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Abbreviations 

A acceptor 
abs absorption 
BuOH butanol 
bpy 2,2´-bipyridine 
CH2Cl2 dichloromethane 
D donor 
DCC N,N´-dicyclohexylcarbodiimide 
DFT density functional theory 
DMAP 4-dimethylaminopyridine 
DMF dimethylformamide 
DMSO dimethylsulfoxide 
dqp 2,6-di(quinolin-8-yl)pyridine 
dqPhH 1,3-di(quinolin-8-yl)benzene 
dqxp 2,6-di(quinoxalin-5-yl)pyridine 
DPA 9,10-diphenyl-anthracene 
E electrochemical potential, energy 
EDC·HCl 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride 
em emission 
EPR electron paramagnetic resonance 
ESI electrospray ionization 
Et ethyl 
G free energy 
HOBt N-hydroxybenzotriazole 
HPLC high pressure liquid chromatography 
I intensity 
isc intersystem crossing 
J coupling constant 
k rate constant 
L ligand 
LC (analytical) liquid chromatography, 

ligand-centered 
MC metal-centered 
Me methyl 
MeCN acetonitrile 
MeOH methanol 



 

MLCT metal-to-ligand charge transfer 
MS mass spectrometry 
MV2+ methyl viologen 
NEt3 triethylamine 
NMR nuclear magnetic resonance 
nr non-radiative 
obs observed 
ox oxidized 
P photosensitizer 
Ph phenyl, phenylene 
phen phenanthroline 
py pyridine 
Q quencher 
qu quinoline 
R substituent 
red reduced 
rt room temperature 
tpy 2,2´:6´,2´´-terpyridine 
TMS trimethylsilyl 
TTF tetrathiafulvalene 
ttpy 4´-p-tolyl-2,2´:6´,2´´-terpyridine 
UV ultra-violet 
  
ε extinction coefficient 
λ wavelength 
τ lifetime 
Φ quantum yield 
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1 Introduction 

Our contemporary way of life consumes large amounts of energy, e.g. pro-
duction of goods, transportation, heating and cooling. Fossil fuels are the 
primary source of energy, but their extensive use has lead to environmental 
consequences.1 Lewis and Nocera estimated the energy demand in 2050 to 
41 TW − which is an increase by 27 TW compared to the consumption of 
2001.2 This large gap can not be filled by existing technologies, and alterna-
tive sources of energy are needed.1, 2 Sunlight is one of the most promising 
options, as it is a cheap, renewable and clean source of enormous amounts of 
energy. Although solar cells already allow the conversion of light energy, the 
efficient storage of large amounts of electricity remains to be solved. Instead, 
the conversion into chemical bond energy is an attractive alternative, as 
demonstrated by photosynthesis in Nature: plants utilize sunlight to convert 
carbon dioxide and water to carbohydrates and oxygen (Equation 1). In-
spired by the success of natural photosynthesis, much research has been de-
voted to understand the sophisticated mechanisms, and from this knowledge 
propose new solutions to the energy problem. 

1.1 Natural and artificial photosynthesis 
In photosystem II, the antenna chlorophylls absorb sunlight and funnel the 
energy to the reaction center (P680). The excited P680 initiates an electron 
transfer cascade in which quinone B acts as the final electron acceptor. The 
reducing equivalents are consumed to generate carbohydrates in secondary 
steps. The oxidized P680+ molecule is reduced by a Mn4Ca-oxo cluster to 
allow the next electron transfer cascade to occur. After fourfold oxidation of 
the cluster, the catalytic cycle to form molecular oxygen from water is 
closed.3, 4 The overall chemical reaction in natural photosynthesis is given in 
Equation 1.  

 

 
The requirements for the light driven production of energy-rich substances 
are generalized by the concept of artificial photosynthesis.5, 6 In its most 
fundamental form, a photosensitizer (P) absorbs photons and shuttles elec-
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trons stepwise from a donor (D) to an acceptor (A) site (Scheme 1), which 
drives the generation of molecular oxygen and a fuel, e.g. hydrogen.  

In the field of artificial photosynthesis, early studies focused on multi-
component systems, which showed no control of the photo-produced oxi-
dant/reductant pair.7 As a result, research in the 1980´s used a supramolecu-
lar approach to mimic parts of the light-induced reactions in natural photo-
synthesis. The components were linked together to form dyads, triads etc. A 
large number of these systems have been studied, often with RuII polypyridyl 
complexes or porphyrins acting as photosensitizers connected to various 
electron acceptors/donors.8-11 In the Swedish consortium for artificial photo-
synthesis, RuII polypyridyl complexes linked to Mn complexes are studied, 
designed to mimic the donor side of photosystem II.12-17  

Recently, there has been a renewed interest in dyads for photoinduced 
hydrogen production.18-21 Also, the challenging goal of the four-electron 
oxidation of water has attracted much attention which stimulated the devel-
opment of active molecular catalysts for homogeneous water oxidation.22-26 

 

Scheme 1. The concept of artificial photosynthesis illustrated for water splitting 
using sunlight. A photosensitizer (P) shuttles electrons from a donor (D) to an ac-
ceptor (A) site, which drives the generation of O2 and H2, respectively. 

As a result of intensive research it has been realized that the success of arti-
ficial photosynthesis requires a well tuned interplay of the functional units, 
each tailored for a specific task. The strength of this approach stems from the 
“modular” character, which allows the (facile) assembly of individually op-
timized components to a working device. We therefore need to continue our 
search for these optimized units and combine them in functional devices for 
efficient production of energy-rich substances. Such an achievement would 
have a remarkable positive impact on our energy future!   
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2 Fundamental aspects 

In this chapter, the general requirements of a suitable photosensitizer are 
introduced and the relevant properties of RuII polypyridyl complexes are 
discussed. Finally, fundamental photochemical reactions are introduced 
which are relevant to artificial photosynthesis.  

2.1 General requirements of the photosensitizer  
Due to the complex task of the photosensitizer, the ideal compound has to 
fulfill some important criteria: 

 
• strong absorption in the relevant spectral region 
• suitable redox properties of the ground and excited state 
• sufficiently long-lived excited states to allow photochemical 

reactions 
• chemical stability in the ground and excited state 
• geometrical features to control the electron transfer steps in 

supramolecular  assemblies 
 

RuII polypyridyl complexes combine remarkable photophysical and redox 
properties,27 and their high practical value as photoactive components is 
evident from the extensive use in different areas, e.g. solar energy related 
research,5, 6, 27-31 molecular wires32-34 and machines,35 and  sensors.36 
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2.2 Photophysical and redox properties of RuII 
polypyridyl complexes 

The prototypical complex [Ru(bpy)3]
2+ (1) consists of three 2,2´-bipyridine 

(bpy) ligands centered around the RuII ion in an octahedral geometry (Figure 
1). The complex shows reversible redox chemistry with a one-electron 
metal-centered oxidation at +0.88 V and ligand-based reductions at -
1.74, -1.93, and -2.17 V, respectively (vs. Fc).27 

 

Figure 1. Molecular structure of [Ru(bpy)3]2+ (1) (left) and [Ru(tpy)2]2+ (2) (right). 

The absorption spectrum of 1 is dominated by intense ligand-centered (LC) 
transitions at 285 nm (ε~ 8×104 M-1cm-1) and in the visible region by a 
strong metal-to-ligand charge transfer (1MLCT) band at 452 nm (ε ~ 1.3×104 
M-1cm-1). After excitation, the 1MLCT state converts via intersystem cross-
ing (isc) to the 3MLCT excited state in less than 1 ps with unity efficiency 
(Scheme 2).37-39  

 

Scheme 2. Photophysical processes typical for RuII polypyridyl-based complexes. 
Radiative processes (filled arrows), non-radiative processes (dashed arrows), pho-
tophysical properties in brackets. 

In the absence of an external quencher, the excited state decays to the ground 
state with a lifetime of 900 ns in MeCN at 298 K.27 The lifetime τ is given 
by Equation 2 in which the rate constants kdd, knr,, and krad denote population 

1 2
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of a nearby MC state, non-radiative, and radiative decay, respectively. The 
phenomenon of emission is the key feature to probe and study the properties 
of the excited state. [Ru(bpy)3]

2+ displays fairly strong emission around 610 
nm with a quantum yield of 0.06,27 and is frequently used as a reference 
according to Equation 3.a The contributions of radiative and non-radiative 
decay can be calculated using Equations 4 and 5, respectively.  
 

ddnrradi
obs kkkk ++

=
Σ

= 11τ  (2) 
ref

ref

ref

ref
em I

I
Abs

Abs
n
n Φ×××=Φ    (3) 

 

obs

em
radk

τ
Φ=               (4) 

obs

em
nrk

τ
Φ−=Σ 1

 (5) 

The activated crossing to the nearby metal-centered (MC) state (kdd) is often 
contributing to the deactivation of the 3MLCT state (Scheme 2). The metal-
centered state is short-lived leading to rapid decay to the ground state. In 
[Ru(bpy)3]

2+, the energetic splitting of the 3MC state versus the 3MLCT state 
(ΔE) is 3600 cm-1 which leads to a long-lived 3MLCT state.27  

However, the energetic splitting ΔE in the related complex [Ru(tpy)2]
2+ 

(2) (tpy is 2,2´:6´,2´´-terpyridine) is only 1500 cm-1 and results in efficient 
thermal population of the 3MC state at room temperature followed by rapid 
non-radiative decay.40 As a result, [Ru(tpy)2]

2+ has a very short lifetime (τ = 
0.25 ns)41 and low emission quantum yield (φ < 10-4). 

2.3 Photochemical processes  
In the presence of a quencher (Q), additional processes may contribute to the 
deactivation of the 3MLCT state of the photosensitizer (*P2+, e.g. 
[Ru(bpy)3]

2+). The fundamental reactions, energy transfer (EnT) and electron 
transfer (eT), are shown in Equations 6-8.  
 

 

                               
a The parameters n and nref denote the refractive index of the sample and the reference, respec-

tively. The absorbance at the excitation wavelength is expressed by Abs and Absref while I 
and Iref represent the integrated emission peak of the sample and the reference, respectively. 



 14 

Energy transfer yields the excited quencher (*Q), while electron transfer 
leads to reduced (Q−) or oxidized (Q+) quencher. The redox properties of the 
excited photosensitizer, E(P3+/2+*) and E(P2+*/+), can be calculated according 
to Equations 9 and 10 from the ground state potentials, E(P3+/2+) and E(P2+/+), 
respectively. These formulas represent the shift of oxidation or reducing 
power by the excited state energy (E0-0), which is available from low-
temperature emission data. Hence the driving force for the one-electron 
transfer to an acceptor (A) is calculated according to Equation 11.42, b 

 

00
2/3*2/3 )()( −

++++ −= EPEPE   (9) 

00
1/2/*2 )()( −
++++ += EPEPE   (10) 

00
//0 )()( −−−=Δ EAEPEG redoxredox  (11) 

 
As a result of electron transfer, highly reactive photoproducts are generated. 
They usually undergo unproductive recombination processes if no further 
charge separation occurs, either by diffusion in non-linked (bimolecular) 
systems or secondary electron transfer steps in supramolecular assemblies. 
The latter approach offers the possibility to control the rates by an adjustable 
link, and much research has been devoted to investigate the factors behind. 
In particular, linear D-P-A assemblies are attractive as they ensure maximal 
distance between the oxidant/reductant pair and consequently minimize the 
recombination rate of the charge separated states. The potential of the su-
pramolecular approach is evident from the long lifetimes of the charge sepa-
rated state obtained in triads compared to dyads.  

                               
b In Equation 11 the work term arising from coulombic interactions is omitted. 
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3 Motivation and aim of the thesis 

The motivation of this work is to combine favorable geometrical and photo-
physical properties in RuII polypyridyl complexes, and study their electron 
transfer processes with donor and/or acceptor units. This fundamental quest 
was recently phrased by V. Balzani: “…in this regard, it should be noted that 
the photoactive components presently used are very limited in number. 
Therefore, there is a need to extend basic research in order to discover novel 
mononuclear coordination compounds capable of exhibiting long excited-
state lifetimes, reversible redox behavior, and stability toward photodecom-
position.”43 

This thesis is based on the results from the synthesis and characterization of 
RuII polypyridyl-type photosensitizers with long-lived excited states, which 
are amenable for linear donor-photosensitizer-acceptor (D-P-A) assemblies.  

 
• In Chapter  4, a novel approach towards linear donor-acceptor as-

semblies using a [Ru(bpy)3]
2+-based photosensitizer is discussed 

(Paper I).  
• In Chapter  5, a strategy to improve the photophysical properties in 

RuII bistridentate complexes by optimizing the geometry is intro-
duced (mainly Paper II).  

• In Chapter  6, the synthetic routes to these functionalized RuII bistri-
dentate complexes are presented (Papers III, IV and V).  

• In Chapter  7, the photophysical properties and typical photochemical 
reactions of the RuII bistridentate complexes are investigated (Paper 
IV and Appendix).  

• In Chapter  8, the synthesis of FeII and RhIII complexes as well as 
cyclometallated and aza-analogues of the bistridentate RuII com-
plexes is presented (Appendix). 
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4 5,5´-Disubstituted bpy as ligand in 
[Ru(bpy)3]

2+-based complexes 

In this chapter, a strategy to construct linear donor-acceptor assemblies 
based on [Ru(bpy)3]

2+ (1) as photosensitizer and benzoquinone as acceptor is 
presented. The synthesis of two P-A dyads using the 5,5´-positions of bpy is 
discussed, and the photochemical processes are studied with regards to the 
directionality of the linkage motif. 

4.1 Introduction  
In the construction of D-P-A assemblies based on [Ru(bpy)3]

2+, the donor 
and acceptor units are often attached in the synthetically versatile 4-position 
of two different bpy ligands. However, this approach leads inevitably to the 
undesired formation of geometrical isomers where only one has the optimal 
trans arrangement (Figure 2). Although elegant solutions to circumvent this 
problem have been presented, e.g. the synthesis of tetradentate (bis-chelate) 
ligands based on 1,10-phenanthrolines that allow the selective synthesis of 
trans isomers,44 most studies have been concerned with isomeric mixtures.  

 

Figure 2. a) Two of possible four geometrical isomers in a D-P-A assembly for 
[Ru(bpy)3]2+ b) D-P-A assembly  using the 5,5´-positions in [Ru(bpy)3]2+. 

A similar linear geometry in a D-P-A assembly is envisioned if the donor 
and acceptor units are attached in the 5,5´-positions of the same bipyridyl 
ligand. A potential problem with such a strategy is the limited possibility to 
control excited state localization. For example, studies on a series of Ru-Mn 
complexes showed a decrease of the quenching rate by three orders of mag-
nitude when the excited state was localized on a remote bipyridyl ligand.14 
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However it is believed that a polarization towards the acceptor could be 
achieved by means of an asymmetrically substituted bpy, in a similar fashion 
as the polarization towards the more electron-deficient pyridine reported by 
Meyer and co-workers.45, 46  

The amide group was chosen as the link of preference as it is synthetically 
versatile and provides some structural rigidity to the assembly. An asymmet-
rically substituted bisamide-bipyridyl ligand was linked to a common elec-
tron acceptor, benzoquinone, in the two possible directions of the amides. A 
common precursor to both P-A dyads, 5´-amino-2,2´-bipyridine-5-
carboxylic acid,47 was believed to be a versatile intermediate for the synthe-
sis of unsymmetrical arrays based on [Ru(bpy)3]

2+, although an unusually 
low reactivity for the amino group has been reported.48 Inspired by the utili-
zation of functionalized tris-bipyridyl RuII complexes in artificial metallpro-
teins,49, 50 we set out to explore synthetic possibilities towards D-P-A assem-
blies using the 5,5´-positions of bpy. 

4.2 Synthesis  
5´-Amino-2,2´-bipyridine-5-carboxylic acid hydrochloride (8) was prepared 
adopting a literature procedure (Scheme 3).47    

 

Scheme 3. Synthesis of 5´-amino-2,2´-bipyridine-5-carboxylic acid hydrochloride 8. 

Oxidation of 5,5´-dimethyl-2,2´-bipyridine (3) with potassium permanganate 
followed by esterification gave 4.51, c Treatment of 4 at 80 °C with hydrazine 
hydrate formed the asymmetric mono-hydrazine derivative 5 in modest 
yields.d After treatment of 5 with sodium nitrite under acidic conditions, the 
                               
c Attempts to homo-couple ethyl nicotinate to give 4 resulted in lower yields than reported 

and oxidation of 3 was the preferred route. 
d Further attempts to improve the reaction conditions resulted only in the formation of the 

undesired di-hydrazine product. 

8

4 3 

5 6

7



 18 

isolated mono-azido compound 6 was thermally rearranged to the mono-
carbamato derivative 7. Hydrolysis under basic conditions finally gave the 
desired 5´-amino-2,2´-bipyridine-5-carboxylic acid as its hydrochloric salt 8. 

 

Scheme 4. Synthesis of 5,5´-disubstituted bpy (9-13). 

The bisamide functionalized bpy ligands were synthesized by initial “protec-
tion” of either side of 8 followed by functionalization with a potential 
quinone precursor (Scheme 4). Acetylation of 8 using acetic anhydride and 
triethylamine at 80 °C gave 9.50 The reaction of 9 with thionyl chloride gen-
erated the intermediate acid chloride, which was subsequently converted to 
the bisamides 10 or 11 using iso-propylamine or 2,5-dimethoxy-benzyl 
amine, respectively. In line with previous reports,48, 49 the use of standard 
peptide reagents (e.g. EDC/HOBt, DCC/DMAP) resulted in low yields.   

Functionalization of the carboxylic acid group in the first step using a 
suitable activating group was expected to be more problematic due to the 
potential reactivity of the amino-group. Consistent with previous results, no 
reaction was observed using standard peptide coupling protocols. However, 
using thionyl chloride in benzene allowed the direct synthesis of 12 in 43% 
yield without protection/deprotection of the amino group. Subsequent reac-
tion with 2,5-dimethoxyphenyl acetic acid using DCC/DMAP as coupling 
agents gave the bisamide 13. 

8 

13

9

10 

11

12
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Scheme 5. Synthesis of [Ru(bpy)2(R1-CONH-bpy-CONH-R2)]2+ (14-18). 

The RuII complexes 14, 15 and 17 were prepared from cis-Ru(bpy)2Cl2·2H2O 
and one equivalent of the ligand (Scheme 5). Prolonged heating in EtOH 
resulted in partial deacetylation of the aromatic amine. This effect was more 
pronounced for the dimethoxybenzene-substituted complexes 15 and 17, and 
the attempts to purify the reaction mixture by conventional column chroma-
tography were unsuccessful. However, shorter reaction times using 
EtOH/H2O mixture to facilitate chloride loss minimized deacetylation and 
the complexes were purified by preparative HPLC. The oxidation of the 
dimethoxybenzene unit was performed in one step using CeIV in a biphasic 
system (CH2Cl2/H2O) in the presence of excess NH4PF6. The course of the 
reaction was followed by LC-MS which revealed only minor amounts of by-
products. The crude material was purified by HPLC chromatography and 
gave pure fractions according to LC-MS analysis. However, subsequent 
isolation of complexes 16 and 18 from the eluent mixture (MeCN/H2O + 0.1 
% formic acid) resulted in partial decomposition. Due to their high water 
solubility, an excess of NH4PF6 was needed to extract complexes 16 and 18 
into the organic layer, and the isolated complexes contained residual 
NH4PF6. 

4.3 Electrochemical and photochemical properties 
The parent alkyl-substituted complex 14 shows a reversible one-electron 
ligand-based reduction, which is shifted by 130 mV to less negative poten-
tials compared to [Ru(bpy)3]

2+. A similar behavior was found for 15−17 sug-
gesting a lowest excited state which is localized on the substituted bpy 
ligand. 

14 
15 
16 
17 
18 
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Figure 3. Molecular structures of the Ru-benzoquinone dyads 16 (left) and 18 
(right). 

The complexes 16 and 18 contain a redox-active benzoquinone connected 
via a methylene group to the amide group (Figure 3). Both complexes are 
expected to have similar distances between the benzoquinone and the RuII 
center. Upon excitation, dyads 16 and 18 undergo electron transfer from the 
excited state to the benzoquinone on the short nanosecond timescale, fol-
lowed by fast charge recombination to the ground state. The excited state 
lifetimes of 16 and 18 are in the same order, and no significant effect of the 
direction of the amide bond can be concluded from the preliminary experi-
mental data (Table 1). However, additional factors apart from the direction-
ality may contribute to the observed rates, e.g. hydrogen bonding between 
the amide and the quinone. This may result in different driving forces for 
complexes 16 and 18 and could, in principle, counterbalance the inductive 
and mesomeric effect of the amide substituent. In order to obtain more accu-
rate data, pure batches are needed. A promising alternative strategy is the 
initial oxidation of the dimethoxy-benzene unit, followed by coordination 
and careful chromatographic purification and isolation.  
 

Table 1. Electrochemical and photophysical properties.  

E1/2 [V]b Photophysical properties c 

Complexa 
RuIII/II Q L0/- 

Abs 
[nm] 

Em 
[nm] 

τ  [ns] Φ 

1d 0.88 - -1.74 451 621 890 0.059 
14 0.91 - -1.61 n.d. n.d. n.d. n.d. 
15 0.90 - -1.59 453 646 1010 0.041 
16 0.92 -0.72e -1.53e 453 646 1.6f 0.010f 
17 0.91 - -1.61 453 646 1090 0.050 
18 n.d. n.d. n.d. 453 646 0.4f 0.024f 

a  As PF6
- salts. b TBAPF6, MeCN, 0.1 V/s, vs. Fc+/0. c 298 K, deoxygenated MeCN 

solutions. d ref. 27. e DPV peak potential. f preliminary data.  

16 18
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4.4 Summary 
The synthesis of five 5,5´-disubstituted [Ru(bpy)3]

2+-based complexes is 
presented. However, the chosen synthetic strategy was complicated due to 
deacetylation in the coordination step and tedious isolation after oxidation of 
the Ru precursors. Instead, oxidation to the quinone before coordination is 
suggested to circumvent the synthetic obstacles. The excited state in both 
Ru-benzoquinone dyads is quenched by fast electron transfer to the quinone 
acceptor, followed by rapid charge recombination. From the preliminary 
data, the role of the link between the photosensitizer and the quinone re-
mains unclear. Although the use of the amide link resulted in synthetic diffi-
culties, the possibility to access linear donor-acceptor assemblies based on 
[Ru(bpy)3]

2+ is demonstrated. 
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5 Novel bistridentate RuII polypyridyl 
complexes, the [Ru(dqp)2]

2+ prototype  

In this chapter, a strategy to improve the photophysical properties of RuII 

bistridentate complexes is presented. The synthesis of [Ru(dqp)2]
2+ (dqp is 

2,6-di(quinolin-8-yl)pyridine) is followed by structural characterization of 
[Ru(dqp)2]

2+ and the fundamental photophysical and redox properties are 
presented.  

5.1 Introduction 
The unfavorable D3-symmetry of [Ru(bpy)3]

2+ limits its use as the photo-
active component in linear D-P-A assemblies. Instead the [Ru(tpy)2]

2+ proto-
type allows the linear arrangement of donor and acceptor units along its 
C2�axis using the 4´-positions of tpy (Figure 4, right).41 Although 
[Ru(tpy)2]

2+ has similar absorption and redox properties as [Ru(bpy)3]
2+, one 

striking difference has limited the use of this chromophore. The low ener-
getic splitting between the 3MC and 3MLCT excited state (ΔE) leads to effi-
cient population of the 3MC state and therefore rapid non-radiative deactiva-
tion. As a result, [Ru(tpy)2]

2+ has a very short excited state lifetime of only 
0.25 ns.41  

 

Figure 4. (left) General strategy to reduce 3MLCT excited state deactivation via 
3MC states. An increase of the 3MC state energy (ΔMC) or decrease of the 3MLCT 
state energy (ΔMLCT) is depicted in bold arrows. (right) The molecular structure of a 
[Ru(tpy)2]2+-based linear D-P-A assembly. 
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The strategies to improve the excited state lifetime aim to increase the ener-
getic splitting (ΔE), either by lowering the energy of the 3MLCT state 
(ΔMLCT) or by increasing the energy of the 3MC state (ΔMC) (Figure 4, left).40, 

52 This has been achieved by substitution in the 4´-position,53 incorporation 
of stronger σ-donors54, 55 (e.g. cyclometallating ligands56-58 and carbene li-
gands55), or extending the delocalization of the accepting π−system.59-61 
However, a prolonged lifetime is often accompanied by lower excited state 
energies. Another strategy is the bichromophoric approach40, 52, 62-65 where an 
appended organic unit acts as an energy reservoir which repopulates the 
emissive 3MLCT state. Indicated by the low emission quantum yields,62 the 
deactivation pathways are still rapid and compete with photochemical reac-
tions of the 3MLCT excited state. Therefore this approach is of limited use 
for the aim of charge separation in linear D-P-A assemblies.  

 

Figure 5. Bistridentate RuII complexes: [Ru(bpy-CH2-py)2]2+ (19) (left) and 
[Ru(phen-qu)2]2+ (20) (right). 

An alternatively strategy has recently been reported by our group with the 
aim to improve the geometry around the RuII center.66-68 The low splitting 
(ΔE) is attributed to the weak ligand field of tpy caused by the unfavorable 
bite angle. Consequently, a larger bite angle of the tridentate ligand would 
ideally lead to a stronger ligand field and therefore improved photophysical 
properties.69 Based on this rational, a series of complexes was studied where 
some of the five-membered chelates of [Ru(tpy)2]

2+ were replaced by six-
membered chelates (Figure 5).66-68 Complex 19, which contains a methylene 
link between the bipyridine and the pyridine unit (Figure 5), shows a 60-fold 
increase in excited state lifetime compared to [Ru(tpy)2]

2+.66 Prolonged life-
times were also observed in a series of substituted complexes, but a certain 
photo-instability was noticed,67 which was later addressed by the use of fully 
aromatic ligands with restricted flexibility as shown for complex 20 (Figure 
5).68, 69  

  

19 20 
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5.2 Synthesis 
The trend of increased excited lifetimes led to the design of a ligand that 
exclusively gives six-membered chelates upon coordination. The tridentate 
ligand dqp (23) consists of two pendant quinoline units attached to a central 
pyridine ring. In such a structure, the 4-position of the pyridine is available 
to construct linear D-P-A assemblies which is further supported by DFT 
calculations that predicted an almost ideal octahedral geometry of the ho-
moleptic complex [Ru(dqp)2]

2+ (24). 
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Scheme 6. First synthesis of [Ru(dqp)2]2+ (24). 

The synthesis of 23 is based on the carbon-carbon bond formation between 
the aromatic units, a strategy successfully applied in the synthesis of related 
tpy ligands (Scheme 6).70 The tin-activated quinoline derivative (22), which 
has been previously used in a STILLE-type coupling reaction,71 was pre-
pared from 8-bromoquinoline (21) by lithiation followed by quenching with 
tributyl tin chloride. The Pd-catalyzed cross coupling of 2,6-dibromo pyri-
dine and two equivalents of 22 furnished 23 (Scheme 6). Unusual high tem-
peratures were required and resulted in substantial amounts of homo-coupled 
by-products and low isolated yields of 23 (< 30 %). The synthesis of dqp 
was later substantially improved and is discussed in Chapter  6.1. The mi-
crowave-assisted reaction of two equivalents of dqp and Ru(DMSO)4Cl2 at 
200 °C gave [Ru(dqp)2]

2+ (24) in 87 % yield. It was noticed in later studies 
that two more species corresponding to the [Ru(dqp)2]

2+ fragment were also 
formed in low yields. 

5.3 Structural characterization of coordination isomers 
X-ray diffraction studies of the three complexes established the meridional 
coordination for the major product (mer-24), and identified the two facial 
isomers (cis,fac-25 and trans,fac-26). Although the facial coordination mode 
is not observed for tpy, it is commonly found for more flexible ligands such 
as N,N-bis(2-pyridylmethyl)ethylamine (bpea).72 

24 2321 22



 25

 

Figure 6. Ligand orientation in mer-24 (top left) and trans,fac-26 (bottom left). One 
dqp ligand omitted for clarity. ORTEP view (40 % probability ellipsoids) of mer-24 
(left). 

The structure of mer-24 (Figure 6, right) is very close to the DFT calculated 
structure. Each dqp ligand is twisted in a helical fashion which allows the 
RuII ion to lie in plane with the N donors. In addition, an intramolecular 
stacking of the quinoline units between the two dqp ligands is observed with 
an interplanar distance of 3.5 Å. The dihedral angles between the pyridine 
and quinoline units in each ligand are within 35 – 39 ° and the bite angles 
(178 °) are close to the ideal value for an octahedral geometry.  

 

Figure 7. ORTEP views (40 % probability ellipsoids) of trans,fac-26 (left) and 
cis,fac-25 (right). 

The X-ray crystal structures of the facial isomers trans,fac-26 and cis,fac-25 
are shown in Figure 7. In contrast to mer-24, the quinoline units bend to the 
same face of the pyridine with considerably smaller dihedral angles (28 ° in 
average). As a result, the RuII ion is displaced from the plane defined by the 
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N donors (Figure 6 left). In both structures, similar stacking as for mer-24 
between the quinoline units (trans,fac-26) or between the pyridine and qui-
noline units (cis,fac-25) is found.  

 
Figure 8. 1H NMR-spectra (CD3CN, 293 K, 400 MHz): (A) dqp (23), (B) mer-24, 
(C) cis,fac-25 and trans,fac-26 with a schematic representation of the complexes 
(right side). The H2 (*) and H4 (°) of the quinoline units are marked in each spec-
trum. 

The geometrical features of the three isomeric [Ru(dqp)2]
2+ complexes are 

also visible in their 1H NMR spectra (Figure 8). As a result of the symmetry 
of mer-24 (D2) and trans,fac-26 (C2h), only one set of quinoline protons is 
observed (Figure 8 B and D), while cis,fac-25 (C2) shows instead a more 
complicated pattern with two distinct quinoline spin systems (Figure 8 C). 
For mer-24, all quinoline protons are upfield shifted upon coordination in 
line with the observed π-π interaction.73, 74 The shift upon coordination in 
trans,fac-26 and cis,fac-25 are different and have not been analyzed in full 
detail. However, the H2 and H4 quinoline protons are readily identified by 
their characteristic coupling constants which change significantly upon co-
ordination in all three isomers (Figure 8), Δ3J2,3 = + 0.9 Hz and  Δ4J2,4 = − 0.3 
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Hz. This observation is later used to distinguish coordinated and non-
coordinated quinoline units (Chapter  6.2). 

5.4 Electrochemical and photophysical properties  
The absorption spectrum of mer-24 is typical for RuII polypyridyl complexes 
with a MLCT band at λabs ~ 491 nm (εmax ~ 1.4 × 104 M-1cm-1). The complex 
shows reversible redox behavior with a metal-based oxidation at +0.71 V 
and the first ligand-based reduction at -1.73 V. This assignment is supported 
by DFT calculations in which the highest occupied molecular orbital 
(HOMO) is essentially a pure Ru 4d (t2g) orbital, while the three lowest 
unoccupied molecular orbitals (LUMO's) are ligand-centered (�*) orbitals. 
Most remarkably, the room temperature excited state lifetime is extremely 
long (3000 ns) and results in fairly strong emission (φ ~ 0.02) around 700 
nm. Temperature-dependent measurements show that deactivation of the 
3MLCT state via higher lying 3MC states is indeed insignificant.  

The facial isomers 25 and 26 display more structured 1MLCT absorp-
tion bands and short excited state lifetimes of 11 ns and 65 ns, respectively. 
A more detailed photophysical study assisted by DFT calculations is cur-
rently under investigation to evaluate the reason for this behavior. 

5.5 Conclusion 
The prototype [Ru(dqp)2]

2+ demonstrates that favorable structural features 
can be combined with remarkable photophysical properties. [Ru(dqp)2]

2+ 
shows an even longer excited state lifetime than [Ru(bpy)3]

2+ and is therefore 
an interesting alternative as a photosensitizer for supramolecular assemblies. 
In the next chapter, a detailed synthetic study towards functionalized ligands 
and complexes based on the [Ru(dqp)2]

2+ prototype is presented. 
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6 Synthesis of [Ru(dqp)2]
2+-based 

bistridentate complexes 

6.1 Ligand synthesis 
The explored synthetic routes to functionalized dqp are based on the meth-
odologies developed for tpy.70 Two of the most important approaches are Pd-
catalyzed carbon-carbon bond formation between suitable aromatic subunits 
(Scheme 7, left) and ring-formation of the central pyridine (Scheme 7, right). 
Importantly, both methods allow the introduction of substituents in the valu-
able 4-position of the central pyridine.  

 

Scheme 7. Retrosynthesis of substituted dqp via C-C coupling (left) and  
ring-formation (right). Dashed lines indicate the newly formed bonds. 

6.1.1 The cross-coupling methodology 

The initial attempts were based on the STILLE methodology using a tin-
activated quinoline derivative. The high reaction temperature lead to low 
isolated yields of dqp (23) and tedious separation from the various by-
products, e.g. homo-coupled and dehalogenated by-products. Attempts to 
follow the NEGISHI protocol, in which the highly reactive zinc intermediate 
is generated in situ, were unsuccessful. However, the SUZUKI methodology 
finally offered a reliable route to synthesize a series of substituted dqp 
ligands (Scheme 8).  
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Scheme 8. Substituted dqp via SUZUKI coupling. 

The SKRAUP reaction of 2-bromo aniline and glycerol, using the optimized 
protocol reported by Conlon et al.,75 furnished the large scale synthesis of 21 
in 80 % yield. Lithiation of 21 followed by quenching with trimethyl borate 
gave 8-quinoline boronic acid (27), which is the key precursor for all subse-
quent Pd-catalyzed couplings. The reaction of 2,6-dibromo pyridine and two 
equivalents of 27 in aqueous MeCN using microwave-heating gave dqp (23) 
in 80 % yield (Scheme 8, method A).e In line with previous results from the 
STILLE-type cross coupling, high reaction temperatures were required 
(above 100 °C). This unusual behavior may be explained by inhibition of the 
active catalyst, and the optimal reaction temperatures are 120−140 °C using 
microwave-assisted heating. Higher temperatures lead to substantial side 
reactions, mainly due to decomposition of the boronic acid (27). The success 
of the SUZUKI protocol therefore seems to originate from the higher ther-
mal stability of the boronic acid compared to the analogous tin-reagent dis-
cussed above. A series of 4-substituted dqp ligands were subsequently syn-
thesized using the optimized conditions (Scheme 8). The substituents R = 
−OH, −OMe, and −CH2OH tolerated the basic aqueous conditions, while 
non-aqueous conditions and prolonged thermal heating gave higher yields 
for R = −NO2 and −CO2Et (Scheme 8, method B).  

6.1.2 Via ring-formation  

The synthetic strategy towards 4-aryl-substituted is based on the generation 
of the central pyridine rings from substituted benzaldehydes and 8-acetyl 
quinoline76 (Scheme 9). The SKRAUP reaction of 2-amino-benzoic acid and 

                               
e The synthesis of 23 was originally reported using toluene as solvent, method B (Paper II). 

23   R = −H             (A, 80 %) 
28   R = −CO2Et      (B, 90 %) 
29   R = −NO2        (B, 54 %)    
30   R = −OH       (A, 70 %) 
31   R = −OMe        (A, 78 %) 
32   R = −CH2OH   (A, 43 %) 

21 27
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glycerol gave 8-quinoline carboxylic acid, which was subsequently con-
verted to the ethyl ester derivative (33). Compound 33 was treated with ethyl 
acetate in the presence of sodium ethoxide and the crude product was ther-
mally decarboxylated to give 8-acetyl quinoline (34) in an overall 56 % yield 
starting from 2-amino benzoic acid.  

 

Scheme 9. Cyclization reaction to aryl-substituted dqp�R. 

Applying similar conditions in the one-step cyclization reaction as recently 
published for tpy77 gave the 4-aryl-functionalized dqp ligands 35−38 in 23-
35% yields. The reaction conditions were screened in order to improve the 
yields (e.g. reaction temperature and solvent composition). Although higher 
reaction temperatures result in slightly increased yields, the formation of 
significant amounts of the undesired cyclization-isomer (39) required tedious 
purification protocols and the optimal reaction temperature is 40 °C.  

 

Scheme 10. Proposed mechanism of the ring-cyclization reaction in the synthesis of 
substituted tpy (Het = 2-pyridyl) and substituted dqp (Het = 8-quinolinyl).  

33 34

35   X, Y = �H        R = �Br     (35 %) 
36   X, Y = �H        R = �Me    (26 %) 
37   X, Y = �H        R = �CN    (23 %) 
38   X, Y = �OMe   R = �H      (23 %) 

40

39 
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The first step in the cyclization reaction (Scheme 10) is the formation of the 
intermediate enone (40), generated by condensation of a benzaldehyde and 
one equivalent of 34 in high yields. A second equivalent of deprotonated 34 
subsequently attacks at C4, condensation with ammonia occurs, which is 
followed by internal condensation (not shown) to afford a dihydro-pyridine. 
This intermediate is finally aromatized by oxidation to the pyridine unit 
(Scheme 10, top right). If the attack occurs at C2 of the enone (40) instead, a 
similar reaction cascade leads to isomer (39) (Scheme 10, bottom right). 
Further attempts to assist the oxidation step using MnO2 did not improve the 
yields, and suggests that the low yields compared to tpy are due to a lower 
reactivity of 2-acetylquinoline vs. 2-acetylpyridine and more pronounced 
side reactions (at higher temperatures).  

6.1.3 Functionalization on the ligand 

The range of functionalized dqp ligands was extended by standard functional 
group conversion (Scheme 11). The reduction of the nitro-group with hydra-
zine and palladium on charcoal proceeds via the oxime intermediate, and 
finally gives access to amino-substituted dqp (41). The amino-group was 
further converted to the bromo-function via the SANDMEYER reaction 
using tert-butyl nitrite and copper(II) bromide. The formation of the naph-
thalene diimide derivative 43 from amino-substituted 41 and the formation 
of the ether-linked compound 44 from hydroxy-substituted 30 were achieved 
in 50 and 69 % yield, respectively. 

 

 

Scheme 11. Functional group conversion of 4-substituted dqp. 

30 
44 
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41 

42 

43 
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6.2 Ruthenium coordination chemistry 
Unless otherwise noted, all complexes in this chapter are referred to as the 
meridional isomers.  

The initial synthesis of [Ru(dqp)2]
2+ is described in Chapter  5.2. The ef-

fect of the reaction temperature using the microwave-assisted protocol was 
studied and lead to three observations: (1) temperatures of at least 180 °C 
were required to form 24 in significant yields, while [Ru(tpy)2]

2+ forms al-
ready at 120 ºC in higher yields; (2) at 180 °C the two facial isomers form in 
higher yields; (3) above 220 °C the conversion of the facial isomers to the 
meridional isomer occurs. 

 
 

 

Scheme 12. Microwave-assisted synthesis of homoleptic [Ru(dqp�R)2]2+ complexes  

The optimal reaction conditions (200 °C) were then used to synthesize a 
range of functionalized homoleptic complexes (Scheme 12). The harsh reac-
tion conditions resulted in lower isolated yields when potential reactive 
groups were used (R = −OMe, −NH2). In case of R = −NO2, −Br, −CO2Et, 
inseparable product mixtures were obtained due to reduction, dehalogenation 
or decarboxylation, respectively. Although the desired bistridentate RuII 
complexes form in all cases, the resulting inseparable mixtures prompted us 
to develop milder routes for the coordination reactions.  

6.2.1 Stepwise coordination: The first ligand 

The stepwise synthesis of heteroleptic complexes was investigated using 
common Ru precursors. The reaction of RuCl3�×H2O with substituted dqp�R 
(R = �H, �CO2Et, �OH, �NH2, �OMe) in EtOH at 120 °C in a sealed vial 
gave insoluble products tentatively assigned to RuIII(dqp�R)Cl3 (48−52) 
(Scheme 13). Substantially lower yields and various ligand scrambled prod-
uct were observed in subsequent steps if the formation of Ru(dqp�R)Cl3 was 
carried out at 80 °C for 3 hours instead. The positive effect of prolonged 
heating is attributed to the conversion of various initial coordination prod-
ucts (e.g. mono- and bidentate coordination, multinuclear complexes) to 

24   R = �H (87 %) 
45    R = �PhMe (64 %) 
46    R = �OMe    (49 %) 
47    R = �NH2      (22 %) 
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tridentate Ru(dqp�R)Cl3,
f but the geometry of Ru (dqp�R)Cl3, either facial 

or meridional, remains unclear. 
 
 

 

Scheme 13. Synthesis of mono-dqp RuIII complexes using RuCl3·xH2O. 

The attempts to form RuII(dqp)(DMSO)Cl2 using Ru(DMSO)4Cl2 as starting 
material, in analogy to the protocol reported for tpy by Ziessel and co-
workers,78 gave [Ru(dqp)(DMSO)4Cl]+ (53) as identified by ESI-MS. 
Monodentate coordination via the central pyridine was confirmed by 1H 
NMR spectroscopy which revealed small chemical shift changes for the qui-
noline protons and identical coupling constants (Δ3J2,3 and Δ4J2,4) compared 
to the free ligand. The preference for monodentate coordination using 
Ru(DMSO)4Cl2 is in line with the results of the microwave-assisted synthe-
sis where unusually high temperatures are required. Instead, 
RuII(dqp)(DMSO)Cl2 was successfully prepared by reduction of 
RuIII(dqp)Cl3 with triethylamine in the presence of DMSO. 

                               
f A similar effect was observed in the synthesis of RhIII(dqp)Cl3 and IrIII(dqp)Cl3, 

which allowed the assignment of mono- and tridentate coordination based on the 
1H NMR spectra (unpublished results).  

 

48   R = �H (95 %)
49   R = �CO2Et (>90 %) 
50   R = �OH (82 %) 
51   R = �NH2 (94 %) 
52   R = �OMe (91 %) 
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6.2.2 Stepwise coordination: The second ligand 

In [Ru(tpy)2]
2+-related coordination chemistry, the introduction of the second 

ligand is commonly achieved via two routes, either using Ru(tpy)Cl3 under 
reductive conditions or using a Ru(tpy)(L)Cl2 precursor. 
 

 

Scheme 14. Synthesis of heteroleptic [Ru(dqp)]2+-based complexes.  

The reaction of Ru(dqp)Cl3 and dqp in the presence of N-ethylmorpholine 
gave 24 in only 12 % yield and significant amounts of a purple by-product 
(Scheme 14). Higher reaction temperatures (120 °C) or using Ru(dqp)(L)Cl2 
did not improve the yields significantly. The purple by-product shows the 
characteristic isotope pattern of [Ru(dqp)2Cl]+ (57) and was assigned to a 
N5Cl−coordinated species similar to related tpy-based complexes with 
N5Cl−coordination.79, 80 The 1H NMR spectrum revealed the low symmetry 
of the complex with one non-coordinated quinoline unit (based on the 3J2,3 
coupling constant) in agreement with the MS data. However, it was not pos-
sible to discern the detailed structure of [Ru(dqp)2Cl]+ regarding facial or 
meridional coordination. 

 

Scheme 15. Isomerization of [Ru(dqp)2Cl]+. 

The potential for [Ru(dqp)2Cl]+ (57) to form the bistridentate meridional 
complex 24 was investigated (Scheme 15). Treating [Ru(dqp)2Cl]+ with one 
equivalent of silver nitrate in refluxing EtOH overnight yielded 

48 24   R = −H          (12 %) 
54   R = −CO2Et  (20 %) 
55   R = −PhBr    (5 %) 
56   R = −Br        (2 %) 

57
24

24
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[Ru(dqp)2NO3]
+ as supported by ESI-MS. In contrast, repeating the experi-

ment in n-BuOH at 120 °C gave 24. Irridiation of [Ru(dqp)2Cl]+ in MeCN 
gave dqp and [Ru(dqp)(MeCN)2Cl]+ as the main products, while 24 was 
predominantly formed in weakly coordinating CH2Cl2. 

The current stepwise protocol allows the synthesis of some heteroleptic 
complexes in low yields. In all reactions, preferential formation of the N5Cl-
coordinated by-products was observed (approx. 40 - 50 %) which suggests 
the use of a chloride-free RuII intermediate.  

6.2.3 General access to functionalized [Ru(dqp)2]
2+ complexes  

Reacting the Ru(dqp�R)Cl3 precursors (48−52) with three equivalents of AgI 
in the presence of MeCN gave [Ru(dqp�R)(MeCN)3]

2+ (58−62) in high 
yields (Scheme 16). The 1H NMR spectra show the typical coupling pattern 
of tridentate-coordinated dqp with one set of quinoline protons. 

 

 

Scheme 16. Synthesis of [Ru(dqp�R)(MeCN)3]2+ (left) and X-ray crystal structure of 
58 (right). 

The meridional coordination was confirmed for the representative complex 
58 by X-ray crystal analysis (Scheme 16 right). A helical twist with similar 
dihedral angles between the pyridine and quinoline units is observed as for 
the bistridentate complex 24.  

 

48   R = �H         
49   R = �CO2Et   
50   R = �OH 
51   R = �NH2 
52   R = �OMe  

58  R = �H          (84 %)
59  R = �CO2Et   (>81 %) 
60  R = �OH (>55 %) 
61  R = �NH2    (77 %) 
62  R = �OMe  (88 %) 
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Scheme 17. General synthesis of bistridentate homo- and heteroleptic complexes. 

The reaction of [Ru(dqp�R)(MeCN)3]
2+ and substituted dqp�R´ at 120 °C 

allowed the synthesis of homo- and heteroleptic comlexes in up to 77% yield 
(Scheme 17). In all cases, the cis-facial isomers were formed as minor by-
products due to some isomerization under the experimental conditions. Al-
though substantially lower yields were obtained when hydroxy- or amino-
substituted ligands were used, this protocol generally gives access to a vari-
ety of differently substituted complexes.  

6.2.4 Synthetic modifications of functionalized [Ru(dqp)2]
2+ 

complexes  

The “chemistry on the complex” strategy has become popular in the field of 
supramolecular chemistry, e.g. to introduce new binding motifs and there-
fore avoid selectivity problems upon metal coordination of a ditopic 
ligand.52, 81 The use of differently substituted [Ru(dqp�R)(dqp�R´)]2+ com-
plexes as building blocks was therefore pursued for three common synthetic 
linkage motifs − the amide, ether (Scheme 18) and carbon-carbon link 
(Scheme 19).  

 

58  R = �H         
59  R = �CO2Et   
60  R = �OH 
62  R = �OMe  

24  R = �H  R´ = �H (72 %) 
54  R = �H  R´ = �CO2Et (77 %) 
55  R = �H  R´ = �PhBr (61 %)  
56  R = �H R´ = �Br (71 %) 
63  R = �H R´ = �OMe (60 %) 
64  R = �H R´ = �NH2 (56 %) 
65  R = �CO2Et R´ = �CO2Et (41 %) 
66  R = �CO2Et        R´ = �NH2 (10 %) 
67  R = �CO2Et R´ = �NDI (59 %) 
68  R = �OH R´ = �Br (33 %) 
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Scheme 18. Reactions on the [Ru(dqp�R)(dqp�R´)]2+ complex. 

A carboxylic group was available in high yield via ester hydrolysis of 54, or 
basic workup of the microwave-assisted reaction of Ru(DMSO)4Cl2 and two 
equivalents of 37, to give the complexes 70 and 71, respectively.g Complex 
71 was activated with thionyl chloride and the acid chloride derivative was 
reacted with iso-propylamine to give 72. The reversed amide 73 was formed 
in quantitative yield from 64 and acetic anhydride in refluxing pyridine. The 
facile formation of the ether link by nucleophilic substitution was demon-
strated by the reaction of 69 with pentafluorobenzyl bromide to furnish com-
plex 74 (94 %). 
 

 

Scheme 19. Pd-catalyzed transformations of bromo-functionalized [Ru(dqp)2]2+ 
complexes. 
                               
g Due to the free carboxylic acid group(s), isolation of the pure complexes after column chro-

matography resulted in varying amounts of salts (NH4PF6), which precludes the calculation 
of yields. The purity of the complexes was checked by LC-MS and 1H NMR.  

54 
70

71 
72 

64 
73 

69 
74 

75    n = 1    (78 %) 
76    n = 0    (65 %) 

77    n = 1    (78 %) 
78    n = 0    (34 %) 
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The application of Pd0-catalyzed coupling strategies to functionalized RuII 
complexes is a powerful method to construct larger assemblies.52, 81 Homo-
coupling of 55 and 56 gave the dinuclear complexes 77 and 78, respectively, 
while the SUZUKI coupling of 55 and 56 with 4-pyridyl boronic acid gave 
75 and 76 with pendant pyridyl groups (Scheme 19). We are currently look-
ing into the coordination of the latter complexes to potential catalysts for 
hydrogen production. 

6.3 Conclusion 
Synthetic routes to functionalized dqp ligands were developed using carbon-
carbon bond formation, ring-formation and functional group conversion. The 
coordination chemistry of dqp was extended to functionalized Ru com-
plexes, including homo- and heteroleptic complexes, which are now accessi-
ble using a stepwise route avoiding harsh conditions via chloride-free 
[Ru(dqp�R)(MeCN)3]

2+. It was also shown that a “chemistry on the com-
plex” approach is viable to form common linkage groups and therefore al-
lows the future modular assembly of functionalized components. 
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7 Photophysical properties and 
photochemistry of [Ru(dqp)2]

2+-based 
photosensitizers 

In this chapter, the photophysical and electrochemical properties of mer-
[Ru(dqp)2]

2+-based complexes and their photochemical reactivity is ad-
dressed, with the aim to demonstrate their general usefulness as photosensi-
tizers for linear D-P-A assemblies. Typical organic acceptors/donors have 
been used in both bimolecular systems and supramolecular assemblies and 
are shown to effectively quench the excited states of the chromophores. The 
use of the [Ru(dqp)2]

2+-based complexes with respect to biomimetic oxygen 
and hydrogen production is further investigated. 

7.1 Photophysical and electrochemical properties  
The photophysical properties of a series of substituted complexes were stud-
ied (Table 2). All complexes show strong absorption in the visible region (ε 
~ 104 M-1 cm-1) and emission with a maximum around 700 nm, except for 
complexes with electron-releasing substituents which emit at longer wave-
lengths. More importantly, the long excited state lifetime is maintained in all 
complexes. While the amino-substituted complex 47 exhibits the shortest 
lifetime (450 ns), the bisester substituted complex 65 shows an even more 
long-lived emission (5500 ns) compared to parent 24 and is one of longest 
lifetime reported for any RuII polypyridyl-typed complex. These results are 
in line with the energy gap law which predicts shorter lifetimes for lower 
excited state energies.27, 82 The redox properties were studied by cyclic volt-
ammetry (CV). Reversible one-electron metal-based oxidation and reversible 
ligand-based one-electron reductions was found, except for reduction of 
complexes with bromo-substituents (Table 2). The oxidation and reduction 
potentials shift as expected for the electron-donating / electron-accepting 
properties of the substituents in line with related ruthenium polypyridyl 
complexes.27  
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Table 2. Electrochemical and photophysical properties of selected substituted 
[Ru(dqp�R)(dqp�R´)]2+ complexes. 

Substituenta Absorption and Luminescence  
Data 

Electrochemical 
Datab 

R R´ Abs [nm] Em [nm] c τ [ns]c Eox [V] Ered [V] 
H H 491 700 3000 0.71 -1.73 

CO2Et CO2Et 488 693 5500 0.82 -1.52 
NH2 NH2 476 780 450 0.56 -2.00 

H CO2Et 492 706 4300 0.77 -1.58 
PhMe PhMe 552 694e 2300e 0.64 -1.73 
OH Br 510 759 500 0.65 -1.66d 

CO2Et NH2 521 741 2000 0.57 -1.65 
OMe OMe 502 718 1200 0.56 -1.76 

a In [Ru(dqp�R)(dqp�R´)][PF6]2.  b TBAPF6, MeCN, 0.1 V/s, vs. Fc+/0. c 298 K, 
deoxygenated MeOH/EtOH solutions. d irreversible, DPV peak potential. e 298 K, 
deoxygenated MeCN. 

7.2 Bimolecular reactions with organic quenchers 
The ability of this class of complexes to undergo photo-induced energy and 
electron transfer reactions with typical organic quenchers was tested. The 
parent complex [Ru(dqp)2]

2+  (24) was used as a representative member in 
the reaction with a triplet energy acceptor (DPA), an electron acceptor 
(MV2+), and an electron donor (TTF), respectively (Scheme 20). The ob-
served second-order rate constants were close to diffusion controlled and 
transient absorption measurements showed the formation of the expected 
photoproducts. In addition, a remarkable photochemical stability in the pres-
ence of chloride was observed which is attributed to the photo-regeneration 
of [Ru(dqp)2]

2+ from its photo-products. This is further supported by the 
results from the photochemical conversion of [Ru(dqp)2Cl]+ to [Ru(dqp)2]

2+ 
(see Chapter  6.2.2). 

 

Scheme 20. Energy and electron acceptors used in this study and their reactions 
with excited [Ru(dqp)2]2+.  

a) MV2+ b) TTF c) DPA 

*[Ru(dqp)2]
2+ + DPA  →  [Ru(dqp)2]

2+ + *DPA (12) 

*[Ru(dqp)2]
2+ + MV2+  →  [Ru(dqp)2]

3+ + MV•+ (13) 

*[Ru(dqp)2]
2+ + TTF  →  [Ru(dqp)2]

+  + TTF•+ (14) 
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7.3 A photosensitizer-acceptor dyad  
Dyad 67 contains the naphthalene diimide (NDI) electron acceptor and a 
versatile ester substituent for further functionalization. The synthetic ap-
proach was based on the initial synthesis of a NDI-functionalized dqp ligand 
and subsequent coordination to 59 to give dyad 67 in 59 % yield (Scheme 
21).h 
 

 

Scheme 21. Synthesis of dyad 67 containing a naphthalene diimide (NDI) acceptor. 

After excitation, electron transfer to the NDI acceptor (keT ~ 1.0×108 s-1) 
occurs. The charge separated state was identified by transient absorption 
spectroscopy and undergoes rapid charge recombination (Scheme 22). Con-
sidering the lifetime of the simple bisester substituted complex 65 (5500 ns), 
these preliminary results indicate a very high quantum yield for charge sepa-
ration (Scheme 22). 

 

 

Scheme 22. Electron transfer in P-A dyad (67). 

                               
h   Alternative attempts to form the dyad from the heteroleptic 

[Ru(dqp�CO2Et)(dqp�NH2)]
2+ (66) and naphthalene mono-imide under dehydrat-

ing conditions did not give the desired product. The observation of decreased reac-
tivity of the amino-group in the RuII-complex is in line with previous results. 

 

2) e-

3) e-

59 67
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7.4 Outlook: A D-P-A triad based on [Ru(dqp)2]
2+ 

The synthesis of linear D-P-A triads using phenothiazine as electron donor 
and benzoquinone as electron acceptor (Figure 9) was pursued in our 
group.83 Preliminary data show the formation of a charge separated state 
corresponding to D+-P-A− with a high quantum yield and long lifetime. A 
more detailed photophysical investigation is in progress, but these first 
studies illustrate the potential of [Ru(dqp)2]

2+-based complexes for vectorial 
electron transfer in supramolecular assemblies. 

 

 

Figure 9. A linear D-P-A triad based on [Ru(dqp)2]2+. 

7.5 Towards biomimetic water splitting  
A fundamental criterion of photo-catalysis is that the photosensitizer reaches 
sufficient excited state (and ground state) redox potentials. However, as a 
consequence of the multi-electron steps that are needed for generation of 
oxygen and hydrogen from water, other processes may also be limiting fac-
tors (e.g. back reactions or catalyst decomposition). Due to the complexity of 
such multi-component systems with its multiple light absorptions, electron 
transfer cascades and catalytic steps, the catalytic turnover number (TON) is 
often the only convenient parameter to measure. A detailed screening of 
catalysts is beyond the scope of this thesis, but the fundamental results with 
respect the water oxidation and hydrogen production using the [Ru(dqp)2]

2+-
based complexes are presented. 

7.5.1 Towards water oxidation 

Previous work in the Swedish consortium for artificial photosynthesis dem-
onstrated photo-induced oxidation of dinuclear manganese complexes using 
[Ru(bpy)3]

2+ as a photosensitizer and [Co(NH3)5Cl]2+ as a sacrificial accep-
tor. Depending on initial oxidation state of the Mn2 complex, up to three 
oxidation steps were identified by EPR spectroscopy.84, 85 Repeating these 
experiments using [Ru(dqp)2]

2+ (24) as the photosensitizer resulted in the 
same oxidation of the Mn2 complex, thus confirming that 24 is a viable op-
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tion to the often used [Ru(bpy)3]
2+. The shift of 170 mV to less oxidizing 

potentials for 24 compared to [Ru(bpy)3]
2+ did not effect the outcome of the 

reaction. 
As discussed earlier, the quest to find a sustainable molecular catalyst for 

water oxidation has attracted intensive research. Various bimolecular sys-
tems using a sacrificial acceptor have been studied and many show oxygen 
evolution, but the systems are often strongly affected by the actual experi-
mental conditions.7 The detection of oxygen is therefore a positive proof that 
the thermodynamics of the photosensitizer are suitable, while a negative 
result may be due to limiting kinetic factors. An often studied system is 
composed of [Ru(bpy)3]

2+ as the photosensitzer, [Co(NH3)Cl]2+ as the sacri-
ficial acceptor and RuO2 as the catalyst. However, repeating this experiment 
with 24 (or the more oxidizing ester-functionalized 65) as photosensitizer 
resulted in no detectable oxygen evolution. Considering that the Ru3+/2+ cou-
ple of 65 is only 70 mV less positive than for [Ru(bpy)3]

2+ and that 65 has a 
6-fold longer excited state lifetime, these (disappointing) results suggest that 
more than thermodynamic parameters may contribute in the studied system. 

7.5.2 Towards proton reduction 

Various molecular catalysts were investigated in bimolecular systems in the 
late 1970´s for hydrogen evolution.18-21 While many of these studies con-
cerned catalysts based on toxic, expensive and non-abundant metals, the  
biomimetic approach using [FeFe] hydrogenase active site mimics is an in-
teresting strategy to overcome these limitations. The Swedish consortium for 
artificial photosynthesis has been particularly involved in the development of 
these catalysts, and they have been shown to be effective for electrocatalytic 
hydrogen production.86-88 
 
 

 

Figure 10. Functional components employed in hydrogen evolution studies 
[Ru(dqp−OMe)2]2+ (46) (left) and [FeFe] hydrogenase active site mimic (79) 
(right). 

  

In an attempted experiment for photocatalytic hydrogen production, the 
methoxy-substituted complex 46 was chosen as the photosensitizer (Figure 

7946
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10). It has a more negative reduction potential of the excited state (E3+/2+* ~ 
−1.2 V) compared to the unsubstituted 24, and around that potential the on-
set of electrocatalytic hydrogen evolution is observed for the [FeFe] catalyst 
79 (Figure 10). In addition, the benzenedithiolate complex 79 shows a higher 
chemical stability in comparison to alkyl-bridged dithiolate [FeFe] com-
plexes, and the benzene-substituents may allow tuning of the redox poten-
tials and serve as a synthetic link.  

The photochemical reaction of 46 with 79 was studied by time resolved 
spectroscopy (see also Scheme 23, left). Efficient quenching was observed, 
either via energy or electron transfer, but the formation of charge separated 
products could not be verified. The observation of a small remaining positive 
absorption around 800 nm after excitation may be indicative for RuIII as a 
result of a low solvent-cage escape yield of the charge separated products.  

 

Figure 11. Dyad 80 based on [Ru(dqp−OMe)2]2+ (46) and a [FeFe] hydrogenase 
active site mimic (79). 

The design of dyad 80 aimed to control the electron transfer from the excited 
state. It resembles the two functional components 46 and 79 which are con-
nected by a fluorinated benzyl group (Figure 11). The link disconnects the π-
conjugation and acts as an electron-withdrawing substituent at the [FeFe] 
unit. The synthetic strategy was based on the synthesis of both metal con-
taining fragments and their linkage in the last step. This was finally achieved 
via nucleophilic substitution of a pentafluorobenzyl-substituted complex 
with a TMS-functionalized Fe2 derivative. The product corresponding to a 
[M-CO]2+ species was observed by LC-MS and demonstrates the possibility 
to construct the desired assembly, and we are currently looking into im-
proved protocols towards 80.  

80 
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Scheme 23. Proposed mechanisms for hydrogen production via *Ru2+ (left) and Ru+ 
(right) as the reducing species. 

In the presence of ascorbic acid as a potential electron and proton donor, 
photosensitizer 46 and catalyst 79 were tested for hydrogen evolution. Upon 
illumination about 0.7 equivalents of molecular hydrogen were formed with 
a concomitant release of carbon monoxide which suggests decomposition of 
the [FeFe] catalyst.  In addition to the direct photochemical reaction using 
*Ru2+ (Scheme 23, left), the reductive quenching pathway generating the 
more reducing formal RuI species (formally [RuII(bpy)2(bpy−)]+) may con-
tribute to the observed hydrogen generation (Scheme 23, right). The experi-
mental results clearly show that photosensitizer 46 fulfills the thermody-
namic requirements for hydrogen production using 79 as catalyst, either via 
*Ru2+ or RuI, while the efficiency seems to be limited by the catalytic proc-
ess. 

7.6 Summary 
All functionalized [Ru(dqp−R)(dqp−R´)]2+ complexes show long excited 
state lifetimes (450-5500 ns) and a shift of their redox potentials according 
to the electron withdrawing/releasing effect of the substituents. This allows 
the tuning of the redox properties with respect to photochemical reactions. 
The prototype [Ru(dqp)2]

2+ shows near-diffusion controlled photoinduced 
electron- and energy-transfer in bimolecular reactions with organic quench-
ers as well as electron transfer in dyad and triad assemblies. The ability for 
light-driven oxygen and hydrogen production was tested in bimolecular sys-
tems which proved successful for hydrogen evolution using a Fe2 hydro-
genase active site mimic. The combination of these properties and results 
demonstrate, that [Ru(dqp)2]

2+ is a promising photosensitizer for future lin-
ear assemblies for photoinduced hydrogen production.  
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8 Beyond [Ru(dqp)2]
2+-based complexes 

This chapter summarizes unpublished work in progress and emphasizes the 
synthesis of some d6 transition metal complexes based on the dqp ligand. 
The motivation is to tune the redox potentials of the photosensitizer beyond 
the potentials typical for RuII polypyridyl complexes. In the first part the 
homologues mer-FeII and mer-RhIII complexes are discussed, while the sec-
ond part of the chapter is concerned with modifications of the dqp frame-
work, either cyclometallation or aza-substitution, and the effect in their re-
spective mer-RuII complexes. 

8.1 Novel complexes based on dqp 

8.1.1 [Fe(dqp)2]
2+ 

The low cost and high abundance of Fe motivate the search for a functional 
FeII polypyridyl-based photosensitizer. However, in contrast to RuII 
polypyridyl complexes, the 3MC states in FeII polypyridyl complexes are 
lower in energy than the 3MLCT state and enables rapid excited state deacti-
vation (Scheme 24, right). We were therefore interested to investigate the 
effect of a stronger ligand field using the dqp ligand in FeII complexes.  
 

N

N

N

N

N

N

N

N

N

Fe
FeSO4*7H2O

MeOH, r.t.
65 %

2+

 

Scheme 24. Synthesis of [Fe(dqp)2]2+ (81) (left) and Jablonski diagram for typical 
FeII polypyridyl complexes (right). 

81   
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The reaction of FeSO4×7H2O and two equivalents of 23 at room temperature 
in MeOH formed meridional [Fe(dqp)2]

2+ (81) within minutes in 65 % iso-
lated yield (Scheme 24, left). The reaction conditions are milder than those 
for RuII, and no facial isomers were detected by 1H NMR. Typical for FeII 
polypyridyl complexes,89 the absorption spectrum of 81 is red-shifted (λmax = 
580 nm) compared to the RuII analogue, and the complex shows a reversible 
oxidation at +0.59 V and a first (reversible) reduction  at −1.63 V. However, 
the excited state of 81 still decays on the sub-nanosecond timescale similar 
to FeII polypyridyl complexes.i  

8.1.2 [Rh(dqp)2]
3+ 

The homoleptic meridional complex [Rh(dqp)2]
3+ (82) was synthesized from 

RhCl3·3H2O and two equivalents 23 in refluxing aqueous EtOH (Scheme 25, 
left). The milder reaction conditions are in line with more facile tridentate 
coordination of dqp to RuIII than to RuII. 

The X-ray structure of 82 is similar to mer-[Ru(dqp)2]
2+ and shows the 

helical twist of the dqp ligands with a slightly larger variation of the dihedral 
angles (32-41°) (Scheme 25, right). The absorption spectrum of 82 shows an 
intense band at 350 nm which is typical for ligand-centered transitions in 
RhIII polypyridyl complexes.90 The electrochemical data shows no oxidation 
up to +2.00 V and irreversible reductions at −1.03 V and −1.11 V. We are 
currently looking into the effect of the dqp ligands on the photophysical 
properties. 

 

Scheme 25. Synthesis and X-ray crystal structure of [Rh(dqp)2]3+ (82). 

   

                               
i Personal communication, Prof. J. McCusker, Michigan State University, USA. 

82
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8.2 Cyclometallated Ru complexes: The effect of dqp 
coordination on excited state lifetimes 

The tuning of the redox properties by substituents attached in the 4-postion 
of the central pyridine is described in Chapter  7.1. In an alternative strategy, 
the ligand framework can be modified by replacing the nitrogen atom by a 
CH group leading to cyclometallated complexes.56-58 The formal carbanion 
increases thereby the electron density at the metal center and shifts the 
metal-based oxidation potentials to significantly less positive potentials. 
However, ruthenium(II) complexes based on cyclometallating ligands, e.g. 
[Ru(ttpy)(dpPh)]+ (dpPhH is 1,3-di(2-pyridyl)benzene), exhibit comparably 
short excited state lifetimes as their non-cyclometallated analogues.91 We 
were therefore interested to investigate the effect of dqp and/or cyclometal-
lated dqp analogues in cyclometallated RuII complexes. 

 

Scheme 26. Synthesis and X-ray structure of [Ru(dqp)(dmdpPh)]+ (83). 

The reaction of 58 with dimethyl-substituted 1,3-di(2-pyridyl)benzene gave 
cyclometallated 83 in 56 % yield (Scheme 26, left). The X-ray structure of 
83 shows the typical helical twist (36 °) of the dqp ligand upon meridional 
coordination (Scheme 26, right). In contrast, the cyclometallated ligand is 
planar with a dihedral angle of 1° between the peripheral pyridine and the 
central benzene ring. The observed bite angles of both ligands are 179 ° and 
160 °, respectively. 

83 58 
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Scheme 27. Synthesis of cyclometallated complex 85. 

The cyclometallated “bis-dqp”-based complex 85 was prepared by the reac-
tion of 58 with 1,3-di(quinol-8-yl)benzene (84), which was readily obtained 
by SUZUKI coupling of quinoline-8-boronic acid and 1,3-dibromobenzene 
(Scheme 27).  
 

Table 3. Photophysical and redox properties of selected cyclometallated complexes. 

Absorption and Luminescence 
Data 

Electrochemical 
Dataa 

 
Complex 

λabs [nm] λem [nm] τ [ns] Eox [V] Ered [V] 
[Ru(ttpy)(dpPh)]+ b 504, 550 784 4.5 +0.11c -1.99c 

83 450, 600 d 1.8 -0.05 -1.90e 
85 570 > 800 ~ 15 -0.08 -2.00 

a Potentials vs. ferrocence. b ref. 91 c converted from SCE (-0.38 V). d too weak to 
detect. e irreversible. 

The photophysical and electrochemical properties are summarized in Table 
3. In both complexes the metal-based oxidations are shifted to less positive 
potentials and the absorptions are red-shifted compared to non-
cyclometallated analogues. While the excited state lifetime of 83 is ~ 1.8 ns 
and no emission is detected, complex 85 shows a ~ 15 ns excited state life-
time and weak emission is detected.  

8.3 An aza-analogue of [Ru(dqp)2]
2+ 

As demonstrated for dipyrazinyl-pyridine,92 the replacement of CH by N in 
tpy shifts the redox potential to more positive values while leaving the pho-
tophysical properties mainly unaffected. This approach to tune the redox 
properties is also interesting, since it also leaves the 4-position of the central 
pyridine for further functionalization. 

8527 84
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The synthesis of the ligand 2,6-di(quinoxal-5-yl)pyridine (87) required a 
slightly modified procedure (Scheme 28). The related precursor 5-
bromoquinoxaline (86)93 was obtained by aromatic bromination of quinoxa-
line with N-bromosuccinimide in sulfuric acid, but all attempts to form the 
boronic acid derivative resulted in unidentifiable mixtures. Therefore a 
stepwise one-pot protocol68, 94, 95 via in situ generation of the  boronic ester 
was applied and gave 87 in 17 % yield. The reaction with Ru(DMSO)4Cl2 
gave the homoleptic bistridentate complex 88 in low isolated yield (< 20 %). 
 

 

Scheme 28. First synthesis of [Ru(dqxp)2]2+ (88). 

The absorption spectrum of complex 88 is typical for RuII polypyridyl-type 
complexes with a strong band around 500 nm. The electrochemical data 
shows reversible oxidation (+1.19 V) and irreversible reduction (-1.12 V). 
More interestingly, an intense emission centered at 600 nm was observed 
and we are currently looking into the photophysical properties of this com-
plex. 

8.4 Summary 
The dqp ligand was used to synthesize FeII, RhIII and cyclometallated RuII 
complexes. The cyclometallating and aza-analogues of dqp were synthesized 
and coordinated to RuII according to previously established protocols, which 
lead to significant shifts of redox potentials in the corresponding RuII com-
plexes to more negative or positive values, respectively. The first photo-
physical studies of the cyclometallated [Ru(dqp)(dqPh)]+ and the aza-
analogue [Ru(dqxp)2]

2+ revealed favorable photophysical properties which 
shows that an improved octahedral geometry is a viable approach to improve 
the properties for these classes of complexes. However, more detailed pho-
tophysical studies are needed to fully explore the potential of these novel 
complexes as photoactive components. 

88 87 86 
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9 Concluding remarks 

This thesis describes our efforts to develop novel RuII polypyridyl-type com-
plexes as photosensitizers suitable for the use in artificial photosynthesis. In 
this context, the goal was to obtain good photophysical and redox properties 
of the photosensitizer combined with high photostability and favorable struc-
tural properties. The commonly used [Ru(bpy)3]

2+ was further elaborated by 
using the 5,5´-disubstituted bpy which allowed the construction of linear D-
P-A assemblies. Also, the new complex [Ru(dqp)2]

2+ was synthesized and 
showed outstanding photophysical properties at room temperature, including 
a long-lived excited state, reversible electrochemistry and high photostabil-
ity. The synthesis of this class of complexes was further explored to include 
functionalized [Ru(dqp�R)(dqp�R´)]2+ complexes, and a “chemistry on the 
complex” strategy allowed modular construction of supramolecular assem-
blies. Most importantly, the complexes maintained their excellent photo-
physical properties upon substitution, and they were shown to be photo-
chemically active in common photochemical reactions. Finally, the cyc-
lometallated and aza-analogues of [Ru(dqp)2]

2+ were synthesized and 
showed interesting photophysical features and redox potentials outside the 
window accessible by [Ru(dqp�R)(dqp�R´)]2+. 

The results illustrate the great potential of functionalized [Ru(dqp-
R)(dqp-R´)]2+ complexes in supramolecular assemblies for artificial photo-
synthesis. As such, this class of complexes fulfills all the requirements for 
novel photosensitizers that recently were put forward by V. Balzani, one of 
the great scientists in the field. Therefore, these photoactive components 
may well assist in the development of a future assembly for sustainable solar 
energy conversion.  
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10 Summary in Swedish 

Vår moderna livsstil kräver stora mängder energi som i huvudsak kommer 
från fossila bränslen. Då dessa resurser är begränsade, och även leder till 
stora utsläpp av luftföroreningar, så krävs en övergång till förnyelsebar ener-
gi. Ett lovande alternativ till fossila bränslen är vätgas, och särskilt då om 
den kan framställas med hjälp av solenergi. En sådan process sker i princip 
kontinuerligt i naturen genom fotosyntesen där solljus omvandlas till bio-
massa. Klorofyll i fotosystem II absorberar solenergi vilket resulterar i ett 
flöde av elektroner som i slutändan leder till en omvandling av koldioxid och 
vatten till kolhydrater och syrgas. Detta är en process som kräver ett optimalt 
samspel av många specialiserade enheter.  

 

De ingående stegen i artificiell fotosyntes är sammanfattade i schema 29. Ett 
färgämne (P) absorberar fotoner och kan därmed överföra elektroner stegvis 
från en elektrondonator (D) till en elektronacceptor (A). Denna laddningsse-
paration driver bildandet av syrgas och vätgas från vatten. Ett tillskott av 
energi är nödvändigt för att denna process där energirik vätgas bildas ska 
kunna ske. En viktig aspekt för att en sådan process ska kunna fungera är att 
man åtskiljer de enheter där syrgasen och vätgasen bildas. Detta för att hind-
ra en snabb backreaktion och därmed förlora den energi som togs upp. Kom-
ponenterna länkas därför samman i en specifik ordning och protonerna och 
elektronerna pumpas genom denna anordning med hjälp av fotoner.  
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Schema 29. Principen för artificiell fotosyntes. Fotoner driver en laddningssepara-
tion som slutligen genererar syrgas och vätgas från vatten.  

På grund av färgämnets centrala roll i artificiell fotosyntes så måste det upp-
fylla vissa viktiga kriterier. Det måste absorbera synligt ljus, ha förmågan att 
överföra elektroner från elektrondonatorn till elektronacceptorn, vara ke-
miskt stabil, samt ha de rätta geometriska egenskaperna för att kunna utnytt-
jas i ovan nämnda anordning. Många av dessa egenskaper återfinns i ruteni-
um polypyridyl komplex, framförallt är de fotofysiska och elektrokemiska 
egenskaperna idealiska, och de har därför använts flitigt som färgämnen för 
artificiell fotosyntes.  

Den här avhandlingen behandlar nya ruthenium polypyridyl komplex 
skräddarsydda för artificiell fotosyntes. Den första delen av avhandlingen 
beskriver en strategi för att lösa de geometriska hinder man vanligtvis stöter 
på i de vanligaste använda färgämnena. Huvuddelen av avhandlingen hand-
lar om en ny klass av rutenium polypyridyl komplex som designats för att 
optimera både de geometriska och de fotofysikaliska kraven. I en första stu-
die, de generella fotofysikaliska egenskaperna studerades hos komplexen 
som visade dess stora potential. Efterföljande studier fokuserade på syntesen 
av både ligander och dess komplex som behövs för att skapa D-P-A system. 
De sista två delarna av avhandlingen beskriver användningen av dessa rute-
nium komplex i fundamentala studier av artificiell syntes samt användningen 
av de utvecklade liganderna för andra typer av metall komplex för att modi-
fiera de elektrokemiska egenskaperna.  

Forskningsresultaten visar den stora potential dessa rutenium komplex har 
för artificiell fotosyntes. I framtiden kanske dessa komplex kan användas för 
en funktionell anordning där solenergi på ett effektivt sätt omvandlas till ett 
miljövänligt bränsle.  
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