (d , 1H, *Jog = 8.4 Hz, 4-H), 7.54
(dd, 1H, *J»,; = 7.5 Hz, °J53 = 8.2, 8-H), 6.66 (d, 1H, *Jso = 8.6 Hz, 5-H), 5.42 (s, 1H, N-H),
4.13 (t, 2H, *Ji6.17 = 7.5 Hz, 10-H), 3.79 (m, 1H, Si-H), 3.36 (t, 2H, *J12, = 6.7 Hz, 14-H),
1.75 (m, 2H, 11-H) overlapping with 1.68 (m, 2H, 15-H), 1.40 (tq, 2H, *Ji5.10 = 7.4 Hz, *J1g.17
= 7.4 Hz, 12-H), 0.93 (t, 3H, *Jy9,5 = 7.4 Hz, 13-H), 0.64 (m, 2H, 16-H), 0.45 (s, 4H, 18- and
19-H), 0.02 (d, 6H, *J»7.5 = 3.7 Hz, 20-CH3), -0.02 (s, 6H, 17-CH3).

BC-NMR (CDCls, 75.4 MHz) & (ppm) = 164.65 (1-C), 164.10 (3-C), 149.37 (6-C), 134.40 (4-
0), 130.98 (9-C), 129.76 (9a-C), 125.76 (7-C), 124.52 (9b-C), 123.11 (6a-C), 120.10 (8-C),
110.10 (3a-C), 104.23 (5-C), 46.86 (14-C), 39.92 (10-C), 30.28 (11-C), 23.53 (15-C), 20.39
(12-C), 13.84 (13-C), 12.21 (16-C), 7.77 (18-C), 6.33 (19-C), -3.98 (20-CH3), -4.90 (17-CH3).
IR v = 3367, 2955, 2904, 2876, 2789, 2105, 1684, 1636, 1617, 1574, 1245, 1175, 888, 835,
772 cm .

MS (EL, 130 eV): m/z (%): 454.3 (19) [M'], 367.2 (100) [M" — HSiMe,CH,CHj,].

Anal. Cald. for C,5H3sN,0,S1,: C, 66.03; H, 8.42; N, 6.16. Found: C, 65.90; H, 8.31; N 5.99.
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Dibutyl hydrosilyl fluorol (42b)

Ca9H4eN20,Si,
Exact Mass: 510.31
Mol. Wt.: 510.86
C, 68.18; H, 9.08; N, 5.48; O, 6.26; Si, 11.00

13

1,2-Bis-dimethylsilanylethane (0.602 g, 4.115 mmol, 5 equiv.) were dissolved in toluene (4
ml) under argon atmosphere. Dibutyl Allyl Fluorol 30b (0.301 g, 0.823 mmol, 1 equiv.) in
toluene (4 ml) and Pt-catalyst (30 pl) were added. After 18 h the solvent was removed in
vaccuo and the residue was purified by chromatography on silica gel using isohexane/ethyl
acetate (10:1) as eluant to yield 0.260 g (61%) of the title compound as orange oil.

'H-NMR (CDCls, 300 MHz) & (ppm) = 8.53 (dd, 1H, *Jos = 7.2 Hz, *Jo7 = 0.9 Hz, 9-H), 8.43
(m, 2H, 7- and 4-H), 7.61 (dd, 1H, *Jso = 7.31 Hz, *Js7 = 8.38 Hz, 8-H), 7.16 (d , 1H, Js4 =
8.17 Hz, 5-H), 4.13 (t, 2H, *Ji0.11 = 7.4 Hz, 10-H), 3.72 (m, 1H, Si-H), 3.33 (t, 2H, *Ji4.15 = 7.3
Hz, 14-H) overlapping with 3.31 (t, 2H, 3J1u,2n = 7.3 Hz, 1"-H), 1.68 (m, 2H, 11-H), 1.54 (m,
4H, 15- and 2"-H), 1.41 (tq, 2H, *J1213 = 7.5 Hz, *Ji211 = 7.5 Hz, 12-H), 1.23 (tq, 2H, *J3 »n =
7.5 Hz, *J3 40 = 7.5 Hz, 3"-H), 0.93 (t, 3H, *J13.1, = 7.3 Hz, 13-H), 0.83 (t, 3H, *Jy3 = 7.4 Hz,
4"-H), 0.41 (m, 2H, 16-H), 0.34 (m, 4H, 18- and 19-H), -0.04 (d, 6H, *J20.cus3, sis = 3.7 Hz,
20-CH3), -0.13 (s, 6H, 17-CH3).

PC-NMR (CDCls, 75.4 MHz) & (ppm) = 164.51 (1-C), 164.00 (3-C), 155.34 (6-C), 131.92 (4-
0), 130.90 (9-C), 130.72 (7-C), 130.23 (9a-C), 127.04 (9b-C), 124.96 (6a-C), 123.19 (8-C),
116.65 (5-C), 115.47 (3a-C), 57.10 (14-C), 53.27 (1"-C), 39.92 (10-C), 30.22 (2"-C), 29.15
(11-C), 21.43 (15-C), 20.34 (12-C), 20.27 (3"-C), 13.79 (13-C), 13.77 (4"-C), 11.97 (16-C),
7.70 (18-C), 6.24 (19-C), -3.99 (20-C), -4.98 (17-C).

IR v = 2956, 2873, 2107, 1696, 1657, 1588, 1465, 1427, 1392, 1352, 1248, 1087, 891, 834,
782,761 cm™.

MS (EI, 70 eV): m/z (%): 510.2 (18) [M'], 467.3 (7) [M" — CH,CH,CH3], 337.2 (100) [M" —
HSiMe,CH,CH,SiMe,CH,CH,].
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Butyl-3-(diethylsilyl)propyl-fluorol (43)

Exact Mass: 396.22
Mol. Wt.: 396.6
C, 69.65; H, 8.13; N, 7.06;
0, 8.07; Si, 7.08

Butyl allyl fluorol (0.972 g, 3.15 mmol, 1 eq.) was dissolved in DCM (50 ml) under argon.
Diethylsilane (3.0 ml, 2.04 g, 23 mmol, 7.3 eq.) and the Pt-catalyst solution (200 pul) was
added and the mixture was refluxed for 12 h. Then the solvent was evaporated and the crude
product was separated by column chromatography on silica gel using isohexane:EE (gradiet
from 5:1 to 2:1) as eluent. In addition to the title compound several side products were
isolated, one of which was shown to be butyl-propyl-fluorol by 'HNMR and MS
spectroscopy. Yield: 0.34 g, 0.85 mmol, 27%.

'H-NMR (CDCls, 300 MHz) & (ppm) = 8.51 (dd, 1H, *J = 7.3 Hz, *J= 0.9 Hz, 9-H), 8.39 (d ,
1H, °J = 8.4 Hz, 7-H), 8.08 (dd, 1H, °J = 8.4 Hz, *J = 0.6 Hz, 4-H), 7.53 (dd, 1H, >J = 7.5 Hz,
3J = 8.4 Hz, 8-H), 6.65 (d, 1H, °J = 8.4 Hz, 5-H), 5.48 (t, 1H, >J = 4.9 Hz, N-H), 4.12 (t, 2H,
3J=17.7 Hz, 10-H), 3.69 (quint., 1H, *J = 3.2 Hz, Si-H), 3.37 (m, 2H, 14-H), 1.82 (m, 2H, 11-
H), 1.67 (m, 2H, 15-H), 1.40 (tq, 2H, *J = 7.5 Hz (2x), 12-H), 0.94 (m, 9H, 3 x CH3), 0.73 (m,
2H, 16-H), 0.58 (m, 4H, Si-CH,CH3).

PC-NMR (CDCls, 75.4 MHz) & (ppm) = 164.65 (1-C), 164.11 (3-C), 149.39 (6-C), 134.38 (4-
C), 130.97 (9-C), 129.74 (9a-C), 125.83 (7-C), 124.52 (9b-C), 123.06 (6a-C), 120.12 (8-C),
110.08 (3a-C), 104.21 (5-C), 46.53 (14-C), 39.92 (10-C), 30.28 (11-C), 24.18 (15-C), 20.38
(12-C), 13.83 (13-C), 8.13 (16-C), 8.08 (Si-CH,-CH3), 2.64 (Si-CH,-CH3).

MS (EI, 70 eV): m/z (%): 396.2 (96) [M'], 379.2 (44) [M — CH;3 — H,'], 367.1 (83) [M —
CH,CHj;'], 182.0 (100).

Butyl acacH fluorol (44a)

Butyl Hydrosilyl Fluorol 42a (0.815 g, 1.792 mmol, 1 Eq.) was dissolved in DCM. Oct-7-en-
2,4-dion (0.318 g, 2.111 mmol, 1.18 Eq.) and the Pt-catalyst (100 pl) were added and the
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mixture was stirred for 6 h under reflux under a nitrogen atmosphere. Purification by
chromatography on silica gel using isohexane/ethyl acetate (3:1) as eluant yielded 0.963 g
(1.619 mmol, 90%) of the title compound as yellowish-orange waxy material. 'H-NMR
(CDCl3, 300 MHz) & (ppm) = 15.49 (s , 1H Enol-OH), 8.52 (d, 1H, *Jog = 7.3 Hz, 9-H), 8.41
(d, 1H, *Jo7 = 8.4 Hz, 7-H), 8.09 (d, 1H, *Jy s = 8.4 Hz, 4-H), 7.55 (dd, 1H, *Jso = 7.7 Hz, *Jy 7
= 7.7 Hz, 8-H), 6.66 (d, 1H, 3J5,4 = 8.4 Hz, 5-H), 5.45 (m, 2H, N-H and 26-CH, Enol form),
413 (t, 2H, *Jio11 = 7.5 Hz, 10-H), 3.53 (s, 1H, 26-CH,, Keto form), 3.36 (td, 2H, *Jisn.u =
5.2 Hz, *Ji415 = 6.9 Hz, 14-H), 2.47 (t, 2H, *Jo423 = 7.2 Hz, 24-H, Keto form), 2.23 (t, 2H,
3J24,23 = 7.5 Hz, 24-H, Enol form), 2.19 (s, 3H, 28-H, Keto form), 2.01 (s, 3H, 28-H, Enol
form), 1.75 (m, 2H, 11-H), 1.68 (m, 2H, 15-H), 1.58 (m , 2H, 23-H), 1.40 (tq, 2H, *Ji,.13 = 7.5
Hz, *Jio11 = 7.5 Hz, 12-H), 1.27 (m, 2H, 22-H), 0.93 (t, 3H, *Ji3.1, = 7.4 Hz, 13-H), 0.63 (m,
2H, 16-H), 0.47 (m, 2H, 21-H), 0.35 (s, 4H, 18- and 19-H), -0.03 (s, 6H, 17-CH3), -0.09 (s,
6H, 20-CHs).

BC-NMR (CDCls, 75.4 MHz) & (ppm) = 204.33 (25-C, Keto), 202.18 (27-C, Keto), 194.33
(25-C, Enol), 191.39 (27-C, Enol), 164.64 (3-C), 164.08 (1-C), 149.39 (6-C), 134.39 (4-C),
130.97 (9-C), 129.78 (9a-C), 125.80 (7-C), 124.50 (9b-C), 123.12 (6a-C), 120.13 (8-C),
110.10 (3a-C), 104.22 (5-C), 99.72 (26-C, Enol), 57.84 (26-C, Keto), 46.88 (14-C), 43.48 (24-
C, Keto), 39.90 (10-C), 37.91 (24-C, Enol), 30.85 (23-C, Keto), 30.28 (11-C), 29.48 (23-C,
Enol), 27.14 (28-C, Keto), 24.92 (28-C, Enol), 23.55 (15-C and 22-C, Enol), 23.40 (22-C,
Keto), 20.38 (12-C), 14.43 (21-C, Keto), 14.39 (21-C, Enol), 13.84 (13-C), 12.15 (16-C), 7.09
(18-C), 7.02 (19-C), -3.99 (Si-CH3), -4.04 (Si-CHs)

IR v = 3385, 3076, 2954, 2926, 2871, 2507, 1685, 1638, 1580, 1546, 1428, 1395, 1245,
1150, 1131, 1104, 1077, 833, 774 cm .

MS (EIL, 70 eV): m/z (%): 594.4 (7) [M'], 367.2 (100) [M" — Me-CO-CH,-CO-(CH,)4-
SiMe,CH,CH;]. Anal. Cald. for Cs;7HssN2O4Si, - 0.5 H,O: C, 65.63; H, 8.51; N, 4.64.
Found: C, 65.97; H, 8.53; N 4.61.
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Dibutyl acacH fluorol (261b)

28
27

13 OH C37H58N204Si,
6/ Exact Mass: 650.39
220 Mol. Wt.: 651.04
C, 68.26; H, 8.98; N, 4.30;
0, 9.83; Si, 8.63

Dibutyl Hydrosilyl Fluorol 30b (0.242 g, 0.475 mmol, 1.lequiv) and Oct-7-en-2,4-dion
(0.060 g, 0.431 mmol, 1.0 equiv.) were dissolved in toluene (6 ml) under argon. After
addition of the Pt-catalyst solution (30 ul) the mixture was heated to 60-70°C. After 40 h the
solvent was evaporated. The residue was purified by chromatography on silica gel using
isohexane/ethyl acetate (10:1) as eluant to yield 0.107 g (34%) of the title compound.
'H-NMR (CDCls, 300 MHz) & (ppm) = 15.47 (s , 1H Enol-OH), 8.52 (d , 1H, *Jog = 7.3 Hz,
9-H), 8.43 (d , 1H, *Jy 5 = 8.2 Hz, 4-H), 8.40 (d , 1H, *J55 = 8.6 Hz, 7-H), 7.60 (dd, 1H, *Jso =
7.5 Hz, *Jg7 = 8.4 Hz, 8-H), 7.16 (d, 1H, *Js4 = 8.2 Hz, 5-H), 5.43 (s, 1H, 26-H, Enol), 4.13
(t, 2H, *Jio.1 = 7.5 Hz, 10-H), 3.53 (s, 2H, 26-H, Keto), 3.32 (m, 4H, 14- and 1"-H), 2.45 (t,
2H, 3J24,23 = 7.4 Hz, 24-H, Keto), 2.20 (m, 2+3H, 24-H, Enol and 28-H, Keto), 2.00 (s, 3H,
28-H, Enol), 1.67 (m, 2H, 11-H), 1.54 (m, 6H, 15-, 23- and 2"-H), 1.40 (tq, 2H, *Ji.10 = 7.5
Hz, *Jig17 = 7.5 Hz, 12-H), 1.24 (m, 4H, 22- and 3"-H), 0.93 (t, 3H, *Ji0.15 = 7.3 Hz, 13-H),
0.83 (t, 3H, *Js935 = 7.3 Hz, 4"-H), 0.41 (m, 4H, 16- and 21-H), 0.24 (s, 4H, 18- and 19-H), -
0.14 (s, 6H, 17-CHs) overlapping with -0.15 (s, 6H, 20-CH3).

BC-NMR (CDCls, 75.4 MHz) & (ppm) = 204.17 (25-C, Keto), 202.10 (27-C, Keto), 194.19
(25-C, Enol), 191.30 (27-C, Enol), 164.52 (1-C), 164.00 (3-C), 155.40 (6-C), 131.94 (4-C),
130.90 (9-C), 130.76 (7-C), 130.21 (9a-C), 126.95 (9b-C), 124.93 (6a-C), 123.14 (8-C),
116.56 (5-C), 115.32 (3a-C), 99.63 (26-C, Enol), 57.82 (26-C, Keto), 57.04 (14-C), 53.24 (1"-
C), 43.43 (24-C, Keto), 39.90 (10-C), 37.87 (24-C, Enol), 30.78 (23-C, Keto), 30.19 (2"-C),
29.45 (11-C), 29.12 (23-C, Enol), 27.14 (28-C, Keto), 24.87 (28-C, Enol), 23.52 (22-C),
21.42 (15-C), 20.32 (12-C), 20.26 (3"-C), 14.33 (21-C), 13.79 (13- and 4"-C), 11.88 (16-C),
7.01 (18-C), 6.96 (19-C), -4.07(17- and 20-CHs).

IR ¥ = 2956, 2930, 2870, 1694, 1656, 1587, 1462, 1427, 1392, 1355, 1249, 1087, 832 cm .
MS (EI, 70 eV): m/z (%) 510.4 (16) [M']; 467.3 (6) [M — CH,CH,CH;'] 337.2 (100) [M —
(CH,),SiMe,(CH,),SiMe,H].
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Tetra-acacH-dendrimer (46)

1M1 N\ / 7 5 3 1
Si Si&\G/\H“/\;/
9
12 10 5 O A
Cs2H10008Sis
Exact Mass: 992.63
Mol. Wt.: 993.77
N/ 7 5 3
Si Si_ A A~
g g 4
OH O 4

Si(CH,CH,CH,SiMe;H)4 (182 mg, 0.42 mmol, 1 eq.), allyl-acacH (298 mg, 2.12 mmol, 5.1
eq.) and the Pt-cat. solution (50 pul) were stirred in toluene (5 ml) under nitrogen atmosphere
at 60°C for 2 days. Then the mixture was evaporated, taken up on silica gel and purified via
column chromatography using isohexane:ethyl acetate 5:1. Yield: 113 mg, 0.112 mmol,
27%.

'H-NMR (CDCl;, 300 MHz, samples contains signals of impurities at 5= 0.85, 0.07 and -0.02
ppm) S (ppm) = 15.45 (s , 4H, 4-OH), 5.44 (s, 4H, 3'-H), 3.52 (s, 8H, 3-H), 2.45 (t, 8H, *Js =
7.3 Hz, 5-H), 2.22 (t, 8H, Js = 8.3 Hz, 5-H), 2.06 (s, 16H, 1-H), 2.00 (s, 16H, 1'-H), 1.54
(m, 8H, *J = 7.5 Hz, 6-CH,), 1.25 (m, 16H, 7- and 11-H), 0.47 (m, 24H, 8-, 10- and 12-H), -
0.10 (s, 24H, Si-CH3).

BC-NMR (CDCls, 75.4 MHz, spectrum contains signals of impurities at 6 = 52.87, 35.69,
33.81, 28.52, 21.80, 15.12 and 14.11) & (ppm) = 204.16 (4-C), 202.07 (2-C), 194.14 (4'-C),
191.38 (2'-C), 99.63 (3'-C), 57.81 (3-C), 43.50 (5-C), 37.92 (5'-C), 30.78 (6-C), 29.52 (6'-C),
27.18 (1-C), 24.92 (1'-C), 23.61 (7'-C), 23.41 (7-C), 20.58 (11-C), 20.15 (11'-C), 18.48 (10-
and 10'-C), 17.46 (12- and 12'-C), 15.56 (8-C), 15.18 (8'-C), -3.39 (Si-CHs).

MS (CI, NH; 130 eV): m/z (%): 1010.6 (19) [M + NH,4'], 993.6 (35) [M + H'], 851.5 (50) [M
— (CH,)4(CO)CH,(CO)CH3 — H'], 199.0 (100) [Me,Si(CH,)4(CO)CH,(CO)CH3].
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Donor-Allyl-PG (48)

13 11

20
Me; ,,

K/m\ /18\/S|\/\/O (0)
7 14 .
8 15 I\S/IIez 19 21 23 A

17

De30,-Allyl-PG: Allyl-PG (59 mg, 0.52 mmol based on allyl units, 1 eq.), 42a (216 mg, 0.48
mmol, 0.92 eq.) and the Pt-cat. solution (50ul) were dissolved in CH,Cl, (10 ml) under argon.
The solution was refluxed for 18 h. Then the solvent was evaporated and the residue was
taken up on toluene:acetone (10 ml, 3:1) and precipitated into MeOH (80 ml). The
precipitation was repeated twice by precipitating from CH,Cl, solution into MeOH. Yield:
187 mg, 90% assuming a degree of loading of 63%.

'H-NMR (CDCls, 300 MHz) & (ppm) = 8.45 (1H, 9-H), 8.34 (1H, 7-H), 8.16 (1H, 4-H), 7.46
(1H, 8-H), 6.58 (1H, 5-H), — 5.60 (CH,-CH=CH, + NH), 5.25 — 5.00 (2H, CH,-CH=CH,),
4.10 (2H, J= Hz,), 3.97 (2 + 2H, CH,-CH=CH, + 10-H), 3.80 — 3.00 (5 + 2H, PG-backbone
+ 14-H), 1.65 (4H, 15- and 11-H), 1.45 (2H, 22-H), 1.36 (2H, 12-H), 0.88 (3H, 13-H), 0.57
(2H, 16-H), 0.45 — 0.15 (6H, 18-, 19- and 21-H), -0.13 (12H, 17- and 20-CH3).

PC-NMR (CDCl3, 75.4 MHz) & (ppm) = 164.59 (1-C), 164.05 (3-C), 149.60 (6-C), 135.30 (-
CH=CH,), 134.80 (-CH=CH,), 134.34 (4-C), 130.93 (9-C), 129.74 (9a-C), 126.22 (7-C),
124.38 (9b-C), 122.85 (6a-C), 120.14 (8-C), 116.70 (-CH=CH,), 109.77 (3a-C), 104.05 (5-C),
78.59 , 77.82 ,74.61 , 73.56 ,72.23 ,71.84 , 71.62 , 71.27 , 70.25 (PG-backbone + 23-C),
46.88 (14-C), 39.89 (10-C), 30.28 (11-C), 24.47 (22-C on secondary OR), 24.04 (22-C on
primary OR), 23.40 (15-C), 20.37 (12-C), 13.85 (13-C), 12.12 (16-C), 10.53 (21-C), 6.99 (18-
and 19-C), -4.04 (Si-CHs).

Dyso,-Allyl-PG: Allyl-PG (151 mg, 1.31 mmol, 1 eq.), 42a (150 mg, 0.33 mmol, 0.25 eq.) and
the Pt-cat. solution (100 pl) were dissolved in CH,Cl, (5 ml) under an argon atmosphere. The
solution was refluxed for 18 h and evaporated. The residue was purified via ultrafiltration in
toluene and acetone. Yield 227 mg, 76% assuming a degree of loading of 25%.
Dso,-Allyl-PG: This compound was synthesized analogously. The purification consisted in
dialysis in CHCl;.

'H-NMR (CDCls, 300 MHz) & (ppm) = 8.53 (1H, 9-H), 8.40 (1H, 7-H), 8.06 (1H, 4-H), 7.54
(1H, 8-H), 6.66 (1H, 5-H), 5.85 (1H, CH,-CH=CH, + NH), 5.32 — 4.99 (2H, CH,-CH=CH,),
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4.15-3.90 (2 + 2H, CH,-CH=CH, + 10-H), 3.90 — 2.99 (5 + 2H, PG-backbone + 14-H), 1.80
—1.05 (2H, 15-, 11-, 22- and 12-H), 0.91 (3H, 13-H), 0.62 (2H, 16-H), 0.50 — 0.26 (6H, 18-,
19- and 21-H), -0.04 (6H, 17-CH3), -0.09 (6H, 20-CH3).

PC-NMR (CDCl3, 75.4 MHz) & (ppm) = 164.57 (1-C), 164.02 (3-C), 149.32 (6-C), 135.15 (-
CH=CH,), 134.68 (-CH=CH,), 134.35 (4-C), 130.92 (9-C), 129.75 (9a-C), 125.80 (7-C),
124.48 (9b-C), 123.13 (6a-C), 120.08 (8-C), 116.64 (-CH=CH,), 109.97 (3a-C), 104.16 (5-C),
78.78 , 77.24 , 72.18 , 71.72 , 71.58 , 71.28 , 70.15 (PG-backbone + 23-C), 46.81 (14-C),
39.84 (10-C), 30.21 (11-C), 24.45 (22-C on secondary OR), 23.98 (22-C on primary OR),
23.51 (15-C), 20.32 (12-C), 13.78 (13-C), 12.10 (16-C), 10.47 (21-C), 7.01 (18- and 19-C), -
4.07 (Si-CHa).

4,4’-Dicarboxy-2,2’-bipyridine dimethyl ester (54)

MeOOC 3 COOMe C14H1oN504
— V—Gi Exact Mass: 272.0797
\ \ )5 Mol. Wt.: 272.2561
N N C, 61.76; H, 4.44; N, 10.29; O, 23.51

This compound was synthesized according to literature procedures.’” Yield: 89% based on
recovered starting material.

'H-NMR (CDCls, 300 MHz) & (ppm) = 8.93 (m, 2H, 3-H), 8.83 (d, 2H, *Js s = 4.9 Hz, 6-H),
7.87 (dd, 2H, *Js 6 = 4.9 Hz, *Js5 = 1.72 Hz, 5-H), 3.97 (s, 3H, COOCH3). *C-NMR (CDCl;,
75.4 MHz) 6 (ppm) = 165.58 (COOCHj3), 156.45 (2-C), 150.11 (6-C), 138.56 (4-C), 123.21
(3-C), 120.52 (5-C), 52.72 (COOCH3).

MS (EI): m/z (%) 272.1 (10) [M]", 241.2 (7) [M - CH;0]", 214.2 (100) [M - CO,Me]", 183.1
(5) [M - CO,Me - CH30]", 155.2 [M-2x(CO>Me)]".

Anal. Cald. for C;4;H2N;04: C, 61.76; H, 4.44; N, 10.29. Found: C, 61.59; H, 4.62; N 10.26.
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8-Trimethylsilyloct-7-yne-2,4-dione (55)

29 oH O C11H40,Si
M —_— W Exact Mass: 210.1076
1 § 1 § Mol. Wt.: 210.3449
T8 NN 3% g/ C 6281:H, 863 0, 15.21; Si, 13.35
/D /D

This compound was synthesized according to publishe procedures.!””

Work-up via column
chromatography led to a yield of 78%.

'H-NMR (CDCls, 300 MHz) & (ppm) = 15.28 (s, 0.76H, -OH), 5.51 (s, 0.78H, =CH-), 3.58 (s,
0.31H, CO-CH,-CO), 2.73 (t, 0.33H, *J = 7.3 Hz, -CO-CH,CH, keto-form), 2.49 (s, 3.67H, -
CO-CH,CH, enol-form and -CO-CH,CH, keto-form), 2.22 (s, 0.44H, CH;3-CO keto-form),
2.04 (s, 2.36H, CH3-CO enol-form), 0.12 (s, 9H, Si-CHs).

BC-NMR (CDCls, 75.4 MHz) & (ppm) = 201.9 (4-C, enol), 201.5 (2-C, enol), 192.0 (4-C,
keto), 190.5 (2-C, keto), 105.2 (8-C, enol), 105.0 (8-C, keto), 99.9 (3-C, enol), 85.4 (7-C,
enol), 85.3 (7-C, keto), 57.7 (3-C, keto), 42.4 (5-C, keto), 37.2 (5-C, enol), 30.7 (1-C, keto),
24.6 (1-C, enol), 15.9 (6-C, enol), 14.2 (6-C, keto), -0.1 (Si-CH3).

GC/MS (CI, NH3, 130 eV): m/z (%) = 228.1 (17) [M + NH5']; 211.1 [M + H']; 195.1 [M —
CH;'].

Anal. Cald. for C;H;30,Si: C, 62.81; H, 8.63. Found: C,62.66; H, 8.50.

IR v = 2960, 2901, 2177, 1709, 1618, 1422, 1359, 1250, 1208, 1135, 1046, 1012, 956, 890,

844, 760, 699, 639, 552, 508 cm .

Dichloro-ruthenium(II)-bis-4,4’-dicarboxy-2,2’-bipyridine (56)

028H24C|2N408RU
Exact Mass: 716.0015
Mol. Wt.: 716.4882
C, 46.94; H, 3.38; Cl, 9.90;
N, 7.82; O, 17.86; Ru, 14.11

Di-Me-dcbpy 54 (4.26 g, 15.6 mmol, 2.1 eq.) and RuCl; (36% Ru, 2.12 g, 7.54 mmol, 1 eq.)

was refluxed in ethanol (200 ml) under a nitrogen atmosphere for 18 h. The reaction mixture
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was cooled to room temperature and filtered through a sintered glass crucible (G4). The
residue was dried to give the pure title compound.”?! Yield: 5.25 g, 7.33 mmol, 97%.
'H-NMR (CDCls, 300 MHz, spectrum contained signals of traces of the ethyl ester derivative
of the title compound) o (ppm) = 10.42 (d, 2H, 3J6,5 = 5.8 Hz, 6-H), 8.82 (d, 2H, 4J3,5 =1.1
Hz, 3-H), 8.65 (d, 2H, *J3.5 = 1.1 Hz, 3'-H), 8.15 (dd, 2H, Js s = 5.9 Hz, *J55 = 1.4 Hz, 5-H),
7.68 (d, 2H, *Jg.5 = 5.8 Hz, 6'-H), 7.47 (dd, 2H, *Js.¢ = 5.9 Hz, *Js.3 = 1.4 Hz, 5'-H), 4.09 (s,
6H, J= Hz, COOCHs), 3.94 (s, 6H, J= Hz, COOCHj3).

The measurement of a *C-NMR spectrum was not possible due to the aggregation of the
compound in CHCl;.

MS (ESI, 4.5 kV): m/z (%) = 715.9 (100) [M].

Ruthenium(II)-bis-4,4’-dicarboxy-2,2’-bipyridine-
acetylacetonato chloride (14)

4-COOH

CagH23N4O1oRU*
Exact Mass: 689.0452

This compound was synthesized according to published procedures.”"! Yield: 11%.

'H-NMR (D,0/NaOD, 300 MHz, TPS-standard, spectrum contains one signal of an impurity
at 0=3.37 PPM) ¢ (ppm) = 8.91 (s, 2H, 3-H), 8.81 (d , 2H, 3J6,5 = 5.8 Hz, 6-H), 8.75 (s, 2H,
3'-H), 8.02 (dd, 2H, *Js s = 5.8 Hz, *Js3 = 1.5 Hz, 5-H), 7.85 (d, 2H, *Js.5 = 6.0 Hz, 6'-H), 7.44
(dd, 2H, *Js¢ = 6.0 Hz, “Js3 = 1.5 Hz, 5-H), 5.61 (s, 1H, J = Hz, Alkene-H), 1.94 (s, 6H,
CH3), 1.86 (m, 6H, CDH,, CD,H).

BC-NMR (D,0/NaOD, 75.4 MHz) & (ppm) = 191.22 (Me-C=0), 174.53 (4-COOH), 174.39
(4'-COOH), 162.26 (4-C), 160.91 (4'-C), 156.55 (6'-C), 153.40 (6-C), 147.38 (2-C), 146.01
(2'-C), 128.12 (5-C), 127.20 (5'-C), 125.01 (3- and 3'-C), 103.67 (CH(COMe),).

MS (ESI, 4.5 kV): m/z (%) = 711.0 (7) [M + Na — H']; 689.0 (100) [M - CI']; 242.2 (61)
[depby — 2H].
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Ruthenium(II)-bis-4,4’-dicarboxy-2,2’-bipyridine-a-
propargylacetylacetonato chloride (58)

4-COOH

Complete compound:
032H27C|N4O11RU
Mol. Wt.: 780.1
,49.27; H, 3.49; Cl, 4.54;
, 7.18; O, 22.56; Ru, 12.96

Z0

Cationic Complex:
Ca2H25N4040RU*
Exact Mass: 727.0609

Procedure in MeOH: [Ru(di-Me-dcbpy),Cl,] (1.00 g, 1.40 mmol, 1 eq.) and 8-trimethylsilyl-
oct-7-yne-2,4-dione (0.44 g, 2.09 mmol, 1.5 eq.) were placed in a flask with MeOH (abs., 200
ml). This mixture was purged with argon for 10 min and then heated under reflux for 90 min.
Then a solution KO7Bu (168 mg, 1.50 mmol, 1.1 eq.) in MeOH (5 ml) was added and the
reaction mixture was stirred under reflux for another 1.5 h. The resulting reaction mixture
was slightly acidic, thus another portion of KO7Bu (168 mg, 1.50 mmol, 1.1 eq.) in MeOH (5
ml) was added and the reaction stirred for one more hour. The solvent was removed in
vaccuo and the residue was taken up in NaOH (20 ml, 1M). The resulting deep red solution
was eluted with water over Sephadex LH20. The individual fractions collected on elution
were characterized via UV-Vis spectroscopy in alkaline water and the fractions containing the
product were unified and titrated to a pH of 2 with diluted HCI. It turned out that the title
compound eluted last from the column. Yield: 597 mg, 1.28 mmol, 55%.

'H-NMR (D,0/NaOD, 300 MHz) & (ppm) = 8.90 (d, 2H, “J;5 = 1.3 Hz, 3-H), 8.87 (d, 2H,
“J3s = 1.3 Hz, 3-H), 8.83 (d, 2H, *Js5 = 5.8 Hz, 6-H), 8.79 (d, 2H, *Js5 = 5.6 Hz, 6-H), 8.75
(d, 2H, *J3.5 = 1.5 Hz, 3'-H), 8.72 (d, 2H, *J3.5 = 1.3 Hz, 3'-H), 7.98 (dd, 2H, *Js = 5.8 Hz,
“Js3=1.3 Hz, 5-H), 7.91 (d, 2H, *Jo.s = 5.8 Hz, 6'-H), 7.82 (d, 2H, *Jo.5 = 5.8 Hz, 6-H), 7.43
(dd, 2H, *Js¢ = 5.8 Hz, “Js.¢ = 1.7 Hz, 5'-H) overlapping with 7.41 (dd, 2H, *Js¢ = 5.8 Hz,
“Jse = 1.7 Hz, 5-H), 5.63 (s, 1H, Alkene-H), 2.35 — 2.11 (m, 4H, CH,CH,), 1.91 (s, 3H,
CH;).

BC-NMR (D,0/NaOD, 75.4 MHz) & (ppm) = 191.92 (Me-CO-), 191.54 (CH,-CO-), 174.56
(COOH), 174.49 (COOH), 174.41 (COOH), 162.23 (4'-C), 160.91 (4-C), 160.89 (4-C),
156.73 (6'-C), 156.63 (6'-C), 153.59 (6-C), 153.49 (6-C), 147.45 (2-C), 147.43 (2-C), 146.05
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(2'-C), 146.02 (2'-C), 128.17 (5-C), 128.04 (5-C), 127.20 (5'-C), 127.07 (5'-C), 125.02 (3-C),
124.96 (3'-C), 103.66 (Me-CO-CH), 85.92 (C=CH), 51.72 (CH,-CO), 18.54 (CH,-C=CH).
Anal. Cald. for C3,H,5CIN4OoRu - H,O: C, 49.27; H, 3.49; N, 7.18. Found: C, 49.38; H,
3.48; N 7.06.

UV-Vis (0.1M NaOH/): Amax (A) =309 (1.967), 381 (0.571), 515 nm (0.5).

IR v = 3427, 3305, 3109, 2923, 2853, 2616, 2501, 2114, 1938, 1696, 1602, 1547, 1513,
1462, 1435, 1404, 1311, 1256, 1234, 1130, 1017, 895, 772, 684, 469 cm .

MS (ESI, 4.0 kV): m/z (%) = 727.0 (100) [M - CI'].

Ruthenium(II)-bis-4,4’-dicarboxy-2,2’-bipyridine-a-allylacetylacetonato
chloride (57)

Complete compound:
C32H35C|N4O14RU
Mol. Wt.: 836.1617
C,45.97; H, 4.22; Cl, 4.24;
N, 6.

4"C|3_|OOH 70; O, 26.79; Ru, 12.09
Ccr Hzo
H,O .
Cationic Complex:
H,0 Ca2H27N4O10RU”
H,O Exact Mass: 729.0765

[Ru(dcbpy),Cl,] (1.72 g, 2.61 mmol, 1 eq.), Na,CO; (2.76 g, 26 mmol, 10 eq.), DMF (100
ml) and water (50 ml) were placed in a two-neck-flask with dropping funnel and strirred at
60°C. Oct-7-ene-2,4-dione (0.51 g, 3.9 mmol, 1.5 eq.) in DMF (20 ml) were added dropwise
to the reaction mixture. After completion of the addition the reaction mixture was stirred for
90 min at 60°C and for another 60 min at 100°C. The solvent mixture was removed in
vaccuo. The remaining crude product was isolated by three column chromatography steps
using water (twice) and a methanol water mixture (3:1) as eluents. The individual fractions
were characterized by UV-Vis-spectroscopy and the fractions having identical absorption
spectra were unified. The methanol from the basic methanolic solution containing the product
was removed using a rotary evaporator and the remaining aq. solution was titrated with HCI.
At a pH of 3.6, the formation of a precipitate begun. The solution was further titrated to a pH
of 3. After storing the suspension at room temperature for 18 h the precipitate was isolated by
filtration. The residue was washed with acetone and diethylether and dried to afford the title

compound. Yield: 1.321 g, 1.73 mmol, 66%.
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"H-NMR (D,O/NaOD, TPS-standard, 300 MHz) ¢ (ppm) = 8.90 (m, 2H, 3-H), 8.76 (m, 4H,
3'- and 6-H), 8.00 (m, 2H, 5-H), 7.93 (d, 1H, °J = 5.81 Hz, 6'-H), 7.82 (d, 1H, >J=5.81 Hz, 6'-
H), 7.43 (m, 2H, 5'-H), 5.62 (s, 1H, Me-CO-CH), 5.30 (ddt, 1H, *J = 17.1 Hz, °J = 10.4 Hz, -
CH=CH, *J = 6.5 Hz, -CH=CH,), 4.56 (m, 2H, -CH=CH,), 2.30 (m, 1H, CO-CH>), 2.17 (m,
1H, CO-CHy), 1.99 (m, 2H, CH,-CH=CH,), 1.91 (s, 3H, CH3-CO).

BC-NMR (D,0/NaOD, TPS-standard, 75.4 MHz) & (ppm) = 191.56 (Me-CO-), 189.37 (CH,-
CO-), 172.56 (4-COOH), 172.41 (4-COOH), 160.19 (4-C), 160.15 (4-C), 158.89 (4-C),
154.73 (6'-C), 154.63 (6'-C), 151.60 (6-C), 151.34 (6-C), 145.40 (2-C), 145.38 (2-C), 144.02
(2'-C), 143.98 (2'-C), 137.65 (-CH=CH,), 126.07 (5-C), 126.03 (5-C), 125.17 (5'-C), 125.04
(5'-C), 123.00 (3-C), 122.91 (3'-C), 115.66 (-CH=CH,), 101.63 (Me-CO-CH), 40.30 (CH,-
CO-), 31.76 (CH,-CH=CH)),27.91 (CH;-CO).

MS (ESI, 2.8 kV): m/z (%) = 729.1 (100) [M - CI].

Anal. Cald. for C3,H,7CIN4ORu - 4 H,O: C, 45.97; H, 4.22; N, 6.70. Found: C, 46.02; H,
4.00; N 6.86.

Ruthenium(II)-bis-4,4’-carboxy-2,2’-bipyridine-a-allylacetylacetonato
chloride tetramethyl ester (35)

4-COOH

Complete compound:
C36H35F6N4010PRU
Mol. Wt.: 929.7181
C, 46.51; H, 3.79; F, 12.26; N, 6.03;
0, 17.21; P, 3.33; Ru, 10.87

Cationic Complex:
CagH35N404oRU*
Exact Mass: 785.1391

KOH (310 mg, 14.7 mmol, 20 eq.) was dissolved in DMSO (10 ml) and [Ru(dcbpy),allyl-
acac]Cl (57) (0.565 g, 0.739 mmol, 1 eq.) was added. The reaction mixture was cooled to
0°C, upon which it solidified. Then CHsl (0.946 g, 18.5 mmol, 25 eq.) were added and the
mixture was allowed to warm to room temperature. After 3.5 h excessive CHsl was removed
in vaccuo and the reaction mixture was poured onto cold HCI (0.5 M, 400 ml). The resulting
solution was extracted 5 times with CH,Cl,. A black organic phase and a reddish aq. phase
resulted. From the aqueous phase some starting material (114 mg) was recovered via

precipitation on acidification. The phases were separated and the organic phase was extracted
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with saturated NaHCO;. It was observed that the NaHCOs;-solution immediately became
intensely red, pointing to the hydrolysis of the methyl ester in the slightly alkaline medium
(repetition of this extraction is thus not advised). Then the organic phase was dried over
MgSO;, and the solvent was evaporated. The residue was eluted over a column comprising
Sephadex LH20 using acetone/water (1:2) as eluent. The product did not elute properly and
smeared over the column. Addition of NaCl to the eluent effectuated the elution of the
[Ru(dcbpy),allyl-acac] -species. The acetone was distilled off from the solution and addition
of KPFs (544 mg) lead to a black precipitate which was collected on a filter, taken up in
acetone and transferred to a flask and dried to afford 0.227 g of the title compound. Yield:
0.227 g, 0.244 mmol, 41% based on recovered starting material.

'H-NMR (Acetone-ds, 300 MHz, spectrum contains signals of impurities at 5= 2.64 and 1.24
ppm) &8 (ppm) = 9.30 (m, 2H, 3-H), 9.17 (m, 2H, 3'-H), 9.07 (d, 1H, *Js5 = 6.0 Hz, 6-H)
overlapping with 9.04 (d, 1H, 3J6,5 = 6.0 Hz, 6-H), 8.35 — 8.20 (m, 4H, 5- and 6'-H), 7.71 (m,
2H, 5'-H), 5.56 (s, 1H, Me-CO-CH), 5.48 (m, 1H, -CH=CH,), 4.80 — 4.66 (m, 2H, -CH=CH,),
4.12 (s, 6H, 4-COOCH3;), 4.00 (s, 3H, 4'-COOCH3) overlapping with 4.00 (s, 3H, 4'-
COOCH3), 2.35 - 2.00 (m, 4H, CO-CH,CH>-), 1.92 (s, 3H, CO-CHj3).

BC-NMR (Acetone-ds, 75.4 MHz) & (ppm) = 190.37 (Me-CO-), 188.69 (CH,-CO-), 165.20
(4-COO0), 165.15 (4-COO0), 164.97 (4'-COO0O), 164.94 (4'-CO0O), 160.57 (4'-C), 160.54 (4'-C),
159.13 (4-C), 155.44 (6-C), 155.36 (6-C), 152.28 (6'-C), 152.09 (6'-C), 138.73 (2-C), 138.22
(2'-C), 137.25 (-CH=CH,), 126.42 (3-C), 126.37 (3-C), 125.27 (3'-C), 125.15 (3'-C), 123.72
(5-C), 123.67 (5-C), 123.59 (5'-C), 123.54 (5'-C), 115.12 (-CH=CH,), 100.52 (Me-CO-CH),
53.71 (4-COOCHs;), 53.54 (4'-COOCHs;), 40.33 (CH,-CO-), 31.02 (CH,-CH=CH,), 28.06
(CH3-CO).

MS (ESI, 5.0 kV): m/z (%) = 785.0 (100) [(M — PF¢)"].
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Donor Acceptor Dyad (45)

C57H65C|N6012Ru8i2
Exact Mass: 1218.2931
Mol. Wt.: 1218.853
C, 56.17; H, 5.38; Cl, 2.91; N, 6.90;
0O, 15.75; Ru, 8.29; Si, 4.61

By hydrosilylation: 35b (30 mg, 32 mmol, 1 eq.), 42a (16 mg, 35 mmol, 1.1 eq.) and the Pt-
cat. solution (10 pl, 0.03 eq.) were refluxed for 20 h in CH,Cl, (8 ml). Then the solvent was
evaporated and the residue was taken up in a mixture of acetone and diluted NaOH. The
resulting solution was loaded onto Sephadex LH20 and the product was eluted with water.
The product containing fraction had a pH of 10.4 after the chromatography. It was acidified
to pH = 2.0 with diluted HC] upon which the precipitation of the product occurred which was
islolated by centrifugation and drying. Yield: 7 mg, 5.7 pmol, 18%.

Butyl acacH fluorol (44a, 108 mg, 0.0182 mmol 1 Eq.) was dissolved in MeOH abs. (20 ml)
and KO7Bu (25 mg, 0.228 mmol, 1.25 Eq.) was added as a solid and the mixture was heated
under reflux. In a separate vessel, [Ru(di-Me-dcbpy),Cl,] (143 mg, 0.200 mmol, 1.1 Eq. were
dissolved in DMF abs. (10 ml). This solution was added to the reaction mixture in several
portions over 7 h. Then, NaOH aq. (1M, 1.5 ml) was added and the solvents were evaporated.
The residue was dissolved in water and eluted over Sephadex LH 20. The combined fractions
containing the product were concentrated in vaccuo and titrated to a pH of 2 with diluted HCL.
Upon acidification, a precipitate formed, which was isolated by centrifugation. This
procedure yielded the desired compound, which still contained mostly NaCl. A second
chromatography step was carried out over Sephadex LH 20 in NaOH/MeOH. The combined
fractions containing the product were dried, dissolved in water and titrated to a pH of 2 with
diluted HCI. Upon acidification, a precipitate formed, which was isolated by centrifugation.
The precipitate was taken up in MeOH and dried in vaccuo to yield the analytically pure
product (38 mg, 0.0312 mmol, 17%).

'H-NMR (MeOD/NaOD, 300 MHz) & (ppm) = 9.00 (s, 2H, 3-bpy-H), 8.85 (s, 2H, 3'-bpy-H),
8.70 (m, 2H, 6-bpy-H), 8.49 (d, 1H, *Jos = 8.38 Hz, 9-H), 8.39 (d, 1H, *J,5 = 7.31 Hz, 7-H),
8.23 (d, 1H, *Jy 5 = 8.6 Hz, 4-H), 8.07 (m, 2H, 5-bpy-H), 7.75 (m, 2H, 6'-bpy-H), 7.57 (m, 3H,
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8- and 5'-bpy-H), 6.65 (d, 1H, *Js 4 = 8.6 Hz, 5-H), 5.34 (s, 1H, 26-H), 4.05 (t, 2H, *J10,, = 7.4
Hz, 10-H), 3.39 (t, 2H, *Ji415 = 6.9 Hz, 14-H), 1.90 (m, 2H, 24-H), 1.80 (s, 3H, 28-H), 1.68
(m, 2H, 15-H), 1.60 (m, 2H, 11-H), 1.35 (m, 2H, 12-H), 1.11 (m, 2H, 23-H), 0.92 (m, 5H, 22-
and 13-H), 0.62 (m, 2H, 16-H), 0.3 — 0.1 (m, 6H, 19- 18- and 21-H), —0.08 (s, 6H, 17-CH3), —
0.28 (s, 6H, 20-CH3).

BC-NMR (MeOD/NaOD, 100 MHz) & (ppm) = 192.15 (25-C), 188.44 (27-C), 171.27
(COOH), 171.14 (COOH), 171.12 (COOH), 166.63 (1-C), 166.06 (3-C), 161.04 (4-bpy-C),
161.02 (4-bpy-C), 159.85 (4'-bpy-C), 159.74 (4'-bpy-C), 154.39 (6'-bpy-C), 154.29 (6'-bpy-
0), 153.01 (6-C), 151.54 (6-bpy-C), 151.43 (6-bpy-C), 147.77 (2'-bpy-C), 147.75 (2'-bpy-C),
146.16 (2-bpy-C), 146.15 (2-bpy-C), 136.39 (4-C), 132.59 (7-C), 131.68 (9-C), 129.86 (9a-
C), 126.82 (5-bpy-C), 126.79 (5-bpy-C), 126.07 (5'-bpy-C), 126.01 (5'-bpy-C), 125.74 (8-C),
123.79 (3-bpy + 3'-bpy-C), 123.63 (6a-C), 122.19 (9b-C), 109.29 (3a-C), 105.41 (5-C),
100.88 (26-C), 47.75 (14-C), 41.09 (10-C), 32.28 (23-C), 31.71 (11-C), 24.79 (22-C), 24.17
(15-C), 21.66 (12-C), 15.44 (21-C), 14.56 (13-C), 13.01 (16-C), 8.41 (18-C), 8.26 (19-C), -
3.48 (17- and 20-CHj3). Signals of 28- and 24-Cs are missing due to H-D-exchange. These
signals appear, if one uses CH3OH instead of CD;0D as NMR-solvent at 6 = 28.1 and 41.0
ppm, respectively.

IR v = 3395 (br), 3080, 2954, 2928, 2873, 1723, 1684, 1639, 1609, 1580, 1552, 1515, 1467,
1433, 1400, 1328, 1248, 1020, 775 cm .

UV-Vis (NaOH/MeOH): Anmax (€) = 309 (52400), 439 (24100), 525 nm (13000 1 mol ' cm ™).
MS (ESI): m/z (%): 1183.2 (100) [M" - Cl].

Anal. Cald. for Cs7HgsCINgO2RuSI, - H,O: C, 55.35; H, 5.46; Cl, 2.87; N, 6.79. Found: C,
55.27; H, 5.61; N 6.53.
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Butyl-Dyad (59)

bpy-Atoms will
4-COOH be labeled with

C61 H73C|N6012RUSi2
Mol. Wt.: 1274.96

N 2 26 .
N/\/\4 \ '

O Me
16 18 2 22 o
7 14K/\Si/\/8| 25
8 5 Me, 19 21 23 24 OH
17
Cp1H73NsO12RUSI," lower ligand will be
Exact Mass: 1239.39 HO™ ~O labeled identically,
C,59.11; H, 5.94; N, 6.78; O, 15.49; Ru, 8.15; Si, 4.53 since signals are

overlapping

44b (0.167 g, 0.257 mmol, 1 eq.) and [Ru(dcbpy),Cl,] (0.433 g, 0.282 mmol, 1.1 equiv.) were
dissolved in DMF/H,0 (2:1, 10 ml). Na,CO; (0.269 g, 2.570 mmol, 10 equiv.) was added and
the mixture was stirred under reflux for 2 h. Then, the solvent was evaporated. Workup and
purification of the crude product in analogy to 45 afforded 17 mg (0.013 mmol, 5%) of the
title compound.

'H-NMR (MeOD, 400 MHz, spectrum contains one signal of an impurity at 5= 1.28 ppm) &
(ppm) =9.02 (s, 2H, 3-bpy-H), 8.88 (s, 2H, 3'-bpy-H), 8.74 (m, 2H, 6-bpy-H), 8.50 (m, 2H, 9-
and 7-H), 8.41 (d, 1H, *J,5 = 8.2 Hz, 4-H), 8.07 (m, 2H, 5-bpy-H), 7.79 (m, 2H, 6'-bpy-H),
7.69 (dd, 1H, *Jso = 7.45 Hz, 8-H), 7.69 (dd, 1H, *Js7 = 8.5 Hz, 8-H), 7.55 (m, 2H, 5'-bpy-H),
7.30 (d, 1H, *Js4 = 8.2 Hz, 5-H), 5.40 (s, 1H, 26-H), 4.12 (t, 2H, *Ji0..1 = 7.5 Hz, 10-H), 3.42
(m, 4H, 14- and 1"-H), 1.99 (m, 2H, 24-H), 1.89 (s, 3H, 28-H), 1.61 (m, 8H, 10-, 11-, 2"- and
15-H), 1.40 (m, 2H, 12-H), 1.31 (m, 2H, 3"-H), 1.19 (m, 2H, 23-H), 0.95 (m, 5H, 22- and 13-
H), 0.86 (t, 3H, *Ju 3 = 7.3 Hz, 4"-H), 0.48 (m, 2H, 16-H), 0.20 — 0.05 (m, 6H, 18-, 19- and
21-H), -0.15 (s, 6H, 17-CH3), -0.30 (s, 6H, 21-CH3).

BC.NMR (MeOH/NaOD, 100 MHz) & (ppm) = 192.19 (27-C), 188.47 (25-C), 171.30
(COOH), 171.18 (COOH), 171.15 (COOH), 171.13 (COOH), 166.32 (1-C), 165.87 (3-C),
161.05 (4-bpy-C), 159.86 (4'-bpy-C), 159.77 (4'-bpy-C), 157.52 (6-C), 154.39 (6'-bpy-C),
154.30 (6'-bpy-C), 151.54 (6-bpy-C), 147.78 (2'-bpy-C), 147.73 (2'-bpy-C), 146.15 (2-bpy-C),
133.66 (4-C), 132.83 (9-C), 132.60 (7-C), 131.84 (9a-C), 128.56 (9b-C), 126.83 (5-bpy-C),
126.59 (8-C), 126.09 (5'-bpy-C), 126.05 (5'-bpy-C), 124.39 (6a-C), 123.81 (3- and 3'-bpy-C),
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118.35 (5-C), 116.19 (3a-C), 100.87 (26-C), 57.68 (1"-C), 55.50 (14-C), 41.22 (10-C), 32.31
(11-C), 31.68 (15-C), 31.07 (28-C), 31.04 (28-C), 30.91 (2"-C), 24.88 (23-C), 24.02 (22-C),
22.94 (3"-C), 21.66 (12-C), 15.37 (21-C), 14.58 (13-C), 14.51 (4"-C), 12.98 (16-C), 8.31 (18-
C), 8.13 (19-C), -3.49 (Si-Me), -3.56 (Si-Me), -3.57 (Si-Me).

IR v = 3425 (br), 3087, 2953, 2925, 2869, 1760, 1722, 1651, 1585, 1568, 1514, 1465, 1404,
1382, 1331, 1308, 1256, 1228, 1018, 829, 779 cm .

UV-Vis (NaOH/EtOH): Amax (nm) [&(I mol™ ecm™)] = 310 (50600), 385 (15300), 527
(12200).

UV-Vis (EtOH): Amax (nm) [& (1 mol™ ecm )] = 313 (46200), 421 (19100), 527 (12200)

Allylated Polyglycerol (47)

PGrmp, 5000 (10 g, 135 mmol, 1 eq.) and NaOH (27 g, 675 mmol, 5 eq.) were vigorously stirred
in a mixture of water (50 ml) and toluene (135 ml) at 50°C until the reagents had dissolved.
Tetrabutylammonium hydrogensulfate (4.58 g, 13.5 mmol, 0.1 eq.) was added and the
mixture was stirred for 30 min. Subsequently allyl bromide (81.7 g, 675 mmol, 5 eq.) was
added dropwise and the reaction mixture was stirred at 50°C for 24 h. Water and toluene
were added, the phases were separated and the aq. phase was extracted with toluene three
times. The combined organic extracts were dried over Na,SO,4 and the solvent was removed
in vaccuo. The crude product was purified via column chromatography on silica gel using
isohexane/ethyl acetate (5:1) as eluent.

"H-NMR (CDCls, 250 MHz, spectrum contains signal of impurities at 6 = 2.78, 2.31, 1.97,
1.19 and 0.77 ppm) ¢ (ppm) = 5.83 (m, 1H, =CH-), 5.20 (m, 1H, CH,=CH-), 5.08 (m, 1H,
CH,=CH), 4.07 (d, 2H, CH,=CH-CH,0), 3.93 (d, 2H, CH,=CH-CH,0), 3.7 — 3.3 (m, 5H,
PG-backbone).

BC-NMR (CDCls, 75.4 MHz) & (ppm) = 135.14 (=CH-), 134.66 (=CH-), 116.66 (H,C=),
116.56 (H,C=), 116.43 (H,C=), 78.76, 78.52, 77.24, 76.96, 72.14, 71.68, 71.55, 71.22, 71.16,
71.09, 70.17 (PG-Backbone).

IR v =3078, 2867, 1646, 1458, 1421, 1347, 1133, 1075, 996, 924 cm .
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Polyglycerol mesylates (63)

B e
o’a\
Q.0 ©
A
@]
General procedure for the mesylation of hyperbranched polyglycerol (d: BO 539; ¢: BO 540;
b: BO 553; a BO 565; e BO 564): PGspp0-TMP (d, ¢, b 4.0 g, 54 mmol; a 2.0 g, 27 mmol, 1
eq.; e 5.0 g; 68 mmol, 1 eq.) was dissolved in pyridine (abs. 35 ml) and cooled to -5°C.
Methylsulfonyl chloride (d: 3.7 g, 32 mmol, 0.6 eq.; ¢: 2.5 g, 22 mmol, 0.4 eq; b 1.9 g, 16
mmol, 0.3 eq.; a 301 mg, 2.7 mmol, 0.1 eq.; e 8.5 g, 74 mmol, 1.1 eq.) were dissolved in
pyridine (abs. 10 ml) and added dropwise to the polyglycerol solution such that the
temperature stayed below 0°C. The reaction mixture was stirred overnight at room
temperature. Then, the reaction mixture was poured onto ice and concentrated in vaccuo. In
cases of d and ¢ the residue was dialysed using acetone/water (7:3) yielding the mesylated
polymer (d: 4.6 g, 71%; ¢ 4.6 g, 81%). Otherwise, the residue was dried under high vacuum
and used for the next reaction step without further purification.
Spectra from BO 541-2: "H-NMR (acetone-dg, 250 MHz, spectrum contains signals of pyH")
o (ppm) = 5.10 — 3.35 (m, 6H, PG-backbone and —OH with peaks at 6= 5.06, 4.9, 4.78, 4.56,
4.44,4.35,4.29, 4.08, 3.94, 3.76, 3.63, 3.43, 3.33 ppm), 3.19 (s, 3H, CH3), 1.48 (m, 2H, CH,
from starter), 0.94 (m, 3H, CH3 from starter).
PC-NMR (acetone-ds, 75.4 MHz, spectrum contains signals of pyridine, CH;SO3H and of
impurities at 0= 109.56 and 105.25 ppm) ¢ (ppm) = 83.19, 81.17, 79.34, 77.94, 75.62, 75.51,
73.68, 73.13, 72.59, 72.34, 72.07, 71.57, 71.19, 70.53, 70.39, 70.04, 69.15, 68.9, 68.84, 67.24,
64.16, 62.31, 61.94 (PG-backbone), 38.79, 37.35 (Me).
BO 581: 'H-NMR (DMSO-ds, 250 MHz, spectrum contains signals of pyridine and
CH3SO3H) 6 (ppm) = 7.20 (d, 2H, Ar-H of initiator), 6.84 (d, 2H, Ar-H of initiator), 4.55 —
4.15 (m, CH,0-SO3-), 3.90 — 3.55 (PG-Backbone), 3.55 — 3.40 (m, 2H, CH,OH), 3.23 (s, 3H,
0-SO,CH3), 3.18 (s, 3H, O-SO,CH3).
BC-NMR (DMSO-dg, 75.4 MHz, spectrum contains signals of pyridine, CH3SO3;H and of an
impurity at 6= 44.66 ppm) o (ppm) = 78.44, 76.99, 69.79, 68.46 (PG-backbone), 38.56 (Me).
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Polyglycerol azides (62)

Representative procedure (BO 542): PG-OMsy (4.4 g, 17 mmol OMs, 1 eq.) was dissolved
in DMF (50 ml) and sodium azide (5.5 g, 85 mmol, 5 eq.) were added to the solution. The
mixture was stirred for 3 days at 60°C. The reaction mixture was filtered in order to remove
excessive azide and the filtrate was evaporated. The residue was taken up in MeOH and
dialysed to yield 1.5 g PG-Ns.

BO 542: 'H-NMR (MeOD; 250 MHz, spectrum contains the signal of MeOH) & (ppm) = 4.0
— 3.2 (PG-Backbone), 1.42 (m, 2H, CH; from starter), 0.91 (m, 3H, CHj from starter).
PC-NMR (MeOD; 75.4 MHz, spectrum contains the signal of MeOH) & (ppm) = 81.69,
80.18, 74.27, 73.85, 73.19, 72.71, 72.48, 71.88, 71.32, 71.1, 71.01, 70.92, 64.75, 63.05 (PG-
Backbone) 62.61, 62.42, (CH-N3) 55.13, 53.18, 53.02 (CH2N3).

BO 582: 'H-NMR (DMSO-dg, 250 MHz, spectrum contains signals of DMF, CH,Cl,, H,O,
pyH" and signals of impurities at 6 = 1.22 ppm) & (ppm) = 7.20 (d, 2H, Ar-H of initiator),
6.84 (d, 2H, Ar-H of initiator), 3.90 — 3.20 (PG-Backbone).

PC-NMR (DMSO-ds, 75.4 MHz, spectrum contains signals of DMF, CH,Cl,, pyH" and
signals of impurities at 6 = 113.70, 34.79 and 29.99 ppm) o6 (ppm) = 78.06, 78.02 (CHRO),
68.69 (CH,0), 60.48, 60.43 (R,CH-Nj3 on terminal position), 51.07 (CH,N3).

AaRu'PG'NS, aN3 (66)

Series with varying acceptor ratio (66e, ¢, b, charge CS 233a - c¢): [Ru(dcbpy).propargyl-
acac]Cl (260 mg) and Na,COs (225 mg) were dissolved in water (10 ml) and the pH of this
solution was adjusted from 10.2 to 6.8 using HCl. PGs00-N3, 30% (292 mg) was dissolved in a

mixture of water (15 ml) and DMF (3 ml). A clear solution resulted, which was divided into 3

154



EXPERIMENTAL

equal portions (resulting in 3 batches containing 0.26 mmol Ns-groups, each). To these
solutions the solution of the Ru-complex (e. 3775 pl, e. 2515 pl, b. 1885 pl corresponding to
e. 0.5 eq., €. 0.33 eq. and b. 0.25 eq of Ru with respect to azide groups), CuSO4 (0.1 M, e. 64
ul, c. 43 pl, b. 32 ul, corresponding to 0.05 eq. with respect to alkyne groups) and Sodium
Ascorbate (0.35 M; e. 93 ul, ¢. 62 ul; b. 46 ul, corresponding to 0.25 eq. with respect to
alkyne groups) was added. These solutions were stirred at room temperature in the dark for 6
days. Then, the mixture was loaded onto a column (diameter 5 cm, Sephadex LH20) and
eluted with water. Two fractions were collected in each case (The volumes of the fraction 1:
e. 100 ml; ¢. 125 ml; b. 100 ml; and fraction 2 e. 230 ml; ¢. 230 ml; b. 135 ml), which were
characterized by UV-Vis-spectroscopy. Fraction 1 contained the polymer-bound Ru-
complex, Fraction 2 [Ru(dcbpy).propargyl-acac]Cl. Acidifying the solutions to pH =2 — 2.5
lead to the formation of a precipitate, however, with a deeply colored supernatant, pointing to
incomplete precipitation. Precipitation from aqueous solution into methanol or acetone did
not give complete precipitation either. Thus, the product was isolated via azeotropic
distillation of the solvent with toluene and was likely to contain salts. Yield: e. 115 mg, .
338 mg and b. 166 mg.

Series with varying Ns-loading (66a, d, i, charge CS 233e, f, h): [Ru(dcbpy).propargyl-
acac]Cl (206 mg) and Na,CO; (158 mg) were dissolved in water (7.1 ml) and the pH of this
solution was adjusted to 6.2 using HCl. The polyglycerol azides (a. PGsooo-N3, 10%, 115.6 mg,
0.15 mmol N3; d. PGs0-N3. 30%, 71.4 mg, 0.26 mmol N3; i. PGs000-N3, 100%, 24 mg, 0.25 mmol
N3) were dissolved in a. a mixture of water (4 ml) and DMF (3.75 ml); d. in DMF (2 ml); and
i. DMF (57 ml). To the solutions of the polymers, the solution of the Ru-complex (a. 4.20 ml,
d. 7.30 ml, i. 6.99 ml corresponding to 0.4 eq. with respect to N3-groups), CuSO4 (0.1 M in
H,0, a. 30 pl, d. 52 pl, i. 50 pl corresponding to 0.05 eq. with respect to alkyne groups) and
Sodium Ascorbate (0.211 M in H,O, a. 72 ul, d. 124 ul, i. 119 pl, corresponding to 0.25 eq.
with respect to alkyne groups) were added. Then the solutions were stirred at room
temperature in the dark for 14 days. The mixtures were loaded onto a column (diameter 5 cm,
Sephadex LH20, in case of reaction i. the solvent was evaporated prior to further work-up)
and eluted with water. Two fractions were collected in each case (The volumes of the fraction
1: a: 100 ml; d: 100 ml; i: 130 ml; and fraction 2 a: 100 ml; d: 230 ml; i: 190 ml;), which
were characterized by UV-Vis-spectroscopy. Fraction 1 contained the polymer-bound Ru-
complex, Fraction 2 [Ru(dcbpy).propargyl-acac]Cl. The solvent of the first fraction of
reactions a. and d. was removed in vacuo. To the first fraction of reaction h., HC1 was added

until pH = 2, upon which a dense precipitate and a nearly colorless supernatant formed. The
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products were further isolated via evaporation of the solvent and freeze-drying. Yield: a. 144
mg, d. 49 mg and i. 30 mg.

'H-NMR (D,0, 300 MHz) & (ppm) = 8.89 (2H, 3-H), 8.74 (2H, 3'-H), 8.63 (3H, 6-H), 7.95
(2H, 5-H), 7.79 (2H, 6'-H), 7.43 (2H, 5'-H), 5.51 (1H, Alkene-H), 4.43 (2H, CH,-N), 4.0 - 3.0
(5H, PG-backbone with peaks at 6=4.15, 3.99, 3.88 and 3.62 ppm) 2.57 (4H, CO-CH,-CH,-
Crriazole)s 1.81 (3H, CH3-CO), 1.34 (2H, initiator-CH>), 0.80 (3H, initiator-CH3).

BC-NMR (D,0/NaOD, 75.4 MHz) & (ppm) = 191.82 (Me-CO-), 191.33 (CH,-CO-), 174.22
(COOH), 162.23 (4'-C), 161.05 (4-C), 160.87 (4-C), 156.65 (6'-C), 153.37 (6-C), 149.38
(quart. Triazole-C), 147.70 (2-C), 147.50 (2-C), 146.22 (2'-C), 128.36 (5-C), 127.47 (5'-C),
126.36 (tert. triazole-C), 125.20 (3- and 3'-C), 103.85 (Me-CO-CH), 82.74, 81.03, 75.28,
73.99, 73.75, 73.48, 72.19, 71.94, 65.73, 63.88 (PG-Backbone incl. remaining CH-N3), 56.30,
55.77 (CH2-N3 and CH2-Nryiazole), 46.21 (CH2-CO-), 30.27 (CH3-CO-), 25.05 (CH2-Crriazole)-
UV-Vis (0.1M NaOH/H>0): Amax (A) =312 (1.906), 386 (0.575), 519 nm (0.5).

D-A-PG-N; (64, 65, 67)

Simultaneous addition of donor and acceptor chromophore in DMSO-water (Di-A(0%)-PG-
N3, 40%, 64, CS 217-9). [Ru(dcbpy).propargyl-acac]Cl (96.5 mg, 0.127 mmol, 0.5 eq.) and
NaHCO; (80 mg, 0.95 mmol, 3.75 eq.) were dissolved in water (2.2 ml). Solutions of PG-
N3, 40% (50 mg, 0.25 mmol N3, 1 eq.) in DMSO (25 ml), CuSOg4 (15.8 mg, 0.063 mmol, 0.25
eq.) in water (0.4 ml) and sodium ascorbate (100 mg, 0.5 mmol, 2 eq.) in water (1.2 ml) were
added. Upon combination of the solutions mentioned above, the reaction mixture turned
inhomogeneous. The addition of water (20 ml) lead to a homogeneous reaction mixture
again. After 3 h a solution of propargyl-butyl-fluorol (42 mg, 0.139 mmol, 0.55 eq.) in

DMSO (20 ml) and the reaction mixture was stirred for 7 days at room temperature in the
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dark. Then the solvents were removed under high vacuum and the residue was taken up with
water (35 ml). The resulting solution was extracted with DCM. The extraction resulted in a
yellowish organic phase and a brown emulsion. The emulsion was frozen, brought back to
room temperature and titrated from an initial pH of 7.1 to 1.9. The titration resulted in the
formation of a precipitate which was isolated by centrifugation. The precipitate was dissolved
in NaOH (1M) and purified via column chromatography over Sephadex LH20 using water as
eluent. The fraction containing the product was precipitated again by addition of diluted HCI
to a pH of 1.1. The precipitate was isolated via centrifugation and freeze-dried. Yield: 89
mg, 47%.

'H-NMR (THF-dg:D,0:py-ds 9:3:1, 300 MHz, spectrum contains signals of EtOH) & (ppm) =
8.92 (2H, 3-bpy-H), 8.78 (2H, 3’-bpy-H), 8.68 (2H, 6-bpy-H), 8.59, 8.49, 8.03, 7.80, 7.73
(further aromatic hydrogen atoms), 7.16 (1H, 8-H), 6.20 (1H, 5-H), 5.23 (3H, 10-H and CO-
CH-CO), 4.05 (Ngiazole-CHp), 3.95 — 3.10 (PG-backbone and 1"-H), 2.56, 2.42 (4H, CH,CH,
linking Ru to PG), 1.36 (2H, 2"-H), 1.21 (2H, 3"-H), 0.86 (3H, 4"-H).

Simultaneous addition of donor and acceptor chromophore in benzyl alcohol (65a, CS 237h;
65b, CS 2371). The polyglycerol azides (a. PG-N3 100%, 94 mg, 0.95 mmol, leq.; b. PG-
N3, 85%, 21 mg, 0.21 mmol, leq.), [Ru(dcbpy).propargyl-acac]Cl (a: 72.4 mg, 0.095 mmol, 0.1
eq.; b. 16.2 mg, 0.021 mmol, 0.1 eq.), iPr,NEt (a. 123 mg, 0.949 mmol, 1 eq.; b. 27 mg, 0.021
mmol, 1 eq.) and [Cu(PPh;);Br] (a. 88 mg, 0.095 mmol, 0.1 eq.; b. 20 mg, 0.021 mmol, 0.1
eq.) were dissolved in benzyl alcohol (a. 5 ml, b. 3 ml). A homogeneous solution formed
which was stirred at 50 °C for 12 h. Then propargyl butyl fluorol (a. 116 mg, 0.38 mmol, 0.4
eq.; b. 26 mg, 0.085 mmol, 0.4 eq.) and another portion of [Cu(PPh;);Br] (same amounts as
stated above) were added and the mixture was stirred for 18 h and stored at -18 °C for 5 days.
Then the reaction mixture was warmed to RT and THF (a. 20 ml; b. 15 ml) and TBA-OH
(0.12 M in water, a. 10 ml; b. 5 ml) and eluted over Sephadex LH20 with THF:water (3:1).

Work up with a.: The fractions containing the product were stored at -18 °C. Brown crystals

formed in a yellowish solution. The solution was discarded and the crystals melted upon
warming to room temperature. The THF in the resulting deep brown solution was evaporated
and the remaining aqueous solution was titrated from pH = 11.5 to 3.4 with HCl. The
resulting precipitate was dried to give 188 mg (67%) donor acceptor polymer 65a.

'H-NMR (THF-dg:D,03:1 with TBA-OH, 300 MHz, spectrum contains signals of an impurity
between &= 7.75 and 7.40 ppm and of NBu," at &= 3.20, 1.61, 1.35, 0.90 ppm) & (ppm) =
8.97 (2H, 3-bpy-H), 8.83 (2H, 3’-bpy-H), 8.65 (2H, 6-bpy-H), 8.40 — 7.40 (further aromatic
hydrogen atoms), 7.14 (1H, 8-H), 6.20 (1H, 5-H), 5.35 — 4.80 (3H, 10-H and CO-CH-CO),
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4.0 (Niriazole-CHz), 3.95 — 3.10 (PG-backbone and 1"-H overlapping with NBu4+), 2.57, 2.40
(4H, CH,CHj linking Ru to PG), 1.80 — 0.5 (misc. signals overlapping with NBuy")
Work-up with b.: The THF was evaporated from the fractions containing the product. A

suspension resulted which was redissoved by addition of THF. The THF-water mixture (ca.
1:1) containing the product was then added to diethylether. 2 phases resulted. The brown
aqueous phase was titrated to pH = 3.8 upon which a precipitate formed which was isolated
and further washed via redispersion and centrifugation. 34 mg (54%) polymer resulted.

The products were further purified by dissolving a sample in THF-water-TBA-OH mixtures
and precipitation into acidic acetone. Some impurities leading to signals in the aromatic
region of the '"H NMR spectra were still prevailing. And an additional purification via
Sephadex LH20 was conducted.

'H-NMR (THF-dg:D,0:py-ds 12:4:1 with TBA-OH, 300 MHz, spectrum contains signals of
impurities at 5 = 7.75 — 7.40, 4.17 ppm and of NBu," at 6 = 3.20, 1.61, 1.35, 0.90 ppm) &
(ppm) = 8.96 (2H, 3-bpy-H), 8.82 (2H, 3’-bpy-H), 8.65 (2H, 6-bpy-H), 8.50 — 7.40 (further
aromatic hydrogen atoms), 7.18 (1H, 8-H), 6.20 (1H, 5-H), 5.35 — 4.80 (3H, 10-H and CO-
CH-CO), 4.0 (Niiazole-CHa), 3.95 — 3.10 (PG-backbone and 1"-H overlapping with NBuy"),
2.60, 2.44 (4H, CH,CH, linking Ru to PG), 1.80 — 0.5 (misc. signals overlapping with NBu,")
Series with varying donor acceptor ratio (67e, ¢, b, charge CS 233-2a - ¢) The further
functionalization of the products with the donor chromophore was carried out as follows. The
polymers were dissolved in diluted NaOH (e. 4 ml, ¢. 4 ml, b. 4 ml), the resulting solution
was adjusted with HCI (e. pH = 7.3, ¢. pH = 5.5, b. HCl-adition omitted) and then diluted
with DMSO (e. 11 ml, ¢. 11 ml, b. 13 ml). Then a solution of Propargyl-Butyl-Fluorol (35.4
mg ml™') was added (e. 1.11 ml, 0.5 eq. c¢. 1.48 ml, 0.67 eq. b. 1.72 ml, 0.75 eq., eq. is
referring to initially prevailing azide groups prior to the first reaction). After addition of
CuSOg4 (0.1 M, e. 322 ul, ¢. 429 pl, b. 483 ul, corresponding to 0.25 eq. with respect to alkyne
groups) and Sodium Ascorbate (0.26 M, e. 373 ul, ¢. 479 pul, b. 544 ul, 0.75 eq. with respect to
alkyne groups) the solutions were stirred at room temperature in the dark for 7 days. Addition
of HCI to the reaction mixture lead to the precipitation of the polymers, which were separated
from the solvent by centrifugation. The work-up of these products is described individually
in the following. e. The precipitate was taken up in diluted NaOH, loaded onto a column
(diameter 5 cm, Sephadex LH20) and eluted with water. One brown fraction was collected (V
= 150 ml, pH = 11.1) and acidified with HCI to a pH of 2.8 upon which complete
precipitation of the polymer occurred. The product was isolated via centrifugation and freeze-

drying. Yield: 52 mg. e¢. The precipitate was taken up in NaOH (1 M, 15 ml) and MeOH (5
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ml), loaded onto a column (diameter 1 cm, Sephadex LH20) and initially eluted with a water
methanol mixture (3:1). Two 50-ml-fractions were collected and acidified with HCI to pH =
2.4 upon which complete precipitation of the polymer occurred. The products were isolated
via centrifugation and freeze-drying. Yields, F1: 38 mg, F2 3.6 mg. b. The precipitate had a
brown, slimy consistency. It was taken up in NaOH (1 M, 15 ml) and extracted with CH,Cl,
in order to remove unreacted donor chromophore. No clear phase separation appeared after
letting the emulsion rest in the separation funnel over night, the organic phase was bright
yellow, the aqueous phase was a brown emulsion and there was brown slime at the organic
aqueous phase interface. Addition of water to the emulsion lead to the dissolution of the
slimy material and a good phase separation. The solvent of the organic phase was evaporated
and the residue was dried and characterized by '"H-NMR. The aqueous phase was loaded onto
a column (diameter 5 cm, Sephadex LH20) and eluted with water. 7 fractions were collected
(25 ml) and characterized via UV-Vis spectroscopy. Fractions 1 — 6 were combined and
acidified to pH = 2, upon which complete precipitation of the polymer occurred. The product
was isolated via centrifugation and freeze-drying. Yield: 47 mg.

Series with varying Donor acceptor-Distance (CS 233 e, f and h): [Ru(dcbpy).propargyl-
acac]Cl (LB 19 F7-10, 206 mg) and Na,CO; (158 mg) were dissolved in water (7.1 ml) and
the pH of this solution was adjusted to 6.2 using HCI. The polyglycerol azides (e. PGsopo-N3,
10%, BO 567, 115.6 mg, 0.15 mmol Nj3; f. PGsop0-N3, 3000 BO 556, 71.4 mg, 0.26 mmol N; h.
PGs000-N3, 100% » BO 573, 24 mg, 0.25 mmol N3) were dissolved in e. a mixture of water (4
ml) and DMF (3.75 ml); f. in DMF (2 ml); and h. DMF (57 ml). To the solutions of the
polymers, the solution of the Ru-complex (e. 4.20 ml, f. 7.30 ml, h. 6.99 ml corresponding to
0.4 eq. with respect to Ns-groups), CuSO4 (0.1 M in H,O, e. 30 ul, f. 52 pl, h. 50 pl
corresponding to 0.05 eq. with respect to alkyne groups) and Sodium Ascorbate (0.211 M in
H;0, e. 72 ul, f. 124 pl, h. 119 pl, corresponding to 0.25 eq. with respect to alkyne groups)
were added. Then the solutions were stirred at room temperature in the dark for 14 days.
Then, the mixtures were loaded onto a column (diameter 5 cm, Sephadex LH20, in case of
reaction h. the solvent was evaporated prior to further work-up) and eluted with water. Two
fractions were collected in each case (The volumes of the fraction 1: e: 100 ml; f: 100 ml; h:
130 ml; and fraction 2 e: 100 ml; f: 230 ml; h: 190 ml;), which were characterized by UV-
Vis-spectroscopy.  Fraction 1 contained the polymer-bound Ru-complex, Fraction 2
[Ru(dcbpy),propargyl-acac]Cl. The solvent of the first fraction of reactions e. and f. was
removed in vacuo. To the first fraction of reaction h., HCI was added until pH = 2, upon

which a dense precipitate and a nearly colorless supernatant formed. The products were
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further isolated via evaporation of the solvent and freeze-drying. Yield: e. 144 mg, f. 49 mg
and h. 30 mg.

D3 7-Agey,-PG-N3_ 600 (672): '"H-.NMR (py-ds:D,0 4:1, 300 MHz, spectrum contains signals of
EtOH) ¢ (ppm) = 9.40 — 8.70 (3-, 3'- and 6-bpy-Hs), 8.70 — 7.70 (further aromatic hydrogen
atoms), 7.40 (1H, 8-H), 6.39 (1H, 5-H), 5..00 (10-H, CO-CH-CO, Nyiazole-CH2, PG-backbone
and 1"-H), 2.72, 2.54 (4H, CH,CHj, linking Ru to PG), 1.89 (3H, CO-CHj3), 1.71 (2H, 2"-H),
1.40 (2H, 3"-H), 0.86 (3H, 4"-H).

Ds ¢-A39-PG-N3, 305, (66b): "H-NMR (THF-dg:D,0:py-ds 11:7:1, 300 MHz) & (ppm) = 8.92
(2H, 3-bpy-H), 8.79 (2H, 3’-bpy-H), 8.68 (2H, 6-bpy-H), 8.50, 8.01, 7.51 (further aromatic
hydrogen atoms), 7.20 (1H, 8-H), 6.27 (1H, 5-H), 5.25 (3H, 10-H and CO-CH-CO), 4.13
(Ntriazole=CH2), 3.95 — 3.10 (PG-backbone and 1"-H), 2.58, 2.45 (4H, CH,CH, linking Ru to
PG), 1.95 (3H, CO-CHs), 1.61 (2H, 2"-H), 1.37 (2H, 3"-H), 0.87 (3H, 4"-H).

8.4 Dye Solar Cells Assembly and Characterization

8.4.1 DSC Manufacture

The DSC test cells were manufactured as follows. Front electrode: Onto a glass substrate

coated with fluorine doped tin oxide one print of TiO, screen printing paste (Ti-Nanoxide
HT/SP, SOLARONIX) resulting in 5 5 x 0.5 cm TiO;, rectangles and silver lines were

deposited via screen printing. Back electrode: Onto a glass substrate coated with fluorine

doped tin oxide one print of Pt-paste was deposited via screen printed. Alternatively, Pt was
sputtered onto the glass substrate. Additionally, silver lines were screen printed. The
electrodes were dried at 150 °C after the printing steps and sintered at 450 °C for 30 min
under air. The front electrode was immersed into the respective dye solution overnight after
which it was rinsed and dried in a stream of air. The composition of the staining solutions is
summarized in Table 19. A syrlin gasket was laminated onto the front electrode (1 min at 110
— 130 °C), the protection foil was removed and the back electrode was positioned onto the
front electrode. Fusing the front and back electrodes together was performed by laminating at
130°C for 3 min. The electrolyte was injected into the cells and the holes were sealed with
either syrlin coated glass cover slips or aluminum foil. The cells were contacted by soldering

a wire onto the TCO glass using an ultrasound soldering rod.!'** '%*!
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8.4.2 Calculation of the Light Harvesting Efficiency

LHE was determined according to eq. (9.3)

T
LHE = ——sined_ (9.3)

electrolyte

Teained = transmission of the stained DSC
Tolectrolyte = transmission of an identical DSC
without sensitizer filled with electrolyte

Titained and Tejectrotyre Were determined from several transmission measurements using a UV-Vis
spectrometer in standard setup. At least 4 transmission spectra were averaged. The error AT
was determined via the standard deviation of the measurements. The error in LHE was

calculated by the mean square method according to eq. (9.4).

2 2
. T. . -AT;
ALHE = (ATstamed ] +( stained electrolyte J (9 4)

2

electrolyte electrolyte

The different layers in the cell were not perfectly planar and the positioning of the cell to the
light beam was not necessarily perfectly purpendicular. These facts resulted in some
transmission measurements revealing artefacts that were ascribed to interference at thin layers
as well as the transmission in the red and IR part of the spectrum revealing slightly different
values. The following methodology was applied in order to enhance the quality of
transmission data:

1.) smoothing of the transmission data using Oringin 6.1 (Savitzky-Golay, 25 points,

polynomial degree = 1)

2.) normalization of the different transmission spectra at 4 =800 nm
3.) averaging of the spectra and calculation of the error as standard deviation

The averaged spectra and the respective standard deviation were used for the calculation of

LHE and ALHE.
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a) Experimental Data b) Corrected, Averaged Data
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Figure 46. Transmission data prior and after correction.
8.4.3 Determination of k and ETE from LHE(A) and EQE(A)

The methodology for the determination of the wavelength-independant constants & and ETE
from the results of the spectral characterization of the DSCs consisted in the following steps:
(1) plotting the LHE calculated from transmission spectra, (ii) normalizing EQE.,, so that it
fits with LHE for A>540nm (in analogy to the procedure for the determination of &
described in chapter 5.1.3), (iii) normalizing Aaccepor acquired from the LHE of a DSC
containing exclusively the energy acceptor as sensitizer so that it matches with 4p_a-system for
A> 540 nm and (iv) choosing E7E so that the plot of EQEp._a-system, sim Calculated according to
eq. (5.9) fits with EQE., - k.
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9 Appendix

9.1 Calculation of Loadings from '"H NMR data

The intensity of "H NMR signals, the area under the peaks A between 2 chemical shifts used
here is defined according to eq. (9.1).

e

4, = [ 1(5)ds 9.1)
5=b
N = number of hydrogen atoms responsible fort he respective signal
i = Index
N I_H = number of hydrogen atoms of the structural unit ¢
A; area
0 = chemical shift [ppm]
I(9) = intensity of "H NMR-spectrum as a function of &
b; = lower integration limit
e; = upper integration limit

Relating the signal intensity of the respective functionality FG to the one of the polymer backbone according to

eq. (9.2) gives the respective loading ag.

9.1.1

D-Allyl-PG

A Nig

FG (9.2)
N g} Apg

loading with the respective functional group FG

integral area of the signal of FG

number of hydrogens accounting for Arg

integral area from PG-backbone and remaining OH-groups

number of hydrogens accounting for Apg

A

A _ T42-38
Alkene
2

A — A9.0—6.5 + A0.7—0.1
Fluorol 13

_ A3.8—3.0 —4-4

Fluorol
APG -
5

24

Fluorol

(9.3)

(9.4)

(9.5)

(9.6)
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Table 26. Integral intensities (Is . ») from 'H NMR spectra of D-Allyl-PGs, the normalized intensities

(Zrwuorol, Lanyt, Icns, and Ipg) and degree of loading with the respective functional groups (oxg) calculated
thereof.

D63%-A11yl-PG D24%-A11yl-PG D3%-A11yl-PG D0,3%-Allyl-PG Allyl-PG

Ioo_ss 88121 68428 10027 1805
Iso_ss 19083 44584 68568 103638 81468
Isa_49 31607 93438 144258 210681 172695
T4 338 45751 123284 155774 223084 186214
I35 30 216038 385683 393501 540680 441149
To0-11 284759 260390 28883 17063
Tio-07 84392 72442 12744 8070
To7-01 147371 131763 18314 3005
To1_-01 229370 231440 56693 10964
Trryorol 18115 15399 2180 370 0
TATkene 4761 46243 75707 111172 93107
Iems 10016 8748 2068 2320 0
Irg 28716 64817 76956 107840 88230
OlFluorol 63.1% 23.8% 2.8% 0.3% 0.0%
OAllyl 16.6% 71.3% 98.4% 103.1% 105.5%
ap; 34.9% 13.5% 2.7% 2.2% 0.0%
za 114.5% 108.6% 103.9% 105.6% 105.5%

9.1.2 PG-OMs

The spectra of PG-OMs were measured in solvents, where no quick exchange of acidic
protons is expected, thus an unfunctionalized PG group provides 6 protons giving rise to
resonances in the area 5.3 — 3.25 ppm. Via the mesylation the protons on the OH-groups are
substituted by SO,CHj3. The latter provides a signal between 3.25 and 3.15 ppm. From these
considerations the loading of PG with mesyl groups aoms Was calculated according to eq.
(9.7).

Ao

Aoy = ——>— 9.7)

A
A + OMs
PG 3

6

doms = loading with OMs
Aoms = integral area of CH; group from OMs
Apg integral area from PG-backbone and remaining OH-groups (5.3 —3.25 ppm)
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9.1.3 D-A-PG-N;

The calculation of loading with the donor and acceptor unit was based on the following
signals: (1) the 3- and 3'-bpy-H (Auyp, Npry = 4), (i1) the 5-H on the fluorol unit (4p;
N5 =1), (iii) the range from 4.3 — 3.0 ppm comprising the PG-backbone N(CH>»-Pr);" and
THF-ds and the 1"-CH, on the fluorol unit (443 30) , and (iv) the signal of THF, N(CH,-CH>-
Et)s" (419.15). From these considerations the area of the PG-bacbone results to

APG = A4.373A0 - A1,971.5 - 2AD' (9.8)

Oponor and ar, Were calculated according to eq. (9.2).

Table 27. Intensities from '"H NMR characterization of D-A-PG-Nj derivatives, loadings @ponor, Oru
and the donor acceptor ratio zp, calculated thereof.

# Polymer HNMR

Avpy Ap  As4s530 Amisc onor ORu  ZDA
1 Do s-Aso,-PG-Nj_ 300, 67¢ 7.10 1.00 111.0 23.8 6% 10% 0.56
2 D -A(209%)-PG-N3 490, 64 149 0.97 205 717.5 4% 15% 0.26
3 D;.7-Agoy-PG-N3 600, 672 0.76 1.00 12.88 0.44 47% 9% 53

4 Ds-A109%)-PG-N3 1909 652 1.77 1.42 47.1 334 65%  20% 3.2
5 D7-A10%)-IPG-N3 350, 65b 032 051 24.27 21.0  113% 18% 64

6 Dg 6-A30,-PG-N3, 300, 67b 039  1.00 45.03 8.48 14% 1% 10

9.2 Simulation of EQE data as a function of ETE

The EQE of a donor acceptor system (EQEp.a-sysie) comprises contributions of the acceptor

and the donor chromophores (EQEcceptor and EQEponor, respectively).
EQED—A—System = EQEAcceptor + EQEDonor (99)
Furthermore, EQFE A cceptor Was assumed to be proportional to LHE acceptor

EQE,. . . =k LHE (9.10)

Acceptor Acceptor
Assuming that the energy donor does not inject electrons into TiO,, equation (9.10) is not
applicable to the energy donor. In this case electron injection resulting from donor absorption
only takes place after resonant energy transfer. Thus the energy transfer efficiency needs to
be taken into consideration for the calculation of EQEpenor.

EQE =k-ETE-LHE

Donor Donor

9.11)
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Substituting the expressions (9.11) and (9.10) in eq. (9.9) gives
EQE, .=k-LHE +k-ETE-LHE

Acceptor

(9.12)

yad Donor *

In analogy to EQE, the light harvesting efficiecncy (LHE) also has contributions of the
individual chromophores.

LHE =LHE

Acceptor

+ LHE (9.13)

D-A-System Donor

LHEAcceptor and LHEpoenor are the product of LHEpy. and the fractions of absorbed light,
absorbed by the chromophoric moieties, Xacceptor a0d Xponor, T€SPECtively.

LHE =LHE

Acceptor

(9.14)

D-A-System ’ xAcceptor

LHE

Donor

= LHE (9.15)

D-A-System ' xDonor
The fractions of absorbed light are calculated from the absorbance A of the donor acceptor

system, acceptor and donor, respectively.

A
_ Acceptor
xAcceptor - A (916)
D-A-System
_ Donor —_1_
XDonor = A =1 xAcceptor (917)
D-A-System

Introduction of expressions (9.14) to (9.17) into (9.13) yields

Ay A
=k-LHE Lot | k. ETE - LHE —Dor__ - (9.18)

D-A-System A D-A-System A

EQE

D-A-System

D-A-System D-A-System

Since Ap-a-system 1S the sum of Aponor and A acceptor, €q. (9.18) can be simplified to

A A
EQED-A-System = k ’ LHED-A-System ’ |:ﬂ +ETE - (1 - ﬂj] (9 1 9)

D-A-System D-A-System
EQEp_a-sysem Was simulated using experimental values for LHEp. a-sysiem, Ap-A-System and
A Acceptor, Which were in turn obtained from LHEp._a.system and the light harvesting effiency of a
device that was exclusively stained with the respective acceptor unit (LHEcceptor-only)

according to eq. (9.20).

A=-log(1-LHE) (9.20)

In order to determine the error in EQEp.a-syseem €quation was further rearranged to (9.22) (see
next paragraph).

EQED-A-System = k ' LHED-A-System ’ |:xAccept0r + ETE ’ (1 - xAcceptor ):| (92 1)

EQED—A»System = k ’ LHED—A—System ' I:xAcceptor (1 - ETE) + ETE] . (922)
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The error AEQEp._a-system Was calculated using the mean square method taking into account
equation (9.22) and the error ALHEpy.q [see Eq. (S23)].  Axacceptor turned out not to add
significantly to AEQEp.a-system.

AEQE

passen = K[ Xaceepor 1= ETE) + ETE |- ALHE, ... (S23)
Finally, ETE was estimated by evaluation of the fit of EQEpyad, experimental * k' and
EQEDbyaq, simulated (assuming k = 1 for the simulation), as a function of the parameter ETE. For
k=0.39 and ETE = 0.83 (0.87) the upper (lower) margin of the error bars of AEQFEpyaq, simulated
were coinciding with EQEpyaq, experimental * k! in the area between 470 and 490 nm. Thus, the

value determined for ETE is 85 £+ 3%. The estimation in ETE was carried out accordingly for

the other donor acceptor systems.

9.3 Magnitude of Current Generated by Donor Absorption under
AM1.5G

From Table 21 on page 98 it becomes obvious that the presence of the donor in the DSC did
not effectuate a significant increase in current and efficiency under simulated sunlight using
halogen lamps. The reasons for this behaviour will be outlined in the following. From Figure
35 on page 90 it becomes obvious that EQFE at 520 — 530 nm for DSCs sensitized with 45 and
14 are approximately the same. Thus, for the following considerations, EQFEacceptor from
Figure 35¢ was normalized so that it equals EQEpyaq at 530 nm (Figure 47). Based on these
normalized EQE-functions and the photon flux @ 1) under AM1.5G conditions, the short
circuit current of the devices was calculated according to eq. (9.24) (see also Figure 47 and

Figure 48).

Jo = i SOTm EQE(A)-®d(A)dA (9.24)

A4 300 nm
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Figure 47. EQE-data and photon flux under AM1.5G conditions used for the calculation of ji..
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Figure 48. Plot of EQE(A) - & A)dA versus A. The area under these curves are proportional to the
current generated by the DSCs sensitized with 45 and 14 under illumination with AM1.5G-light.

The thus calculated ji. is 4.77 and 4.62 mA cm * for the dyad and the acceptor, respectively,
which corresponds to a current enhancement of merely 3.1% by the presence of the donor
under this type of illumination. Considering that the results presented in Table 21 were
determined under illumination with halogen lights, which have a weaker photon flux in the
area where the donor moiety absorbs with respect to the AM1.5G-irradiance, the coinciding ji
for cells with 262 and 14 as sensitizer is plausible despite their significant difference in

EQE(). The errors in the IV-characteristics, which are mainly due to inhomogenities
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between different cells and instability of the solar simulator, are surpassing the expected
current gain under this illumination. Due to the circumstance mentioned above the V-
characteristics were also determined under monochromatic blue and green light. These

measurements delivered the proof of principle

9.4 Deviation between ETE and EQE

The following factors could account for the divergence of LHE and EQE functions in Figure
3d in case of devices stained with either dye 2 or 5: (i) Although identical cells were used for
the EQE- and Tpsc-measurements, it was impossible to use the identical spot on the cell for
the respective measurements. Inhomogeneities in the photoelectrode and/or overall cell
thickness might lead to different scattering behavior which is increasingly important with
decreasing wavelength; (i1) The data quality in Teecrolye might be too inferior at low
wavelengths to allow for reliable calculation of LHE (This could account for the drastic
divergence for A4 < 420 nm); (iil) 7eiectrolyie 1S @ function of the I3 -concentration in the
electrolyte and especially in the nanoporous photoelectrode, which is subject to change as a
function of time and illumination intensity. The gradient in I5 -concentration prevalent under
the conditions applied for the measurement of EQE(A) is expected to yield somewhat lower
EQE-values than predicted according to LHE(A). Such a behavior is also observed in Figure
37d. In fact, it was shown that the transmission of the DSC is altered by the application of
bias illumination under short circuit conditions. This experiment was carried out using a
reference solar cell, which was covered by a DSC stained with [Ru(dcbpy),acac]CIl. Thus, the
DSC serves as a filter between the monochromatic light source and the reference solar cell. In
an initial measurement, the EQE of the reference solar cell was determined in the dark
(EQERc, dark) and a second measurement was conducted after having kept the DSC, which was
being operated under short circuit conditions, for 30 min under constant white illumination
(EQERc, bright, see Figure 49a). The change in transmittance of the DSC (ATpsc) was
calculated using eq. (9.25) (see Figure 49b, the relative error in EQFErc was estimated from
the data points between 540 < 4 < 600 nm to be = 5%o. The error in ATpsc was calculated
according to the mean square method).
EQE

AT, = — RGbright 4 9.25
P EQERC, dark ( )
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Figure 49. Results of experiments carried out towards the characterization of the change in
transmission of a DSC by the application of bias illumination. The external quantum efficiency of a
reference solar cell (EQFERrc), which was covered by a DSC stained with [Ru(dcbpy),acac]Cl and being
operated under short circuit conditions, was determined without and during bias illumination. a)
EQERc(4) before (O) and during (X) the application of bias illumination (for clarity, the inset shows a
magnification of the data between 500 and 550 nm). b) Change in transmission of the DSC (ATpsc) as
calculated using eqation (9.25) The relative error in EQErc was estimated from the data points
between 540 < 4 < 600 nm to be = 5%o. The error in ATpsc was calculated according to the mean
square method.

Figure 49b shows clearly that the application of bias illumination brings about a change in
Tpsc for 4 < 500 nm. This observation is consistent with a slight change in triiodide

concentration induced by the current generated by the DSC.

9.5 Donor Acceptor Ratio in the Device

Figure 50 shows the absorbance of a selection of DSCs (4psc) calculated according to eq.
(9.26). Normalized absorption spectra of the staining solutions were added to the diagrams.

Ay =—log(1— LHE) (9.26)

Figure 50a reveals relatively good agreement between the absorption spectrum of dyad 45 in
solution and on the photoelectrode with respect to the intensity of the band around 450

"' By desorbing 45 and the measurement of an absorption spectrum of the desorbed dye

nm.
it was shown that the donor acceptor ratio decreased by 10% via the staining and laminating
process as well as the exposure to the electrolyte. In conclusion a good agreement between
zpa in 45 and on the photoelectrode was achieved using the monomolecular, thus
monodisperse sensitizer 45. Figure 50b — d reveals a significant deviation between Apgc and
the absorption spectrum in solution with respect to the intensity of the donor absorption. The
donor acceptor ratio after adsorption to the photoelectrode is significantly lower than in the

staining solution. This fact is rationalized by the polydispersity of the sensitizers. In contrast

to 45 donor acceptor polymers are polydisperse with respect to their molecular weight as well
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aS Cponors KAcceptor and ZDA-

probability which is obviously resulting in a reduced zpa.

Polymers with a higher oaccepor Will adsorb with a higher

Thus, zpa within the device is

lower than zp, as determined from UV-Vis spectra of D-A-PG-Nj derivatives. Nevertheless,

Figure 50 proofs that it was possible to influence the light-harvesting characteristics by the

composition of the polymer, namely zpa. It was attempted to estimate zpa in the device by

fitting simulated to experimental Apgc curves, however, this did not lead to conclusive results.
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Figure 50. Comparison of absorption spectra of donor acceptor sensitizers in solution and within the
device. a) dyad 45 (DCViCG Dyad), b) D1_0—A(20%)-PG—N3,40% 64 (DCViCC PDAl), C) D5.0—A(10%)—PG-N3.
100% 65a (Device PDAs), d) D&ﬁ‘A}%‘PG'N}, 30% 67b (DeVice PDAg)
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9.6 Modified TiO, Particles for Electrophoretic Ink

Another important trend prevailing in recent years has been the increasing importance of
information technology which is ubiquitous in today’s modern societies due to the increased
portability of devices. The latter is a result of the optimization of energy management in the
production and operation of respective devices (mobile computers, cell phones and orga-
nizers). A considerable part of the energy of, e.g., mobile computers is consumed by the dis-
play. The second topic investigated in this thesis is a contribution to the development of an
alternative, power-saving display technology known as electrophoretic ink. In the larger
scheme, this topic is thus related to the enhancement of the energy efficiency of today’s life-
style. The contribution consisted in experiments towards the modification of TiO, particles

for electrophoretic ink applications.

9.6.1 Electrophoretic Ink

[112]

Liquid-crystalline displays (LCD) are one of today’s most widely applied display

technologies, however, this technology still presents some disadvantages consisting in the
strong dependence of the visibility on the viewing angle and the necessity of an interior light
source requiring high power consumption. These disadvantages spur interest in the

development of alternative display technologies.!'"!

[114-116

Electrophoretic displays are one
alternative being very distinct from LCDs. I This display’s setup and working principle
is shown in Figure 51. The operation is based on the electrophoretic migration of oppositely
charged and colored micro-particles upon a change in the polarity of the voltage at the
condenser sandwiching the particle dispersion. The micro-particles should be strongly
absorbing (black) or highly scattering (white) and have a size between 0.1 and 5 pm.
Alternatively, white micro-particles may be dispersed in black oil. Displays based on this
principle may potentially be manufactured flexibly at low cost. They are marked by the
following properties: (i) intrinsic bistability, (i1) low power consumption, (iii) a high contrast
and reflectivity, and (iv) near-lambertian viewing characteristics, i.e., a low dependence of
viewing angle on the quality of the image. Since such displays’ appearance are close to ink

on paper, this concept has also been termed “electrophoretic ink.”!'”!

172



APPENDIX

transparent front electrode

/

/ microcapsule
_| gk 4R oo /

-

white particle:
high 4n
negative charge

dielectric
liquid

black particle:
_| _____ RS | high absorption
positive charge

back electrode
Figure 51. Principle of one pixel of the electrophoretic display. The key component is the dispersion
of oppositely charged white and black particles in a dielectric medium. This dispersion is located in a
capacitor comprising one transparent electrode. Upon changing the polarity of the voltage applied to
the condenser the particles migrate through the medium to the respective opposite side of the
condenser thus effecting a color change of the pixel.

Such a display may potentially be fabricated by printing and thus satisfy the practical
requirements of electronic paper.''*! One strategy to charge particles is presented in Scheme
22 relies on acidic, white and basic, black particles. Combining these two kinds of particles

should lead to interparticle neutralization and thereby charged particles.!''®!

mai wh/ m4‘§ &ioo\)/

J< <o

g 0”%5 Neutralization g %O&g;\j

Scheme 22. Principle of formation of oppositely charged particles according to G. Hadziioannou:
Combining white acidic and black basic particles leads via neutralization to negatively charged white
particles and positively charged black particles.
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9.6.2 Motivation for TiO, Particle Modification

In a side project this thesis dealt with the modifications of TiO, particles for electrophoretic
ink applications. The requirements for white pigment particles in this application emerge
from the work principle shown in Figure 51 and Scheme 22. Such particles should efficiently
scatter light, have a low density in order to attenuate sedimentation in the pixel and should
possess acidic groups. These requirements would be met by the encapsulation of a TiO,

particle functionalized with acidic groups into a polymer shell.

OH
HQ O HO
HO- Particle Surface Activation:
TiO, OH
HO' OH 1) TiCl, in H,O HO
OH 2.) Si(OEt), in NHs/MeOH/H,0
OH
HO
1.) Coconden- OH
sation of _
HS” >""si(OMe); | 2-) End capping
(0] mit Me;SiOMe
Na. JOH 3.) Work-up
a OMSK
HO™ ‘o-Na
SH
0
HO
SiMe3
o
Monomer Me;Si,
Initiator 0]

HS OH

Scheme 23. Modification of TiO, with functional groups allowing the subsequent encapsulation into a
polymeric shell.

The introduction of functional groups via functional silanes and subsequent grafting of
polymers to the resulting functional TiO, particles according to Scheme 23 could be one
viable way of meeting the requirements for pigment particles mentioned above. The

following approach was to be followed in order to evaluate the latter approach:

(1) Surface functionalization of TiO,-particles
(i1)  Grafting of polymers to functional TiO,-particles

(iii)  Characterization of polymer-modified TiO,-particles
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Results towards the modification of TiO, particles are presented in the following.

9.6.3 Results and Discussion of TiO, Modification

The requirements that TiO, particles should fulfill follow from the functional principle of
electrophoretic ink described in the introduction (section 9.6.1). The particles should
comprise (i) a high density of COOH groups on the surface, a shell providing (ii) a
considerable decrease in density, and (iii) steric stabilization. These requirements could be
met by encapsulating COOH-bearing TiO; particles into a thick polymer shell. The synthetic
concept that was devised here in order to modify TiOs-particles accordingly for
electrophoretic ink applications is shown in Scheme 24. Conducting experiments towards this
scheme was motivated by the following considerations: Although the direct functionalization
of TiO; particles with methacrylate bearing titanates (e.g., 68) and subsequent polymerization

119]

has been described,!''”! the availability of titanates comprising different functional units is

limited. In contrast incorporation of functional silanes of the type (RO);_,SiR’, onto silica or

into siloxane particles is a versatile, straight forward and broadly applied method.!"2%124 Tts

application is also fuelled by the wide range of commercially available alkoxy silanes.!'*’
Furthermore, the modification of silica spherest'”® featuring polymerizable groups at the

121l and resulted in the hypothesis that the assembly of a SiO,

surface has also been described!
shell around TiO; and its further functionalization according to Scheme 24 would be a more
robust and flexible method for the synthesis of functional TiO, pigments. The first step of the
synthetic concept in Scheme 24 consisted in the surface activation and incorporation of
functionalities. This treatment aimed at achieving a high loading with carboxy groups, e.g.,
by the introduction of silan 69, and moieties that will allow the grafting of polymers (e.g., by
the introduction of silanes 70 and 71) as well as a hydrophobization of the TiO; particles (via

Me;SiOEt). The second one consisted in the grafting of polymers to the functional TiO,.

o o% o HS/\O/\Si(OMe)3
! 7
Ti
~0 JOH
YO/ A +Na'0)v8i o
/go @)

69 HO ©ONa*
Ci7H3s \[HJ\O/\/\Si(OMe)g,
68 71
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Scheme 24. Synthesis of polymer-grafted COOH-functionalized rutile particles.

In more detail the work towards modified TiO, particles comprised of the following steps:

1.
2.

Surface activation of TiO, via the growth of a SiO, shell using Si(OEt),.!'*

Condensation of functional Tri(alkoxy)silanes: (i) 702 121 or 71 in order to allow
grafting of polymer chains by radical polymerization and (ii) 69 in order to incorporate
a functionality, which will allow to generate a charge on the particle.

Passivation of the particle surface: via condensation of Me;SiOEt.

Work-up by centrifugation and redispersion-steps. Characterization of modified
particles by TEM, particle size measurements, TGA, Elemental Analysis.

Dispersion polymerization of different monomers and monomer mixtures in solution
or bulk with functionalized particles.

Work-up by dissolving unbound polymer, centrifugation and redispersion-steps.

Characterization by TEM, particle size measurements, TGA, Elemental Analysis.

Steps 1-4 in Scheme 24 will be referred to as particle functionalization, steps 5-6 as grafting.

9.6.3.1

Particle Functionalization

Several conditions for surface activation were evaluated: (i) Dispersion of the TiO,-particles

in an alcoholic/aqueous NHj solution and subsequent addition of tetraecthoxysilane (TEOS,

73) and subsequently Me;SiOEt, and (i1) Dispersion of the TiO,-particles in water, addition of
TiCly, after 30 min an alcoholic/aqueous NH; solution then TEOS/aq. NH3/EtOH and

subsequently a mixture of functional silanes and Me;SiOEt. The former conditions are also
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[126]

applied for the synthesis of SiO, particles from Si(OEt)s. The latter conditions were

inspired by a modification procedure applied by Gritzel et al. for the modification of

nanoporous TiO, photoelectrodes.'>71? 128 129]

Since preliminary experiments showed that
the latter conditions proved to be more efficient in particle functionalization, most reactions
were carried out according to these conditions. An overview of the experiments towards
surface functionalization and incorporation of functional groups is presented in Table 28; the
precise stoichiometry of the individual reaction runs is summarized in Table 32 in the
experimental part. In general, the particle surface activation according to the TiCly method
consisted in dispersing TiO, in a 0.5 M solution of TiCly in H,O. The dispersion is stirred for
30 min at 60 °C. Then the hydrolytic mixture comprising MeOH, NH; and H,O (the amount
of NH; was chosen so that it overcompensates the HCI formed by the hydrolysis of TiCly) is
added. To this dispersion TEOS was added dropwise from EtOH solution. The rational for
the latter consisted in keeping the concentration of species resulting from TEOS hydrolysis
low thereby favoring the condensation of SiO; onto the activated TiO, particle surface. The
dispersion was stirred for 12 h after completion of TEOS addition. Subsequently functional
silanes 70 or 71 and 69 and finally Me;SiOEt were added dropwise in a stepwise manner.
Only after the condensation of Me;SiOEt the particle dispersion is worked-up by
sedimentation and redispersion. Runs BO 441 — 444 (entries 8a — 8d in Table 28) started
from the same batch considering the TiO,-activation. After addition of Si(OEt)s the batch

was split up into 4 portions, which were functionalized with different combinations of silanes.
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Table 28. Overview of experiments carried out towards the functionalization of TiO, particles. All
the runs were terminated by the addition of Me;SiOEt in order to passivate the particle surface.

functional silanes used for surface

Entry Run TiCly  Si(OED, functionalization
1 BO 375 v none (except Me;SiOEt)
2 BO 385 v 4 none (except Me;SiOEt)
3 BO 386 v v (MeO);Si(CH,);SH
4 BO 389 v v (MeO);Si(CH,);SH
5 BO 412 v v (MeO);Si(CH,);SH
6 BO 416 v v (Me0O)3Si(CH,);0CO-CMe=CH,
7 BO 420 v v (MeO)3Si(g/lilzs)ig(%}ll\;[gjzsi(OEt)z,
8 BO 441 — 444" v v ]
8a BO 441 NaO(Sl\i/E?DCI){);ZS(i((J%Ij)Zz)é%%Nab)
8b BO 442 (MeO);Si(CH,);SH
8c BO 443 NaOSi(OH),(CH,),COONa
8d BO 444 none (except Me;SiOEt)

a) In run 8 the surface activation with TiCl, and Si(OEt)4 proceeded in one batch which was then split
into 4 portions and functionalized individually with different combinations of silanes in runs 8a — 8d.
b) When 70 and 69 were added together, two separate dropping funnels were used in order to avoid the
beginning of condensation of the two silanes in the dropping funnel.

The products were characterized via transmission electron microscopy (TEM),
thermogravimetric analysis (TGA), elemental analysis, thiol content via the photometric
Ellman test, and particle size measurement in MeOH. Some representative samples were also

characterized by >C CP MAS NMR spectroscopy.

9.6.3.2 Transmission Electron Microscopy

Figure 52 shows micrographs of the TiO, particles that were employed as substrate for
modification procedures. The compact particles reveal a relatively smooth surface. Figure 53
shows micrographs of the TiO; particles during and after the modification according to run

BO 375 (Table 28, Entry 1). Activation of TiO, with TEOS yields no change in overall
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particle morphology. However, the growth of a thin SiO, shell around the TiO, particle can
be inferred from the TEM-micrographs a). Further treatment with Me;SiOEt leads to
particles, which comprise of a big core with a dense shell of small particles clustered around

(see Figure 53b + ¢).

Figure 52. TEM micrographs of the TiO, particleé used prior to modification.

Figure 53. TEM micrograph of TiO, during and after run BO 375 (Table 28, entry 1). a) after
Si(OEt), treatment and b) further modification with Me;SiOEt. The scale bar corresponds to 50, 100,
and 200 nm in a), b), and c), respectively.

Figure 54 through Figure 56 show micrographs from different runs of particle activation via
TiCly in H,O. This procedure leads to the growth of needle-like structures on the particle
surface (Figure 54a and b). This effect is less pronounced in later runs (notably BO 389
Figure 56a and b), which may be ascribed to different sample storage times prior to the TEM
measurement.  Transferring the TiCls-activated particles from the acidic to the basic
environment of the hydrolytic mixture does not effectuate a change in the surface morphology
(Figure 54c). After the condensation of TEOS the modified particles show a pronounced
core, which is surrounded by a shell of clustered small particles. The addition of functional
silanes and the surface passivation via Me;SiOEt does not affect the particle morphology

significantly.
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Figure 54. TEM micrograph of TiO, during and after run BO 385 (Table 28, entry 2). a) After TiCly
treatment, b) df-TEM after TiCl, treatment, ¢) after immersion into MeOH/NH;, d) after TEOS
treatment, e) final product, f) final product df-TEM. The scale bar corresponds to 100 nm in a, ¢ and e
and 200 nm in b, d and f.

a)

_ o 2 aim |
? Y, - e 2y ) v -
Figure 55. TEM micrograph of TiO, during and after run BO 386 (Table 28, entry 3). a + b) After
TiCly treatment, ¢ + d) after TEOS treatment, ¢ + f) final product after redispersion in MeOH. The

scale bar corresponds to 100 nm in a, 200 nm in b + ¢, 500 nm in d and f and 1000 nm in e.
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Figure 56. TEM micrograph of TiO, during and after run BO 389 (Table 28, entry 4). a + b) After
TiCly treatment (b: df-TEM), ¢ + d) after treatment with TEOS and (MeO);Si(CH,);-SH, e) after
Me;SiOEt treatment, f) final product after redispersion in MeOH. The scale bar corresponds to 200
nm in all micrographs except for ¢ (500 nm).

The appearance of the modified particles after the TEOS treatment is very similar in all the
runs. The ratio between the amount of small clustered particles and the core is subject to
variability. In some TEM micrographs, domains of clustered small particles are visible,
which are not bound to the big TiO; particles. It can be inferred from the TEM-micrographs
that the surface activation route via TiCly yields to a much higher particle surface area than

the treatment with TEOS alone (Table 28, entry 1).

9.6.3.3 Chemical Composition of Functionalized Particles

The chemical composition of the functionalized particles was estimated via TGA, elemental
analysis, and the photometric Ellman test allowing the quantification of thiol groups. The
results from this set of characterization methods are displayed in Table 29. Exemplary TGA-
diagrams are displayed in Figure 57. The unmodified TiO,-particles reveal a mass loss of
2.5% in the TGA and elemental analysis shows that the particles do not contain N, H, or S
(only 0.4% of C). After modification with TEOS and Me;SiOEt (BO 375), the mass loss as
determined by TGA under air does not provide any significant change from the unmodified

material. In runs where the particle surface activation proceded via TiCly, however, the mass
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loss was determined to be between —4% and —8%. This can be ascribed to post condensation
of the clustered SiO; particles as well as the combustion of the functional groups and thereby

mass loss during the TGA measurement.

Table 29. Results of elemental analysis, Ellman test, and TGA and particle size measurements of
TiO; particles.

Elemental Analysis Ellman TGA
Particle size”
Entry Run c u N test Am-myg [um]
0, o 0
ool %] [%] S[%] Sum S [%] [%]
0 Ti0, 0.41 - - - 0.41 n.d. -2.46  0.58+£0.36
1 BO375 nd. nd nd nd nd nd @ -2.86 0.58"

2 BO385 088 05 04 0 1.78 n.d. -5.57 1.8+0.8

3 BO38 1.7 054 03 04 294 0.12 -6.65 26+1.4
4 BO389 nd. nd nd nd nd 0.29 n.d. 2.2

5 BO412 145 0.71 - 0.61 277 048 -6.37 33£14
6 BO 416 0.80 1.10 2.10 - 4.00 n.d. -6.58 28+1.5
7 BO420 1.1 0.35 - 02 1.65 0.18 -8.30 21 +20°
8a BO441 135 03 - - 1.65 0.11 -4.67 92+7.0
8b BO442 126 0.35 - 034 195 0.19 -4.19 8.1+£5.0
8¢ BO443 126 032 - - 1.58 - -5.72 6.2+4.5
8d BO 444 0.68 0.29 - - 0.97 - -4.05 11.8+7.7

a) Determined via quasi elastic light scattering on an HORIBA particle size analyzer after redispersion
of the final product in MeOH. The value given is the average particle size and the standard deviation
as calculated by the HORIBA software. b) This value was determined using the particle size analyzer
“ZETA SIZER”. c) This measurement was performed right after the final treatment with Me;SiOEt.
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Figure 57. TGA traces of an empty cruscible, the TiO, substrate and selected functionalized particles.

A comparison of the carbon content of Runs BO 441 to BO 444 shows that the treatment with
TEOS and Mes;SiOEt effectuates a slight increase which is more pronounced, if the functional
silanes were used prior to the surface passivation (BO 441 - 443). This clearly points towards
the incorporation of the functional silanes. The photometric determination of thiol groups via
the Ellman test also points to the fact that thiol is present in the modified particles, however,
the sulphur content determined by this method is lower than the one determined by elemental
analysis. In order to test whether the thiol is indeed covalently bound to the particle surface
the following control experiment was conducted: A mixture of TiO, with (MeO);Si(CH,);SH
was sedimented and redispersed in MeOH in analogy to the work-up of the experiments from
Table 28. The washed particles did not contain any thiol which was revealed by a negative
Ellman test. This demonstrates that unbound thiol is efficiently removed from the reaction

mixture by the applied purification method.

9.6.3.4 Particle size

The particle sizes were measured in most cases by redispersion of the modified particles in
MeOH and characterization of the resulting dispersion via quasi-elastic light scattering
(HORIBA particle size analyzer). In some cases the particle size was also determined after
each modification step (Figure 58a). The surface activation with TEOS only resulted in a
moderate increase in particle size (Table 29, Entry 1). Activation with TiCly leads to a much
more pronounced initial increase in particle size. The subsequent treatment with TEOS in an
alcoholic ammonia solution effects a 2- to 20-fold increase in particle size and in broad
particle size distributions which results in the large error given in Table 29. In some cases the

particle size decreases slightly upon treatment with Me;SiOEt.
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Figure 58. Histograms of particle size distribution a) after each modification step of Run BO 420, and

b) after redispersion of reaction products BO 441 — 444 in MeOH.

9.6.3.5 BC-CP-MAS NMR

Figure 59 shows the >C-MAS NMR spectra of the reaction products of runs BO 441 — BO
444. These spectra clearly reveal that the groups which were introduced by the functional
silanes are present in the particles. The presence of CO,H is verified by the peak at 175 ppm;
its a-CH, group resonates at 28 ppm. The signals of further CH, groups reveal chemical
shifts between 5 and 15 ppm. Furthermore the spectra show that the hydrolysis of the Si-OMe
and Si-OEt-functionalities has not been completed during the reaction (signals at around 53

and 60 ppm).

CH,CH,OSi

R-COOH Additional Modification:
BO 444: None

BO 443: Carboxyethylsilane

BO 442: Mercaptopropylsilane

BO 441: Mercaptopropyl- and
Carboxyethylsilane

y T y T y T y T y T y
180 160 140 120 100 80 60 40 20 0
& [ppm]
Figure 59. "°C CP MAS NMR spectra of the final products of runs BO 441 — 444,
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9.6.4 Grafting Vinyl Monomers to Functional TiO, Particles

The modified TiO, particles that were obtained according to the conditions from Table 28
were dispersed in monomers and monomer mixtures, which were then polymerized. These
syntheses and the characterization of the resulting products are described in the next sections.
The results allow evaluation of the question whether the procedure according to Scheme 23
(page 174) is a viable method for the preparation of modified TiO, particles for

electrophoretic ink applications.

9.6.4.1 Synthesis

The functionalized particles were used in a further reaction to examine the grafting of
polymers to the thiol or methacryloyl group via a radical polymerization of different
monomers. The polymerization experiments comprising the functionalized particles resulting
from runs of Table 28 were carried out by dispersing the respective particles in a solution of
AIBN in the respective monomer. The individual experimental conditions are summarized in
Table 30. Oxygen was excluded from the reaction flask and the dispersion was heated to 65
°C (in some cases to 100 °C). The mixture solidified within 30 min to 2 h. The work-up
consisted in redispersion of the residue in THF (or toluene for PS) and three centrifugation-
redispersion steps.

Runs 1 — 6 were conducted in order to evaluate the influence of the functional units
towards the grafting behavior. In runs 7 — 14 the monomer-initiator ratio was varied for
methyl acrylate, methyl methacrylate and tert-butyl acrylate. Furthermore methacrylic acid
and acrylic acid were employed as comonomer. Runs 15 — 17 aimed at comparing whether
the addition of Me,Si(OEt), and MeSi(OEt); as surface functionalization reagents (Table 28,
Run 7) or the use of a solvent in the polymerization would be beneficial to the grafting
procedure. By introducing the more hydrophobic monomer n-butyl acrylate in runs 18 — 22
the enhancement of the dispersibility in hydrophobic media was anticipated.

The products resulting from the grafting polymerization were characterized via TEM,
elemental analysis and TGA as well as towards their dispersability in various solvents. These

results are presented in the next sections.
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Table 30. Composition of reactions carried out towards the grafting of polymers to functional TiO,
particles. The functional TiO, particles were dispersed in the solution of initiator in monomer (MMA
= methyl methacrylate, MA = methyl acrylate, MMAA = methacrylic acid, MAA = methyl
The dispersion was heated to 65°C, in some cases to 100 °C. After the
solidification of the reation mixture THF was added and the particles were isolated and purified via

methacrylic acid).

HO

Me;Si,

HS

Monomers

OH

three centrifugation-redispersion steps.

AIBN, 65°C

4 Run Substrate Reaction Conditions
Charge Functionality m [g] MMonomer [E] M) Monomers Yield [g]
1  BO423 BO385 none 0.2 1 143 MMA 0.5
2 BO450 BO 444 none 0.5 25 357  MMA 0.6
3 BO 449" BO 443 -COOH 0.5 25 357  MMA 0.7
4  BO448" BO 442 -SH 0.5 25 357  MMA 0.7
5 BO447" BO 441 -COOH + -SH 0.5 2.5 357 MMA 0.8
6 BO421” BO416 -0-CO-CMe=CH, 1 5 714  MMA 1
7  BO401 BO 389 -SH 1 5 71.4 MA 1
8 BO404 BO 389 -SH 1 2 71.4 MA 1
MA +
9 BO407 BO 389 -SH 1 18+02 714 o0 1
10 BO402 BO 389 -SH 1 5 714  MMA 0.9
11 BO405 BO 389 -SH 1 2 714  MMA 0.9
MMA +

12 BO408 BO 389 -SH 1 18402 714 G 1
13 BO403 BO 389 -SH 1 5 714  Bu-Acr 0.8
14 BO406 BO 389 -SH 1 2 714  Bu-Acr 0.8
15 BO415° BO412 -SH 1 5 71.4  Styrene 1.1
16 BO424° BO 420 -SH 1 5 714  Styrene 1
17 BO 4259 BO 420 -SH 1 71.4  Styrene 1.3
18 BO465 BO 441 -COOH + -SH 0.5 25 35.7 BA 0.7
19 BO466 BO 442 -SH 0.5 25 35.7 BA 0.6

a) Mass of the radical initiator AIBN used in mg. b) The mixture was heated to 100 °C. c) Toluene
was used for the work-up. d) 10 g of benzene were added as solvent to the reaction mixture.
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9.6.4.2 Thermogravimetric Analysis, Elemental Analysis, and TEM

Table 31 summarizes results from elemental analysis and TGA measurements under air. If
oxygen was present in the monomer, the O content was extrapolated from the C content and

the sum formula of the respective monomer.

Table 31. Elemental analysis and thermogravimetric data acquired with the reaction products from
Table 30. If no value is given for the N or S content it was below the detection limit.

Initial Flemental Analysis TGA under air

# Run functiona-
u unctiona C[%] H[%] N[%] S[%] O[%]a) Sumb) [%] Am/m Ty T

lization [%] [°C] [°C]
1 BO423 none 1.71 0.63 0.40 - - 2.74 -8.13
2 BO 450 none 1.41 0.40 - - - 1.81 -4.59
3 BO449 -COOH 2.10 0.46 - - - 2.56 -6.1
4 BO 448 -SH 7.16 1.21 - 0.30 3.82 12.49 -14.2 343
5 BO 447 _C?SOHHJF 10.91 1.76 - - 5.81 18.48 -194 144 349

6 BO 421 -MPS 18.07 241 0.13 0.05 9.63 30.29 -31.8 142 344

7 BO 401 -SH 21.68 2.98 0.12 0.45 12.84 38.07 -39.2 356
8 BO 404 -SH 21.25 2.93 0.13 0.48 12.58 37.37 -30.1 354
9 BO 407 -SH 19.61 2.70 0.13 0.42 11.61 34.47 -39.1 340
10 BO 402 -SH 19.78 2.88 0.12 0.50 10.54 33.82 -342 150 343
11 BO 405 -SH 16.44 2.44 0.12 0.46 8.76 28.22 282 131 345
12 BO 408 -SH 16.85 2.55 0.13 0.47 8.98 28.98 294 145 353
13 BO 403 -SH 19.05 2.96 0.14 0.54 9.52 32.21 222 217 337
14 BO 406 -SH 20.54 3.13 0.13 0.49 10.26 34.55 -32.8 214 331
15 BO 415 -SH 17.49 1.94 0.60 20.03 -23 334
16 BO 424 -SH 14.89 1.54 16.43 -17.8 338
BO
17 425 -SH 5.58 0.75 6.33 -8.69
18 BO 465 -COOH 8.75 1.44 0.10 13.62 -15.1 287
+-SH
19 BO 466 -SH 10.34 1.66 0.29 16.23 -18.3 316

a) This value was extrapolated from the C content and the sum formula of the respective monomer if
oxygen was present in the monomer. Only the C/O ratio of the major monomer was considered if
monomer mixtures were grafted. b) Sum of weight percent of all determined elements.

The most striking result from comparing data from TGA measurements and elemental
analysis in Table 31 is that the content of combustible material increases by the
polymerization procedure exclusively, if a polymerizable group, namely, the thiol- or

acrylate-moiety, was immobilized to the TiO, particles prior to the polymerization. Runs BO
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423, BO 449 and BO 450 (entries 1 — 3) show a C-content that is not significantly different
from the respective starting materials (see entries 2, 8c, and 8d in Table 29 on page 182; BO
385, BO 443, and BO444, respectively). On the other hand, if a group capable of mediating
the grafting is present, a significant amount of polymer remains in the reaction product after
the work-up. Grafting of MMA to functional particles without covalent attachment should
result in a small mass loss as determined by TGA (below 10%). The grafting experiments in
bulk monomer with TiO,-SH derivatives give Am/mg values between —14 and —39%. Also an
onset temperature only prevails if a thiol or methacryloyl moiety is present on the substrates
(Figure 60a). The weight percent of combustible elements and the weight loss determined via

TGA are mostly in good agreement.
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Figure 60. a) TGA traces of modified TiO, particles prior (gray) and after (black) subjecting them to
the grafting procedure (prior to grafting: Table 28, entries 8a — d, after grafting: Table 30, entries 2 -
5). Only the products BO 447 and BO 448 (Entries 5 and 4, Table 30) that have also been modified
with a thiol group show an onset temperature of 349 °C and 343 °C, respectively. In case of BO 449
and BO 450 the grafting step did not influence the TGA result. b) TGA traces of functionalized TiO,
particles that were subjected to the grafting procedure with different monomers (Table 30, entries 7,

10, 13, 15, 18).
Theoretically, a decrease in initiator concentration should result in an increase in the degree of
polymerization, thus also in an increase in the amount of polymer on the particles after
grafting. This theoretical predicton is only fulfilled for MMA. The particles emerging from
the modification with a mixture of Me,Si(OEt),, MeSi(OMe)s, and (MeO);Si1(CH;);SH do not
show an enhanced functionalization with polystyrene (Table 31, entries 15 and 16), Neither
does the addition of benzene lead to augmented polymer content (Table 31, entries 17, and
16). The amount of grafted polymer is actually decreased.

A comparison of TEM micrographs prior and after grafting shows that there is no
change in particle morphology (not shown). Furthermore, it was not possible to detect a shell

or coating that could be ascribed to the polymer grafted onto the particles.
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9.6.4.3 Dispersability and Particle Size

Figure 61a-c shows particle size distributions of a dispersion of thiol- and carboxy-modified
particles (BO 441 and BO 442) in MeOH and a dispersion of these particles after modification

by radical dispersion polymerization with different monomers in different hydrophobic

solvents, namely octane and toluene.
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Figure 61. Juxtaposition of particle size distributions of TiO,-particles prior to the grafting of
polymers in MeOH and after grafting and redispersion of the reaction product in hydrophobic

solvents. In a) and b) thiol- and carboxy-functionalized particles were used. The particles used for ¢)
exclusively carried a thiol-functionality.

The particle size distribution of the dispersion of PMMA-grafted particles (Figure 61a) has a
considerable fraction of larger particles, if dispersed in octane, which points to the fact that
these particles are not readily dispersible in this solvent. The particle size distribution of the
particles modified with PBA in octane (Figure 61b-c) are comparable to the one of the
particles prior to modification in MeOH, which is consistent with the fact that these particles
are dispersible in this solvent. Furthermore, dispersions of the grafted particles in toluene
show a fraction of smaller particles, which was not present in the substrate particles BO 441
and BO 442. This fact is rather surprising.

Experiments carried out towards the dispersion of the TiO, particles synthesized in
this work in dielectric media used for to electrophoretic ink revealed that the particles are due

to their poor dispersability not suitable for this application.
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9.6.5 Summarizing Discussion and Conclusion
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Scheme 25. Summary of experiments conducted towards the modification of TiO, leading to COOH-
and SH-carrying particles via the hydrolytic cocondensation of functional silanes onto an activated
particle surface (runs 8a — d, Table 28). Subsequent grafting experiments showed that grafting was
only possible if a polymerizable group, e.g., thiol, was immobilized to the particle surface.

By the reaction sequence shown in Scheme 25, rutile particles, which were functionalized
with the desired COOH-group and different polymers were acquired. The sequence consisted
in particle activation via TiCly in water, growth of a shell of small silica particles around the
activated TiO, core using Si(OEt)s in a hydrolytic mixture containing MeOH, NH; and H,O
(see TEM micrographs in e.g., in Figure 54 on page 180). Addition of functional silanes 70,
71 and 69 led to their incorporation into the SiO; shell. The coating with SiO, particles was
frequently accompanied by a particle aggregation, however, the final particle size potentially
still allows their use in electrophoretic displays. The functionalization of the TiO, was
indirectly proven by elemental analysis and TGA-measurements. The incorporation of the
functional silanes was directly proven for the thiol groups by elemental analysis and the
photometric Ellman test. The presence of carboxy groups was shown by solid state NMR.
Subjecting the functionalized particles to a radical dispersion polymerization in different
monomers yielded polymer-functionalized particles, if a polymerizable group, namely, the
thiol or methacryloylgroup, was present. The amount of incorporated polymer was typically
between 20 and 30 wt%, as shown by elemental analysis and TGA. Although this is a higher

1391 ysing a similar reaction strategy and grafting

polymer content than achieved by others
conditions, this amount of polymer is not large enough in order to effectively delay
sedimentation within an electrophoretic pixel. If butyl acrylate was used for the grafting
procedure, the particles were dispersible in octane. The reaction products of the grafting
procedure were evaluated for their suitability as pigments in an electrophoretic display.

However, they revealed poor dispersability in paraffin oil and were therefore not suitable.!*"
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9.7 Experimental Procedures for TiO, Particles Modification

9.7.1 Particle Functionalization

The types and quantities of reagents that were used for surface activation and
functionalization are summarized in Table 32. A typical procedure is described below.

Surface activation via TiCly: In a typical procedure a solution of TiCls (1.9 g 10 mmol) in
water (5 ml) is added to a dispersion of TiO; (6 g) in water (15 ml) at 60°C. After 30 min of
stirring, a solution of NHj (2.24 g of a 25w% solution in water, 132 mmol) in MeOH (146 ml)
was added to the dispersion, after which a solution of TEOS (2 g, 9.6 mmol) in MeOH (50
ml) is added dropwise to the alkaline TiO, dispersion. The reaction mixture is stirred
overnight at 40°C. Then, (MeO);Si(CH,);-SH (and possibly other compatible, functional
silanes) is added dropwise to the reaction mixture. If a COOH-group should be incorporated
into the particles, NaOSi(OH),-CH,CH,COONa (25w% in water) is added via an extra
dropping funnel. The reaction mixture is stirred overnight and finally the particle dispersion
is passivated by adding Me;SiOEt (2 g, 16.9 mmol). Work-up consists of three
centrifugation-redispersion-steps in MeOH or EtOH, which was acidified with HCI in order to

prevent disulfide-formation of the surface-bound thiols.
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Table 32. Experimental parameters during particle surface modification (see section 9.7.1).

TiO,  Disp. Media TiCly-Treatment Hydrolytic Mixture
% Run m"  Type V.o imrce nrice Vino” mmo | maw?  omws ommo” VY
i3
[e] [ml] | [g] [mmol] [g] [mol] [g] [mol] [mol] [ml]
1 BO375¢ EtOH 100 1.64 0.024 0.068 38

2
2 BO38 2 Water 15 19 10 5 0277 895 0.132 037 146
3 BO38 2  Water 15 19 10 5 0277 895 0.132 037 146
4 BO389 6  Water 45 2 11 15 0.833 39 0574 1.63 445
5 BO412 | 6  Water 45 | 2 11 15 0.833] 39 0574 1.63 445
6 BO416" 6 2 11 15 0833 39 0574 1.63 445
7 BO420 6  Water 45 2 11 15 0.833 39 0574 1.63 445
8 BO441 6  Water 45 @ 2 11 15 0.833 39 0574 163 445

a) mass of TiO, particles used for the modification (TIONA 568 from MILLENIUM). b) Volume of
water added during the TiCly-treatment. ¢) Mass of NH;-solution (25% in water) d) Moles of water added
with the NH;-solution. e) Volume of MeOH added to the hydrolytic mixture. f) Volume of EtOH used to
dilute the respective reagent prior to its dropwise addition. g) An additional 5 ml of water was added to
the hydrolytic mixture. h) (MeO);Si(CH