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Image of the sun at 30.4 nm on September 14th, 1999. At this wavelength, 
He+ ions are observed around T = 60000 K, which are found in the upper 
chromosphere and lower corona. The prominences that can be seen are 
huge clouds of relatively cool dense plasma suspended in the sun's hot, 
thin corona. 
Image: SOHO (ESA & NASA). 
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Energy is among the most pressing concerns for the world if we want to keep 
our current standard of living.1 In the not too distant future the economic and 
environmental cost of energy derived from fossil fuel is going to be inhibitive. 
Solar energy is the most abundant and ubiquitous renewable energy source 
available, and as such it holds great promises to partly replace fossil fuels. The 
global annual solar irradiation surpasses the current world wide energy 
consumption by four orders of magnitude. The field of photovoltaics concerns 
itself with the capture of the suns irradiation to produce electrical energy. 
Photovoltaic technology has traditionally been dominated by solid-state 
semiconductor devices,2 but the need for high-purity materials makes these 
single junction solar cells expensive and unlikely to reach cost parity with fossil 
energy in the near future. 
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Figure 1. Idealized setup (left) and operational scheme (right) of a DSSC. Left; large circles 
represent TiO2 nano-particles and small circles represent dye moieties. Right; CB is conduction 
band, D is dye, HTM is hole transfer medium, CE is counter electrode and Voc is open circuit 
voltage. 

In 1991 Grätzel and coworkers were the first to demonstrate that 
economically realistic efficiencies could be obtained by sensitizing mesoporous 
anatase titanium dioxide with a polypyridine ruthenium complex (Figure 1).3 
At the heart of this solar cell is the sensitizer that captures photons and 
physically separates electrons from holes. Producing such a dye-sensitized solar 
cell (DSSC) is a relatively simple process compared to solid-state semiconductor 
solar cells, and demonstration kits for home-build dye-sensitized solar cells are 
commercially available.4 Since the original publication many different sensitizer 
molecules have been prepared and applied. Amongst these, polypyridine 
complexes of ruthenium have shown superior performance. One of the major 
goals of research on DSSCs is improving the efficiency of the cell at longer 
wavelengths to increase the fraction of solar irradiation that is converted. The 
research described in this thesis aims to investigate the potential of 
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cycloruthenated complexes as a novel class of stable sensitizers. To use 
cyclometalation as a tool to improve the sensitizers' performance by combining 
red shifted absorption features with long term photostability, it is of vital 
importance to understand the factors that govern the properties of 
cyclometalated ruthenium complexes. Cyclometalation, both in N,C,N'- as well 
as C,N,N'-binding motif, is introduced in tridentate coordinated polypyridine 
ruthenium complexes. The possibility of using binuclear complexes as 
molecular two step photon upconverters is also explored. 

 
As much research has been directed towards designing appropriate 

sensitizers and many different systems have already been developed, the 
performance of new sensitizers has to be placed in the context of these dyes. 
Hence, Chapter 1 of this thesis aims to review the research performed on 
polypyridine complexes of ruthenium as sensitizers and discusses the strategies 
that have been applied to address stability and performance issues associated 
with the dye. 

 
Chapter 2 and Chapter 3 use a combination of experimental and theoretical 

tools to investigate the electronic and photophysical properties of the 
cyclometalated complexes and to compare these properties with those of the 
corresponding to the non-metalated congeners. The radically altered properties 
originate from the specific characteristics of the monoanionic, cyclometalated 
ligands and the metal center. These changes are reflected by negatively shifted 
oxidation and reduction potentials as well as a pronounced red shift of the 
absorption features. Additionally, the unique electronic properties of these 
novel arylruthenium complexes are manifested in exceptional chemical 
reactivity of the aryl moiety that can be utilized to prepare otherwise 
inaccessible para substituted aryl species. 

 
Chapter 4 demonstrates that cyclometalation is indeed a very promising tool 

to achieve the much sought after red-shifted absorption features in ruthenium 
dyes. When applied in a dye sensitized solar cell, the C,N,N'-cyclometalated 
complex [Ru((HO2C)2-C^N^N)(tpy)]+ reaches photocurrents similar to the well 
known benchmark complex for DSSC applications, ruthenium complex N719. 
On the other hand, the N,C,N'-cyclometalated complex [Ru(HO2C-
N^C^N)(tpy)]+, which displays very similar electronic absorption spectra, is a 
very inefficient sensitizer. This incongruity is rationalized in terms of excited 
state characteristics. 

Chapter 5 exploits the above mentioned knowledge and new 
cycloruthenated complexes have been prepared. These complexes are attached 
to the surface via the terpyridine ligand which ensures an excited state that is 
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associated with the anchoring ligand. In this fashion, an efficient electron 
injection pathway is secured. 

The most commonly applied anchoring group for attachment of the 
sensitizer to the semiconductor surface is the carboxylate moiety, but other 
functionalities such as the phosphonate group have also been employed. 
Chapter 6 describes the synthesis and analysis of organoruthenium complexes 
bearing phosphonate moieties. 

 
To enable the use of very low-energy photons in a DSSC, that are below the 

theoretical threshold of operation, we envisioned a two-photon upconversion 
scheme. Intervalence charge transfer transitions regenerate the primary 
sensitizer by electron transfer from a secondary dye moiety in appropriately 
designed redox unsymmetrical binuclear ruthenium complexes, see Chapters 7 
and 8. 

Chapter 7 focuses on dinuclear metal complexes bridged by 2,3,5,6-tetrakis(2-
pyridyl)pyrazine that contain either one or both cyclometalated peripheral 
ligands. The extent of electronic communication over this bridge in the redox 
symmetric and redox unsymmetrical compounds is assessed. The strong 
coupling between the metal centers results in a situation in which the metal 
centers have lost their individual character and the system is best described as 
belonging to the delocalized Robin-Day class III.5 

Chapter 8 employs a bridging ligand for constructing a dinuclear ruthenium 
complex, which reduces the electronic coupling between the metal centers 
compared to the ligand employed in Chapter 7. The directional nature of this 
bridging ligand imposes inherent redox asymmetry between the metal centers it 
bridges. In this dimeric complex the individual processes necessary for the 
proposed upconversion scheme are demonstrated in solution  by experimental 
techniques as well as in silico calculations. 

 
By means of the research described in Chapters 2-8, this thesis seeks to 

explore the fundamental chemistry of cyclometalated, hexacoordinate 
ruthenium complexes and investigate their application in the field of solar 
energy conversion. The increased understanding and demonstration of 
beneficial properties will likely initiate many new projects in this important and 
promising field of materials research. 
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Image of the sun at 19.5 nm on August 4th, 2002 (left) and July 4th 2008 
(right). At this wavelength, Fe11+ ions are observed around T = 1.5 million K. 
This image demonstrates the difference between the maximum and 
minimum activities during an 11 year solar cycle. In 2002, the sun was near 
its maximum of activity, while in 2008 it was very quiet. 
Image: SOHO (ESA & NASA). 
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1 Introduction 

Humans' current standard of living could not be supported without the 
guarantee that the desired energy supply is sustained. The current annual 
global energy consumption is roughly 500 EJ, and is only expected to rise in the 
near future.1, 2 Most of this energy is produced from fossil fuels, with minor 
contributions from nuclear power and renewable energy sources such as 
biomass, wind, geothermal and hydroelectric power. The impact of our 
dependence on fossil fuels, not only on the climate, but also on for instance 
political relations, is tremendous. With the proven reserves of fossil fuels 
progressively decreasing we need to explore all other possibilities offered to 
human kind. 

All life on earth needs a source of energy to thrive. More than 3 billion years 
ago, life developed the capability to utilize the abundance of energy that the 
sun provides in the form of electromagnetic radiation.3 Almost all life forms use 
this energy, directly or indirectly, to support their primary processes. The 
photosynthetic apparatus that nature developed is capable of absorbing light 
and converting it into chemical energy in a form it can utilize. Ultimately, it is 
this very process that stands at the beginning of the cycle that led to the creation 
of the current oil, gas and coal reserves. 

The sun annually provides the earth with about 5000 ZJ of energy, 
surpassing the current consumption by four orders of magnitude. The resource 
base represented by terrestrial irradiation far exceeds that of all other renewable 
energy sources combined.4 In fact, other renewable energy sources such as 
wind energy, hydroelectric, and utilization of biomass, indirectly use the sun as 
energy source, albeit at low efficiencies. In addition, unlike fossil fuels, uranium 
and thorium deposits, solar irradiation is ubiquitous. Where key deposits of 
non-renewable energy sources are present in politically unstable regions of the 
earth, all countries in the world have access to solar light for energy production. 
Although the equatorial region receives a higher power density compared to 
the temperate regions, solar energy harvesting is still viable under moderate 
irradiation. For instance, solar irradiance is only 1.5 times higher in Italy than in 
Germany.5 The idea of harvesting the suns energy is not new. Already in 1912, 
when coal mass and not oil barrels was the still common unit for energy, 
Giacome Ciamician pointed at the sun as a resource that humanity has to tap 
into.6 

Several strategies exist to utilize the sun as power source. For instance, 
photons can be used to drive energetically uphill reactions and chemically store 
the energy, such as natures photosynthetic apparatus. Arguably the most 
widespread current use of the suns power is in solar thermal collectors. 
Conversion of solar energy into electricity holds the promise of wide scale 
applicability of the harvested energy. Solar cells are the most promising 
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technology capable of capturing the suns irradiation and convert it directly into 
electricity. 

 

2 Solar Cells 

The operation of a solar cell is based on the concept of charge separation at 
an interface between two materials of different conduction mechanism. 
Absorption of a photon by a material can result in the formation of an electron-
hole pair. On the interface between materials that conduct electricity via the 
movement of electrons, n-type semiconductors, and material that conduct via 
the movement of holes, p-type semiconductors, the pair can be split. 
Recombination of the electron with the hole in the outer circuit of the solar cell 
can be used to perform work. This effect is called the photovoltaic effect and 
was discovered by Becquerel in the 19th century.7 Since electron-hole pair 
generation occurs in the bulk solid of the solar cell, while dissociation occurs on 
the interface, the exciton must possess a sufficient lifetime to diffuse to the 
interface. Recombination of the exciton in the solar cell will only result in the 
formation of heat. Stringent demands are thus placed on the material purity as 
recombination losses predominantly occur at defect sites resulting from 
impurities. The most commonly used material, silicon, is expensive as a result 
of the necessary purity, despite its abundance as the 3rd most common element 
on earth.8 

The field of photovoltaic devices has been dominated by solid-state single-
junction devices, profiting from the knowledge and resources available from 
the semiconductor industry.9, 10 The high demand on energy and resources in 
the production of these cells combined with the theoretical limit of 33% 
efficiency make these cells unlikely to achieve cost parity with fossil energy.11 
Decreasing costs can be achieved by reducing the amount of material used in 
the solar cell, a strategy that led to the development of thin layer solar cells.10 
These technologies offer the prospect of low production and material costs 
while maintaining commercially viable energy conversion efficiency. 

An alternative way to decrease costs is to circumvent the necessity of using 
high purity materials. Dye sensitized solar cells (DSSCs) are based on the 
principle of physically separating the charge generation process from charge 
transport processes, thereby diminishing recombination losses. The concept of 
sensitizing a semiconductor surface was already known in the 1960's12 and 
1970's,13, 14 but the field gained significant impetus as a result of the milestone 
publication by O'Regan and Grätzel15 using mesoporous titania dioxide and 
proving that commercial interesting conversion efficiencies were possible. An 
outline of the operational principle of a DSSC is depicted in Figure 1. The 
system consists of a wide band gap semiconductor surface sensitized to visible 
light by dye molecules (S). Typically, anatase TiO2 is used as semiconductor as  
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Figure 1. Scheme of operation for a dye sensitized solar cell. D is Sensitizer, CB is 
conduction band, Voc is open circuit voltage, HTM is hole transfer medium, CE is counter 
electrode. 

it is stable and provides a valence band and conduction band (CB) of 
appropriate energy. To provide sufficient surface area so that many monolayers 
of dye molecules are in the light's pathway, mesoporous nanocrystalline 
material is used. To ensure efficient sensitization, the dye should be in close 
proximity to the surface, preferably chemisorbed. Upon excitation, the dye 
injects an electron into the conduction band, in which it then diffuses to the 
back contact. The dye is regenerated by a redox mediator couple, usually a 
volatile organic solution of iodide/triiodide (I–/I3

–), although many other 
systems are applied, such as ionic liquids,16-18 alternative redox couples,19-21 
and solid hole transport materials,22, 23 and often additives are present to 
increase open circuit voltage.24, 25 The iodide is regenerated at the transparent 
front contact, catalyzed by a thin platinum layer.26 The generated voltage (Voc, 
open circuit voltage) corresponds to the difference between the quasi Fermi 
level and the redox potential of the electrolyte. 
 

A number of review papers have appeared over the recent years on the 
operation of the entire cell, or specific parts thereof,27-35 including an issue of 
Coord. Chem. Rev. dedicated to Michael Grätzel as a tribute to his 60th 
birthday.36 
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Figure 2. Terrestrial solar irradiance (grey),37 energy converted by an ideal sensitizer (grey 
hatched area), and electronic absorption spectrum of N719 (black). 

3 Dye Materials 

Many different optically active molecules have been used as dyes in DSSCs, 
including the molecule used by nature itself, chlorophyll,38-40 as well as other 
natural colorants.26 Demonstration kits of DSSCs are commercially available for  
educational purposes in which berry juices or other harmless natural colorants 
can be used as sensitizer.41 As the photon capture and charge separation 
processes are localized on a single molecule, an extreme degree of control is 
available as well as the possibility to accurately study these processes in well 
defined systems. 

The theoretical maximum efficiency for a single layer solar cell is reached 
when it converts all light with energy above 920 nm (Figure 2), and the ideal 
sensitizer should thus absorb this light and inject electrons with unit 
efficiency.33 In addition it must carry anchoring moieties to firmly graft it to the 
semiconductor surface. Its oxidation potential should be matched to that of the 
electrolyte so that it can be regenerated from the oxidized state by the 
electrolyte. To achieve the necessary 20 years lifetime of the solar cell, it should 
be able to sustain about 108 turnovers. 

Two general classes of molecular sensitizers can be distinguished, organic 
molecules containing extended π-systems42, 43 and metal complexes. Also less 
well defined systems such as quantum dots or thin semiconductor layers can be 
used as sensitizers.44-46 The focus of the current review will be on polypyridine 
and related complexes of ruthenium used as sensitizer in the DSSC, and on the 
modifications used to improve the efficiency of the solar cell. Next to this large 
class of metal complexes, porphyrins47-50 and phthalocyanines51-53 have also 
been applied. Coordination complexes of other metals, such as iron,54 
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platinum,55, 56 rhenium,57-59 and iridium.60 have been applied as well. Osmium 
complexes have also been used and are especially interesting since they offer 
the potential of using low energy 3MLCT absorption bands due to high spin 
orbit coupling.61 

The efficiencies of solar cells constructed with new sensitizers are often 
compared to similar cells using a standard dye (usually N719). Unfortunately, 
the efficiency of the cell is highly dependent on many factors, such as cell size, 
electrolyte, the thickness and structure of the titania layer, the quality of the 
simulated spectrum, and the lab the cell is produced in, making comparison of 
this quantity difficult. Reported efficiencies for the N719 sensitized cell range 
from a few percent to the impressive record of 11%.62 We will use efficiencies as 
a relative quantity to illustrate how changing the sensitizer will affect solar cell 
performance. Dyes are often referred to by a code and for consistency these 
codes are collected in this contribution as well. 

 

4 Ruthenium complexes 

The prototype of a metal complex capable of sensitizing DSSCs must be 
[Ru(NCS)2(H2dcbpy)2]2+, N3, (dcbpy = 4,4'-dicarboxyl-2,2'-bipyridine), Chart 
1.63 Since its development in 1993,63 it is this complex that is most commonly 
utilized in studies on the solar cell system, and its photovoltaic performance has 
been unmatched for 8 years. In 2001, the tctpy (tctpy = 4,4',4''-tricarboxy-
2,2':6',2''-terpyridine)) based black dye (see Chart 4) achieved 10.4% efficiency.64 
With both complexes record efficiencies around 11% have been reported.62, 65, 66  

The N3 complex consists of two identical bipyridine ligands bearing 
carboxylate moieties for efficient grafting to the TiO2 surface.67 Polypyridine 
complexes of ruthenium are characterized by moderately strong absorption 
features in the visible light, associated with spin-allowed metal-to-ligand charge 
transfer transitions (MLCT).68-70 During absorption of a photon, the Frank 
Condon state delocalized over the bpy ligands is populated. Upon cooling, the 
electron is localized on one of the ligands, where it is in thermal equilibrium 
with the state localized on the other ligand. The electron can be efficiently 
injected in the conduction band level from this state as a result of the electronic 
interaction provided by the carboxylate moieties. Electron injection is very fast, 
usually with unit efficiency and might even occur on a femtosecond time 
scale,71, 72 although it can be considerably slower under actual operational 
conditions.73 The speed of injection is important as it prevents relaxation of the 
excited state before injection can occur. In N3, as compared to [Ru(bpy)3]2+, the 
thiocyanate ligands replace one of the bpy ligands and reduce the charge of the 
complex to neutral. After electron injection, the dye is effectively oxidized. Due 
to the depopulation of the bonding ligand-metal orbitals upon oxidation, the 
dyes often photo-decomposes in this oxidation state.74, 75 As a result of fast 
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regeneration by the electrolyte, the presence of the oxidized state is suppressed 
and the stability of the dye is tremendously increased as long as efficient 
regeneration is possible. 

Thiocyanate monodentate ligands are used to tune the absorption features of 
the complex to the red end of the spectrum for a better overlap with the solar 
spectrum. As the highest occupied molecular orbital (HOMO) in ab initio76 and 
density functional theory (DFT)77-79 studies has a component on these 
monodentate ligands, they might also increase the interaction with the 
electrolyte and help in the quick regeneration of the dye. The main drawback of 
the N3 sensitizer is the lack of absorption in the red region of the visible 
spectrum. As the visible absorption of these dyes originates from MLCT 
excitations, increasing the red response of a dye can be achieved either by 
stabilization of the ligand based acceptor state or destabilization of the metal-
based donor state. Most studies have aimed at the first, although the second 
strategy has also been explored. 

 
4.1 Modification of Peripheral Ligands in N3. 

Many modifications on the [Ru(NCS)2(H2dcbpy)2] (N3) complex have been 
performed. Perhaps one of the most obvious adaptations is changing the degree 
of protonation of the complex. The fully protonated N3 dye, with four protons, 
efficiently stains the photoelectrode surface.80, 81 However, protons are known 
to affect the level of the conduction band edge and result in a drop in open 
circuit voltage.82 These observations have led to the development of the N719 
dye,81, 83 which is the doubly deprotonated N3, and is now the dye of choice for 
many studies. 

Thiocyanate ligands can be N- or S-bound, and usually the N-bound isomer 
is synthesized and isolated. Using time-dependent DFT (TD-DFT) calculations 
on the black dye, it was shown that the N-bound isomers are usually preferred 
as the absorption is red shifted compared to the S-bound congeners.84 In other 
studies, the thiocyanate ligands have been replaced, either by mono- or 
bidentate ligands. The monoanionic, monodentate thiocyanate donor ligands 
can undergo photo- or thermal-induced ligand exchange via population of 
metal centered excited states, especially in the presence of coordinating solvents 
such as MeCN,74, 85 or even be photodecomposed.86 This possibly limits the 
lifetime of these complexes in the operational solar cell. However, amongst 
several simple monoanionic, monodentate ligands, such as halides and cyanide, 
the thiocyanate ligand has emerged as being superior.63 As previously 
mentioned, ab initio76 and DFT77-79 calculations have shown that this ligand is 
strongly involved in the formally metal-based HOMO. The site of oxidation is 
thus likely more remote from the surface, slowing down recombination, while  
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Chart 1. Ligands for sensitizer complexes and codes used for the corresponding 
[Ru(L)2(dcbpy)2] complexes (bold). 
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N
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increasing the rate of regeneration. A theoretical study pointed out that using 
pyridine-4-thiol should offer the same advantages but to an even larger 
extent.87 Recent results indicate that regeneration is actually catalyzed by the 
dye itself due to formation of a [dye+][I–] complex, perhaps based on specific π 
interactions between I– and the bpy ligand.88 Several dithiolate or dionate 
ligands, for example dtb, ecda, or acac, Chart 1, have been applied as well.89, 90 
Changing the non-chromophoric ligand changes the energy of the MLCT 
absorption mainly via influencing the metal-based donor states. By increasing 
or decreasing the donor strength of the non-chromophoric ligand, the oxidation 
potential can be shifted negatively or positively, respectively. Using the dtb 
ligand, the metal states were destabilized to such an extent that regeneration 
was hampered, resulting in a low efficiency.90 Using alkyl or phenyl substituted 
acac ligands, performance similar to that obtained with the N3 dye was 
achieved with 6.9% maximum efficiency.91, 92 Also all nitrogen donor ligands 
such as substituted pyridines93, the bidentate bpyp,94 and N-heterocyclic 
ligands with increased donor strength such as the triazole ligand bpzt95, 96 have 
been applied, Chart 1. However, efficiencies as high as those obtained with the 
thiocyanate ligand were not reached. 

 
4.2 Heteroleptic Ruthenium Complexes with Bipyridine Ligands 

A more successful strategy of improving the performance of the N3 dye is by 
replacing one of the dcbpy ligand by an alternatively substituted bpy ligand 
and thus preparing heteroleptic complexes. With one dcbpy ligand needed for 
efficient grafting, the second one is actually free for variation, Chart 2. Efficient  
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Chart 2. Ligands for sensitizer complexes and codes used for the corresponding heteroleptic 
[Ru(NCS)2(dcbpy)(R2bpy)] complexes (bold). 
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synthetic  schemes for  the  stepwise  assembly  of  these  complexes  have  been 
developed.97, 98 For instance, the acid moieties on the second bpy ligand have 
been replaced by aliphatic tails such as methyl (N820),99 nonyl (Z709)100, 101, 
tridecyl (N621)62, 102 or with even longer103 or branched104 tails. Depending on 
the chain length of these amphiphilic sensitizers, an increase in efficiency and 
stability was observed. The former is rationalized by realizing that direct 
recombination of the injected electrons with the electrolyte is hampered by a 
network of the aliphatic tails, thereby increasing the efficiency. Additionally, 
water is known to have a detrimental effect on the long term stability of the cell 
by desorbing the dyes from the surface.103 The highly apolar aliphatic tails 
prevent water from reaching the delicate dye complex. Another amphiphilic 
complex that was prepared utilized dpa-R (R = C11H23, C13H27) instead of the 
secondary bpy and 8.2% efficient cells were produced displaying similar 
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properties as when the substituted bpy ligands were employed.105 Due to the 
differences in solvent properties, replacing the liquid electrolyte by an ionic 
liquid crystal or ionic liquid electrolyte can change the optimal chain length for 
the dye.102, 106 A major loss process in DSSC employing non-volatile, more 
viscous electrolytes is recombination of the injected electron with the hole 
transfer medium (HTM). The reduced recombination rate with the amphiphilic 
sensitizers enhanced the efficiency of these solid state devices. 

 
Extension of the π-system of the secondary bpy ligand can result in an 

increased extinction coefficient as it enhances the Frank-Condon factors of the 
transition. When the extinction coefficient of the dye is increased, a thinner 
photoelectrode is needed to absorb a sufficient fraction of the solar irradiation. 
The reduction in film thickness results in reduced transport losses and a higher 
open circuit voltage, thereby increasing the overall conversion efficiency.107 
Indeed introduction of a pyrrole or pyrrolidine,108 dialkylaminostyryls (D6,109 
HRS-2110), alkoxystyryls (Z910,111 K73,112 K19112, 113, N945107, 114) or large 
extended systems (DCSC13),99 Chart 2, increased the extinction coefficient of 
the dye. For instance, the extinction coefficient of the Z910 dye (λmax = 543 nm, ε 
= 16.9·103 M–1cm–1) was increased compared to that of the N719 (λmax = 538 nm, 
ε = 14.2·103 M–1cm–1)103 and the black dye (λmax = 605 nm, ε = 7.5·103 M–1cm–

1).64 Also extension of the π-system with thiophene units such as 
hexylthienylvinyl (HRS-1),115, 116 octylbithiophene (CYC-B1),117 5-
octylthieno[3,2-b]thiophen-2-yl (C104) increased the extinction coefficient.118 
Using the C104 sensitizer, an impressive power conversion efficiency of 10.5% 
was achieved in a cell with a 7 μm thick TiO2 layer. With the K73 sensitizer 9% 
efficiency was obtained in a cell employing a nonvolatile electrolyte. To prevent 
stabilization of the excited state to such an extent that it was lowered below the 
TiO2 CB and injection becomes impeded, electron donating moieties were 
introduced such as ether or amine moieties. The higher extinction coefficients 
are however often offset against a larger steric bulk thereby reducing the 
surface loading. Although the DCSC13 complex showed an extinction 
coefficient 2.6 times higher than the methyl substituted N820 dye, the 
absorbance of a thin layer was only 20% increased, and the efficiency of a 
device was similar to that of the N820 dye.99 

Using the same principle of extending the conjugation to increase the 
extinction coefficient, one can also insert a vinyl moiety between the bpy and 
the carboxylate moieties, see K8 ([Ru(NCS)2(dcbpy')2]) and K9 
([Ru(NCS)2(dcbpy')((C9H19)2bpy)]).119, 120 In effect, this increases the extinction 
coefficient and also red shifts the absorption by stabilization of the excited state. 
Using the K8 dye an 8.6% efficient cell was constructed. 
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Functionalization of the second bpy with ethylene glycol tails, see K51 and 
K68, allows the dye to coordinate a lithium ion from the electrolyte.121, 122 
Coordination of lithium ions from the electrolyte proved beneficial as it 
prevented a drop of the Voc associated with stabilization of the CB of TiO2 by 
interaction with the lithium ions.123, 124 When more than one equivalent of Li+ 
per sensitizer was present, the open circuit voltage dropped. Whether 
immobilization of the Li+ in the electrolyte by similar ethers or crown ethers 
had the same effect was not explored. Especially the performance of solar cells 
employing a non-volatile electrolyte was improved, reaching 6.6% efficiency 
using a binary ionic liquid.121 In line with the amphiphilic sensitizers, the 
stability of the cell was improved by elongating the glycol tails with alkane 
functionalities. Also improving the extinction coefficient by extension of the π-
system of the peripheral bpy ligand (K60) proved beneficial for its solar cell 
performance.125 

 
Chart 3. Other bidentate ligands used for heteroleptic [Ru(NCS)2(dcbpy)(R2bpy)] complexes. 

N N

NN

R

phenanthrenyl

N N

MeO OMe

Diazaf luorene

N N

N N

HO2C CO2H

HO2C CO2H

N N

HO2C CO2H

dcphen

dcbiq

dcpq

N N
dmphen

N

carbazole

R =

OMe

CO2H

 
 
4.3 Alternative Bidentate Ligands 

The second bpy ligand can also be replaced by other bidentate nitrogen 
ligands, Chart 3. Using a phenanthrenyl ligand the energy range of the 
absorption features could be tuned when the substituent was varied.126 
Interestingly, the highest efficiency was obtained with a carbazole moiety on 
the phenanthrenyl, resulting in a charge separated state upon electron injection, 
vide infra. Using an acid functionalized phenanthrenyl ligand, the resulting 
ruthenium complex [Ru(NCS)2(HO2C-ph-phenanthrenyl)2] was attached to the 
semiconductor surface via this ligand.127 However, low efficiencies were 
obtained due to poor red response. Using the diazafluorene ligand depicted in 
Chart 3, 7.3% efficiency was achieved, also assigned to an improved charge 
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separation in the oxidized species.128 In the same setup, 7.0% efficiency was 
achieved with the N719 dye. 

When dmphen was used, the current was slightly increased compared to the 
N719 system by enhanced red absorption, but increased recombination resulted 
in an overall lower efficiency.129 The π-system of the anchoring bipyridine was 
extended by fusing the rings with phenyl groups. Fusion of a phenyl moiety to 
one or both of the pyridyl rings results in the ligands dcpq,130 dcbiq,131, 132, 
respectively, Chart 3. Alternatively, the pyridine rings can be fused together to 
form dcphen.133 In these compounds with an extended π-system the expected 
red shift of the absorption features has been observed, and, for example 
[Ru(NCS)2(dcpq)2] showed efficient sensitization up to almost 900 nm. An 
interesting observation was made when tBu-Pyridine was added to the 
electrolyte of the solar cell. tBu-Pyridine is a common additive to the electrolyte 
as it occupies free sites on the TiO2 surface, reducing the dark current of the cell, 
but also increasing the TiO2 CB and consequently the DSSC's Voc. However, 
addition of tBu-pyridine to the [Ru(NCS)2(dcpq)2] sensitized cell did not prove 
beneficial but dramatically decreased the efficiency of the cell. The shift of the 
TiO2 CB edge shifted it above the potential of the sensitizer's excited state. 
Further extension of the π-system in [Ru(NCS)2(dcbiq)2] stabilizes the acceptor 
state even more and red shifts the absorption. As a result, the complex was 
capable of injecting electrons from vibrationally hot states only when anchored 
to TiO2 while when SnO2, which has a lower CB, was sensitized instead, 
efficient electron injection was observed. Similarly, the complex 
[Ru(NCS)(HO3P-ptpy)(biq)], (ptpy = 4'-phenyl-2,2':6',2''-terpyridine, biq = 2,2'-
biquinoline) showed very inefficient sensitization.134 

 
4.4 Ruthenium Dyes with Tridentate Ligands  

Stabilization of the excited state results in a red shift of the MLCT absorption 
features in polypyridine complexes of ruthenium. By extension of the 
conjugation over the anchoring ligand by adding an additional pyridine ring to 
the bipyridine in N3 while also increasing the number of thiocyanates to three, 
the black dye was obtained, also known as N749, Chart 4.64 While the N3 
showed activity up to 800 nm, the black dye allowed sensitization of a TiO2 
photoelectrode up to 900 nm. 

Similar adaptations have been made to the black dye, Chart 4, as have been 
made to the N3 dye (Chart 1 - 3). Replacement of two thiocyanate anions for the 
neutral 1,2-bis(amino)ethane ligand eda resulted in solar cells with 8.5% 
efficiency. This replacement further decreased the already rather low extinction 
coefficient of the complex, and slightly reduced IPCE values and thus lower 
efficiencies were obtained. Introduction of one bidentate β-diketonate, for 
example tfpbd (R = C6H5), ligand caused a shift of the absorption features of the 
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Chart 4. Ruthenium tpy complexes used as dyes in DSSCs. 
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dye further into the red.135-137 According to DFT calculation, the HOMO is 
associated with the ruthenium and thiocyanate ligand in  
[Ru(NCS)(tctpy)(tfpbd)], while the LUMO is connected with the tctpy ligand, 
an ideal situation for electron injection to occur. Variation of the substituent on 
the phenyl group in tfpbd allowed for easy fine tuning of the electronic 
properties of the corresponding ruthenium complexes. A solar cell containing 
the 4-fluorophenyl substituted dye reached an efficiency of 9.1%.135 In a similar 
fashion, two thiocyanate anions were replaced by an aromatic diamine, e.g. bpy 
or 2,2'-pyridylquinoline (pyq).138 The resulting complexes however, did not 
show IPCE values as high as the black dye. The corresponding osmium 
complex was more interesting as it shows efficiency down to 1000 nm.61  

 
Replacing the labile monodentate thiocyanates by stable tridentate ligands 

has also been explored. Using the [Ru(3',4'-dicarboxy-2,2':6',2''-
terpyridine)(tpy)]2+ (tpy = 2,2':6',2''-terpyridine) dye, IPCE values up to 70% 
were obtained, but due to the rather sharp absorption features, conversion 
efficiency was low beyond 650 nm.139 Cyclometalation, i.e. the introduction of a 
covalent bond between a formally anionic carbon and the ruthenium center by 
isoelectronic replacement of one nitrogen donor atom by a carbon center is 
known to achieve spectacular changes of the electronic properties of the 
resulting complexes.140-142 Destabilization of the occupied metal levels in the 
corresponding ruthenium complexes by interaction with the formally anionic 
carbon center strongly red shifts the absorption features, compared to the non-
cyclometalated analogues. The absorption features of the C,N,N'-
cyclometalated complex [Ru((HO2C)2-C^N^N)(tpy)]+ ((HO2C)2-C^N^N = 4,4'-
bis(carboxyl)-6-phenyl-2,2'-bipyridine) (λmax = 552 nm, ε = 15.8·103 M–1cm–1) are 
strongly red shifted indeed compared to its non-cyclometalated analogue 
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[Ru(HO2C-tpy)(tpy)]2+ (λmax = 487 nm, ε = 18.0·103 M–1cm–1) while a high 
extinction coefficient is maintained.143 The improved overlap with the solar 
spectrum resulted in significant larger photocurrents compared to the non-
metalated analogue, reaching short circuit currents comparable to those 
obtained for N719. Recently, cyclometalation has also been applied to the bpy 
based N3. Replacement of the labile thiocyanate ligands in N3 by a C,N-
cyclometalating ligand in [Ru(C^N)(dcbpy)2]+ (YE05, C(H)^N = 2-(2,4-
difluorophenyl)pyridine) yielded power conversion efficiencies as high as 
10%.144 

 
Chart 5. Ruthenium complexes with quaterpyridine ligands used as dyes in DSSCs. 
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4.5 Ruthenium Dyes with Quaterpyridine ligands 

Further extending the π-system of the anchoring ligand compared to the N3 
dye and the black dye, has been realized by the use of the corresponding 
2,2':6',2'':6'',2'''-quaterpyridine (qpy) ligand, Chart 5.145 The ruthenium complex 
was attached by the acid moieties on the middle pyridine rings. An additional 
advantage was that the thiocyanate anions are positioned trans to each other, 
whereas in the N719 complex, they are cis. A trans configuration of the 
thiocyanate ligands is known to batchochromically shift the absorption features 
of the complex by destabilization of the metal HOMO levels.146 Unfortunately, 
this trans configuration is thermodynamically unstable, but with the 
tetradentate 4',4''-dicarboxy-qpy ligand the complex is forced to adopt this 
configuration. A DSSC sensitized with this complex reached 75% IPCE and a 
large photocurrent was obtained, but the voltage and fill factor of the device 
were rather low. Substitution of the 4',4''-dicarboxy-qpy ligand by weakly 
electrondonating tBu moieties further red shifted the absorption features of the 
corresponding ruthenium complex, i.e. N886.147 The IPCE and as a consequence 
also the efficiency of this dye remained rather low, which most likely is a result 
of the excited state being below the TiO2 CB. 

 

5 Beyond a Mononuclear Dye Moiety 

Besides adaptation of the dye molecule to improve the overlap with the solar 
spectrum, several alternative strategies have been employed to enhance light 
capture efficiency. Firstly, recombination of the injected electron with the 
oxidized dye can be retarded by increasing the distance between the site of 
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oxidation and the titania surface as is the case with suitable donor-acceptor 
systems. A second strategy is to incorporate multiple dyes, i.e. co-sensitization, 
in the same solar cell or in a stacked cell in such a way that it is possible to 
utilize each dye at the maximum of its performance. Not all these strategies 
have been explored or have proved very effective with polypyridine ruthenium 
complexes and several examples employing different dyes will be mentioned. 

 
5.1 Donor-Acceptor Systems 

Recombination of the electron from the CB of TiO2 with the dye cation on the 
surface is a rather slow process as it occurs in the Marcus inverted regime.148, 149 
The slow recombination results in a lifetime of the electron in the TiO2 in the 
order of micro- or milliseconds.150 However, back electron transfer can be a 
major loss process, especially in solar cells utilizing viscous electrolytes. To 
further slow down this loss process, sensitizer complexes have been prepared 
bearing an electron donor moiety.151-154 Upon excitation, an electron is injected 
into the TiO2 CB followed by electron transfer from the donor moiety which 
occurs on a nanosecond time scale, regenerating the metal complex. The 
resulting charge separated state slows down back electron transfer and allows 
for slower regeneration without loss of efficiency, an especially attractive 
prospect for solid state DSSC.155, 156 The methoxy substituted triarylamine 
donor moiety in N845, Chart 6,157 is geometrically remote from the TiO2 
surface, and recombination of the injected electron with the surface bound 
cation was retarded by 3 orders of magnitude, from 0.85 ms for N719 to 0.79 s 
for the N845 system. 

With larger donor assemblies, the charge separated lifetime can be increased 
even further.158, 159 Whereas a lifetime of 0.35 ms was found for the 
unsubstituted triarylamine, for the dimeric donor 5 ms was observed. Using a 
polymeric extension, a model for a triarylamine based HTM (hole transport 
medium), a lifetime of up to 4 seconds was found.160 Using donor moieties that 
resemble a solid-state HTM, maximum interaction can be expected and thus a 
more efficient electron transfer. Aiming for a polythiophene HTM, the 
thiophene substituted complexes [Ru(H2O3P-tpy)(R-tpy)]2+ (R = 5-(ethyl)-3',4'-
dioctyl-2,2':5',2''-tri-thiophene or 5-2,2'-dithiophene) were prepared, which 
regrettably showed rather low efficiency.161, 162 The conducting material poly-
ethylene-dioxy-pyrrole was electrochemically grown on a photoelectrode 
covered with a pyrrole functionalized dye.163 Results indicated that this 
polymeric HTM was in strong interaction with the dye and was probably 
covalently bound to the pyrrole. Unfortunately, energy conversion in this 
system was rather low as a result of the still efficient electronic recombination 
process. 
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Chart 6. Donor-acceptor sensitizer dye. 
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Recombination can also be suppressed by coating the dye sensitized titania 

layer with an additional layer of C60 molecules. In that case, the electrolyte was 
unable to reach the surface thus generating dark current. Regeneration of the 
dye takes place via the photogenerated [C60]– anion, which obtains its electrons 
from the electrolyte. Covalent functionalization of the dye to incorporate the C60 
moiety yielded similar results. However, depending on the linker length, the 
dark current is mediated by the C60 moieties and the advantage is lost.164 

 
5.2 Co-sensitization 

Attempts to co-sensitize TiO2 electrodes using polypyridine ruthenium and 
osmium dyes in a single monolayer have achieved limited success due to 
energy transfer processes between the individual sensitizer complexes.165 The 
potential of co-sensitization was demonstrated with three organic dyes, a 
merocyanine dye, a hemicyanine dye and a squarylium cyanine dye.166 A DSSC 
co-sensitized with these dyes reached 6.8% overall efficiency. Surprisingly, each 
individual dye exhibited a higher IPCE in the co-sensitized cell than in the 
DSSC using only one of the dyes. It was reasoned that the mixed layer allowed 
a more dense coverage of the surface, preventing recombination of the injected 
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electron with the electrolyte. Additionally, whereas aggregation of the dyes was 
observed in the DSSCs employing only a single dye, it seemed to be reduced in 
the mixed layer. Co-sensitization with polypyridine ruthenium dyes has been 
demonstrated using DSSCs with physically separated active layers, but these 
are beyond the scope of this contribution.167-170 
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Figure 3. a, left-hand side and b, right-hand side. Possible energy schemes of DSSCs 
sensitized with antenna dyes. CB is conduction band, D1 is primary dye, D2 is second dye, 
HTM is hole transfer medium, CE is counter electrode, and ET is energy transfer. 

5.3 Antenna Dyes 

Antenna dyes consist of an assembly of multiple covalently linked 
chromophores. The concept is that linking a second chromophoric unit to a 
primary dye will increase the amount of light captured compared to that 
absorbed by the mononuclear system. As the assembly is grafted onto the semi-
conductor surface with only one of the dye moieties, an optically denser 
monolayer is constructed. The increased extinction allows decreasing the 
thickness of the photoactive electrode, similar to dyes with increased extinction 
coefficients (vide supra). The primary dye D1 performs the functions of a 
standard sensitizer, Figure 3. Upon absorption of a photon (hν1) it injects an 
electron into the TiO2 CB. The dye D1 is then regenerated directly by the 
electrolyte. Chemically linked to D1 is a second dye moiety (D2). Linkage can 
be achieved with ditopic bridging ligands, for example those depicted in Chart 
7. 

Depending on the relative energies and redox potentials of D2's ground and 
excite state, a number of different processes can operate in the cell. Figure 3a 
and 3b depict two possible schemes, but by no means represent every possible 
arrangement. If proper electronic communication and driving force is available 
between the  excited  state  of  D2  and  the  TiO2  CB  is  present, D2 can directly 



 24 

24 

Chart 7. Bridging ligands used for the assembly of antenna dyes. 

N
N

N
N

N N

bpa

bpe

bpeb

N
N

NH

N

N

Hbpt

 
 
inject electrons from its excited state. If the excited state of D2 possesses 
sufficient energy, energy transfer from D2 to D1 allows funneling of the 
excitation to the complex that performs the electron injection, Figure 3a. Energy 
transfer between the dye moieties occurs most likely via Förster171 resonance 
energy transfer, although dual electron transfer Dexter172 type energy exchange 
might constitute a non-vanishing role, especially with strong interaction 
between the units.173 However, if the energy of the excited state of D1 is larger 
than that of the excited state of D2, excitation transfer from D2 to D1 is unlikely, 
Figure 3b. 

Next to energy transfer processes, in which no net charge transfer between 
the dye moieties occurs, electron transfer processes can operate between D1 and 
D2, depending on the relative redox potentials of the dyes in their ground and 
excited state. If D2 is easier oxidized than D1, electron transfer can take place 
from the ground state of D2 to regenerate the oxidized D1. This is a process 
very akin to that increasing the effectiveness of donor-acceptor dyes (vide 
supra). Alternatively, if the excited state of D2 possesses sufficient potential, D1 
can act as an acceptor for electron transfer, and be reduced in the process. 

 
Different bridging ligands (BLs) have been used to prepare antenna 

assemblies, Chart 7. The cyanide bridged [{Ru(dcbpy)2}{(μ-
CN)(Ru(CN)(bpy)2)}2]2+ was among the very first sensitizers to be reported,174 
and it was this dye that was applied in the milestone 1991 publication by 
O'Regan and Grätzel.15 However, the very short cyanide BL allows extensive 
electronic communication, and it is unlikely that localized excited states 
associated with the individual dye moieties are still an adequate description of 
the system.175-179 
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The complex [RuCl(dcbpy)2BL]2+ as D1 was linked to [OsCl(bpy)2BL]2+ as D2 
using 1,2-bis(4-pyridyl)ethane (bpa) as BL.180 Upon excitation of D1, fast 
electron injection to the TiO2 CB was followed by hole transfer to D2, identical 
to donor-acceptor dyes. However, in antenna dyes, D2 is a low energy 
chromophore in itself. The [OsCl(bpy)2BL]2+ D2 moiety can selectively be 
excited at 683 nm, resulting in fast electron injection in the TiO2 CB. The energy 
of the osmium-based excited state is insufficient for energy transfer to the 
primary ruthenium dye, and thus direct electron injection from D2 has to occur. 
The applied bpa as BL was flexible and allows proximity of D2 to the titania 
surface. As regeneration of the Os(III) by the electrolyte is energetically uphill, 
no significant photocurrent was observed for the regenerative cell. The 
energetic scheme of this antenna system is best represented by Figure 3b, with 
sufficient driving force for electron injection from D2 but insufficient to allow 
regeneration of D2. Similar results were obtained for the 3,5-bis(2-pyridyl)-1,2,4-
triazole (Hbpt) bridged dimer, which displayed considerable interaction 
between the metal centra.181 

To enable regeneration of D2, the oxidation potential of the secondary dye 
should be below that of the electrolyte redox couple. Using 1,2-bis(4-
pyridyl)ethylene (bpe), a more rigid linker with improved electric coupling 
potential compared to bpa, a secondary N3 dye was linked to the N3 dye 
already attached to the TiO2 photoelectrode.182 By in situ assembly of the 
system, solubility problems were circumvented, but the uniformity of the 
system on the photoelectrode was impaired, as only a part of the surface bound 
dyes was linked. The increased absorption coefficient resulted in a higher short 
circuit current, while the open circuit voltage and fill factor remained more or 
less constant. As a result, the overall efficiency was increased from 4.6 to 5.3% 
for the monomeric and dimeric complex, respectively. In this assembly 8 
carboxylic acid groupings were present, and the total number of protons in this 
arrangement appeared to be of great importance to the photocurrent 
increase.183 The energetic scheme of this antenna system is best represented by 
Figure 3a, with roughly equal potentials for the ground and excited states of D1 
and D2. Employing tpy-ph-tpy as BL in[{Ru(Cl)(dcbpy)}2(μ-BL)]2+, an increase 
in efficiency from 1% for the monomeric complex to 1.9% for the binuclear 
antenna was obtained.184 

In situ linkage of the black dye as D2 to a N719 sensitized layer has been 
performed using bpe as BL. 183 The photocurrent for the device sensitized by 
this antenna system was decreased compared to the N719 system. The excited 
state of the black dye does not possess sufficient energy to undergo energy 
transfer to the anchored N719 moiety, while direct injection of an electron in the 
TiO2 CB is unlikely due to the rigid linker. Thus photons captured by the black 
dye do not generate current in this setup. The reverse arrangement with the 
black dye as D1 allows electron transfer from the excited state of the black dye 
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to the TiO2 CB. Energy transfer from the excited N719 D2 to D1 is possible and 
an increase in photocurrent was observed indeed. The energetic scheme of this 
antenna system is best represented by Figure 3a. 

Using the elongated BL bpeb in [{Ru(Cl)(H2dcbpy)2}2(μ-bpeb)]2+, the lowest 
excited state was actually associated with the bridging ligand, and can be 
populated from each individual ruthenium center.185 Independent on whether 
D1 or D2 was associated with the excitation, the complex will cool to the same 
excited state. Since excited states associated with the anchoring dcbpy ligands 
were available at only slightly increased energy, electron transfer to the TiO2 CB 
was efficient and 75% IPCE was reached. 

An interesting assembly was made by linking a [Ru(bpy)3]2+ moiety as D2 to 
a [Rh(dcbpy)2(bpy)]3+ moiety as D2.186 Excitation of the ruthenium D2 was 
followed by electron transfer to the rhodium D1. In turn, the reduced D1 injects 
an electron in the TiO2 CB. In this heterotriad, the charge recombination was 
significantly slowed down as the D2 cation is remote from the surface and D1 
does not mediate back electron transfer. 
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Figure 4. Energy scheme for a two-photon dye cell concept. CB is conduction band, D1 is 
primary dye, D2 is second dye, CE is counter electrode, and HTM is hole transfer medium. 

5.4 Two Step Process 

An alternative idea is to regenerate the first dye molecule not from the 
electrolyte or the ground state of a second moiety or sensitizer molecule, but by 
electron transfer from the excited state of a second dye complex, Figure 4.187 
This setup is a molecular analogue of the setup employed for solid state multi-
junction cells. It opens the possibility of utilizing photons that are of insufficient 
energy to bridge the gap between the electrolyte redox couple and TiO2 CB, and 
would otherwise be lost. In this setup, it is not the current that is primarily 
targeted for efficiency increase, but the voltage. The possibility of utilizing 
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photons below the operational threshold of the DSSC would greatly improve 
the maximum theoretical efficiency. 

Compared to single sensitizer solar cells, this is a much more complicated 
system. Suitable sensitizers must encompass two dye moieties with 
significantly different oxidation potentials. D1 should be capable of injecting an 
electron into the TiO2 CB from its excited state but regeneration from the HTM 
should be hampered or energetically uphill. The excited state of D2 should be of 
sufficient energy to transfer an electron to the oxidized D1. To ensure sufficient 
electronic communication between the individual chromophores, the dye 
moieties should be covalently linked. The resulting charge transfer state should 
be quenched by reduction of D2 by the HTM before back electron transfer can 
occur. Additionally, the system must be linked to the TiO2 selectively to ensure 
the proper directionality of these steps. Obviously, many requirements have to 
be met, and no sensitizer capable of performing this feat has yet been reported. 

 

6 Concluding Remarks 

The growing energy demand and the dream of using cheap and 
environmentally benign solar energy have been an enormous impetus for 
research into DSSCs. DSSC offer the potential of low construction costs while 
maintaining economically viable conversion efficiencies. Although 
commercialization has already begun, many issues can and still have to be 
addressed to improve the efficiency and long term stability of the devices. One 
major factor is the performance of the sensitizer, usually a single and well 
defined molecule that combines the light absorption and charge separation 
functions in the cell. Several strategies exist to improve the light capture and 
conversion efficiency and this overview has focused on the application of 
ruthenium polypyridine complexes as sensitizers to address these issues. 
Tuning of the absorption features of the dye has yielded panchromatic 
sensitizers capable of absorbing down to the operational threshold of the cell. 
Extending the π-system of the anchored acceptor ligand has yielded efficient 
red absorbing dyes. Replacement of the monodentate thiocyanate ligands by 
chelating cyclometalated ligands yields photostable and efficient dyes. 
Enhancement of the Frank Condon factors for photon absorption increases the 
extinction coefficient of the dye and allows for utilization of thinner layers 
boosting efficiency. Knowledge of the water induced degradation of the 
sensitized surface has led to the development of amphiphilic dyes that protect 
the surface with an interpenetrated layer of hydrophobic alkane tails. Finally, 
several concepts are discussed in which multiple dyes are either co-attached or 
chemically linked and cooperate to increase the overall power conversion 
efficiency or to achieve functions that are unavailable to single dyes. 
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Designing sensitizer systems that are capable of efficiently capturing and 
converting the solar spectrum is still a major challenge. Fine tuning of the dye's 
excited state and ground state electronic properties needs to be combined with 
complexes that are almost indefinitely stable under the operational conditions 
of the DSSC. Another major challenge lies in harvesting photons that do not 
incur photocurrent in classical DSSCs, and new concepts need to be explored to 
do so. Designing a molecular system capable of the necessary two-photon 
process is a conundrum. 
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Image of the sun at a wavelength of 20 cm. Stars are not strong radio 
emitters and our sun is not an exception. However, being so close we can 
detect much emission from it, in particular during periods of strong solar 
activity. The active Sun is shown here in an image obtained with the VLA. 
The bright spots in the image correspond to active regions, usually 
associated with sunspots. 
Image: (c) National Radio Astronomy Observatory / Associated 
Universities, Inc. / National Science Foundation. 
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Abstract 

The effects of isoelectronic replacement of a neutral nitrogen donor atom by 
an anionic carbon atom in terpyridine ruthenium(II) complexes on the 
electronic and photophysical properties of the resulting N,C,N'- and C,N,N'-
cyclometalated aryl ruthenium(II) complexes were investigated. To this end a 
series of complexes were prepared either with ligands containing exclusively 
nitrogen donor atoms, i.e. [Ru(R1-tpy)(R2-tpy)]2+ (R1, R2 = H, CO2Et) or bearing 
one, either N,C,N'- or C,N,N'-cyclometalated ligand and one tpy ligand, i.e. 
[Ru(R1-N^C^N)(R2-tpy)]+ and [Ru(R1-C^N^N)(R2-tpy)]+, respectively. Single-
crystal X-ray structure determinations showed that cyclometalation does not 
significantly alter the overall geometry of the complexes but does change the 
bond lengths around the ruthenium(II) center, especially the nitrogen-to-
ruthenium bond length trans to the carbanion. Substitution of either of the 
ligands with electron withdrawing ester functionalities fine tuned the electronic 
properties and resulted in the presence of an IR probe. Using trends obtained 
from redox potentials, emission energies, IR spectroelectrochemical responses, 
and the character of the LUMOs from DFT studies, it is shown that the first 
reduction process and luminescence are associated with the ester substituted 
C,N,N'-cyclometalated ligand. Cyclometalation in a N,C,N'-bonding motif 
changed the energetic order of the ruthenium dzx, dyz, and dxy orbitals. The red 
shifted absorption in the N,C,N'-cyclometalated complexes is assigned to MLCT 
transitions to the tpy ligand. The red shift observed upon introduction of the 
ester moiety is associated with an increase in intensity of low energy transitions, 
rather than a red shift of the main transition. Cyclometalation in C,N,N'-binding 
motif also red shifts the absorption, but the corresponding transition is 
associated with both ligand types. Luminescence of the cyclometalated 
complexes is relatively independent on the mode of cyclometalation, obeying 
the energy gap law within each individual series. 
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1 Introduction 

Ruthenium(II) polypyridine complexes have received widespread attention 
for their photophysical and photochemical properties.1-7 The interest in these 
compounds stems from their potential when applied as photosensitizers in 
solar energy conversion,8-10 photoluminescent (bio)sensors,11-13 or 
electroluminescent dyes in OLEDs.14, 15 The visible absorption and emission 
features are assigned to metal-to-ligand charge transfer (MLCT) states. In 
general, the tris-bidentate [Ru(bpy)3]2+-type (bpy = 2,2'-bipyridine) complexes 
exhibit more convenient photophysical properties (i.e., longer excited state 
lifetimes and higher room temperature emission quantum yields) than the bis-
tridentate [Ru(tpy)2]2+-type (tpy = 2,2':6',2''-terpyridine) complexes, a result of 
the lower ligand field splitting due to geometric constraints in the latter type, 
resulting in thermal accessibility of the metal centered (3MC) quenching states.1, 

2, 16 However, bis-tridentate complexes are enticing for incorporation into larger 
assemblies, as substitution on the 4'-position leads to linear structures without 
the bothersome formation of enantiomers or diastereomers.17 

Several strategies to increase emission quantum yields and excited state 
lifetimes in tridentate ruthenium(II) complexes have been identified. Most 
approaches aim at increasing the energy gap between the radiative 3MLCT and 
quenching 3MC states. Stabilization of the 3MLCT state can be achieved by 
substitution of the tpy ligands by electron withdrawing functionalities18 or a co-
planar aromatic moiety,19, 20 which indeed resulted in complexes with longer 
emission lifetimes compared to the parent compounds. Incorporation of an 
organic chromophore to establish an equilibrium between the 3MLCT and 
chromophore triplet 3LC states will greatly enhance the lifetime of the 
complex.21, 22 Although rather effective, these strategies involve sacrificing the 
very positions that are targeted for the construction of larger assemblies. An 
additional strategy, based on increasing the energy of the 3MC state, is lowering 
the strain of the tridentate ligand, thereby increasing the field strength of the 
ligand.23-26 Another way to destabilize the 3MC state is to strengthen the donor 
properties of the ligand by introducing strongly donating moieties, such as 
(hetero)aromatic N–, C– or S.27-29  

Cyclometalated complexes offer an interesting way to tune the frontier 
orbital energies as replacing a nitrogen atom in tpy by an anionic carbon center 
dramatically changes the electronic properties of the ligand.30-32 Cyclometalated 
complexes of ruthenium(II) have been used as acceptors in dyads33, 34 and as 
redox mediators in oxidase chemistry.35 We have recently demonstrated that 
cyclometalated ruthenium(II) complexes are also a promising new class of 
sensitizers for dye-sensitized solar cells.36 As solely a nitrogen donor atom is 
replaced by a carbon donor atom, the overall geometry of the complex is 
retained, allowing for further substitution, but the overall charge of the complex 



 38 

38 

is decreased. In this way room temperature luminescent ruthenium(II) 
complexes have been prepared with N,C,N'-34, 37-40 or C,N,N'-binding28, 41-43 
motifs of the cyclometalated ligand. In particular when cyclometalated ligands 
are present that allow for intraligand π-π interactions, efficient luminescence is 
obtained.44 To further investigate the changes in electronic properties of this 
type of complex upon replacing the neutral nitrogen atom by an anionic carbon 
center, we prepared a series of cyclometalated ruthenium(II) complexes with 
either a N,C,N'- or C,N,N'-binding motif. To allow fine tuning of the electronic 
properties, ester moieties have been introduced in the 4'-position of each ligand, 
resulting in 11 complexes in total, 8 of which being cyclometalated. The ester 
moieties also function as IR probes by monitoring changes in the frequency of 
the νC=O vibration upon reduction of the complex. Time-dependent density 
functional theory (TD-DFT) was applied to support the experimental results. 

 

2 Results 

2.1 Synthesis 

The substituted tpy ligand and the N,C,N'- and C,N,N'-cyclometalating 
ligands, N^C(H)^N (1,3-di(2-pyridyl)benzene) and C(H)^N^N (6-phenyl-2,2'-
bipyridine), respectively, were prepared according to literature procedures.36, 

45-52 For synthetic reasons, the tpy and C(H)^N^N ligands were substituted 
with ethyl esters, while the methyl ester group was attached to the N^C(H)^N 
ligand. The methyl- and ethyl ester groups display almost identical electronic 
properties as the extra carbon atom is at a peripheral site, and the Hammett 
parameter53 σp for both moieties is identical. 

 
Chart 1 Molecular structures and NMR numbering scheme for investigated complexes 

[1a]2+-[1c]2+, [2a]+-[2d]+, and [3a]+-[3d]+. 
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The studied ruthenium(II) complexes are represented in Chart 1. All 

complexes were ultimately converted to the PF6
- salts and analyzed as such. 

The dicationic complexes [1a]2+-[1c]2+ were prepared by dehalogenation of a 
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suitable ruthenium(III) precursor, [RuCl3(R-tpy)], with AgBF4 in acetone, 
followed by reaction with the corresponding terpyridine in EtOH solution. For 
the preparation of [1b]2+, [RuCl3(EtO2C-tpy)] was preferred over [RuCl3(tpy)] as 
starting material, as it led to a cleaner reaction. The preparation of 
cyclometalated ruthenium(II) complexes involving tridentate polypyridine 
ligands, in which the central39 or a peripheral41 pyridine ring is replaced by a 
phenyl ring, has been described elsewhere. Thus, the monocationic complexes 
[2a]+-[2d]+ were prepared, by reacting activated [RuCl3(R-tpy)] with the 
corresponding potentially N,C,N'-cyclometalating ligand in n-BuOH. 

Coordination of potentially C,N,N'-binding ligands can be highly solvent 
dependent,41 and using solvents with high dielectric constants, such as aqueous 
MeOH or DMF, favors cyclometalation; on the other hand, the C(H)^N^N 
ligand tends to bind in a N,N'-bidentate mode when less polar solvents such as 
n-BuOH and acetic acid are used. However, using aqueous MeOH, DMF, or 
DMSO, with conventional or microwave assisted heating, led to saponification 
as well as decomposition. Complexes [3a]+-[3d]+ were finally prepared in EtOH 
in the presence of N-methylmorpholine as sacrificial reducing agent. Traces of 
the undesired non-metalated complexes could easily be removed by column 
chromatography on SiO2 followed by column chromatography on Al2O3 or 
crystallization. 

 
2.2 NMR Spectra 

The 1H NMR spectra of heteroleptic [Ru(R1-tpy)(R2-tpy)]2+ complexes are in 
general almost a superimposition of the spectra of the corresponding 
homoleptic complexes.18, 54 Indeed between the complexes [1a]2+ and [1b]2+, the 
most significant difference in chemical shift is observed for the 4'-proton on the 
unmodified tpy, and amounts to 0.06 ppm downfield. Since the homoleptic 
cyclometalated complexes are unknown, the resonances for this ligand could 
not be compared in this way. However, the resonances of the tpy ligands in 
complexes [2a]+-[2d]+ and [3a]+-[3d]+ are significantly shifted compared to 
[1a]2+-[1c]2+. The most significant shifted resonance in [2a]+ is assigned to 
proton B4 (see Chart 1 for NMR numbering scheme) on the tpy peripheral ring, 
which is shifted by 0.24 ppm to higher field. In [3a]+ the largest effect is 
observed for proton A4 on the central ring, which is shifted to higher field by 
0.37 ppm. All individual 13C NMR resonances in [1a]2+, [2a]+, and [3a]+ could be 
assigned by using gHSQC and gHMBC experiments. The resonances of the 
metalated carbon nuclei are found at 222.6 and 184.2 ppm for [2a]+ and [3a]+, 
respectively. Cyclometalation also strongly influences the 13C NMR spectrum; 
the resonance of the carbon nucleus A4 is shifted by 4.0 ppm and 7.6 ppm for 
[2a]+ and [3a]+, respectively, compared to [1a]2+. 
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Figure 1. Displacement ellipsoid plots of the two independent molecules in the crystal 
structure of the free EtO2C-C(H)^N^N ligand. Ellipsoids are drawn at the 50% probability level. 
The molecules are viewed perpendicular to their central pyridine planes, respectively. The 
phenyl ring of the second molecule is disordered over two conformations. 

 
2.3 Crystal Structure Determinations 

Single crystals of the free EtO2C-C(H)^N^N ligand suitable for X-ray 
analysis were obtained by slow concentration of a hexane – Et2O solution. Its 
molecular structure is shown in Figure 1. The peripheral phenyl, pyridyl and 
ester moieties are essentially coplanar with the central pyridine moiety with 
interplanar angles of 2.1(2)-6.3(3)°, which is an indication for conjugation 
throughout the complete molecule. The phenyl ring of the second molecule is 
disordered over two conformations, both being non-coplanar with the central 
pyridine moiety. We attribute this difference to crystal packing effects. In both 
independent molecules the two pyridyl nitrogen atoms are trans to each other 
in order to avoid close H···H contacts between the hydrogen atoms in meta 
position with respect to the nitrogen (i.e. attached to C112 and C16, and C212 
and C26).55 

The molecular structures of [1b]2+, [2c]+, and [3c]+ as obtained by single 
crystal X-ray structure determinations are depicted in Figure 2. Selected bond 
lengths and angles are listed in Table 1. Each of the structures displays the 
expected geometry, with both ligands coordinated in a tridentate, meridional 
fashion to the ruthenium(II) ion. The two ligands are roughly perpendicular 
and occupy a distorted octahedral coordination environment. Deviation from 
the ideal octahedral coordination geometry is induced by the strain in the 
ligands. 
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Figure 2. View of the molecular structures of [1b]2+ (left), [2c]+ (middle), and [3c]+ (right) in 
the solid state. Displacement ellipsoids are drawn at the 50% probability level. Hydrogen atoms, 
counter anions and solvent molecules have been omitted for clarity. 

Table 1 lists the values of the quadratic elongation and angular variance as a 
measure of the deviation from the optimum octahedral surrounding.56 The 
quadratic elongation slightly deviates from the ideal value of 1, indicating that 
the bond lengths show some variation. The angle variance is significantly 
different from the ideal value of 0, which means that the angles are far from 
ideal octahedral angles, reflecting a strained geometry. The peripheral rings 
move toward the metal center, as evidenced by a small decrease of the N8-C7-
C1 and N14/C14-C13-C3 angles compared to the ideal angle of 120°. 
Conjugation between the ester group and the aromatic ligand is preserved upon 
coordination, showing only a slight increase in the angle between this moiety 
and the central aromatic ring. In each case, the tpy ligand is slightly bended 
with respect to the N19-N31-N2/C2 plane, away from the alkyl group of the 
ester. An interesting difference exists between the two individual tpy moieties 
in [1b]2+. Although the peripheral nitrogen-to-ruthenium bond is similar in all 
four instances, the central nitrogen-to-ruthenium bond becomes shortened 
upon substitution as a result of the decreased electron density on this donor 
atom. 

 
Replacing the central nitrogen atom by an anionic carbon center in [2c]+ has a 

profound influence on the geometry. The carbon C2-to-ruthenium distance in 
[2c]+ is short compared to the nitrogen N2-to-ruthenium distance in [1b]2+, 
while the peripheral nitrogen-to-ruthenium bonds in this ligand are elongated. 
The reverse effect is observed in the tpy ligand; the outer pyridine moieties are 
in somewhat closer proximity to the ruthenium. The central nitrogen-to-
ruthenium bond, on the other hand, is with 2.021(3) Å extremely long compared 
to this bond in [Ru(tpy)2]2+ complexes in general, as a result of the strong trans-
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influence of the anionic carbon.39, 57, 58 (A survey of the crystal structures 
extracted from the Cambridge Crystallographic Data Base containing the 
[Ru(tpy)2]2+ moiety showed that the mean distance is 1.976 ± 0.018 Å.59) 

 
Replacing a nitrogen donor atom in one of the outer pyridine rings by an 

anionic carbon donor lowers the symmetry around the ruthenium(II) center. 
The carbon C14-to-Ru bond in [3c]+ is longer than the carbon C2-to-Ru bond in 
[2c]+, 2.043(3) and 1.939(3) Å, respectively. Both the central nitrogen-to-
ruthenium and, especially, the peripheral nitrogen-to-ruthenium bonds are 
elongated in the cyclometalated ligand. The position of the strong σ-donor atom 
in [3c]+ does not allow a pronounced direct trans effect on the tpy ligand as a 
result of the symmetry of the metal d-orbitals involved, and the latter ligand is 
in a closer proximity to the metal center than in [1b]2+. 

 
Table 1. Selected bond lengths (Å), angles (°), and angles between rings for EtO2C-

C(H)^N^N, [1b]2+, [2c]+, and [3c]+. 

 liganda [1b]2+ [2c]+ [3c]+ 

Ru1-N8  2.067(3) 2.082(3) 2.157(3) 

Ru1-N2/C2  1.972(2) 1.939(3) 2.006(3) 

Ru1-N14/C14  2.074(3) 2.078(3) 2.043(3) 

Ru1-N19  2.077(3) 2.070(3) 2.061(3) 

Ru1-N25  1.985(2) 2.021(3) 1.954(3) 

Ru1-N31  2.075(3) 2.074(3) 2.061(3) 

C-O1 1.201(5) 1.205(4) 1.205(5) 1.201(5) 

C-O2 1.333(5) 1.329(4) 1.346(5) 1.340(5) 

N8-Ru1-N14/C14  158.14(10) 157.51(10) 156.57(12) 

N19-Ru1-N31  157.31(10) 156.19(10) 158.24(11) 

N2/C2-Ru1-N25  175.38(11) 177.38(12) 174.85(11) 

∠(N8-C7-C1)  115.0(3) 113.6(3) 114.9(3) 

∠(N14/C14-C13-C3)  114.9(3) 112.9(3) 116.1(3) 

∠(OE2–ON5)
b  88.54(15) 88.48(17) 86.47(17) 

∠(OE2–Ester)c 4.2(5) 14.6(4) 14.5(5) 7.3(4) 

Quadratic elongationd  1.028 1.029 1.031 

Angle variance [deg2]d  95.62 101.16 103.84 
a Only one of the two independent molecules is considered. b Angle between the two central aromatic rings, 

containing E2 and N5 respectively. c Angle between the central aromatic ring containing E2 and the least squares plane 
fitted through the three atoms of the O–C=O moiety d Ref 56 
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Table 2. Cyclic voltametric dataa for [1a]2+-[1c]2+, [2a]+-[2d]+, and [3a]+-[3d]+. 

  E1/2 (V) (ΔEp (mV))  

Complex  RuII/RuIII L/L•– L'/L'•– 

[1a]2+  0.89(64) –1.66(63) –1.90(63) 

[1b]2+  0.95(68) –1.45(64) –1.85(76) 

[1c]2+  1.01(64) –1.40(61) –1.65(63) 

     

[2a]+ 1.36b 0.12(62) –1.95(63)  

[2b]+ 1.35b 0.20(60) –1.74(61)  

[2c]+ 1.44b 0.25(63) –1.91(64)  

[2d]+ 1.43b 0.32(63) –1.69(67)  

     

[3a]+ 0.89b 0.15(60) –1.97(66)  

[3b]+ 1.00b 0.26(63) –1.77(65)  

[3c]+ 1.03b 0.22(63) –1.81(61) –2.17(77) 

[3d]+ 1.23b 0.31(61) –1.72(57) –2.03(67) 
a Data collected in MeCN with [n-Bu4N]PF6 as supporting electrolyte at 100 mV/s; potentials reported relative vs. 

ferrocene/ferrocenium (Fc/Fc+) used as internal standard. b Irreversible, Ep,a reported. 

2.4 Electrochemical Behavior 

The half wave oxidation and reduction potentials for the complexes, as 
determined by cyclic voltammetry are summarized in Table 2. In ruthenium(II) 
polypyridine complexes, the highest occupied molecular orbital (HOMO) is 
predominantly metal-based, while the lowest unoccupied molecular orbital 
(LUMO) is ligand-based. Consequently, oxidation is associated with the metal 
center while reduction is located on the ligand system.1, 60, 61 In this series, 
cyclometalation results in a cathodic shift of about 690-780 mV for the metal-
based oxidation, rather independent on whether the coordination mode is 
N,C,N' or C,N,N'. The more electron-rich metal center increases back-donation 
to both ligands, and accordingly shifts the ligand-based reduction to more 
negative potentials, albeit to a lesser extent than observed for the oxidation 
couple. In line with the electron withdrawing properties of the ester moiety, the 
metal-based oxidation is shifted to more positive values when this moiety is 
introduced. The ligand-based reduction is negatively shifted to a smaller extent 
upon introduction of the ester group. 

The nature of the cathodic process was investigated by IR 
spectroelectrochemistry, monitoring the frequency shift of the C=O stretch of 
the ester group upon reduction, see Table 3. Formation of the radical anion of 
the ester-functionalized ligand results in a shift of circa 60 cm–1. When the ester 
is introduced on the remote ligand, the frequency is shifted merely by 10 cm–1. 
In the case of [1c]2+, the second reduction results in the observation of a single 
νC=O band shifted by 70 cm–1. For [3d]+ the second reduction was not 
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investigated in detail as the process was not reversible on the timescale of the 
experiment. 

 
Table 3. IR spectroelectrochemical dataa for [1b](n+1)+-[1c](n+1)+, [2b]n+-[2d]n+, and [3b]n+-

[3d]n+. 

  νC=O (cm–1)   Assignment first 

Complex n = 1 n = 0 Δ (νC=O) (cm–1)b reduction 

[1b](n+1)+ 1730 1670 –60 Et2OC-N^N^N 

[1c](n+1)+ 1730 1720, 1670 –10, –60 Et2OC-N^N^N 

     

[2b]n+ 1720 1655 –65 Et2OC-N^N^N 

[2c]n+ 1710 1700 –10 N^N^N 

[2d]n+ 1715 1700, 1655 –15, –60 Et2OC-N^N^N 

     

[3b]n+ 1720 1655 –65 Et2OC-N^N^N 

[3c]n+ 1725 1660 –65 Et2OC-C^N^N 

[3d]n+ 1720 1710, 1660 –10, –60 Et2OC-N^N^N 
a Data collected with an OTTLE cell in PrCN solution with [n-Bu4N]PF6 as supporting electrolyte at 5 mV/s. b 

Difference between observed νC=O frequency of parent complex and the one-electron reduced complex. 

2.5 Electronic Absorption Spectroscopy 

The UV-vis absorption spectra of complexes [1a]2+-[1c]2+, [2a]+-[2d]+, and 
[3a]+-[3d]+ are depicted in Figure 3-5, respectively, and summarized in Table 4. 
Additionally we investigated the nature of the low energy transitions using the 
time-dependent density functional theory (TD-DFT) approach, see Figures 3-5. 
The calculations were performed using the B3LYP functional with the DZ 
Dunning basis set62, 63 for all atoms except for ruthenium, for which the 
Stuttgart RSC 1997 ECP relativistic core potential64 was used. TD-DFT 
calculations were run on optimized geometries at the same level of theory. All 
DFT calculations were run on the corresponding methyl esters. In addition to 
the isovalue plots65 we have used an extended Mulliken population analysis66 
in the spatial assignment of the individual orbitals, Table 5. The lowest 
unoccupied molecular orbitals (LUMOs) are associated with the ligands. In 
[1a]2+-[1c]2+ and [3a]+-[3d]+, low-energy virtual levels are available on both 
ligands, while in [2a]+-[2d]+ levels associated with the N,C,N'-bonded ligand 
are available at increased energy. 
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Table 4. Electronic absorption data for [1a]2+-[1c]2+, [2a]+-[2d]+, and [3a]+-[3d]+. 

Complex λmax (nm)a (ε (103 M–1cm–1)) 

[1a]2+ 475 (14.7), 308 (63.4), 270 (38.8), 225 (sh) 

[1b]2+ 484 (18.1), 309 (52.1), 272 (43.0), 226 (sh) 

[1c]2+ 489 (26.2), 317 (56.0), 273 (51.8), 224 (45.1) 

[2a]+ 499 (14.4), 424 (9.6), 368 (sh), 315 (37.0), 277 (47.0), 243 (49.8) 

[2b]+ 559 (11.1), 500 (14.1), 379 (13.2), 319 (25.8), 283 (48.7), 241 (48.5) 

[2c]+ 492 (13.8), 345 (sh), 315 (37.9), 277 (54.1), 243 (62.6) 

[2d]+ 549 (14.2), 493 (15.6), 367 (sh), 320 (34.4), 282 (71.2), 240 (49.1) 

[3a]+ 511 (12.8), 381 (9.7), 318 (40.3), 275 (39.8), 238 (44.6) 

[3b]+ 558 (sh), 510 (15.9), 390 (14.2), 321 (38.5), 272 (38.0), 240 (43.5) 

[3c]+ 523 (18.8), 420 (sh), 382 (sh), 349 (20.0), 317 (37.3), 277 (46.2), 238 
(50.7) 

[3d]+ 551 (sh), 518 (23.1), 383 (13.9), 346 (sh), 322 (36.6), 282 (46.8), 240 
(50.6) 

a Measured at 298 K in MeCN. 

Table 5. Mulliken population (electron) on Ru of selected frontier molecular orbitals in [1a]2+-
[1c]2+, [2a]+-[2d]+, and [3a]+-[3d]+. Mulliken population sums to one electron per molecular 
orbital. 

 [1a]2+ [1b]2+ [1c]2+ [2a]+ [2b]+ [2c]+ [2d]+ [3a]+ [3b]+ [3c]+ [3d]+ 

H-2 0.71, dzx 0.71 0.70 0.66, dxy 0.65 0.66 0.66 0.69, dzx 0.68 0.67 0.66 

H-1 0.71, dyz 0.71 0.69 0.68, dyz 0.65 0.68 0.65 0.59, dyz 0.56 0.60 0.57 

H 0.68, dxy 0.68 0.68 0.51, dzx 0.51 0.51 0.50 0.50, dxy 0.49 0.49 0.49 

L 0.08 0.09 0.09 0.13 0.16 0.13 0.15 0.02 0.18 0.08 0.18 

L+1 0.08 0.08 0.09 0.02 0.02 0.02 0.02 0.16 0.04 0.15 0.07 

 
Polypyridine complexes of ruthenium(II) are generally characterized by 

strong intraligand π-π* transitions in the UV region while the absorptions of 
medium intensity in the visible region are assigned to metal-to-ligand charge 
transfer (MLCT) transitions.2 The strong intraligand (IL) absorptions in the UV 
are almost unaffected by the presence of the substituents. The presence of two 
substantially different ligand systems in the cyclometalated complexes results 
in the presence of additional IL transitions, viz. a new strong absorption feature 
at 240 nm, most likely originating from the cyclometalated ligand. 

The introduction of the ester moiety shifts the MLCT absorption maximum 
of [1a]2+-[1c]2+ bathochromically, and appears to have a hyperchromic effect. 
TD-DFT predicts a number of transitions responsible for the main MLCT 
absorption, involving a mixture of both ligands. Two low-energy, low intensity 
transitions at 515 and 540 nm, responsible for the low-energy tailing of the 
MLCT feature, have HOMO → LUMO and HOMO → LUMO+1 character, 
respectively. For [1a]2+ they are predicted at 515 nm, in [1c]2+ at 540 nm, and in 
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[1b]2+ one is predicted at 515 nm and one at 540 nm, consistent with one tpy 
and one substituted tpy. 

Upon cyclometalation, the visible absorption features, also assigned to MLCT 
transitions, are significantly altered. Compared to [1a]2+-[1c]2+, the MLCT 
absorption features are bathochromically shifted, broadened, and slightly 
decreased in molar absorption coefficient. Where the absorption band is only 
slightly non-Gaussian in [1a]2+-[1c]2+, in the cyclometalated complexes multiple 
shoulders are present. As a result, where solutions of complexes [1a]+-[1c]2+ 
appear as translucent orange, equimolar solutions of [2a]+-[2d]+ and [3a]+-[3d]+ 
are dark red and dark purple, respectively. 

In complexes [2a]+-[2d]+ modification of the cyclometalated ligand does not 
significantly alter the appearance of the visible absorption in these complexes. 
On the other hand, substitution on the tpy ligand results in the appearance of a 
distinct low-energy shoulder on the visible MLCT feature. With mixed H-1 → L 
and H-2 → L+1 contribution the main transition has metal-to-tpy-ligand CT 
character. At lower energy, two transitions are predicted, of a H-1 → L+1 origin, 
and of a mixed H-2 → L+1 and H-1 → L character. At increased energy 
transitions with metal-to-N^C^N-ligand CT character are found. In complexes 
[3a]+-[3d]+, the entire visible spectrum responds to substitution on either of the 
ligands, somewhat more pronounced upon modification of the cyclometalated 
ligand. The nature of the excitations constituting the visible absorption feature 
is less clear than is the case for the complexes and [2a]+-[2d]+, as the transitions 
are associated with both ligands as acceptor state. To gain more insight into the 
charge transfer nature of these transitions, we performed Mulliken population 
analyses on these excited states. By comparison of the charge distribution with 
the ground state of the complex, an estimate was made of the character of the 
transition. The charge transfer nature of the excitations thus obtained contains 
varying, but roughly equal, contributions to both ligands. 
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Figure 3. Top: electronic absorption spectra of [1a]2+ (black, solid), [1b]2+ (grey, solid) and 
[1c]2+ (black, dash). Bottom: first 15 absorptions as predicted by TD-DFT for [1a]2+ (black, ■), 
[1b]'2+ (grey, ●, offset by 0.02), and [1c]2+ (black, ▲, offset by 0.04). Inset: orbital energy 
diagram (occupied and unoccupied MO's represented by black and gray lines, respectively). 
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Figure 4. Top: electronic absorption spectra of [2a]+ (black, solid), [2b]+ (grey, solid), [2c]+ 
(black, dash) and [2d]+ (grey, dash). Bottom: first 20 absorptions as predicted by TD-DFT for 
[2a]+ (black, ■), [2b]'+ (grey, ●, offset by 0.02), [2c]+ (black, ▲, offset by 0.04) and [2d]'+ (grey, 
▼, offset by 0.06). Inset orbital energy diagram (occupied and unoccupied MO's represented by 
black and gray lines, respectively). 
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Figure 5. Top: electronic absorption spectra of [3a]+ (black, solid), [3b]+ (grey, solid), [3c]+ 
(black, dash) and [3d]+ (grey, dash). Bottom first 20 absorptions as predicted by TD-DFT for 
[3a]+ (black, ■), [3b]'+ (grey, ●, offset by 0.02), [3c]'+ (black, ▲, offset by 0.04) and [3d]'+ (grey, 
▼, offset by 0.06). Inset: orbital energy diagram (occupied and unoccupied MO's represented 
by black and gray lines, respectively). 
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Table 6. Spectroscopic properties for [1a]2+-[1c]2+, [2a]+-[2d]+, and [3a]+-[3d]+ and relevant 
complexes.a 

   Absorption 298 K   Emission 298 K  

Complex ΔEox-red(V) λmax (nm) ε (103 M–1cm–1) λmax (nm) 

(ν~ (cm–1)) 

ϕem
b 

[1a]2+ 2.55 475 14.7 -c -c 

[1b]2+ 2.40 484 18.1 666 (15010) 3.0×10–4 

[1c]2+ 2.41 489 26.2 654 (15290) 3.1×10–4 

      

[2a]+ 2.07 499 14.4 781 (12800) 9.4×10–6 

[2b]+ 1.94 500 14.1 -c -c 

[2c]+ 2.16 492 13.8 743 (13460) 1.5×10–5 

[2d]+ 2.01 493 15.6 789 (12670) 3.6×10–7 

      

[3a]+ 2.12 511 12.8 797 (12550) 5.1×10–6 

[3b]+ 2.03 510 15.9 -c -c 

[3c]+ 2.03 523 18.8 780 (12820) 1.3×10–5 

[3d]+ 2.03 518 23.1 807 (12390) 4.2×10–7 

      

[Ru(ttpy)2]
2+ 2.49d 490d 28.0d 640 (15620)e 3.2×10–5 

[Ru(N^C^N)(ttpy)]+ f 2.10 506 12.8 784 (12750) 4.5×10–5 

[Ru(C^N^N)(ttpy)]+ g  519 14.5 808 (12370) 5×10–6 

a In argon deaerated MeCN solution. b Emission quantum yield, relative to [Ru(bpy)3](PF6)2 as a standard in 
deaerated MeCN; ϕem = 0.062.67 c No emission was detected. d Ref 68 e Ref 69 f Ref 37 g Ref 28 

2.6 Luminescence Properties 

The emission properties of complexes [1a]2+-[1c]2+, [2a]+-[2d]+, [3a]+-[3d]+, 
and relevant complexes from the literature are summarized in Table 6. The 
emission efficiency of [1b]2+ is in agreement with the results reported in the 
literature (λmax = 667 nm, ϕem = 2.7 x 10-4)14 where this compound was 
employed in electrochemical cells emitting very deep red light (706 nm), albeit 
with rather low efficiency. The N,C,N'-binding mode yields luminescence at 
slightly shorter wavelength than the C,N,N'-binding mode. 

 

3 Discussion 

3.1 NMR and Crystal Structure Analysis 

The σ-bond between the formally anionic carbon and the ruthenium(II) ion 
results in specific changes in the electronic and geometric properties of the 
complexes, as reflected in the 1H and 13C NMR spectra, as well as by the 
molecular geometries obtained from single crystal X-ray structure 
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determinations. Cyclometalation creates an electron rich metal center which in 
turn results in increased back donation to both ligands. This results in the large 
changes in the tpy chemical shifts. While the largest effect is observed for the 
resonances of the peripheral rings in [2a]+, this applies for the central ring in 
[3a]+. The difference in the coordination mode does not affect the 13C NMR 
spectrum as clearly as the 1H NMR resonance pattern. The most striking 
difference is found for the carbon nuclei B2 and B6 that are shifted downfield in 
[2a]+, but upfield in [3a]+. The difference in distribution of this effect in [2a]+ 
and [3a]+ reflects the fact that symmetry requires the carbon to interact with 
different d-orbitals on the metal, which is also reflected in the energetic order of 
the metal d-orbitals in DFT calculations, vide infra. In the crystal structure, the 
strong trans effect of the anionic carbon results in a increased bond length of the 
central nitrogen-to-ruthenium bond in the tpy ligand in [2c]+, while the 
peripheral bonds are shortened. In [3c]+, the direct trans effect does not affect 
the positions occupied by the tpy ligand, and the increase in back donation 
moves this ligand closer to the metal center. It is interesting to note that the 
shorter carbon-metal bond in [2c]+, resulting in a stronger interaction, is in line 
with the low field chemical shift of this carbon nucleus compared to the 
cyclometalated carbon in [3c]+. 

 
3.2 Electrochemical Behavior 

The isoelectronic replacement of a nitrogen donor atom by a σ-donor 
carbanion atom results in a large negative shift of the electrode potential of the 
metal-based oxidation process. Although the metal character of the HOMOs is 
decreased according to Mulliken population analyses (Table 5), compared to the 
non-metalated congeners, they are well described as ligand perturbed metal-
based. The oxidation can thus be expected to have at least some ligand-based 
character, but the reversibility of the process points to a predominant metal-
based process. Introduction of an ester moiety on either of the ligands stabilizes 
the oxidation process by accepting electron density from the metal center 
through back-bonding. In all cases, introduction of the first ester moiety results 
in a larger effect than introduction of the second moiety. The extent of the shift 
is roughly 50-80 mV throughout the series, with two exceptions. When the ester 
moiety is attached to the N,C,N'-binding ligand the shift is with 120-130 mV 
much larger and attachment of the ester to the tpy ligand in the C,N,N'-
coordinated complexes results in an intermediate effect with a shift of 90-110 
mV. The increased effect in the N,C,N'-cyclometalated complexes can be 
explained by a direct influence of the ester on the anionic carbon or by the fact 
that in these complexes the metal-based HOMO, formally the target of 
oxidation, has the correct symmetry for optimum interaction, vide infra. The 
increased effect when the ester is introduced on the tpy ligand in the C,N,N'-
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coordinated complexes reflects the increased interaction of this ligand as 
evidenced by the decrease of its nitrogen-to-metal bond lengths. 

It has already been established that the energy of the LUMO for a 
cyclometalated ligand is expected to be higher than that of an isoelectronic but 
neutral polypyridine,16, 37, 70 even when it possesses an extended π system.44 
Thus in principle, all first reductions should be assigned as tpy based, and 
indeed attachment of the ester moiety to tpy significantly stabilizes the 
corresponding reduction wave by 200-220 mV in [1b]2+, [2b]+, [2d]+, and [3b]+. 
Attachment of an ester moiety to the ligand that is not involved in the reduction 
process also stabilizes the reduction process, but to a smaller extent. It is 
interesting to note that the magnitude of this indirect stabilization is rather 
constant throughout the series (i.e., for [1c]2+, [2c]+, [2d]+, [3d]+) around 40-50 
mV, with the exception of [3c]+. Introduction of the ester group at the C,N,N'-
cyclometalated ligand in [3c]+ was expected to have only a small effect on the 
first reduction potential, as it was considered a 'remote' site. However, an 
anodic shift of 160 mV was observed. In addition, introduction of the second 
ester moiety on the tpy ([3c]+ to [3d]+) results in a shift of only 90 mV, while a 
shift of ~200 mV is expected. This leads us to conclude that in [3c]+ the first 
reduction is in fact not tpy-localized, but rather associated with the 
cyclometalated ligand. IR spectroelectrochemistry was used to probe the site of 
the reduction by observing the shift of the νC=O band upon in situ reduction. 
When the ester is attached to the ligand that is the site of the reduction, the 
band shifts by about 60 cm–1. On the other hand, the band shifts by about 10 
cm–1 when the ester is attached to the remote ligand. While in all complexes the 
data is consistent with a tpy localized reduction, the shift of 60 cm–1 for the νC=O 
band upon single electron reduction points to a EtO2C-C^N^N based reduction 
in [3c]+. Final proof for this assignment comes from the DFT calculations, vide 
supra, where the LUMO is associated with the C,N,N'-coordinated ligand in 
[3c]+, Figure 7. In [3d]+ the LUMO is associated with the ester-tpy ligand and 
the shift of 250 mV between the reduction potentials of [3a]+ and [3d]+ point to 
a reduction process associated with this ligand. 

 
3.3 Electronic Absorption Spectroscopy 

It has already been put forward that care has to be taken in using localized 
descriptions of molecular orbitals and transitions, such as the term metal-to-
ligand charge transfer (MLCT), in cyclometalated complexes.71-75 Orbitals 
formally associated with the metal center may have a significant component on 
the cyclometalated ligand, and vice versa. For instance, mixed descriptions are 
indeed more appropriate for [Ir(C^N)] (C(H)^N = 2-phenylpyridine) type 
complexes.71, 72 Where a Mulliken population on the metal center of roughly 
70% is found for HOMO, HOMO-1 and HOMO-2 of [1a]2+-[1c]2+, it is only 
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around 50% for the HOMO in [2a]+-[2d]+, Table 5. The metal contribution to 
HOMO-1 and HOMO-2 is still above 65% electron. The metal contribution to 
these orbitals in [3a]+-[3d]+ is similar, except for a further decrease for the 
HOMO-1 to about 60%. Representative isovalue plots of the frontier orbitals of  
[2a]+ and [3c]+ are depicted in Figure 6 and Figure 7, respectively. It is worth 
noting that while the HOMO is of dxy character for [1a]2+-[1c]2+ and [3a]+-[3d]+, 
it is assigned as dzx in [2a]+-[2d]+ as this orbital allows maximum interaction 
with the electron rich phenyl π-cloud and is thus destabilized. Although the 
metal component for the HOMOs is clearly decreased, the orbitals are still well 
described as ligand perturbed metal-based orbitals. For ease of discussion, we 
continue to use the term MLCT, keeping in mind that these transitions could 
contain a non-zero contribution from ligand-to-ligand charge transfer (LLCT) or 
ligand centered (LC) transitions, depending on the accepting orbital of the 
transition. In [2a]+ the anionic carbon is associated with HOMO-5, showing a 
clear interaction with the dz2 orbital, which is identified as LUMO+17 (3.8 eV 
above the LUMO) and found as LUMO+11 (2.3 eV above the LUMO) in [1a]2+. 
Thus the strong σ-donation indeed destabilizes the unoccupied metal states. 
The dx2y2 orbital, on the other hand, is found as LUMO+10 (at 2.3 and 2.6 eV 
above the LUMO for [1a]2+ and [2a]+, respectively) in both cases, as this orbital 
is are not allowed to interact with the σ-donor. 

 

LUMO+10 LUMO+17HOMO-5

 

Figure 6. Isovalue (value = 0.05) plots for selected molecular orbitals of [2a]+. 

LUMOHOMO LUMO+1

 

Figure 7. Isovalue (value = 0.05) plots for selected frontier molecular orbitals of [3c]+. 
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The visible spectra are well reproduced by the in vacuo TD-DFT calculations, 
the computed transitions being generally blue shifted compared to the 
experiment. The apparent bathochromic and hyperchromic shift of the visible 
absorption feature in complexes [1a]2+-[1c]2+ cannot simply be explained by 
relative stabilization of the accepting state upon modification with the ester 
moiety, as can be done with the transitions producing the low energy tail. The 
energy of the main predicted transition actually slightly increases in the series 
[1a]2+-[1c]2+. Instead, both effects can be explained by the increase in oscillator 
strength for the transition at 465 nm, assigned to a mixture of H → L+2, H-1 → 
L+1, and H-2 → L transitions, i.e. to a mixture of both ligands, see Tables S1-
11.3. 

Cyclometalation destabilizes the metal-based HOMOs and an increased 
splitting between the individual levels is observed. In complexes [3a]+-[3d]+ the 
asymmetric binding mode is reflected by a loss of near degeneracy of HOMO-1 
and HOMO-2. In each case, cyclometalation results in a strong bathochromic 
shift of the MLCT features. Although the N,C,N'-coordination has a larger 
influence on the electrochemical properties, the complexes with C,N,N'-binding 
mode exhibit a larger red shift. In complexes [2a]+-[2d]+ all low energy 
transitions are associated with the tpy ligand, and transitions to the N,C,N'-
binding ligand are predicted at increased energy. Introduction of the ester onto 
the latter ligand indeed result in absorbance changes around 350-450 nm. Upon 
introduction of the ester on the former ligand, the oscillator strength of one of 
the low energy transitions dramatically increases, resulting in the appearance of 
a distinct shoulder in the experimental spectra. This transition is assigned 
mixed H-2 → L+1 and H-1 → L character. Interestingly, the character of this 
transition is the same as for the transition that increases in intensity in 
complexes [1a]2+-[1c]2+. Although the energetic order of the individual orbitals 
is changed, the symmetry restrictions for the transition dictate which metal 
levels are involved. The bathochromic and hyperchromic shift of the absorption 
in [1a]2+-[1c]2+ has the same origin as the appearance of a low energy shoulder 
in complexes [2a]+-[2d]+. 

The visible absorption features of the C,N,N'-bonded complexes are also 
constituted by a number of transitions. The low energy transition in the range 
510-540 nm is associated with a MLCT transition to the tpy ligand. Interestingly, 
this transition displays a rather strong blue shift upon introduction of the ester, 
especially when introduced on the tpy ligand itself. The second transition 
ranges from 487 nm for [3b]+ to 500 nm for [3c]+ and consists of a transition to 
both ligands. The hot Frank Condon state76, 77 populated by optical absorption 
is apparently delocalized over the entire complex. The third set of transitions 
range from 460 to 480 nm, and is also associated with both ligands. This set is 
strongly dependent on the introduction of the ester, where only one transition 
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of low intensity is predicted for [3a]+, two transitions of higher intensity are 
predicted for [3d]+. The mono-functionalized complexes [3b]+ and [3c]+ show 
one transition of increased energy. These changes are obscured in the 
experimental spectrum, and the orbital parentage of these transitions is 
different from that observed for the affected transitions in [1a]2+-[1c]2+ and 
[2a]+-[2d]+. 

 
3.4 Luminescence Properties 

It was previously reported that cyclometalation leads to an increase in 
luminescence efficiency for ruthenium(II) complexes of tridentate ligands.16 
Specifically, [Ru(N^C^N)(ttpy)](PF6) (λmax = 784 nm, τ = 4.5 ns)37 and 
[Ru(C^N^N)(ttpy)](PF6)28 (ttpy = 4'-tolyl-2,2':6',2''-terpyridine) (λmax = 808 nm, 
τ = 60 ns) were found to be more efficient than the non-emissive benchmark 
compound [Ru(tpy)2](PF6)2.18 However, care has to be taken, because replacing 
tpy with ttpy also increases the photoluminescence quantum yield efficiency; 
[Ru(ttpy)2](PF6) (λmax = 640 nm, τ = 0.95 ns)69 shows a similar or larger increase 
in luminescence quantum yield. This is mainly due to the rotation of the tolyl 
ring in the excited state towards a more planar ttpy system, allowing extended 
delocalization in the excited state.16, 18 The energy gap law states that as the 
energy of a luminescent process decreases, the rate of the direct non-radiative 
decay increases with a resulting drop in lifetime and quantum yield. From the 
results for [Ru(ttpy)2]2+,69 [Ru(N^C^N)(ttpy)]+,37 and[Ru(C^N^N)(ttpy)]+ 28 it 
becomes clear that a decrease in the emission energy is accompanied by an 
increase in the excited state lifetime, which is not per se accompanied by an 
increase in quantum yield. This illustrates that the series of complexes is too 
divers and that care has to be taken when applying the energy gap law. 

The present results show that cyclometalation can indeed yield complexes 
that are luminescent at room temperature, by increasing the energy of the 
quenching 3MC states. Although an order of magnitude difference has been 
observed in quantum yield between [Ru(N^C^N)(ttpy)]+ and 
[Ru(C^N^N)(ttpy)]+, the present results are rather independent on the binding 
mode of the cyclometalating ligand, again reflecting the rather special 
properties of the tolyl substituent. In each series, the energy gap law is obeyed, 
decreasing efficiency with decreasing energy. Introduction of the ester on the 
tpy results in a complete quenching of the luminescence for [2b]+ and [3b]+, 
likely associated with the expected decrease in energy by stabilization of the tpy 
associated 3MLCT state and the resulting fast direct non-radiative decay to the 
ground state. Introduction of the electron withdrawing substituent on the 
cyclometalated ligand results in an increase of the phosphorescent energy and 
is accompanied by an increase in luminescence intensity. This is in agreement 
with stabilization of the metal levels via the cyclometalated ligand. 
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Luminescence is also observed for [2d]+ and [3d]+, where the energy increasing 
and decreasing effects of the esters on the cyclometalated and tpy ligand, 
respectively, are more balanced and result in a small red shift of the emission. 
The larger effect induced by the ester moieties in the cyclometalated complexes 
in comparison with the non-metalated congeners results in a different outcome 
of this balancing, as emission from [1c]2+ is blue shifted. Interestingly, in these 
complexes only the dz2 orbital is affected by cyclometalation. Careful ligand 
design to affect both eg orbitals might result in highly luminescent complexes. 

The effect of the ester in [2c]+ (650 cm–1) relatively to [2a]+ is large compared 
to that in [3c]+ (275 cm–1), while the shift is almost identical for [2d]+ and [3d]+ 
(130 cm–1 and 155 cm–1 compared to [2a]+ and [3a]+, respectively). This is in 
agreement with the emission originating from a tpy localized 3MLCT state for 
all complexes, except for [3c]+ where emission is associated with the 
cyclometalated ligand. Stabilization of the C^N^N localized state upon ester 
introduction shifts it below the tpy localized state. It is the latter state that is 
then populated upon thermal cooling from the hot and delocalized Frank 
Condon excited state. These results illustrate that care has to be taken in 
analyzing emission from a complex of this type, as the tpy ligand is not 
necessarily the site of the lowest excited state. 

 

4 Conclusions 

Experimental and theoretical tools were used to investigate the electronic 
properties of cyclometalated ruthenium(II) complexes with ligand N,C,N'- and 
C,N,N'-binding modes, respectively. Structurally, the complexes are very 
similar, with mutually perpendicular ligands coordinated in a meridional 
fashion. Cyclometalation induces a variation in the remaining nitrogen-to-
ruthenium bond lengths, in particular in elongation of the bonds trans to the 
anionic carbon atom. Even though it was previously established that the energy 
of an anionic cyclometalated ligand should be higher in energy than that of the 
isoelectronic neutral polypyridine equivalent, we find the difference to be 
rather small. In [3c]+, the LUMO is actually localized on the cyclometalated 
ligand and not on the tpy, as confirmed by combined cyclic voltammetric, IR 
spectroelectrochemical and DFT data. Introduction of the ester substituent on 
the non-metalated complexes [1a]2+-[1c]2+ results in a red shift and increased 
intensity of the electronic absorption features in the visible region, mainly 
associated with a hyperchromic effect on one low energy transition as 
determined by TD-DFT. Cyclometalation has a pronounced effect on the 
ordering and spacing of electronic levels in the complexes. In the N,C,N'-
cyclometalated complexes [2a]+-[2d]+ the red-shifted visible MLCT features are 
all associated with the tpy ligand, while excited states associated with the 
cyclometalated ligand are only available at higher energy. The appearance of a 
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low energy shoulder is the result of an increase in intensity of a transition that 
has the same origin as the transition responsible for the apparent red shift of the 
MLCT absorption in [1a]2+-[1c]2+. Both ligands act simultaneously as acceptors 
in the visible absorptions in the series [3a]+-[3d]+, as absorption is associated 
with the hot delocalized Frank Condon state and both ligands have virtual 
states available at low energy. The singly substituted complex [1b]2+ shows 
efficient room temperature emission, which is slightly blue shifted upon 
introduction of the second ester moiety. Room temperature emission is also 
observed for the non-substituted complexes [2a]+ and [3a]+, its efficiency being 
rather independent of the coordination mode of the cyclometalated ligand. 
Introduction of the ester moiety on the cyclometalated ligand results in an 
increase of the emission efficiency. Introduction of the second ester moiety 
results in a small red shift in the cyclometalated complexes, where the 
balancing of red and blue shifts due to the ester substituents on the tpy and 
cyclometalated ligand, respectively, results in a small bathochromic shift. From 
the trends in emission energies it is deduced that thermal cooling prior to 
emission results in localization of the excited state at the more readily reducible 
ligand. In all cases, this is the tpy ligand, except for [3c]+ where the emission is 
associated with population of the cyclometalated ligand-based excited state. 

 

5 Experimental 

General. All air-sensitive reactions were performed under a dry nitrogen 
atmosphere using standard Schlenk techniques. Solvents were dried over 
appropriate drying agents and distilled before use. All other solvents and 
reagents were purchased and used as received. 1H and 13C{1H} NMR spectra 
were recorded at 298 K on a Varian 300 MHz Inova spectrometer and on a 
Varian 400 MHz NMR system. NMR spectra were referenced to the solvent 
residual signal.78 Spectral assignments for 1H NMR spectra were based on 
chemical shift and integral considerations as well as COSY and NOESY two-
dimensional experiments. Spectral assignments for 13C NMR spectra were 
based on gHSQC and gHMBC two dimensional experiments. Elemental 
analyses were carried out by Kolbe Mikroanalytisches Laboratorium (Mülheim 
an der Ruhr, Germany). MS measurements were carried out on an Applied 
Biosystems Voyager DE-STR MALDI-TOF MS. Compounds EtO2C-tpy,36, 45, 46 
N^C(H)^N,47 MeO2C-N^C(H)^N,36, 48, 49 C(H)^N^N,50, 51 EtO2C-C(H)^N^N36, 

52 and [RuCl3(tpy)]79 were prepared according to previously reported 
procedures. 
 
Electronic Spectroscopic Measurements. Solution UV-vis spectra were recorded 
on a Cary 50 Scan UV-visible spectrophotometer. Steady-state emission spectra 
were obtained on a Spex fluorolog spectrofluorimeter equipped with a Spec 
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1680 double excitation monochromator, a Spex 1681 emission monochromator 
and a Spex 1911F detector. The emission quantum yields were measured by the 
method of Crosby and Demas80, using [Ru(bpy)3](PF6)2 in degassed MeCN as 
standard (ϕr = 0.062) and calculated by ϕs = ϕr(Br/Bs)(ns/nr)2(Ds/Dr), where n is 
the refractive index of the solvents, D is the integrated intensity and the 
subscripts a and r refer to sample and reference solutions, respectively. The 
quantity B is calculated by B = 1-10-AL, where A is the absorbance and L is the 
optical path length. 
 
Electrochemical Measurements. Cyclic voltammograms were recorded in a 
single compartment cell under a dry nitrogen atmosphere. The cell was 
equipped with a Pt microdisk working electrode, Pt wire auxiliary electrode 
and a Ag/AgCl wire reference electrode. The working electrode was polished 
with alumina nanopowder between scans. The potential control was achieved 
with a PAR Model 263A potentiostat. All redox potentials are reported against 
the ferrocene-ferrocenium (Fc/Fc+) redox couple used as an internal 
standard.81, 82 All electrochemical samples were 10–1 M in the [nBu4N]PF6 
supporting electrolyte in MeCN distilled over KMnO4 and Na2CO3. 
 
IR Spectroelectrochemical Measurements. All the experiments were performed 
with an optically transparent thin-layer electrochemical (OTTLE) cell,83 
equipped with a Pt minigrid working electrode and CaF2 optical windows. The 
controlled potential electrolyses were carried out with a PA4 potentiostat 
(EKOM, Polná, Czech Republic). All electrochemical samples were 10–1 M in [n-
Bu4N]PF6 in freshly distilled PrCN. IR spectra were recorded with a Bruker 
Vertex 70 spectrometer at 1 cm–1 resolution (16 scans). 
 
DFT calculations. DFT calculations were performed at the DZ Dunning62, 63 
level of theory for carbon, nitrogen, and hydrogen, and using the Stuttgart RSC 
1997 ECP relativistic core potential64 for ruthenium using the B3LYP functional. 
Geometries were optimized using the Gamess UK84 program package. 
Subsequent TD-DFT calculations were run on the optimized geometry at the 
same level of theory using the Gaussian version 03 program package.85 Isovalue 
plots of the frontier molecular orbitals were made using MOLDEN.65 
 

Syntheses 

[RuCl3(EtO2C-tpy)] A solution of EtO2C-tpy (766 mg, 2.51 mmol) and 
RuCl3·3H2O (658 mg, 2.51 mmol) in absolute EtOH (200 mL) was heated under 
reflux for 2 h. The solid was isolated by filtration and washed with EtOH (4 × 20 
mL) and diethyl ether (4 × 20 mL) and dried on air, yielding the product as a 
brown solid (1.13 g, 88%). 
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IR (ATR): νmax 1728 s, 1421 s, 1247 s, 766 s cm–1. Anal. Calcd for 
C18H15Cl3N3O2Ru: C, 42.16; H, 2.95; N, 8.19. Found: C, 42.17; H, 3.05; N, 8.06. 
 
[Ru(tpy)2](PF6)2, [1a](PF6)2 
1H NMR (400 MHz, CD3CN): δ 8.76 (d, 3J = 8.4 Hz, 4H, A3,5), 8.50 (d, 3J = 8.4 
Hz, 4H, B3), 8.43 (t, 3J = 8.4 Hz, 2H, A4), 7.93 (dd, 3J = 8.4 Hz, 3J = 8.4 Hz, 4H, 
B4), 7.35 (d, 3J = 5.6 Hz, 4H, B6), 7.17 (dd, 3J = 8.4 Hz, 3J = 5.6 Hz, 4H, B5). 13C 
NMR (100 MHz, CD3CN): δ 159.0 (B2), 156.3 (A2,6), 153.4 (B6), 139.0 (B4), 136.8 
(A4), 128.4 (B5), 125.4 (B3), 124.7 (A3,5). IR (ATR): νmax 822 vs, 763 s cm–1. 
 
[Ru(EtO2C-tpy)(tpy)](PF6)2, [1b](PF6)2 To a mixture of [RuCl3(EtO2C-tpy)] (99 
mg, 0.2 mmol) and AgBF4 (131 mg, 0.7 mmol) acetone (30 mL) was added  in 
the dark. The resulting reaction mixture was heated under reflux for 2 h, cooled 
to room temperature and filtered over Celite. After removal of the solvent 
under reduced pressure, the solid was dissolved in EtOH (40 mL) and tpy (48 
mg, 0.2 mmol) was added. The mixture was heated under reflux overnight, and 
cooled to room temperature, followed by addition of aqueous KPF6. The 
precipitated product was collected by filtration, and purified by column 
chromatography on SiO2 (MeCN : aq. 1 M NaNO3 : H2O = 18 : 1 : 1), yielding 
the product as a orange solid (123 mg, 66%). Crystals suitable for X-ray analysis 
were obtained by slow evaporation of a solution in a H2O : MeCN mixture. 
1H NMR (400 MHz, CD3CN): δ 9.23 (s, 2H, D3,5), 8.80 (d, 3J = 8.4 Hz, 2H, A3,5), 
8.69 (d, 3J = 6.8 Hz, 2H, C3), 8.52 (d, 3J = 7.6 Hz, 2H, B3), 8.49 (t, 3J = 8.4 Hz, 1H, 
A4), 7.98 (dd, 3J = 6.8 Hz, 3J = 7.2 Hz, 2H, C4), 7.94 (dd, 3J = 7.6 Hz, 3J = 7.2 Hz, 
2H, B4), 7.42 (d, 3J = 5.6 Hz, 2H, C6), 7.34 (d, 3J = 4.8 Hz, 2H, B6), 7.24 (dd, 3J = 
7.2 Hz, 3J = 5.6 Hz, 2H, C5), 7.16 (dd, 3J = 7.2 Hz, 3J = 4.8 Hz, 2H, B5), 4.67 (q, 3J = 
7 Hz, 2H, CH2CH3), 1.60 (t, 3J = 7 Hz, 3H, CH2CH3). 13C NMR (100 MHz, 
CD3CN): δ 165.0, 158.8, 158.5, 157.2, 155.9, 153.6, 153.4, 139.3, 139.2, 137.7, 137.6, 
128.9, 128.5, 125.9, 125.6, 124.9, 123.8, 63.9, 14.6. IR (ATR): νmax 1724 s, 1248 s, 
826 vs, 764 s cm–1. Anal. Calcd for C33H26F12N6O2P2Ru: C, 42.64; H, 2.82; N, 
9.04. Found: C, 42.69; H, 2.89; N, 8.88. MALDI-TOF-MS (DHB Matrix): m/z = 
640.07 [M+] (calcd for C33H26N6O2Ru, 640.12). 
 
[Ru(EtO2C-tpy)2](PF6)2, [1c](PF6)2 The same procedure was followed as 
described for [1b]2+, using [RuCl3(EtO2C-tpy)] (105 mg, 0.21 mmol), AgBF4 (139 
mg, 0.72 mmol), and EtO2C-tpy (67 mg, 0.22 mmol). The product was isolated 
as an orange solid (126 mg, 60%). 
1H NMR (400 MHz, CD3CN): δ 9.24 (s, 4H, A3,5), 8.69 (d, 3J = 8 Hz, 4H, B3), 7.98 
(dd, 3J = 8 Hz, 3J = 8 Hz, 4H, B4), 7.38 (d, 3J = 4.8 Hz, 4H, B6), 7.21 (dd, 3J = 8 Hz, 
3J = 4.8 Hz, 4H, B5), 4.68(q, 3J = 7.2 Hz, 4H, CH2CH3), 1.60 (t, 3J = 7.2 Hz, 6H, 



 60 

60 

CH2CH3). 13C NMR (100 MHz, CD3CN): δ 164.9, 158.3, 156.7, 153.6, 139.4, 138.4, 
128.8, 126.1, 123.9, 63.9, 14.6. IR (ATR): νmax 1725 s, 1247 s, 828 vs, 763 s cm–1. 
Anal. Calcd for C36H30F12N6O4P2Ru: C, 43.17; H, 3.02; N, 8.39. Found: C, 43.23; 
H, 3.08; N, 8.29. MALDI-TOF-MS (DHB Matrix): m/z = 712.16 [M+] (calcd for 
C36H30N6O4Ru, 712.14). 
 
[Ru(N^C^N)(tpy)](PF6), [2a](PF6) To a mixture of [RuCl3(tpy)] (44 mg, 0.1 
mmol) and AgBF4 (70 mg, 0.36 mmol) was added acetone (20 mL) in the dark. 
The resulting reaction mixture was heated under reflux for 2 h, cooled to room 
temperature and filtered over Celite. After removal of the solvent under 
reduced pressure, the solid was dissolved in n-BuOH (20 mL) and N^C(H)^N 
(36 mg, 0.16 mmol) was added. The mixture was heated under reflux overnight, 
after which it was cooled to room temperature and aqueous KPF6 was added. 
Upon partial removal of the solvent mixture the product precipitated and was 
collected by filtration. The product was purified by column chromatography on 
SiO2 (MeCN : aq. 1 M NaNO3 : H2O = 18 : 1 : 1), yielding the product as a dark 
red solid (62 mg, 87%). 
1H NMR (400 MHz, CD3CN): δ 8.76 (d, 3J = 8 Hz, 2H, A3,5), 8.43 (d, 3J = 8.4 Hz, 
2H, B3), 8.27 (d, 3J = 8 Hz, 2H, D3,5), 8.27 (t, 3J = 7.6 Hz, 1H, A4), 8.15 (d, 3J = 8.4 
Hz, 2H, C3), 7.69 (dd, 3J = 7.2 Hz, 3J = 8.4 Hz, 2H, B4), 7.61 (dd, 3J = 7.2 Hz, 3J = 
8.4 Hz, 2H, C4), 7.47 (t, 3J = 7.6 Hz, 1H, D4), 7.12 (d, 3J = 5.6 Hz, 2H, B6), 7.04 (d, 
3J = 5.6 Hz, 2H, C6), 6.95 (dd, 3J = 7.2 Hz, 3J = 5.6 Hz, 2H, B5), 6.66 (dd, 3J = 7.2 
Hz, 3J = 5.6 Hz, 2H, C5). 13C NMR (100 MHz, CD3CN): δ 222.6 (D1), 169.8 (C2), 
160.1 (B2), 155.2 (B6), 153.9 (A2,6), 152.7 (C6), 142.9 (D2,6), 136.4 (C4), 135.9 (B4), 
132.8 (A4), 127.2 (B5), 124.7 (D3,5), 124.4 (B3), 123.2 (A3,5), 122.4 (C5), 121.0 
(D4), 120.5 (C3). IR (ATR): νmax 831 vs, 753 s cm–1. Anal. Calcd for 
C31H22F6N5PRu: C, 52.40; H, 3.12; N, 9.86. Found: C, 52.25; H, 3.18; N, 9.71. 
MALDI-TOF-MS (DHB Matrix): m/z = 566.08 [M+] (calcd for C31H22N5Ru, 
566.09). 
 
[Ru(N^C^N)(EtO2C-tpy)](PF6), [2b](PF6) The same procedure was followed as 
described for [2a]+, using [RuCl3(EtO2C-tpy)] (105 mg, 0.20 mmol), AgBF4 (135 
mg, 0.70 mmol), and N^C(H)^N (47 mg, 0.20 mmol). The product was isolated 
as a dark red solid (105 mg, 67%). 
1H NMR (400 MHz, CD3CN): δ 9.25 (s, 2H, A3,5), 8.60 (d, 3J = 8.4 Hz, 2H, B3), 
8.30 (d, 3J = 7.6 Hz, 2H, D3,5), 8.15 (d, 3J = 8.4 Hz, 2H, C3), 7.73 (dd, 3J = 8.4 Hz, 
3J = 7.2 Hz, 2H, B4), 7.60 (dd, 3J = 8.4 Hz, 3J = 7.2 Hz, 2H, C4), 7.51 (t, 3J = 7.6 Hz, 
1H, D4), 7.20 (d, 3J = 5.6 Hz, 2H, B6), 7.01 (dd, 3J = 7.2 Hz, 3J = 5.6 Hz, 2H, B5), 
6.96 (d, 3J = 5.6 Hz, 2H, C6), 6.62 (dd, 3J = 7.2 Hz, 3J = 5.6 Hz, 2H, C5), 4.65 (q, 3J 
= 7.2 Hz, 2H, CH2CH3), 1.60 (t, 3J = 7.2 Hz, 3H, CH2CH3). 13C NMR (100 MHz, 
CD3CN): δ 221.1, 169.6, 166.0, 159.8, 155.1, 154.1, 152.9, 142.3, 136.8, 136.2, 132.6, 
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127.6, 125.0, 124.8, 122.9, 122.5, 121.9, 120.7, 63.3, 14.7. IR (ATR): νmax 1705 s, 
1227 s, 835 vs, 764 s cm–1. Anal. Calcd for C34H26F6N5O2PRu: C, 52.18; H, 3.35; 
N, 8.95. Found: C, 52.30; H, 3.30; N, 8.79. MALDI-TOF-MS (DHB Matrix): m/z = 
638.10 [M+] (calcd for C34H26N5O2Ru, 638.11). 
 
[Ru(MeO2C-N^C^N)(tpy)](PF6), [2c](PF6) The same procedure was followed as 
described for [2a]+, using [RuCl3(tpy)] (421 mg, 0.95 mmol), AgBF4 (710 mg, 3.6 
mmol), and MeO2C-N^C(H)^N (320 mg, 1.1 mmol). The product was isolated 
as a dark red solid (613 mg, 83%). Crystals suitable for X-ray analysis were 
obtained by slow evaporation of a solution in a H2O : acetone mixture. 
1H NMR (400 MHz, CD3CN):δ 8.87 (s, 2H, D3,5), 8.77 (d, 3J = 8 Hz, 2H, A3,5), 
8.44 (d, 3J = 8 Hz, 2H, B3), 8.32 (t, 3J = 8 Hz, 1H, A4), 8.27 (d, 3J = 8 Hz, 2H, C3), 
7.70 (dd, 3J = 8 Hz, 3J = 7.6 Hz, 2H, B4), 7.66 (dd, 3J = 8 Hz, 3J = 7.6 Hz, 2H, C4), 
7.13 (d, 3J = 5.6 Hz, 2H, C6), 7.09 (d, 3J = 5.6 Hz, 2H, B6), 6.92 (dd, 3J = 7.6 Hz, 3J 
= 5.6 Hz, 2H, B5), 6.74 (dd, 3J = 7.6 Hz, 3J = 5.6 Hz, 2H, C5), 4.06 (s, 3H, CH3). 
13C NMR (100 MHz, CD3CN): δ 233.1, 169.1, 168.9, 159.8, 155.4, 153.5, 152.8, 
143.2, 136.7, 136.4, 133.9, 127.3, 124.7, 124.6, 123.4, 123.1, 122.7, 120.9, 52.5. IR 
(ATR): νmax 1705 s, 1247 s, 832 vs, 758 s cm–1. Anal. Calcd for 
C33H24F6N5O2PRu: C, 51.57; H, 3.15; N, 9.11. Found: C, 51.43; H, 3.06; N, 8.95. 
MALDI-TOF-MS (DHB Matrix): m/z = 624.12 [M+] (calcd for C33H24N5O2Ru, 
624.10). 
 
[Ru(MeO2C-N^C^N)(tpy-CO2Et)](PF6), [2d](PF6) The same procedure was 
followed as described for [2a]+, using [RuCl3(EtO2C-tpy)] (103 mg, 0.20 mmol), 
AgBF4 (140 mg, 0.72 mmol), and MeO2C-N^C(H)^N (61 mg, 0.21 mmol). The 
product was isolated as a dark red solid (98 mg, 58%). 
1H NMR (400 MHz, CD3CN): δ 9.25 (s, 2H, A3,5), 8.89 (s, 2H, D3,5), 8.61 (d, 3J = 
8 Hz, 2H, B3), 8.28 (d, 3J = 8 Hz, 2H, C3), 7.76 (dd, 3J = 8 Hz, 3J = 7.6 Hz, 2H, B4), 
7.67 (dd, 3J = 8 Hz, 3J = 7.6 Hz, 2H, C4), 7.17 (d, 3J = 5.6 Hz, 2H, B6), 7.05 (d, 3J = 
5.6 Hz, 2H, C6), 7.01 (dd, 3J = 7.6 Hz, 3J = 5.6 Hz, 2H, B5), 6.71 (dd, 3J = 7.2 Hz, 3J 
= 5.6 Hz, 2H, C5), 4.65 (q, 3J = 7.2 Hz, 2H, CH2CH3), 4.07(s, 3H, CH3), 1.60 (t, 3J = 
7.2 Hz, 3H, CH2CH3). 13C NMR (100 MHz, CD3CN): δ 231.4, 169.0, 168.7, 165.8, 
159.5, 155.4, 153.8, 153.0, 142.7, 137.1, 136.7, 133.9, 127.7, 125.0, 124.9, 123.7, 
123.1, 123.0, 121.1, 63.4, 52.6, 14.7. IR (ATR): νmax 1732 s, 1687 s, 1239 s, 829 vs, 
761 s cm–1. Anal. Calcd for C36H28F6N5O4PRu: C, 51.43; H, 3.36; N, 8.33. Found: 
C, 51.74; H, 3.28; N, 8.45. MALDI-TOF-MS (DHB Matrix): m/z = 696.08 [M+] 
(calcd for C36H28N5O4Ru, 696.12). 
 
[Ru(C^N^N)(tpy)](PF6), [3a](PF6) To a suspension of [RuCl3(tpy)] (136 mg, 0.31 
mmol) and C(H)^N^N (99 mg, 0.43 mmol) in aqueous MeOH (1 : 5, 60 mL) N-
methylmorpholine was added and the resulting mixture was heated under 
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reflux overnight. After cooling down to room temperature, aqueous KPF6 was 
added, and the product precipitated upon partial removal of the solvent 
mixture in vacuo. The product was collected by filtration, purified by column 
chromatography on SiO2 (MeCN : aq. 1 M NaNO3 : H2O = 18 : 1 : 1) and 
obtained as a dark purple solid (83 mg, 38%). 
1H NMR (400 MHz, CD3CN): δ 8.61 (d, 3J = 8 Hz, 2H, A3,5), 8.46 (d, 3J = 8 Hz, 
1H, C3), 8.41 (d, 3J = 8 Hz, 2H, B3), 8.41 (d, 3J = 8 Hz, 1H, D5), 8.26 (d, 3J = 8 Hz, 
1H, D3), 8.10 (dd, 3J = 8 Hz, 3J = 8 Hz, 1H, D4), 8.06 (t, 3J = 8 Hz, 1H, A4), 7.86 
(dd, 3J = 8 Hz, 3J = 7.2 Hz, 1H, C4), 7.83 (d, 3J = 8 Hz, 1H, E3), 7.75 (dd, 3J = 8 Hz, 
3J = 7.2 Hz, 2H, B4), 7.47 (d, 3J = 5.2 Hz, 1H, C6), 7.44 (d, 3J = 5.6 Hz, 2H, B6), 
7.07 (dd, 3J = 7.2 Hz, 3J = 5.2 Hz, 1H, C5), 7.05 (dd, 3J = 7.2 Hz, 3J = 5.6 Hz, 2H, 
B5), 6.74 (dd, 3J = 8 Hz, 3J = 7.2 Hz, 1H, E4), 6.53 (dd, 3J = 7.2 Hz, 3J = 7.2 Hz, 1H, 
E5), 5.71 (d, 3J = 7.2 Hz, 1H, E6). 13C NMR (100 MHz, CD3CN): δ 184.9 (E1), 
164.7 (D2), 158.0 (B2), 157.4 (C2), 154.8 (D6), 154.4 (A2,6), 151.9 (C6), 151.4 (B6), 
147.7 (E2), 138.3 (C4), 135.9 (D4), 135.7 (E6), 135.5 (B4), 129.6 (E5), 129.2 (A4), 
126.9 (B5), 126.8 (C5), 125.4 (E3), 124.1 (C3), 123.8 (B3), 122.9 (A3,5), 122.3 (E4), 
120.0 (D3), 119.2 (D5). IR (ATR): νmax 833 vs, 757 s cm–1. Anal. Calcd for 
C31H22F6N5PRu: C, 52.40; H, 3.12; N, 9.86. Found: C, 52.19; H, 3.08; N, 9.80. 
MALDI-TOF-MS (DHB Matrix): m/z = 566.07 [M+] (calcd for C31H22N5Ru, 
566.09). 
 
[Ru(C^N^N)(tpy-CO2Et)](PF6), [3b](PF6) To a suspension of [RuCl3(EtO2C-
tpy)] (102 mg, 0.20 mmol) and C(H)^N^N (51 mg, 0.22 mmol) in ethanol (40 
mL) N-methylmorpholine was added and the resulting mixture was heated 
under reflux overnight. After cooling down to room temperature, aqueous KPF6 
was added, and the product precipitated upon partial removal of the solvent 
mixture in vacuo. The product was collected by filtration and purified by 
column chromatography on SiO2 (MeCN : aq. 1 M NaNO3 : H2O = 18 : 1 : 1) and 
on Al2O3 (MeCN : toluene = 1 : 1), yielding the product as a dark purple solid 
(57 mg, 36%). 
1H NMR (400 MHz, CD3CN): δ 9.07 (s, 2H, A3,5), 8.56 (d, 3J = 7.6 Hz, 2H, B3), 
8.46 (d, 3J = 7.6 Hz, 1H, C3), 8.45 (d, 3J = 8 Hz, 1H, D5), 8.30 (d, 3J = 8 Hz, 1H, 
D3), 8.18 (dd, 3J = 8 Hz, 3J = 8 Hz, 1H, D4), 7.86 (dd, 3J = 7.6 Hz, 3J = 7.6 Hz, 1H, 
C4), 7.83 (d, 3J = 7.2 Hz, 1H, E3), 7.74 (dd, 3J = 7.6 Hz, 3J = 7.2 Hz, 2H, B4), 7.50 
(d, 3J = 5.6 Hz, 2H, B6), 7.45 (d, 3J = 5.2 Hz, 1H, C6), 7.10 (dd, 3J = 7.2 Hz, 3J = 5.6 
Hz, 2H, B5), 7.04 (dd, 3J = 7.6 Hz, 3J = 5.2 Hz, 1H, C5), 6.74 (d, 3J = 7.2 Hz, 3J = 
7.2 Hz, 1H, E4), 6.50 (dd, 3J = 7.6 Hz, 3J = 7.2 Hz, 1H, E5), 5.63 (d, 3J = 7.6 Hz, 1H, 
E6), 4.61 (q, 3J = 7 Hz, 2H, CH2CH3), 1.58 (t, 3J = 7 Hz, 3H, CH2CH3). 13C NMR 
(100 MHz, CD3CN): δ 184.2, 166.1, 163.9, 157.7, 157.1, 154.2, 154.1, 152.2, 151.4, 
147.3, 138.7, 136.8, 135.9, 135.6, 129.7, 128.6, 127.2, 126.8, 125.6, 124.3, 124.0, 
122.7, 122.2, 120.1, 119.5, 63.0, 14.7. IR (ATR): νmax 1701 s, 1236 s, 832 vs, 763 s 
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cm–1. Anal. Calcd for C34H26F6N5O2PRu: C, 52.18; H, 3.35; N, 8.95. Found: C, 
51.62; H, 3.48; N, 8.22. MALDI-TOF-MS (DHB Matrix): m/z = 638.11 [M+] (calcd 
for C34H26N5O2Ru, 638.11). 
 
[Ru(EtO2C-C^N^N)(tpy)](PF6), [3c](PF6) The same procedure was followed as 
described for [3b]+, using [RuCl3(tpy)] (92 mg, 0.21 mmol) and EtO2C-
C(H)^N^N (67 mg, 0.22 mmol). The product was obtained as a dark purple 
solid (86 mg, 52%). Crystals suitable for X-ray analysis were obtained by slow 
evaporation of a solution in a H2O : MeCN mixture. 
1H NMR 400 MHz, CD3CN): δ 8.88 (s, 1H, D5), 8.70 (s, 1H, D3), 8.64 (d, 3J = 8 
Hz, 2H, A3,5), 8.61 (d, 3J = 8 Hz, 1H, C3), 8.42 (d, 3J = 7.6 Hz, 2H, B3), 8.13 (t, 3J = 
8 Hz, 1H, A4), 7.96 (d, 3J = 8 Hz, 1H, E3), 7.90 (dd, 3J = 8 Hz, 3J = 7.6 Hz, 1H, C4), 
7.61 (dd, 3J = 8 Hz, 3J = 6.4 Hz, 2H, B4), 7.54 (d, 3J = 5.6 Hz, 1H, C6), 7.38 (d, 3J = 
5.6 Hz, 2H, B6), 7.13 (dd, 3J = 7.6 Hz, 3J = 5.6 Hz, 1H, C5), 7.01 (dd, 3J = 6.4 Hz, 
2H, B5), 6.80 (dd, 3J = 7.6 Hz, 3J = 6.4 Hz, 1H, E4), 6.59 (dd, 3J = 7.6 Hz, 3J = 6.4 
Hz, 1H, E5), 5.81 (d, 3J = 7.6 Hz, 1H, E6), 4.62 (q, 3J = 7.2 Hz, 2H, CH2CH3), 1.57 
(t, 3J = 7.2 Hz, 3H, CH2CH3). 13C NMR (100 MHz, CD3CN): δ 184.6, 166.0, 165.5, 
157.7, 156.9, 155.6, 153.8, 151.8, 151.6, 147.1, 138.4, 136.2, 135.9, 135.7, 130.5, 
130.0, 127.3, 126.9, 125.9, 124.5, 124.0, 123.0, 122.5, 118.9, 117.8, 63.2, 14.7. IR 
(ATR): νmax 1714 s, 1247 s, 833 vs, 756 s cm–1. Anal. Calcd for 
C34H26F6N5O2PRu: C, 52.18; H, 3.35; N, 8.95. Found: C, 52.04; H, 3.30; N, 8.98. 
MALDI-TOF-MS (DHB Matrix): m/z = 638.12 [M+] (calcd for C34H26N5O2Ru, 
638.11). 
 
[Ru(EtO2C-C^N^N)(tpy-CO2Et)](PF6), [3d](PF6) The same procedure was 
followed as described for [3b]+, using [RuCl3(EtO2C-tpy)] (103 mg, 0.20 mmol) 
and EtO2C-C(H)^N^N (69 mg, 0.23 mmol). The product was isolated as a dark 
purple solid (54 mg, 32%). 
1H NMR (400 MHz, CD3CN): δ 9.10 (s, 2H, A3,5), 8.91 (s, 1H, D5), 8.74 (s, 1H, 
D3), 8.63 (d, 3J = 8 Hz, 1H, C3), 8.58 (d, 3J = 8 Hz, 2H, B3), 7.97 (d, 3J = 8 Hz, 1H, 
E3), 7.92 (dd, 3J = 8 Hz, 3J = 7.6 Hz, 1H, C4), 7.81 (dd, 3J = 8 Hz, 3J = 7.6 Hz, 2H, 
B4), 7.52 (d, 3J = 5.6 Hz, 1H, C6), 7.45 (d, 3J = 5.6 Hz, 2H, B6), 7.11 (dd, 3J = 7.6 
Hz, 3J = 5.6 Hz, 1H, C5), 7.09 (dd, 3J = 7.6 Hz, 3J = 5.6 Hz, 2H, B5), 6.81 (dd, 3J = 8 
Hz, 3J = 7.6 Hz, 1H, E4), 6.57 (dd, 3J = 7.6 Hz, 3J = 7.2 Hz, 1H, E5), 5.73 (d, 3J = 7.2 
Hz, 1H, E6), 4.63 (q, 3J = 7.2 Hz, 2H, CH2CH3), 4.62 (q, 3J = 7.2 Hz, 2H, CH2CH3), 
1.58 (t 3J = 7.2 Hz, 3H, CH2CH3), 1.57 (t, 3J = 7.2 Hz, 3H, CH2CH3). 13C NMR 
(100 MHz, CD3CN): δ 184.1, 165.9, 165.9, 164.8, 157.6, 156.7, 155.0, 153.9, 152.2, 
151.7, 146.8, 138.8, 137.6, 136.3, 135.6, 130.2, 130.0, 127.3, 127.2, 126.2, 124.8, 
124.3, 122.9, 122.3, 119.1, 63.3, 63.1, 14.7, 14.6. One aromatic resonance was 
obscured by the solvent signal and could not be resolved. IR (ATR): νmax 1716 s, 
1245 s, 833 vs, 763 s cm–1. Anal. Calcd for C37H30F6N5O4PRu: C, 51.99; H, 3.54; 
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N, 8.19. Found: C, 51.87; H, 3.45; N, 8.06. MALDI-TOF-MS (DHB Matrix): m/z = 
710.12 [M+] (calcd for C37H30N5O4Ru, 710.13). 
 

Table 7. Details for X-ray crystal structure determinations. 

 EtO2C-
C(H)^N^N 

[1b]2+ [2c]+ [3c]+ 

Formula C19H16N2O2 [C33H26N6O2Ru] 
(PF6)2 · C3H6O · 

H2O 

[C33H24N5O2Ru] 
(PF6) · 0.65(C3H6O) 

· 0.5(H2O) 

[C34H26N5O2Ru] 
(PF6) · C2H3N 

FW 304.34 1005.70 815.37 823.69 

crystal size [mm3] 0.39×0.12×0.0
9 

0.39×0.18×0.08 0.48×0.18×0.09 0.2×0.2×0.2 

crystal color colorless red dark red black 

T [K] 125(2) 150(2) 150(2) 150(2) 

crystal system monoclinic orthorhombic orthorhombic tetragonal 

space group P21/a (no. 14) Pbca (no. 61) Pca21 (no. 29) P43 (no. 78) 

a [Å] 16.1833(3) 20.4716(6) 23.2135(2) 8.9314(9) 

b [Å] 5.2291(1) 15.6606(5) 8.6794(1) - 

c [Å] 37.1827(10) 24.1341(3) 17.2303(1) 42.105(3) 

β [deg] 100.7772(14) - - - 

V [Å3] 3091.05(12) 7737.3(3) 3471.55(5) 3358.7(5) 

Z 8 8 4 4 

Dx [g/cm3] 1.308 1.727 1.560 1.629 

μ [mm–1] 0.086 0.596 0.574 0.592 

abs. corr. type multi-scan multi-scan multi-scan multi-scan 

abs. corr. range 0.64 – 1.00 0.64 – 0.95 0.80 – 0.95 0.62 – 0.89 

(sin θ/λ)max [Å
–1] 0.55 0.61 0.65 0.65 

refl. collected / unique 24739 / 4301 108302 / 7197 57553 / 7933 56793 / 7554 

parameters/restraints 454 / 6 553 / 0 481 / 1 526 / 16 

R1/wR2 [I>2σ(I)] 0.0648 / 
0.1493 

0.0342 / 0.0713 0.0329 / 0.0877 0.0376 / 0.0869 

R1/wR2 [all refl.] 0.1091 / 
0.1742 

0.0629 / 0.0860 0.0387 / 0.0917 0.0438 / 0.0933 

S 1.031 1.120 1.092 1.119 

Flack x parameter86  - - -0.04(2) -0.01(2) 

ρ (min/max) [e/ Å3] -0.24 / 0.27 -0.47 / 0.87 -0.54 / 0.68 -0.69 / 1.17 

 
X-ray crystal structure determinations. X-ray reflections were measured with 
Mo-Kα radiation (λ = 0.71073 Å) on a Nonius Kappa CCD diffractometer with 
rotating anode. Absorption correction was performed with the SADABS and 
TWINABS programs.87 The structures were solved with automated Patterson 
methods (program DIRDIF-99,88 compounds [1b]2+ and [3c]+) or Direct 
Methods (program SHELXS-97,89 compounds EtO2C-C(H)^N^N and [2c]+). 
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Refinement was performed with SHELXL-9789 against F 2 of all reflections. Non 
hydrogen atoms were refined with anisotropic displacement parameters. 
Hydrogen atoms were located in difference Fourier maps (compounds [1b]2+ 
and [2c]+) or introduced in calculated positions (compounds EtO2C-C(H)^N^N 
and [3c]+). C-H hydrogen atoms were refined with a riding model, O-H 
hydrogen atoms were kept fixed at their located positions. Geometry 
calculations and checking for higher symmetry was performed with the 
PLATON  program.90 Further details are given in Table 7. 
EtO2C-C(H)^N^N: The crystal appeared to be non-merohedrally twinned with 
a twofold rotation about the reciprocal c* axis as twin operation. This twin 
operation was taken into account during the integration of the intensities with 
EvalCCD91 and the refinement as a HKLF5 refinement.92 The twin fraction 
refined to 0.431(2). One phenyl ring was refined with a disorder model over two 
conformations. 
[1b]2+: Diffraction of the needle shaped crystal resulted in split reflections, 
which were treated with an anisotropic mosaicity model in the intensity 
integration with EvalCCD.91 
[2c]+: The acetone and water molecules were refined with partial occupancies. 
[3c]+: The PF6

- anion was refined with a disorder model over two orientations. 
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Image mosaics of an active region taken on June 6th, 2003 in the 
photospheric G band (430 nm). The field measures 210x210 arcsec (1 
arcsec is about 725 km on the sun, or an Euro coin at 5 km). The image 
shows sunspots, which are magnetic systems on the surface of the sun 
where the temperature is a few thousand degrees lower than average. The 
largest sunspot in this image is roughly twice the size of the earth. The 
grainy structure in the environment is the granulation, consisting of 
convection cells that transport heat to the surface. 
Image: Dutch Open Telescope of Utrecht University. 
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Abstract 

The N,C,N'-bonded arylruthenium 2,2':6',2''-terpyridine (tpy) complex salts 
[Ru(NCN)(tpy)](Cl) ([1a](Cl), NCN = 2,6-bis[(dimethylamino)methyl]phenyl) 
and [Ru(N^C^N)(tpy)](PF6), ([2a](PF6), N^C^N = 2,6-bis(2-pyridyl)phenyl) can 
be halogenated under very mild conditions by oxidation with copper(II) 
halogen salts. Halogenation occurs exclusively para to the site of metalation and 
yields the cations [Ru(4-R-NCN)(tpy)]+ (R = Cl, [1b]+ and R = Br [1c]+) and 
[Ru(4-R-N^C^N)(tpy)]+ (R = Cl, [2b]+ and R = Br [2c]+). In the presence of an 
excess of oxidant relative to [1a]+, the halogenation reaction follows first order 
kinetics in the oxidized ruthenium complex. Using a small excess of copper(II) 
compared to [1a]+, dimerization of the complex cation to [{Ru(tpy)}2(μ-NCN–
NCN)]4+ ([3]4+) is observed, which obeys second order kinetics. Both 
halogenation (C–X coupling) and dimerization (C–C coupling) are a result of 
the unique properties of the ruthenium(III) complexes compared to their parent 
ruthenium(II) species. According to the nature of the highest occupied spin 
orbital (HOSO) in DFT calculations the unpaired electron in [1a]2+ and [2a]2+ is 
partially localized on the para position. The involvement of the cyclometalated 
ligand in the HOSO is supported by redox data, single crystal X-ray structure 
determination and electronic absorption spectroscopy. The ruthenium(III) 
species can be considered persistent organometallic radicals which, rather than 
acting as a persistent catalyst which controls the formation and protection of the 
external reacting radical and the product radical as in the ATRA and ATRAP 
reactions, in the present case controls an intramolecular radical event. 
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1 Introduction 

Ruthenium(II) polypyridine complexes have received widespread attention 
for their photophysical and photochemical properties.1-5 Interest in these 
compounds stems from potential applications, for example as an 
electroluminescent dye in OLEDs6, 7, as a photosensitizer in dye sensitized solar 
cells (DSSCs),8, 9 and as building blocks in polynuclear photoactive 
assemblies.10-15 The electronic and photophysical properties of polypyridine 
ruthenium(II) complexes have been thoroughly studied.16-20 The lifetime and 
charge transfer nature of their excited states make polypyridine ruthenium(II) 
complexes ideal electron and energy transfer sensitizers. Consequently, the 
synthesis of building blocks and incorporation of these units into larger 
assemblies is an important research field. 

Performing reactions on (organometallic) complexes still is a challenging 
field of research.21-26 Post-coordination functionalization offers the possibility to 
introduce substituents that are orthogonal to the conditions used to form the 
complex.21, 22, 27, 28 Specifically, the presence of peripheral halogen substituents 
are problematic when complex formation involves lithiation of the ligand. 
Particularly interesting in this aspect are cyclometalated complexes, in which a 
covalent carbon-to-metal bond is part of a polydentate bonded ligand.21, 29-32 
One of the features of cyclometalation is that the electron density in the C-
metalated ring is increased at the positions para and meta to the site of C-
metalation. This favors electrophilic reactions such as bromination or nitration 
to occur at conditions which are mild in comparison to the conditions needed 
for the uncoordinated systems.33-35 For instance, bromination of organometallic 
complexes of ruthenium as well as other metals have been performed using 
NBS35, 36 or pyridinium tribromide33, 37, 38 at ambient conditions. Additionally, 
the oxidation sensitive donor heteroatoms are protected by coordination to the 
metal center. Oxidation of a cyclometalated complex changes the electron 
density distribution in the complex significantly, and often severely altered 
chemistry is observed. For instance, the one-electron oxidized ruthenium(III) 
complex [Ru(NCN)(tpy)]2+ ([1a]2+, NCN-pincer = 2,6-
bis[(dimethylamino)methyl]phenyl, tpy = 2,2':6',2''-terpyridine) forms the C–C 
coupled dimer in solution, while such behavior is not observed for the 
ruthenium(II) complex.39-41 

Herein we describe a new methodology of performing halogenations on 
N,C,N'-cyclometalated arylruthenium tpy cationic complexes by utilizing the 
unique properties of the corresponding oxidized ruthenium precursors. Using 
the complexes [Ru(NCN)(tpy)]+ ([1a]+) with amino nitrogen donor atoms and 
[Ru(N^C^N)(tpy)]+ ([2a]+, N^C^N = 1,3-bis(2-pyridyl)benzene) with pyridyl 
nitrogen donor atoms we investigate the effect of the metalated ligands on the 
reactivity of the corresponding ruthenium complexes. It was found that 
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selective halogenation can be performed even on complex [1a]2+, for which the 
usually applied mild conditions are too harsh. Additionally, we investigate the 
electronic and photophysical properties of these N,C,N'-cyclometalated 
ruthenium(II) and ruthenium(III) cationic complexes. Density functional theory 
(DFT) and time-dependent DFT (TD-DFT) calculations have been applied to 
rationalize the reactivity of the complexes and to correlate this to experimental 
analytical data. 

 

2 Results 

2.1 Synthesis 

Complexes [1a](Cl)42 and [2a](PF6),43 Chart 1, were prepared according to 
previously published procedures and their NMR spectra are in concert with 
those reported. Complexes [1]+ were consistently isolated as the corresponding 
chloride salt while the hexafluorophosphate anion was employed for the 
complexes [2]+. As a number of different, potential counter-anions were present 
in the reaction mixture the purity of the isolated complexes was ensured by 
subsequent anion exchange. 

 
Chart 1. Molecular structures and NMR numbering scheme for ruthenium(II) cations 

[Ru(NCN)(tpy)]+, [1]+ and [Ru(N^C^N)(tpy)]+, [2]+. 
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Halogenation in the para-position of the cyclometalated aryl was performed 

by reaction of either [1a]+ or [2a]+ with an excess of CuX2 salt, Scheme 1. Upon 
addition of an intensely blue colored solution of [1a](Cl) to a turquoise MeOH 
solution of excess CuCl2 (42 equivalents) the characteristic blue color of [1a]+ 
disappeared immediately, and the resulting solution was colored red. The 
optical density in the visible region of the copper(II) (and copper(I)) species in 
the solution was low compared to that of the ruthenium species and the 
observed color change was thus primarily associated with the in situ oxidation 
of [1a]+ to [1a]2+. After stirring overnight, the ruthenium(III) complex [1b]2+ was 
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Scheme 1. Chlorination of [1a]+ by CuCl2. 

formed. After reduction of [1b]2+ with Na2S2O3 the ruthenium(II) complex 
[1b](Cl) was isolated. Similarly, [1c]+ was prepared from [1a]+ by reaction with 
CuBr2 (22 equivalents). To prevent halogen scrambling due to the chloride 
counter-anion, [1a](Cl) was converted to the bromide salt [1a](Br) prior to 
reaction. 

The dimeric complex [{Ru(tpy)}2(μ-NCN–NCN)](CuCl2)4 ([3]4+) was 
available from previous studies in which it was prepared by dimerization, via 
C–C coupling, of [1a]+ in methanol solution after oxidation to [1a]2+ with a 
small excess (3 equivalents) of CuCl2.39, 41 Sauvage et al. showed that the dimer 
[{Ru(ttpy)}2(μ-N^C^N-N^C^N)]2+ was obtained in a similar fashion after 
oxidation of [Ru(N^C^N)(ttpy)]+ (ttpy = 4'-tolyl-2,2':6',2''-terpyridine) by 
AgBF4.44, 45 

 

ppm-1001020304050607080  

Figure 1. 1H NMR spectrum of [1b]2+. 

The 1H and 13C NMR spectra and MALDI-TOF mass spectra of the 
ruthenium(II) complexes [1b]+ and [1c]+ were consistent with selective 
introduction of the halogen para to the cyclometalated carbon. In particular the 
1H NMR resonance of the proton coded D4 had disappeared and the proton 
coded D3 was observed as a singlet. 

While the paramagnetic ruthenium(III) complex [1a]2+ is reactive but could 
be isolated by precipitation from water,39, 40 the complexes [1b]2+ and [1c]2+ 
could be isolated as the PF6 salts prior to their reduction to the corresponding 
ruthenium(II) cations and were also analyzed using 1H NMR spectroscopy in 
CD3CN solution, Figure 1. Large paramagnetic shifts were observed as a result 
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of the unpaired electron. Unfortunately, fast relaxation did not allow 
assignment of the spectra using two dimensional spectroscopic techniques. 
However, eight of the expected nine signals for [1b]2+ and [1c]2+ were resolved 
indeed, and the resonances for the NMe2 groups were probably represented by 
the broad bump ranging from –10 to 40 ppm as a result of paramagnetic 
broadening. Additionally, the molecular structure of [1b](PF6)2 was confirmed 
by single crystal X-ray structure determination, vide infra. Whereas the 
ruthenium(II) complexes [1]+ and the ruthenium(III) complexes [1]2+ were 
indefinitely stable as a solid, they slowly photo-decomposed in solution over 
the cause of several days. 

Halogenation of [2a](PF6) was performed in a similar fashion as applied for 
[1a](Cl). However, the characteristic red color of [2a]+ was preserved upon 
addition of [2a]+ to excess (21 equivalents) of CuCl2 in MeOH solution. 
Complete conversion of [2a]+ to [2b]+ was only observed after heating the 
solution under reflux for 72 h. On the other hand, addition of a red solution of 
[2a]+ to a brownish MeOH solution of CuBr2 (18 equivalents) results in an 
immediate color change to bright green associated with the ruthenium(III) 
complex [2a]2+. After overnight stirring at room temperature, [2c]+ was isolated 
after reduction with Na2S2O3. Selective introduction of the bromine substituent 
in para-position was confirmed by 1H and 13C NMR spectroscopy and MALDI-
TOF mass spectrometry. Complexes [2]+ and [2]2+ are stable both as solid and in 
solution. In the course of several weeks an MeCN solution of bright green [2a]2+ 
was partially photo-reduced by ambient light to red [2a]+. 

 
2.2 Molecular Structure of [Ru(NCN)(tpy)](PF6)2, [1b](PF6)2 

Single crystals of ruthenium(III) complex [1b](PF6)2, suitable for X-ray crystal 
structure determination could be obtained by slow evaporation of a MeCN 
solution. The molecular structure of cation [1b]2+ is depicted in Figure 2. 
Selected bond lengths and angles for the three independent molecules of [1b]2+ 
are given in Table 1. Corresponding parameters for the previously reported 
molecular structure of ruthenium(II) complex [1a](Cl) are included for 
comparison.42 
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Figure 2. Displacement ellipsoid plot (50% probability level) of the Ru(III) cation [1b]2+. Only 
one of three independent molecules is shown. Hydrogen atoms, PF6

– counter-anions, and 
MeCN solvent molecules have been omitted for clarity. 

Table 1. Selected bond lengths (Å) and angles (°) for the three independent molecules of 
[1b]2+ and the corresponding values for [1a]+.42 

  [1b]2+   

 x=1 x=2 x=3 [1a]+ 

Ru(x)-C(x1) 1.954(3) 1.945(2) 1.949(3) 1.983(8) 

Ru(x)-N(x1) 2.193(2) 2.189(2) 2.184(2) 2.199(7) 

Ru(x)-N(x2) 2.206(2) 2.199(2) 2.199(2) 2.192(7) 

Ru(x)-N(x3) 2.088(2) 2.089(2) 2.089(2) 2.077(6) 

Ru(x)-N(x4) 2.097(2) 2.092(2) 2.092(2) 2.007(6) 

Ru(x)-N(x5) 2.107(2) 2.109(2) 2.111(2) 2.087(6) 

C(x1)-C(x2) 1.406(4) 1.403(4) 1.400(4) 1.398(11) 

C(x2)-C(x3) 1.373(4) 1.391(4) 1.378(4) 1.379(11) 

C(x3)-C(x4) 1.398(4) 1.391(4) 1.398(4) 1.380(13) 

C(x4)-C(x5) 1.386(4) 1.408(4) 1.377(4) 1.386(13) 

C(x5)-C(x6) 1.388(4) 1.374(4) 1.380(4) 1.395(11) 

C(x6)-C(x1) 1.405(4) 1.407(4) 1.417(4) 1.412(11) 

C(x4)-Cl(x) 1.746(3) 1.740(3) 1.752(3)  

N(x1)-Ru(x)-N(x2) 160.06(8) 160.77(8) 160.75(8) 156.2(3) 

N(x3)-Ru(x)-N(x5) 152.54(8) 152.55(8) 152.56(9) 156.9(3) 

C(x1)-Ru(x)-N(x4) 173.90(10) 172.74(10) 171.93(9) 178.4(4) 
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The ruthenium(III) ion has a smaller ionic radius as well as a higher charge 
than the ruthenium(II) ion, which is reflected in the molecular structure. Most 
notable difference between the ruthenium(II) and ruthenium(III) species is the 
shortening of the Cipso-to-ruthenium bond lengths of 1.983(8) Å in [1a]+ to 
1.945(2)-1.954(3) in [1b]2+. This shorter bond results in a better fit of the NCN-
pincer ligand to the octahedral coordination geometry of the ruthenium ion in 
[1b]2+. The N11-Ru1-N12 angle of 160.06(8)-160.77(8)° in [1b]2+ is closer to the 
ideal value of 180° compared to 156.2(3)° in [1a]+. On the other hand, the central 
tpy nitrogen-to-ruthenium bond is lengthened in [1b]2+ by almost 0.1 Å, 
decreasing the N13-Ru1-N15 angle from 156.9(3) in [1a]+ to 152.54(8)-152.56(8) 
in [1b]2+, reflecting the increased trans influence of the Cipso-to-ruthenium 
bond. 

 
2.3 Electrochemical Data 

Complexes [1]+ and [2]+ show rich redox chemistry in MeCN solution, Table 
2. The non-cyclometalated ruthenium(II) complex [Ru(tpy)2]2+ was available 
from previous studies and its oxidation (E1/2 = 0.89 V) and reduction (E1/2 = –
1.66 V) potentials in the present study are in concert with the reported values of 
0.92 and –1.67 V, respectively, also obtained in MeCN solution.17 Polypyridine 
complexes of ruthenium(II) are characterized by a metal-based initial anodic 
process and ligand-based first cathodic process.3 The initial oxidation and 
reduction processes of complexes [1]+ and [2]+ are electrochemically reversible 
on the time scale of the experiment. Compared to [Ru(tpy)2]2+ both the anodic 
and cathodic process of [1a]+ are negatively shifted as a result of the strong σ-
donor carbon atom. The initial oxidation process is stronger affected with a shift 
of 1.07 V compared to a shift of 0.37 V for the reduction process. Additionally, 
an irreversible second oxidation process is observed at Ep,a = 0.66 V. The extent 
of the negative shift of the initial oxidation electrode potential compared to 
[Ru(tpy)2]2+ is with 0.77 V smaller in [2a]+ than in [1a]+. Also the reduction 
potential of [2a]+ is less affected. Similar to [1a]+ an irreversible second 
oxidation process is observed, but at increased potential with Ep,a = 1.26 V. The 
chloride substituent in both [1b]+ and [2b]+ results in a positive shift of the 
oxidation and reduction electrode potentials, in line with the electron-accepting 
nature of this moiety. The slightly less electronegative bromine atom exerts a 
slightly smaller change than is observed for the chloride. 
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Table 2. Cyclic voltammetric data for [1]+,a [2]+,b and [Ru(tpy)2]2+. 

  E1/2 (V) (ΔEp (mV))  

Complex  RuII/RuIII tpy/tpy•– 

[1a]+ 0.66 c –0.18 (61) –2.03 (63) 

[1b]+ 0.68 c –0.10 (65) –2.00 (66) 

[1c]+ 0.63 c –0.12 (64) –2.01 (66) 

[3]2+ d –0.25 –0.07 –1.97 

[2a]+ 1.26 c 0.12 (62) –1.95 (63) 

[2b]+ 1.29 c 0.17 (64) –1.93 (69)  

[2c]+ 1.32 c 0.16 (65) –1.93 (71) 

[Ru(tpy)2]
2+  0.89 –1.66 

a Data collected in MeCN with [n-Bu4N]PF6 as supporting electrolyte at 100 mV/s; potentials reported relative vs. 
ferrocene/ferrocenium (Fc/Fc+) used as external standard. b vs. Fc/Fc+ used as internal reference. c Irreversible, Ep,a 
reported. d in PrCN solution39-41 

2.4 Electronic Absorption Spectroscopy 

The solution UV-vis spectra of the ruthenium(II) complexes [1]+ and [2]+ as 
well as of ruthenium(III) complexes [1]2+ and [2]2+ are summarized in Table 3. 
Ruthenium complex [1a]2+ was generated in situ by addition of CuCl2 to the 
aqueous solution of the ruthenium(II) precursor following literature 
procedures.39, 40 Similarly, [1b]2+ and [1c]2+ were also prepared in situ. After 
reduction with either Na2S2O3 or iPr2NH, the original absorption spectra of the 
ruthenium(II) complexes were completely recovered. Ruthenium(III) complexes 
[2]2+ in MeCN solution were generated via chemical oxidation using 
[Ce(NO3)6](NH4)2, and the spectra of the corresponding ruthenium(II) 
complexes were completely recovered upon addition of a chemical reductant. 
Spectra obtained for the bromide substituted complexes [1c]n+ and [2c]n+ are 
essentially identical to those obtained for the chloride substituted complexes 
[1b]n+ and [2b]n+, respectively. 

Additionally the nature of the lowest energy transitions of the ruthenium(II) 
and ruthenium(III) complexes [1a]n+, [1b]n+, [2a]n+ and [2b]n+ was investigated 
using the time-dependent density functional theory (TD-DFT) approach. 
Calculations were performed at the DZ Dunning46, 47 level of theory with the 
Stuttgart RSC 1997 ECP relativistic core potential48 for ruthenium using the 
B3LYP functional. TD-DFT calculations were run on optimized geometries at 
the same level of theory. Selected isovalue plots49 of [1a]+ and [1a]2+ are 
displayed in Figure 3. In addition to isovalue plots we have used an extended 
Mulliken population analysis50 in the spatial assignment of the individual 
orbitals, Table 4 and Figure 4. 
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Table 3. Electronic absorption spectroscopy data of complexes [1]n+ in H2O solution and 
[2]n+, [3]2n+,39 and [Ru(tpy)2]2+ in MeCN solution. 

  λmax (nm) (ε (103 M–1cm–1)a)  

Complex n = 1 n = 2 

[1a]n+ 622 (5.4), 586 (5.5), 518 (5.5), 384 
(6.1), 323 (30.9), 280 (25.0) 

540 (sh), 470 (3.8), 380 (3.3) 

[1b]n+ 620 (sh), 582 (5.6), 515 (5.3), 368 
(6.7), 323 (29.6), 279 (21.0) 

571 (5.2), 457 (3.3), 373 (3.5) 

[1c]n+ 620 (sh), 582 (5.6), 515 (5.3), 366 
(6.8), 323 (30.6), 279 (20.8) 

576 (5.4), 485 (3.0), 373 (3.1) 

[2a]n+ 499 (14.4), 424 (9.6), 368 (sh), 316 
(37.0), 277 (47.0), 243 (49.8) 

740 (sh), 629 (2.0), 390 (9.7), 328 
(24.5) 

[2b]n+ 508 (13.2), 421 (7.8), 370 (7.7), 
315 (35.6), 275 (50.2), 240 (45.3) 

677 (2.7), 402 (8.8), 328 (21.9), 273 
(45.3) 

[2c]n+ 507 (13.2), 421 )7.5), 371 (7.2), 
315 (35.2), 275 (51.4), 240 (44.2) 

676 (2.7), 403 (8.6), 328 (21.7), 280 
(43.0) 

[3]2n+ 618 (15.8), 593 (16.7), 528 (18.1), 
377 (37.2), 324 (73.0), 280 (59.5) 

657 (117.0), 306 (38.4), 275 (46.6), 
201 (170.3) 

[Ru(tpy)2]
2+ 475 (14.7), 308 (63.4), 270 (38.8), 

225 (sh) 
 

a sh = shoulder. 

HOMO-5 HOMOHOMO-3HOMO-4

x

y
z

αHαH-1αH-3αH-5

βLβHβH-2βH-3

 

Figure 3. Isovalue (value = 0.05) plots of selected frontier orbitals of [1a]+ (top) and [1a]2+ 
(middle and bottom) 
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Table 4. Mulliken population (electron) on Ru of the frontier orbitals in [Ru(tpy)2]2+ 43 and 
complexes [1a]n+ and [1b]n+. Mulliken population sums to one electron per molecular orbital and 
spin orbital. Double lines indicate the border between occupied and unoccupied levels. 

    [1a]2+   [1b]2+  

[Ru(tpy)2]
2+ [1a]+ [1b]+ α β α β 

0.01 0.28 0.19 0.16 0.03 0.37 0.03 

0.03 0.20 0.27 0.06 0.18 0.06 0.01 

0.00 0.01 0.01 0.10 0.04 0.02 0.17 

0.71 0.78 0.78 0.63 0.74 0.71 0.77 

0.71 0.66 0.67 0.70 0.73 0.70 0.72 

0.68 0.56 0.53 0.29 0.62 0.21 0.59 

0.08 0.15 0.15 0.05 0.06 0.05 0.06 

0.08 0.03 0.03 0.02 0.02 0.02 0.02 
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Figure 4. Energies and assignment of the 7 HOMOs and 2 LUMOs for [1a]+, [1b]+, [2a]+, and 
[2b]+ (left), the 5 alpha HOSOs and 2 alpha LUSOs (middle) and 5 beta HOSOs and 3 beta 
LUSOs (right) for [1a]2+, [1b]2+, [2a]2+, and [2b]2+. Orbitals of similar origin are connected via 
grey lines. 

Generally, in polypyridine complexes of ruthenium(II), the strong 
absorptions in the UV are assigned to ligand based π-π* transitions (IL), and 
absorptions in the visible part of the spectrum as metal-to-ligand charge 
transfer transitions (MLCT).3, 17 Transitions are consistently predicted by TD-
DFT at increased energy but reproduce the spectra, and replicate their changes 
upon halogenation. The nature of the low energy visible transitions for the 
cyclometalated [1]+ and [2]+ are also mainly MLCT, with the tpy ligand as 
acceptor state and originating from different metal levels. 

The absorption spectra of the ruthenium(III) complexes are highly sensitive 
towards substitution. For instance, a clear peak is observed at 571 nm for [1b]2+, 
whereas no such clear feature is present in the visible region for [1a]2+. Apart 
from several weak excitations, a single strong transition is present in the energy 
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envelope of predicted excitations for both [1a]2+ and [1b]2+. This transition is of 
NCN-pincer-to-metal charge transfer character. Destabilization of the donor-
orbital of this transition by interaction with the chloride in [1b]2+ is responsible 
for red shifting the predicted transition by almost 2000 cm–1.  

 

3 Discussion 

In the 1980's we reported the oxidation of NCN-pincer d8-platinum 
complexes such as [PtCl(NCN)] with copper(II) halide salts to yield the 
corresponding, stable d6-platinum(IV) compounds (i.e. [PtCl3(NCN)]).51, 52 The 
same reaction afforded in the case of the [NiCl(NCN)] compound the 
surprisingly stable d7-nickel(III) complex,53-56 which was the first air-stable true 
nickel(III) compound. EPR showed that the unpaired electron is located in the 
metal dz2 orbital, enabling the compound to act as a persistent radical. These 
characteristics could be exploited by using [NiBr(NCN)] as catalyst in, for 
instance atom transfer radical addition (ATRA) reactions such as the Kharasch 
addition, and as catalyst in living polymerization by atom transfer 
polymerisation (ATRAP).57 The NCN-pincer proved beneficial in these cases as 
it stabilized the higher oxidation states while it is relatively inert itself. 

Also in the case of the ruthenium(II) complexes, the strong σ-donor 
characteristics of the NCN-pincer ligand result in negatively shifted oxidation 
potentials, and the ruthenium(II) complexes could therefore easily be oxidized 
to a higher oxidation state using copper(II) salts.39 However, one-electron 
oxidation of the d6-ruthenium(II) complex [Ru(NCN)(tpy)]+ ([1a]+) with CuCl2 
in methanol solution did not stop at the stage of the corresponding d5-
ruthenium(III) species, but resulted in the formation of a mixture of 
ruthenium(III) products resulting from dimerization (C–C coupling, 90%) 
([{Ru(tpy)}2(μ-NCN–NCN)](CuCl2)4, [3]4+) and halogenation (C–X coupling, < 
10%) ([Ru(4-Cl-NCN)(tpy)]+, [1b]+) reactions.39, 40 Interestingly, the phosphor 
coordinated PCP-pincer [Ru(PCP)(tpy)]+ (PCP = 2,6-bis(diphenylphosphino 
methyl)phenyl) complex also undergoes dimerization upon oxidation with 
CuCl2 in methanol solution, albeit with only 15% yield of the dimer and with 
formation of 40% of the para-chlorinated complex [Ru(4-Cl-PCP)(tpy)]+.41 In a 
similar fashion, the dimer [{Ru(ttpy)}2(μ-N^C^N-N^C^N)]2+ was found during 
the preparation of [Ru(N^C^N)(ttpy)](PF6) when a large excess of AgBF4 was 
used.44, 45 

Thus, whereas the ruthenium(II) complexes [1a]+ and [2a]+ are stable, both as 
solid and in solution, the corresponding ruthenium(III) complexes indeed 
display rich and interesting chemistry. To investigate this difference, we will 
first discuss the electronic configuration of the ruthenium(II) complexes and the 
changes that are induced upon one-electron oxidation, using the 
electrochemical and photophysical data as well as results from the DFT 
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calculations. Subsequently, we will discuss the reaction mechanism, which 
allows differentiation between halogenation and dimerization. This mechanism 
is supported by kinetic data obtained by following both the halogenation and 
dimerization reactions with electronic absorption spectroscopy. 

 
3.1 Electronic Properties of Ruthenium(II) and -(III) Complexes 

It has been previously stressed that care has to be taken in using localized 
descriptions of molecular orbitals in cyclometalated complexes.58-60 The highest 
occupied molecular orbitals (HOMOs), formally associated with the metal 
center, might have a significant component on the cyclometalated ligand. 
Indeed, for [1a]+ the Mulliken population of the ruthenium is only 56% for the 
HOMO, while using the same level of theory a Mulliken population of roughly 
70% is found for the HOMO of [Ru(tpy)2]2+.43 Although the metal population in 
the HOMOs is rather low, they are still well described as ligand perturbed 
metal-based. For ease of discussion we will continue to use localized 
descriptions, keeping in mind that significant interaction is present, especially 
since it is this very interaction that prompts the different reactivity of these 
complexes. 

Like non-cyclometalated polypyridine ruthenium(II) complexes, the initial 
oxidation processes of [1]+ and [2]+ are indeed metal-based. The HOMOs of the 
ruthenium(II) complexes are predominantly metal-based and the lowest 
unoccupied spin orbitals (LUSOs), βL, of the resulting ruthenium(III) complexes 
are largely associated with the dyz orbital of the metal center. The large negative 
shift (1.07 V) of the electrode potential for the first oxidation compared to 
[Ru(tpy)2]2+ (E1/2 = 0.89 V) is a result of the electron rich metal center due to the 
strong σ-donation from the anionic carbon center, caused by the interaction 
between the σ-donating carbon and the unoccupied dz2 ruthenium orbital, 
which possesses the correct symmetry. 

In the ruthenium(III) complex [1a]2+, the electron distribution is reordered 
and the highest occupied alpha spin orbital (αH) is associated with the 
cyclometalated ligand, possessing only 29% population on the metal center. 
Consequently, the second oxidation process of [1a]+ is assigned to oxidation of 
the NCN-pincer, which is in line with the irreversible nature of this oxidation 
process. Interestingly, this implies that although the initial oxidation is metal-
based, the unpaired electron in the resulting d5-ruthenium(III) complexes is 
localized, at least to some extent, on the cyclometalated ligand. In contrast, the 
unpaired electron in the d7 square-pyramidal nickel(III) complex [NiCl2(NCN)] 
and the isoelectronic cobalt(II) complex [CoCl(NCN)(pyridine)] is associated 
with the metals' dz2, orbital as indicated by EPR spectroscopy.53-55, 61 The NCN-
pincers' π-system cannot directly interact with this metal based unpaired 
electron and no chemistry connected to the cyclometalated ligand is observed. 
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The strong involvement of the NCN-pincer in the highest occupied spin orbitals 
(HOSOs) in [1a]2+ is also reflected by the red-shift of almost 2000 cm–1 of main 
visible transition of [1]2+ upon chlorination. 

 
The most noteworthy effect of the chloride in [1b]+ compared to the 

hydrogen in [1a]+ is the interaction of the chloride with the aryl based E1g 
HOMO–3 and HOMO–5. Whereas the HOMO–3 does not interact directly 
either with the chlorine or the metal center since they are in its nodal plane, the 
stabilization of the HOMO–5 by interaction with the metal center is 
counteracted by destabilization due to interaction with the chloride. The 
energetic difference between the two E1g NCN-pincer based occupied orbitals is 
thus significantly reduced. This effect seems somewhat stronger in the oxidized 
complexes, reversing the energetic order of the levels between [1a]2+ and [1b]2+, 
Figure 4. 

It is well known that the electronic properties of a NCN pincer metal center 
can be tuned by careful selection of the para-substituent. For instance, in a 
series of NCN-pincer platinum complexes, a clear correlation was observed 
between the Hammett parameter of the para-substituent and the 195Pt chemical 
shift of the metal center.62, 63 The same holds for the NCN-pincer nickel(II) 
complexes which show correlation between their NiII/NiIII oxidation potentials 
and the substituents' Hammett parameter. It is the very interaction via the NCN 
pincers' orbitals that is responsible for tuning the electronic characteristics of the 
metal center upon para-substitution. In the current ruthenium complexes, this 
interaction is reflected by the positive shift of the oxidation potential of [1b]+ 
compared to [1a]+, as is also predicted by stabilization of the highest HOMOs. 
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Scheme 2. Resonance structures for [1a]2+. 

Of significant importance to the reactivity of [1a]2+ is the fact that the HOSO 
(αH) is thus best described as associated with the cyclometalated ligand albeit 
with a significant component on the metal center. The unpaired electron in 
[1a]2+ is at least partly localized on the cyclometalated aryl moiety, resulting in 
quinone type resonance structures, Scheme 2. The 2,3:5,6-hexadieen moiety can 
be formed either by formal electron transfer from the aryl ring to the ruthenium 
center (comparable to what is observed for the d10-platinum [Pt(PCP)]– 
complex64) or by formation of a carbon-to-ruthenium double bond, thereby 
formally oxidizing the ruthenium center (as proposed for the [3]4+ dimer39, 40). 
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The former resonance structure seems more likely to contribute significantly as 
it is supported by the fact that oxidation is associated with a decrease in 
Mulliken population of only 0.13 electron on the ruthenium center. These 
resonance structures are corroborated by bond length alternation in the aryl 
moiety, with the Cortho–Cmeta bond being the shortest in the calculated 
structures. Unfortunately, due to the standard uncertainties of the atomic 
coordinates and the thermal motion of the atoms, X-ray crystal structure 
determination is not a suitable method to detect these minor changes in bond 
lengths alternations (Table 1). With the unpaired electron partly localized on the 
para position, reactions associated with radical mechanisms can be anticipated. 
The same reasoning can be applied for [2a]2+, in which the radical character is 
expected to be slightly dissipated by delocalization over the pendant pyridine 
rings of the N^C^N ligand. 

 
3.2 Para-Halogenation vs. Dimerization of Ruthenium(III) 

complexes 

The d6-ruthenium(II) complex [1a]+ is chemically stable in solution, but due 
to the specific properties of the ruthenium(III) complexes dimerization and 
halogenation is observed for [1a]2+. The formation of [1b]+ as a side product 
with <10% yield in the dimerization of [1a]+ using three equivalents of CuCl2 is 
significant in view of a possible reaction mechanism. After oxidation of [1a]+ to 
[1a]2+ in MeOH solution, which is almost instantaneous and fully reversible, the 
competitive reaction with the excess persistent radical65 CuCl2 results in 
irreversible formation of [1b]+. Indeed, when a large excess of CuCl2 was used 
[1b]2+ could be selectively prepared in good yield after overnight stirring at 
room temperature. The reported dimerization of [Ru(N^C^N)(ttpy)]+ was 
devoid of such side products as no other potential reaction partners were 
present in solution. 

The electronic absorption spectra of the ruthenium(III) complexes [1a]2+ and 
[1b]2+ differ significantly, and the progress of the reaction could be monitored 
by UV-vis spectroscopy, Figure 5. Using a large excess of CuCl2 (0.65 M) 
compared to [1a]+ (1.1 mM) selective formation of [1b]2+ is expected. The time 
dependent concentration of [1a]2+ as derived from the absorption at 571 nm, 
plotted as first-order kinetics is also shown in Figure 5, and the reaction 
accurately obeys first order kinetics as expected, with rate constant k = 2 × 10–4 
s–1. From this it is also evident that [1a]2+ reacts with the excess of CuCl2 under 
an one-electron chloride transfer, and not with CuCl2– formed in the oxidation 
step. Unfortunately, kinetic measurements could only be performed at room 
temperature in our setup, yielding no thermodynamic information. 
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Figure 5. Spectral changes during reaction of [1a]2+ in the presence of a large excess CuCl2 
(grey, left and bottom axes) and ln([1a]2+

t/[1a]2+
0) as a function of time (black squares, right and 

top axes, line is fitted through first 90% conversion). 
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Figure 6. Spectral changes during reaction of [1a]2+ in the presence of 5 eq. CuCl2 (grey, left 
and bottom axes) and 1/([1a]2+

t) as a function of time (black squares, right and top axes, line is 
fitted through first 50% conversion). 

When only a small excess of CuCl2 is used (32 mM) compared to [1a]+ (6.2 
mM), the formation of [3]4+ can be observed at 657 nm, Figure 6. After 
formation, [1a]2+ slowly dimerizes to the initially formed [3]2+, which is 
subsequently quickly oxidized to form [3]4+, consuming another equivalent of 
CuCl2. Since a concentrated solution was needed to obtain reasonable reaction 



Chapter 3. Reactivity of N,C,N'-Arylruthenium(II) and -(III) complexes 

 85

85

rates, the concentration of [1a]2+ was derived from the rise in absorption at 750 
nm associated with the formation of [3]4+, rather than at the absorption 
maximum. This bimolecular C–C coupling reaction neatly obeys second order 
kinetics with rate constant k = 1 × 10–3 M–1s–1, Figure 6. 
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Scheme 3. Proposed mechanisms of reactions of [1a]+ with CuCl2. 

In the proposed reaction mechanism, Scheme 3, it is the persistent nature of 
the organometallic radical that plays a crucial role in the organic chemistry on 
the aryl ring which is σ-bonded to the metal center. In fact it is the electronic 
configuration of the metal center that triggers the chemistry on the organic part 
and at the same time controls the reactive odd electron organic intermediates, 
vide supra. Rather than acting as a persistent catalyst which controls the 
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formation and protection of the external reacting radical and the product 
radical, as in the ATRA and ATRAP reactions,57 the metal in the present case 
controls an intramolecular radical event. 

It is interesting to note that the dimerization reactions of [1a]+ and 
[Ru(N^C^N)(ttpy) seem very similar to the dimerization of triarylamines via 
formation of the radical cation by chemical oxidation with Cu(ClO4)2, recently 
reported by Gopidas et al.66 Using results from EPR, spectroscopic and kinetic 
studies the authors proposed a mechanism in which the radical cation of the 
triarylamine reacts with a second radical cation. After elimination of two 
protons the dimeric compound was obtained selectively, and directly oxidized 
by the excess oxidant in solution. It seems likely that the dimerization of [1a]2+ 
to [3]4+ follows a similar mechanism, Scheme 3. Alternatively, the reaction of 
[1a]2+ with a second equivalent of the persistent radical CuCl2 instead of a 
second equivalent of [1a]2+ forms the corresponding halogenated intermediate, 
which indeed obeys the expected first order kinetics. After elimination of a 
proton and subsequent oxidation by an additional equivalent of CuCl2 the 
product [1b]2+ is formed. 

We have noted previously that when the metal moiety is qualitatively seen as 
a rather elaborate substituent on the aryl ring, it possesses comparable 
electronic properties (i.e. similar Hammett67 σp parameter and ortho- and para-
directing and activating influence for electrophilic substitution reactions) as a 
NMe2 group.21 It is this observation that has led us to develop organometallic 
stilbenoid NLO materials as analogues of the well known 4-dimethylamino-4'-
nitrostilbene (DANS) molecule.63, 68 This similarity can now be further extended 
to the oxidized species as well in which the organometallic moiety in [1a]2+ 
influences the reactivity of the aryl ring in way comparable to that of the Ph2N+ 
moiety. 

 
As also [Ru(N^C^N)(ttpy)]+ is known to form C–C coupled dimeric species 

upon oxidation, the very similar complex [2a]+ was expected to undergo 
halogenation with copper(II) salts. However, upon addition of [2a]+ to a 
solution of CuCl2 in MeOH no color change was observed, and chlorination 
occurred selectively but sluggish. On the other hand, addition of [2a]+ to a 
solution of CuBr2 in MeOH resulted in a color change from red to green and 
complete conversion to [2c]2+ was achieved at room temperature overnight, i.e. 
on the same time scale as for [1c]2+. It seems unlikely that the difference in 
reaction rate originates from a significant difference in the speed between 
chlorination and bromination reactions on complex [2a]2+, which was not 
observed for [1a]2+. A more likely reason is incomplete oxidation by CuCl2, as 
indicated by the retention of the typical red color of [2a]+. The equilibrium 
between [2a]+ and [2a]2+, which lies at the side of [2a]+, is fast as almost 
instantaneous oxidation is observed using CuBr2 or [Ce(NO3)6](NH4)2. Partial 
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oxidation will result in a low concentration of ruthenium(III) [2a]2+, decreasing 
the speed of chlorination since the rate of this reaction is first order in [2a]2+. 
Heating the reaction mixture under reflux increased the overall rate of 
chlorination. It can be reasoned that the higher temperature increases the rate of 
the chlorination step (which is rate determining), but it is also possible that the 
position of the equilibrium between [2a]+ and [2a]2+ is shifted to side of [2a]2+. 
The positively shifted oxidation potential of CuBr2 compared to CuCl2 resulted 
in complete oxidation of [2a]+ to [2a]2+ and hence to a overall reaction rate 
similar to that observed for halogenation of [1a]2+. 

 
Bromination reactions on cyclometalated complexes of ruthenium as well as 

other metals have been performed before,21 using for instance NBS35, 36 or 
pyridinium tribromide.33, 37, 38 Although these reagents are indeed rather gentle 
compared to the conditions used for halogenation of the uncoordinated ligands, 
they resulted in complete decomposition of [1a]+. Bromination using CuBr2 as 
described here is very mild and no decomposition of [1a]+ or [1c]+ was 
observed. Halogenations using CuX2 might thus lead to a larger functional 
group tolerance and expand the scope of functionalization of metal complexes. 
It has to be noted that the slow reaction of [2a]+ with CuCl2 results in interesting 
possibilities. For example, selective chlorination could be used to protect more 
reactive positions in a poly-nuclear assembly for subsequent bromination. 

 

4 Conclusions 

A new method for very mild, selective halogenation of cycloruthenated 
complexes using oxidation with CuX2 in MeOH solution is described. Upon 
chemical oxidation of the NCN-pincer ruthenium(II) complex [1a]+ in MeOH 
solution, the ruthenium(III) complex [1a]2+ is formed and present as a persistent 
radical cation. In this ruthenium(III) species, the unpaired electron is at least 
partially localized on the cyclometalated ligand as deduced from DFT 
calculations, but protected by interaction with the metal center. Homo-coupling 
reaction of this organometallic radical results in the previously reported 
formation of the dimeric complex [3]4+,39 obeying second order kinetics in 
[1a]2+. When an excess of CuX2 is present, competitive reaction of [1a]2+ with 
the persistent radical species CuX2 yields the halogen substituted complex, 
obeying the expected first order reaction kinetics. These results are in 
agreement with the proposed radical mechanism in which the ruthenium(III) 
species [1a]2+ undergoes coupling to a second radical present in solution. The 
difference in rate law between halogenation and dimerization allows excellent 
control over the product distribution. The N^C^N ruthenium(II) tpy complex 
[2a]+ can also be halogenated in this fashion, and the positively shifted 
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oxidation potential of [2a]+ compared to [1a]+ results in partial oxidation by 
CuCl2 causing a particularly well controllable reaction. 

 

5 Experimental 

General. All air-sensitive reactions were performed under a dry nitrogen 
atmosphere using standard Schlenk techniques. Absolute solvents were dried 
over appropriate drying agents and distilled before use. All other solvents and 
reagents were purchased and used as received. 1H and 13C{1H} NMR spectra 
were recorded at 298 K on a Varian 400 MHz NMR system. NMR spectra were 
referenced to the solvent residual signal.69 Spectral assignments were based on 
chemical shift and integral considerations as well as COSY and NOESY two-
dimensional experiments. As a result of severe paramagnetic broadening of the 
resonances for the Ru3+ complexes integration of the 1H NMR spectra was 
problematic and only selected carbon resonances could be observed. Solution 
UV-vis spectra were recorded on a Cary 50 Scan UV-visible spectrophotometer. 
Elemental analyses were carried out by Kolbe Mikroanalytisches Laboratorium 
(Mülheim an der Ruhr, Germany). MS measurements were carried out on an 
Applied Biosystems Voyager DE-STR MALDI-TOF MS. The compounds 
[Ru(tpy)2]2+,70 [1a]+,42 [2a]+ 43 were prepared following literature procedure. 
 
Electrochemical Measurements. Cyclic voltammograms were recorded in a 
single compartment cell under a dry nitrogen atmosphere. The cell was 
equipped with a Pt microdisk working electrode, Pt wire auxiliary electrode 
and a Ag/AgCl wire reference electrode. The working electrode was polished 
with alumina nanopowder between scans. The potential control was achieved 
with a PAR Model 263A potentiostat. All redox potentials are reported against 
the ferrocene-ferrocenium (Fc/Fc+) redox couple used as an internal or external 
standard.71, 72 All electrochemical samples were 10–1 M in [n-Bu4N]PF6 as 
supporting electrolyte in MeCN distilled over KMnO4 and Na2CO3. 
 
TD-DFT calculations. DFT calculations were performed at the DZ Dunning46, 47 
level of theory for carbon, nitrogen, chlorine and hydrogen, and using the 
Stuttgart RSC 1997 ECP relativistic core potential48 for ruthenium using the 
B3LYP functional. Geometries were optimized using the Gamess UK73 program 
package. Subsequent TD-DFT calculations were run on the optimized geometry 
at the same level of theory using the Gaussian74 version 03 program package. 
 
Kinetic Experiments. Solid [1a]+ was added to a MeOH solution of CuCl2 of 
known concentration in a 1 mm path length QS cuvet, which resulted in an 
immediate color change from blue to red. The concentration of the resulting 
[1a]2+ was determined from the optical density of the solution. Spectra were 
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obtained at regular intervals, and the normalized concentration of [1a]2+ was 
obtained using C1a, t = C1a, 0 × ((At – Ap) / (As – Ap)), in which C1a, t and C1a, 0 
are the concentration of [1a]2+ at time t and 0. The absorbance At, As, and Ap are 
at the detection wavelength at time t, time 0, and after full conversion, 
respectively. 
 

Syntheses. 

[1a](Cl). 
1H NMR (400 MHz, CD3CN): δ 8.70 (d, 3J = 8.0 Hz, 2H, A3,5), 8.54 (d, 3J = 8.0 
Hz, 2H, B3), 8.18 (d, 3J = 5.6 Hz, 2H, B6), 8.01 (t, 3J = 8.0 Hz, 1H, A4), 7.93 (dd, 3J 
= 8.0 Hz, 3J = 7.6 Hz, 2H, B4), 7.45 (dd, 3J = 7.6 Hz, 3J = 5.6 Hz, 2H, B5), 7.25 (d, 3J 
= 7.2 Hz, 2H, D3,5), 7.03 (t, 3J = 7.2 Hz, 1H, D4), 3.64 (s, 4H, CH2), 1.19 (s, 12H, 
CH3). 13C NMR (100 MHz, CD3CN): δ 201.6, 161.4, 155.8, 153.6, 143.5, 135.3, 
129.3, 127.8, 124.2, 122.7, 121.7, 121.1, 75.6, 52.1. 
 
[1b](Cl). A solution of [1a](Cl) (292 mg, 0.52 mmol) in MeOH (10 ml) was slowly 
added dropwise to a solution of CuCl2 (3.8 g, 22 mmol) in MeOH (25 ml). After 
addition was complete, the mixture was stirred at room temperature for 18 h. 
The solvent was removed in vacuo and the solid taken up in MeCN (4 ml), and 
subjected to column chromatography on silica (acetonitrile: H2O : aq. 1M 
NaNO3 = 85:10:5). [1b](PF6)2 was isolated from the red fractions by precipitation 
with aqueous KPF6 and removal of acetonitrile in vacuo. Alternatively, [1b](Cl) 
was isolated after concentrating the fractions in vacuo, dissolving the solid in 
H2O in the presence of an excess of Na2S2O3 and NaCl and extraction of the 
dark blue solution with CH2Cl2. The organic phase was washed with brine and 
the solvent was removed in vacuo, yielding the product as a purple/blue solid 
(226 mg, 73%). 
[1b](PF6)2. 
1H NMR (400 MHz, CD3CN): δ 82.0 (s, 2H), 57.2 (s, 2H), 53.7 (s, 2H), 26.9 (s, 2H), 
18.6 (s, 1H), 17.9 (s, 2H), 2.2 (s, 4H), 0.1 (s, 2H), -15.0 (s, 8H). 13C NMR (100 
MHz, CD3CN): δ 179.5, 143.2, 141.2, 129.7, 128.8, 114.2, 100.2, 35.1, several 
resonances could not be resolved. 
[1b](Cl). 
1H NMR (400 MHz, CD3CN): δ 8.70 (d, 3J = 8.0 Hz, 2H, A3,5), 8.55 (d, 3J = 8.0 
Hz, 2H, B3), 8.19 (d, 3J = 5.2 Hz, 2H, B6), 8.02 (t, 3J = 8.0 Hz, 1H, A4), 7.94 (dd, 3J 
= 8.0 Hz, 3J = 7.6 Hz, 2H, B4), 7.45 (dd, 3J = 7.6 Hz, 3J = 5.2 Hz, 2H, B5), 7.26 (s, 
2H, D3,5), 3.63 (s, 4H, CH2), 1.20 (s, 12H, CH3). 13C NMR (100 MHz, CD3CN): δ 
200.4, 161.2, 155.7, 153.7, 145.3, 135.6, 129.9, 127.9, 126.0, 124.2, 122.7, 121.0, 75.0, 
52.1. MALDI-TOF-MS (DHB Matrix): m/z = 560.11 [M+] (calcd for 
C27H29ClN5Ru, 560.12). 
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[1c](Cl). The same procedure was used as described for [1b](Cl). [1a](Cl) (498 
mg, 0.89 mmol) was converted to [1a](Br) by anion exchange in H2O prior to 
reaction. Using CuBr2 (4.46 g, 20 mmol), the product was obtained as a 
purple/blue solid (400 mg, 70%) after ion exchange with brine. 
[1c](PF6)2. 
1H NMR (400 MHz, CD3CN): δ 83.2 (s, 2H), 57.7 (s, 2H), 53.7 (s, 2H), 26.9 (s, 2H), 
18.6 (s, 1H), 17.9 (s, 2H), 2.1 (s, 4H), 0.2 (s, 2H), -15.0 (s, 6H). Anal. Calcd for 
C27H29BrF12N5P2Ru: C, 36.25; H, 3.27; N, 7.83. Found: C, 36.50; H, 3.31; N, 8.01. 
[1c](Cl). 
1H NMR (400 MHz, CD3CN): δ 8.68 (d, 3J = 8.0 Hz, 2H, A3,5), 8.52 (d, 3J = 8.0 
Hz, 2H, B3), 8.20 (d, 3J = 8.0 Hz, 2H, B6), 8.02 (d, 3J = 5.2 Hz, 2H, A4), 7.94 (dd, 3J 
= 8.0 Hz, 3J = 7.2 Hz, 2H, B4), 7.59 (dd, 3J = 7.2 Hz, 3J = 5.2 Hz, 2H, B5), 7.39 (s, 
2H, D3,5), 3.66 (s, 4H, CH2), 1.20 (s, 12H, CH3). 13C NMR (100 MHz, CD3CN): δ 
201.1, 161.2, 155.7, 153.8, 146.0, 135.6, 130.0, 127.9, 124.3, 123.6, 122.7, 113.7, 74.9, 
52.1. Anal. Calcd for C27H29BrN5Ru(PF6): C, 43.27; H, 3.90; N, 10.66. Found: C, 
43.34; H, 3.97; N, 9.28. MALDI-TOF-MS (DHB Matrix): m/z = 604.12 [M+] (calcd 
for C27H29BrN5Ru, 604.07). 
 
[2b](PF6). A mixture of [2a](PF6) (29 mg, 0.042 mmol) and CuCl2 (0.15 g, 0.87 
mmol) in MeOH (25 ml) was heated under reflux for 72 h. After cooling down 
to room temperature, an excess of aqueous Na2S2O3 and KPF6 was added, and 
the mixture was stirred for 2 h. The suspension was filtered and the product 
extracted from the solids using MeCN (2 × 10 ml). The product was purified by 
column chromatography on SiO2 (MeCN : H2O : aq. 1M NaNO3 = 18:1:1), and 
obtained after anion exchange as a red solid (24 mg, 79%). 
1H NMR (400 MHz, CD3CN): δ 8.76 (d, 3J = 8.0 Hz, 2H, A3,5), 8.43 (d, 3J = 8.0 
Hz, 2H, B3), 8.29 (t, 3J = 8.0 Hz, 1H, A4), 8.29 (s, 2H, D3,5), 8.17 (d, 3J = 8.0 Hz, 
2H, C3), 7.70 (dd, 3J = 8.0 Hz, 3J = 7.6 Hz, 2H, B4), 7.64 (dd, 3J = 8.0 Hz, 3J = 7.6 
Hz, 2H, C4), 7.08-7.13 (m, 4H, B6 + C6), 6.95 (dd, 3J = 7.6 Hz, 3J = 5.6 Hz, 2H, 
B5), 6.71 (dd, 3J = 7.6 Hz, 3J = 5.6 Hz, 2H, C5). 13C NMR (100 MHz, CD3CN): δ 
219.9, 168.6, 160.0, 155.3, 153.9, 152.8, 144.4, 136.4, 136.1, 133.3, 127.3, 126.0, 
124.4, 124.2, 123.3, 123.0, 121.0. MALDI-TOF-MS (DHB Matrix): m/z = 600.13 
[M+] (calcd for C31H21ClN5Ru, 600.05). 
 
[2c](PF6). [2a](PF6) (68 mg, 0.095 mmol) was dissolved in CH2Cl2 (20 ml) and 
slowly added dropwise to a solution of CuBr2 (0.39 g, 1.74 mmol) in MeOH (60 
ml) and stirred at room temperature for 18 h. The solvent was removed in 
vacuo and the solid subjected to column chromatography on SiO2 (MeCN : H2O 
: 1M NaNO3/H2O = 18:1:1). The green fractions containing product were 
combined, and an excess of aqueous Na2S2O3 and aqueous KPF6 was added 
and the mixture was stirred at room temperature for 2 h during which the color 
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turned deep red. After reducing the volume in vacuo the mixture was filtered 
and the product collected with MeCN and obtained as a red powder (68 mg, 
91%). 
1H NMR (400 MHz, CD3CN): δ 8.76 (d, 3J = 8.0 Hz, 2H, A3,5), 8.43 (d, 3J = 8.0 
Hz, 2H, B3), 8.42 (s, 2H, D3,5), 8.30 (t, 3J = 8.0 Hz, 1H, A4), 8.17 (d, 3J = 8.0 Hz, 
2H, C3), 7.70 (dd, 3J = 8.0 Hz, 3J = 8.0 Hz, 2H, B4), 7.64 (dd, 3J = 8.0 Hz, 3J = 8.0 
Hz, 2H, C4), 7.08-7.12 (m, 4H, B6 + C6), 6.95 (dd, 3J = 8.0 Hz, 3J = 5.2 Hz, 2H, 
B5), 6.71 (dd, 3J = 8.0 Hz, 3J = 5.2 Hz, 2H, C5). 13C NMR (100 MHz, CD3CN): δ 
220.5, 168.4, 159.9, 155.3, 153.8, 152.9, 144.9, 136.5, 136.1, 133.3, 127.2, 126.9, 
124.4, 123.3, 123.0, 121.0, 113.2. MALDI-TOF-MS (DHB Matrix): m/z = 644.06 
[M+] (calcd for C31H21BrN5Ru, 644.00). 
 
X-ray crystal structure determination of [1b](PF6)2. [C27H29ClN5Ru](PF6)2• 
CH3CN, Fw = 891.07, dark red plate, 0.45 × 0.28 × 0.05 mm3, orthorhombic, 
Fdd2 (no. 43), a = 47.7085(2), b = 81.9437(4), c = 10.5045(18) Å, V = 41066.4(5) Å3, 
Z = 48, Dx = 1.729 g/cm3, μ = 0.728 mm–1. 129442 Reflections were measured on 
a Nonius Kappa CCD diffractometer with rotating anode (graphite 
monochromator, λ = 0.71073 Å) up to a resolution of (sin θ/λ)max = 0.65 Å–1 at a 
temperature of 150 K. An absorption correction based on multiple measured 
reflections was applied75 (0.88 – 0.96 correction range). 23323 Reflections were 
unique (Rint = 0.049). The structure was solved with Direct Methods (SHELXS-
9776) and refined with SHELXL-9776 against F2 of all reflections. The structure 
contains a threefold pseudo-translational symmetry in the b-direction. Non-
hydrogen atoms were refined freely with anisotropic displacement parameters. 
Hydrogen atoms were introduced in calculated positions and refined with a 
riding model. One PF6 anion was refined with a disorder model. 1408 
Parameters were refined with 46 restraints concerning the disordered PF6 anion. 
R1/wR2 [I > 2σ(I)]: 0.0322/0.0676. R1/wR2 [all refl.]: 0.0422/0.0721. S = 1.034. 
Flack parameter77 x = –0.034(11). Residual electron density between -0.66 and 
0.76 e/Å3. Geometry calculations and checking for higher symmetry was 
performed with the PLATON  program.78 
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Image of the sun at 17.1 nm on February 27th, 2002. At this wavelength, 
Fe8+ and Fe9+ ions are observed around T = 1 million K in the lower corona. 
The image shows a tight magnetic field loop around which the charged 
particles are spinning 
Image: SOHO (ESA & NASA). 
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Abstract 

To investigate the viability of cyclometalation as a general tool in the design 
of new sensitizers for dye sensitized solar cells a series of (cyclometalated) 
ruthenium complexes was prepared. To this purpose we have prepared the 
carboxylate functionalized 2,2':6',2''-terpyridine (tpy) based tridentate ligands, 
4'-ethoxycarbonyl-2,2':6',2''-terpyridine (EtO2C-N^N^N, 5), methyl-3,5-di(2-
pyridyl)benzoate (MeO2C-N^C(H)^N, 6), 4-ethoxycarbonyl-6-phenyl-2,2'-
bipyridine (EtO2C-C(H)^N^N, 7), and 4,4'-bis(methoxycarbonyl)-6-phenyl-2,2'-
bipyridine ((EtO2C)2-C(H)^N^N, 8), and the ruthenium complexes thereof, 
[Ru(EtO2C-tpy)(tpy)](PF6)2 1a, [Ru(MeO2C-N^C^N)(tpy)](PF6) 2a, [Ru(EtO2C-
C^N^N)(tpy)](PF6) 3a, and [Ru((MeO2C)2-C^N^N)(tpy)](PF6)2 4a. In this series, 
cyclometalation results in a red shift as well as in a broadening of the electronic 
absorption features, and is accompanied by a cathodic shift in the RuII/RuIII 
redox process. The complexes are photostable in both the Ru(II) and the Ru(III) 
state. Deprotection of the esters and grafting onto TiO2 resulted in a small 
additional red shift of the absorption features. Incorporation of the free acids of 
the complexes into a standardized solar cell shows efficient sensitization for the 
complexes 3b and 4b, with the C,N,N'-bonding motif. The di-carboxylated 
complex 4b showed short circuit currents similar to those obtained for the 
benchmark compound N719. In contrast, for the free acid of 1a, with the 
N,N',N''-bonding motif, and for 2a, with the N,C,N'-bonding motif, low 
efficiencies were observed. To put these results into perspective we have 
applied TD-DFT calculations. The optical assignments based on these 
calculations, correlated well with the spectral changes observed during pKa 
determinations. The complexes with the C,N,N'-bonding motif possess an 
excited state associated with the cyclometalated ligand, allowing efficient 
charge injection. While the complex with the N,C,N'-bonding motif possesses a 
more isolated excited state located on the remote tpy ligand, and as a result is 
not capable of efficient charge injection into the TiO2 conduction band. This 
shows that the covalent carbon-to-ruthenium bond can be utilized as a tool to 
shift the operational threshold of the individual sensitizer for dye-sensitized 
solar cells towards lower energy, as long as care is taken that the nature of the 
excited state is appropriate for electron injection. 
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1 Introduction 

In order to satisfy its rapidly growing energy demand, the world is still 
largely dependent on fossil fuels.1, 2 A great amount of research has currently 
been focused on finding alternative energy sources, amongst which solar 
energy has increasingly become important. Already in 1991,3 Grätzel and co-
workers showed that by sensitizing large bandgap semiconductors, cheap and 
efficient solar cells can be obtained, now reaching energy power conversion 
efficiencies up to 11%.4, 5 In these systems, the need for expensive, high-purity 
materials has been eliminated by physically sequestering the charge separation 
process from the charge transport, performed by the dye material and a 
semiconductor, respectively.6 As light absorption and charge separation is 
performed by a single dye molecule, this system allows studying these 
processes at the molecular level. The electrochemical and photophysical 
properties of the dye are crucial to the long-term stability7 and the light-
harvesting efficiency of the solar cell. Next to stability issues, extinction 
coefficient, and injection efficiency, the overlap of the absorption spectrum of 
the dye with the solar spectrum is crucial. The ideal sensitizer for a single 
junction photovoltaic cell converting AM 1.5 sunlight to electricity should 
absorb all light below a threshold of about 900 nm.8-10  

Coordination complexes of ruthenium and osmium have shown the greatest 
potential as photosensitizers,10-18 the most well-known being the N719 dye 
[Ru(NCS)2(dcbpy)2] (dcbpy = 4,4'-dicarboxy-2,2'-bipyridine)12 and the black dye 
[Ru(NCS)3(tctpy)] (tctpy = 4,4',4''-tricarboxy-2,2':6',2''-terpyridine).10 
Polypyridine complexes of other transition metals like iron,19 platinum20, 21, 
iridium22 and rhenium23, 24 have also yielded promising results, as have 
conjugated organic compounds,25-32 porphyrins33-35 and quantum dots.36-38 
Apart from the long term stability, one of the major aims in this research field is 
to improve the red response of the dye-sensitized solar cell towards the 
theoretical operational threshold around 900 nm. Since visible absorptions in 
polypyridine complexes of ruthenium are metal-to-ligand charge transfer 
(MLCT) based,39 one can red-shift the absorption properties by either lowering 
the energy of the ligand-based acceptor states or by destabilizing the metal-
based levels. The former strategy has been widely applied both to obtain 
compounds that have a red shifted absorption as well as an increased extinction 
coefficient.10, 40-44 Increasing the electron density at the ruthenium center, 
thereby cathodically shifting the complex’s oxidation potential, also results in 
red-shifted absorption features. Although less common, this second strategy 
has also been applied to optimize the sensitizer.45-48 

Cyclometalation is a tool that strongly affects the redox potentials of 
complexes compared to their non-cyclometalated congeners. Isoelectronic 
replacement of a neutral donor heteroatom by an anionic carbon center in a 
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multidentate ligand containing additional donor heteroatoms significantly 
changes its electronic properties.49-54 Moreover, cyclometalation itself has a 
strong effect on the photophysical properties of the resulting complexes.55 
Additionally, it changes the overall charge on the complex which has 
consequences for electron transfer processes and possible charge buildup. 
Recently we have demonstrated for the first time that cyclometalated 
ruthenium complexes are a promising new class of pigments for dye-sensitized 
solar cells.56 It was shown that cyclometalated complexes with a C,N,N'-
bonding motif have bathochromic shifted absorption features and are efficient 
optical sensitizers for TiO2. In the present study, the influence of the tridentate 
donor atom pattern, i.e. N,N',N'' vs. N,C,N' vs. C,N,N', on the electronic, 
optical, and sensitizing properties is investigated. The photocurrent action 
spectra for an extended series of cyclometalated dyes are related to those 
obtained for the non-cyclometalated analogue as well as to the standard N719. 
In an effort to elucidate the origin of the resulting discrepancies, we use both 
experimental and computational results to investigate the properties of these 
complexes in relation to their possibilities as sensitizers for dye sensitized solar 
cells. 

 

2 Results and Discussion 

2.1  Synthesis 

To investigate the influence of cyclometalation on the sensitizing properties 
in a series of complexes (see Chart 1) a ligand series based on the neutral 
tridentate 2,2':6',2''-terpyridine ligand (tpy) was studied. The N,N',N''-
coordinating tpy ligand is known for its ability to form highly stable complexes 
with ruthenium, and some of its complexes are known sensitizers for TiO2.13, 57 
In the other ligands one of the nitrogen atoms has been replaced by a mono-
anionic carbon center in either the inner or the outer pyridine ring. The 
resulting N^C(H)^N and C(H)^N^N arene ligands should display a different 
interaction with the ruthenium as the resulting cyclometalated N,C,N'- and 
C,N,N'-coordinated complexes are subject to distinctively different symmetry 
operations. The benchmark compound N719 (Chart 1, TBA = 
tetrabutylammonium) containing a bidentate, N,N'-coordinating 2,2'-bipyridine 
(bpy) was used as a reference compound in the solar cell testing. 

 
Ligand 5, 6, and 7 were prepared using adapted literature procedures. The 

ligand EtO2C-N^N^N (5) was prepared from the corresponding 2,6-
dibromopyridine precursor using palladium-catalyzed Stille C–C coupling 
methodology. This precursor was prepared by bromination of commercially 
obtained  citrazinic  acid   using  in  situ  formed  POBr3.  In  a  similar  fashion, 
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Chart 1. Molecular structure of dyes N719, 1, 2, 3, and 4. 
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MeO2C-N^C(H)^N (6) was prepared from the methyl-2,6-dibromobenzoic acid 
precursor, which could easily be obtained via selective bromination of methyl 
anthranilate. In contrast, the ligands EtO2C-C(H)^N^N (7) and (MeO2)2-
C(H)^N^N (8) were synthesized following Krönke58 methodology. Ligand 7 
was prepared by reacting 1-(2-pyridinylcarbonyl)pyridinium iodide with the 
commercially obtained chalcone benzoylacrilic acid in the presence of 
ammonium acetate as a nitrogen donor. Similarly, ligand 8 was obtained from 
the reaction of 1-(2-(4-methylcarboxyl)pyridinyl)carbonyl)pyridinium iodide 
(10) with benzoylacrilic acid, Scheme 1. Compound 10 was prepared in pyridine 
by iodination of methyl 2-acetylisonicotinate (9), which was obtained by 
acetylation of methyl isonicotinate. 
 

The complexes were prepared and purified in the ester protected form for 
solubility reasons, Scheme 1. After complete characterization and analysis, the 
esters were deprotected to the corresponding acids to perform solar cell testing. 

The dicationic complex [Ru(EtO2C-N^N^N)(tpy)](PF6)2, 1a, was prepared by 
reaction of [RuCl3(5)], 11, with AgBF4 in acetone, followed by reaction of the 
resulting solvento complex with terpyridine in EtOH solution. We found this 
procedure to be preferred over reaction of the ruthenium precursor [RuCl3(tpy)] 
with ligand 5.59 Tpy is a more electron rich ligand compared to 5, leading to a 
cleaner, higher yielding reaction when 11 is used as a more reactive 
intermediate and reacting this with tpy. 
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Scheme 1. Synthesis of complexes 1a, 2a, 3a, and 4a. i) RuCl3·3H2O, EtOH, reflux, 2 h, ii) 
1) AgBF4, acetone, reflux 2 h, 2) tpy, EtOH, reflux 16 h, 3) KPF6, iii) 1) [RuCl3(tpy)], AgBF4, 
acetone, reflux, 2 h, 2) 6, n-BuOH, reflux 16 h, 3) KPF6, iv) 1) I2, pyridine, heat, 9 min, 2) 
NH4OAc, MeOH, reflux, 16 h, 3) H2SO4, MeOH, reflux, 20 h v) 1) [RuCl3(tpy)], N-
methylmorpholine, MeOH, H2O, reflux, 16 h, 2) KPF6. 

The monocationic complex [Ru(MeO2C-N^C^N)(tpy)](PF6), 2a, was 
prepared by activation of [RuCl3(tpy)] with AgBF4 in acetone and subsequent 
reaction with 6 in n-BuOH. In this reaction, the use of n-BuOH is preferred over 
EtOH as it suppresses a side reaction, which yields a complex in which 6 is 
coordinated in a C,N-bidentate fashion, and is cyclometalated at the 3-position 
rather than at the desired 1-position. 

When [Ru(EtO2C-C^N^N)(tpy)](PF6), 3a, is prepared using the same 
protocol, reacting 7 with activated [RuCl3(tpy)], a non-metalated product is 
obtained as the major product. In this complex, 7 is coordinated in an N,N'-
bidentate fashion, as previously discussed for the non-substituted analogue.60 
Therefore, 3a was synthesized by reacting [RuCl3(tpy)] directly with 7 in EtOH 
in the presence of N-methylmorpholine as sacrificial reducing agent. Although 
also this procedure still resulted in the formation of small amounts of the side 
product, these could easily be removed by chromatography. We did not use 
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aqueous MeOH or DMF, which are commonly used solvents favoring exclusive 
cyclometalation,60 because in these solvents trans- and de-esterification as well 
as decomposition was observed. [Ru(4,4'-(MeO2C)2-C^N^N)(tpy)](PF6), 4a, was 
prepared by reacting 8 with [RuCl3(tpy)] in MeOH in the presence of N-
methylmorpholine. 

Deprotection of the acids could be achieved by reaction with triethylamine in 
aqueous DMF. However, for the deprotection of 2a it was necessary to use 
sodium hydroxide as base. This is a result of the decreased acidity of the 
carboxylic acid moiety in 2b compared to the same group in 1b and 3b, vide 
infra. 

 

 

Figure 1 Displacement ellipsoid plot (50% probability level) of one of two independent 
hydrogen bonded dimers of 3b in the crystal. The bridging O-H hydrogen atom is close to an 
inversion center and only half occupied. The second dimer is located on the second 
independent inversion center of space group P 1  C-H hydrogen atoms, solvent molecules and 
PF6 counter anion have been removed for clarity. Selected bond lengths (Å) and angles (°): 
C11-Ru1 2.062(3), N11-Ru1 2.024(2), N12-Ru1 2.158(3), N13-Ru1 2.057(3), N14-Ru1 1.950(2), 
N15-Ru1 2.068(3), C11-Ru1-N12 156.20(11), N13-Ru1-N15 158.27(10), C11-Ru1-N11 
79.74(11), N11-Ru1-N12 76.46(10), O11…O11i 2.467(3). Symmetry operation i: 1-x, -y, 1-z. 
Inset: Difference electron density map in the plane of the carboxylic acid (hydrogen atom 
omitted). Solid contours correspond to positive values with a contour level of 0.1 e/Å3. 

2.2 Molecular Structure of 3b in the Solid State 

The molecular geometry of 3b as obtained by single crystal X-ray structure 
determination is depicted in Figure 1. The carboxyl substituted cyclometalated 
ligand is coordinated in a meridional fashion to the ruthenium, and is oriented 
perpendicular to the tpy ligand, resulting in a distorted octahedral coordination 
environment. The nitrogen to ruthenium bonds lengths in the latter are typical 
for coordination of this ligand to ruthenium,61 2.057(3) Å and 2.068(3) Å for the 
nitrogens in the outer rings and 1.950(3) Å for the central ring. In the 
cyclometalated ligand, the carbon to ruthenium σ-bond (2.062(3) Å) has a 
pronounced trans influence, elongating the opposite nitrogen to ruthenium 
bond to 2.158(3) Å, whereas the central nitrogen to ruthenium bond is 2.024(2) 
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Å. In the solid state 3 forms hydrogen bonded dimers via very strong acid 
bridges, where two carboxyl groups share one proton. The remaining positive 
charge is compensated for by one PF6

– ion. 
 
2.3 Electrochemical Behavior 

Table 1 contains data obtained from cyclic voltammetry (CV) in MeCN 
solution reported relative to ferrocene. The oxidation potential of 1a (0.95 V) is 
slightly anodically shifted compared to [Ru(tpy)2]2+ (0.92 V) as a result of the 
electron-withdrawing properties of the ester moiety.62 Cyclometalation results 
in a cathodic shift of 0.70 V and 0.73 V for 2a and 3a, respectively. The oxidation 
potential of 4a (0.26 V) is slightly more positive than that of 3a as a result of the 
influence of the second carboxylate moiety. The oxidation potential for 1a is 
also anodically shifted compared to N719, but to a lesser extent, as a result of 
the strong σ-donor properties of the NCS ligands present in N719. 

The 2+/1+ redox potential of 1a (–1.45 V) is anodically shifted relative to 
[Ru(tpy)2]2+ (–1.67 V), reflecting the electron withdrawing properties of the 
carboxylate moiety.62 As the reduction is located on the substituted ligand, the 
effect is larger for the 2+/1+ redox potential compared to the small shift in the 
2+/3+ redox potential. Both 2a and 3a are reduced at potentials substantially 
more negative than [Ru(tpy)2]2+, in line with a more electron rich metal center. 
In 4a, the electron accepting ability of the second carboxylate group results in a 
less negative potential compared to 3a. 

 
Table 1. Cyclic voltammetry dataa for N719, 1a, 2a, 3a, and 4a. 

  E1/2 (V) (ΔEp (mV))   

Complex 1st oxidation 1st reduction 2nd reduction ΔEox-red 

N719 0.4863 –1.17 b, 64  1.65 

1a 0.95(68) –1.45(64) –1.85(76) 2.40 

2a 0.25(63) –1.91(64)  2.16 

3a 0.22(63) –1.81(61) –2.17(77) 2.03 

4a 0.26(60) –1.64(67) –2.09(70) 1.90 
a Data collected in MeCN at 100 mV/s; potentials reported relative vs. ferrocene/ferrocenium (Fc/Fc+) used as 

internal standard. b Reported vs. S.C.E., corrected to vs. Fc/Fc+ by subtraction of 0.35 V65 

2.4 Electronic Absorption Spectroscopy 

Figure 2 shows the electronic absorption spectra of the complexes in MeCN 
solution as well as the spectrum of N719 for comparison. The spectrum of 1a is 
dominated by an intense and sharp metal-to-ligand charge transfer (MLCT) 
transition (λmax = 487 nm, ε = 18.0·103 M–1cm–1). This absorption is slightly red-
shifted compared to [Ru(tpy)2]2+ (λmax = 474 nm),62 reflecting the effect of the 
electron-withdrawing properties of the carboxylate moiety. 
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Figure 2. UV-vis spectra of N719 (grey, dash), 1a (grey, solid), 2a (black, dot), 3a (black, 
dash) and 4a (black, solid) in MeCN solution. 

Replacing a nitrogen atom with an anionic carbon atom significantly changes 
the electronic absorption spectra. The spectra of both 2a (λmax = 492 nm, ε = 
13.7·103 M–1cm–1) and 3a (λmax = 523 nm, ε = 15.8·103 M–1cm–1) show a distinct 
broadening and red shift of the absorption features. The red shift is especially 
pronounced for the C,N,N'-cyclometalated complex 3a. Both 2a and 3a display a 
number of shoulders presumably resulting from the presence of a multitude of 
electronic transitions. It is interesting to note that the absorption maximum of 
3a is roughly equal to that of N719 (λmax = 530 nm, ε = 14.2·103 M–1cm–1),12 and 
to a somewhat lesser extent this also holds for 2a, although ΔEox-red is smallest 
for N719. The red shift that is obtained in N719 by the coordination of two 
thiocyanate groups seems to be reproduced by the single anionic carbon-to-
ruthenium bond, replacing two potentially labile monodentate ligands66 by a 
single moiety stabilized as a tridentate chelate. Addition of a second carboxylate 
moiety on the cyclometalating moiety, i.e. in going from 3a to 4a (λmax = 552 
nm, ε = 15.8·103 M–1cm–1) resulted in a further red shift. This correlates well 
with the decreasing difference between the respective reduction and oxidation 
potentials. All complexes are photostable in the original Ru(II) oxidation state, 
and do not show decomposition upon prolonged irradiation. N719 is known to 
decompose quickly in its oxidized state63 through loss of the thiocyanate 
ligand.67 Contrarily, 2a, 3a, and 4a can be chemically oxidized by CeIV in MeCN 
solution and are stable in the resulting Ru(III) state for at least several weeks in 
ambient light. 
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Figure 3. Normalized UV-vis spectra of 3a (grey, solid, MeCN solution), 3b (grey, dash, 1 : 3 
H2O / DMSO solution), and 3b absorbed on TiO2 (black) measured in diffuse reflectance mode. 

Deprotection of the esters to their corresponding acids did not significantly 
alter their optical absorption spectra, see Figure 3. Grafting these complexes on 
anatase-TiO2 did not substantially change the spectra, but did result in a slight 
broadening and a small increase in the relative intensity of the red tail. This was 
considered desirable as it increases the overlap with the solar spectrum and 
should lead to larger photocurrents. These results indicate that the electronic 
properties of the prepared complexes are not significantly altered during 
deprotection and grafting and that the, more soluble, ester-protected complexes 
are an adequate model for the free-acid complexes grafted onto the TiO2. 

 
The relative inertness of 2a compared to 3a and 1a in the base-catalyzed 

deprotection prompted us to determine the respective pKa values by means of 
the spectroscopic method. In this method, spectral changes are observed that 
are a result of protonation or deprotonation of the acid. Because the complexes 
are only sparsely soluble in H2O, the pKa was obtained by linear extrapolation 
of the values obtained in 3:1, 1:1, and 1:3 H2O : DMSO mixtures. Figure 4 
displays the spectroscopic changes of 2b in 1:3 H2O : DMSO upon alkalification 
with NaOH, as well as the absorbance at 350 nm as a function of pH. This 
procedure could not be followed for the determination of 1b, 3b (Figure 5), and 
4b as they slowly decomposed in the acidic medium. These measurements 
started from an alkaline solution and were carefully acidified with HCl. The 
pKa of 4.3 for 2b is high compared to 2.2 and 2.9 for 1b and 3b, respectively, and 
is nicely in line with the stability of the corresponding ester. For 4b values of 3.0 
and 1.9 are obtained for the two carboxylic acids, respectively. These values can 
be compared to the values obtained for N719 in 5:1 H2O to EtOH of 1.5 and 3.0 
for  both  carboxylic  acid   moieties.68   Interestingly,   we   could   consider   the 
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Figure 4. pH dependence of the optical absorption of 2b in 1 : 3 H2O / DMSO, and the 
absorbance at 350 nm as a function of pH. Arrows indicate change upon increasing pH. 
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Figure 5. pH dependence of the optical absorption of 3b in 1 : 3 H2O / DMSO, and the 
absorbance at 540 nm as a function of pH. Arrows indicate change upon increasing pH. 

complex 2b as a para-substituted benzoic acid. By doing so we can determine 
qualitatively the Hammett parameter69 for the complex in its entirety. The pKa 
value of 4.3 corresponds to σp = –0.1, indicating slight electron donating 
properties. 
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2.5 Photoelectrochemical Experiments 

For the photovoltaic measurements, dye sensitized solar cells (DSSCs) were 
produced on standardized masterplates in which a constant layer thickness and 
electrode quality could be ensured. It was the primary aim of this study to 
investigate the potential of these complexes as sensitizers in DSSCs, and for this 
reason, a convenient electrolyte, consisting of LiI (0.5 M) and I2 (0.05 M) in γ-
butyrolactone was employed. More complex electrolytes generally increase 
efficiency by sacrificing photocurrent for an increase in voltage and fill factor, 
and are usually optimized for cells stained with N719. The simpler electrolyte 
used here gives a more unbiased demonstration of the sensitizing capabilities of 
the corresponding complexes. 

The photocurrent action spectra of the prepared complexes, as well as that 
obtained for N719, are shown in Figure 6. It is clear that the spectral features 
observed for 1b in solution are also visible in the incident photon-to-current 
conversion efficiency (IPCE) curve. The IPCE has an onset around 650 nm and 
peaks at 35%. This maximum in current is observed around 500 nm, where the 
absorption of the complex also peaks in solution. Compared to 1b, a dramatic 
drop in IPCE is observed for 2b, although it is still an improvement over a bare 
TiO2 electrode. The photocurrent action spectrum follows the same curve as the 
electronic absorption in solution, with a maximum of 8% at 500 nm. The 
photocurrent action spectrum of 3b, on the other hand, shows a large 
improvement over 1b. The IPCE is increased over the entire visible spectrum, 
reaching a maximum of 55% at 530 nm with an onset around 750 nm. The red 
shift of the IPCE maximum is in agreement with the difference between the 
respective electronic spectra. The increased red response is an indication that 
the red-shifted absorption can indeed be utilized to shift the operational 
threshold of the individual sensitizer toward lower energy. The photoaction 
spectrum of 4b, in turn shows a significant improvement over 3b, which can, at 
least partially, be explained by a more intimate contact of this sensitizer with 
TiO2 due to the presence of two anchoring moieties. The IPCE peaks at 70% at 
550 nm. Interestingly, the spectral features of the photocurrent action spectra of 
the solar cells sensitized by the C,N,N'-cyclometalated dye 4b and the N,N'-bpy 
coordinated reference dye N719 are very similar; both show an IPCE onset 
around 800 nm and peak around 550 nm. Moreover, the photocurrent for 4b, 
derived by taking the spectral overlap of the action spectrum and the AM1.5 
spectrum, is somewhat higher than for the N719 sensitized reference system 
(12.0 vs. 11.5 mAcm2). 
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Figure 6. Photocurrent action spectra of N719 (grey, dash), 1b (grey, solid), 2b (black, dot), 
3b (black, dash), and 4b (black, solid) in a TiO2 solar cell using 0.5 M LiI and 0.05 M I2 in γ-
butyrolactone as electrolyte. 

2.6 TD-DFT investigations 

The striking difference observed between the sensitizing capabilities of 2a 
and 3a prompted us to investigate these complexes using time-dependent 
density functional theory (TD-DFT) calculations. TD-DFT calculations have 
previously been used as a tool to investigate the operation of ruthenium 
sensitizers in DSSCs,70-73 for instance the effect of the mode of adsorption to the 
surface on the open circuit potential. The current calculations were performed 
on the corresponding methyl esters, 1a', 2a, and 3a'. The energies of the five 
HOMOs and seven LUMOs from the DFT calculations are listed in Table 2 and 
selected isovalue plots are depicted in Figure 7. The results obtained from the 
TD-DFT calculations are summarized in Table 3. The calculated optical 
absorptions correlate well with the spectrum as measured in MeCN solution. 
Both the relative energies and the shapes of the absorptions for 1a' (Figure 7), 2a 
(Figure 8), and 3a' (Figure 9) are in good agreement, albeit slightly blue shifted. 
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Table 2. Energies (eV) and assignments (either as ligand or metal based) of the frontier 
molecular orbitals of 1a', 2a, and 3a'. 

 1a' 2a 3a' 

LUMO + 6 –6.687 (tpy) –3.501 (6) –3.773 (tpy) 

LUMO + 5 –6.765 (5) –3.976 (tpy) –3.908 (tpy) 

LUMO + 4 –6.786 (5) –3.980 (tpy) –4.057 (7) 

LUMO + 3 –7.573 (5) –4.057 (6) –4.354 (7) 

LUMO + 2 –7.676 (tpy) –4.211 (6) –4.822 (tpy) 

LUMO + 1 –7.832 (tpy) –4.956 (tpy) –4.843 (tpy) 

LUMO –7.959 (5) –4.975 (tpy) –4.961 (7) 

    

HOMO –11.181 (Ru (dxy)
a) –7.752 (Ru (dyz)

a) –7.694 (Ru (dxy)
a) 

HOMO–1 –11.311 (Ru (dzx)
a) –7.978 (Ru (dzx)

a) –7.882 (Ru (dzx)
a) 

HOMO–2 –11.322 (Ru (dyz)
a) –8.006 (Ru (dxy)

a) –8.133 (Ru (dyz)
a) 

HOMO–3 –12.371 (5) –8.906 (6) –8.768 (7) 

HOMO–4 –12.404 (5) –9.338 (6) –9.082 (7) 
a Axes are defined as follows: x: through outer nitrogen atoms of functionalized ligand. y: through outer nitrogen 

atoms of terpyridine. z: longitudinal axis through central nitrogen atoms of both ligands. 

Table 3. Selected TD-DFT calculated energies (in nm), oscillator strength (f), and associated 
electronic transitions for 1a', 2a, 3a'. 

  1a'    2a    3a'  

#a E(nm) f Characterb #a E(nm) f Characterb #a E(nm) f Characterb 

1 541.03 0.0077 Ru → 5 2 607.61 0.0066 Ru → tpy 1 651.12 0.0081 Ru → tpy 

3 514.53 0.0098 Ru → tpy 4 554.44 0.0035 Ru → tpy 2 647.11 0.0022 Ru → 7 

5 464.84 0.0682 Ru → both 5 541.24 0.0535 Ru → tpy 6 529.86 0.0547 Ru → tpy 

7 430.76 0.1071 Ru → tpy 6 472.09 0.1344 Ru → tpy 7 499.68 0.1264 Ru → 7 

8 428.81 0.0323 Ru → tpy 7 439.55 0.0532 Ru → 6 8 489.13 0.0041 Ru → tpy 

9 426.12 0.0435 Ru → tpy 11 407.57 0.0028 Ru → tpy 9 478.77 0.0578 Ru → both 

10 422.75 0.0042 Ru → 5 13 396.17 0.1003 Ru → 6 11 434.79 0.0196 Ru → 7 

11 421.05 0.0469 Ru → 5 14 386.54 0.0212 Ru → 6 12 409.5 0.0342 Ru → 7 

12 383.03 0.0022 Ru → 5 15 382.68 0.0045 Ru → tpy 14 396.41 0.0911 Ru → 7 

        15 392.64 0.0677 Ru → tpy 
a Number of transition, only transitions with f > 0.001 are selected. b Assignment of the transition is based on the 

character of the orbitals involved. When transitions to both ligands contribute to a significant fraction of the optical 
absorption, it is classified as Ru → both. 
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Figure 7. UV-vis spectrum of 1a in MeCN solution (line), absorptions predicted by TD-DFT 
on 1a' in vacuo (black bars), and orbital energy diagram (inset, occupied and unoccupied MO's 
represented by black and gray lines, respectively). 

Figure 7 depicts the results obtained for the dicationic, [Ru(MeO2C-
N^N^N)(tpy)]2+, 1a'. The highest occupied molecular orbital (HOMO), 
HOMO–1 and HOMO–2, corresponding to Ru (dxy), Ru (dzx), and Ru (dyz), are 
nearly degenerate in energy, as a result of the high symmetry in the hexagonal 
coordination sphere. The unoccupied molecular orbitals are localized on either 
of the tpy ligands. Orbitals localized on the ester-functionalized tpy moiety are 
generally found to be lower in energy than the corresponding orbitals on the 
tpy moiety. The intense and sharp optical absorption of 1a' is predicted to be of 
MLCT origin, with contributions to both tpy ligands, Table 3. 
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Figure 8. UV-vis spectrum of 2a in MeCN solution (line), absorptions predicted by TD-DFT 
on 2a in vacuo (black bars), and orbital energy diagram (inset, occupied and unoccupied MO's 
represented by black and gray lines, respectively). 
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Figure 9. UV-vis spectrum of 3a in MeCN solution (line), absorptions predicted by TD-DFT 
on 3a' in vacuo (black bars), and orbital energy diagram (inset, occupied and unoccupied MO's 
represented by black and gray lines, respectively). 

For [Ru(MeO2C-N^C^N)(tpy)]+, 2a, a different picture is obtained, Figure 8. 
The splitting between the HOMO on one hand and the HOMO–1 and HOMO–2 
on the other is increased due to the strong σ-donor properties of the 
cyclometalated MeO2C-N^C^N ligand. The tpy-based unoccupied molecular 
orbitals are of lower energy than the MeO2C-N^C^N based unoccupied 
orbitals. It can be clearly seen that the broadened absorption, relative to 1a, is 
well predicted by TD-DFT. In this case all low-energy absorptions are 
associated with a MLCT transition associated with the terpyridine ligand, and 
transitions to the cyclometalated ligand are predicted to occur at increased 
energy. These results correlate well with the observations made during the pKa 
determination of 2b. When changing the properties of the cyclometalated 
ligand, by protonation of the ester functionality, the most significant changes in 
the spectrum are expected at those wavelengths, where this ligand is strongly 
involved in the transition. Indeed, the strongest optical changes upon 
protonation of the cyclometalated ligand in 2b occur around 350 nm, Figure 4, 
exclusively where transitions associated with this ligand are predicted by 
theory. 

The results obtained for [Ru(MeO2C-C^N^N)(tpy)]+, 3a', are depicted in 
Figure 9. The strong splitting of the three highest occupied molecular orbitals 
reflects both the asymmetry around the ruthenium atom as well as the strong 
ligand field resulting from the cyclometalated MeO2C-C^N^N ligand. In 
contrast to the situation in 2a, unoccupied molecular orbitals of low energy 
associated with the cyclometalated ligand are available. As a consequence, the 
visible absorption has a large component in which the electron density is 
increased on the cyclometalated ligand in the excited state. Again these results 



Chapter 4. Organoruthenium complexes for DSSCs 

 111

111

correlate to the observations made during the pKa determination, Figure 5. 
Protonation of the cyclometalated ligand in 3b results in strong optical changes 
around 540 nm. 

 
The weak performance of the 2b-sensitized compared to the 3b-sensitized 

dye can be rationalized with the aid of these calculations. In the excited state, 
the electron in 2b is effectively located at the remote site of the terpyridine 
ligand. It has been found previously that such a state can result in a number of 
situations. The neutral complex [Ru(NCS)(HO3P-ttpy)(biq)]74 (ttpy is 4'-tolyl-
2,2':6',2''-terpyridine, biq = 2,2'-biquinoline) is completely inactive when 
attached to TiO2, showing a peak IPCE of only 1.75%. It was reasoned that this 
was a direct result of the excited state being localized on the remote biq ligand 
as it has the lowest energy.39 However, [Ru(NCS)2(dcbiqH)2](TBA)2 (dcbiqH2 = 
4,4'-dicarboxy-2,2'-biquinoline), which is attached to TiO2 by the funcionalized 
biq ligand, also reached a IPCE of only 3%. This complex injected electrons from 
vibrationally hot states only, since the energy of the excited state located on the 
biq ligand is actually below the conduction band (CB) edge of TiO2.43 When 
anchored to SnO2, with a CB edge approximately 0.5 V more positive, the 
complex displayed more efficient injection. Using TD-DFT calculations it was 
also demonstrated that the inefficient injection from trans-[Ru(NCS2)(L)] (L = 
quaterpyridine based ligand) is a result of the decreased energy of the excited 
state in the complex.71 

A second situation arises when the energy of the excited state possesses 
sufficient driving force to inject the electron into the CB of TiO2. DFT 
calculations showed that in the complex [Ru(NCS)2(H2dcbpy)(dppz)] (H2dcbpy 
= 4,4'-dicarboxy-2,2'-bipyridine and dppz = dipyrido[3,2-a:2',3'-c]-phenazine), 
the LUMO is localized on the dppz ligand and bpy-centered orbitals are 
available at slightly higher energy.64 This complex, reached a maximum IPCE of 
54%, and 5.3% overall efficiency in a DSSC, clearly showing efficient charge 
injection. It is likely that, due to the small energy difference, significant dcbpy-
based character is mixed into the excited state, facilitating electron transfer from 
the dppz based excited state. 

In the case of 2b the lowest excited state is located on the terpyridine ligand, 
and possesses sufficient driving force for electron injection. However, unlike the 
situation in [Ru(NCS)2(H2dcbpy)(dppz)], the N,C,N'-binding ligand 6 does not 
possess states of appropriate energy, and electron injection is greatly retarded, 
resulting in the low IPCE value. This in contrast to 3b in which the additional 
electron density is largely located on the cyclometalated C^N^N ligand in the 
excited state, and efficient electron transfer can occur. In the case of 4b the 
additional carboxylate substituent further lowers the energy of the unoccupied 
levels. This would induce a larger component of the excited state to be 
associated with the cyclometalated C^N^N ligand and an even more efficient 
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electron injection. Each protonation of 4b indeed results in significant changes 
in the visible electronic spectrum. 

 

3 Conclusions 

We have demonstrated that replacing a coordinative Ru–N bond by a 
covalent carbon-to-ruthenium bond results in both a red shift and a broadening 
of the optical absorption of the corresponding ruthenium complex. In a series of 
complexes featuring the N,N',N''-, N,C,N'-, and C,N,N'-binding modes, the 
visible absorption was both strongly bathochromic shifted and broadened upon 
cyclometalation. The complexes were prepared and analyzed in the ester 
protected form, and are photostable. Deprotection and grafting onto TiO2 
resulted in a small additional red shift of the absorption features. The 
sensitizing properties of the C,N,N'-cyclometalated compounds 3b and, 
especially, 4b are superior to those of the non-cyclometalated, 1b. In a device 
using a γ-butyrolactone-based electrolyte, 4b is able to achieve short circuit 
currents comparable to the benchmark N719. In contrast, the N,C,N'- 
cyclometalated 2b reached a peak IPCE of only 8%. The electronic absorption 
spectra of the complexes were calculated by TD-DFT to rationalize the 
experimental results. The optical assignment based on these calculations agreed 
with the spectral changes observed during pH titration. The poor performance 
of the 2b-sensitized device is a result of an isolated excited state located on the 
remote terpyridine ligand, unable to efficiently inject the electron into the TiO2 
conduction band. 

The present results show that the red-shift resulting from the introduction of 
a covalent carbon-to-ruthenium bond can be utilized as a tool to increase the 
red response of sensitizers for dye-sensitized solar cells, as long as care is taken 
that the nature of the excited state is appropriate for electron injection. The 
cyclometalated complexes are photostable in the ruthenium(II), as well as in the 
oxidized state. 

 

4 Experimental 

General. All air-sensitive reactions were performed under a dry nitrogen 
atmosphere using standard Schlenk techniques. Absolute solvents were dried 
over appropriate drying agents and distilled before use. All other solvents and 
reagents were purchased and used as received. 1H and 13C{1H} NMR spectra 
were recorded at 298 K on a Varian 300 MHz Inova spectrometer and on a 
Varian 400 MHz NMR system. NMR spectra were referenced to the solvent 
residual signal.75 Spectral assignments were based on chemical shift and 
integral considerations as well as COSY and NOESY two-dimensional 
experiments. Solution UV-vis spectra were recorded on a Cary 50 Scan UV-
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visible spectrophotometer, and solid-state UV-vis spectroscopy was performed 
on a Cary 5 UV-VIS-NIR spectrophotometer operating in diffuse reflectance 
mode. Infrared spectra were recorded on a Perkin-Elmer Spectrum One FT-IR 
spectrometer. Cyclic voltammograms were recorded in a single compartment 
cell under a dry nitrogen atmosphere. The cell was equipped with a Pt 
microdisk working electrode, Pt wire auxiliary electrode and a Ag/AgCl wire 
pseudoreference electrode. The working electrode was polished with Alumina 
nano powder between scans. All redox potentials are reported against the 
ferrocene-ferrocenium (Fc/Fc+) redox couple used as an internal standard.65, 76 
Potential control was achieved with a PAR Model 263A potentiostat. All 
electrochemical samples were 10–1 M in Bu4NPF6 as the supporting electrolyte 
in CH3CN distilled over KMnO4 and Na2CO3. MS measurements were carried 
out on an Applied Biosystems Voyager DE-STR MALDI-TOF MS. Elemental 
analyses were carried out by Kolbe Mikroanalytisches Laboratorium (Mülheim 
an der Ruhr, Germany). Compounds 5, 6, and 7 are prepared by modified 
literature procedure.77-83 
 
Photovoltaic measurements. For the photovoltaic measurements, DSSCs were 
produced on masterplates, according to literature procedures.84 A masterplate 
consisted of two SnO2:F coated glass plates (7.5 × 10 cm, LOF tec 8), one of 
which contained five platinum counter electrodes. The other glass plate 
contained five electrically isolated anatase TiO2 photoelectrodes (4 cm2) 
deposited by screen printing. TiO2 particles with a size of ~30 nm were 
prepared following standard procedures. The colloidal particles were 
transferred from an aqueous suspension into a mixture of terpineol and ethyl 
cellulose to prepare a screen printable paste. The active layers were dried and 
fired at 570 and 450 °C for TiO2 and Pt, respectively, to remove all organic 
components and to establish sufficient inter-particle contacts between the TiO2 
particles. A typical film thickness of 13 μm TiO2 was obtained after firing. The 
two glass plates comprising the photo- and counter-electrodes were laminated 
together using Surlyn as a hotmelt foil. All the dyes were adsorbed by staining 
the electrodes in a 1 mM dye solution in MeOH/MeCN (3:1, v/v). Lastly the 
electrolyte containing 0.5 M LiI, 0.05 M I2 in γ-butyrolactone was added. For the 
IPCE measurements a 1000 W xenon lamp (Osram XBO/HS OFR) was used as 
the light source in combination with small-band pass filters (Schott, FWHM=6-
10 nm) to generate monochromatic light. The monochromatic light was passed 
through a chopper wheel to create a small, modulated signal on top of a 
constant signal originating from 0.3 sun bias illumination. The resulting 
modulated current was analyzed by a lock-in amplifier. 
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TD-DFT calculations. DFT calculations were performed at the DZ Dunning85, 86 
level of theory for carbon, nitrogen, oxygen and hydrogen, and using the 
Stuttgart RSC 1997 ECP relativistic core potential87 for ruthenium using the 
B3LYP functional. Geometries were optimized using the Gamess UK88 program 
package. Subsequent TD-DFT calculations were run on the optimized geometry 
at the same level of theory using the Gaussian89 version 03 program package. 
Isovalue plots of the frontier molecular orbitals were made using MOLDEN.90 
 

Syntheses. 

Methyl 2-acetylisonicotinicacid, 9. Methyl isonicotinate (8.2 g, 59 mmol) and 
FeSO4·7H2O were dissolved in MeCN (160 mL). TFA (5 mL, 65 mmol), t-
BuOOH (70%, 16 mL, 117 mmol), and acetaldehyde (10 mL, 178 mmol) were 
added, and the solution was heated under reflux for 3 h, during which 
additional 10 mL batches of acetaldehyde were added after 0.5, 1 and 2 h. After 
cooling to room temperature, the volatiles were removed in vacuo. The residue 
was taken up in aq. 1M NaOH (100 mL) and extracted with ethyl acetate (4 × 
100 mL). The product was purified by flash column chromatography on SiO2 
(pentane : diethylether = 1 : 1), yielding 9 as a white solid (7.0 g, 66%). 
1H NMR (300 MHz, CDCl3): δ 8.70 (d, 3J = 6.4 Hz, 1H, Ar6H), 8.36 (s, 1H, Ar3H), 
7.88 (d, 3J = 6.4 Hz, 1H, Ar5H), 3.85 (s, 3H, CO2CH3), 2.60 (s, 3H, C(O)CH3).  13C 
NMR (75 MHz, CDCl3): δ 199.1, 165.0, 154.5, 149.9, 138.6, 126.1, 120.8, 52.9, 25.8. 
 
1-(2-(4-Methylcarboxyl)pyridinyl)carbonyl)pyridinium iodide, 10. A mixture of 
9 (3.0 g, 17 mmol), I2 (4.34 g, 17 mmol) and pyridine (10.0 mL, 124 mmol) was 
placed in an oil bath preheated to 130 °C. The mixture solidified after 8 min, 
was heated for another minute, and allowed to cool down to room temperature. 
The resulting solid was crushed, dissolved in aqueous MeCN (15 : 85) and 
preabsorbed on SiO2. The product was purified by column chromatography on 
SiO2 (MeCN : H2O = 85 : 15) and recrystallized from hot MeOH, yielding 10 as a 
cream-colored solid (3.72 g, 58%). 
1H NMR (300 MHz, DMSO-d6): δ 9.08 (d, 3J = 4.8 Hz, 1H, Ar6H), 9.00 (d, 3J = 6.0 
Hz, 2H, Ar2'H), 8.73 (t, 3J = 7.8 Hz, 1H, Ar4'H), 8.35 (t, 4J = 1.8 Hz, 1H, Ar3H), 
8.28 (dd, 3J = 7.8 Hz, 2H, Ar3'H), 8.23 (dd, 3J = 4.8 Hz, 3J = 1.8 Hz, 1H, Ar6H), 
6.52 (s, 2H, CH2), 3.94 (s, 3H, CO2CH3).  13C NMR (75 MHz, DMSO-d6): δ 190.8, 
164.3, 151.5, 151.0, 146.4, 146.3, 138.7, 127.8, 127.4, 120.2, 66.6, 53.2.  Anal. Calcd 
for C14H13IN2O3: C, 43.77; H, 3.41; N, 7.29. Found: C, 43.62; H, 3.46; N, 7.24. 
 
4,4'-Di(methoxycarbonyl)-6-phenyl-2,2'-bipyridine, 8. A suspension of 10 (1.13 
g, 3 mmol), 3-benzoylacrylic acid (0.54 g, 3 mmol), and NH4OAc (2.5 g, 32 
mmol) in MeOH (30 mL) was heated under reflux, open to air, for 16 h. After 
addition of H2O (30 mL), the volume was reduced in vacuo to 25 mL and the 
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precipitate collected by filtration. The solid was dried azeotropically with 
toluene and suspended in absolute MeOH (80 mL). H2SO4 (1.5 mL) was added. 
The resulting mixture was heated under reflux for 20 h, neutralized with solid 
KOH, and concentrated in vacuo. The solid was taken up in a K2CO3 solution 
(pH = 11) and extracted with DCM (2 × 50 mL). The product was filtered over 
SiO2 using diethylether, yielding 8 (0.64 g, 61%). 
1H NMR (400 MHz, CDCl3): δ 9.14 (s, 1H, Ar3H), 8.91 (s, 1H, Ar5H), 8.87 (d, 3J = 
7.2 Hz, 1H, Ar5'H), 8.38 (s, 1H, Ar3'H), 8.23 (d, 3J = 8.8 Hz, 1H, Ar2''H), 7.91 (d, 3J 
= 6.8 Hz, 1H, Ar6'H), 7.7-7.6 (m, 3H, Ar3''H + Ar4''H), 4.04 (s, 3H, CO2CH3), 4.03 
(s, 3H, CO2CH3).  13C NMR (100 MHz, CDCl3): δ 166.0, 165.9, 157.8, 156.9, 156.2, 
150.1, 139.6, 138.7, 138.4, 129.8, 129.1, 127.3, 123.4, 120.9, 120.1, 119.0, 53.0, 52.9.  
Anal. Calcd for C20H16N2O4: C, 68.96; H, 4.63; N, 8.04. Found: C, 68.88; H, 4.66; 
N, 7.95. 
 
[RuCl3(4'-ethoxycarbonyl-2,2':6',2''-terpyridine)] , 11. A solution of 5 (766 mg, 
2.51 mmol) and RuCl3·3H2O (658 mg, 2.51 mmol) in absolute EtOH (200 mL) 
was heated under reflux for 2 h. The solid was isolated by filtration and washed 
with EtOH (4 × 20 mL) and diethylether (4 × 20 mL) and dried under air, 
yielding the product as a brown solid (1.13 g, 88%). 
IR (ATR): νmax 1728 s, 1421 s, 1247 s, 766 s cm–1.  Anal. Calcd for 
C18H15Cl3N3O2Ru: C, 42.16; H, 2.95; N, 8.19. Found: C, 42.17; H, 3.05; N, 8.06. 
 
[Ru(4'-ethoxycarbonyl-2,2':6',2''-terpyridine)(2,2':6',2''-terpyridine)](PF6)2, 1a. A 
mixture of 11 (99 mg, 0.19 mmol) and AgBF4 (131 mg, 0.67 mmol) was 
suspended in acetone (30 mL), and heated, open to air, under reflux for 2 h, 
cooled to room temperature and filtered over Celite. After removal of the 
solvent in vacuo, the solid was taken up in EtOH (40 mL) and tpy (48 mg, 0.21 
mmol) was added. The mixture was heated under reflux for 16 h. After 
filtration over Celite, aqueous KPF6 was added. Upon concentration in vacuo 
the product precipitated and was collected by filtration. Purification by column 
chromatography on SiO2 (MeCN : aq. 0.5 M NaNO3 = 9 : 1) yielded the product 
(123 mg, 66%) as an orange solid. 
1H NMR (400 MHz, CD3CN): δ 9.23 (s, 2H, D3,5), 8.80 (d, 3J = 8.4 Hz, 2H, A3,5), 
8.69 (d, 3J = 6.8 Hz, 2H, C3), 8.52 (d, 3J = 7.6 Hz, 2H, B3), 8.49 (t, 3J = 8.4 Hz, 1H, 
A4), 7.98 (dd, 3J = 6.8 Hz, 3J = 7.2 Hz, 2H, C4), 7.94 (dd, 3J = 7.6 Hz, 3J = 7.2 Hz, 
2H, B4), 7.42 (d, 3J = 5.6 Hz, 2H, C6), 7.34 (d, 3J = 4.8 Hz, 2H, B6), 7.24 (dd, 3J = 
7.2 Hz, 3J = 5.6 Hz, 2H, C5), 7.16 (dd, 3J = 7.2 Hz, 3J = 4.8 Hz, 2H, B5), 4.67 (q, 3J = 
7 Hz, 2H, CH2CH3), 1.60 (t, 3J = 7 Hz, 3H, CH2CH3).  13C NMR (100 MHz, 
CD3CN): δ 165.0, 158.8, 158.5, 157.2, 155.9, 153.6, 153.4, 139.3, 139.2, 137.7, 137.6, 
128.9, 128.5, 125.9, 125.6, 124.9, 123.8, 63.9, 14.6.  IR (ATR): νmax 1724 s, 1248 s, 
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826 vs, 764 s cm–1.  Anal. Calcd for C33H26F12N6O2P2Ru: C, 42.64; H, 2.82; N, 
9.04. Found: C, 42.69; H, 2.89; N, 8.88. 
 
[Ru(4-methoxycarbonyl-2,6-bis(2-pyridyl)phenyl)(2,2':6',2''-terpyridine)](PF6), 
2a. A mixture of [RuCl3(tpy)]91 (100 mg, 0.23 mmol) and AgBF4 (145 mg, 0.74 
mmol) was suspended in acetone (20 mL), and heated, open to air, to reflux for 
2 h, cooled to room temperature and filtered over Celite. After removal of the 
solvent in vacuo, the solid was taken up in n-BuOH (30 mL) and 6 (70 mg, 0.24 
mmol) was added. The mixture was heated under reflux for 16 h. After 
filtration over Celite, aqueous KPF6 was added. Upon concentration in vacuo 
the product precipitated and was collected by filtration. Purification by column 
chromatography on SiO2 (MeCN : aq. 0.5 M NaNO3 = 9:1) yielded the product 
(119 mg, 64%) as a dark red solid. 
1H NMR (400 MHz, CD3CN):δ 8.87 (s, 2H, D3,5), 8.77 (d, 3J = 8 Hz, 2H, A3,5), 
8.44 (d, 3J = 8 Hz, 2H, B3), 8.32 (t, 3J = 8 Hz, 1H, A4), 8.27 (d, 3J = 8 Hz, 2H, C3), 
7.70 (dd, 3J = 8 Hz, 3J = 7.6 Hz, 2H, B4), 7.66 (dd, 3J = 8 Hz, 3J = 7.6 Hz, 2H, C4), 
7.13 (d, 3J = 5.6 Hz, 2H, C6), 7.09 (d, 3J = 5.6 Hz, 2H, B6), 6.92 (dd, 3J = 7.6 Hz, 3J 
= 5.6 Hz, 2H, B5), 6.74 (dd, 3J = 7.6 Hz, 3J = 5.6 Hz, 2H, C5), 4.06 (s, 3H, CH3).  
13C NMR (100 MHz, CD3CN): δ 233.1, 169.1, 168.9, 159.8, 155.4, 153.5, 152.8, 
143.2, 136.7, 136.4, 133.9, 127.3, 124.7, 124.6, 123.4, 123.1, 122.7, 120.9, 52.5.  IR 
(ATR): νmax 1706 s, 1247 s, 832 vs, 758 s cm–1.  Anal. Calcd for 
C33H24F6N5O2PRu: C, 51.57; H, 3.15; N, 9.11. Found: C, 51.43; H, 3.06; N, 8.95. 
 
[Ru(4-ethoxycarbonyl-6-phenyl-2,2'-bipyridine)(2,2':6',2''-terpyridine)](PF6) , 3a. 
A suspension of [RuCl3(tpy)]91 (92 mg, 0.21 mmol), 7 (67 mg, 0.22 mmol), and 
N-methylmorpholine (10 drops) in EtOH (60 mL) was heated under reflux for 
16 h. Aqueous KPF6 was added and upon concentration in vacuo, the product 
precipitated and was collected by filtration. The product was purified by 
column chromatography on SiO2 (MeCN : aq. 0.5 M NaNO3 = 9 : 1). After 
crystallization from MeCN/toluene and washing with diethylether the product 
was obtained as a dark purple solid (86 mg, 52%). 
1H NMR 400 MHz, CD3CN): δ 8.88 (s, 1H, D5), 8.70 (s, 1H, D3), 8.64 (d, 3J = 8 
Hz, 2H, A3,5), 8.61 (d, 3J = 8 Hz, 1H, C3), 8.42 (d, 3J = 7.6 Hz, 2H, B3), 8.13 (t, 3J = 
8 Hz, 1H, A4), 7.96 (d, 3J = 8 Hz, 1H, E3), 7.90 (dd, 3J = 8 Hz, 3J = 7.6 Hz, 1H, C4), 
7.61 (dd, 3J = 8 Hz, 3J = 6.4 Hz, 2H, B4), 7.54 (d, 3J = 5.6 Hz, 1H, C6), 7.38 (d, 3J = 
5.6 Hz, 2H, B6), 7.13 (dd, 3J = 7.6 Hz, 3J = 5.6 Hz, 1H, C5), 7.01 (dd, 3J = 6.4 Hz, 
2H, B5), 6.80 (dd, 3J = 7.6 Hz, 3J = 6.4 Hz, 1H, E4), 6.59 (dd, 3J = 7.6 Hz, 3J = 6.4 
Hz, 1H, E5), 5.81 (d, 3J = 7.6 Hz, 1H, E6), 4.62 (q, 3J = 7.2 Hz, 2H, CH2CH3), 1.57 
(t, 3J = 7.2 Hz, 3H, CH2CH3).  13C NMR (100 MHz, CD3CN): δ 184.6, 166.0, 165.5, 
157.7, 156.9, 155.6, 153.8, 151.8, 151.6, 147.1, 138.4, 136.2, 135.9, 135.7, 130.5, 
130.0, 127.3, 126.9, 125.9, 124.5, 124.0, 123.0, 122.5, 118.9, 117.8, 63.2, 14.7.  IR 
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(ATR): νmax 1714 s, 1247 s, 833 vs, 756 s cm–1.  Anal. Calcd for 
C34H26F6N5O2PRu: C, 52.18; H, 3.35; N, 8.95. Found: C, 52.04; H, 3.30; N, 8.98. 
 
[Ru(4,4'-di(methoxycarbonyl)-6-phenyl-2,2'-bipyridine)(2,2':6',2''-
terpyridine)](PF6), 4a. A suspension of [RuCl3(tpy)]91 (127 mg, 0.29 mmol), 8 
(102 mg, 0.29 mmol), and N-methylmorpholine (10 drops) in MeOH (40 mL) 
was heated under reflux for 4 h. After cooling to room temperature, the solution 
was filtered. An aqueous solution of KPF6 was added and upon removal of the 
MeOH, the product precipitated and was collected by filtration. The product 
was purified by column chromatography on SiO2 (MeCN : aq. 0.5 M NaNO3 = 9 
: 1), followed by column chromatography on Al2O3 (CH2Cl2 : MeCN = 2 : 1). 
The product was then isolated as a dark purple solid (76 mg, 32%). 
1H NMR 400 MHz, CD3CN): δ 9.01 (s, 1H, C3), 9.00 (s, 1H, D3), 8.72 (s, 1H, D5), 
8.65 (d, 3J = 8.0 Hz, 2H, A3,5), 8.42 (d, 3J = 8.0 Hz, 2H, B3), 8.16 (t, 3J = 8.0 Hz, 
1H, A4), 7.96 (d, 3J = 8.0 Hz, 1H, E3), 7.77 (dd, 3J = 8.0 Hz, 3J = 7.2 Hz, 2H, B4), 
7.71 (d, 3J = 5.6 Hz, 1H, C6), 7.56 (d, 3J = 5.6 Hz, 1H, C5), 7.34 (d, 3J = 5.6 Hz, 2H, 
B6), 7.01 (dd, 3J = 7.2 Hz, 3J = 5.6 Hz, 2H, B5), 6.82 (dd, 3J = 8.0 Hz, 3J = 7.2 Hz, 
1H, E4), 6.61 (dd, 3J = 7.2 Hz, 3J = 7.2 Hz, 1H, E5), 5.83 (d, 3J = 7.2 Hz, 1H, E6), 
4.16 (s, 3H, CO2CH3), 3.92 (s, 3H, CO2CH3).  13C NMR (100 MHz, CD3CN): δ 
183.1, 165.7, 165.0, 164.4, 157.2, 157.0, 154.6, 153.0, 151.7, 151.1, 146.2, 138.2, 
135.5, 135.2, 134.8, 130.4, 129.5, 126.3, 125.5, 125.2, 123.3, 122.7, 122.4, 122.0, 
118.7, 117.3, 53.0 (2x).  IR (ATR): νmax 1722 s, 1255 s, 1239 s, 836 vs, 760 s cm–1.  
Anal. Calcd for C35H26F6N5O4PRu: C, 50.85; H, 3.17; N, 8.47. Found: C, 50.74; H, 
3.15; N, 8.27. 
 
[Ru(4'-carboxyl-2,2':6',2''-terpyridine)(2,2';6',2''-terpyridine)], 1b. To a solution of 
1a in DMF (12 mL) was added H2O (4.8 mL) and triethylamine (2.4 mL). The 
resulting mixture was heated under reflux for 24 h, after which all volatiles 
were removed in vacuo, yielding the product as an orange solid. 
1H NMR (400 MHz, DMSO-d6): δ 9.35 (s, 2H, D3,5), 9.06 (d, 3J = 8.4 Hz, 2H, 
A3,5), 8.96 (d, 3J = 8.0 Hz, 2H, C3), 8.79 (d, 3J = 8.4 Hz, 2H, B3), 8.52 (t, 3J = 8.4 
Hz, 1H, A4), 7.9-8.0 (m, 4H, C4 + B4), 7.45 (d, 3J = 5.2 Hz, 2H, C6), 7.41 (d, 3J = 
5.2 Hz, 2H, B6), 7.2-7.3 (m, 4H, C5 + B5).  MALDI-TOF-MS (DHB Matrix): m/z 
= 568.06 [M+-CO2] (calcd for C30H22N6Ru, 568.09), 612.07 [M+] (calcd for 
C31H22N6O2Ru, 612.08). 
 
[Ru(4-carboxyl-2,6-di(2-pyridyl)phenyl)(2,2':6',2''-terpyridine)], 2b. To a solution 
of 2a in DMF (6 mL) was added a solution of NaOH in H2O (4M, 2 mL). The 
resulting solution was heated under reflux for 18 h. After cooling down to room 
temperature, acetic acid (1 mL) was added, and the mixture evaporated to 
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dryness in vacuo. The product was washed with H2O and dried in vacuo, 
yielding the product as a dark red solid. 
1H NMR (400 MHz, DMSO-d6): δ 9.04 (d, 3J = 8.0 Hz, 2H, A3,5), 8.85 (s, 2H, 
D3,5), 8.71 (d, 3J = 7.6 Hz, 2H, B3), 8.35 (t, 3J = 8.0 Hz, 1H, A4), 8.26 (d, 3J = 8.0 
Hz, 2H, C3), 7.77 (dd, 3J = 7.6 Hz, 3J = 7.2 Hz, 2H, B4), 7.64 (dd, 3J = 7.6 Hz, 3J = 
7.2 Hz, 2H, C4), 7.1-7.2 (m, 4H, B6 + B5), 6.96 (d, 3J = 5.2 Hz, 2H, C6), 6.72 (dd, 3J 
= 7.2 Hz, 3J = 5.2 Hz, 2H, C5). MALDI-TOF-MS (DHB Matrix): m/z = 610.08 
[M+] (calcd for C32H22N5O2Ru, 610.08). 
 
[Ru(4-carboxyl-6-phenyl-2,2'-bipyridine)(2,2':6',2''-terpyridine)], 3b. To a 
solution of 3a in DMF (20 mL) was added H2O (8 mL) and triethylamine (4 mL). 
The resulting mixture was heated under reflux for 18 h, after which all volatiles 
were removed in vacuo, yielding the product as a dark purple solid. 
1H NMR 400 MHz, DMSO-d6): δ 8.88 (s, 1H, D3), 8.88 (d, 3J = 8.0 Hz, 2H, A3,5), 
8.71 (d, 3J = 8.4 Hz, 1H, C3), 8.67 (d, 3J = 8.0 Hz, 2H, B3), 8.59 (s, 1H, D5), 8.10 (t, 
3J = 8 Hz, 1H, A4), 7.87 (dd, 3J = 8.4 Hz, 3J = 7.2 Hz, 1H, C4), 7.7-7.8 (m, 3H, E3 + 
B4), 7.3-7.4 (m, 3H, C6 + B6), 7.13 (dd, 3J = 7.2 Hz, 3J = 5.6 Hz, 2H, B5), 7.08 (dd, 
3J = 7.2 Hz, 3J = 5.6 Hz, 1H, C5), 6.65 (dd, 3J = 8.0 Hz, 3J = 7.2 Hz, 1H, E4), 6.41 
(dd, 3J = 7.2 Hz, 3J = 7.2 Hz, 1H, E5), 5.52 (d, 3J = 7.2 Hz, 1H, E6).  MALDI-TOF-
MS (DHB Matrix): m/z = 610.09 [M+] (calcd for C32H22N5O2Ru, 610.08). 
 
[Ru(4,4'-dicarboxyl-6-phenyl-2,2'-bipyridine)(2,2':6',2''-terpyridine)], 4b. To a 
solution of 4a in DMF (15 mL) was added H2O (5 mL) and triethylamine (5 mL). 
The resulting mixture was heated under reflux for 18 h, after which all volatiles 
were removed in vacuo, yielding the product as a dark purple solid. 
1H NMR (400 MHz, DMSO-d6): δ 9.10 (s, 1H, C3), 9.09 (s, 1H, D3), 8.93 (d, 3J = 
8.0 Hz, 2H, A3,5), 8.70 (d, 3J = 8.0 Hz, 2H, B3), 8.68 (s, 1H, D5), 8.21 (t, 3J = 8.0 
Hz, 1H, A4), 7.97 (d, 3J = 8.0 Hz, 1H, E3), 7.84 (dd, 3J = 8.0 Hz, 3J = 7.6 Hz, 2H, 
B4), 7.71 (d, 3J = 5.6 Hz, 1H, C6), 7.55 (d, 3J = 5.6 Hz, 1H, C5), 7.32 (d, 3J = 6.0 Hz, 
2H, B6), 7.10 (dd, 3J = 7.6 Hz, 3J = 6.0 Hz, 2H, B5), 6.73 (dd, 3J = 8.0 Hz, 3J = 7.2 
Hz, 1H, E4), 6.52 (dd, 3J = 7.6 Hz, 3J = 7.2 Hz, 1H, E5), 5.65 (d, 3J = 7.6 Hz, 1H, 
E6).  MALDI-TOF-MS (DHB Matrix): m/z = 654.07 [M+] (calcd for 
C33H22N5O4Ru, 654.07). 
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Image of the sun at a wavelength of 2 m. Radio observations of the Sun at 
this wavelength essentially mean a study of the extremely hot gas 
surrounding the visible solar disk, the corona. In visible light, the corona 
can only clearly be seen from Earth during a total solar eclipse. At Nancay 
the outer corona can be observed at radio wavelengths, from about 0.1 to 
0.5 times the radius of the visible solar disk above the visible limb of the 
sun. 
Image: SOHO/Nancay Radioheliograph. 
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Abstract 

N,N',N''-, N,C,N'- and C,N,N'-coordinated ruthenium complexes, i.e. 
[Ru(tpy)(L)]2+, (L = (RO2C)3-tpy = 4,4',4''-tri(propylcarboxyl)-2,2':6',2''-
terpyridine (R = propyl), [1a]2+, L = tctpy = 4,4',4''-tricarboxy-2,2':6',2''-
terpyridine, [1b]2+), the N,C,N'-cyclometalated [Ru(N^C^N)(L)]+ (N^C(H)^N = 
1,3-bis(2-pyridyl)benzene, L = (RO2C)3-tpy (R = propyl), [2a]+, L = tctpy, [2b]+) 
[Ru(NCN)(L)]+ (NC(H)N-pincer = 1,3-bis[(dimethylamino)methyl]benzene, L = 
(RO2C)3-tpy (R = methyl), [4a]+, L = tctpy, [4b]+), and the C,N,N'-
cyclometalated [Ru(C^N^N)(L)]+ (C(H)^N^N = 6-phenyl-2,2'-bipyridine, L = 
(RO2C)3-tpy (R = methyl), [3a]+, L = tctpy, [3b]+), have been prepared. The 
presence of the covalent carbon-to-metal bond in the cyclometalated complexes 
[2a]+-[4a]+ negatively shifts the potential of the oxidation and reduction 
processes and bathochromically shifts the electronic absorption features 
compared to the non-cyclometalated [1a]2+. The amino NCN-pincer in [4a]+ is a 
stronger σ-donor and weaker π-acceptor than the pyridyl N^C^N ligand in 
[2a]+, and the oxidation potential and absorption features of [4a]+ are more 
severely affected compared to [2a]+. These complexes were assessed as 
pigments for dye sensitized solar cells (DDSCs), but severe aggregation of the 
dyes at the titania surface hampered the construction of efficient devices. DSSCs 
constructed with both cyclometalated complexes [2b]+ and [3b]+ reached 2.2% 
power conversion efficiency, whereas the device sensitized by the non-
cyclometalated [1b]+ reached 0.3% efficiency. The progressively negatively 
shifted oxidation potential of [4b]+ hampered regeneration by the I–/I3

– 
electrolyte and virtually no photocurrent was observed. 
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1 Introduction 

Recently we have demonstrated that cyclometalated ruthenium complexes 
are a promising new class of sensitizers for dye sensitized solar cells (DSSCs).1 
The complex [Ru((HO2C)2C^N^N)(tpy)]+ ([5]+, (HO2C)2C(H)^N^N = 4,4'-
dicarboxy-6-phenyl-2,2'-bipyridine, tpy = 2,2':6',2''-terpyridine) reached 
photocurrents similar to the benchmark N719 dye ([Ru(NCS)2(dcbpy)2] (dcbpy 
= 4,4'-dicarboxy-2,2'-bipyridine).2 In the N719 complex, the necessary red shift 
of the absorption features to bring about maximum overlap with the solar 
spectrum is achieved by destabilization of the ruthenium levels using 
thiocyanate ligands. However, these monodentate anionic ligands are known to 
be photo-labile, especially when the dye is in its ruthenium(III) state.3, 4 In 
cyclometalated complexes, tuning of the metal levels is achieved by 
introduction of a covalent bond between a formally anionic carbon and the 
ruthenium metal, instead of a coordinative nitrogen-to-ruthenium bond, which 
causes a significant red shift of the absorption features. Moreover, 
cyclometalation performed with a tridentate ligand can better prevent 
decomposition processes associated with ligand dissociation, which is critical 
for the long-term stability of the DSSC devices. However, although the complex 
[Ru(HO2C-N^C^N)(tpy)]+ ([6]+, HO2C-N^C(H)^N = 3,5-bis(2-pyridyl)benzoic 
acid) displayed similar electronic properties compared to [5]+, it reached very 
poor incident-photon-to-current conversion efficiency (IPCE). We demonstrated 
that the low IPCE could be ascribed to the fact that the excited state of [6]+ was 
associated with the remote tpy ligand and that no efficient electron transfer 
pathway to inject electrons into the TiO2 conduction band (CB) was available.1, 5 
Additionally, the single carboxylate grouping was insufficient to firmly graft 
the complexes onto the semiconductor surface, and although these dyes were 
completely photo-stable, they detach from the semi-conductor surface upon 
continued illumination, decreasing the operational lifetime of the DSSC. 

In the present study we have prepared the N,C,N'-cyclometalated 
[Ru(N^C^N)(L)]+ (N^C(H)^N = 1,3-bis(2-pyridyl)benzene, L = (RO2C)3-tpy = 
4,4',4''-tri(propylcarboxyl)-2,2':6',2''-terpyridine (R = propyl), [2a]+, L = tctpy = 
4,4',4''-tricarboxy-2,2':6',2''-terpyridine, [2b]+), the C,N,N'-cyclometalated 
[Ru(C^N^N)(L)]+ ((CH)^N^N = 6-phenyl-2,2'-bipyridine, L = (RO2C)3-tpy (R = 
methyl), [3a]+, L = tctpy, [3b]+), as well as the non-metalated analogue 
[Ru(tpy)(L)]2+ (L = (RO2C)3-tpy (R = propyl), [1a]2+, L = tctpy, [1b]2+). In these 
complexes sufficient electronic communication between the excited state and 
the TiO2 CB is guaranteed by ensuring that the excited state is localized on the 
anchoring ligand. The energy of the lowest unoccupied molecular orbital 
(LUMO) of a cyclometalated ligand is expected to be higher than that of an 
isoelectronic but neutral polypyridine,6-8 and the dyes were therefore attached 
to the semiconductor surface via the terpyridine ligand. The tctpy ligand, which 
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is also applied in the well-known black dye ([Ru(NCS)3(Htctpy)]3–),9 provides 
both a low-lying excited state of sufficient energy to allow efficient injection to 
occur and anchoring moieties for grafting the tctpy ligand onto the semi-
conductor surface. To investigate the effect of the nature of the cyclometalated 
ligand on the electronic and photophysical properties of the resulting complex, 
the N,C,N'-cyclometalated complex [Ru(NCN)(L)]+ (NCN-pincer = 2,6-
bis[(dimethylamino)methyl]phenyl, L = (RO2C)3-tpy (R = methyl), [4a]+, L = 
tctpy, [4b]+)10 was also prepared in which the N^C^N ligand in [2b]+ is 
replaced for the stronger σ-donor NCN-pincer.11 DSSCs incorporating these 
complexes as colorant were constructed and tested. The electronic and 
photophysical properties of the complexes as well as the measured DSSC 
photocurrents are related to those of the non-cyclometalated analogue. It is 
concluded that cyclometalation indeed provides the desired electronic 
properties and corresponding red-shifted absorption features, but that 
aggregation of the dyes on the titania surface hampers the construction of 
efficient DSSCs. 

 

2 Results and Discussion 

2.1 Synthesis 

The bis(tpy) complex [Ru(tpy)((PrO2C)3-tpy)]2+ ([1a]2+, (RO2C)3-tpy = 4,4',4''-
tri(propylcarboxyl)-2,2':6',2''-terpyridine, R = propyl) and the cyclometalated 
complexes [Ru(N^C^N)((PrO2C)3-tpy)]+ ([2a]+) and [Ru(C^N^N)((RO2C)3-
tpy)]+ ([3a]+, R = methyl), Chart 1, were prepared in moderate to good yields by 
reacting the ruthenium precursor [RuCl3((RO2C)3-tpy)] with the desired ligand 
under appropriate conditions, see experimental section. For solubility reasons, 
the ruthenium complexes were prepared and isolated as either the propyl or 
methyl esters. Electronic and photophysical properties were essential identical 
between the corresponding propyl and methyl esters, and the choice was based 
on ligand availability. The NCN-pincer10 ([2,6-(Me2NCH2)2C6H3]–) complex 
[Ru(NCN)((MeO2C)3-tpy)]+, [4a]+, was synthesized by reacting 
[RuCl(NCN)(PPh3)]12 with (MeO2C)3-tpy in MeOH. 

For solar cell testing the pure esters were first deprotected to the 
corresponding carboxylic acids by heating them under reflux in aqueous MeCN 
solution using NEt3 as base. The identity and purity of the resulting free acid 
complexes [1b]2+-[4b]+ was confirmed by 1H NMR spectroscopy in MeOH 
solution. Even storing the samples for prolonged periods did not result in 
esterification of the carboxylate moieties by the deuterated solvent. The 
solubility of these free acid complexes was rather low in common organic 
solvents. 
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Chart 1. Molecular structures and NMR numbering scheme of [1a]2+-[4a]+ and relevant 
complexes from literature. 
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Figure 1. 1H NMR spectrum and resonance assignment of [3a]+. 

The 1H and 13C NMR spectra of [1a]2+-[4a]+ in CD3CN were consistent with 
their structures as proposed in Chart 1. All proton resonances could be 
unequivocally assigned where necessary with the aid of two dimensional COSY 
and NOESY experiments. As a representative example the 1H NMR spectrum of 
[3a]+ is depicted in Figure 1. The anionic charge on the cyclometalated ligand in 
[2a]+-[4a]+ shifted the resonances associated with this ligand to higher field as 
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compared to the corresponding signals of the tpy ligand in [1a]2+. For example, 
the resonance assigned to proton E6 in [3a]+, Chart 1, displayed a significant 
upfield shift, which resulted in a characteristic signal at δ = 5.55 ppm. Whereas 
the resonance for the proton coded D4 was found at δ = 8.53 ppm in [1a]2+, 
which is in the normal range for [Ru(tpy)2]2+ type complexes,13 the 
corresponding signal was found at δ = 7.50 ppm in [2a]+, i.e. shifted upfield by 
1.03 ppm. Furthermore, the protons on the pendent pyridine rings were shifted 
upfield compared to their tpy counterpart in [1a]2+, as the anionic charge is 
partly delocalized over these pyridine moieties. In the amino NCN-pincer 
complex [4a]+ the anionic charge was more confined to the aryl ring and the 
NMR resonance for proton D4 was found shifted even further upfield to δ = 
7.15 ppm. Compared to [1a]2+, the electron rich metal centers in [2a]+-[4a]+, vide 
infra, resulted in increased back donation to the substituted tpy ligand, further 
affecting the chemical shifts of its protons. This effect was most pronounced in 
[4a]+, in which the most significantly affected resonance was assigned to proton 
B6, which was shifted downfield by 0.77 ppm compared to its equivalent signal 
in [1a]2+. The free acid complexes [1b]2+-[4b]+ were analyzed by 1H NMR in 
CD3OD and their resonance patterns were in agreement with complete 
deprotection. 

 
2.2 Electrochemical Data 

The ester protected complexes [1a]2+-[4a]+ displayed affluent redox 
chemistry, Table 1. All observed redox processes were electrochemically 
reversible. The metal-based14 oxidation potential of [1a]2+ (1.06 V) was 
positively shifted compared to [Ru(tpy)2]2+ (0.92 V) as a result of the electron-
withdrawing properties of the ester moieties.13 In contrast, cyclometalation 
resulted in a negative shift of 0.77 V and 0.68 V for [2a]+ and [3a]+, compared to 
[1a]2+, respectively, in line with other N,C,N'- and C,N,N'-cyclometalated 
ruthenium complexes.8, 15 The oxidation potentials of [2a]+ and [3a]+ were 
slightly positively shifted compared to [5]+, but were still negatively shifted 
compared to N719, reflecting the strong σ-donor properties of either 
cyclometalated ligand in comparison to two NCS ligands. The NCN-pincer 
ligand, which is a stronger σ-donor and weaker π-acceptor than the N^C^N 
ligand in [2a]+, resulted in a substantially larger negative shift of the oxidation 
potential of 1.04 V for [4a]+ compared to [1a]2+. 
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Table 1. Cyclic voltammetric data for [1a]2+-[4a]+, [5]+, N719, and [Ru(tpy)2]2+.a 

  E1/2 (V) (ΔEp (mV))  

Complex 1st oxidation 1st reduction 2nd reduction 

[1a]2+ 1.06 (70) –1.28 (63) –1.66 (67) 

[2a]+ 0.29 (64) –1.53 (80) –1.80 (80) 

[3a]+ 0.38 (62) –1.56 (62) –1.91 (70) 

[4a]+ 0.02 (71) b –1.58 (64) –1.95 (70) 

[5]+ c 0.26 –1.64 –2.09 

N719 0.48 d –1.17 e  

[Ru(tpy)2]
f 0.92 –1.67  

a Data collected in MeCN at 100 mVs-1; potentials reported relative vs. ferrocene/ferrocenium (Fc/Fc+) used as 
internal standard. b Using Fc/Fc+ as external standard. c Ref 5 d Ref 16 e Ref 17, reported vs. SCE., corrected to vs. 
Fc/Fc+ by subtraction of 0.35 V.18 f Ref 13 

Generally, the first reduction process in ruthenium polypyridine complexes 
is ligand-based.14 Indeed, the electrode potential of the first reduction of [1a]2+ 
was significantly positively shifted compared to [Ru(tpy)2]2+ as a result of the 
electron accepting ester moieties attached to the tpy ligand which is the site of 
the initial reduction. Also for [2a]+-[4a]+ the initial reduction process is 
associated with the functionalized tpy ligand, as the lowest unoccupied 
molecular orbital of an anionic cyclometalated ligand is usually expected to be 
of higher energy than that of an isoelectronic polypyridine ligand.6-8, 19 The 
electrode potential of this initial reduction process was negatively shifted in 
[2a]+-[4a]+ compared to [1a]2+, reflecting the increased back-donation from the 
increasingly more electron rich metal center. 

 
2.3 Electronic Absorption Spectroscopy 

The electronic absorption spectra of [1a]2+-[4a]+ in MeCN solution are shown 
in Figure 2 and relevant data is collected in Table 2. Polypyridine complexes of 
ruthenium(II) are generally characterized by strong intra-ligand π-π* transitions 
in the UV region while the absorptions of medium intensity in the visible region 
are assigned to metal-to-ligand charge transfer (MLCT) transitions.14, 20, 21 The 
absorption spectrum of [1a]2+ was red-shifted compared to [Ru(tpy)2]2+ (λmax = 
474 nm, ε = 10.4·103 M–1cm–1),13 and several shoulders were present, reflecting 
the presence of two different acceptor ligands for the MLCT transitions. The 
low-energy part of the visible feature is assigned to transitions involving the 
substituted tpy ligand as it is the more easily reduced. 
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Figure 2. Electronic absorption spectra of [1a]2+ (grey, dash), [2a]+ (black, solid), [3a]+ (black, 
dash), and [4a]+ (grey, solid). 

Cyclometalation, either in N,C,N'- or C,N,N'-coordination mode, resulted in 
a clear bathochromic shift of the absorption features. Complexes [2a]+ and [3a]+ 
displayed absorption features up to 800 nm and efficiently absorbed most of the 
visible light. As a result solutions of [2a]+ and [3a]+ appeared dark green and 
dark brown, respectively. The visible absorption bands were all assigned MLCT 
character, involving acceptor states on the substituted tpy ligand. The 
difference in the metal levels that are affected by cyclometalation in N,C,N'- 
versus C,N,N'-binding mode was reflected by the different shape of the visible 
absorption features for [2a]+ and [3a]+. 

The absorption features of the amino NCN-pincer complex [4a]+ were shifted 
even further down in energy showing absorption up to 950 nm, reflecting the 
stronger destabilization of the metal levels and the correspondingly larger 
negative shift of the oxidation potential. The absorption features of [4a]+ 
displayed a minimum around 550 nm, and as a result solutions appeared bright 
green. 

 
The electronic absorption spectra of the C,N,N'-cyclometalated complexes 

[3a]+ and [5]+ as well as the N719 dye for reference are depicted in Figure 3. The 
presence of the low-energy LUMO on the (MeO2C)3-tpy ligand resulted in 
relative strong absorption of [3a]+ at longer wavelengths, compared to both [5]+ 
and the N719 dye, resulting in a better overlap with the solar spectrum. On the 
one hand, solutions of the complexes [1a]2+, [2a]+, [3a]+ were indefinitely photo-
stable and can be stored under ambient conditions for extended periods of time 
without traces of decomposition. On the other hand, complex [4a]+ slowly 
decomposed  upon  irradiation  in  MeCN  solution. The amino-N-to-ruthenium 
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Figure 3. Electronic absorption spectra of N719 (grey, solid), [3a]+ (black, solid), and [5]+ 
(black, dash). 

Table 2. Electronic absorption data for [1a]2+-[4a]+.a 

Complex λmax (nm) (ε (103 M–1cm–1)) 

[1a]2+ 565 (sh), 497 (15.2), 450 (sh), 380 (sh), 332 (50.9), 303 (41.0), 292 
(46.0), 272 (37.4) 

[2a]+ 780 (sh), 650 (sh), 586 (8.2), 500 (sh), 419 (17.0), 341 (20.9), 326 
(19.4), 284 (36.8), 240 (44.5) 

[3a]+ 685 (sh), 580 (sh), 522 (12.7), 432 (22.2), 329 (37.9), 295 (34.4) 

[4a]+ 922 (0.3), 671 (10.2), 643 (10.1), 520 (sh), 437 (18.9), 349 (22.4), 331 
(22.3), 298 (25.6), 258 (24.3),  

a Measured at 298 K in MeCN. 

bonds possess more degrees of geometric freedom and are likely more 
vulnerable towards to dissociation upon excitation. Displacement of the amino 
donor moiety is then followed by loss of the NCN ligand and decomposition of 
the complex. 

 
2.4 Photoelectrochemical Experiments 

To investigate the potential of these complexes as sensitizers in DSSCs, 
devices sensitized by [1b]2+-[3b]+ were prepared according to previously 
described procedure.9, 22 Photoelectrodes were stained in a 0.5 mM ethanol 
solution of the dye during 20 hours. Devices stained by [2b]+ and [3b]+ 
appeared almost black, while the [1b]2+ stained DSSC appeared dark orange. 
The 3I–/I3

– redox couple in MeCN solution containing 4-tert-Butylpyridine was 
employed as electrolyte. The active area of the solar cells was 0.2 cm2. 
Photoelectrochemical data for these cells are collected in Table 3. The 
terpyridine complex [1b]2+ stained cell reached only 0.29% power conversion 
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efficiency. The bathochromically shifted absorption features, combined with the 
negatively shifted oxidation potential in the cyclometalated dyes [2b]+ and [3b]+ 
resulted in a significant increase in efficiency compared to [1b]2+. Incident 
photon-to-current conversion efficiency (IPCE) was observed up to 850 nm for 
both [2b]+ and [3b]+, and 2.2% power conversion efficiency was reached. 
Unfortunately, the production of efficient devices was hampered by extensive 
aggregation of the dyes on the photoelectrode surface, resulting in the low 
overall efficiencies. In spite of the fact that the tctpy based black dye is also 
known to aggregate due to strong intermolecular interaction of the carboxylate 
anchoring moieties,9 optimization of the cells' parameters have resulted in the 
record efficiency of 11.1% for a device utilizing this dye.23 Investigations aimed 
at improving the power conversion efficiency of [2b]+ and [3b]+ sensitized 
DSSCs are currently ongoing. Considering the aggregation of the 
cyclometalated sensitizers, more definite statements regarding the effect of the 
coordination mode on dye efficiency are perhaps circumspect. The NCN-pincer 
coordinated [4b]+ showed no sensitization in preliminary tests, which most 
likely is a result of inefficient regeneration of the oxidized dye by the 
electrolyte, as the negatively shifted oxidation potential does not allow 
reduction by the 3I–/I3

– redox couple.24 
 

3 Conclusions 

The desired red shift of the absorption features for DSSC sensitizers can be 
achieved using a tridentate, monoanionic, cyclometalated ligand instead of 
using the monodentate, monoanionic thiocyanate ligands that are employed in 
the N719 standard dye. Cyclometalation either in N,C,N'- or C,N,N'-mode in 
complexes [2a]+ and [3a]+ results in a negatively shifted electrode potential for 
the oxidation and, to a lesser extent, the reduction process, compared to the 
non-cyclometalated congener [1a]2+. The free acid polypyridine complexes 
[1b]2+, [2b]+, and [3b]+ show sensitization of the titania photoelectrode, with the 
cyclometalated complexes displaying higher efficiencies. The strategy of 
employing cyclometalation in tridentate ligands to replace labile monodentate 
NCS ligands indeed yields the desired electronic and photophysical properties. 
Additionally, the complexes are photo-stable both as a solid and in solution. 
The excited state of complexes [2b]+ and [3b]+ possesses sufficient energy to 
efficiently inject electrons into the TiO2 conduction band while the oxidation 
potential is sufficiently positive to allow regeneration by the 3I–/I3

– redox 
mediator couple in the electrolyte. Although sensitization is observed up to 850 
nm relatively low power conversion efficiencies were measured, due to 
aggregation of the sensitizers at the photoelectrode surface. Investigations to 
improve the behavior of these sensitizers to increase the power conversion 
efficiency are currently ongoing. Replacing the N^C^N ligand in [2a]+ by the 
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NCN-pincer ligand in [4a]+ resulted mainly in an even larger negative shift of 
the oxidation process and a corresponding shift of the absorption features well 
into the NIR region. Regeneration of the free acid complex [4b]+ by the 
electrolyte in the DSSC, however, is consequently hampered, yielding virtually 
no photocurrent. 

 

4 Experimental 

General. All air-sensitive reactions were performed under a dry nitrogen 
atmosphere using standard Schlenk techniques. Solvents were dried over 
appropriate drying agents and distilled before use. All other solvents and 
reagents were purchased and used as received. 1H and 13C{1H} NMR spectra 
were recorded at 298 K on a Varian 400 MHz NMR system. NMR spectra were 
referenced to the solvent residual signal.25 Spectral assignments for 1H spectra 
were based on chemical shift and integral considerations as well as COSY and 
NOESY two-dimensional experiments. Elemental analyses were carried out by 
Kolbe Mikroanalytisches Laboratorium (Mülheim an der Ruhr, Germany). MS 
measurements were carried out on an Applied Biosystems Voyager DE-STR 
MALDI-TOF MS. Compounds N^C(H)^N,26 C(H)^N^N,27, 28 [RuCl3(tpy)],29 
(MeO2C)3-tpy,9 [RuCl(NCN)(PPh3)],12 and [RuCl3((MeO2C)3-tpy)]9 are 
prepared according to previously reported procedures. [RuCl3((PrO2C)3-tpy)] 
was prepared using the procedure described for [RuCl3((MeO2C)3-tpy)]. 
 
Electronic Spectroscopic Measurements and Electrochemical Experiments. 
Electronic absorption spectra were recorded on a Cary 50 Scan UV-vis 
spectrophotometer. Cyclic voltammograms were recorded in a single 
compartment cell under a dry nitrogen atmosphere. The cell was equipped with 
a Pt microdisk working electrode, Pt wire auxiliary electrode and a Ag/AgCl 
wire reference electrode. The working electrode was polished with alumina 
nano powder between scans. The potential control was achieved with a PAR 
Model 263A potentiostat. All redox potentials are reported against the 
ferrocene-ferrocenium (Fc/Fc+) redox couple used as an internal standard.18, 30 
All electrochemical samples were 10–1 M in [n-Bu4N]PF6 as the supporting 
electrolyte in CH3CN distilled over KMnO4 and Na2CO3. 
 

Syntheses. 

[Ru(tpy)((PrO2C)3-tpy)](PF6)2, [1a](PF6)2. A suspension of [RuCl3((PrO2C)3-tpy)] 
(63 mg, 0.09 mmol) and AgBF4 (87 mg, 0.45 mmol) in acetone (20 mL) was 
heated under reflux for 2 h. The resulting mixture was filtered and the solvents 
removed in vacuo. The mauve residue was dissolved in EtOH (30 mL) and tpy 
(28 mg, 0.13 mmol) was added and the resulting solution was heated under 
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reflux for 4 h. After cooling down to room temperature, the mixture was 
filtered, and the product precipitated by addition of an aqueous solution of 
KPF6. The product was purified by chromatography on SiO2 (MeCN : aq. 1 M 
NaNO3 : H2O = 18 : 1 : 1) and obtained as a dark orange solid (81 mg, 80%). 
1H NMR (400 MHz, CD3CN): δ 9.39 (s, 2H, A3,5), 9.07 (s, 2H, B3), 8.81 (d, 2H, 3J 
= 8.0 Hz, D3,5), 8.53 (t, 1H, 3J = 8.0 Hz, D4), 8.52 (d, 2H, 3J = 8.0 Hz, C3), 7.95 
(dd, 2H, 3J = 8.0 Hz, 3J = 7.6 Hz, C4), 7.66 (d, 2H, 3J = 6.0 Hz, B5), 7.61 (d, 2H, 3J = 
6.0 Hz, B6), 7.28 (d, 2H, 3J = 5.2 Hz, C6), 7.15 (dd, 2H, 3J = 7.6 Hz, 3J = 5.2 Hz, 
C5), 4.59 (t, 2H, 3J = 6.6 Hz, CH2CH2CH3), 4.30 (t, 4H, 3J = 6.6 Hz, CH2CH2CH3), 
2.02 (m, 2H, CH2CH2CH3), 1.77 (m, 4H, CH2CH2CH3), 1.18 (t, 3H, 3J = 7.5 Hz, 
CH3), 0.97 (t, 6H, 3J = 7.5 Hz, CH3). 13C NMR (100 MHz, CD3CN): δ 164.9, 164.1, 
159.5, 158.6, 156.8, 155.7, 154.2, 153.8, 140.3, 139.6, 138.2, 137.9, 128.5, 127.6, 
125.7, 125.0, 124.7, 124.2, 68.2, 68.9, 22.8, 21.5, 10.7, 10.5. Anal. Calcd for 
C42H40F12N6O6P2Ru: C, 45.20; H, 3.61; N, 7.53. Found: C, 45.25; H, 3.68; N, 7.44. 
MALDI-TOF-MS (DHB Matrix): m/z = 826.16 [M+] (calcd for C42H40N6O6Ru, 
826.21). 
 
[Ru(N^C^N)((PrO2C)3-tpy)](PF6), [2a](PF6). A suspension of [RuCl3((PrO2C)3-
tpy)] (130 mg, 0.19 mmol) and AgBF4 (147 mg, 0.76 mmol) in acetone (20 mL) 
was heated under reflux for 2h. The resulting mixture was filtered and the 
solvents removed in vacuo. The mauve residue was dissolved in n-BuOH (25 
mL) and N^C(H)^N (45 mg, 0.19 mmol) was added and the resulting solution 
was heated under reflux for 4 h. After cooling down to room temperature, the 
mixture was filtered, and the product precipitated by addition of an aqueous 
solution of KPF6. The product was purified by chromatography on SiO2 (MeCN 
: aq. 1 M NaNO3 : H2O = 18 : 1 : 1) and obtained as a dark green solid (98 mg, 
55%). 
1H NMR (400 MHz, CD3CN): δ 9.41 (s, 2H, A3,5), 9.01 (s, 2H, B3), 8.27 (d, 2H, 3J 
= 7.6 Hz, D3,5), 8.13 (d, 2H, 3J = 7.6 Hz, C3), 7.62 (dd, 2H, 3J = 7.6 Hz, 3J = 7.2 
Hz, C4), 7.49-7.52 (m, 3H, D4 + B6), 7.45 (d, 2H, 3J = 6.0 Hz, B6), 6.85 (d, 2H, 3J = 
5.6 Hz, C6), 6.61 (dd, 2H, 3J = 7.2 Hz, 3J = 5.6 Hz, C5), 4.58 (t, 2H, 3J = 6.8 Hz, 
CH2CH2CH3), 4.28 (t, 4H, 3J = 6.8 Hz, CH2CH2CH3), 2.03 (m, 2H, CH2CH2CH3), 
1.75 (m, 4H, CH2CH2CH3), 1.27 (t, 3H, 3J = 7.2 Hz, CH2CH2CH3), 0.98 (t, 6H, 3J = 
7.2 Hz, CH2CH2CH3). 13C NMR (100 MHz, CD3CN): δ 219.0, 169.4, 165.9, 164.7, 
160.6, 155.8, 154.0, 153.1, 142.2, 137.4, 137.1, 133.4, 126.6, 125.2, 123.7, 123.7, 
122.7, 122.6, 121.0, 68.8, 68.6, 22.9, 22.6, 10.9, 10.6. MALDI-TOF-MS (DHB 
Matrix): m/z = 824.17 [M+] (calcd for C43H40N5O6Ru, 824.20). 
 
[Ru(C^N^N)((MeO2C)3-tpy)](PF6), [3a](PF6). A suspension of 
[RuCl3((MeO2C)3-tpy)] (186 mg, 0.30 mmol), C(H)^N^N (75 mg, 0.32 mmol) 
and N-methylmorpholine (10 drops) in MeOH (80 mL) was heated under reflux 
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for 12h. An aqueous solution of KPF6 was added and the product precipitated 
by removal of MeOH in vacuo. The product was purified by chromatography 
on SiO2 (MeCN : aq. 1 M NaNO3 : H2O = 18 : 1 : 1) and Al2O3 (CH2Cl2 : MeCN = 
9: 1) and obtained as a dark brown solid (159 mg, 61%). 
1H NMR (400 MHz, CD3CN): δ 9.28 (s, 2H, A3,5), 9.04 (s, 2H, B3), 8.48 (d, 3J = 
8.0 Hz, 2H, C3), 8.48 (d, 3J = 8.0 Hz, 2H, D3), 8.32 (d, 3J = 7.6 Hz, 2H, D5), 8.24 
(dd, 3J = 8.0 Hz, 3J = 7.6 Hz, 2H, D4), 7.89 (dd, 3J = 8.0 Hz, 3J = 7.6 Hz, 2H, C4), 
7.84 (d, 3J = 7.2 Hz, 2H, E3), 7.71 (d, 3J = 5.6 Hz, 2H, B6), 7.56 (d, 3J = 5.6 Hz, 2H, 
B5), 7.35 (d, 3J = 5.2 Hz, 2H, C6), 7.03 (dd, 3J = 7.6 Hz, 3J = 5.2 Hz, 2H, C5), 6.76 
(dd, 3J = 8.0 Hz, 3J = 7.28 Hz, 2H, E4), 6.48 (dd, 3J = 8.0 Hz, 3J = 7.2 Hz, 2H, E5), 
5.55 (d, 3J = 7.2 Hz, 2H, E6), 4.16 (s, 3H, CO2Me), 3.92 (s, 6H, CO2Me). 13C NMR 
(100 MHz, CD3CN): δ 181.5, 165.6, 164.4, 163.0, 157.6, 156.3, 153.5, 153.3, 151.9, 
151.3, 146.5, 138.4, 136.9, 135.9, 134.9, 129.3, 128.5, 126.2, 125.4, 125.2, 123.8, 
122.6, 122.5, 122.4, 119.8, 119.3, 53.0, 52.9. Anal. Calcd for C43H40F6N5O6PRu 
([Ru(C^N^N)((PrO2C)3tpy)]PF6): C, 53.31; H, 4.16; N, 7.23. Found: C, 53.26; H, 
4.08; N, 7.20. MALDI-TOF-MS (DHB Matrix): m/z = 740.08 [M+] (calcd for 
C37H28N5O6Ru, 740.11). 
 
[Ru(NCN)((PrO2C)3-tpy)](PF6), [4a](PF6). To a solution of [RuCl(NCN)(PPh3)] 
(327 mg, 0.55 mmol) in degassed MeOH (20 mL) was added a solution of 
(MeO2C)3-tpy (251 mg, 0.61 mmol) in degassed MeOH (40 mL), and the 
resulting mixture was heated under reflux for 4 h. After cooling down to room 
temperature, the solvent was removed in vacuo and the product crystallized 
from CH2Cl2 with toluene. The product was purified by column 
chromatography on SiO2 (MeCN : H2O : 1 M NaNO3/H2O = 18:1:1), yielding 
the product as a red powder (133 mg, 35%). 
1H NMR (400 MHz, CD3CN): δ 9.33 (s, 2H, A3,5), 9.08 (s, 2H, B3), 8.38 (d, 3J = 
6.0 Hz, 2H, B6), 7.98 (d, 3J = 6.0 Hz, 2H, B5), 7.34 (d, 3J = 7.6 Hz, 2H, D3,5), 7.15 
(t, 3J = 7.6 Hz, 1H, D4), 4.15 (s, 3H, CO2Me), 4.03 (s, 6H, CO2Me), 3.71 (s, 4H, 
CH2), 1.17 (s, 12H, CH3). 13C NMR (100 MHz, CD3CN): δ 198.8, 166.6, 165.6, 
161.6, 155.6, 153.9, 142.7, 136.3, 129.6, 127.4, 123.6, 123.5, 123.2, 121.8, 75.5, 53.8, 
53.7, 52.2. MALDI-TOF-MS (DHB Matrix): m/z = 700.14 [M+] (calcd for 
C33H36N5O6Ru, 700.17). 
 
Deprotection. The complexes were deprotected to the corresponding free acids 
by heating an aqueous MeCN solution of the complex in the presence of a base 
under reflux. A representative procedure is as follows; To a solution of 
[1a](PF6)2 (78 mg, 0.07 mmol) in MeCN (8 mL) was added H2O (2 mL) and NEt3 
(2 mL). The resulting mixture was heated under reflux for 48 h, allowed to cool 
to room temperature and concentrated in vacuo, yielding the product as a 



 136 

136 

poorly soluble red solid. Complete conversion and purity was confirmed by 1H 
NMR. 
[Ru(tpy)(tctpy)](HNEt3), [1b](HNEt3). 
1H NMR (400 MHz, CD3OD): δ 9.30 (s, 2H), 8.98 (s, 2H), 8.91 (d, 3J = 8.0 Hz, 2H), 
8.65 (d, 3J = 8.0 Hz, 2H), 8.46 (t, 3J = 8.0 Hz, 1H), 7.95 (dd, 3J = 8.0 Hz, 3J = 7.6 Hz, 
2H), 7.58 (d, 3J = 5.6 Hz, 2H), 7.46 (d, 3J = 5.6 Hz, 2H), 7.43 (d, 3J = 5.6 Hz, 2H), 
7.21 (dd, 3J = 7.6 Hz, 3J = 5.6 Hz, 2H). 
[Ru(N^C^N)(tctpy)](HNEt3), [2b](HNEt3)2. 
1H NMR (400 MHz, CD3OD): δ 9.45 (s, 2H), 9.05 (s, 2H), 8.40 (d, 3J = 7.6 Hz, 2H), 
8.29 (d, 3J = 7.2 Hz, 2H), 7.72 (dd, 3J = 7.6 Hz, 3J = 7.6 Hz, 2H), 7.58 (t, 3J = 7.6 Hz, 
1H), 7.49 (d, 3J = 5.6 Hz, 2H), 7.36 (d, 3J = 5.6 Hz, 2H), 7.07 (d, 3J = 5.6 Hz, 2H), 
6.77 (dd, 3J = 7.6 Hz, 3J = 5.6 Hz, 2H). 
[Ru(C^N^N)(tctpy)](HNEt3), [3b](HNEt3)2. 
1H NMR (400 MHz, CD3OD): δ 9.19 (s, 2H), 8.92 (s, 2H), 8.54 (d, 3J = 8.0 Hz, 1H), 
8.50 (d, 3J = 7.6 Hz, 1H), 8.28 (d, 3J = 7.6 Hz, 1H), 8.12 (t, 3J = 8.0 Hz, 1H), 8.85 
(dd, 3J = 7.6 Hz, 3J = 7.6 Hz, 1H), 7.80 (d, 3J = 7.6 Hz, 1H), 7.41-7.48 (m, 5H), 7.05 
(dd, 3J = 7.6 Hz, 3J = 5.2 Hz, 1H), 6.70 (dd, 3J = 7.6 Hz, 3J = 7.6 Hz, 1H), 6.46 (dd, 
3J = 7.6 Hz, 3J = 7.2 Hz, 1H), 5.62 (d, 3J = 7.2 Hz, 1H). 
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Image of the sun at 28.4 nm on November 14th, 2007. At this wavelength, 
Fe14+ ions are observed around T = 2 - 2.5 million K. This image shows a 
coronal hole (right of center) as a dark area. The magnetic field lines in 
coronal holes fan out into space so that strong solar winds composed of 
energetic particles can escape. These particles (mainly electrons and 
protons) cause intense auroral displays on earth, and also show up in 
images as this one as dust-like speckles. 
Image: SOHO (ESA & NASA). 
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Abstract 

Two new, potentially cyclometalating terdentate ligands bearing 
phosphonate substituents, Et2O3P-N^C(H)^N, 5, and Et2O3P-C(H)^N^N, 7, 
were prepared. The corresponding ruthenium complexes, [1]+ and [2]+, 
respectively, were obtained by reaction with [RuCl3(tpy)]. Complexes [1]+ and 
[2]+ display electronic properties characteristic for cyclometalated ruthenium 
complexes. The platinum complex [3], of N^C(H)^N ligand 5, was also 
prepared and is highly phosphorescent in solution. In general, the phosphonate 
group electronically behaves equivalent to a carboxylate moiety. 
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1 Introduction 

Polypyridine complexes of ruthenium have been the focus of spectroscopic 
studies for decades.1-4 The combination of a metal based oxidation in 
combination with ligand based reductions results in diverse and interesting 
properties such as emission from a charge transfer triplet state. These 
complexes are widely applied as pigments for dye sensitized solar cells 
(DSSCs).5, 6 Replacing one of the coordinating nitrogen atoms for a carbon atom 
results in the corresponding cyclometalated7 complex and this change has a 
tremendous effect on the electronic properties of the complex.8 Recently we 
demonstrated that cycloruthenated complexes, anchored via carboxylate 
groups to TiO2, can act as efficient sensitizers for DSSCs.9 We then became 
interested in the corresponding phosphonate functionalized complexes for two 
reasons. Firstly, although the Hammett10 parameter for the phosphonate moiety 
is close to that of the carboxylate group (σp(PO3Et2) = 0.60, σp(CO2Et) = 0.45) 
phosphonates act as stronger anchoring moieties for attachment to solid 
inorganic substrates such as TiO2.11-13 Secondly, organometallic phosphonates 
can also be used to produce irreversible inhibited semi-synthetic metallo-
enzymes.14 

We have prepared ligands with either N,C,N'- or C,N,N'-binding motif 
bearing a diethylphosphonate moiety on the central ring. The cycloruthenated 
complexes were prepared and spectroscopically investigated. Because 
cycloplatinated complexes with N,C,N'-15 and C,N,N'-bonding16, 17 motif are 
known to be very efficient emitters, we also prepared the platinum complex of 
the N^C(H)^N ligand. 

 

2 Results and Discussion 

2.1 Synthesis 

For the preparation of the phosphonate bearing complexes [1](PF6) and 
[2](PF6) the synthetic procedure as depicted in Scheme 1 was followed. The C2v-
symmetrical cyclometalated complex [1]+ was prepared by reaction of 
[RuCl3(tpy)], activated with AgBF4 in acetone, with ligand 5 in n-BuOH, and 
isolated as the PF6

- salt by anion exchange. Ligand 5 was obtained from bromo 
compound 4 by applying palladium mediated coupling with diethyl phosphite. 
Compound 4 was obtained from 1,3,5-tribromobenzene using Suzuki C–C 
coupling methodology. Compound 4 has previously been prepared utilizing 
Stille18 or Negishi19 methodology, however, the procedure described here is 
higher yielding and circumvents the use of toxic stannane intermediates. In this 
procedure, CuI is added to prevent coordination of the product, a potential 
ligand, to the palladium catalyst.20  
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Scheme 1 Synthesis of [1]+ and [2]+, and NMR numbering scheme. i) Dimethylpyridin-2-
boronate, CuI, Pd(PPh3)4, KOH, DME, reflux 20 h, ii) HPO3Et2, Pd(PPh3)4, NEt3, reflux 5 h, iii) 
[RuCl3(tpy)], AgBF4, acetone, n-BuOH, iv) 1) NaH, ethyl formate, 3 h, 2) aqueous H2SO4, C6H6, 
3) SOCl2, C6H6, reflux, 12h, 4) (EtO)3P, 145 °C, 0.5 h, v) (2-pyridinylcarbonyl)Pyridinium iodide, 
NH4OAc, MeOH, reflux, 3 h, vi) [RuCl3(tpy)], N-methylmorpholine, aqueous MeOH, reflux, 18 h. 

Complex [2]+ was prepared by reacting [RuCl3(tpy)] with ligand 7 in 
aqueous MeOH in the presence of N-methylmorpholine as sacrificial reductant. 
Ligand 7 was obtained using Krönke's method for pyridine condensation.21 
Chalcone 6 was reacted with (2-pyridinylcarbonyl)pyridinium iodide in the 
presence of NH4OAc as nitrogen source. Compound 6 was prepared from 
acetophenone by condensation with ethyl formate, chlorination using SOCl2, 
followed by Arbusow condensation with triethylphosphite. Complexes [1]+ and 
[2]+ were obtained as dark red and purple microcrystalline solids, respectively. 
Deprotection of the phosphonate ester to the phosphoric acid was attempted 
with refluxing hydrochloric acid, treatment with bromotrimethylsilane, or 
boron tribromide, all of which resulted in fast decomposition of the complexes. 
The complexes are stable in refluxing strongly alkaline solutions, but even with 
extended reaction times only partial saponification could be achieved. 

The platinum complex [PtCl(Et2O3P-N^C^N)], [3], could be prepared by 
heating a solution of 5 with K2PtCl6 in aqueous MeCN. Additionally, the ester-
functionalized ruthenium complexes [Ru(MeO2C-N^C^N)(tpy)], and 
[Ru(EtO2C-C^N^N)(tpy)], were available from previous studies,9 their crystal 
structures and spectroscopic analysis will be reported elsewhere, but selected 
parameters are presented here for comparative purposes. 

 
The NMR spectroscopic data obtained for the NMR active nuclei agreed with 

the structures proposed for the complexes. All resonances in the 1H and 13C{1H}  
NMR spectra   were   unequivocally   assigned   using   two-dimensional    
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Figure 1. View of the molecular structure of [Ru(Et2O3P-N^C^N)(tpy)](PF6) ([1](PF6)). 
Displacement ellipsoids are drawn at the 50% probability level. PF6 anion has been omitted for 
clarity. 

Table 1. Selected bond lengths (Å), angles (°) for [1]+. 

C1 – Ru 1.931 (4) N3 – Ru 2.073 (4) 

N1 – Ru 2.093 (4) N4 – Ru 2.029 (4) 

N2 – Ru 2.079 (4) N5 – Ru 2.069 (4) 

N1 – Ru – N2 157.2 (2) C1 – Ru – N4 178.4 (2) 

N3 – Ru – N5 155.7 (2)   

 
Correlation experiments. J-coupling to the 31P nucleus was observed for the 
adjacent 1H nuclei, as well as to all 13C nuclei in the central ring, except for the 
formally anionic 13Cipso in [1]+. The J-coupling constant in [1]+ and [2]+ for the 
A4 and B4 13C nucleus, respectively, agreed with the observed coupling 
between the carbon satellites in the 31P NMR spectra, corroborating the 
assignment. In the platinum complex, [3], 195Pt satellites are observed for the 
proximal B6 proton nuclei. Again, the 13C resonances assigned to the central 
ring are split by J-coupling to the phosphorus nucleus, and the coupling 
constant of A4 agrees with the observed satellites in the 31P NMR spectrum. 

 
2.2 Crystal Structure Determination of [1](PF6) 

Single crystals of [Ru(Et2O3P-N^C^N)(tpy)](PF6), [1](PF6) suitable for X-ray 
diffraction analyses were obtained by slow evaporation of an MeCN solution. 
The tpy and N,C,N'-binding ligands adopt a rather flat geometry and are 
mutual perpendicularly coordinated to the ruthenium centre in [1]+, see Figure 
1 and Table 1 for the molecular geometry and relevant data of the cation [1]+. 
The constrained geometry of the ligands results in an overall distorted 
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octahedral geometry, as is usually observed in comparable crystal structures.22, 

23 As can be expected for the non-uniform donor set, the bond lengths span a 
wide range from 1.93 Å for the carbon-to-ruthenium bond to 2.09 Å for the 
peripheral pyridine nitrogen-to-ruthenium bonds on the same ligand. As a 
matter of fact, [1]+ and the ester-functionalized analogue, [Ru(MeO2C-
N^C^N)(tpy)], are virtually isostructural. 

 
2.3 Electronic Properties 

The electrochemical data for the complexes are presented in Table 2. In 
general in polypyridine ruthenium complexes, the oxidation process is metal 
based, while the reduction processes are ligand based.1, 2 The cyclometalation 
results in a negative shift of 700 and 730 mV for [1]+ and [2]+, respectively, 
compared to the non-cyclometalated [Ru(Et2O3P-tpy)(tpy)]2+ (E1/2

ox = 0.94 V).24 
Since it has been established that the level of the lowest unoccupied molecular 
orbital (LUMO) for the cyclometalated ligand is expected to be higher in energy 
than that of an isoelectronic but neutral polypyridine ligand,25, 26 we assign the 
first reduction processes as tpy based. In [2]+ one additional reduction process 
is observed in the available electrochemical window, assigned as based on the 
cyclometalated ligand. Due to the electron rich metal center, the ligand based 
reductions are also negatively shifted compared to [Ru(Et2O3P-tpy)(tpy)]2+ 
(E1/2

red = –1.60 V),24 but to a lesser extent as the oxidation process. The 
N^C(H)^N ligand in platinum complex [3] is reduced at increased negative 
potential, while the platinum based oxidation is observed as an irreversible 
wave. 

 
Table 2. Cyclic voltammetry data.a 

  E1/2 (V) (ΔEp (mV))  

  RuII/RuIII L1L2/L1
•–L2 L1

•–L2/L1
•–L2

•– 

[1]+ 1.34b 0.24 (62) -1.91 (67)  

[2]+ 0.94b 0.21 (59) -1.85 (61) -2.18 (87) 

[3]+c  0.58b
 -2.03 (72)  

 
The absorption spectra of [1]+ and [2]+ see Figure 2 and Table 3, display 

strong ligand centred π-π* transitions in the UV part of the spectrum assigned 
to both ligands. The visible region is dominated by strong metal-to-ligand 
charge transfer (1MLCT) transitions characteristic for ruthenium polypyridine 
complexes.1, 2 Compared to [Ru(Et2O3P-tpy)(tpy)]2+ (λmax = 482 nm) the 1MLCT 
features are bathochromically shifted, in line with the decrease in the gap 
between the oxidation and reduction processes in [1]+ and [2]+. The strong σ-
donating anionic carbon destabilizes the mostly metal-based GS more than the 
1MLCT   state   located  on   the  remote  tpy  ligand.  The  absorption  spectra  of 
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Figure 2. Electronic absorption spectrum and normalized emission of [1]+ (solid) and [2]+ 
(dash) in MeCN and [3]+ (dot) in CH2Cl2 at room temperature. 

Table 3. Spectroscopic properties. 

Complex Absorptiona 
λmax (nm) (ε(103 M-1 cm-1)) 

Emissionb 
λmax (nm) 

ϕem
c 

[1]+ 495 (14.6), 315 (40.5), 278 (69.4), 240 
(47.5) 

744 1.5×10-5 

[Ru(MeO2C-
N^C^N)(tpy)](PF6) 

492 (13.8) 743 1.5×10-5 

[2]+ 517 (17.0), 318 (37.8), 276 (48.1), 237 
(46.5) 

783 1.1×10-5 

[Ru(EtO2C-
C^N^N)(tpy)](PF6) 

523 (18.8) 780 1.3×10-5 

[3]+ d 478 (0.15), 398 (5.8), 378 (7.6), 289 
(19.2), 256 (41.2) 

482 0.22 

a In MeCN at room temperature. b In argon deaerated MeCN solution at room temperature. c Emission quantum 
yield, relative to [Ru(bpy)3](PF6)2 as a standard in deaerated MeCN; ϕem = 0.062.27 d In argon deaerated CH2Cl2 solution 
at room temperature. 

complexes [1]+ and [2]+ are almost identical to that obtained for the carboxylate 
functionalized complexes [Ru(MeO2C-N^C^N)(tpy)] and [Ru(EtO2C-
C^N^N)(tpy)],9 while the Hammett parameter for the phosphonate moiety (σp 
= 0.6) is slightly larger than that of the carboxylate group (σp, CO2Me = 0.45).10 
The platinum complex [3] also displays intense bands below 300 nm, assigned 
as π-π* transitions. In addition, a low energy feature is observed, composed of 
several transitions, previously assigned to a mixture of π-π* and charge transfer 
transitions.15 The very weak features around 475 nm are assigned to platinum 
assisted direct population of the 3π-π* states.15, 16 
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As a result of the distorted octahedral geometry in [Ru(tpy)2]2+ type 
complexes a relatively weak ligand field is apparent.1-4 As a consequence, the 
3MLCT state is provided with an efficient, non-radiative, decay path via low 
lying metal centred (3MC) states, and the complexes are non-emissive at room 
temperature. Introduction of electron accepting moieties on one of the ligands is 
a feasible way to stabilize the 3MLCT compared to the 3MC as well as the GS 
and hence promote room temperature emission.28 Indeed, room temperature 
phosphorescence is observed for [Ru(Et2O3P-tpy)(tpy)]2+ (λmax = 650 nm)24 and 
[Ru(EtO2C-tpy)(tpy)]2+ (λmax = 667, ϕem = 2.7×10-4).29 Cyclometalation has been 
established as another effective way to increase room temperature emission by 
destabilizing the 3MC state.25, 26, 30 As also the metal based GS is affected, the 
increase in room temperature efficiency comes at the expense of the emission 
energy. Indeed, emission is observed for [1]+ and [2]+, see Table 3, at longer 
wavelengths compared to that of the non-cyclometalated complex, and, in line 
with the energy gap law,1, 31 with lower efficiency. The platinum complex [3] is 
a much more efficient emitter with a quantum yield of 22%. The emission 
profile is highly structured, with a vibronic progression of 1300 cm-1, typical for 
coupling with aromatic C=C vibrations and characteristic of π-π* ligand-centred 
emission with little involvement of the metal.32 Compared to the native 
complex [PtCl(N^C^N)] (λmax = 491, ϕem = 0.60) and the ester functionalized 
[PtCl(EtO2C-N^C^N)] (λmax = 481, ϕem = 0.58) the quantum efficiency of 3 is 
somewhat decreased.15 

 

3 Conclusions 

We have prepared two new, phosphonate functionalized, cyclometalating 
terdentate ligands with N,C,N'- and C,N,N'-binding mode, and the 
corresponding ruthenium complexes. The single crystal X-ray structure 
displayed the expected mutual perpendicular coordination of the ligands. 
Cations [1]+ and [2]+ displayed electronic properties characteristic for 
cyclometalated ruthenium complexes. All NMR resonances could be 
unequivocally assigned using two-dimensional correlation experiments and J-
coupling considerations. The oxidation and reduction processes are negatively 
shifted as a result of the increased electron density at the metal centre. The 
1MLCT absorption features are significantly batchochromically shifted. As a 
result of the destabilization of the 3MC states, room temperature emission is 
observed. The emission energy is rather low, and as a consequence the 
efficiency is decreased. The platinum complex [3] displays electronic properties 
very similar to its unsubstituted and ester-functionalized analogues. Its intense 
room temperature emission is highly structured, but somewhat decreased in 
quantum yield. The strong binding of phosphonates to semiconductor surfaces 
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renders these complexes as interesting candidates as pigments for dye 
sensitized solar cells. 

 

4 Experimental 

General. All air-sensitive reactions were performed under a dry nitrogen 
atmosphere using standard Schlenk techniques. Absolute solvents were dried 
over appropriate drying agents and distilled before use. All other solvents and 
reagents were purchased and used as received. 1H, 13C{1H}, 31P, and 195Pt NMR 
spectra were recorded at 298 K on a Varian 300 MHz Inova spectrometer 
and/or on a Varian 400 MHz NMR system. NMR spectra were referenced to the 
solvent residual signal,33 exept for the 195Pt spectra, which were externally 
referenced to a 1 M solution of Na2PtCl6 in D2O.34 1H spectral assignments were 
based on chemical shift and integral considerations as well as COSY and 
NOESY two-dimensional experiments. The 13C{1H} resonances are assigned on 
the basis of gHSQC, gHMBC experiments and J-coupling considerations. 
Solution UV-vis spectra were recorded on a Cary 50 Scan UV-visible 
spectrophotometer. Steady-state emission spectra were obtained on a SPEX 
fluorolog spectrometer. The emission quantum yield was measured by the 
method of Crosby and Demas35 with [Ru(bpy)3](PF6)2 in argon deaerated 
MeCN as standard (ϕr = 0.062) and calculated by ϕs = ϕr(Br/Bs)(ns/nr)2(Ds/Dr), 
in which n is the refractive index of the solvents, D is the integrated intensity 
and the subscripts s and r refer to sample and reference standard solution, 
respectively. The quantity B is calculated by B = 1–10-AL, where A is the 
absorbance and L is the optical path length. Cyclic voltammograms were 
recorded in a single compartment cell under a dry nitrogen atmosphere. The 
cell was equipped with a Pt microdisk working electrode, Pt wire auxiliary 
electrode and a Ag/AgCl wire reference electrode. The working electrode was 
polished with alumina nano powder between scans. All redox potentials are 
reported against the ferrocene-ferrocenium (Fc/Fc+) redox couple used as an 
internal standard.36, 37 The potential control was achieved with a PAR Model 
263A potentiostat. All electrochemical samples were 10-1 M in Bu4NPF6 as the 
supporting electrolyte in CH3CN distilled over KMnO4 and Na2CO3. Elemental 
analyses were carried out by Kolbe Mikroanalytisches Laboratorium (Mülheim 
an der Ruhr, Germany). (2-Pyridinylcarbonyl)pyridinium iodide38 and 
[RuCl3(tpy)]39 were prepared following literature procedure. 
 

Syntheses 

Bromo-3,5-di(2-pyridyl)benzene, 4. Freshly prepared dimethylboropyridine20 
(starting from 2-bromopyridine (3.7 mL, 38 mmol) was dissolved in DME and 
added to 1,3,5-tribromobenzene (3.5 g, 11 mmol), CuI ( 2.5 g, 13 mmol), 
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Pd(PPh3)4 (0.7 g, 0.4 mmol), and crushed KOH (3.6 g, 64 mmol). The resulting 
mixture was heated under reflux for 20 h. After cooling down to room 
temperature, H2O (100 mL) was added, the phases separated and the aqueous 
phase extracted with Et2O (3 × 200 mL). The combined organic layers were 
dried over MgSO4, filtered and concentrated in vacuo. The product was 
purified by column chromatography on SiO2 (ethyl acetate : pentane : NEt3 = 1 : 
1 : 3%, v/v) yielding 4 as a off-white solid (2.76 g, 70%). 
1H NMR (300 MHz, CDCl3): δ 8.72 (d, 2H, 3J = 5.1 Hz, Ar6'H), 8.56 (s, 1H, Ar4H), 
8.23 (s, 2H, Ar2,6H), 7.74-7.86 (m, 4H, 3J = 5.6 Hz, Ar3'H + Ar4'H), 7.29 (d, 2H, 3J 
= 6.9 Hz, 3J = 5.1 Hz, Ar5'H). 13C NMR (75 MHz, CDCl3): δ 155.9, 150.0, 141.9, 
137.1, 130.5, 124.3, 123.8, 123.0, 121.0. 
 
Diethyl 3,5-di(2-pyridyl)phenylphosphonate, 5. A solution of 4 (0.6 g, 2 mmol), 
HPO3Et2 (0.60 mL, 4.6 mmol), and Pd(PPh3)4 (0.11 g, 0.1 mmol) in NEt3 (5 mL) 
was heated under reflux for 5 h. The volatiles were removed in vacuo, and the 
residue taken up in MeOH and filtered over SiO2 with MeOH and CH2Cl2. The 
product was purified by column chromatography on SiO2 (ethylacetate : NEt3 = 
95 : 5, v/v), yielding Et2O3P-N^C^N as a colorless oil (0.175 g, 25%). 
1H NMR (300 MHz, CDCl3): δ 8.88-8.90 (m, 1H, Ar4H), 8.70 (d, 3J = 4.5 Hz, 2H, 
Ar6'H), 8.72 (dd, 2J31P-1H = 13.5 Hz, 4J = 1.5 Hz, 2H, Ar2,6H), 7.86 (d, 3J = 7.8 Hz, 
2H, Ar3'H), 7.76 (dd, 3J = 7.8 Hz, 3J = 7.5 Hz, 2H, Ar4'H), 7.25 (dd, 3J = 7.5 Hz, 3J = 
4.5 Hz, 2H, Ar5'H), 4.1-4.2 (m, 4H, CH2CH3), 1.3-1.4 (m, 6H, CH2CH3). 13C NMR 
(100 MHz, CDCl3): δ 156.0, 149.8, 140.2 (2J31P-13C = 15 Hz), 137.0, 130.4 (1J31P-13C 
= 11 Hz), 129.5 (3J31P-13C = 188 Hz), 129.4, 122.8, 120.9, 62.3 (2J31P-13C = 5 Hz), 
16.4. 31P NMR (162 MHz, CD3CN): δ 14.2 (1J31P-13C = 188 Hz) Anal. Calcd for 
C20H21N2O3P: C, 65.21; H, 5.75; N, 7.60. Found: C, 65.00; H, 5.65; N, 7.43. 
 
Diethyl 3-oxo-3-phenylpropenylphosphonate, 6. Compound 6 was prepared 
following adapted literature procedures.40-42 To a suspension of NaH (5.25 g, 
220 mmol) in THF (200 mL) was added at 0 °C ethyl formate (18.0 mL, 220 
mmol) and acetophenone (17.0 mL, 146 mmol). The cooling bath was removed 
and the resulting mixture was stirred for 3 h. The formed precipitate was 
isolated by centrifugation and washed with Et2O (2 × 80 mL), suspended in 
benzene (80 mL), and decomposed with H2O (40 mL) and 10% aqueous H2SO4 
(40 mL). The benzene layer was separated and dried over CaCl2. To this 
solution SOCl2 (12.0 mL, 166 mmol) was added, and the mixture heated under 
reflux for 12 h. The compound was isolated by distillation, yielding phenyl-2-
chlorovinylketone as colorless oil. A mixture of phenyl-2-chlorovinylketone 
(1.87 g, 11 mmol) and triethylphosphite (2.0 mL, 11 mmol) was placed in a oil 
bath heated to 100 °C, and gradually heated to 145 °C during which the 
evolution of gas was observed. The product was isolated by column 
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chromatography on SiO2 (ethylacetate : CH2Cl2 = 1 : 1, v/v), yielding the 
product as a colorless oil (0.738 g, 27%) 
1H NMR (300 MHz, CDCl3): δ 7.98 (d, 2H, 3J = 8.0 Hz, Ar2H), 7.79 (dd, 1H, 3J = 
17.0 Hz, 2J31P-1H  = 21.3 Hz, CHCHPO3Et2), 7.60 (t, 1H, 3J = 7.0 Hz, Ar4H), 7.49 
(dd, 2H, 3J = 8.0 Hz, 3J = 7.0 Hz, Ar3H), 6.91 (dd, 1H, 3J = 17.0 Hz, 3J31P-1H = 19.2 
Hz, CHCHPO3Et2), 4.1-4.2 (m, 4H, CH2CH3), 1.3-1.4 (m, 6H, CH2CH3). 
 
Diethyl 6-phenyl-2,2'-bipyridin-4-ylphosphonate, 7. A suspension of 6 (0.74 g, 
2.75 mmol), NH4OAc (2.3 g, 30 mmol), and (2-pyridinylcarbonyl)pyridinium 
iodide (1.02 g, 3.1 mmol) in MeOH (20 mL) was heated under reflux for 3 h. The 
resulting suspension was filtered over SiO2 (ethyl acetate + 2% NEt3) and 
evaporated to dryness. The resulting oil was heated in vacuo to 75 °C for 2 h, 
and purified by column chromatography on SiO2 (ethyl acetate : pentane = 1 : 1, 
v/v), yielding the product as a colorless oil (0.63 g, 63%) 
1H NMR (400 MHz, CDCl3): δ 8.66 (d, 1H, 3J31P-1H = 14.0 Hz, Ar5'H), 8.59 (d, 1H, 
3J = 4.4 Hz, Ar6''H), 8.51 (d, 1H, 3J = 8.0 Hz, Ar3''H), 8.10 (d, 1H, 3J31P-1H = 14.4 
Hz, Ar2H), 8.09 (d, 2H, 3J = 7.6 Hz, Ar3'H), 7.71 (dd, 1H, 3J = 8.0 Hz, 3J = 7.6 Hz, 
Ar4''H), 7.40 (dd, 2H, 3J = 7.6 Hz, 3J = 7.2 Hz, Ar3H), 7.33 (t, 1H, 3J = 7.2 Hz, 
Ar4H), 7.20 (dd, 1H, 3J = 7.2 Hz, 3J = 4.4 Hz, Ar5''H), 4.12 (m, 4H, CH2CH3), 1.12 
(m, 6H, CH2CH3). 13C NMR (100 MHz, CDCl3): δ 156.6 (2J31P-13C = 13 Hz), 156.1 
(2J31P-13C = 13 Hz), 155.2, 149.0, 139.1 (1J31P-13C = 185 Hz), 138.1, 136.7, 129.4, 
128.6, 126.8, 124.0, 121.7 (3J31P-13C = 10 Hz), 121.2, 120.5 (3J31P-13C = 10 Hz), 62.5 
(2J31P-13C = 6 Hz), 16.2. 31P NMR (162 MHz, CDCl3): δ 16.5 (1J31P-13C = 185 Hz). 
Anal. Calcd for C20H21N2O3P: C, 65.21; H, 5.75; N, 7.60. Found: C, 65.29; H, 5.81; 
N, 7.53. 
 
[Ru(Et2O3P-N^C^N)(tpy)](PF6), [1]+. A suspension of [RuCl3(tpy)] (140 mg, 
0.31 mmol) and AgBF4 (195 mg, 0.99 mmol) in acetone (40 mL) was heated 
under reflux for 2 h. The resulting suspension was filtered, and the purple 
solution concentrated in vacuo. The solid was dissolved in n-BuOH (40 mL), 5 
(175 mg, 0.47 mmol) was added, and the mixture heated under reflux for 20 h. 
After cooling down, the solution was filtered over celite, the product 
precipitated by addition of an excess of aqueous KPF6 solution, and collected by 
filtration. The product was collected through the filter with acetone, and 
purified by column chromatography on SiO2 (MeCN : H2O : 1M NaNO3 = 18 : 1 
: 1, v/v), yielding the product as a red solid (180 mg, 68%). 
1H NMR (400 MHz, CD3CN): δ 8.77 (d, 2H, 3J = 8.0 Hz, D3,5), 8.56 (d, 2H, 3J31P-

1H = 13.2 Hz, A3,5), 8.44 (d, 2H, 3J = 8.0 Hz, C3), 8.32 (t, 1H, 3J = 8.0 Hz, D4), 8.28 
(d, 2H, 3J = 8.0 Hz, B3), 7.72 (dd, 2H, 3J = 8.0 Hz, 3J = 7.6 Hz, C4), 7.67 (dd, 2H, 3J 
= 8.0 Hz, 3J = 7.6 Hz, B4), 7.13 (d, 2H, 3J = 5.6 Hz, B6), 7.08 (d, 2H, 3J = 5.6 Hz, 
C6), 6.95 (dd, 2H, 3J = 7.6 Hz, 3J = 5.6 Hz, C5), 6.74 (dd, 2H, 3J = 7.6 Hz, 3J = 5.6 
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Hz, B5), 4.29 (m, 4H, CH2CH3), 1.46 (t, 6H, 3J = 7.0 Hz, CH2CH3). 13C NMR (100 
MHz, CD3CN): δ 230.8 (A1), 168.5 (B2), 159.8 (C2), 155.6 (C6), 153.5 (D2,6), 152.9 
(B6), 143.8 (A2,6, 3J31P-13C = 17 Hz), 136.6 (B4), 136.4 (C4), 134.1 (D4), 127.3 (C5), 
126.2 (A3,5, 2J31P-13C = 11 Hz), 124.6 (C3), 123.5 (D3,5), 123.2 (B5), 121.0 (B3), 
120.2 (D4A4, 1J31P-13C = 193 Hz), 63.2 (CH2CH3 2J31P-13C = 5 Hz), 16.9 (CH2CH3). 
31P NMR (162 MHz, CD3CN): δ 22.5 (1J31P-13C = 193 Hz), -143.4 (1J31P-19F = 707 
Hz). 
 
[Ru(Et2O3P-C^N^N)(tpy)](PF6), [2]+. A suspension of [RuCl3(tpy)] (152 mg, 
0.34 mmol), 7 (150 mg, 0.41 mmol), and N-methylmorpholine (10 drops) in 
aqueous MeOH (1 : 1, v/v, 60 mL) was heated under reflux for 18 h. After 
cooling down, the solution was filtered over celite. The product was 
precipitated by the addition of an excess aqueous KPF6 and removal of acetone 
in vacuo. The product was isolated by filtration and collected through the filter 
with acetone. The product was purified by column chromatography on SiO2 
(MeCN : H2O : 1M NaNO3 = 18 : 1 : 1, v/v) and Al2O3 (CH2Cl2 : MeCN = 1 : 1, 
v/v), yielding the product as a purple solid (134 mg, 46%). 
1H NMR (400 MHz, CD3CN): δ 8.62 (d, 2H, 3J = 8.0 Hz, E3,5), 8.60 (d, 1H, 3J31P-

1H = 13.2. Hz, B5), 8.58 (d, 1H, 3J = 8.0 Hz, C3), 8.42 (d, 1H, 3J31P-1H = 13.2 Hz, 
B3), 8.40 (d, 2H, 3J = 8.0 Hz, D3), 8.10 (t, 1H, 3J = 8.0 Hz, E4), 7.93 (d, 1H, 3J = 7.6 
Hz, A3), 7.87 (dd, 1H, 3J = 8.0 Hz, 3J = 7.6 Hz, C4), 7.74 (dd, 2H, 3J = 8.0 Hz, 3J = 
7.6 Hz, D4), 7.51 (d, 1H, 3J = 5.2 Hz, C6), 7.36 (d, 2H, 3J = 5.6 Hz, D6), 7.11 (dd, 
1H, 3J = 7.6 Hz, 3J = 5.2 Hz, C5), 7.01 (dd, 2H, 3J = 7.6 Hz, 3J = 5.6 Hz, D5), 6.77 
(dd, 1H, 3J = 7.6 Hz, 3J = 6.8 Hz, A4), 6.57 (dd, 1H, 3J = 7.6 Hz, 3J = 6.8 Hz, A5), 
5.79 (d, 1H, 3J = 7.6 Hz, A6), 4.35 (m, 4H, CH2CH3), 1.48 (t, 6H, 3J = 7.0 Hz, 
CH2CH3) 13C NMR (100 MHz, CDCl3): δ 185.0 (A1), 165.0 (B2, 3J31P-13C = 14 Hz), 
157.8 (D2), 156.8 (C2), 155.2 (B6, 3J31P-13C = 15 Hz), 153.9 (E2,6), 151.8 (C6), 151.7 
(D6), 147.4 (A2), 138.4 (C4),135.9 (D4), 135.7 (B4, 1J31P-13C = 187 Hz),135.7 (A6), 
130.4 (E4), 130.1 (A5), 127.3 (C5), 127.0 (D5), 126.1 (A3), 124.7 (C3), 124.0 (D3), 
123.1 (E3,5), 122.4 (A4), 121.0 (B5, 2J31P-13C = 10 Hz), 120.0 (B3, 2J31P-13C = 10 Hz), 
64.1 (2J31P-13C = 6 Hz), 16.9. 31P NMR (162 MHz, CD3CN): δ 15.8 (1J31P-13C = 187 
Hz), -143.5 (1J31P-19F = 706 Hz). Anal. Calcd for C35H31F6N5O3P2Ru: C, 49.65; H, 
3.69; N, 8.27. Found: C, 49.78; H, 3.62; N, 8.22. 
 
[PtCl(Et2O3P-N^C^N)], [3]. A solution of 5 (28 mg, 0.08 mmol) and K2PtCl6 (33 
mg, 0.08 mmol) in aqueous MeCN (1 : 3, v/v, 8 mL) was heated under reflux for 
3 days. After cooling the red solution down to room temperature, the resulting 
yellow solution was dried in vacuo. The dark solid was dissolved in DMSO (0.5 
mL), and precipitated with water (30 mL). The yellow solid was washed with 
Et2O (50 mL), yielding the product as a yellow solid (15 mg, 72%). 
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1H NMR (400 MHz, DMSO-d6): δ 9.14 (d, 2H, 3J = 4.8 Hz, 3J195Pt-1H = 38 Hz, B6), 
8.32 (d, 2H, 3J = 7.6 Hz, B3), 8.23 (dd, 2H, 3J = 7.6 Hz, 3J = 7.6 Hz, B4), 8.02 (d, 
2H, 3J31P-1H = 13.2 Hz, A3,5), 7.61 (dd, 2H, 3J = 7.6 Hz, 3J = 4.8 Hz, B5), 4.00-4.10 
(m, 4H, CH2CH3), 1.25-1.35 (m, 6H, CH2CH3). 13C NMR (100 MHz, DMSO-d6): 
δ 166.1, 165.4, 151.4, 140.9 (2J31P-13C = 17 Hz), 140.7, 127.5 (3J31P-13C = 12 Hz), 
124.8, 122.7 (1J31P-13C = 190 Hz), 121.3, 61.7 (2J31P-13C = 5 Hz), 16.2. 31P NMR (162 
MHz, DMSO-d6): δ 20.6 (1J31P-13C = 190 Hz). 195Pt NMR (64 MHz, DMSO-d6): δ 
3574. 
 
X-ray structure determination of [1](PF6). X-ray data were collected on a Nonius 
KappaCCD diffractometer (Rotating anode, graphite monochromator, MoKα, λ 
= 0.71073 Ǻ, θ(max) = 25º, 150 K). Dark red plate, orthorhombic, P212121, a = 
9.0085(4), b = 17.427(2), c = 21.7456(18) Å, V = 3413.9(5) Å3, Z = 4, d(calc) = 1.647 
g/cm3. The structure is incommensurate with a Q-vector of 0.43 along (0 0 1). 
The reported structure was solved with DIRDIF9943 using the main reflections 
only. Refinement with SHELXL-9744 converged at R = 0.0454 for 5073 reflections 
with I > 2 σ(I), wR2 = 0.1091 for all 6011 reflections, S = 1.036, 528 parameters. 
Both the PF6 anion and the chains on P1 were included in the refinement with a 
disorder model (0.56:0.44 and 0.56:0.48 respectively). Hydrogen atoms were 
taken into account at calculated positions and refined riding on their carrier 
atoms. The ORTEP illustration and structure checking were done with 
PLATON45 
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Image taken with the X-ray Hinode telescope in the very short wavelength 
band between 0.1-0.8 nm. It shows the structure and dynamics of the 
corona over a wide range of temperatures and a broad field of view. 
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Abstract 

To investigate the consequences of cyclometalation for electronic 
communication in dinuclear ruthenium complexes, a series of 2,3,5,6-tetrakis(2-
pyridyl)pyrazine (tppz) bridged mono- and di-organoruthenium complexes 
was prepared and studied. These complexes have a central tppz ligand bridging 
via nitrogen-to-ruthenium coordination bonds, while each ruthenium atom also 
binds either a monoanionic, N,C,N'-terdentate 2,6-bis(2'-pyridyl)phenyl (R-
N^C^N) ligand or a 2,2':6',2''-terpyridine (tpy) ligand. The N,C,N'-, i.e. 
biscyclometalation, instead of the latter N,N',N''-bonding motif significantly 
changes the electronic properties of the resulting complexes. Starting from well-
known [{Ru(tpy)}2(μ-tppz)]4+ (tpy = 2,2':2'',6-terpyridine) ([3]4+) as a model 
compound, the complexes [{Ru(R-N^C^N)}(μ-tppz){Ru(tpy)}]3+ (R-N^C(H)^N 
= 4-R-1,3-dipyridylbenzene, R = H ([4a]3+), CO2Me ([4b]3+)), and [{Ru(R-
N^C^N)}2(μ-tppz)]2+, (R = H ([5a]2+), CO2Me ([5b]2+)) were prepared with one 
or two N,C,N'-cyclometalated terminal ligands. The oxidation and reduction 
potentials of cyclometalated [4]3+ and [5]2+ are shifted negatively compared to 
non-cyclometalated [3]4+, the oxidation processes being affected more 
significantly. Compared to [3]4+, the electronic spectra of [5]2+ display large 
bathochromic shifts of the main MMLCT transitions in the visible spectral 
region with low-energy absorptions tailing down to the NIR region. One-
electron oxidation of [3]4+ and [5]2+ gives rise to low-energy absorption bands. 
The comproportionation constants and NIR band shape correspond to 
delocalized Robin-Day class III compounds. According to TD-DFT calculations 
the NIR band is indeed a class III charge resonance transition for [3]5+, although 
a significant LMCT component is present. In [5]3+ the NIR band is best 
described as LMCT. The nature of the metal-based LUSO in [3]5+ and [5]3+ is 
determined by the unoccupied tppz based levels, whereas the order of the 
occupied metal levels is determined by the influence of the cyclometalated 
ligand. Complexes [4a]3+ (R = H) and [4b]3+ (R = CO2Me) also exhibit strong 
electronic communication, and notwithstanding the large redox-asymmetry the 
visible absorption is assigned an MMLCT character. The potential of the first, 
ruthenium-based, reversible oxidation process is strongly negatively shifted. 
On the contrary, the second oxidation is irreversible and cyclometalated ligand-
based. Upon one-electron oxidation, a weak and low-energy absorption arises 
that is attributed a LMCT character. 
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1 Introduction 

Polynuclear metal complexes exhibiting intermetallic electronic coupling in 
mixed valence states have been an actively studied class of coordination 
compounds for decades.1-7 This permanent and recently strongly growing 
interest stems from the need to intimately understand factors that influence the 
degree and mechanism of electronic communication and its implications, e.g. 
for optical electron transfer. Possible applications are abundant, ranging from 
molecular electronics,8-11 bioinorganic chemistry12, 13 to aerospace.14  

The archetypical example of a dimetallic complex exhibiting strong 
intermetallic coupling is the pyrazine-bridged diruthenium Creutz-Taube 
complex [{Ru(NH3)5}2(μ-pyrazine)].15-17 The extent of the effective electronic 
communication between the metal centers is strongly dependent on the nature 
of the bridging ligand. Several other factors exert an influence on the coupling, 
such as the nature of the metal centers and the ancillary ligands. As a result 
many examples of diruthenium complexes exist, with a variety of bridging 
ligands, coordinated in mono-, bi-, or tridentate fashion.2 For its resemblance of 
the pyrazine bridging ligand in the Creutz-Taube complex, 2,3,5,6-tetrakis(2-
pyridyl)pyrazine (tppz)18 has been used in several studies.9, 10, 19-29 The 
bis(tridentate) coordination of tppz facilitates purification and analysis of the 
resulting complexes, since no diastereomers or enantiomers are formed, as is 
the case with diruthenium complexes containing bis(bidentate) bridging 
ligands. Although tppz is non-planar when coordinated in bridging mode, it 
supports significant electronic communication. 

We have recently demonstrated that the class of cyclometalated bridging 
ligands which contain a covalent bond between the metal center and a formally 
anionic carbon donor atom, are of particular interest. Complexes such as 
[(Ru(ttpy))2(μ-tpbp)](PF6)2 (ttpy = 4'-tolyl-2,2':6',2''-terpyridine; tpbpH2 = 
3,3',5,5'-tetrakis(2''-pyridyl)biphenyl),30-32 [(Ru(tpy))2(μ-L1)](PF6)2 (tpy = 
2,2':6',2''-terpyridine; L1H2 = 3,3',5,5'-tetrakis[(dimethylamino)methyl]biphenyl), 
33, 34 and its phosphorus congener [(Ru(tpy))2(μ-L2)](PF6)2 (L2H2 = 3,3',5,5'-
tetrakis[(diphenylphosphino)methyl]biphenyl)35 exhibit enhanced metal-metal 
interaction, compared to their non-metalated analogues. The covalent carbon-
to-metal bond in these complexes results in a significant contribution of the 
ligand to the highest occupied molecular orbital (HOMO) of the complexes. 
This contribution can in some cases be pronounced to such an extent that the 
NIR transitions observed in the mixed valence state may be better described as 
metal-to-ligand charge transfer (MLCT) rather than intervalence charge transfer 
(IVCT).35 

In order to address the influence of the strong σ-donor on the electronic 
properties of dimetallic ruthenium complexes we focused our attention on 
complexes containing the all-nitrogen donor atom bridging ligand tppz and 
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introduced cyclometalating peripheral ligands. With the well-defined and 
stable reference complex [(Ru(tpy))2(μ-tppz)](PF6)4, [3]4+ in mind, we prepared 
novel species [{Ru(R-N^C^N)}2(μ-tppz)](PF6)2 (R-N^C(H)^N = 4-R-2,6-
dipyridylbenzene, R = H ([5a]2+), CO2Me ([5b]2+)), Scheme 1. We show that 
cyclometalation of the peripheral ligands significantly changes the electronic 
properties of the ruthenium center, while leaving the overall geometry of the 
complex intact. As the generation of an electronic gradient by optical excitation 
can be beneficial for the application of electron transfer processes in redox-
unsymmetrical dimetallic compounds,36-39 we also prepared the intermediate 
complexes [4a]3+ and [4b]3+, being cyclometalated at one ruthenium site only. 
Results of spectroscopic and spectroelectrochemical investigations of the series 
are supported by TD-DFT calculations. 

 

2 Results 

2.1 Synthesis 

The previously reported complexes [1]2+ and [3]4+ were prepared stepwise 
starting from uncoordinated 2,3,5,6-tetrakis(2-pyridyl)pyrazine (tppz), Scheme 
1. Their NMR spectra, electronic absorption spectra and redox data agree well 
with those previously reported in literature.27, 28, 36 The ligands 1,3-di(2-
pyridyl)benzene, H-N^C(H)^N, and methyl 3,5-di(2-pyridyl)benzoate, MeO2C-
N^C(H)^N, were prepared according to literature procedures.40, 41 For the 
cyclometalated complexes [2]+, [4a]3+ , [4b]3+, [5a]2+, and [5b]2+ we adopted a 
stepwise synthetic procedure starting from tppz. From the work of Pfeffer et 
al.42 it is known that the dimer [{RuCl2(η6-C6H6)}2(μ-Cl)2] reacts with 2-
phenylpyridine, C(H)^N, in MeCN in the presence of NaOH and KPF6 to yield 
the corresponding bidentate C,N-cyclometalated complex, where the π-bound 
benzene can be replaced by MeCN upon irradiation. The product can be further 
reacted with 2,2'-bipyridine (bpy) to yield the corresponding complexes 
[Ru(C^N)(bpy)(MeCN)2](PF6).43, 44 

Indeed, [{RuCl2(η6-C6H6)}2(μ-Cl)2] reacts with MeO2C-N^C(H)^N in MeCN 
solution in the presence of NaOH and KPF6 to yield a tridentate coordinated 
complex, [6b]+, Scheme 2. The 1H NMR spectrum in MeCN shows the five 
aromatic resonances expected for the symmetrically coordinated ligand. In [6b]+ 
the π-bound benzene is already replaced by MeCN, without the need for 
irradiation. In the MeCN solution a minor congener, [7b]+, is present which 
shows the same high degree of symmetry as [6b]+. However, in DCM [7b]+ is 
the major species, and corresponding to the loss of one MeCN ligand as judged 
from the appearance of one molar equivalent of free MeCN in solution. Both 
[6b]+ and [7b]+ can be  reacted with either tppz, [1]2+ or [2b]+ to yield the 
corresponding  complexes  [2b]+,  [4b]3+,  and  [5b]2+  in  moderate  yields.  Slow 
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Scheme 1. Synthesis and NMR numbering of [1]2+-[5]2+. i) [RuCl3(tpy)], NEt3, H2O / EtOH, 
reflux, ii) [RuCl3(tpy)], ethylene glycol, reflux, iii) [Ru(R-N^C^N)(MeCN)3](PF6), DMF, reflux. 
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Scheme 2. Synthesis of [2a]+ and [2b]+. i) NaOH, KPF6, MeCN, 45 °C, 15 h, ii) DMF, reflux 3 
h. 
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distillation of Et2O into a MeCN solution of [6b]+ yielded crystals suitable for X-
ray diffraction analysis (Figure 1). The molecular structure shows the presence 
of three coordinated MeCN molecules, vide infra. 

When [{RuCl2(η6-C6H6)}2(μ-Cl)2] is reacted with the parent N^C(H)^N 
ligand, a complex reaction mixture is obtained, as evidenced by 1H NMR 
spectroscopy. Although the exact composition of this mixture remained largely 
unknown, it contained most likely species in which the N^C^N ligand is bound 
as bidentate C,N-cyclometalated at either the 1- or 3-positions of the phenyl 
ring, in addition to the desired tridentate N,C,N'-coordinated products [6a]+ 
and [7a]+. When this mixture is subsequently reacted with either tppz or [1]2+, 
the mono- and diruthenium complexes [2a]+ and [4a]3+, respectively, are 
obtained in varying yields. The diruthenium complex [5a]2+ was prepared by a 
microwave-assisted reaction of [(RuCl3)2(μ-tppz)] with N^C(H)^N in ethylene 
glycol in the presence of N-methylmorpholine as sacrificial reductant. 

 
2.2 Molecular Structures in the Solid State 

The molecular structure of [Ru(MeO2C-N^C^N)(MeCN)3](PF6) is depicted in 
Figure 1, and selected bond lengths and angles are given in Table 1. The 
structure shows the expected tridentate-coordinated MeO2C-N^C(H)^N ligand, 
and three coordinated MeCN molecules in a mer-arrangement. The outer 
pyridyl nitrogen-to-ruthenium bonds of 2.092(5) and 2.091(5) Å, respectively, 
are in the range expected for tridentate N,N',N''-coordinated ligands (2.073 ± 
0.023 Å).45 The N–Ru–N bite angle of 159.5(2)° is also in the range observed for 
tridentate N,N',N''-bonded ligands (158.3 ± 1.05°).45 The ruthenium-to-carbon 
bond (1.925(6) Å) is relatively short compared to the bidentate C,N-
cyclometalated complex [Ru(C^N)(MeCN)4](PF6) (2.014(6) Å),46 and the 
tridentate N,C,N'-cyclometalated bis(o-diamine) complex [RuI(2,6-
(Me2NCH2)2C6H3)(PPh3)] (1.967(2) Å).47 The axially coordinated MeCN 
molecules have nitrogen-to-ruthenium bond distances of 2.023(5) Å and 2.007(5) 
Å, close to the average value for this bond found in the Cambridge Structural 
Database (2.064 Å, SD = 0.051 Å).45 However, the meridional MeCN ligand 
exhibits a much longer ruthenium-to-nitrogen distance of 2.164(5) Å. The same 
effect is observed in [Ru(C^N)(MeCN)4](PF6), with a nitrogen-to-ruthenium 
bond length of 2.148(6)-2.153(6) Å for the MeCN ligand trans to the anionic ipso 
carbon. The strong σ-donor properties of the monoanionic carbon center result 
in a weaker bonding of the meridional MeCN ligand, which in the present case 
results in the reversible loss of this ligand in dichloromethane solution, i.e. in 
the formation of [7b]+. 
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Figure 1. Displacement ellipsoid plot (50% probability level) of the [Ru(MeO2C-
N^C^N)(MeCN)3] cation [6b]+. The disordered PF6

– counteranion has been omitted for clarity. 

Table 1. Selected bond lengths (Å) and angles (°) for [Ru(MeO2C-N^C^N)(MeCN)3](PF6), 
[6b](PF6). 

Ru1-C6 1.925(6) Ru1-N3 2.023(5) 

Ru1-N1 2.092(5) Ru1-N4 2.164(5) 

Ru1-N2 2.091(5) Ru1-N5 2.007(5) 

 
2.3 1H NMR spectroscopy 

The 1H NMR spectra of [1]2+ - [5]2+ are consistent with the structures as 
proposed in Scheme 1. As a representative example the 1H NMR spectrum and 
two dimensional COSY spectrum of [4a]3+ are displayed in Figure 2, showing 
the expected 20 unique resonances. All resonances have been assigned 
unequivocally with the aid of COSY and NOESY experiments. In [4a]3+ the 
resonances of the protons on terminal H-N^C^N and tpy ligands are very 
dissimilar. The resonance patterns for [3]4+ and [5a]2+ are comparable with 
those observed for the non-metalated and cyclometalated sides of [4a]3+, 
respectively. The tpy protons F3,5 and F4, are found at 8.89 and 8.58 ppm, 
respectively, which is normal for [Ru(tpy)2] type complexes. The corresponding 
H-N^C^N protons A3,5 and A4, on the other hand, are found at 8.41 and 7.66 



 162 

162 

ppm, respectively, being strongly upfield shifted. Similarly, the resonance of E5 
on the H-N^C^N ligand is found at 7.35 ppm, being shifted upfield compared 
to the corresponding resonance of B5 in the tpy ligand found at 6.80 ppm. The 
upfield shift of the resonances in H-N^C^N compared to the tpy ligand reflects 
the increased electron density on the cyclometalated ligand. To a lesser extent 
differences are observed between the pyridyl rings of the bridging tppz ligand 
when coordinated to the cyclometalated ruthenium center or the non-metalated 
center. While the resonance of C3 is shifted downfield compared to D3, the 
other resonances are shifted upfield. Similar but smaller differences between 
the chemical shifts of the protons on the cyclometalated and non-metalated 
ruthenium moiety are observed in [4b]3+. The 13C resonance of the ipso carbon 
nucleus is found at 227.4 ppm for [4b]3+, and 217.6 ppm for [4a]3+. 

 

ppm7.07.27.47.67.88.08.28.48.68.89.0  

Figure 2. Aromatic region of the 1H NMR spectrum (left) and 1H-1H COSY spectrum (right) of 
[4a]3+ in CD3CN solution. Correlations highlighted in the bottom part correspond to the tppz 
bridging ligand, correlation in the upper part to the tpy and H-N^C^N ligand. The bold lines 
correspond to the central phenyl (high field) and pyridine (low field) rings in the H-N^C^N and 
tpy ligand, respectively. 

2.4 Electrochemistry 

Electrochemical data are collected in Table 2, and representative cyclic 
voltammograms are shown in Figure 3. In polypyridine complexes of 
ruthenium(II), the anodic processes are predominantly ruthenium-based, while 
the cathodic processes are ligand-based.48-50 The anodic process is negatively 
shifted by 760 and 640 mV for [2a]+ and [2b]+ compared to [1]2+, respectively. 
Similar potential shifts are reported for various bis(terpyridine)-type N,C,N'- 
and C,N,N'-cyclometalated ruthenium complexes.32, 51, 52 Somewhat larger 
shifts are observed for [5a]2+ and [5b]2+, viz. 810 and 700 mV compared to [3]4+, 
respectively. 
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Figure 3 Cyclic voltammograms of [3]4+, [4b]3+, and [5b]2+. Experimental parameters given in 
Table 2. 

Table 2. Electrochemical dataa for [1]2+ - [5]2+ and relevant tppz bridged complexes from 
literature. 

  E1/2 (V) (ΔEp (mV))   

Compound Ru'II/Ru'III RuII/RuIII tppz/tppz• – tppz• –/tppz2- tpy/tpy• – ΔE1/2(ox)b 

[1]2+  1.02 (64) -1.36 (62)  -1.79 (66)  

[2a]+  0.26 (62) -1.59 (59)    

[2b]+  0.38 (63) -1.56 (62)    

[3]4+ 1.35 (86) 1.03 (74) -0.76 (59) -1.25 (61) -1.83 (113) 320 

[4a]3+
 
c 1.19d 0.38 (62) -0.96 (58) -1.44 (63) -1.85 (64)  

[4b]3+ 1.21d 0.49 (63) -0.93 (60) -1.41 (59) -1.84 (69)  

[5a]2+ 0.49 (62) 0.21 (57) -1.14 (58) -1.61 (62)  280 

[5b]2+ 0.66 (61) 0.33 (56) -1.08 (56) -1.56 (59)  330 

[{RuCl(L)}2(μ-
tppz)]e, f 

0.34 (85) 0.08 (90) -1.19 (70) -1.72 (97)  260 

[{RuCl(bpy)}2(μ-
tppz)]2+ f, g 

0.90 0.61 -0.95 -1.45  290 

a Data collected in MeCN with [n-Bu4N]PF6 as supporting electrolyte at 100 mV/s; potentials reported relative vs. 
ferrocene/ferrocenium (Fc/Fc+) used as internal reference. b Separation between the two successive RuII/RuIII couples 
(E1/2(ox2) – E1/2(ox1)). c Third, chemically irreversible anodic wave observed at Ep,a = 1.45 V. d Chemically irreversible, 
Ep,a reported. Localized probably on the orthometalated ligand. e L = 2-(2-pyridyl)benzimidazolate.24 f Reported in the 
literature against SCE, the Fc/Fc+ couple found at 0.35 V vs SCE.53, 54 g bpy = 2,2'-bipyridine.25 

The electrochemistry of [3]4+ has been reported elsewhere. The separation of 
the oxidation waves (ΔE1/2(ox) = E1/2(ox2) – E1/2(ox1)) is a result of strong 
electronic communication between the two ruthenium centers across the tppz 
bridging ligand.21, 28 The value of ΔE1/2(ox) = 0.320 mV in the present study 
agrees with the reported value of 310 mV that was also obtained for [3]4+ in 
MeCN.28 The present value corresponds to a comproportionation constant Kc = 
2.6·105 for [3]5+ as calculated from RTlnKc = nF(ΔE1/2(ox)). For [5a]2+ and [5b]2+ 
the ΔE1/2(ox) values of 0.28 V and 0.33 V, respectively, correspond to Kc = 5.4 × 
104 for [5a]3+ and Kc = 3.8 × 105, for [5b]3+. 
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The redox-unsymmetrical complexes [4a]3+ (R = H) and [4b]3+ (R = CO2Me) 
show a reversible initial one-electron oxidation process assigned to the 
cyclometalated RuII/RuIII couple. The anodic process is negatively shifted by 
650 and 540 mV for [4a]3+ and [4b]3+, respectively, compared to [3]4+. The 
second oxidation step is chemically irreversible. The difference between the 
anodic electrode potentials reflects the redox-asymmetry between the two 
ruthenium centers. 

The bridging tppz ligand is a well-known redox active center, being reduced 
at fairly low potentials due to its strong π-acidity. In dimetallic complexes tppz 
usually accommodates two electrons before the terminal ligands are reduced.22-

25, 28 UV-vis-NIR spectroelectrochemical measurements with complexes [3]4+ 
and [4a]3+ were performed at room temperature using an optically transparent 
thin-layer electrochemical (OTTLE) cell55 to obtain accurate reference electronic 
absorption spectra of the complexes in several oxidation states. Electrochemical 
reduction experiments were performed in THF:MeCN 3:1 (v/v) to ensure 
solubility of the species in the various oxidation states. The results support the 
assignment of the reduction processes as in Table 2. In the course of the 
electrolyses, and stepwise chemical oxidation (vide infra), sharp isosbestic 
points are maintained. Upon the reversible one-electron reduction of complexes 
[3]4+ and [4a]3+, a weak low-energy band appears around 1100 nm, typical for 
the radical anion of bridging tppz.20, 23, 24 Upon further reduction to [3]2+ and 
[4a]+, this band is replaced by bands typical for the bridging tppz2– 
chromophore.20, 24 Further two-electron reduction of [3]2+ and one-electron 
reduction of [4a]+ result in the appearance of bands associated with the radical 
anion of tpy.56 Reduction of [5a]2+ was irreversible under the experimental 
conditions. 
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Figure 4. Electronic absorption spectra of [1]2+, [2a]+, [3]4+, [4a]3+, and [5a]2+ in MeCN. 
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Table 3. Electronic absorption spectra of complexes [1]2+ - [5]2+ and reference compounds in 
MeCN. 

Complex λmax (nm) (ε (103 M-1cm-1)a) 

[1]2+ 472 (17.1), 353 (sh), 309 (56.9), 271 (40.9) 

[2a]+ 511 (18.0), 403 (sh), 333 (41.4), 285 (53.0), 245 (52.0) 

[2b]+ 506 (18.2), 400 (sh), 333 (47.8), 284 (64.5), 243 (43.0) 

[3]4+ 667 (sh), 547 (37.3), 373 (34.1), 331 (37.1), 298 (72.9), 272 
(55.2) 

[4a]3+ 768 (sh), 603 (33.0), 461 (15.2), 367 (40.0), 333 (36.4), 285 
(76.1), 242 (61.1) 

[4b]3+ 760 (sh), 597 (39.2), 460 (14.5), 369 (42.5), 332 (43.5), 283 
(93.3), 241 (56.6) 

[5a]2+ 1050 (1.9), 900 (2.5), 622 (45.2), 470 (sh), 392 (sh), 351 (41.5), 
286 (88.9), 244 (74.3) 

[5b]2+ 990 (1.5), 866 (sh), 614 (44.1), 467 (sh), 382 (sh), 345 (45.9), 
284 (109.4), 242 (63.5) 

[(RuCl(L))2(μ-tppz)]b 625 (19.0), 347 (50.4), 248 (46.1) 

[(RuCl(bpy))2(μ-tppz)]2+ b 598 (30.3), 436 (15.4) 
a sh = shoulder. b Ref 24 c Ref 25 

2.5 Electronic Absorption Spectroscopy 

The electronic absorption spectra of [1]2+, [2a]+, [3]4+, [4a]3+, and [5a]2+ (R = 
H) are depicted in Figure 4, and the spectral data for the entire series are listed 
in Table 3. All complexes exhibit strong absorptions in the UV region, assigned 
as intraligand π-π* transitions.19, 48-50 The visible absorption features are 
generally assigned to metal-to-ligand charge transfer (MLCT) transitions, in line 
with the ruthenium-based oxidation and ligand-based reductions. For the 
monoruthenium complexes, the transitions originate from the single ruthenium 
center and the resulting excited state resides on the easily reducible tppz ligand. 
Destabilization of the ruthenium based levels due to the cyclometalation in 
[2a]+ results in a bathochromic shift of the MLCT band compared to [1]2+. 
Coordination of a second ruthenium-tpy center to the bridging tppz results in a 
strong bathochromic shift for [3]4+ compared to [1]2+, and for [5a]2+ compared 
to [2a]+, mainly as a result of the stabilized tppz acceptor states. Introduction of 
the second ruthenium moiety results in an approximately doubling of the molar 
absorption coefficient of the MLCT feature. Similar to the mononuclear 
complexes, cyclometalation causes red shifts of the main visible transition in 
[5a]2+ compared to [3]4+, with low-energy features extending down to 1100 nm. 
The visible absorption of the redox-asymmetric complex [4a]3+ is also shifted 
toward the low-energy region compared to [3]4+, but to a lesser extent than 
[5a]2+. The ester moiety in [2b]+, [4b]3+, and [5b]2+ results in a small blue shift of 
the visible absorption band compared to [2a]+, [4a]3+, and [5a]2+. 
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Figure 5. UV-vis spectra of a) [3]4+ (left), b) [4a]3+ (middle), and c) [5a]2+ (right) in MeCN 
(line). Excitations predicted by TD-DFT in vacuo are shown as black bars. Inset: orbital energy 
diagrams (occupied and unoccupied MOs represented by black and gray lines, respectively). 

Table 4. Major low-energy transitions calculated by TD-DFT for [3]4+ - [5]2+. Wavelength 
(nm), oscillator strength (f), and associated electronic excitation. 

 λmax (exp)(nm)a No.b λmax (dft)(nm) Composition (c2)c f 

[3]4+ 547 10 524 H-1 → L+1 (0.28) 
H → L (0.054) 

0.5685 

[4a]3+ 603 15 547 H-4 → L (0.22) 
H-3 → L (0.03) 

H-2 → L+1 (0.12) 

0.3763 

[4b]3+ 597 16 549 H-6 → L (0.10) 
H-5 → L (0.08) 

H-2 → L+1 (0.12) 

0.3898 

[5a]2+ 622 11 576 H-3 → L (0.07) 
H-2 → L+1 (0.20) 
H → L+1 ( 0.06) 

0.4687 

[5b]2+ 614 11 573 H-3 → L (0.07) 
H-2 → L+1 (0.17) 
H → L+ 1 (0.10) 

0.5559 

a See Figure 5. b Number of the predicted transition. c Weight of the orbital transition component in the electronic 
excitation. 

Additionally, we investigated the nature of the lowest energy transitions 
using the time-dependent density functional theory (TD-DFT) approach. 
Calculations were performed using the B3LYP functional with the DZ Dunning 
basis set57, 58 for all atoms except for ruthenium, for which the Stuttgart RSC 
1997 ECP relativistic core potential59 was used. TD-DFT calculations were run 
on optimized geometries at the same level of theory. The experimental spectra, 
electronic transitions predicted by TD-DFT and the orbital energy diagrams of 
[3]4+, [4a]3+, and [5a]2+ are presented in Figure 5 and Table 4. A complete listing 
of electronic transitions, energy levels, and isovalue plots60 of the frontier 
molecular orbitals for [3]4+, [4a]3+, [4b]3+, [5a]2+, [5b]2+ and one-electron 
oxidized [3]5+, [4a]4+, [4b]4+, [5a]3+, [5b]3+ can be found in the Supplementary 
Information. In addition to the isovalue plots an extended Mulliken population 
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analysis61 was used in order to assign the nature of the individual orbitals, 
which can also be found in the Supplementary Information. The studied 
complexes adopt similar geometries, with the terminal ligands approximately 
perpendicular to the bridging ligand. The bridging ligand itself adopts a 
twisted conformation, with dihedral angles over the central pyrazine ring 
ranging from –13.7° to –17.7°, relieving steric hindrance between the pyridyl 
rings. 

In the symmetric complexes [3]4+ and [5a]2+, the six highest occupied 
molecular orbitals (HOMOs) correspond to linear combinations of the 
ruthenium dxy, dzx, and dyz orbitals with almost identical populations from 
each ruthenium atom (see Figure 6). We define the z-axis here as the 
longitudinal axis in the molecule and the x and y axes through the peripheral 
nitrogen atoms of the tppz and tpy ligands, respectively, Figure 6. In [3]4+, the 
HOMO is a linear combination of the dxy orbitals from each ruthenium, while in 
[5a]2+ the HOMO is a linear combination of the dzx and dyz orbitals from each 
ruthenium. The Mulliken population on the ruthenium atoms for the HOMOs 
in cyclometalated [5a]2+ is somewhat decreased compared to the non-metalated 
[3]4+. Additionally, a component localized on the cyclometalated ligand is 
present in these levels. For the redox-asymmetric complexes [4a]3+ and [4b]3+ 
the situation is more complex, Figure 8. The three HOMOs can be assigned as 
localized on the cyclometalated ruthenium, with a component on the 
cyclometalated ligand. An orbital associated with the cyclometalated ligand is 
observed as HOMO–3 in [4a]3+, and as HOMO–4 in [4b]3+. At further decreased 
energies orbitals associated with the tpy-coordinated ruthenium are found. 

The calculated electronic transitions correlate well with the experimental 
absorption spectra. One major electronic transition is predicted in the visible 
region, as well as a low-energy tail composed of multiple low-energy 
transitions. Even though the predicted transitions are consistently slightly blue-
shifted, the trend in energy [3]4+ > [4b]3+ > [4a]3+ > [5b]2+ > [5a]2+ is obeyed. In 
both [3]4+, [5a]2+, and [5b]2+ the strong visible absorption originates from a 
metal-metal-to-ligand charge transfer (MMLCT) transition involving accepting 
states of the tppz bridge. In contrast with the large redox-asymmetry, the 
transitions in [4a]3+ and [4b]3+ are also assigned an MMLCT character, with 
contribution from both the cyclometalated and non-metalated ruthenium 
centers. Transitions having almost pure cyclometalated-ruthenium-to-tppz 
MLCT character correspond to the structured low-intensity red tails. 
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Figure 6. Isovalue (value = 0.05) plots of the HOMO (bottom) and LUMO (top) of [3]4+ (left) 
and [5a]2+ (right). 

 

Figure 8. Isovalue (value = 0.05) plots of selected molecular orbitals of [4a]3+. 
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Figure 7. Isovalue (value = 0.05) of the βH-4 (bottom), βH-1 (middle) and βL (top) of one-
electron oxidized [3]5+ (left) and [5a]3+ (right). 

2.6 Spectroelectrochemistry 

One-electron oxidation of complex [3]4+ in MeCN results in partial 
disappearance of the visible MMLCT absorption. A new strong band in the NIR 
region has been assigned to a mixed-valence transition.21, 25, 26, 62, 63 One-
electron oxidation of complexes [5a]2+ and [5b]2+ with [Ce(NO3)6](NH4)2 in 
CD3CN also diminished the visible MMLCT absorptions and gave rise to a 
strong, narrow band in the NIR, Figure 9 and Table 5. The parent complexes 
could be fully regenerated by addition of ferrocene. The NIR band of [5a]3+ is 
centered at 1661 nm, with Δν1/2 = 1033 cm-1 being significantly narrower than 
predicted by the value of 3720 cm-1 calculated from the Hush formula (Δν1/2 = 
(16RTln2(λmax))1/2, R = 0.695 cm-1K-1, T = 298K, λmax = 6020 cm-1),64 applicable 
for weakly coupled, localized, class II mixed-valence systems. The NIR 
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absorption bands in [5a]3+ and [5b]3+ is, like the main NIR absorption of [3]5+, 
largely solvent independent, Table 5. 
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Figure 9. UV-vis-NIR spectra recorded during chemical oxidation of [5a]2+ to [5a]3+ Ce(IV) in 
CD3CN. The absorptions of [5a]3+ predicted by TD-DFT in vacuo are given as black bars. Inset: 
the orbital energy diagram of [5a]3+ (α left and β right), occupied and unoccupied MOs 
represented by black and gray lines, respectively. 

Table 5. IVCT transitions and TD-DFT predicted parameters for one-electron oxidized [3]5+, 
[5a]3+, and [5b]3+. 

 [3]5+ [5a]3+ [5b]3+ 

Kc 2.6 × 105 5.4 × 104 3.8 × 105 

  λmax(exp) (nm) (ε (103 M-1 cm-1)(Δν~ 1/2 (cm
-1)) )  

CD3CNa 1527 (7.6) (970)c 1661 (5.5) (1033) 1686 (7.5) (1062) 

Acetone-d6
a  1669 (4.0) (1176) 1702 (6.0) (1129) 

CD2Cl2
b 1519 (nd) (1119)d 1653 (6.2) (932) 1672 (7.5) (935) 

  λmax(dft) (nm) (f)  

Vacuum 1270 (0.169) 1160 (0.145) 1169 (0.1613) 
a Chemical oxidation performed using a [Ce(NO3)6](NH4)2 solution in the appropriate solvent. b Chemical oxidation 

performed using a SbCl5 solution in CD2Cl2. c Ref. 21 d Experiment performed in non-deuterated solvent. 

We have also used DFT calculations as an analytical tool for the one-electron 
oxidized mixed valence complexes. Contrary to the equal distribution over the 
metal centers in [3]4+, isodensity plots and Mulliken analysis of the orbitals 
reveal a non-equivalent contribution from each ruthenium center in the highest 
occupied spin orbitals (HOSOs) of [3]5+, especially for βH-3 and βH-4, see 
Figure 7. The total Mulliken populations for the individual ruthenium centers 
are nearly identical. The lowest unoccupied spin orbital (LUSO), βL, consists of 
an antisymmetric linear combination of the dyz and dzx levels with 
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delocalization over the tppz ligand, having identical contributions from both 
ruthenium centers. TD-DFT predicts an NIR transition for [3]5+ at 1270 nm, 
which is blue shifted by merely 0.16 eV compared with the experiment, 
predominantly associated with a βH-1 → βL transition. Additionally, a low 
intensity, low-energy transition is predicted at 3270 nm, originating from the 
largely ruthenium-localized orbitals βH-3 and βH-4. 

Unlike [3]5+, complex [5a]3+ shows a symmetric contribution from the 
ruthenium centers in the HOSOs, and no evidence for valence localization has 
been obtained, Figure 7. Similar to [3]5+, the βL consists of an antisymmetric 
linear combination of the dyz and dzx levels, with identical contributions from 
each ruthenium center. TD-DFT predicts an NIR transition at 1160 nm, i.e. blue 
shifted by 0.32 eV compared to the experiment, predominantly associated with 
a βH-4 → βL transition. To gain more insight into the charge transfer nature of 
these transitions, we performed a Mulliken population analysis on this excited 
state. By comparison of the total electron distribution with the ground state of 
the complex, an estimate was made of the net charge transfer of the NIR band in 
[3]5+, [5a]3+, and [5b]3+. Upon excitation into the NIR electronic transition of 
[5a]3+, the population on the tppz is reduced by 0.26 electron, being 
accompanied by an increase in the electron population on the ruthenium 
centers by 0.22 electron. For [5b]3+ virtually the same numbers have been 
obtained. In [3]3+ this charge transfer character is marginally smaller with a 
decrease of 0.22 electron on the tppz and an increase of 0.18 electron on the 
ruthenium centers. Similar to [3]5+, a very low-energy absorption is predicted 
also for [5a]3+ and [5b]3+, associated with a βH -> βL transition, however this 
band could not be observed experimentally. 

 
One-electron oxidation of complex [4b]3+ using [Ce(NO3)6](NH4)2 in MeCN 

also diminished the visible MMLCT band, albeit to a lesser extent than in the 
case of [3]5+, [5a]3+, and [5b]3+; it also shifted hypsochromically its absorption 
maximum from 614 to 523 nm, Figure 10, with a distinct shoulder visible at 650 
nm. In addition to these changes, a weak NIR feature appeared centered at 1050 
nm. Back reduction with ferrocene completely restored the UV-vis spectrum of 
parent [4b]3+. 

The ruthenium-based molecular orbitals are still localized on either one of 
the ruthenium centers in [4b]4+, although localization is less pronounced than in 
parent [4b]3+. The αH is associated with the ester group and the αH-1 largely 
resides on the cyclometalated ligand itself. The LUSO is associated with the 
cyclometalated ruthenium, having some N^C^N character. 

TD-DFT predicts a number of low intensity transitions in [4b]4+, Figure 10 
and Table 6. The lowest-lying transition (883 nm) with non-vanishing intensity 
is responsible for the broad and weak NIR absorption. The character of this 
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transition is rather complex, but mostly consists of a cyclometalated ligand-
based ligand-to-metal charge transfer (LMCT) with some ligand-centered (LC) 
character. A component with a non-metalated ruthenium-to-cyclometalated 
ruthenium charge transfer character is also present. A similar experimental and 
theoretical picture is obtained for [4a]4+ in which the low-energy transition is 
hypsochromically shifted and obscured by the LMCT shoulder, Table 6. 
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Figure 10. UV-Vis spectra recorded during the chemical oxidation of [4b]3+ to [4b]4+ with 
Ce(IV) in MeCN. The absorptions of [4b]4+ predicted by TD-DFT in vacuo are given as black 
bars. Inset: the orbital energy diagram of [4b]4+ (α left and β right), occupied and unoccupied 
MOs represented by black and gray lines, respectively. 

Table 6. Selected electronic transitions for [4a]4+ and [4b]4+ calculated by TD-DFT. 

 λmax(exp) (nm) No.a λmax(dft) (nm) Composition (c2)b f 

[4a]4+ obscured 4 840.38 βH-4 → βL (0.72) 
βH-2 → βL (0.19) 

0.0171 

 645 14 658.04 βH-6 → βL (0.72) 0.0881 

 524 29 499.66 αH-8 → αL (0.21) 
αH-2 → αL+1 (0.10) 
βH-8 → βL+1 (0.28) 

0.1076 

[4b]4+ 1050 5 883 βH-6 → βL (0.41) 
βH-4 → βL (0.14) 
βH-3 → βL (0.24) 
βH-1 → βL (0.16) 

0.0127 

 650 14 676 βH-8 → βL (0.86) 0.1336 
a Number of the predicted transition. b Weight of the orbital transition component in the electronic excitation. 
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2.7 Emission Spectroscopy 

Room temperature phosphorescence from monometallic, non-metalated [1]2+ 
has been reported at 670 nm.28, 36 The dimetallic complex [3]4+ emits at 820 nm. 
Since all studied cyclometalated complexes have a weak absorption tailing far 
into the NIR, no emission of complexes [2]2+, [4a]3+, [4b]3+, [5a]2+, and [5b]2+ 
was detected below 900 nm. 

 

3 Discussion 

3.1 Redox-symmetric complexes 

Strong σ-donation from the formally anionic carbon in [5a]2+ increases the 
electron density on the ruthenium ions, as reflected by an increase in total 
Mulliken population from 15.08 electron per metal center in [3]4+ to 15.27 
electron in [5a]2+. As a result the initial oxidation potential is negatively shifted. 
Additionally, a component on the cyclometalated ligand is present in the 
HOMOs, while the ruthenium character slightly suppressed. However, the 
HOMOs are still well described as metal-based. The electron-rich ruthenium 
centers cause an increased back donation to the bridging tppz ligand, as 
evidenced by the changing chemical shift of its protons and the negative shift of 
the initial reduction potential. The main visible absorption feature in [3]4+, 
[5a]2+, and [5b]2+ is well predicted by TD-DFT calculations and corresponds to a 
single metal-metal-to-ligand charge transfer (MMLCT) transition with equal 
contribution from each ruthenium center. The large negative shift of the 
oxidation potential (i.e. a higher HOMO energy) corresponds with the observed 
red shifts of the absorption feature. 

Substitution with the ester moiety dampens the effect of the anionic carbon 
in all cyclometalated complexes. The negative shifts of the potential of the initial 
oxidation and reduction processes are less pronounced. The corresponding red 
shift of the visible absorption features is equally smaller in [5b]2+ compared to 
[5a]2+. The upfield shift of the 1H NMR resonances for the protons on the 
peripheral ligand compared to the resonances for the non-metalated [3]4+ is 
decreased, as is the trend in the chemical shift for the bridging tppz ligand. 
Furthermore, the resonance assigned to the Cipso A1 in [5a]2+ is upfield shifted 
compared to that in the ester disubstituted complex [5b]2+, reflecting a more 
electron rich metalated carbon atom in [5a]2+. 

 
In general, ΔE1/2(ox) is used as a measure of the extent of electronic 

communication between metal centers in a redox-symmetric dinuclear 
assembly. One has to keep in mind, however, that other effects can also play a 
non-negligible role, such as the nature of the anion of the electrolyte.65-67 The 
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separation of the oxidation waves (ΔE1/2(ox) = 0.32 V) in [3]4+ is a result of the 
strong electronic communication between the two ruthenium centers across the 
tppz bridging ligand.21, 28 For [5a]2+ (0.28 V) this value is slightly decreased, 
while it is slightly increased for [5b]2+ (0.33 V). In each case, Mulliken 
population analysis did not show any localization of the metal-based levels. 
However, due the artificial preference of DFT methods for delocalization,68-70 
extreme care has to be taken in the analysis of the resulting data since 
delocalization, and hence the estimated metal-metal interaction, might be 
overestimated. It is interesting to note that a decrease in the electron density at 
the ruthenium centers in tppz bridged dimers, resulting from strongly π-acidic 
terminal ligands, has been found to result in decreased electronic coupling 
between the ruthenium centers.22, 24 This means that reduced π-back-bonding to 
the tppz, due to the competition with the terminal ligands, is perhaps 
responsible for a lower degree of electronic communication. However, the 
strongly σ-donating, weakly π-accepting, anionic cyclometalated ligands in 
[5a]2+ (R = H) and [5b]2+ (R = CO2Me) result in strong π-back-bonding to the 
tppz ligands, but do not significantly increase the comproportionation constants 
for [5a]3+ and [5b]3+ compared to [3]5+. Perhaps the increased electronic 
communication through the LUMO is likely offset by decreased communication 
through the occupied levels. As the metal levels are destabilized, the energetic 
matching with the occupied tppz levels is decreased, and a maximum 
interaction is reached. This would explain the further decrease of electronic 
communication in [5a]3+ compared to [5b]3+. 

 
The narrow IVCT band of [3]5+ is indicative of the Robin-Day class III 

behavior.71 However, some features cannot be reconciled with pure class III 
behavior,3, 21 in particular the solvatochromic, low intensity band at 2850 nm. It 
has to be noted that the terms "IVCT" and "mixed valence" are retained for class 
III compounds, although the NIR transitions do not involve net charge transfer 
and the systems are more accurately defined as "average valence" [RuIISRuIIS].64 
Even with the preference of DFT for delocalization, the Mulliken analysis of the 
orbitals reveals a non-equivalent contribution from each center, contrary to the 
symmetrical situation in [3]4+, see Figure 7. The LUSO contains identical 
contributions from each ruthenium center. Even though oxidation is indeed 
delocalized equally over both ruthenium centers, individual orbitals display 
localization. According to TD-DFT the NIR absorption is predominantly 
associated with a βH-1 → βL transition. Since both βH-1 and βL are linear 
combinations of ruthenium d-levels the transition can be seen as a transition 
between the minima of the upper and lower potential curve. However, due to 
the partial localization in the donor levels, a small charge transfer contribution 
might be present. Additionally, the association of the localized βH-3 and βH-4 
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as donor states for the lowest-energy band is in agreement with the solvent 
dependent nature of this band. 

 
Unlike [3]5+, both [5a]3+ and [5b]3+ show a symmetric contribution of the 

ruthenium centers to the HOSOs and the LUSO, and no evidence for 
localization is obtained, Figure 7. It is interesting to note that the orbital 
parentage of the LUSO is identical for [3]5+ and [5a]3+, while the nature of the 
HOMO in [3]4+ and [5a]2+ differs. The unoccupied tppz orbitals determine 
which metal orbitals are most stabilized and involved in the LUSO, resulting in 
the same nature of the LUSO in [3]5+ and [5a]3+. The order of the occupied 
metal levels, on the other hand, is determined by the HOMOs of the ligands. 
The metal orbitals that interact strongly with the anionic N^C^N ligand, and 
are consequently destabilized, constitute the HOMOs in [5a]2+ and the HOSOs 
in [5a]3+. However, these levels cannot interact significantly with the tppz-
based unoccupied orbitals in [5a]3+. The orbital acting as donor in the NIR 
transition in [5a]3+ originates from the βH-4. Surprisingly, this donor orbital is 
better described as tppz-based rather than metal-based, with a ruthenium 
population of only 37%. This orbital is not destabilized by the N^C^N ligands, 
and as a result it is relative stabile compared to the other metal levels. The 
energetic proximity of this level to tppz-based occupied levels results in 
increased interaction that decreases the metal character of the donor orbital in 
[5a]3+ compared to the donor orbital βH-1 in [3]5+. 

As a result of this change in the character of the donor state, the NIR 
transition is perhaps better expressed as a ligand-to-metal charge transfer 
(LMCT) rather than as an IVCT transition. Indeed, excitation into the NIR 
transition is accompanied by a net Mulliken population transfer from the tppz 
bridging ligand to the ruthenium centers. This transfer is slightly reduced for 
the transition in [3]5+. If the charge transfer character of the NIR absorption is 
indeed more significant in [5a]3+ and [5b]3+ than in [3]5+, it is anticipated that 
the in vacuo TD-DFT shows for this transition a larger blue shift relative to the 
experiment. Whereas the experimental energy trend is completely reproduced 
by the TD-DFT predictions for the parent complexes, it is reversed for the one-
electron oxidized complexes. However, an increased charge transfer character 
would likely result in solvatochromism of the band, but the NIR absorption in 
[5a]3+ and [5b]3+ is, like the absorption in [3]5+, solvent independent, Table 5. 

 
An interesting comparison can be made for the complex [(Ru(tpy))2(μ-L1)]2+, 

(tpy = 2,2':6',2''-terpyridine; L1H2 = 3,3',5,5'-tetra[(dimethylamino)methyl] 
biphenyl), in which the two ruthenium centers are bridged by a 
bis(cyclometalated) ligand.33, 34 Upon one-electron oxidation of this complex a 
new band arises in the NIR region, best attributed to an MLCT transition with a 
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minor LMCT component. Obviously, the bridging ligand in this complex is 
strongly involved in the formally ruthenium-based initial oxidation. The one-
electron oxidation results in a LUSO mainly localized on the bridging ligand, 
the latter acting as the acceptor state for the low-energy excitations, having thus 
a predominant MLCT character. In [5]2+, with cyclometalated terminal ligands, 
the bridging ligand is not nearly as easy to oxidize, and after the first one-
electron oxidation the LUSO is localized on the ruthenium centers, with a 
component on the peripheral cyclometalated ligands. As a result, the bridging 
tppz ligand is relatively electron-rich in [5]3+ and acts as donor site for the low-
energy excitation, which thus possesses an LMCT character. 

 
3.2 Redox-Unsymmetrical Complexes 

The singly cyclometalated complexes [4a]3+ and [4b]3+ feature an apparent 
redox-asymmetry, the initial oxidation being assigned to the cyclometalated 
ruthenium center. However, the second anodic step is not associated with the 
non-metalated ruthenium but rather with the cyclometalated ligand. This 
process is electrochemically irreversible, unlike to what is expected for a 
ruthenium-based oxidation. Furthermore, an orbital localized on the 
cyclometalated ligand is predicted by DFT at a higher energy compared to 
levels associated with the non-metalated ruthenium center, in both in the parent 
and one-electron-oxidized species. Back donation from the electron-rich 
ruthenium center shifts the initial reduction potential of the tppz ligand 
negatively, albeit to a lesser extent than for [5a]2+ and [5b]2+, as only one 
cyclometalated ruthenium center is present. The presence of a single visible 
absorption feature for [4a]3+ and [4b]3+ indicates strong electronic 
communications, as transitions associated with the individual centers would be 
observed otherwise. Indeed, irrespective of the large redox-asymmetry between 
the metal centers, the transition can be assigned to a MMLCT excitation 
involving both ruthenium atoms. 

One-electron oxidation of [4a]3+ and [4b]3+ result in similar changes in the 
UV-vis-NIR spectra. However, the individual bands are more clearly observed 
in [4b]4+ as they overlap in [4a]4+. The visible MMLCT band of [4b]3+ is 
diminished upon oxidation, albeit to a lesser extent than is observed for [3]5+, 
[5a]3+, and [5b]3+. More importantly, the significant difference in λmax reflects a 
change in the character from the original MMLCT to the persisting MLCT (M = 
RuN6) transition. In addition to these changes, a weak NIR feature appears 
centered at 1050 nm. The combination of two strongly interacting unequal metal 
centers with a ligand-based second oxidation results in a low-energy band that 
is best described as LMCT, associated with the cyclometalated ruthenium 
center. 
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4 Conclusions 

To investigate the consequences of cyclometalation on electronic 
communication between metal centers in a dinuclear assembly, we have used 
the well-known tppz ligand to prepare a series of bridged diruthenium 
complexes, with cyclometalated peripheral ligands. Due to the covalent bond 
between a formal anionic carbon and the ruthenium ion instead of a 
coordinative nitrogen-to-ruthenium bond, the electronic properties are 
dramatically changed, without significantly affecting the geometry of the 
resulting complex. Strong σ-donation results in electron rich metal centers that 
respond by increased back donation to the tppz bridging ligand. 

The electronic spectra of the cyclometalated complexes display large 
bathochromic shifts of the dominant MMLCT transition in the visible region, as 
well as the low-energy absorption tailing into the NIR region. Introduction of 
an electron withdrawing ester substituent at the cyclometalated ligand partly 
decreases the donor character of the anionic carbon center, and consequently 
tempers the effects of cyclometalation. Although back donation to the bridging 
ligand is significantly increased, the comproportionation constants of 
cyclometalated [5a]3+ and [5b]3+ are similar to the value obtained for non-
cyclometalated [3]5+. Oxidation into the mixed valence state resulted in the 
appearance of NIR electronic transitions, with high values of molar absorption 
coefficients and small bandwidths, characteristic for Robin-Day class III 
compounds. TD-DFT calculations have been of principal value for the 
characterization of these transitions. For [3]5+, the NIR band is a class III charge 
resonance transition, but with significant LMCT character originating from the 
tppz bridging ligand. The latter component is more pronounced for the 
cyclometalated complexes [5a]3+ and [5b]3+, and the bands are better described 
as LMCT. 

The redox asymmetric complexes [4a]3+ and [4b]3+, containing only one 
carbon-to-ruthenium bond, show a single visible MMLCT absorption of energy 
intermediate between [3]4+, [5a]2+, and [5b]2+. Being associated with both 
ruthenium centers, this electronic excitation is indicative of delocalization 
throughout the molecule. The anodic potential of the reversible first, ruthenium 
based oxidation is strongly negatively shifted compared to [3]4+. However, the 
second oxidation potential is chemically irreversible and most likely localized at 
the cyclometalated ligand. One-electron oxidation gives rise to a weak low-
energy absorption band. The combination of a metal-based initial and ligand-
based second oxidation processes results in an NIR band of predominant LMCT 
character associated with the cyclometalated ligand. 
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5 Experimental 

General. All air-sensitive reactions were performed under a dry nitrogen 
atmosphere using standard Schlenk techniques. Solvents were dried over 
appropriate drying agents and distilled before use. All other solvents and 
reagents were purchased and used as received. 1H and 13C{1H} NMR spectra 
were recorded at 298 K on a Varian 300 MHz Inova spectrometer and on a 
Varian 400 MHz NMR system. NMR spectra were referenced to the solvent 
residual signal.72 Spectral assignments were based on chemical shift and 
integral considerations as well as COSY and NOESY two-dimensional 
experiments. Elemental analyses were carried out by Kolbe Mikroanalytisches 
Laboratorium (Mülheim an der Ruhr, Germany). Neutral Al2O3 was obtained 
from Across and deactivated to Brockmann grade 3. Compounds tppz,18 [1]2+,36 
[3]4+,27, 28 [RuCl2(π-C6H6)]2,73 N^C(H)^N,40 MeO2C-N^C(H)^N,41, 51 and 
[(RuCl3)2(μ-tppz)]25 were prepared by literature procedures. 
 
Electronic Spectroscopic Measurements and Electrochemical Experiments. 
Electronic absorption spectra were recorded on a Cary 50 Scan UV-vis 
spectrophotometer, or on a Cary 5 UV-VIS-NIR spectrophotometer. Chemical 
oxidation of samples was performed by titration with a CH3CN solution of 4 
mM [Ce(NH4)2(NO3)6]. Cyclic voltammograms were recorded in a single 
compartment cell under a dry nitrogen atmosphere. The cell was equipped with 
a Pt microdisk working electrode, Pt wire auxiliary electrode and a Ag/AgCl 
wire reference electrode. The working electrode was polished with Alumina 
nano powder between scans. The potential control was achieved with a PAR 
Model 263A potentiostat. All redox potentials are reported against the 
ferrocene-ferrocenium (Fc/Fc+) redox couple used as an internal standard.53, 54 
All electrochemical samples were 10-1 M in [n-Bu4N]PF6 as the supporting 
electrolyte in CH3CN distilled over KMnO4 and Na2CO3. 
 
UV-Vis Spectroelectrochemical Measurements. All the experiments were 
performed with an optically transparent thin-layer electrochemical (OTTLE) 
cell,55 equipped with a Pt minigrid working electrode and quartz optical 
windows. The controlled potential electrolyses were carried out with a PA4 
potentiostat (EKOM, Polná, Czech Republic). All electrochemical samples were 
10-1 M in [n-Bu4N]PF6 in freshly distilled CH3CN and THF. UV-Vis spectra 
were recorded with a Hewlett Packard 8453 diode-array spectrophotometer. 
 
DFT calculations. DFT calculations were performed at the DZ Dunning57, 58 
level of theory for carbon, nitrogen, and hydrogen, and using the Stuttgart RSC 
1997 ECP relativistic core potential59 for ruthenium using the B3LYP functional. 
Geometries were optimized using the GAMESS-UK74 program package. 
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Subsequent TD-DFT calculations were run on the optimized geometry at the 
same level of theory using the Gaussian75 03 program package. Isovalue plots of 
the frontier molecular orbitals were made using MOLDEN.60 
 

Syntheses 

[Ru(N^C^N)(MeCN)3](PF6), [6a](PF6). The ligand N^C(H)^N (222 mg, 0.96 
mmol) was added to a suspension of [RuCl2(η6-C6H6)]2 (239 mg, 0.48 mmol), 
KPF6 (376, 2.0 mmol), and crushed NaOH (50 mg, 1.25 mmol) in dry MeCN (30 
mL). The resulting mixture was stirred at 45 °C for 15 h. The orange solution 
was filtered under inert atmosphere over 15 cm of Al2O3 (MeCN) and 
concentrated in vacuo, yielding the product as a dark orange solid (0.47 g, 82%). 
1H NMR showed the presence of a mixture of compounds, but the product 
could be used in subsequent reactions without further purification. 
 
[Ru(MeO2C-N^C^N)(MeCN)3](PF6), [6b](PF6). A mixture of MeO2C-
N^C(H)^N (62 mg, 0.2 mmol), [RuCl2(η6-C6H6)]2 (52 mg, 0.1 mmol), crushed 
NaOH (8 mg, 0.2 mmol), and KPF6 (80 mg, 0.4 mmol) in dry MeCN (4 mL) was 
stirred at 40 °C for 15 h. The orange solution was filtered under inert 
atmosphere over 15 cm of Al2O3 (MeCN) and concentrated to 0.5 mL. 
Crystallization was induced by careful addition of dry Et2O (10 mL), and the 
crystals were washed with Et2O (10 mL), yielding the product as a orange solid 
(91 mg, 69%). Single crystals suitable for X-ray analysis were obtained by slow 
diffusion of Et2O into a MeCN solution. 
1H NMR (400 MHz, CD3CN): δ 8.89 (d, 2H, 3J = 5.6 Hz, B6), 8.47 (s, 2H, A3,5), 
8.16 (d, 2H, 3J = 8.0 Hz, B3), 7.91 (dd, 2H, 3J = 8.0 Hz, 3J = 7.6 Hz, B4), 7.33 (dd, 
2H, 3J = 7.6 Hz, 3J = 5.6 Hz, B5), 3.94 (s, 2H, CO2CH3), 2.14 (s, 3H, MeCN), 1.77 
(s, 6H, MeCN). 13C NMR (100 MHz, CD3CN): δ 226.2, 168.9, 168.3, 154.7, 146.6, 
137.5, 123.7, 123.6, 122.7, 120.3, 52.4, 3.7, not all MeCN signals could be resolved. 
Anal. Calcd for C24H22F6N5O2PRu: C, 43.77; H, 3.37; N, 10.64. Found: C, 42.65; 
H, 3.31; N, 10.56. 
 
[(N^C^N)Ru(tppz)](PF6), [2a]+. A suspension of tppz (550 mg, 1.46 mmol) in 
DMF (12 mL) was added to [6a](PF6) (220 mg, 0.367 mmol). The resulting 
solution was heated under reflux for 3 h. An excess of KPF6 was added and the 
solution poured into H2O (80 mL), which resulted in the precipitation of the 
complex. The product was isolated by filtration, collected with a minimum of 
MeCN, and was purified by column chromatography on SiO2 (MeCN : aq. 0.5 
M NaNO3 = 9 : 1) and on Al2O3 (Et2O : MeCN = 2 : 1). After anion exchange, the 
product was obtained as a dark red solid (11 mg, 11%). 
1H NMR (400 MHz, CD3CN): δ 8.74 (d, 2H, 3J = 5.6 Hz, B3), 8.30 (d, 2H, 3J = 7.6 
Hz, A3,5), 8.29 (d, 2H, 3J = 8.0 Hz, D6), 8.16–8.22 (m, 4H, D3+D5), 7.62–7.70 (m, 
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4H, D4+B4), 7.53 (t, 1H, 3J = 7.6 Hz, A4), 7.42 (d, 2H, 3J = 7.6 Hz, C3), 7.37 (dd, 
2H, 3J = 7.6 Hz, 3J = 7.6 Hz, C4), 7.25 (d, 2H, 3J = 5.6 Hz, C6), 7.15 (d, 2H, 3J = 5.6 
Hz, B6), 6.93 (dd, 2H, 3J = 7.6 Hz, 3J = 5.6 Hz, C5), 6.71 (dd, 2H, 3J = 7.6 Hz, 3J = 
5.6 Hz, B5). 13C NMR (100 MHz, CD3CN): δ 220.3, 169.5, 158.9, 156.8, 154.9, 
152.9, 151.8, 150.8, 146.1, 152.0, 139.2, 137.2, 135.1, 127.8, 127.3, 126.5, 126.3, 
125.2, 122.6, 122.3, 120.9. Anal. Calcd for C40H27F6N8PRu: C, 55.49; H, 3.14; N, 
12.94. Found: C, 55.47; H, 3.20; N, 12.99. MALDI-TOF-MS (DHB Matrix): m/z = 
721.17 [M+] (calcd for C40H27N8Ru, 721.14). 
 
[(MeO2C-N^C^N)Ru(tppz)](PF6), [2b]+. A suspension of tppz (100 mg, 0.25 
mmol) in DMF (6 mL) was added to [6b](PF6) (21 mg, 0.041 mmol). The 
resulting solution was heated under reflux for 3 h. An excess of KPF6 was 
added and the solution poured into H2O (80 mL), which resulted in the 
precipitation of the complex. The product was isolated by filtration, collected 
with a minimum of MeCN, and was purified by column chromatography on 
SiO2 (MeCN : aq. 0.5 M NaNO3 = 9 : 1). After anion exchange, the product was 
obtained as a dark red solid (31 mg, 95%). 
1H NMR (400 MHz, CD3CN): δ 8.89 (s, 2H, A3,5), 8.73 (d, 2H, 3J = 4.8 Hz, B3), 
8.28–8.34 (m, 4H, D6+D3), 8.19 (dd, 2H, 3J = 7.6 Hz, 3J = 7.6 Hz, D5), 7.66–7.72 
(m, 4H, D4+B4), 7.44 (d, 2H, 3J = 8.0 Hz, C3), 7.37 (dd, 2H, 3J = 8.0 Hz, 3J = 7.6 
Hz, C4), 7.25 (d, 2H, 3J = 5.6 Hz, B6), 7.20 (d, 2H, 3J = 5.6 Hz, C6), 6.89 (dd, 2H, 3J 
= 7.6 Hz, 3J = 5.6 Hz, C5), 6.78 (dd, 2H, 3J = 7.6 Hz, 3J = 5.6 Hz, B5), 4.06 (s, 3H, 
CO2CH3). 13C NMR (100 MHz, CD3CN): δ 230.3, 168.9, 168.6, 158.6, 156.6, 155.0, 
152.9, 151.7, 150.8, 145.6, 142.4, 139.3, 137.4, 135.6, 128.0, 127.4, 126.6, 126.3, 
125.1, 124.2, 123.3, 121.4, 52.7. Anal. Calcd for C42H29F6N8O2PRu·2H2O: C, 52.56; 
H, 3.47; N, 11.67. Found: C, 52.60; H, 3.41; N, 11.15. MALDI-TOF-MS (DHB 
Matrix): m/z = 779.14 [M+] (calcd for C42H29N8O2Ru, 779.15). 
 
[(tpy)Ru(μ-tppz)Ru(N^C^N)](PF6)3, [4a]3+. A solution of [1](PF6)2 (105 mg, 0.1 
mmol) and [6a](PF6) (200 mg, 0.33 mmol) in DMF (20 mL) was heated under 
reflux for 3 h. The product was isolated by concentration in vacuo, dissolution 
in acetone, and precipitation by addition of an excess of KPF6 in H2O. The 
product was purified by column chromatography on SiO2 (MeCN : aq. 0.5 M 
NaNO3 = 9 : 1), anion exchange, and crystallization by slow evaporation of a 
solution in acetone / toluene. The product was obtained as a dark turquoise 
solid (87 mg, 59%). 
1H NMR (400 MHz, CD3CN): δ 8.95 (d, 2H, 3J = 8.0 Hz, C3), 8.89 (d, 4H, 3J = 8.0 
Hz, F3,5+D3), 8.63 (d, 2H, 3J = 8.0 Hz, E3), 8.58 (t, 1H, 3J = 8.0 Hz, F4), 8.41 (d, 
2H, 3J = 7.6 Hz, A3,5), 8.27 (d, 2H, 3J = 8.0 Hz, B3), 8.06 (dd, 2H, 3J = 8.0 Hz, 3J = 
7.6 Hz, E4), 7.88 (dd, 2H, 3J = 8.0 Hz, 3J = 8.0 Hz, D4), 7.82 (d, 2H, 3J = 5.2 Hz, 
E6), 7.76 (m, 4H, B4+C4), 7.68 (d, 2H, 3J = 5.2 Hz, D6), 7.66 (t, 1H, 3J = 7.6 Hz, 
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A4), 7.65 (d, 2H, 3J = 6.4 Hz, C6), 7.30–7.36 (m, 4H, E5+D5), 7.24–7.30 (m, 4H, 
B6+C5), 6.80 (dd, 2H, 3J = 5.6 Hz, 3J = 7.6 Hz, B5). 13C NMR (100 MHz, CD3CN): 
δ 217.6, 169.2, 158.8, 157.2, 157.1, 156.3, 156.0, 154.7, 154.2, 154.2, 148.7, 148.0, 
141.9, 139.7, 138.6, 138.1, 138.0, 136.0, 129.7, 129.5, 129.4, 129.2, 128.8, 125.8, 
125.7, 125.3, 123.7, 123.0, 121.2. Anal. Calcd for C55H38F18N11P3Ru2: C, 44.33; H, 
2.57; N, 10.34. Found: C, 44.45; H, 2.49; N, 10.26. MALDI-TOF-MS (DHB 
Matrix): m/z = 1056.07 [M+] (calcd for C55H38N11Ru2, 1056.14). 
 
[(MeO2C-N^C^N)Ru(μ-tppz)Ru(tpy)](PF6)3, [4b]3+. A solution of [1](PF6)2 (57 
mg, 0.056 mmol) in DMF (6 mL) was added to [6b](PF6) (34 mg, 0.052 mmol). 
The resulting solution was heated under reflux for 3 h. An excess of KPF6 was 
added and the solution poured into H2O (80 mL), which resulted in the 
precipitation of the complex. The product was isolated by filtration, collected 
with a minimum of MeCN, and was purified by column chromatography on 
SiO2 (MeCN : aq. 0.5 M NaNO3 = 9 : 1). After anion exchange, the product was 
obtained as a dark turquoise solid (45 mg, 56%). 
1H NMR (400 MHz, CD3CN): δ 9.01 (s, 2H, A3,5), 8.95 (d, 2H, 3J = 8.0 Hz, C3), 
8.91 (d, 2H, 3J = 8.0 Hz, D3), 8.90 (d, 2H, 3J = 8.0 Hz, F3,5), 8.63 (d, 2H, 3J = 8.0 
Hz, E3), 8.59 (t, 1H, 3J = 8.0 Hz, F4), 8.40 (d, 2H, 3J = 8.0 Hz, B3), 8.06 (dd, 2H, 3J 
= 8.0 Hz, 3J = 7.6 Hz, E4), 7.89 (dd, 2H, 3J = 8.0 Hz, 3J = 7.6 Hz, D4), 7.74-7.84 (m, 
6H, B4+C4+E6), 7.70 (d, 2H, 3J = 6.0 Hz, D6), 7.60 (d, 2H, 3J = 5.6 Hz, C6), 7.30-
7.40 (m, 6H, B6+D5+E5), 7.23 (dd, 2H, 3J = 7.6 Hz, 3J = 6.0 Hz, C5), 6.88 (dd, 2H, 
3J = 7.6 Hz, 3J = 5.6 Hz, B5) , 4.12 (s, 3H, CO2CH3). 13C NMR (100 MHz, 
CD3CN): δ 227.4, 168.8, 168.3, 158.7, 156.9, 156.8, 156.2, 156.1, 154.7, 154.3, 154.1, 
148.8, 147.4, 142.3, 139.7, 138.6, 138.3, 138.1, 136.4, 129.8, 129.7, 129.6, 129.3, 
128.8, 125.8, 125.5, 125.5, 125.3, 123.6, 121.6, 52.8. Anal. Calcd for 
C57H40F18N11O2P3Ru2·3H2O: C, 42.73; H, 2.89; N, 9.62. Found: C, 42.93; H, 2.85; 
N, 9.46. MALDI-TOF-MS (DHB Matrix): m/z = 1114.12 [M+] (calcd for 
C57H40N11O2Ru2, 1114.15). 
 
[((N^C^N)Ru)2(μ-tppz)](PF6)2, [5a]2+. A suspension of [(RuCl3)2tppz] (46 mg, 
0.057 mmol), N^C(H)^N (45 mg, 0.20 mmol), and 10 drops of N-
methylmorpholine in ethylene glycol (25 mL) was heated to 150 °C using 
microwave radiation. Aqueous KPF6 was added to the green solution upon 
which the product precipitated and was isolated by filtration. The product was 
purified by column chromatography on SiO2 (MeCN : aq. 0.5 M NaNO3 = 9 : 1). 
After anion exchange, the product was obtained as a green solid (43 mg, 56%). 
1H NMR (400 MHz, CD3CN): δ 8.89 (d, 4H, 3J = 8.0 Hz, C3), 8.41 (d, 4H, 3J = 8.0 
Hz, A3,5), 8.29 (d, 4H, 3J = 8.0 Hz, B3), 7.77 (dd, 4H, 3J = 8.0 Hz, 3J = 8.0 Hz, B4), 
7.71 (dd, 4H, 3J = 8.0 Hz, 3J = 7.6 Hz, C4), 7.62 (t, 2H, 3J = 8.0 Hz, A4), 7.57 (d, 
4H, 3J = 5.2 Hz, C6), 7.43 (d, 4H, 3J = 5.2 Hz, B6), 7.19 (dd, 4H, 3J = 7.6 Hz, 3J = 
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5.2 Hz, C5), 6.84 (dd, 4H, 3J = 8.0 Hz, 3J = 5.2 Hz, B5). 13C NMR (100 MHz, 
CD3CN): δ 219.6, 169.4, 158.1, 155.8, 153.9, 146.7, 142.4, 137.4, 135.6, 128.9, 128.3, 
125.4, 122.9, 122.7, 120.9. Anal. Calcd for C56H38F12N10P2Ru2: C, 50.08; H, 2.85; 
N, 10.43. Found: C, 49.86; H, 2.82; N, 10.31. MALDI-TOF-MS (DHB Matrix): 
m/z = 1054.14 [M+] (calcd for C56H38N10Ru2, 1054.14). 
 
[((MeO2C-N^C^N)Ru)2(μ-tppz)](PF6)2, [5b]2+. A solution of [2b](PF6) (21 mg, 
0.023 mmol) in DMF (6 mL) was added to [6b](PF6) (38 mg, 0.057 mmol). The 
resulting solution was heated under reflux for 16 h. An excess of KPF6 was 
added and the solution poured into H2O (80 mL), which resulted in the 
precipitation of the complex. The product was isolated by filtration, collected  
with a minimum of MeCN, and was purified by column chromatography on 
SiO2 (MeCN : aq. 0.5 M NaNO3 = 9 : 1). After anion exchange, the product was 
obtained as a dark green solid (30 mg, 87%). 
1H NMR (400 MHz, CD3CN): δ 9.01 (s, 4H, A3,5), 8.89 (d, 4H, 3J = 8.0 Hz, C3), 
8.42 (d, 4H, 3J = 8.0 Hz, B3), 7.82 (dd, 4H, 3J = 8.0 Hz, 3J = 7.6 Hz, B4), 7.72 (dd, 
4H, 3J = 8.0 Hz, 3J = 7.6 Hz, C4), 7.54 (d, 4H, 3J = 5.6 Hz, C6), 7.51 (d, 4H, 3J = 5.6 
Hz, B6), 7.17 (dd, 4H, 3J = 7.6 Hz, 3J = 5.6 Hz, C5), 6.91 (dd, 4H, 3J = 7.6 Hz, 3J = 
5.6 Hz, B5), 4.13 (s, 6H, CO2CH3). 13C NMR (100 MHz, CD3CN): δ 229.4, 168.9, 
168.5, 157.6, 156.0, 154.0, 146.2, 142.8, 137.7, 136.1, 129.1, 128.5, 125.3, 124.6, 
123.5, 121.4, 52.7. Anal. Calcd for C60H42F12N10O4P2Ru2: C, 49.39; H, 2.90; N, 
9.60. Found: C, 49.32; H, 2.95; N, 9.49. MALDI-TOF-MS (DHB Matrix): m/z = 
1170.14 [M+] (calcd for C60H42N11O4Ru2, 1170.15). 
 
X-ray crystal structure determination of [Ru(MeO2C-N^C^N)(MeCN)3](PF6). 
[C24H22N5O2Ru](PF6), FW = 658.51, orange needle, 0.42 × 0.18 × 0.09 mm3, 
monoclinic, P21/c (no. 14), a = 8.4400(4), b = 9.8278(6), c = 31.6273(18) Å, β = 
102.389(2)°, V = 2562.3(2) Å3, Z = 4, Dx = 1.707 g/cm3, μ = 0.751 mm-1. 21495 
Reflections were measured on a Nonius Kappa CCD diffractometer with 
rotating anode (graphite monochromator, λ = 0.71073 Å) up to a resolution of 
(sin θ/λ)max = 0.59 Å-1 at a temperature of 150 K. There were several crystal 
fragments present and only the non-overlapping reflections of the major 
component were used. An absorption correction based on multiple measured 
reflections was applied76 (0.55 – 0.94 correction range). 4464 Reflections were 
unique (Rint = 0.070). The structure was solved with automated Patterson 
Methods (DIRDIF-9977) and refined with SHELXL-9778 against F2 of all 
reflections. Non-hydrogen atoms were refined freely with anisotropic 
displacement parameters. Hydrogen atoms were introduced in calculated 
positions and refined with a riding model. 410 Parameters were refined with 
414 restraints concerning the disordered PF6 anion. R1/wR2 [I > 2σ(I)]: 
0.0599/0.1516. R1/wR2 [all refl.]: 0.0813/0.1647. S = 1.130. Residual electron 
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density between –1.23 and 2.43 e/Å3. Geometry calculations and checking for 
higher symmetry was performed with the PLATON  program.79 
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Image of the sun at a wavelength of 6.5 cm. The brightest features in this 
image have temperatures of a million degrees and coincide with sunspots. 
The giant slash across the bottom of the disk in this image is a feature 
called a filament channel, where the Sun's atmosphere is very thin: it marks 
the boundary of the South Pole of the Sun on this day. The radio Sun is 
somewhat bigger than the optical Sun. 
Image: courtesy of Stephen White, University of Maryland, and of 
NRAO/AUI. 
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Abstract 

We have prepared the binuclear ruthenium complexes [(R3-tpy)Ru(N^C^N-
tpy)Ru(tpy)]3+, (R = H ([5a]3+), CO2Me ([6a]3+), N^C(H)^N-tpy = 4'-(3,5-
dipyridylphenyl)-2,2':6',2''-terpyridine, tpy = 2,2':6',2''-terpyridine) and [(R3-
tpy)Ru(N'^C^N'-tpy)Ru(tpy)]3+, (R = H ([5b]3+), CO2Me ([6b]3+), N'^C(H)^N'-
tpy = 4'-(3,5-di(4-tbutylpyridyl)phenyl)-2,2':6',2''-terpyridine) in a stepwise 
manner. The directional nature of the bridging ligand, which is potentially 
cyclometalating on one side, induces large redox asymmetry in the resulting 
binuclear complexes. One-electron oxidation gives rise to a strong metal-to-
metal charge transfer transition from the [Ru(tpy2)]2+ moiety to the 
cycloruthenated group, centered at 1034 nm for [6b]4+. The localized nature of 
the oxidation processes, the shape of the NIR band, and TD-DFT calculations 
allow assignment of these systems to localized Robin-Day class II. Exclusive 
substitution of the terminal tpy ligand on the cyclometalated ruthenium with 
acid moieties allows selective attachment of the dye to a semiconductor surface, 
whereby a possible two step upconversion path is created in dye sensitized 
solar cells. The free acid [((–O2C)3-tpy)Ru(N'^C^N'-tpy)Ru(tpy)] [8b] dye is 
assessed in a solid state dye sensitized solar cell. 
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1 Introduction 

Solar energy is the most abundant renewable energy source available to 
mankind. In fact, the resource base represented by terrestrial irradiation far 
exceeds that of all other renewable energy sources combined.1, 2 Semiconductor 
solar cells offer high conversion efficiencies and long term stability, but the 
need for high purity materials renders them expensive.3 In 1991, Grätzel and co-
workers showed that wide bandgap semiconductors can be sensitized to visible 
light and that cheap and efficient solar cells can be obtained in this way.4 With 
these dye sensitized solar cells (DSSCs) energy power conversion efficiencies 
(ηsun) up to 11% have been reached.5, 6 

The crux of DSSCs is light absorption by a sensitizer molecule and the 
following charge injection into the conduction band of a semiconductor, usually 
anatase TiO2, Figure 1. Several different sensitizers have been prepared and 
tested such as organic molecules,7, 8 porphyrins9 and phthalocyanines,10, 11 and 
transition metal complexes.12-15 Amongst these sensitizers, polypyridine 
complexes of ruthenium have displayed superior properties. The most well 
known pigments are the N719 dye [Ru(NCS)2(dcbpy)2] (dcbpy = 4,4'-dicarboxy-
2,2'-bipyridine)12 and the black dye [Ru(NCS)3(tctpy)] (tctpy = 4,4',4''-
tricarboxy-2,2':6',2''-terpyridine).13 Amphiphilic analogues of these dyes have 
been prepared in order to decrease sensitivity towards water induced 
decomposition by forming a shielding hydrophobic layer. Extension of the 
conjugated system on the peripheral bpy ligand is used to increase the 
extinction coefficient of the dye and allow for the use of thinner, more efficient 
layers. 

The ideal sensitizer for a single layer cell should absorb all light below 920 
nm and convert it into electricity with unit efficiency. Photons that do not 
possess sufficient energy to bridge this threshold will not contribute to the 
current, resulting in a low theoretical maximum efficiency. In multilayered 
semiconductor stacked cells, low-energy photons are used to increase the 
voltage, but matching of the current from the individual layers is necessary. 
Using this approach power conversion efficiencies as high as 40% have been 
reached upon concentration of the solar light.3 We propose a similar way to 
utilize low-energy photons in DSSCs, Figure 1.16 The setup consists of two dye 
moieties, one of which is attached to the TiO2 surface. Upon excitation of this 
primary dye, it injects an electron into the TiO2 CB replicating a standard 
sensitizer. However, this dye, D1, is not regenerated by electron transfer from 
the electrolyte but by optical electron transfer from a second dye moiety, D2, 
which is in turn regenerated from the electrolyte. Intervalence charge transfer 
(IVCT) transitions are known to occur in symmetric bimetallic complexes upon 
partial oxidation and are observed at very long wavelengths.17-19 When the 
bimetallic complex possesses redox asymmetry between the metal moieties, the 
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IVCT band is shifted to higher energy corresponding to the difference in 
oxidation potential, which makes this type of transition very interesting for 
regenerating the primary dye. Sufficient electronic communication has to be 
ensured by covalently linking the individual dye moieties. 

Cyclometalation is an excellent tool to destabilize the ground state of a 
complex as a result of the strong σ-donation by a formally anionic carbon 
atom.20-25 The initial oxidation potential can be significantly negatively shifted 
without dramatically changing the overall geometry of the system. In a 
bimetallic complex cyclometalation of only one metal center will result in the 
necessary redox asymmetry in the system. Additionally, we have recently 
demonstrated that properly designed cyclometalated ruthenium complexes are 
efficient and stable sensitizers for DSSC.26 
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Figure 1. Operational scheme for DSSC (left) and upconversion scheme employed (right). 

We have prepared a redox asymmetric ruthenium dimer with a bridging 
ligand that is N,C,N'-cyclometalated to one ruthenium center and N,N',N''-
coordinated to the second ruthenium center. The bridging ligand N^C(H)^N-
tpy (4'-(3,5-dipyridylphenyl)-2,2':6',2''-terpyridine) is reported in literature and 
the redox symmetric complexes support sufficient electronic communication to 
observe a well defined IVCT transition at 2360 nm.27-29 These systems are 
defined as Robin-Day class II,30 as electronic communication is present but the 
system is well described using localized states. We have prepared the 
complexes [(R3-tpy)Ru(N^C^N-tpy)Ru(tpy)]3+, (R = H ([5a]3+), CO2Me ([6a]3+)) 
and its t-Bu substituted analogue [(R3-tpy)Ru(N'^C^N'-tpy)Ru(tpy)]3+, 
(N'^C(H)^N'-tpy = 4'-(3,5-di(4-tert-butylpyridyl)phenyl)-2,2':6',2''-terpyridine), 
R = H ([5b]3+), CO2Me ([6b]3+)) in a stepwise manner. A number of 
experimental techniques are used to analyze the electronic properties of these 
complexes, which are supported by TD-DFT calculations. The individual 
electron transfer processes necessary for the upconversion scheme to be exerted 
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are demonstrated. Selective introduction of anchoring groups on the 
cyclometalated moiety allows grafting of the complexes to a semiconductor 
surface in a well defined manner. After deprotection of the esters in [6b]3+ to 
free carboxylates in [8b] we incorporate the complex in a operational dye 
sensitized solar cell and evaluate its performance. 

 

2 Results 

2.1 Synthesis 

The bridging ligands 3aH and 3bH were prepared as outlined in Scheme 1. 
Starting from 3,5-dibromobenzaldehyde using a two step Kröhnke31 type 
condenstation reaction, 1 could be obtained in 75% overall yield.  

 

Br

Br

N

N

N

Br

Br

O

N

R

N

R

SnBu3

N

N

N

N

N

R

R

R = H
R = tBu

i, ii

iii
iv

1

3a
3b

R = H
R = tBu

2a
2b

C

D E

F

D E

F

 

Scheme 1. Synthesis and NMR numbering scheme of ligands 3aH and 3bH. Conditions: i) 
2-acetylpyridine, NaOH, MeOH, room temperature, 1h, ii) 1-(2-pyridinylcarbonyl)pyridinium 
iodide, NH4OAc, MeOH, reflux , 20h, iii) N,N-dimethylethanolamine, n-BuLi, SnClBu3, hexane, -
70 °C, iv) LiCl, [Pd(PPh3)4], toluene, reflux, 24 h. 

3,5-Dibromobenzaldehyde was first converted to a chalcone by aldol 
condensation with acetylpyridine, which was then reacted with 1-(2-
pyridinylcarbonyl)pyridinium iodide in the presence of NH4OAc as nitrogen 
source to form the central pyridine ring. The resulting dibromide was reacted 
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with stannane 2a and the desired ligand was obtained in 89% yield and 
ultimately prepared on a multigram scale. The presence of copper32 or lithium 
salts33 in this catalyzed C–C coupling reaction is beneficial, since they compete 
with palladium for coordination to the product, which is a good ligand for 
platinum group metals and inhibits the catalyst. For the preparation of the tBu-
substituted bridging ligand the same methodology was adopted, using 
stannane 2b in the final step. Stannane 2b was prepared directly from 4-tert-
butylpyridine by selective lithiation using n-BuLi/LiDMAE aggregate34 instead 
of first introducing a bromine atom at the 2 position.35 
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Scheme 2. Synthesis and NMR numbering scheme of complexes used in this study. 
Conditions: i) [RuCl3(tpy)], AgBF4, MeOH, reflux, 20h, ii) [RuCl3(tpy)], N-methylmorpholine, 
ethylene glycol, μ-wave, 150°C, 30 min. or [RuCl3((CO2Me)3tpy)], N-methylmorpholine, MeOH, 
μ-wave, closed vessel, 97°C, 30 min., iii) NEt3, MeCN, H2O, 70°C, 40 h. 

The bimetallic complexes were prepared in a two step procedure, Scheme 2. 
By reacting ligand 3aH with [RuCl3(tpy)] the monometallic complex [4a]2+ 
could be prepared. Unfortunately, additional species are obtained, including 
the compound in which the bridging ligand is coordinated in a cyclometalated 
fashion, [7a]+. The desired compound [4a]2+ could be isolated by sequential 
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column chromatography on SiO2 and Al2O3 in 19% yield. Reaction of [4a]2+ 
with another equivalent of [RuCl3(tpy)] or [RuCl3((CO2Me)3tpy)] allows the 
preparation of [5a]3+ and [6a]3+, respectively. Increased yields of [6a]3+ could be 
obtained using μ-wave assisted heating. Reaction of the substituted ligand 3bH 
is more selective, and allows the isolation of the monometallic complex [4b]2+ in 
56% yield. Using μ-wave assisted heating, [5b]3+ could be prepared by reaction 
of [4b]2+ with [RuCl3(tpy)] in ethylene glycol. The ester substituted [6b]3+ was 
prepared using μ-wave irradiation in MeOH at 97°C in a closed vessel. 
Deprotection of the ester functionalities in [6a]3+ and [6b]3+ to the free 
deprotonated acids in [8a] and [8b] could be performed by heating a solution of 
the complex in MeCN solution in the presence of H2O and using NEt3 as base. 

 
2.2 Electrochemical Data 

The half wave oxidation and reduction potentials in MeCN solution as 
determined by cyclic voltammetry (CV) for the complexes are summarized in 
Table 1. For the more soluble tBu substituted complexes, [4b]2+, [5b]3+ and 
[6b]3+ it was also possible to determine the respective electrode potentials in 
CH2Cl2. For the monometallic complexes a single metal-based36 oxidation is 
present, while for the bimetallic complexes two distinct waves are observed. 
Cyclometalation shifts the oxidation potential by about 0.7 V to less positive 
values. The oxidation process corresponding to the [Ru(tpy)2]2+ moiety is rather 
constant throughout the series. The redox asymmetry, as defined by ΔE1/2(ox) = 
E1/2(ox2) – E1/2(ox1), is slightly solvent dependent. 

 
Table 1. Electrochemical dataa for [4a]2+-[4b]2+, [7a]+, [5a]3+-[5b]3+, and [6a]3+-[6b]3+. 

  E1/2 (V) (ΔEp (mV))   

Cation Ru'II/Ru'III RuII/RuIII L/L•– L'/L'•– ΔE1/2(ox) (V) b 

[4a]2+  0.88 (59) –1.65 (66) –1.93 (100)  

[4b]2+  0.88(64) 
0.93 (68)c 

–1.63 (60) 
–1.61 (70)c 

–1.88 (73) 
 

 

[7a]+  0.16 (59) –1.91 (73)   

[5a]3+ 0.89 (69) 0.20 (63) –1.67 (58) –1.91 (86)d 690 

[5b]3+ 0.89 (89) 
0.92 (93)c 

0.17 (59) 
0.12 (64)c 

–1.67 (60) 
–1.67 (75)c 

–1.93 (95)e 710 
800 

[6a]3+ f 0.90 (65) 0.37 (58) –1.48 (68) –1.68 (50) 530 

[6b]3+ g 0.90 (61) 
0.93 (80)c 

0.34 (59) 
0.32 (59)c 

–1.48 (58) 
–1.56 (63)c 

–1.61 (55) 
–1.69 (63)c 

560 
610 

a Data collected in MeCN with [n-Bu4N]PF6 as supporting electrolyte at 100 mV/s; potentials reported relative vs. 
ferrocene/ferrocenium (Fc/Fc+) used as internal reference. b Redox asymmetry, separation between the two successive 
RuII/RuIII couples (ΔE1/2(ox) = E1/2(ox1) – E1/2(ox2)). c Data collected in CH2Cl2. d Product adsorbs on electrode surface. e 
Two overlapping one electron processes. f Two overlapping one electron processes observed at –1.89 (210) V. g Two 
overlapping one electron processes observed at –1.83 V(140 mV). 
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2.3 Electronic Absorption Spectroscopy 

The UV-vis absorption spectra of complexes in this study are depicted in 
Figure 2 and summarized in Table 2. Polypyridine complexes of ruthenium are 
characterized by strong ligand centered (LC) π-π* transitions in the UV region 
and moderately intense metal-to-ligand charge transfer (MLCT) absorptions in 
the visible light.36-39 The different tpy- and N^C^N groups result in the 
presence of many overlapping LC absorptions in the UV. The monomeric 
complex [4a]2+ displays visible MLCT features very similar to those observed 
for [Ru(tpy)2]2+.40 As is commonly observed for cycloruthenated complexes, the 
visible absorption features of the monomeric complex [7a]+ are red shifted, 
broadened and slightly decreased in molar absorption coefficient compared to 
the non-metalated analogues.25, 41-43 The absorption spectra of the dimeric 
complexes [5a]3+ and [6a]3+ are clearly not a superimposition of the spectra of 
the monomeric units. Obviously, many different transitions are involved in the 
visible absorption feature. An especially large increase in absorption is 
observed at the low-energy side of the MLCT band. These low-energy features 
are most likely assigned to transitions from the cyclometalated ruthenium 
center to the terminal tpy ligand. Introduction of the tBu moiety results in a 
small bathochromic shift as it further destabilizes the metal center by electron 
donation. Additionally, the tBu moiety seems to have a small hyperchromic 
effect. The electronic spectrum of fully protonated [H38b](Cl)3 in DMSO in the 
presence of an excess HCl closely resembles that of [6b]2+, while the shape of 
the visible features are distinctively changed when [8b] is fully deprotonated by 
an excess of NaOH (Figure 5). 
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Figure 2. Electronic absorption spectra of [4a]2+ (dotted, black), [4b]2+ (dotted, grey), [7a]+ 
(dash dot, black), [5a]3+, (dash, black) [5b]3+ (dash, grey), [6a]3+, (solid, black) [6b]3+ (solid, grey) 
in MeCN. 
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Table 2. Electronic absorption data for [4a]2+, [4b]2+, [7a]+, [5a]3+, [5b]3+, [6a]3+, and [6b]3+. 

Complex λmax (nm) in MeCN 
(ε (103 M–1cm–1)) 

λmax (nm) in CH2Cl2 
(ε (103 M–1cm–1)) 

[4a]2+ 482 (19.5), 307 (67.3), 281 (82.6), 241 
(69.9). 

484, 309, 283, 242.a 

[4b]2+ 482 (23.7), 308 (75.3), 282 (70.1), 240 
(59.8). 

483 (24.1), 309 (79.4), 283 (69.0), 275 
(70.0). 

[7a]2+ 540 (sh), 502(15.7), 379 (19.2), 278 (72.3), 
241 (63.6). 

590 (sh), 544 (sh), 505, 377, 281.a 

[5a]3+ 540 (35.6), 481(sh), 350 (sh), 309 (99.5), 
280 (76.8), 235 (68.9). 

554, 523 (sh), 485 (sh), 309, 282, 235.a 

[5b]3+ 545 (39.8), 500 (sh), 350 (sh), 309 (107.1), 
278 (83.4), 233 (sh). 

560 (sh), 528 (34.2), 310 (11.3), 282 
(89.9). 

[6a]3+ 768 (sh), 570 (sh), 511 (35.4), 423 (22.8), 
308 (82.5), 295 (84.6). 

805(sh), 655 (sh), 585 (sh), 517, 427, 
309, 296.a 

[6b]3+ 779 (sh), 575 (sh), 515 (39.3), 424 (sh), 308 
(92.0), 295 (92.1), 210 (115.4). 

813 (sh), 670 (sh), 589 (sh), 522 (34.4), 
491 (sh), 436 (31.7), 309 (99.6), 297 
(100.0). 

a ε was not determined due to low solubility in CH2Cl2. 

2.4 Near-Infrared Spectra 

The near-infrared (NIR) spectra of the singly oxidized dimeric complexes 
[5a]4+, [5b]4+, [6a]4+, and [6b]4+ were recorded in MeCN and CH2Cl2, Table 3. 
Oxidation was performed by titration with a concentrated solution of 
[Ce(NO3)6](NH4)2 in MeCN or SbCl5 in CH2Cl2, and the original spectrum was 
fully regenerated upon addition of an excess of ferrocene. Representative 
results obtained for [6b]4+ are depicted in Figure 3. Upon oxidation, the MLCT 
features are partly diminished and a broad band arises in the NIR. One-electron 
oxidation of the symmetric complexes [(Ru(tpy))2(μ-tpy-tpy)]4+ and 
[(Ru(tpy))2(μ-N^C^N-N^C^N)]2+ into the mixed valence state resulted in the 
observation of an IVCT transition at 1580 and 1936 nm, respectively.29 For 
symmetric, weakly coupled, class II mixed valence systems the band width of 
the NIR IVCT transition can be predicted from the Hush formula (Δν1/2 = 
(16RTln2(λmax))1/2, R = 0.695 cm–1K–1, T = 298K).19 In the case of the non-
metalated [(Ru(tpy))2(μ-tpy-tpy)]4+ the band width is well predicted by the 
Hush formula and it is thus considered a Robin-Day class II system.30 On the 
other hand, the band for bis-cyclometalated [(Ru(tpy))2(μ-N^C^N-N^C^N)]2+ 
is rather narrow and, moreover, solvent independent, and the system can be 
considered borderline class II-III.17-19 To an approximation the Hush formula 
can be extended to asymmetric systems, where the Gaussian-shaped band is 
shifted by the redox asymmetry and is centered at λ'max (λ'max = λmax + 
ΔE1/2(ox)).17 Using ΔE1/2(ox) obtained from CV in the appropriate solvent as an 
upper limit, the theoretical band widths can be derived, Table 3. Compared to 
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the reported λmax for the symmetric compounds, λ'max is consequently 
calculated at decreased energy indicating that ΔE1/2(ox) is overestimated from 
CV data. Data collected in CH2Cl2 is also represented in Table 3, with all low-
energy bands showing solvatochromism. 
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Figure 3. UV-vis-NIR spectra recorded during chemical oxidation of [6b]3+ to [6b]4+ in MeCN 
(grey to black). The absorptions of [5a]4+ predicted by TD-DFT in vacuo are given as black bars. 

Table 3. Low-energy bands for [5a]4+, [5b]4+, [6a]4+, and [6b]4+ upon chemical oxidation in 
MeCN. 

  λmax(exp) (nm) (ν~ max(exp) (cm–1)) 

(Δν~ 1/2 (cm
–1)) (ε (103 M–1 cm–1)) 

 calc λ'max (cm
–1)a 

Δν~ 1/2, calc (cm
–1)b 

 MeCN CH2Cl2 MeCN 

[5a]4+ 956 (10460) 
(4174) (5.0) 

945 (10582) 
(4155) 

4895 
3355 

[5b]4+ 939 (10650) 
(5097) (6.2) 

904 (11062) 
(4260) (5.3) 

4925 
3365 

[6a]4+ 1057 (9461) 
(3828) (6.3) 

1061 (9425) 
(3955) 

5185 
3450 

[6b]4+ 1034 (9671) 
(4000) (7.2) 

1014 (9862) 
(4405) (6.4) 

5155 
3440 

a Calculated using λ'max = λmax + ΔE1/2, ox b Calculated using the Hush formula, see main text. 

Additionally we investigated the nature of the IVCT transition in [5a]4+ using 
the TD-DFT approach. To save calculation costs, calculations were performed 
on [5a]3+ and [5a]4+ only, using the B3LYP functional with the DZ Dunning 
basis set44, 45 for all atoms except for ruthenium, for which the Stuttgart RSC 
1997 ECP relativistic core potential46 was employed. To assure the validity of 
the wavefunction, its stability was tested. The TD-DFT calculations were run on 
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the optimized geometries at the same level of theory. In addition to the isovalue 
plots47 we have used a Mulliken population analysis48 in order to assign the 
nature of the individual orbitals. In [5a]3+ the three highest occupied molecular 
orbitals (HOMOs) are associated with the cyclometalated ruthenium, while 
HOMO–4, HOMO–5 and HOMO–6 are associated with the all N-coordinated 
metal. The lowest unoccupied spin orbital (LUSO) is localized on the 
cyclometalated ruthenium in [5a]4+, Figure 4. The highest occupied spin orbitals 
(HOSOs) are localized on the second ruthenium center. A strong transition is 
predicted for [5a]4+ at 1060 nm (f = 0.173) assigned to β-HOMO–1 → β-LUMO, 
Figure 3. 

 

 

Figure 4. Isovalue plots (value = 0.05) for β-HOMO–1 and β-LUMO of [5a]4+. 

2.5 Photoelectrochemical Experiments 

A solid state dye-sensitized solar cell was constructed using the soluble 
[H28b](Cl)2 precipitated from DMSO solution as sensitizer and 2,2'-7,7'-tetrakis-
(N,N-di(4-methoxyphenyl)amino)-9,9'-spiro-bifluorene (spiro-MeOTAD) as 
solid hole conducting material.49, 50 It has to be noted that the exact degree of 
protonation of [8b] is unknown as HCl slowly escapes from the dry solid. 
Under sunlight simulated by a LumiLED lightsource (mismatch 15-20%) the cell 
reached a power conversion efficiency of 1.37% with open circuit voltage Voc = 
724 mV, short circuit current Isc = 2.6 mA, and fill factor ff = 0.73. The incident 
photon-to-current conversion efficiency (IPCE) spectrum of this cell was 
measured using a 300 W Xe lamp with 10 nm step width (Figure 5). 
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Figure 5. Photocurrent action spectrum of [H28b](Cl)2 in a solid state DSSC (squares). 
Normalized absorption spectra of [Hx8b]x+ in DMSO in the presence of NaOH (black) or HCl 
(grey). 

3 Discussion 

3.1 Synthesis 

Ligand 3aH has been previously reported, but was prepared on a 25 mg scale 
with 2% overall yield, using a pyridine condensation and Negishi cross 
coupling methodology.29 The methodology applied here allows easy 
preparation of the bridging ligands on a multigram scale. Furthermore, it 
allows for easy functionalization of the ligand. Introduction of the tBu moieties 
increases the solubility of the ligands and corresponding complexes. As a result 
3bH is soluble in common organic solvents while 3aH is only soluble in 
halogenated solvents but sparingly in other solvents. 

Reaction of 3aH with [RuCl3(tpy)] is only slightly selective towards the 
N,N',N''-coordinating side. As result, a mixture of several complexes was 
obtained, but the desired product [4a]2+ could be isolated by repeated column 
chromatography. Reaction with 3bH is more selective, probably as a result of 
the decreased reactivity of the potentially cyclometalating moiety by steric 
interference. The bimetallic compounds could be obtained by reaction of the 
monometallic complexes with the appropriate ruthenium precursor. Fast and 
effective reactions could be achieved using μ-wave assisted heating in a closed 
vessel. Whereas the unsubstituted [5a]3+ is rather insoluble in MeCN and its 13C 
NMR spectrum could only be obtained in DMSO-d6, the tBu- and ester-
substituted [6b]3+ is highly soluble in MeCN, acetone and CH2Cl2. Deprotection 
of [6a]3+ resulted in the formation of a dark solid that is insoluble in common 
organic solvents. After deprotection of the esters moieties in [6b]3+ to the free 
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carboxylates, the resulting complex, i.e., [8b], is soluble in MeOH and DMSO, 
especially upon addition of two additional equivalents of aqueous HCl. Its 
identity and purity could be confirmed using 1H and 13C NMR spectroscopy. 

 
3.2 Electrochemical Data 

It has already been put forward that care has to be taken in using localized 
descriptions of molecular orbitals and transitions in cyclometalated 
complexes,51-54 because orbitals formally associated with the metal center may 
have a significant component on the cyclometalated ligand, and vice versa. The 
Mulliken population on the metal center for the formally metal-based states 
indeed decreases as a result of cyclometalation, and a significant ligand-based 
component is present. However, the HOMOs are still well described as metal-
based, and for this reason we will continue to use terms associated with 
localized descriptions. The extra electron density at the ruthenium nucleus from 
the strong σ-donation of the anionic carbon places the oxidation potential of 
[7a]+ at 700 mV less positive values as [7a]+, similar to the negative shifts for the 
oxidation potential of other cyclometalated ruthenium complexes.25, 41-43 
Introduction of the tBu and CO2Me moieties shifts the oxidation potential of the 
ruthenium center negatively and positively, respectively, in line with the 
respective Hammett55 parameters σp = –0.20 and 0.45. Several reduction 
processes are observed which are assigned to successive reduction of the 
different tpy ligands in the complexes. In the dinuclear complexes [5a]3+-[6b]3+ 
two successive and electrochemically reversible one-electron oxidation waves 
are observed, which are assigned to the stepwise oxidation of the two metal 
centers. 

In symmetric, dinuclear metal complexes, splitting of the individual 
oxidation waves is usually taken as an indication of metal-metal interaction, 
although other effects may play a non-negligible role.56-58 In [{Ru(ttpy)}2(μ-tpy-
tpy)]4+ and [{Ru(ttpy)}2(μ-N^C^N-N^C^N)]2+ (ttpy = 4'-tolyl-2,2':6',2''-
terpirdine) the separation between the two oxidation waves is 70 and 170 mV, 
respectively, and the IVCT band is indeed much stronger in the latter.28, 29, 59 
Delocalization of the metal states over the cyclometalated bridging ligand 
increases the electronic communication between the metal centers. In 
unsymmetric complexes, the redox asymmetry (ΔE1/2(ox)) hampers direct 
determination of the interaction induced splitting between the respective redox 
waves. The difference between the two waves in [5a]3+ is smaller than the 
difference observed between the oxidation potentials of [4a]2+ and [7a]+. This is 
a result of the positive shift of the oxidation potential of the cyclometalated 
ruthenium moiety upon coordination of the tpy moiety on the bridging ligand. 
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3.3 Near-Infrared Spectra 

Upon one-electron oxidation of the bimetallic complexes [5a]3+ - [6b]3+, the 
MLCT feature is partly diminished, with the remaining MLCT band very akin 
to the band observed for the monomeric complexes [4a]2+ and [4b]2+. This 
corresponds with an initial anodic step localized on the cyclometalated 
ruthenium center. The new low-energy transition is assigned IVCT character. It 
has to be noted that the term IVCT is strictly speaking not applicable to 
unsymmetric systems, where the diabatic states are of different energy. 
However, we will continue to use the term for ease of discussion. As a result of 
the redox asymmetry the IVCT bands are observed at increased energy 
compared to that observed for the redox symmetric analogues. The redox 
asymmetry ΔE1/2(ox) as obtained from CV data can be used to estimate the 
theoretical bandwidth with the Hush formula. All observed band widths are 
larger than the calculated values which indicates localized Robin-Day class II 
behavior.30 The IVCT NIR band is therefore expected to possess significant 
charge transfer character, which should result in strong solvent dependence of 
the energy of this excitation. Indeed, the low-energy absorption feature is 
solvatochromic. However, the energy shift of this transition can also be ascribed 
to the dependence of ΔE1/2(ox) on the solvent. 

Extreme care has to be taken in using DFT for extended binuclear systems as 
DFT often results in artificial overestimation of delocalization.60-62 The energy 
of CT excitations can be strongly underestimated by TD-DFT, especially for 
weakly interacting systems.62 Additionally, spurious charge transfer states 
might be present. Indeed, for [5a]3+ two strong excitations are predicted around 
680 nm, viz. at lower energy than the main experimental MLCT features. These 
transitions are assigned large CT character from the cyclometalated ruthenium 
to the tpy moiety of the bridging ligand, which is unlikely to be a transition of 
high intensity. However, even with the tendency of DFT towards 
delocalization, the metal levels are localized on the individual ruthenium 
centers. In [5a]3+ the three highest occupied molecular orbitals (HOMOs) are 
associated with the cyclometalated ruthenium, while HOMO–4, HOMO–5 and 
HOMO–6 are associated with the non-metalated metal. In silico one-electron 
oxidation results in a LUSO associated with the cyclometalated ruthenium 
center and HOSOs associated with the second metal center. These results 
corroborate metal-based initial and secondary oxidation processes. The strong 
predicted NIR transition for the one-electron oxidized [5a]4+ at 1060 nm is 
assigned metal-to-metal charge transfer character with some involvement of the 
bridging ligand. Although the energy is slightly underestimated, this excitation 
supports the experimental assignment of the absorption as an unsymmetric 
class II IVCT transition. 
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3.4 Photoelectrochemical Experiments 

With the dimeric dye complex attached to the TiO2 surface, many individual 
processes can occur. Upon absorption of the first photon, either dye moiety D1 
or D2 is excited, equation (1) and (2), respectively. D1 represents the 
cyclometalated moiety of [8b], D2 the [Ru(tpy)2]2+ moiety and HTM the hole 
transfer medium. As dye moiety D1 is directly attached to the TiO2 surface, 
electron injection into the TiO2 conduction band (CB) from its excited state is 
fast, equation (3). Direct electron injection from the second dye moiety D2 can 
also occur, reaction (4). It has previously been demonstrated that in a 
[{RuCl(dcbpy)2}BL{OsCl(bpy)2}]2+ (dcbpy = 4,4'-dicarboxyl-2,2'-bipyridine, BL = 
1,2-bis(4-pyridyl)ethane) direct electron transfer from the osmium moiety to the 
TiO2 conduction band occurred, equation (4), mediated by the flexible BL that 
allows proximity to the surface.63 Direct electron transfer is unlikely to occur in 
[8b] as the D2 moiety is remote from the surface and, moreover, efficient energy 
transfer can occur to the D1 moiety, equation (5). After excitation transfer, the 
dye moiety D1 can inject an electron in to the TiO2 CB. 

 
(1) TiO2-D1-D2-HTM → TiO2-D1*-D2-HTM 
(2) TiO2-D1-D2-HTM → TiO2-D1-D2*-HTM 

(3) TiO2-D1*-D2-HTM → TiO2(e–)-D1+-D2-HTM 
(4) TiO2-D1-D2*-HTM → TiO2(e–)-D1-D2+-HTM 

(5) TiO2-D1-D2*-HTM → TiO2-D1*-D2-HTM 
 
The thus formed TiO2(e–)–D1+–D2–HTM can undergo several processes. 

Depending on the redox level of the HTM, D1 can be directly regenerated, 
equation (6). Spiro-MeOTAD was used a hole conductor material, as with its 
oxidation potential of E1/2(ox1) = 0.11 V and E1/2(ox2) = 0.23 V in CH2Cl264 only 
a small driving force is present for regeneration of the primary dye [6b]2+ with 
E1/2(ox1) = 0.32 V vs Fc/Fc+, which should thus be slow. It has to be noted that 
the oxidation potential of spiro-MeOTAD is measured in solution and changes 
somewhat when a film is formed from the HTM. The oxidation potential of the 
dimer (E1/2(ox1)) is measured on the complex with ester protected anchoring 
groups, [6b]3+, which should be roughly comparable to that of fully protonated 
[H38b]3+, as the Hammett55 parameters of CO2Me (σp = 0.45) and CO2H (σp = 
0.45) are identical. Indeed, the electronic absorption spectra of [6b]3+ and 
[H38b]3+ are almost identical. Deprotonation (CO2

–, σp = 0.00) should result in a 
negative shift of E1/2(ox1) and further decreasing the driving force for [8b]. This 
destabilization of the metal levels is reflected in the changed electronic 
absorption spectrum of [8b] compared to [H38b]3+. Additionally to the small 
driving force, the D1 moiety is shielded from the solid state HTM by D2, further 
slowing down regeneration. 
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As demonstrated by the solution experiments, when D1 is oxidized, the 
MLCT features of the D2 moiety remain and this group can absorb another 
photon to form the excited state TiO2(e–)–D1+–D2*–HTM. Excited state electron 
transfer can now occur, as D2* is a stronger reductant than both D1 and D2, 
thus forming TiO2(e–)–D1–D2+–HTM, equation (7). Perhaps a more interesting 
process is the direct regeneration of D1 by optical electron transfer from D2, 
equation (8), which corresponds to the metal-to-metal charge transfer transition 
that was demonstrated in solution, and occurs around 1000 nm.  

 
(6) TiO2(e–)-D1+-D2-HTM → TiO2(e–)-D1-D2-HTM+ 

(7) TiO2(e–)-D1+-D2-HTM →TiO2(e–)-D1+-D2*-HTM→ TiO2(e–)-D1-D2+-HTM 
(8) TiO2(e–)-D1+-D2-HTM → TiO2(e–)-D1-D2+-HTM 

 
The TiO2(e–)–D1–D2+–HTM state can either be regenerated by the electrolyte 

according to equation (9) or it can relax back to the TiO2(e–)–D1+–D2–HTM 
state, equation (10). Additionally, back electron transfer from the TiO2 CB to 
either the D1+ or D2+ cation can occur, which is generally a slow process, 
especially when the distance between the surface and the cation is increased. 

 
(9) TiO2(e–)-D1-D2+-HTM → TiO2(e–)-D1-D2-HTM+ 

(10) TiO2(e–)-D1-D2+-HTM → TiO2(e–)-D1+-D2-HTM 
 
It should be noted that the IPCE curve is measured monochromatically and 

sensitive only to photons of sufficient energy to produce current. In this aspect, 
no IPCE is expected for the low-energy absorption feature, as no pathway is 
available in which photons of this energy inject electrons, and photons of higher 
energy are essential to producing current. Direct regeneration of D1 by the 
electrolyte according to equation (6) is probably a slow process. It seems likely 
that a two photon process as proposed in Figure 1 is operational in the cell and 
at least responsible for part of the photocurrent. However additional tests that 
allow for instance time-resolved observation of the stepwise processes are 
necessary. Obviously, tuning of the electronic interaction between the metal 
centers and the respective oxidation potentials can be achieved by modification 
of the bridging and peripheral ligands in the dimeric complex. Such adaptations 
can have a tremendous influence on the rate or intensity of the absorption 
associated with the individual processes. For instance, decreasing the electronic 
coupling will decrease the intensity of the NIR band associated with equation 
(8), but will also decrease the rate of equation (10), viz. the corresponding back 
electron transfer. 
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4 Conclusions 

We have prepared a series of redox asymmetric diruthenium complexes 
using the mono-cyclometalating bridging ligand N^C(H)^N-tpy and its tBu 
substituted analogue. The tBu moieties ensure higher solubility of the ligand 
and the corresponding complexes, and increase the selectivity of formation of 
the mononuclear non-metalated complex. Subsequent cyclometalation could be 
performed by direct C-H activation in methanol using μ-wave assisted heating. 
The bimetallic complexes undergo reversible metal localized first and second 
oxidation processes. Cyclometalation induces strong redox asymmetry by 
positively shifting the electrode potential of the oxidation of the affected 
ruthenium center. The visible electronic absorption spectra are dominated by 
strong MLCT features, resulting from the presence of many different 
transitions. One-electron oxidation into the mixed valence state diminishes the 
visible absorption band while the MLCT features of the non-metalated moiety 
are preserved. Additionally, a strong NIR absorption band arises that is 
associated with a metal-to-metal charge transfer transition. The localized nature 
of the oxidation processes, the shape of the NIR band, and TD-DFT calculations 
allow assignment of these systems as Robin-Day class II. Initial tests in a solid 
state DSSC indicate that the proposed two-photon process could be operational, 
but additional tests are necessary. 

 

5 Experimental 

General. All air-sensitive reactions were performed under a dry nitrogen 
atmosphere using standard Schlenk techniques. Absolute solvents were dried 
over appropriate drying agents and distilled before use. All other solvents and 
reagents were purchased and used as received. 1H and 13C{1H} NMR spectra 
were recorded at 298 K on a Varian 300 MHz Inova spectrometer and on a 
Varian 400 MHz NMR system. NMR spectra were referenced to the solvent 
residual signal.65 Spectral assignments were based on chemical shift and 
integral considerations as well as COSY and NOESY two-dimensional 
experiments. Elemental analyses were carried out by Kolbe Mikroanalytisches 
Laboratorium (Mülheim an der Ruhr, Germany). 1-(2-Pyridinylcarbonyl) 
pyridinium iodide66, 2-pyridyltributylstannane67, [RuCl3(tpy)]68, and 
[RuCl3(4,4',4''-(MeO2C)3-tpy)]13 were prepared following literature procedures. 
 
Electronic Spectroscopic Measurements and Electrochemical Experiments. 
Solution UV-vis spectra were recorded on a Cary 50 Scan UV-vis 
spectrophotometer, or on a Cary 5 UV-vis-NIR spectrophotometer. Chemical 
oxidation of samples was performed by titration with freshly prepared 
concentrated solutions of [Ce(NO3)6](NH4)2 in MeCN or SbCl5 in CH2Cl2. 
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Cyclic voltammograms were recorded in a single compartment cell under a dry 
nitrogen atmosphere. The cell was equipped with a Pt microdisk working 
electrode, Pt wire auxiliary electrode and a Ag/AgCl wire pseudoreference 
electrode. The working electrode was polished with Alumina nano powder 
between scans. The potential control was achieved with a PAR Model 263A 
potentiostat. All redox potentials are reported against the ferrocene-
ferrocenium (Fc/Fc+) redox couple used as an internal standard.69, 70 All 
electrochemical samples were 10–1 M in [n-Bu4N]PF6 as the supporting 
electrolyte in MeCN distilled over KMnO4 and Na2CO3 or in CH2Cl2 distilled 
over CaH2. 
 
DFT calculations. DFT calculations were performed at the DZ Dunning44, 45 
level of theory for carbon, nitrogen, and hydrogen, and using the Stuttgart RSC 
1997 ECP relativistic core potential46 for ruthenium using the B3LYP functional. 
Geometries were optimized using the Gamess UK71 program package. 
Subsequent TD-DFT calculations were run on the optimized geometry at the 
same level of theory using the Gaussian version 03 program package.72 Isovalue 
plots of the frontier molecular orbitals were made using MOLDEN.47 
 

Syntheses. 

1-(3,5-Dibromophenyl)-3-(pyridin-2-yl)prop-2-en-1-one. A solution of 3,5-
dibromobenzaldehyde (9.4 g, 36 mmol) and 2-acetylpyridine (4.0 mL, 36 mmol) 
in MeOH (400 mL) was treated with a aqueous NaOH solution (4 M, 13 mL, 42 
mmol), and the resulting mixture stirred at room temperature for 1 h. The 
suspension was filtered, the product isolated with CH2Cl2 (100 mL), washed 
with H2O (100 mL), dried over MgSO4, filtered, and evaporated in vacuo. The 
product was obtained as a white solid (10.4 g, 80%). 
1H NMR (400 MHz, CDCl3): δ 8.75 (d, 1H, 3J = 4.8 Hz, Ar'6H), 8.27 (d, 1H, 3J = 
16.0 Hz, CH), 8.17 (d, 1H, 3J = 8.0 Hz, Ar'3H), 7.88 (dd, 1H, 3J = 8.0 Hz, 3J = 7.6, 
Ar'4H), 7.76 (d, 1H, 4 = 1.6, Ar2H), 7.72 (d, 1H, 3J = 16 Hz, CH), 7.67 (t, 1H, 3J = 
1.6 Hz, Ar4H), 7.51 (dd, 1H, 3J = 7.6 Hz, 3J = 4.8 Hz, Ar'5H). 13C NMR (100 MHz, 
CDCl3): δ 189.1, 153.9, 149.2, 141.3, 138.9, 137.4, 135.6, 130.3, 127.5, 123.6, 123.6, 
123.3. 
 
4'-(3,5-Dibromophenyl)-2,2':6',2''-terpyridine, 1. A suspension of 1-(3,5-
dibromophenyl)-3-(pyridin-2-yl)prop-2-en-1-one (10.4 g, 28 mmol), 1-(2-
pyridinylcarbonyl)pyridinium iodide (14.6 g, 45 mmol) and NH4OAc (29.7 g, 
385 mmol) in MeOH (400 mL) was heated under reflux for 20 h. The mixture 
was diluted with H2O (200 mL) and filtered. The product was isolated with 
CH2Cl2, washed with aqueous NaOH (0.2 M, 100 mL), dried over MgSO4 and 
evaporated in vacuo, yielding the product as a white solid (12.3 g, 94%). 
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1H NMR (400 MHz, CDCl3): δ 8.72 (d, 2H, 3J = 4.8 Hz, F6), 8.65 (d, 2H, 3J = 8.0 
Hz, F3), 8.62 (s, 2H, E3,5), 7.96 (s, 2H, D2,6), 7.89 (dd, 2H, 3J = 8.0 Hz, 3J = 7.6 Hz, 
F4), 7.74 (s, 1H, D4), 7.37 (dd, 2H, 3J = 7.6 Hz, 3J = 4.8 Hz, F5). 13C NMR (100 
MHz, CDCl3): δ 156.4, 155.9, 149.3, 147.8, 142.3, 137.3, 134.6, 129.4, 124.4, 123.8, 
121.7, 118.9. Anal. Calcd for C21H13Br2N3: C, 53.99; H, 2.80; N, 8.99. Found: C, 
54.10; H, 2.86; N, 9.05. 
 
(4-tert-Butylpyridin-2-yl)tributylstannane, 2b. A solution of N,N-
dimethylethanolamine (9.0 mL, 90 mmol) in hexane (200 mL) was treated with 
nBuLi (1.6 M in hexane, 112.5 mL, 180 mmol) at 0 °C. The mixture was stirred 
for 20 minutes, and 4-tert-butylpyridine (8.8 mL, 60 mmol) was added, and the 
mixture was stirred for 1 h. After cooling down to -70 °C, SnCl(nBu)3 (90% pure, 
37 mL, 120 mmol) was added, and the mixture was allowed to warm to room 
temperature and stirred for 2 h. The reaction was quenched with aqueous 
NH4Cl, the phases separated and the aqueous phase extracted with Et2O (100 
mL). The combined organic layers were dried over MgSO4, filtered, and 
concentrated in vacuo, yielding the product (48 g, 188%, Sn(nBu)4 present as 
impurity) as a colorless oil. 
1H NMR (400 MHz, CDCl3): δ 8.62 (d, 1H, 3J = 5.2 Hz, Ar6H), 7.37 (s, 1H, Ar3H), 
7.10 (d, 1H, 3J = 5.2 Hz, Ar5H), 0.70-1.60 (m, 36H, nBu + tBu). 
 
4'-(3,5-Di(2-pyridinyl)phenyl)-2,2':6',2''-terpyridine, 3aH. A suspension of 1 (3.6 
g, 7.7 mmol), tributyl-2-pyridylstannane (17.5 g, 31 mmol), LiCl (3.1 g, 74 mmol) 
and Pd(PPh3)4 (0.5 g, 0.4 mmol) in toluene (80 mL) was degassed and heated 
under reflux for 24 h. An aqueous solution of KF was added and the resulting 
mixture filtered over celite and the solids were washed with CH2Cl2. The 
combined organic fractions were dried over K2CO3, and concentrated in vacuo. 
The product was purified by washing with pentane (3 × 50 mL) and toluene (30 
mL), yielding the product as a white solid (3.16 g, 89%). 
1H NMR (400 MHz, CDCl3): δ 8.97 (s, 2H, E3,5), 8.77-8.83 (m, 7H, D4 + C3 + C6 
+ F3), 8.63 (s, 2H, D2,6), 8.02 (d, 2H, 3J = 8.0 Hz, F3), 7.94 (dd, 2H, 3J = 8.0 Hz, 3J 
= 7.6 Hz, C4), 7.86 (dd, 2H, 3J = 8.0 Hz, 3J = 7.6 Hz, F4), 7.39-7.43 (m, 4H, C5 + 
F6), 7.33 (d, 2H, 3J = 7.6 Hz, 3J = 5.2 Hz, F5). 13C NMR (100 MHz, CDCl3): δ 
157.0, 156.4, 156.1, 150.6, 149.9, 149.2, 140.9, 140.1, 137.2, 137.1, 126.8, 126.5, 
124.1, 122.8, 121.7, 121.4, 119.6. 
 
4'-(3,5-Di(4-tbutylpyridin-2-yl)phenyl)-2,2':6',2''-terpyridine, 3bH. A suspension 
of 1 (5.0 g, 11 mmol), 2b (40.6 g, 30 mmol, Sn(nBu)4 present), LiCl (5.4 g, 127 
mmol), and Pd(PPh3)4 (0.9 g, 0.8 mmol) in degassed toluene (100 mL) was 
heated under reflux for 3 days. After cooling down to room temperature, an 
aqueous solution of KF (20 mL) was added, the mixture filtered, the phases 
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separated and the aqueous phase extracted with CH2Cl2 (100 mL), and 
concentrated in vacuo. The product was purified by column chromatography 
on SiO2 (hexane : ethyl acetate = 9 : 1) and Al2O3 (hexane : ethyl acetate = 9 : 1), 
yielding the product as a white solid (1.4 g, 23%). 
1H NMR (400 MHz, C6D6): δ 9.30 (s, 2H, E3,5), 9.28 (s, 1H, D4), 8.88 (s, 2H, 
D2,6), 8.68 (d, 2H, 3J = 8.0 Hz, F3), 8.59 (d, 2H, 3J = 5.2 Hz, C6), 8.52 (d, 2H, 3J = 
5.2 Hz, F6), 7.91 (s, 2H, C3), 7.34 (dd, 2H, 3J = 8.0 Hz, 3J = 7.6 Hz, F4), 6.85 (d, 2H, 
3J = 5.2 Hz, C5), 6.77 (dd, 2H, 3J = 7.6 Hz, 3J = 5.2 Hz, F5), 1.05 (s, 18H, tBu). 13C 
NMR (100 MHz, C6D6): δ 160.3, 157.3, 156.6, 156.4, 150.8, 150.0, 149.3, 141.7, 
140.4, 136.3, 126.9, 126.7, 123.5, 121.2, 119.8, 119.6, 117.6, 34.5, 30.3. Anal. Calcd 
for C39H37N5: C, 81.36; H, 6.48; N, 12.16. Found: C, 81.25; H, 6.43; N, 12.18. 
 
[Ru(3aH)(tpy)](PF6)2, [4a](PF6)2. A suspension of [RuCl3(tpy)] (164 mg, 0.37 
mmol) and AgBF4 (275 mg, 1.41 mmol) in acetone (50 mL) was heated under 
reflux for 2 h. After filtration over celite, the solvent is removed in vacuo. The 
mauve solid was dissolved in EtOH (150 mL) and a solution of 3aH (174 mg, 
0.37 mmol) in CH2Cl2 (40 mL) was added and the solution heated under reflux 
for 2 h. The product was precipitated by addition of an aqueous KPF6 solution. 
The product was purified by column chromatography on SiO2 (MeCN : 
aqueous 0.5 M NaNO3 = 9 : 1, v/v), and on Al2O3 (MeCN : toluene = 1 : 1, v/v), 
during which [7a]+ was isolated as side product. The product was precipitated 
from MeCN with ethyl acetate, yielding the product as an orange solid (76 mg, 
19%) 
1H NMR (400 MHz, CD3CN): δ 9.15 (s, 2H, E3,5), 9.05 (s, 1H, D4), 8.91 (s, 2H, 
D2,6), 8.79 (d, 2H, 3J = 8.0 Hz, H3,5), 8.77 (broad, 2H, C6), 8.68 (d, 2H, 3J = 8.0 
Hz, F3), 8.53 (d, 2H, 3J = 8.0 Hz, G3), 8.45 (t, 1H, 3J = 8.0 Hz, H4), 8.27 (d, 2H, 3J = 
8.0 Hz, C3), 8.02 (dd, 2H, 3J = 8.0 Hz, 3J = 6.0 Hz, C4), 7.94-7.98 (m, 4H, F4+G4), 
7.53 (d, 2H, 3J = 5.2 Hz, G6), 7.46 (dd, 2H, 3J = 6.0 Hz, 3J = 4.4 Hz, C6), 7.3 (d, 2H, 
3J = 6.2 Hz, F6), 7.19-5.25 (m, 4H, F5+G5). 13C NMR (100 MHz, CD3CN): δ 159.2, 
159.1, 156.7, 156.5, 156.4, 153.5, 153.4, 150.8, 149.1, 142.5, 139.2, 139.1, 139.0, 
138.4, 136.8, 128.5, 128.4, 127.8, 127.6, 125.9, 125.4, 124.7, 124.3, 123.0, 121.9. 
Anal. Calcd for C46H32F12N8P2Ru: C, 50.79; H, 2.97; N, 10.30. Found: C, 50.71; H, 
2.91; N, 10.29. 
[Ru(3a)(tpy)](PF6), [7a](PF6). 
1H NMR (400 MHz, acetone-d6): δ 9.15 (s, 2H, E3,5), 9.04 (d, 2H, 3J = 8.0 Hz, 
A3,5), 8.93 (s, 2H, D3,5), 8.87 (d, 2H, 3J = 8.0 Hz, F3), 8.84 (d, 2H, 3J = 4.8 Hz, F6), 
8.71 (d, 2H, 3J = 8.0 Hz, B3), 8.57 (d, 2H, 3J = 8.0 Hz, C3), 8.43 (t, 1H, 3J = 8.0 Hz, 
A4), 8.09 (dd, 2H, 3J = 8.0 Hz, 3J = 7.6 Hz, F4), 7.85 (dd, 2H, 3 = 7.6 Hz, 3J = 7.6 
Hz, B4), 7.76 (dd, 2H, 3J = 7.6 Hz, 3J = 6.4 Hz, C4), 7.56 (dd, 2H, 3J = 7.6 Hz, 3J = 
4.8 Hz, F5), 7.37 (d, 2H, 3J = 7.2 Hz, B6), 7.28 (d, 2H, 3J = 6.8 Hz, C6), 7.15 (dd, 
2H, 3J = 7.6 Hz, 3J = 68 Hz, B5), 6.82 (dd, 2H, 3J = 7.2 Hz, 3J = 6.4 Hz, C5).13C 
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NMR (100 MHz, CD3CN): δ 225.8, 169.4, 160.0, 157.2, 157.1, 155.4, 153.7, 152.9, 
152.8, 150.3, 143.8, 138.2, 136.6, 136.2, 133.3, 131.5, 127.3, 125.2, 124.5, 123.3, 
123.1, 122.8, 122.1, 120.9, 119.4. 
 
[Ru(3bH)(tpy)](PF6)2, [4b](PF6)2. A suspension of [RuCl3(tpy)] (105 mg, 0.24 
mmol), 3bH (75 mg, 0.12 mmol) and AgBF4 (160 mg, 0.82 mmol) in MeOH (40 
mL) was heated under reflux for 20 h. After cooling down, the orange solution 
was filtered over celite, and the product was precipitated by addition of 
aqueous KPF6 and removal of the MeOH in vacuo. The product was purified by 
column chromatography on SiO2 (MeCN : aqueous 0.5 M NaNO3 = 9 : 1, v/v) 
and on Al2O3 (MeCN : toluene = 1 : 1, v/v), yielding the product as an orange 
solid (81 mg, 56%). 
1H NMR (400 MHz, CD3CN): δ 9.06 (s, 2H, E3,5), 8.98 (t, 1H, 4J = 1.6 Hz, D4), 
8.91 (d, 2H, 4J = 1.6 Hz, D2,6), 8.80 (d, 2H, 3J = 8.0 Hz, H3,5), 8.50-8.58 (m, 6H, 
F3+C6+G3), 8.46 (t, 1H, 3J = 8.0 Hz, H4), 8.22 (d, 2H, 4J = 1.6 Hz, C3), 7.98 (dd, 
2H, 3J = 8.0 Hz, 3J = 8.0 Hz, F4), 7.90 (dd, 2H, 3J = 8.0 Hz, 3J = 7.6 Hz, G4), 7.65 
(d, 2H, 3J = 5.6 Hz, F6), 7.38-7.44 (m, 4H, C5+G6), 7.29 (dd, 2H, 3J = 8.0 Hz, 3J = 
5.6 Hz, F5), 7.20 (dd, 2H, 3J = 7.6 Hz, 3J = 5.6 Hz, G5), 1.44 (s, 18H, tBu). 13C 
NMR (100 MHz, CD3CN): δ 162.5, 159.1, 159.1, 156.9, 156.4, 156.3, 153.5, 153.5, 
150.7, 149.2, 142.4, 139.2, 139.1, 139.0, 136.8, 128.5, 128.4, 128.0, 127.9, 125.4, 
125.4, 124.7, 123.1, 121.4, 119.0, 35.8, 30.8. Anal. Calcd for C54H48F12N8P2Ru: C, 
54.05; H, 4.03; N, 9.34. Found: C, 54.00; H, 4.10; N, 9.29. 
 
[Ru2(μ-3a)(tpy)2](PF6)2, [5a](PF6)3. A mixture of [RuCl3(tpy)] (143 mg, 0.32 
mmol) and AgBF4 (211 mg, 1.08 mmol) in acetone (30 mL) was heated under 
reflux for 2 h. The mixture was filtered over celite and the solvent was removed 
in vacuo. The mauve solid was dissolved in n-BuOH (20 mL) and 3aH (50 mg, 
0.11 mmol) was added. The mixture was heated under reflux for 20 h. The 
solvent was removed in vacuo and the dark solid was dissolved in MeCN (50 
mL) and precipitated by addition of aqueous KPF6 and removal of MeCN. The 
product was purified by column chromatography on SiO2 (MeCN : aqueous 0.5 
M NaNO3 = 9 : 1, v/v), yielding the product as a dark purple solid (98 mg, 
58%). 
1H NMR (400 MHz, DMSO-d6): δ 9.76 (s, 2H, E3,5), 9.33 (s, 2H, D3,5), 9.16 (d, 
2H, 3J = 8.0 Hz, F3), 9.12 (d, 2H, 3J = 8.0 Hz, A3,5), 9.11 (d, 2H, 3J = 8.0 Hz, H3,5), 
8.87 (d, 2H, 3J = 8.0 Hz, G3), 8.79 (d, 2H, 3J = 8.0 Hz, C3), 8.66 (d, 2H, 3J = 8.0 Hz, 
B3), 8.55 (t, 1H, 3J = 8.0 Hz, H4), 8.45 (t, 1H, 3J = 8.0 Hz, A4), 8.13 (dd, 2H, 3J = 
8.0 Hz, 3J = 7.6 Hz, F4), 8.06 (dd, 2H, 3J = 8.0 Hz, 3J = 7.6 Hz, G4), 7.82-7.90 (m, 
4H, B4 + C4), 7.63 (d, 2H, 3J = 5.6 Hz, G6), 7.49 (d, 2H, 3J = 5.2 Hz, F6), 7.30-7.38 
(m, 4H, B6 + C6), 7.10-7.20 (m, 6H, B5 + F5 + G5), 6.90 (dd, 2H, 3J = 7.6 Hz, 3J = 
5.2 Hz, C5).13C NMR (100 MHz, dmso-d6): δ 228.6, 168.4, 159.4, 159.0, 158.7, 
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155.7, 155.6, 154.3, 153.0, 152.8, 152.7, 152.4, 149.8, 143.5, 138.8, 138.7, 136.4, 
136.3, 133.9, 128.5, 128.4, 128.2, 127.4, 125.3, 125.2, 124.8, 124.7, 123.5, 123.3, 
122.8, 121.0, 120.9. One additional resonance could not be resolved. 
 
[Ru2(μ-3b)(tpy)2](PF6)2, [5b](PF6)3. A mixture of [4b](PF6)2 (33 mg, 0.025 mmol) 
and [RuCl3(tpy)] (29 mg, 0.066 mmol) was suspended in ethylene glycol (25 mL) 
and heated to 150 °C for 30 minutes using μ-wave radiation in a closed vessel. 
The product was precipitated by addition of aqueous KPF6, filtered and 
collected with MeCN. The product was purified by column chromatography on 
SiO2 (MeCN : aqueous 0.5 M NaNO3 = 9 : 1, v/v), and recrystallized from 
MeCN and H2O, yielding the product as a purple solid (28 mg, 67%). 
1H NMR (400 MHz, CD3CN): δ 9.44 (s, 2H, E3,5), 9.12 (s, 2H, D3,5), 8.88 (d, 2H, 
3J = 8.0 Hz, F3), 8.83 (d, 2H, 3J = 8.0 Hz, A3,5), 8.82 (d, 2H, 3J = 8.0 Hz, H3,5), 8.57 
(d, 2H, 3J = 8.0 Hz, G3), 8.55 (d, 2H, 4J = 1.2 Hz, C3), 8.51 (d, 2H, 4J = 1.2 Hz, B3), 
8.47 (t, 1H, 3J = 8.0 Hz, H4), 8.35 (t, 1H, 3J = 8.0 Hz, A4), 8.06 (dd, 2H, 3J = 8.0 Hz, 
3J = 8.0 Hz, F4), 8.00 (dd, 2H, 3J = 8.0 Hz, 3J = 8.0 Hz, G4), 7.79 (dd, 2H, 3J = 8.0 
Hz, 3J = 7.6 Hz, B4), 7.60 (d, 2H, 3J = 4.8 Hz, G6), 7.44 (d, 2H, 3J = 5.6 Hz, F6), 
7.23-7.30 (m, 6H, B6+G5+F5), 7.06 (d, 2H, 3J = 6.8Hz, C6), 7.05 (dd, 2H, 3J = 7.6 
Hz, 3J = 5.6 Hz, B5), 6.85 (dd, 2H, 3J = 6.8 Hz, 4J = 1.2 Hz, C5), 1.38 (s, 18H, tBu). 
13C NMR (100 MHz, CD3CN): δ 228.7, 168.9, 161.4, 160.0, 159.5, 159.2, 156.5, 
156.3, 155.0, 153.5, 153.5, 153.2, 152.3, 151.3, 148.7, 143.0, 139.1, 139.0, 136.7, 
136.4, 133.6, 129.5, 128.6, 128.4, 127.3, 125.6, 125.5, 124.7, 123.5, 123.2, 122.1, 
120.7, 118.4, 35.8, 30.7. Anal. Calcd for C69H58F18N11O6P3Ru2·2H2O: C, 48.34; H, 
3.65; N, 8.99. Found: C, 48.78; H, 3.75; N, 8.62. 
 
[Ru2(μ-3a)((MeO2C)3-tpy)(tpy)](PF6)3, [6a](PF6)3. A mixture of [4a](PF6)2 (16.0 
mg, 0.015 mmol) and [RuCl3((MeO2C)3-tpy)] (19 mg, 0.031 mmol) was 
suspended in MeOH (25 mL) and heated to 97°C in a closed vessel for 30 
minutes using μ-wave radiation. The product was precipitated by addition of 
aqueous KPF6, filtered and collected with MeCN. The product was purified by 
column chromatography on SiO2 (MeCN : aqueous 0.5 M NaNO3 = 9 : 1, v/v), 
and recrystallized from MeCN with Et2O, yielding the product as a purple solid 
(23 mg, 90%). 
1H NMR (400 MHz, CD3CN): δ 9.50 (s, 2H, A3,5), 9.44 (s, 2H, E3,5), 9.16 (s, 2H, 
D3,5), 9.10 (s, 2H, B3), 8.89 (d, 2H, 3J = 8.0 Hz, F3), 8.82 (d, 2H, 3J = 8.0 Hz, H3,5), 
8.59 (d, 2H, 3J = 4.4 Hz, G3), 8.57 (d, 2H, 3J = 4.4 Hz, C3), 8.47 (t, 1H, 3J = 8.0 Hz, 
H4), 8.05 (dd, 2H, 3J = 7.6 Hz, 3J = 7.6 Hz, F4), 7.99 (dd, 2H, 3J = 7.6 Hz, 3J = 7.6 
Hz, G4), 7.82 (dd, 2H, 3J = 7.6 Hz, 3J = 7.2 Hz, C4), 7.54-7.60 (m, 6H, B5+B6+G6), 
7.43 (d, 2H, 3J = 6.0 Hz, F6), 7.23-7.29 (m, 4H, F5+G5), 7.04 (d, 2H, 3J = 5.2 Hz, 
C6), 6.78 (dd, 2H, 3J = 7.6 Hz, 3J = 6.0 Hz, C5), 4.25 (s, 3H, CO2CH3), 3.95 (s, 6H, 
CO2CH3). 13C NMR (100 MHz, CD3CN): δ 224.7, 168.9, 166.2, 165.0, 160.6, 159.5, 
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159.2, 156.5, 155.8, 153.9, 153.6, 153.5, 153.4, 150.5, 143.9, 139.1, 137.8, 137.4, 
136.6, 134.2, 130.8, 128.6, 128.4, 126.7, 125.6, 125.4, 124.7, 124.1, 123.9, 123.6, 
123.5, 121.8, 121.6, 54.0, 53.8. Anal. Calcd for C67H48F18N11O6P3Ru2: C, 46.24; H, 
2.78; N, 8.85. Found: C, 45.20; H, 3.83; N, 8.88. 
 
[Ru2(μ-3b)((MeO2C)3-tpy)(tpy)](PF6)3, [6b](PF6)3. A mixture of [4b](PF6)2 (57 
mg, 0.047 mmol) and [RuCl3(tpy)] (47 mg, 0.071 mmol) was suspended in 
MeOH (50 mL) and heated to 97°C in a closed vessel for 30 minutes using μ-
wave radiation. The product was precipitated by addition of aqueous KPF6, 
filtered and collected with MeCN. The product was purified by column 
chromatography on SiO2 (MeCN : aqueous 0.5 M NaNO3 = 9 : 1, v/v), and 
recrystallized from MeCN with Et2O, yielding the product as a purple solid (51 
mg, 58%). 
1H NMR (400 MHz, CD3CN): δ 9.50 (s, 2H, A3,5), 9.45 (s, 2H, E3,5), 9.15 (s, 2H, 
D3,5), 9.11 (s, 2H, B3), 8.89 (d, 2H, 3J = 4.4 Hz, F3), 8.83 (d, 2H, 3J = 4.4 Hz, H3,5), 
8.58 (d, 2H, 3J = 4.4 Hz, G3), 8.55 (d, 2H, 3J = 4.4 Hz, C4), 8.48 (t, 1H, 3J = 4.4 Hz, 
H4), 8.06 (dd, 2H, 3J = 4.4 Hz, 3J = 4.4 Hz, F4), 8.00 (dd, 2H, 3J = 4.4 Hz, 3J = 4.4 
Hz, G4), 7.56-7.61 (m, 6H, G6+B5+B6), 7.45 (d, 2H, 3J = 4.4 Hz, F6), 7.24-7.30 (m, 
4H, G5+F5), 6.89 (d, 2H, 3J = 4.4 Hz, G6), 6.79 (dd, 2H, 3J = 4.4 Hz, 3J = 4.4 Hz, 
C6), 4.25 (s, 3H, CO2Me), 3.95 (s, 6H, CO2Me), 1.35 (s, 18H, tBu). 13C NMR (100 
MHz, CD3CN): δ 224.2, 168.5, 166.2, 165.0, 162.5, 160.6, 159.5, 159.2, 156.5, 156.4, 
155.6, 153.8, 153.7, 153.3, 152.8, 150.8, 144.0, 139.1, 139.0, 137.3, 136.7, 133.7, 
131.1, 128.6, 128.4, 126.6, 125.5, 125.4, 124.8, 124.0, 123.9, 123.6, 122.2, 120.9, 
118.8, 53.9, 53.8, 35.9, 30.6. Anal. Calcd for C75H64F18N11O6P3Ru2·7H2O: C, 45.53; 
H, 3.97; N, 7.79. Found: C, 45.70; H, 4.24; N, 7.54. 
 
[Ru2(μ-3b)((–O2C)3-tpy)(tpy)], [8b]. A solution of [6b](PF6)3 (23 mg, 0,012 mg), 
H2O (0.1 mL) and NEt3 (0.1 mL) in MeCN (2 mL) was heated to 70 °C for 40 h. 
The resulting suspension was filtered, the solid washed with acetone (1 mL) 
and the product was collected with MeOH. Concentration of the solution in 
vacuo yielded the product as a dark purple solid (13 mg, 78%). 
1H NMR (400 MHz, DMSO-d6 in the presence of 2 eq. aqueous HCl): δ 9.88 (s, 
2H), 9.55 (s, 2H), 9.37 (s, 2H), 9.31 (d, 2H, 3J = 8.0 Hz), 9.16 (s, 2H), 9.11 (d, 2H, 3J 
= 8.0 Hz), 8.86 (d, 2H, 3J = 8.0 Hz), 8.69 (s, 2H), 8.53 (t, 1H, 3J = 8.0 Hz), 8.12 (dd, 
2H, 3J = 8.0 Hz, 3J = 7.6 Hz), 8.06 (dd, 2H, 3J = 8.0 Hz, 3J = 7.6 Hz), 7.62 (d, 2H, 3J 
= 5.2 Hz), 7.58 (d, 2H, 3J = 5.2 Hz), 7.46 (d, 2H, 3J = 5.6 Hz), 7.30-7.40 (m, 6H), 
6.93 (d, 2H, 3J = 6.4 Hz), 6.85 (d, 2H, 3J = 6.4 Hz), 1.28 (s, 18H). 13C NMR (100 
MHz, DMSO-d6): δ 224.5, 167.3, 166.6, 165.3, 160.5, 159.2, 158.5, 158.1, 155.1, 
155.0, 153.8, 152.3, 152.2, 152.0, 151.5, 149.9, 142.6, 140.9, 138.3, 135.9, 129.7, 
128.0, 127.8, 126.2, 125.4, 124.8, 124.2, 123.6, 123.4, 122.9, 121.8, 120.2, 118.0, 35.1, 
30.3. Two additional resonances could not be resolved. 
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White light image of the sun on 5 August 2003 in which Mercury transits the 
solar disk. Mercury transits occur approximately every seven years, while 
Venus transits are more exceptional; There are exactly 82 Venus Transits 
between the years -3000 (BC) and 3000, the next one being on 6 June 
2012. The diameter of the sun is roughly 285 times larger than that of 
Mercury. 
Image: Sipke Wadman. 
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Gerard P. M. van Klink, and Gerard van Koten, J. Organomet. Chem., 2008, 693, 3188-3190. 

Appendix 

Comment on "Theoretical studies on the ground 
states in [M(terpyridine)2]2+ and [M(4-(4-(t-

butyl)phenyl)terpyridine)2]2+ (M = Fe, Ru, Os) and 
excited states in [Ru(terpyridine)2]2+ using density 

functional theory" 
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Recently, a report has been published concerning theoretical calculations on 
the lowest excited states of [M(terpyridine)2]2+ and [M(4-(4-(t-
butyl)phenyl)terpyridine)2]2+ (§) (M = Fe, Ru, and Os) complexes calculated 
using the TD-DFT approach.1 A difference was claimed between the character 
of the lowest transition of [Fe(terpyridine)2]2+ and that of the other five 
considered compounds: whereas the iron complex had intraligand (IL) π-π* 
character, the lowest transitions of the Ru and Os complexes were 
predominantly metal-to-ligand charge-transfer (MLCT) excitations. In order to 
gain insight into this remarkable difference,2-3 we have undertaken a 
computational study at the same level of theory (B3LYP/LANL2-DZ) as the 
original authors and found that our results for [Fe(terpyridine)2]2+ differ from 
those previously reported. 

Optimisation of the geometry at the B3LYP/LANL2-DZ level4 resulted in an 
identical geometry as reported in (1), identified as a local minimum by normal 
mode analysis. The orbital energies agreed with the reported values within 0.02 
eV. Our TD-DFT (5) results also agreed well with those of Zhou et al., aside 
from one low-energy transition with zero oscillator strength (f). In line with the 
previous study, the first electronic transition with non-zero oscillator strength (f 
= 0.0122) can be assigned to a degenerate HOMO → LUMO / HOMO → 
LUMO+1 pair transition. The energy of this transition (2.59 eV) agrees with the 
experimental value of 2.25 eV in aqueous solution.3 

The difference between our results and the reported study is the nature of the 
orbitals involved in this transition, on which the assignment of the character of 
this transition is based. In contrast to the original findings that the HOMO of 
[Fe(terpyridine)2]2+ is ligand-based,1 we find that the HOMO is predominantly 
metal-based (Figure 1). Hence, the current calculations demonstrate that this 
lowest-energy absorption in [Fe(terpyridine)2]2+ has MLCT character, instead of 
IL character. These results thus eliminate the reported difference between the Fe 
complex and its Ru and Os congeners and lead to overall consistency in the set 
[M(terpyridine)2]2+ (M = Fe, Ru and Os). 

 
Table 1. The first three excited states of [Fe(terpyridine)2]2+, calculated at the B3LYP/LANL2-

DZ, B3LYP/Ahlrichs-pVDZ and B3LYP/cc-pVTZ-NR(Fe)+cc-pVDZ level of theory. 

   
LANL2-DZ 

   
Ahlrichs-pVDZ 

  cc-pVTZ-NR(Fe)+cc-
pVDZ 

 

# E(eV) f a Character (c2)b E (eV) f a Character (c2)b E (eV) f a Character (c2)b 

1 2.291 0.0000 H → L+10 (.49) 2.107 0.0000 H → L+10 (.46) 2.144 0.0000 H → L+10 (.46) 

2/3 2.589 0.0122 H-2 → L+10 (.09) 
H → L (.36) 
 
H-1 → L+10 (.09) 
H → L+1 (.36) 

2.430 0.0120 H-2 → L+10 (.10) 
H → L (.33) 
 
H-1 → L+10 (.10) 
H → L+1 (.33) 

2.469 0.0100 H-2 → L+10 (.13) 
H → L (.21) 
 
H-1 → L+10 (.13) 
H → L+1 (.21) 

a Oscillator strength. b Weight of the orbital transition component in the electronic excitation. 
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Figure 1. Plot of the B3LYP/LANL2-DZ HOMO of [Fe(terpyridine)2]2+. 

The assignment of this transition to a MLCT transition is independent of 
basis set: enlargement of the basis to the Ahlrichs-pVDZ basis set6 or to the non-
relativistic cc-pVTZ basis for Fe and to the cc-pVDZ basis set7 for the other 
atoms gives similar results. The first non-vanishing transition originates from 
the metal based HOMO, Table 1; the first visible transition still corresponds to a 
HOMO → LUMO / HOMO → LUMO+1 excitation and the HOMO consists 
mainly of an Fe d-orbital. The energy of the MLCT transition decreases upon 
expansion of the basis to Ahlrichs-pVDZ. Further expansion to the non-
relativistic cc-pVTZ basis for Fe and to the cc-pVDZ basis set slightly increases 
the transition energy. However, the character of the transition is consistent 
between the different DFT calculations. 

 
As DFT is known to present problems with the prediction of excitations 

possessing significant charge transfer character, we attempted to justify the use 
of the B3LYP approach for this particular case by performing CC28 calculations. 
Unfortunately, we were only able to perform the CC2 calculation with the 
smallest basis set used in our DFT study (LANL2-DZ).9 The RHF orbitals differ 
significantly from the B3LYP orbitals. Unlike the situation in our DFT study, the 
RHF//LANL2-DZ HOMO possesses tpy based character while the metal based 
levels are found at lower energy. On the other hand, the RHF/LANL2-DZ low-
lying empty orbitals are ligand-based, identical to the results of our DFT study. 
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Table 2. The first six excited states of [Fe(terpyridine)2]2+, calculated at the CC2/LANL2-DZ 
level of theory. 

# E (eV) f a Character (c2)b 

1 1.946 0.000 H-15 → L+47 (.24) 
H-15 → L+39 (.18) 
H-5 → L+47 (.11) 
H-5 → L+39 (.8) 

2 2.212 0.000 H-13 → L (.11) 
H-12 → L+1 (.11) 
H-17 → L (.9) 
H-16 → L+1 (.9) 

3/4 2.388 0.022 H-15 → L+1 (.38) 
H-5 → L+1 (.22) 

5/6 2.525 0.022 H-15 → L+1 (.31) 
H-5 → L+1 (.18) 

a Oscillator strength. b Weight of the orbital transition component in the electronic excitation. 

At the CC2 level, the first (doubly degenerate) excitation with non-zero 
oscillator strength is predicted at 2.39 eV and is assigned to excitation from the 
HOMO-15/HOMO-5 to the ligand-based LUMO+1 (Table 2). The energy of this 
excitation is significantly lower than that obtained by TDDFT using the same 
basis set (2.59 eV, Table 1). The nature of this transition is determined using a 
Mulliken population analysis10 of the orbitals involved: the HOMO-15 and 
HOMO-5 consist of 71% and 17% of Fe d-orbitals, respectively. Thus, at this 
level of theory, the first excited state also possesses considerable metal-to-ligand 
charge transfer character, thereby confirming the results obtained using the 
B3LYP method, demonstrating that DFT methodology is applicable for the 
current system. For a more accurate comparison between the predictions made 
by the CC2 method and the TDDFT method, the use of larger basis sets is 
required. 

 
In summary, in contrast to the previous assignment,1 the first excited state of 

[Fe(terpyridine)2]2+ can be described as a metal-to-ligand charge transfer 
excitation, thus fitting in the series of the Ru and Os complexes. 
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Image of the sun in H-alpha on March 17th 2002, which is light emitted at a 
wavelength of 656.3 nm from an atomic transition in hydrogen. This 
wavelength is emitted by plasma at about 10,000 K, mainly in the solar 
chromosphere (the visible solar surface). 
Image: Big Bear Solar Observatory. 
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Abstract 

Dibenzylmagnesium, [Mg(CH2C6H5)2], crystallizes from Et2O solution in the 
presence of 1,4-dioxane to form dimeric units, a situation halfway between the 
typically observed polymeric and monomeric structures, with 1,4-dioxane 
acting both as bridging and terminal ligand. Slow partial oxidation of 
[Mg(CH2C6H5)2] in Et2O solution allows crystallization of 
[Mg(OCH2C6H5)(CH2C6H5)] as a polymer of benzyloxy bridged magnesium 
dimer rings. 
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1 Introduction 

Magnesium alkyls and alkoxides are widely used as trans-alkylating 
reagents in preparative organic chemistry,1 as activators in polyolefin catalysis2 
and as transmetalating agents.3-5 The use of Grignard reagents in copper 
catalyzed C-C bond forming reactions using alkyl halides as electrophiles 
originates from Kharasch's original report in 1943.6 In Kumada's C-C cross 
coupling reaction organomagnesium compounds are also used to transfer the 
organic moiety from magnesium to the active nickel or palladium catalytic 
center from which the product is formed via reductive elimination.4, 7 
Organotitanium compounds, which are powerful polymerization catalysts, are 
readily generated from Grignard reagents and a stoichiometric amount of TiX4 
(X = halide, alkoxide).8 Finally, Grignard or dialkylmagnesium reagents are 
used in Ziegler-Natta polymerization catalysis, either as activator, but more 
frequently also as reagent for the preparation of high-surface area magnesium 
chloride supports.8  

In our studies directed towards the use of NCN-pincer titanium (NCN-
pincer = [2,6-(CH2NMe2)2C6H3)]– anion) compounds as ethylene 
polymerization catalysts we became interested in using dibenzylmagnesium 
and related compounds as activators. The active alkylated NCN-pincer 
titanium catalyst was prepared in situ by dehaloalkylation of 
[TiCl2(OiPr)(NCN)] as stable precursor. In the course of these studies we 
obtained single crystals suitable for X-ray structure determination of both 
[Mg(CH2C6H5)2], 1, and [Mg(OCH2C6H5)(CH2C6H5)], 2, which was formed by 
partial oxidation during crystallization of 1. Independent synthesis of 2 was 
carried out by controlled alcoholysis of 1 with benzyl alcohol. 

 

2 Results and Discussion 

Dibenzylmagnesium, [Mg(CH2C6H5)2] (1) was prepared starting from the 
benzyl Grignard reagent [MgBr(CH2C6H5)] by precipitation of MgBr2 with an 
excess of 1,4-dioxane,9 thereby forcing the Schlenk equilibrium towards the side 
of the dibenzylmagnesium species. Compound 1 was isolated and single 
crystals were grown by evaporation of an Et2O solution. Initially the formation 
of cubic crystals was observed, which subsequently recrystallized to form 
platelets in the course of several days, suitable for X-ray structure 
determination, see Figure 1 for the molecular geometry of 1 and Table 1 for 
relevant bond lengths and bond angles. The crystals consisted of dimeric 
12•(1,4-dioxane)3, which is in agreement with the micro-analytical data of the 
obtained materials and the recorded NMR spectra. 

In the crystal structure, one molecule of 12•(1,4-dioxane)3 is located on an 
exact, crystallographic inversion center, which is located at the center of the 
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bridging 1,4-dioxane. The structure contains two inequivalent 1,4-dioxane 
moieties, i.e. one in a bridging and a second in the terminal bonding mode, in a 
one to two molar ratio. Both 1,4-dioxane moieties are present in a chair 
conformation. 

A number of bisalkyl magnesium 1,4-dioxane complexes is known in which 
the 1,4-dioxane ligand is O,O'-bridging between Mg centers to form polymer 
structures, including [Mg(Et)2(μ-1,4-dioxane-O:O')]10, [Mg(n-pentyl)2(μ-1,4-
dioxane-O:O')],11 and [Mg(phenyl)2(μ-1,4-dioxane-O:O')].12 However, in a 
number of structures the 1,4-dioxane moiety strictly acts as a monodentate 
ligand, including [Mg(Si(Me)(SiMe3)2)2(1,4-dioxane-O)2],13 and the very bulky 
[Mg(carboranyl)2(1,4-dioxane-O)2].14 In general, the steric constraints of the 
alkyl groupings seem to dictate the outcome of the binding mode of 1,4-
dioxane; i.e., O,O'-bridging for smaller alkyl groups and O-monodentate for the 
very bulky groupings. Apparently the steric properties of the benzylic moiety 
are intermediate and promote the crystallization of an intermediate, dimeric 
structure. The inequivalence of the 1,4-dioxane coordination mode is indicated 
by the Mg-O bond lengths of these moieties amounting to 2.0522(8) Å and 
2.0632(8) Å for the monodentate and bridging 1,4-dioxane ligands, respectively. 

In the 1H NMR spectrum of a solution of 1 in THF-d8 1,4-dioxane is observed 
as a single singlet resonance at 3.51 ppm, in line with the chemical shift of the 
free ligand indicating that the 1,4-dioxane ligand is not coordinated to the Mg 
center. Also in Et2O solution a single singlet at 3.57 ppm is observed for 1,4-
dioxane, indicating that also in this solvent 1 is best described as 
[Mg(CH2C6H5)2(Et2O)2]. Compound 1 is stable for at least several months in 
THF-d8 or Et2O solution when sealed in a glass ampoule under nitrogen 
atmosphere. 

The magnesium ion in 1 is four coordinated and possesses a severely 
distorted tetrahedral coordination environment, with angles in the range 
between 90.33(3) and 124.04(5)°. The angle variance15 of the coordination sphere 
around magnesium is 121.20 deg2. The angle between the magnesium to carbon 
bonds is with 124.04(5)° among the widest16 observed for C-Mg-C bonds, and is 
even slightly above the angle of 123.5° observed in [Mg(carboranyl)2(1,4-
dioxane)], which crystallized as monomeric units due to the steric constraints of 
the bulky carboranyl grouping.14 The angle between least squares planes fitted 
through the Mg-O bonds and the Mg-C bonds is nearly perpendicular at 88.45°. 

The anionic charge on the benzylic methylene carbon atom is reflected by the 
upfield shift of the 1H-resonance of this CH2 moiety (singlet at 1.34 ppm). The 
aromatic proton signals are also significantly shifted upfield, indicating 
increased charge by resonance onto the phenyl ring. This is also visible as a 
decrease in bond-length equalization as well as a narrowing of the C-C-C angle 
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at the ipso carbon (115.87(10)-116.17(10)° compared to 117.06° as average16), a 
feature that is also observed in [Mg(CH2C6H5)2(TMEDA)] (116.09(17)).17 

 

 

Figure 1. Displacement ellipsoid plot (50% probability level) of 12•(1,4-dioxane)3. View along 
the crystallographic a-axis. Hydrogen atoms are omitted for clarity. Symmetry operation i: 1-x, 1-
y, 1-z. 

Table 1. Selected bond lengths (Å) and bond angles (°) for 1. 

Mg1-C11 2.1628(11) O31-Mg1-O41 90.33(3) 

Mg1-C21 2.1653(12) C11-Mg1-C21 124.04(5) 

Mg1-O31 2.0522(8) C13-C12-C17 116.17(10) 

Mg1-O41 2.0632(8) C23-C22-C27 115.87(10) 

C11-C12 1.4786(14) Mg1-C11-C12 112.45(7) 

C21-C22 1.4752(15) Mg1-C21-C22 107.92(7) 

 
In an experiment in which we left a solution of 1 in Et2O to stand in a 

ground-glass jointed Schlenk tube under dinitrogen atmosphere at 4 °C for 
several weeks we serendipitously found that a large amount of needle shaped 
crystals of sufficient quality for X-ray crystal determination had been formed. 
The compound was identified as [(Mg(CH2C6H5)(μ-OCH2C6H5))2(μ-1,4-
dioxane-O:O')], 2•(1,4-dioxane), see Figure 2 for its molecular geometry and 
Table 2 for relevant bond length and angle data. This structure is in agreement 
with the bulk composition as judged from 1H NMR spectroscopy on material 
dissolved in Et2O. 
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Figure 2. Displacement ellipsoid plot (50% probability level) of the asymmetric unit of 2•(μ-
1,4-dioxane-O:O') (left) and ball-and-stick plot of the polymeric chain of 2•(μ-1,4-dioxane-O:O') 
(right). View along the crystallographic c-axis. Hydrogen atoms are omitted for clarity. Symmetry 
operations i: 1-x, 1-y, -z; ii: 1-x, 2-y, -z. 

Few examples of solid state structures of alkylmagnesium alkoxides have 
been reported in the literature, the first of these, [Mg(Me)(O-t-Bu)], has a 
tetrameric Mg4O4 cubane structure type.18 This is in agreement with cryoscopic 
weight determinations that suggest that with sterically demanding substituents 
tetramers are formed, while those species with less congesting moieties form 
oligomeric units.19 Limited examples exist of dimeric structures of alkyl 
magnesium alkoxides similar to 2, which include [Mg(s-Bu)(μ-O-2,6-t-Bu2-
C6H3)]2,20 [Mg(n-hex)(μ-O-2,6-t-Bu2-4-MeC6H2)]2,21 and [Mg(t-Bu)(μ-Ot-
Bu)(THF)]2

22. Other examples of the planar Mg2O2 that do not consist of an 
alkyl magnesium alkoxide include [Mg(Br)(μ-O-C6H5)(Et2O)]2

23 and 
[Mg(N(SiMe3)2)(μ-OEt)(THF)]2.24 As is the case in these examples, the Mg2O2 
ring is completely flat in 2•(1,4-dioxane), with a dihedral angle of 0° over the 
ring, Table 3. In 2 the Mg-O bond distances in the ring are almost identical, 
which is also observed, albeit to a lesser extent, in the other structures. 

 
Table 2. Selected bond lengths (Å) and bond angles (°) for 2. 

Mg1-C71 2.1524(16) O2-Mg1-O2i 83.19(4) 

Mg1-O2 1.9465(10) O2-Mg1-O3 101.93(4) 

Mg1-O2i 1.9468(11) O2i-Mg1-O3 108.21(5) 

Mg1-O3 2.0233(10) O2-Mg1-C71 126.85(6) 

Mg1-Mg1i 2.9117(9) O2i-Mg1-C71 123.99(6) 

C11-C71 1.477(2) O3-Mg1-C71 108.88(5) 

C12-C72 1.510(2) C21-C11-C61 115.70(14) 

O2-C72 1.4207(18) Mg1-C71-C11 108.00(10) 

  C22-C12-C62 118.33(15) 

  O2-C72-C12 110.99(13) 
Symmetry operation i: 1-x, 1-y, -z 
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In the solid state structure of 2•(μ-1,4-dioxane-O:O'), the 1,4-dioxane ligand 
performs a bridging role, forming the first example of polymeric strands of the 
dimeric ring. The one dimensional chain is located in the direction of the 
crystallographic b-axis. The 1,4-dioxane and the Mg2O2 ring are both located on 
two independent inversion centers. Similar to 1, the environment of the 
magnesium is distorted tetrahedral with angles between 83.19(4) and 126.85(6)°. 
The angle variance15 of the coordination sphere around magnesium is increased 
to 252.42 deg2. 

Independent synthesis of 2 by a disproportionation reaction of 1 with an 
equimolar amount of the separately prepared dibenzyloxomagnesium 
[Mg(OCH2C6H5)2], 3, in THF-d8 resulted in the formation of a complex mixture 
in solution, as evidenced by multiple signals corresponding to the benzylic 
protons of the benzyl, but also of the benzyloxo moiety in 1H NMR. Already 
upon addition of sub-equivalent amounts of 3 similar mixtures are obtained. 

Also titration of benzylalcohol into a THF-d8 solution of 1 yielded a similar 
complex mixture. It is not unexpected to observe a mixture of compounds in 
solution as the structure in solution is usually variable.25 However, upon 
tittration of benzylalcohol into an Et2O solution of 1, a 1H NMR spectrum was 
obtained consistent with 2 and with only one unique organomagnesium species 
present in solution. Addition of additional benzylalcohol resulted in the 
precipitation of 3 as a white solid.  

Compared to 1 the aromatic signals of the phenyl ring of 2 are shifted slightly 
downfield, while the benzylic protons are slightly shifted upfield. Indeed, most 
of the charge is retained at the benzylic carbon, as is also seen from the C21-
C11-C61 angle, which remains at 115.70(14)°. In comparison, the same angle in 
the benzyloxo moiety (C22-C12-C62, 118.33(15)°), with the charge located on the 
oxygen atom, is more in line with toluene (118.61° as average16). 

 
The reaction of dibenzylmagnesium 1 with oxygen to form the 

corresponding benzyloxy species is significant considering that Grignard 
reagents and dialkyl magnesium compounds are used in the preparation of 
alcohols from halides via aerobe oxidation of the reactive magnesium species.17, 

26-28 Reaction of Mg-C bonds with molecular oxygen first yields the alkyl 
peroxides from which the alkoxide is formed in a subsequent step. In some 
cases, the intermediate peroxides can be isolated,27, 28 or even structurally 
characterized.17 Reaction of the mono-benzylmagnesium β-diketiminate 
[Mg(CH2C6H5)(LL)(THF)] (LL = η2-HC(C(CH3)N(2,6-diisopropylphenyl))2) 
with an excess of oxygen led to the isolation of crystals containing a μ-η2:η2 
coordinated benzylperoxo moiety in conjunction with benzyloxo moieties.  

The structure of alkylmagnesium alkoxides in solution is variable and 
depends on the steric demand of the ligand and the properties of the solvent.25 
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Although alkyl magnesium alkoxides are widely applied, the number of 
structural studies is rather limited but already spans a diverse range of 
architectures containing monomers, dimers, cubanes and polymers.20 The slow 
addition of oxygen in the present case allowed the isolation of the half oxidized 
intermediate. A similar observation was made upon partial oxidation of the 
Grignard compound [MgCl(CH2SiMe3)], which formed a cubic Mg4O4 core.29 
Partial oxidation of 1 results in a mixture of benzyl- and benzyloxo species in 
solution. The mixed ligand compound 2 precipitates as 1,4-dioxane bridged 
polymers after the formation of a stable Mg2O2 ring. While 1 is rather soluble in 
Et2O, 2 is only sparingly so, and 3 is not soluble at all. The controlled 
precipitation of 2 from solution allows isolation and structural characterization 
of an intermediate in the widely applied alcohol forming aerobic oxidation of 
dialkylmagnesium compounds. 

 

3 Experimental 

General. All reactions were performed under a dry nitrogen atmosphere using 
standard Schlenk techniques or in a glovebox. All solvents were dried over 
appropriate drying agents, distilled and degassed by repeated pump-freeze 
thaw cycles before use. Reagents were purchased and used as received. 1H and 
13C{1H} NMR spectra were recorded at 298 K on a Varian 300 MHz Inova 
spectrometer and on a Varian 400 MHz NMR system. 1H NMR spectra in thf-d8 
were referenced to the solvent residual signal at δ 3.574 ppm and 13C NMR 
spectra referenced to the solvent signal at δ 67.6 ppm. Spectra in Et2O were 
referenced to silicon grease (δ 0.10 ppm for 1H and δ 1.1 ppm for 13C), present 
as an impurity in the samples. Spectral assignments were based on chemical 
shift and integral considerations. Elemental analyses were carried out by Kolbe 
Mikroanalytisches Laboratorium (Mülheim an der Ruhr, Germany). 
 
X-ray crystal structure determination of 1. C40H52Mg2O6, FW = 677.44, colorless 
plate, 0.48 × 0.36 × 0.12 mm3, triclinic, P 1  (no. 2), a = 7.9104(4), b = 9.8510(5), c = 
12.2796(4) Å, α = 96.606(2), β = 94.820(2), γ = 102.351(2)°, V = 922.70(7) Å3, Z = 1, 
Dx = 1.219 g/cm3, μ = 0.11 mm-1. 28784 Reflections were measured on a Nonius 
Kappa CCD diffractometer with rotating anode (graphite monochromator, λ = 
0.71073 Å) up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 150 
K. The reflections were integrated with EvalCCD30 and corrected for absorption 
on the basis of multiple measured reflections with the program SADABS31 
(0.87-0.99 correction range). 4238 Reflections were unique (Rint = 0.0225). The 
structure was solved with Direct Methods (program SHELXS-9732) and refined 
with SHELXL-9732 against F2 of all reflections. Non hydrogen atoms were 
refined with anisotropic displacement parameters. All hydrogen atoms were 
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located in the difference Fourier map and refined freely with isotropic 
displacement parameters. 321 Parameters were refined with no restraints. 
R1/wR2 [I > 2σ(I)]: 0.0303/0.0791. R1/wR2 [all refl.]: 0.0377/0.0834. S = 1.029. 
Residual electron density between -0.19 and 0.25 e/Å3. Geometry calculations 
and checking for higher symmetry was performed with the PLATON  

program.33 
 
X-ray crystal structure determination of 2. C16H18MgO2, FW = 266.61, colorless 
needle, 0.60 × 0.12 × 0.06 mm3, monoclinic, P21/c (no. 14), a = 11.4113(2), b = 
8.1734(1), c = 18.1884(2) Å, β = 119.6794(6) °, V = 1473.86(4) Å3, Z = 4, Dx = 1.202 
g/cm3, μ = 0.12 mm-1. 20665 Reflections were measured on a Nonius Kappa 
CCD diffractometer with rotating anode (graphite monochromator, λ = 0.71073 
Å) up to a resolution of (sin θ/λ)max = 0.62 Å-1 at a temperature of 125 K. The 
reflections were integrated with HKL2000.34 An absorption correction was not 
considered necessary. 2888 Reflections were unique (Rint = 0.0496). The 
structure was solved with Direct Methods (program SIR-9735) and refined with 
SHELXL-9732 against F2 of all reflections. Non hydrogen atoms were refined 
with anisotropic displacement parameters. All hydrogen atoms were located in 
the difference Fourier map. The benzylic CH2 hydrogen atoms were refined 
freely with isotropic displacement parameters; all other hydrogen atoms were 
refined as rigid groups. 188 Parameters were refined with no restraints. 
R1/wR2 [I > 2σ(I)]: 0.0318/0.0774. R1/wR2 [all refl.]: 0.0518/0.0877. S = 0.909. 
Residual electron density between -0.22 and 0.19 e/Å3. Geometry calculations 
and checking for higher symmetry was performed with the PLATON  

program.33 
 
[(Mg(CH2C6H5)2)2(μ-1,4-dioxane-O:O')3], 12•(1,4-dioxane)3. A flame dried 
Schlenk tube was charged with Mg turnings (1.12 g, 46 mmol), and Et2O (150 
ml) was added. The resulting mixture was kept at room temperature by placing 
it in a water bath while a solution of benzyl bromide (5 ml, 42 mmol) in Et2O 
(100 ml) was added dropwise. After addition was complete, the mixture was 
stirred at room temperature overnight, and 1,4-dioxane (10 ml) was added. The 
resulting suspension was stirred overnight, and concentrated to 50 ml. The 
product was isolated by centrifugation and evaporation of the volatiles from the 
decanted solution in vacuo, yielding the product as a white solid (3.38 g, 47%). 
Crystals suitable for X-ray analysis were obtained by concentration of a Et2O 
solution. 
1H NMR (400 MHz, Et2O): δ 6.81 (dd, 4H, 3J = 8.0 Hz, 3J = 7.6 Hz, Ar3H), 6.73 (d, 
4H, 3J = 8.0 Hz, Ar2H), 6.38 (t, 2H, 3J = 7.6 Hz, Ar4H), 3.57 (s, 12H, 1,4-dioxane), 
1.34 (s, 4H, CH2). 13C NMR (100 MHz, Et2O): δ 155.2, 127.0, 122.9, 115.6, 67.5 
(1,4-dioxane), 22.2. 1H NMR (400 MHz, THF-d8): δ 6.72 (dd, 4H, 3J = 7.6 Hz, 3J = 
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7.2 Hz,Ar3H), 6.64 (d, 4H, 3J = 7.6 Hz, Ar2H), 6.27 (t, 2H, 3J = 7.6 Hz, Ar4H), 3.51 
(s, 12H, 1,4-dioxane), 1.29 (s, 4H, CH2). 13C NMR (100 MHz, THF-d8): δ 157.9, 
128.5, 124.0, 116.2, 68.0 (1,4-dioxane), 23.5. Anal. Calcd for (Bz)2Mg • 1.5 1,4-
dioxane: C 70.92, H 7.74, Mg 7.18. Found: C 71.08, H 7.74, Mg 7.21 
 
[Mg(OCH2C6H5)(CH2C6H5)], 2. A solution of benzyl alcohol (45 μl, 0.43 mmol) 
in Et2O (3 ml) was added to a solution of 12•(1,4-dioxane)3 (136 mg, 0.43 mmol) 
in Et2O (3 ml). The resulting solution was stirred for 10 min, and analyzed by 
NMR spectroscopy. 
1H NMR (400 MHz, Et2O): δ 7.1-7.3 (m, 5H, OCH2C6H5), 6.84 (dd, 2H, 3J = 7.6 
Hz, 3J = 7.6 Hz, Ar3H), 6.79 (d, 2H, 3J = 7.6 Hz, Ar2H), 6.43 (t, 1H, 3J = 7.6 Hz, 
Ar4H), 4.51 (s, 2H, OCH2C6H5), 1.33 (s, 2H, OCH2C6H5). 
 
[Mg(OCH2C6H5)2], 3. To a suspension of Mg turnings (0.90 g, 37 mmol) in THF 
(40 ml) was added benzyl alcohol (11 ml, 110 mmol). The resulting mixture was 
kept at room temperature in a water bath and benzyl bromide (4.4 ml 37 mmol) 
was carefully added. After the initial reaction subsided, the mixture was heated 
under reflux for 1.5 h. After cooling to room temperature, the volatiles were 
removed in vacuo overnight. Residual benzyl alcohol and impurities were 
removed by repeated washing with Et2O (3 × 30 ml), yielding the product as a 
white solid (3.23 g, 73%). 
1H NMR (400 MHz, THF-d8): δ 7.22 (broad s, 4H, Ar2H), 7.13 (dd, 4H, 3J = 7.2 
Hz, 3J = 7.2 Hz, Ar3H), 7.02 (t, 2H, 3J = 7.2 Hz, Ar4H), 4.53 (broad s, 4H, CH2). 
13C NMR (100 MHz, THF-d8): δ 147.5, 128.9, 127.8, 126.8, 66.4. 
Anal. Calcd for (BzO)2Mg: C 70.48, H 5.92, Mg 10.19. Found: C 70.36, H 6.08, Mg 
10.12 
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Coronagraph of the sun on June 3-4, 2004 when it produced two rather 
large coronal mass ejections in profile over a 16-hour period. Both appear 
to be from the same area that had just rotated out of view of SOHO. And 
both could be fairly described as spectacular events. These were taken by 
the C2 coronagraph in which the Sun is blocked out by an occulting disk so 
that the activity in the corona can be observed. 
Image: SOHO (ESA & NASA). 
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Summary and Perspective 
 
Providing the world with the energy it so direly needs to sustain human 

kind's current standard of living is one of the greatest challenges of this time.1 
Solar energy is the most abundant and ubiquitous renewable energy source 
available, and as such it holds great promises. Traditionally the field of solar 
energy conversion has been dominated by solid-state semiconductor 
technology. The need for high-purity materials makes these single junction 
solar cells expensive and unlikely to reach cost parity with fossil energy in the 
near future.2, 3 The dependence on high purity materials can be substantially 
decreased by physically separating the charge separation and transport 
functions of the solar cell. It is this vital realization that is at the birth of 
sensitized semiconductor devices. In 1991 Grätzel and coworkers demonstrated 
that economically realistic power conversion efficiencies could be obtained by 
sensitizing mesoporous anatase titanium dioxide with a polypyridine 
ruthenium complex as dye.4  

 

T iO2

CB

D

D*

HTM

CE
 

Figure 1. Idealized setup (left) and operational scheme (right) of a DSSC. Large circles 
represent TiO2 nano-particles and small circles represent dye moieties. CB is conduction band, 
D is dye, HTM is hole transfer medium and CE is counter electrode. 

A general scheme of operation for a dye-sensitized solar cell (DSSC) is shown 
in Figure 1.5 The electrode usually consists of anatase titanium dioxide which 
possesses both a wide bandgap and becomes conductive upon injection of 
electrons. To sensitize this white charge transport material to visible light, a dye 
moiety is applied that captures photons and injects electrons in the conduction 
band. As the charges become geometrically separated direct recombination is 
greatly retarded. The sensitizer is regenerated from its oxidized state by 
reduction with an electrolyte solution. After performing work in the outer 
circuit, the electron re-enters the cell via the cathode which is in contact to the 
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electrolyte solution. Producing a DSSC is a relatively simple process compared 
to solid-state semiconductor cells, and demonstration kits for home-build dye-
sensitized solar cells are commercially available which use harmless 
components and colorants such as berry juices.6 

 
One of the major goals of research on DSSCs is associated with improving 

the efficiency of the cell also at longer wavelengths. Sensitizers capable of 
absorbing this low-energy light and injecting an electron from the excited state 
are much sought after. 

In this thesis, cyclometalated complexes, i.e. complexes having at least one 
ligand that is bonded via a covalent carbon-to-metal bond,7, 8 are assessed for 
their potential applications to improve dye sensitized solar cell performance. 
The electronic and photophysical effects of this isoelectronic replacement of a 
neutral nitrogen donor atom by an anionic carbon atom in the coordination 
environment of ruthenium have been investigated. The markedly different 
properties of the resulting complexes compared to the non-metalated analogues 
make them interesting targets. Moreover, a theoretical maximum efficiency can 
be reached for a solar cell that absorbs all light below 900 nm and converts it 
into electricity. All photons that are below this threshold do not contribute to 
the energy conversion process. Consequently, any solution that would also 
utilize photons that do not possess sufficient energy to operate the solar cell 
would greatly improve the potential efficiency of these systems. As an 
approach a two step upconversion scheme is proposed in which the primary 
dye is regenerated by optical electron transfer from a second dye moiety. For 
this scheme, covalently linked binuclear complexes that possess redox 
asymmetry are essential. Possible two-photon dye candidates have been 
prepared and their electronic properties were thoroughly investigated. 

 
Chart 1. Molecular structure of the N719 sensitizer.9 
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Up to now much research has gone into designing appropriate sensitizers 

and many systems have been developed.10-12 Compounds such as organic 
molecules,12, 13 transition metal complexes14-17 and quantum dots18, 19 have 
been used as dyes, but polypyridine complexes of ruthenium have emerged as 
a class of superior performance.20, 21 Chapter 1 aims to review research 
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performed on this class of sensitizer and the strategies that have been applied to 
address stability and performance issues associated with the dye. It 
demonstrates that the dye is at the heart of the DSSC and that small 
modifications can already prove either detrimental or beneficial to the overall 
performance of the cell. 

The prototype of a polypyridine complex of ruthenium applied as sensitizer 
in DSSCs must be the N719 dye, Chart 1.22, 23 The carboxylic acid moieties act as 
anchors to attach the dye to the TiO2 surface and to provide electronic coupling 
between the dye and the semiconductor. These polypyridine ruthenium 
complexes are well known to possess relatively intense metal-to-ligand charge 
transfer (MLCT) transitions in the visible light and are thus very colorful 
solids.24 Upon absorption of a photon, an electron from the ruthenium is 
localized on one of the bipyridine ligands. From this excited state, the electron 
is injected into the conduction band with unit efficiency. Modifications have 
been performed that address issues such as moisture related long term stability 
and increased molar absorption coefficients. 

 
Cyclometalation is known to severely affect the electronic and photophysical 

properties of the complexes compared to the non-metalated analogues. In 
Chapter 2 the exact origin of these effects is investigated. For this we 
synthesized a series of ruthenium complexes, with terdentate ligands with 
either an N,N',N''-, N,C,N'-, or C,N,N'-binding mode, see Figure 2. Fine tuning 
of the electronic properties of the ligands by introducing ester moieties allowed 
a more thorough investigation of the photophysical properties of the 
complexes. Experimental observations are corroborated by theoretical 
predictions using time dependent density functional theory (TD-DFT) 
calculations. The origin of the radically different electronic and photophysical 
properties derives from the specific electronic features of the ligands and the 
metal center in these complexes. It has previously been established that the 
unoccupied states on the cyclometalated ligand are found at increased energy 
compared to those in the isoelectronic nitrogen-coordinating analogue, and that 
the low-energy transitions are thus associated with the non-metalated ligand.7 
We demonstrate that in specific cases this is not true, and that in the C,N,N'-
bonded complexes, the lowest acceptor states can be associated with the 
cyclometalated ligand. Cyclometalation in tridentate ligands allows significant 
alteration of the electronic properties without compromising the chemical- and 
photo-stability of the resulting complexes. 
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Figure 2. Molecular structures of ruthenium complexes with N,N',N''- (left), N,C,N'- (middle), 
and C,N,N'-binding mode (right). 

 
As the dye undergoes a redox cycle in the DSSC, it resides at least during 

some time in its oxidized state. This is an important issue because in its 
oxidized state the N719 dye decomposes quickly through ligand loss 
processes,25 which affects the long term stability of the devices. It is thus also 
important to investigate the properties of cyclometalated complexes in the 
oxidized ruthenium(III) state. In Chapter 3 two N,C,N'-cyclometalated 
complexes are investigated in both the ruthenium(II) and ruthenium(III) state. 
We found that upon oxidation, the reactivity of the complexes changes 
dramatically. The complexes are present in solution as a radical species and can 
undergo dimerization and substitution reactions. As the kinetic rate laws of 
these processes are different, selective formation of either the substituted 
product or the dimer can be achieved. In this way, synthetically interesting 
halogen functionalities can selectively be introduced at the position para to 
Cipso, under very mild conditions. These complexes are very stable and can be 
handled under ambient conditions irrespective of the oxidation state. In the 
ruthenium(II) state, the visible MLCT absorption features are associated with 
the non-cyclometalated ligand. One electron oxidation to the ruthenium(III) 
complex diminishes this transition and gives rise to a ligand-to-metal charge 
transfer transition in which the cyclometalated ligand acts as donor state. 
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Figure 3. Left: C,N,N'-Cyclometalated ruthenium complex applied as dye in DSSC. Right: 
Photocurrent action spectra of N719 (solid) and N,N',N''- (dash-dot), N,C,N'- (dot), and C,N,N'-
bonded (dash) complexes in a DSSC. 

 
Although many alternative sensitizers have been prepared and tested, very 

few reach the power conversion efficiency reached by the N719 complex, which 
has become a benchmark dye. In Chapter 4 we demonstrate that 
cyclometalation is a very promising tool indeed to achieve the much sought 
after red shifted absorption features in ruthenium dyes. When applied in a dye 
sensitized solar cell, the C,N,N'-cyclometalated complex [Ru((HO2C)2-
C^N^N)(tpy)]+ reaches photocurrents similar to the N719 complex, Figure 3. 
This is a considerable improvement over the non-metalated congener 
[Ru(HO2C-N^N^N)(tpy)]2+. However, the open circuit voltage is decreased. It 
must be noted that the N,C,N'-cyclometalated complex [Ru(HO2C-
N^C^N)(tpy)]+ is a very inefficient sensitizer, although this complex displays a 
similar red shifted absorption and redox properties as found for the C,N,N'-
cyclometalated congener. Using a combination of experimental techniques and 
theoretical calculation we found that this discrepancy originates from the 
excited state being localized on the remote tpy ligand of [Ru(HO2C-
N^C^N)(tpy)]+ and no efficient electron injection pathway is available. 
Contrary to the N719 complex, which photo-decomposes in the ruthenium(III) 
state, the described cyclometalated complexes are photo-stable both in their 
ruthenium(II) state and ruthenium(III) state. 
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Figure 4. Left: Cyclometalated ruthenium complexes applied as dyes for DSSC. Right: 
Electronic absorption spectra of N719 (solid), [Ru(HO2C)2-C^N^N)(tpy)]+ (dot), and 
[Ru(C^N^N)(tctpy)]+ (dash). 

Exploiting the knowledge obtained in Chapter 4 on the nature of the excited 
state of the complexes, a new generation of sensitizers is presented in Chapter 5. 
These complexes are attached to the semiconductor surface via the terpyridine 
ligand, Figure 4. Thereby an excited state associated with the anchoring ligand 
is ensured providing an efficient electron injection pathway to the support. We 
prepared the N,C,N'-cyclometalated complex [Ru(N^C^N)(tctpy)]+, the C,N,N'-
bonded complex [Ru(C^N^N)(tctpy)]+ and the non-metalated analogue 
[Ru(tpy)(tctpy)]2+. Using additional carboxylate anchoring moieties not only 
ensures firm attachment of the dye to the surface, but also further red-shifts the 
absorption features. Unfortunately, the extra anchoring moieties resulted in 
severe aggregation of the dyes in the nano-porous photoelectrodes, which 
resulted in low power conversion efficiencies for the devices. 

 
Apart from carboxylates, also phosphonates have been tested as alternative 

anchoring moieties in DSSC. In Chapter 6, the phosphonate analogues of the 
complexes described in Chapter 4 have been prepared and studied. 
Furthermore, phosphonates in combination with the pincer metal complexes 
are promising and interesting compounds for their ability to irreversible anchor 
to serinehydrolase proteins by active site inhibition. In line with the electronic 
similarity between the two different anchoring groups, the ground and excited 
states of the corresponding cyclometalated ruthenium complexes behave almost 
identical. As a side line the highly emissive N,C,N'-metalated platinum 
complex was also prepared. This d8 complex has a square planar configuration 
which allows easy access along the z-axis for inner-sphere electron transfer 
processes. This is in striking contrast to the closed configuration of the d6 and d5 
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hexacoordinate ruthenium(II) and ruthenium(III) complexes, respectively, 
forcing outer-sphere electron transfer. 

 

T iO2

CB

D

D*

HTM

CE

Voc

T iO2

CB

D1 HTM CED2

hν1

hν2

 

Figure 5. Operational scheme for DSSC (left) and upconversion scheme employed (right). 
Voc is open circuit voltage, CB is conduction band, D1 and D2 are primary and secondary dye, 
HTM is hole transfer medium and CE is counter electrode. 

Chapter 7 and Chapter 8 are concerned with dinuclear ruthenium complexes. 
Linking two chromophores will result in new properties (i.e. intervalence 
charge transfer (IVCT) transitions) that can potentially be applied for two 
photon upconversion in dye sensitized solar cells. We envisioned a two step 
upconversion scheme as depicted in Figure 5 as a solution to allow the use of 
low-energy photons in a DSSC. Instead of being regenerated directly from the 
electrolyte, the easy to oxidize primary dye attached to the semi-conductor 
surface is regenerated by optical electron transfer from a secondary, harder to 
oxidize, dye complex. In symmetric bimetallic complexes IVCT transitions are 
known to occur upon one-electron oxidation into the mixed valence state and 
are observed at very long wavelengths.26-28 When the bimetallic complex 
possesses redox asymmetry because of differences between the metal moieties, 
the IVCT band is shifted to higher energy corresponding to the difference in 
oxidation potential, which makes this type of transition very interesting for 
regeneration of the primary dye. Sufficient electronic communication has to be 
ensured by covalently linking the individual metal complex dye moieties. As 
cyclometalation destabilizes the ground state of the complex, while leaving the 
geometry of the complex largely unaffected, it is a very interesting tool to 
introduce the necessary redox asymmetry. 
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Figure 6. Isodensity plot of the highest occupied molecular orbital in [{Ru(N^C^N)}2(μ-
tppz)]2+. 

In Chapter 7 we describe a series of binuclear complexes bridged by tppz, 
Figure 6. To investigate the electronic and photophysical effects of 
cyclometalation, we prepared the symmetric non-cyclometalated and bis-
cyclometalated complexes, as well as the redox asymmetric mono-
cyclometalated binuclear compounds. The rise of a low-energy absorption band 
upon one-electron oxidation is correlated to the electronic communication 
between the ruthenium centers in these complexes. The tppz bridging ligand 
allows very strong interaction between the metal centers, and as a result, these 
systems cannot be described using localized terms, but are better described as 
average valence compounds. This means that the low-energy transitions do not 
possess significant charge transfer character. Using theoretical calculations, we 
found that the low-energy transitions are actually better described as tppz-
ligand-to-metal charge transfer than as IVCT. 

The redox asymmetric analogues, cyclometalated at one side only, display 
strong delocalization over the entire complex. One electron oxidation of these 
complexes resulted in the rise of a weak low-energy feature mainly of LMCT 
character. The strong electronic coupling, mediated by the tppz bridging ligand 
results in the loss of localized levels associate with either metal center, which is 
a prerequisite for the proposed two-photon scheme. 

 
The complexes in Chapter 8, on the other hand, are bridged by a longer, 

mono-cyclometalating ligand. The decreased electronic communication 
compared to the tppz-bridged compounds allows the system to be described 
with localized terms.29 The directional nature of the bridging ligand ensures the 
necessary redox asymmetry in the resulting binuclear compound. We 
demonstrate that one-electron oxidation is indeed localized on the 
cyclometalated ruthenium center. The second, oxidation process is associated 
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with the reversible oxidation of the non-metalated ruthenium moiety. One-
electron oxidation to the RuIIIRuII state gives rise to a strong NIR absorption 
that is associated with the desired localized metal-to-metal charge transfer 
transition, Figure 7. To ensure the correct directionality of the electron transfer 
processes, this dinuclear compound needs to be attached to the semi-conductor 
surface via the easy to oxidize cyclometalated ruthenium moiety. Selective 
substitution of the complex with anchoring groups on the cyclometalated 
moiety allows anchoring of this assembly to the semiconductor surface in a well 
defined manner. Preliminary DSSC testing results with this dinuclear complex 
are described. 
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Figure 7. UV-vis-NIR spectra recorded during chemical oxidation of [(tpy)Ru(N^C^N-
tpy)Ru(tpy)]3+. Excitations predicted by TD-DFT in vacuo are given as black bars. 

The use of in silico methods to understand the observed experimental 
properties has become a very powerful tool in modern research.30 By its very 
nature, TD-DFT is well suited for large systems because of its relatively low 
computational costs compared to other approaches. However, for a number of 
reasons, extreme care has to be taken in using these methods for the assignment 
of experimentally observed electronic transitions. In Appendix 1, we use time 
dependent density functional theory to assign the first excited state of 
[Fe(tpy)2]2+ to a metal-to-ligand charge transfer state, whereas it was previously 
described by Zhou et al.31 as being of ligand-centered origin. The assignment of 
the transition is corroborated by an ab initio CC2 calculation. These results thus 
eliminate the reported difference between the Fe complex and its Ru and Os 
congeners and lead to overall consistency in the set [M(terpyridine)2]2+ (M = Fe, 
Ru and Os). 
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In conclusion the research described in this thesis shows that cyclometalation 
can be used in many ways to enhance solar energy harvesting. It is a very 
powerful tool when changing the electronic and photophysical properties of 
metal complexes. The strong interaction of the anionic carbon centre with the 
metal centre results in destabilization of the levels that possess the correct 
symmetry. The resulting electron rich metal centre is relatively easy to oxidize 
and as a result electronic absorption features are strongly red shifted. The 
changed electronic properties also instigate radically different reactivity's that 
can be exploited to prepare otherwise inaccessible species. 

Application of these cyclometalated ruthenium complexes in dye sensitized 
solar cells demonstrates the potential of the concept. Solar cells containing these 
cyclometalated complexes reach photocurrents that are similar to the 
benchmark compound, and they are completely photostable. Utilization of low 
energy photons in dye sensitized solar cells would greatly improve the 
theoretical efficiency of these devices, but new concepts are required. The 
proposed two-step upconversion scheme in which the primary dye is 
regenerated by optical electron transfer from a second dye moiety utilizes 
optical metal-to-metal charge transfer transitions in redox asymmetric dimers. 
Cyclometalation is a promising tool to introduce the necessary redox 
asymmetry without changing the overall geometry of the assembly. The 
necessary photophysical properties are demonstrated in redox-asymmetric 
mono-cyclometalated complexes, but unambiguous, conclusive evidence for 
this upconversion scheme is still indispensable. 

As science progresses in many areas, new photoactive materials will be 
sought after and cyclometalation could prove a valuable tool to provide the 
necessary properties. In dye sensitized solar cells, the electronic properties of 
the dye material, resulting from the combination of the metal center with its 
surrounding ligands, ensure efficient light capture and conversion. The 
increasingly red shifted absorption features in combination with good stability, 
due to cyclometalation, could allow the replacement of ruthenium for cheaper 
and more abundant metals such as iron. Possible applications beyond dye 
sensitized solar cells may be found in other research fields. For instance, in 
OLED application the electrically generated excitons are best harvested by 
triplet emitters capable of efficient intersystem crossing, such as transition metal 
complexes.32 The significantly altered photophysical properties of 
cyclometalated ruthenium compounds could prove beneficial to tune the 
devices' color and efficiency. Alternatively, the low energy of the excited state 
makes this type of compound very interesting candidates as energy acceptor 
moiety in polynuclear photoactive assemblies, perhaps acting as a reactive 
center for hydrogen production.33 Fundamental understanding gained from 
studies such as those described in this thesis are essential to harvest the full 
potential of cyclometalated ruthenium complexes. 
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During the course of these investigations we 
serendipitously found that benzyloxy-
benzylmagnesium crystallizes from a solution of 
dibenzylmagnesium in ether after slow, partial 
aerobic oxidation. The crystal structures 
determinations of both dibenzylmagnesium and 
benzyloxy benzylmagnesium are described in 
Appendix 2. 
 
1. Armaroli, N.; Balzani, V. Angew. Chem. Int. Ed. 

2007, 46, 52-66. 
2. Green, M. A. Physica E 2002, 14, 11-17. 
3. Green, M. A. Sol. Energy 2004, 76, 3-8. 
4. O'Regan, B.; Grätzel, M. Nature 1991, 353, 737-40. 
5. Grätzel, M. J. Photochem. Photobiol., A 2004, 164, 

3-14. 
6. Siemsen, F.; Bunk, A.; Fischer, K.; Korneck, F.; 

Engel, H.; Roux, D. Eur. J. Phys. 1998, 19, 51-58. 
7. Barigelletti, F.; Ventura, B.; Collin, J. P.; Kayhanian, 

R.; Gavina, P.; Sauvage, J. P. Eur. J. Inorg. Chem. 
2000, 113-119. 

8. Albrecht, M.; van Koten, G. Angew. Chem. Int. Ed. 
2001, 40, 3750-3781. 

9. Nazeeruddin, M. K.; De Angelis, F.; Fantacci, S.; 
Selloni, A.; Viscardi, G.; Liska, P.; Ito, S.; Takeru, 
B.; Grätzel, M. G. J. Am. Chem. Soc. 2005, 127, 
16835-16847. 

10. Polo, A. S.; Itokazu, M. K.; Iha, N. Y. M. Coord. 
Chem. Rev. 2004, 248, 1343-1361. 

11. Campbell, W. M.; Burrell, A. K.; Officer, D. L.; 
Jolley, K. W. Coord. Chem. Rev. 2004, 248, 1363-
1379. 

12. Hagberg, D. P.; Yum, J. H.; Lee, H.; De Angelis, F.; 
Marinado, T.; Karlsson, K. M.; Humphry-Baker, R.; 
Sun, L. C.; Hagfeldt, A.; Grätzel, M.; Nazeeruddin, 
M. K. J. Am. Chem. Soc. 2008, 130, 6259-6266. 

13. Yourre, T. A.; Rudaya, L. I.; Klimova, N. V.; 
Shamanin, V. V. Semiconductors 2003, 37, 807-
815. 

14. Wong, H. L.; Mak, C. S. K.; Chan, W. K.; Djurisic, A. 
B. Appl. Phys. Lett. 2007, 90, 081107/1-081107/3. 

15. Geary, E. A. M.; Yellowlees, L. J.; Jack, L. A.; 
Oswald, I. D. H.; Parsons, S.; Hirata, N.; Durrant, J. 
R.; Robertson, N. Inorg. Chem. 2005, 44, 242-250. 

16. Ferrere, S.; Gregg, B. A. J. Am. Chem. Soc. 1998, 
120, 843-844. 

17. Mayo, E. I.; Kilsa, K.; Tirrell, T.; Djurovich, P. I.; 
Tamayo, A.; Thompson, M. E.; Lewis, N. S.; Gray, 
H. B. Photochem. Photobiol. Sci. 2006, 5, 871-873. 

18. Shen, Q.; Yanai, M.; Katayama, K.; Sawada, T.; 
Toyoda, T. Chem. Phys. Lett. 2007, 442, 89-96. 

19. Plass, R.; Pelet, S.; Krueger, J.; Grätzel, M.; Bach, 
U. J. Phys. Chem. B 2002, 106, 7578-7580. 

20. Nazeeruddin, M. K. Coord. Chem. Rev. 2004, 248, 
1161-1164. 

21. Chiba, Y.; Islam, A.; Watanabe, Y.; Komiya, R.; 
Koide, N.; Han, L. Y. Jpn. J. Appl. Phys., Part 2 
2006, 45, 638-640. 

22. Nazeeruddin, M. K.; Kay, A.; Rodicio, I.; Humphry-
Baker, R.; Mueller, E.; Liska, P.; Vlachopoulos, N.; 
Grätzel, M. J. Am. Chem. Soc. 1993, 115, 6382-90. 

23. Nazeeruddin, M. K.; Zakeeruddin, S. M.; Humphry-
Baker, R.; Jirousek, M.; Liska, P.; Vlachopoulos, N.; 
Shklover, V.; Fischer, C. H.; Grätzel, M. Inorg. 
Chem. 1999, 38, 6298-6305. 

24. Balzani, V.; Bergamini, G.; Campagna, S.; 
Puntoriero, F. Top. Curr. Chem. 2007, 280, 1-36. 

25. Wang, D.; Wang, G.; Zhao, J.; Chen, B. Chin. Sci. 
Bull. 2007, 52, 2012-2014. 

26. D'Alessandro, D. M.; Keene, F. R. Chem. Soc. Rev. 
2006, 35, 424-440. 

27. Brunschwig, B. S.; Creutz, C.; Sutin, N. Chem. Soc. 
Rev. 2002, 31, 168-184. 

28. Hartshorn, C. M.; Daire, N.; Tondreau, V.; Loeb, B.; 
Meyer, T. J.; White, P. S. Inorg. Chem. 1999, 38, 
3200-3206. 

29. Patoux, C.; Launay, J. P.; Beley, M.; Chodorowski-
Kimmes, S.; Collin, J. P.; James, S.; Sauvage, J. P. 
J. Am. Chem. Soc. 1998, 120, 3717-3725. 

30. Dreuw, A.; Head-Gordon, M. J. Am. Chem. Soc. 
2004, 126, 4007-16. 

31. Zhou, X.; Ren, A. M.; Feng, J. K. J. Organomet. 
Chem. 2005, 690, 338-347. 

32. Baldo, M. A.; O'Brien, D. F.; You, Y.; Shoustikov, 
A.; Sibley, S.; Thompson, M. E.; Forrest, S. R. 
Nature 1998, 395, 151-154. 

33. Borgström, M.; Ott, S.; Lomoth, R.; Bergquist, J.; 
Hammarström, L.; Johansson, O. Inorg. Chem. 
2006, 45, 4820-4829. 

 
 

 



 

Stylized image of the sun in gamma rays on June 15th, 1991. The sun is 
ordinarily not known to produce gamma rays, but during this solar flare, 
streams of neutrons poured into the intrastellar medium to create gamma 
rays. This image provided the first evidence that the sun can accelerate 
particles for several hours. 
Image: COMPTEL team, University of New Hampshire. 
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Samenvatting en Perspectief 
Het is één van de grootste uitdagingen van deze tijd om de wereld op een 

duurzame manier van de benodigde energie te voorzien om de huidige 
levensstandaard te waarborgen.1 De zon is de grootste, meest toegankelijke en 
hernieuwbare energiebron die voorhanden is. 

De afgelopen decennia is zonne-energie vooral gewonnen met behulp van 
zonnecellen op basis van vaste stof halfgeleidertechnologie. De zuiverheid van 
het halfgeleidermateriaal is van essentieel belang om efficiënte omzetting naar 
elektrische energie te realiseren. Daarom is het onwaarschijnlijk dat dit type 
zonnecel op korte termijn economisch zal kunnen concurreren met uit fossiele 
brandstoffen opgewekte energie.2, 3 De afhankelijkheid van zeer zuiver 
materiaal kan aanzienlijk worden verminderd door het ladingstransport- en 
ladingsscheiding-proces van elkaar te scheiden. Dit idee leidde tot de 
ontwikkeling van de kleurstofzonnecel. Al in 1991 liet Michael Grätzel zien dat 
het mogelijk is om met kleurstofzonnecellen economisch interessante 
efficiënties te halen door mesoporeus anataas titaandioxide met een 
polypyridine-rutheencomplex gevoelig te maken voor zichtbaar licht.4  

 
Figuur 1 toont een algemeen werkschema van een kleurstofzonnecel (DSSC, 

Dye Sensitized Solar Cell).5 Anataas titaandioxide wordt gebruikt als 
elektrodemateriaal omdat dit over de juiste bandgap beschikt. Aangezien 
titaandioxide een wit materiaal is, is een kleurstof nodig om fotonen van 
zichtbaar licht te kunnen absorberen en om vervolgens vanuit de aangeslagen 
toestand een elektron in de geleidingsband van TiO2 te kunnen injecteren. Door 
deze overdracht wordt het elektron direct gescheiden van het achterblijvende 
gat waardoor het recombinatieproces, dat de efficiëntie van de cel verlaagt, 
aanzienlijk wordt onderdrukt. De geoxideerde kleurstof wordt vervolgens 
geregenereerd door elektronoverdracht vanuit een elektrolyt-oplossing. Om de 
stroomkring compleet te maken komt het elektron via het externe elektrische 
circuit de zonnecel weer binnen bij de kathode, die in contact staat met de 
elektrolyt-oplossing. Het maken van een DSSC is een relatief eenvoudig proces. 
Er zijn zelfs commerciële bouwdozen beschikbaar waarmee zonnecellen 
gemaakt kunnen worden met kleurstoffen uit bijvoorbeeld bessensap.6 
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Figuur 1. Ideale opbouw (links) en energie schema (rechts) voor een DSSC. Grote cirkels 
geven TiO2 nano-deeltjes weer, de kleine de kleurstof moleculen, CB is de geleidingsband, D is 
de kleurstof, HTM is de elektrolyt-oplossing, en CE is de kathode. 

Eén van de belangrijkste doelen van het onderzoek naar DSSCs is om ook bij 
langere golflengten de efficiëntie van de cel te verbeteren. Er wordt intensief 
gezocht naar kleurstoffen die in staat zijn om zowel dit licht te absorberen als 
een elektron aan het titaandioxide af te geven. 

 
Het in dit proefschrift beschreven onderzoek richt zich op het gebruik van 

ringgemetaleerde verbindingen als potentiële kleurstoffen voor de verbetering 
van de efficiëntie van DSSCs. Ringgemetaleerde verbindingen bezitten ten 
minste één multidentaat-ligand met een covalente binding tussen een 
koolstofatoom en het metaalcentrum.7, 8 Een stikstof-donoratoom wordt dus 
isoelektronisch vervangen door een anionisch koolstofatoom in de coördinatie 
omgeving van het rutheencentrum. De elektronische en fotofysische effecten 
hiervan werden onderzocht. Deze stoffen zijn interessant omdat de 
eigenschappen van het ringgemetaleerde complex sterk verschillen van de 
overeenkomstige niet-ringgemetaleerde verbindingen. De verbrede en 
roodverschoven absorptie wordt in de ringgemetaleerde verbindingen 
gecombineerd met een uitstekende thermische en fotofysische stabiliteit. 

Een zonnecel bereikt een theoretische maximale efficiëntie als al het licht 
onder 900 nm wordt geabsorbeerd en dit effectief in elektrische energie wordt 
omgezet. Echter, in de huidige opzet van een DSSC worden fotonen boven 900 
nm niet gebruikt. Iedere oplossing die gebruik zou maken van deze fotonen is 
daarom van groot belang omdat het de theoretische maximale efficiëntie van de 
DSSC zou verhogen. In een upconversie schema wordt de eerste kleurstof niet 
door het elektrolyt gereduceerd maar door licht-geïnduceerde elektron-
overdracht vanuit een tweede kleurstof. Essentieel voor dit ‘tweefoton-proces’ 
zijn verbindingen waarin twee kleurstoffen met verschillende oxidatie-
potentialen covalent met elkaar zijn verbonden. In het onderzoek beschreven in 
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dit proefschrift werden enkele kandidaten voor dit proces ontworpen, 
gesynthetiseerd, uitgebreid geanalyseerd en getest. 
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Figuur 2. Molecuulstructuur van de N719-kleurstof.9 

De afgelopen jaren is er veel onderzoek gedaan naar geschikte kleurstoffen 
voor DSSCs en verschillende systemen10-12 gebaseerd op organische 
moleculen,12, 13 overgangsmetaal-complexen14-17 en quantum dots18, 19 werden 
ontwikkeld. Polypyridine-rutheencomplexen bleken een superieure klasse van 
kleurstoffen.20, 21 Ter inleiding van dit proefschrift geeft Hoofdstuk 1 een 
overzicht van polypyridine-rutheencomplexen en de wijze waarop het oplossen 
van stabiliteits- en efficiëntieproblemen met deze complexen zijn aangepakt. De 
kleurstof blijkt van vitaal belang te zijn voor de werking van de zonnecel en 
kleine aanpassingen kunnen de efficiëntie van de cel al sterk beïnvloeden. 

De N719 verbinding, weergegeven in Figuur 2, is het prototype van de 
kleurstoffen die in DSSCs worden gebruikt.22, 23 De carbonzuurgroepen in N719 
worden gebruikt om deze kleurstof irreversibel aan het halfgeleideroppervlak 
te hechten. Tevens zorgen deze groepen voor de nodige interactie tussen de 
aangeslagen toestand en de geleidingsband van het halfgeleidermateriaal. Dit 
type polypyridine-rutheencomplex absorbeert sterk in het zichtbare licht 
waardoor dit sterk gekleurde verbindingen zijn. De absorptie van licht wordt 
toegeschreven aan overgangen waarbij ladingsoverdracht plaatsvindt van het 
metaal naar een ligand (MLCT, metal-to-ligand charge transfer).24 Nadat het 
complex een foton heeft geabsorbeerd, wordt een elektron vanuit het 
metaalcentrum naar één van de bipyridine-liganden overgedragen. Vervolgens 
wordt vanuit deze toestand het elektron snel en efficiënt aan de geleidingsband 
van het TiO2 afgegeven. Er zijn verschillende aanpassingen gedaan om lange-
termijn stabiliteitsproblemen van de cel aan te pakken. Deze 
stabiliteitsproblemen zijn gedeeltelijk het gevolg van de aanwezigheid van 
water in de cel. Daarnaast is een methode ontwikkeld om de extinctie-
coëfficiënt van N719 te verhogen. 

 
De elektronische en fotofysische eigenschappen van een complex worden 

aanzienlijk beïnvloed door ringmetalering van een van de aanwezige liganden. 
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In Hoofdstuk 2 werd de precieze oorzaak van deze verandering onderzocht 
door een nieuwe serie rutheencomplexen te ontwerpen en synthetiseren. Deze 
complexen hebbeen tridentaat-liganden die het metaal via een N,N',N''-, 
N,C,N'-, of C,N,N'-wijze binden, zie Figuur 3. De elektronische eigenschappen 
van deze liganden werden door het introduceren van ester-groepen stapsgewijs 
gevarieerd waardoor een vergelijkende studie mogelijk werd. Theoretische 
berekeningen waarin gebruik gemaakt werd van tijdsafhankelijke berekeningen 
met de dichtheid-functionaal-theorie (TD-DFT, time-dependent density 
functional theory) ondersteunden de experimentele data volledig. De drastisch 
veranderde elektronische en fotofysische eigenschappen van een complex met 
een ringgemetaleerd ligand worden veroorzaakt door de specifieke 
elektronische eigenschappen van zowel het ringgemetaleerde ligand als het 
gekozen metaal. Het was eerder al vastgesteld dat de laagst-onbezette 
toestanden op het ringgemetaleerde ligand hoger in energie zijn dan de 
overeenkomstige toestanden op een isoelektronisch, stikstof-coördinerend 
ligand. Laagenergetische, optische overgangen zouden daarom ook 
geassocieerd moeten worden met het niet-ringgemetaleerde ligand.7 In 
Hoofdstuk 2 wordt beschreven dat in sommige gevallen, namelijk die van de 
C,N,N'-gebonden complexen, de laagst-aangeslagen toestand zich wel op het 
ringgemetaleerde ligand bevindt. Ringmetalering in tridentaat-liganden is 
daarmee een manier om de elektronische eigenschappen van het ligand 
significant te veranderen zonder dat daardoor de fotostabiliteit van het 
resulterende complex beïnvloed wordt. 

 

 

Figuur 3. Kristalstructuren van rutheencomplexen met een N,N',N''- (links), een N,C,N'- 
(midden), of een C,N,N'-bindingswijze (rechts). 
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Omdat de kleurstof in de kleurstofzonnecel een redoxcyclus doorloopt is het 

complex ten minste een deel van de tijd in de geoxideerde toestand aanwezig. 
Dit is een belangrijk aspect omdat de standaard N719-kleurstof juist in de 
geoxideerde toestand snel desintegreert,25 hetgeen de lange-termijn stabiliteit 
van de zonnecel negatief beïnvloedt. Het was daarom dus van belang om ook 
de eigenschappen van ringgemetaleerde rutheencomplexen in hogere oxidatie 
toestanden beter te kennen. In het onderzoek beschreven in Hoofdstuk 3 
werden de synthese en eigenschappen van twee N,C,N'-ringgemetaleerde 
verbindingen onderzocht, zowel in de rutheen(II) als in de rutheen(III)-
oxidatietoestand. Het bleek dat na oxidatie, niet alleen de fotofysische 
eigenschappen, maar ook de reactiviteit van de verbindingen significant 
veranderd was. Rutheen(III)verbindingen zijn in oplossing aanwezig als 
zogenaamde persistente radicalen en ondergaan gemakkelijk dimerisering- en 
substitutie-reacties. Omdat de kinetiek van deze twee reacties aanzienlijk 
verschilt, bleek het mogelijk de vervolgreactie selectief te sturen naar of de 
vorming van het dimeer (C-C bindingsvorming) of naar para-substitutie van 
het complex (C-X bindingsvorming), Figuur 4. Aldus was het mogelijk om uit 
synthetisch oogpunt interessante halogeen-gesubstitueerde verbindingen op 
een zeer milde manier te vervaardigen. De absorptie van zichtbaar licht in de 
rutheen(II)-toestand komt voort uit MLCT-overgangen met het niet-
ringgemetaleerde ligand als aangeslagen toestand. Na één-elektronoxidatie 
verdwijnen deze overgangen, en wordt het zichtbare absorptiespectrum 
gedomineerd door overgangen waarbij ladingsoverdracht plaatsvindt van het 
ligand naar het metaalcentrum (LMCT, ligand-to-metal charge transfer). In deze 
LMCT-overgangen is het ringgemetaleerde ligand betrokken als donortoestand. 
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Figuur 5. Links: Het C,N,N'-ringgemetaleerd rutheencomplex gebruikt in een DSSC. Rechts: 
Fotogeïnduceerde stroomspectra voor N719 (lijn), en N,N',N''- (streep-punt), N,C,N'- (punten), 
en C,N,N'-gebonden (strepen) complexen in een DSSC. 

 Hoewel door de jaren heen vele kleurstoffen gesynthetiseerd en getest zijn, 
bereiken slechts enkelen de conversie-efficiëntie van het N719-complex. Mede 
daarom is dit complex de maatstaf voor een efficiënte kleurstof geworden. In 
het onderzoek dat staat beschreven in Hoofdstuk 4 wordt aangetoond dat 
ringmetalering inderdaad een veelbelovende techniek is om de gewenste 
roodverschuiving in het absorptiespectrum van rutheencomplexen te 
bewerkstelligen. Het C,N,N'-ringgemetaleerde rutheencomplex [Ru((HO2C)2-
C^N^N)(tpy)]+, toegepast als kleurstof in een DSSC, bereikte een 
fotogeïnduceerde stroom die gelijk is aan wat eerder werd bereikt met die van 
het N719-complex, Figuur 5. Dit is een aanzienlijke verbetering ten opzichte van 
de overeenkomstige niet-ringgemetaleerde verbinding [Ru(HO2C-
N^N^N)(tpy)]2+. Echter, hoewel het N,C,N'-ringgemetaleerde complex 
[Ru(HO2C-N^C^N)(tpy)]+ dezelfde redoxeigenschappen bezit en 
roodverschuiving in het absorptiespectrum laat zien als het overeenkomstige 
C,N,N'-gebonden complex, bereikte dit eerst genoemde complex toch maar een 
lage efficiëntie. Door een combinatie van experimentele technieken en 
theoretische berekeningen kon de oorzaak van dit onderscheid verklaard 
worden. De aangeslagen toestand bleek gelokaliseerd op het afgelegen, niet-
gesubstitueerde tpy-ligand hetgeen in dit geval geen mogelijkheid heeft om het 
elektron efficiënt in de geleidingsband van TiO2 te injecteren.  

De beschreven ringgemetaleerde rutheencomplexen zijn volledig thermo- en 
fotostabiel in zowel de rutheen(II)- als rutheen(III)oxidatietoestand. Dit in 
tegenstelling tot het N719-complex, dat snel ontleedt in de rutheen(III)-
toestand. 
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Figuur 6. Links: C,N,N'-ringgemetaleerde rutheencomplexen gebruikt in een DSSC. Rechts: 
UV-vis absorptiespectra van N719 (lijn), [Ru(HO2C)2-C^N^N)(tpy)]+ (punten), en 
[Ru(C^N^N)(tctpy)]+ (strepen). 

In Hoofdstuk 5 wordt een nieuwe generatie kleurstoffen geïntroduceerd, die 
is gebaseerd op de verkregen kennis over de aangeslagen toestand van de 
complexen besproken in Hoofdstuk 4. Deze nieuwe generatie kleurstoffen werd 
aan het halfgeleideroppervlak gebonden via het tpy-ligand, zie Figuur 6 
Waardoor het elektron nu wel eenvoudig geïnjecteerd kan worden vanuit de 
aangeslagen toestand. Hiertoe werden het N,C,N'-ringgemetaleerde complex 
[Ru(N^C^N)(tctpy)]+, het C,N,N'-gebonden complex [Ru(C^N^N)(tctpy)]+ en 
het niet-ringgemetaleerde [Ru(tpy)(tctpy)]2+ gesynthetiseerd. De 
carbonzuurgroepen, die gebruikt worden om het complex aan het oppervlak te 
binden, bleken bovendien voor een extra roodverschuiving van de absorptie-
karakteristieken te zorgen. Helaas veroorzaakt de aanwezigheid van deze extra 
carbonzuurgroepen tevens aggregatie van de kleurstof in de zonnecel, 
waardoor slechts een lage efficiëntie bereikt kon worden. 

Naast carbonzuurgroepen worden ook fosforzuurgroepen gebruikt als 
hechtgroep voor de kleurstoffen in DSSCs. In het onderzoek beschreven in 
Hoofdstuk 6 werden de fosforzuur-analogen van de verbindingen beschreven 
in Hoofdstuk 4 gesynthetiseerd en bestudeerd. Naast het feit dat 
fosforzuurgroepen efficiëntere hechtgroepen zijn, zijn ze in combinatie met 
tang-metaalcomplexen ook nog veelbelovend omdat ze serinehydrolasen 
irreversibel kunnen inhiberen via binding aan de actieve site. Doordat de 
elektronische eigenschappen van een fosforzuurgroep vergelijkbaar zijn met die 
van een carbonzuurgroep, zijn de eigenschappen van de grond- en 
aangeslagentoestand van de betreffende rutheencomplexen ook vergelijkbaar. 
Bovendien werd het N,C,N'-ringgemetaleerde platina complex gemaakt omdat 
onderzoek in de literatuur heeft aangetoond dat soortgelijke verbindingen zeer 
efficiënte fosforen zijn. Dit d8-complex heeft rond het platinacentrum een vlak-
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vierkante coördinatieomgeving waardoor het complex via de z-as open is voor 
processen zoals inner-sphere elektronoverdracht. Dit in tegenstelling tot de d6- 
en d5-zesvoudig omhulde rutheen(II)- en rutheen(III)verbindingen waarvoor 
alleen outer-sphere elektronoverdracht mogelijk is. 
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Figuur 7. Energie-werkschema voor een DSSC (links) en het voorgestelde upconversie-
werkschema (rechts). Voc is het open circuit voltage, CB is de geleidingsband, D1 en D2 zijn de 
primaire en secundaire kleurstoffen, HTM is de elektrolyt-oplossing en CE is de kathode. 

In Hoofdstuk 7 en Hoofdstuk 8 worden de syntheses en analyses van 
dinucleaire rutheencomplexen behandeld. Wanneer twee metaal-gebaseerde 
kleurstoffen covalent met elkaar verbonden worden kan dit aanleiding geven 
tot nieuwe eigenschappen (i.e. overgangen met ladingsoverdracht tussen de 
metaalcentra die nu in een verschillende oxidatietoestand aanwezig zijn (IVCT, 
inter-valence charge transfer)). Met behulp van dit type overgang kunnen 
wellicht laagenergetische fotonen gebruikt worden in DSSCs. Hiervoor is een 
upconversie-werkschema nodig zoals dat is weergegeven in Figuur 7. In dit 
werkschema wordt de primaire kleurstof niet door het elektrolyt geregenereerd 
maar door ladingsoverdracht vanuit de tweede kleurstof. Wil deze 
ladingsoverdracht slagen dan moet de eerste kleurstof gemakkelijker te 
oxideren zijn dan de tweede kleurstof. In symmetrische dinucleaire complexen 
vinden zeer laagenergetische IVCT overgangen plaats wanneer een van de 
metaalcentra geoxideerd wordt.26-28 Door een verschil in redoxpotentiaal voor 
de oxidatie van de metaalcentra in het dinucleaire complex verschuift de IVCT 
overgang naar overeenkomstig hogere energie. Dit type overgang is dus 
bijzonder interessant om de primaire kleurstof te regenereren. Om voldoende 
wisselwerking te bewerkstelligen tussen de metaalcentra, moeten de 
kleurstoffen covalent gebonden zijn. Ringmetalering destabiliseert de 
grondtoestand, waardoor het overeenkomstige complex eenvoudiger te 
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oxideren is. Omdat de geometrie daarbij onveranderd blijft, is dit een 
interessante manier om de noodzakelijke redox-asymmetrie te introduceren. 

 

Figuur 8. Isodensity plot van de hoogste bezette molecuul orbitaal in [{Ru(N^C^N)}2(μ-
tppz)]2+. 

Hoofdstuk 7 beschrijft een serie dinucleaire metaalcomplexen waarin tppz 
als bruggend ligand wordt gebruikt, Figuur 8. Om een zo compleet mogelijk 
beeld te krijgen van de effecten van ringmetalering werden niet alleen de 
symmetrische, tweevoudig ringgemetaleerde en niet-ringgemetaleerde 
verbindingen, maar ook de redox-asymmetrische, enkelvoudig 
ringgemetaleerde verbindingen gesynthetiseerd. Na één-elektronoxidatie 
verscheen er een overgang bij lage energie die voortkwam uit de elektronische 
wisselwerking tussen de twee rutheencentra. Doordat het tppz ligand een 
sterke interactie tussen de metaalcentra faciliteert is er geen sprake meer van 
toestanden die puur aan één van de metaalcentra kunnen worden toegekend. 
Het systeem kan beter worden beschreven in gedelokaliseerde termen. Dit heeft 
als resultaat dat er bij de laagenergetische overgangen geen netto 
ladingsoverdracht betrokken is. Door gebruik te maken van theoretische 
berekeningen werd duidelijk dat deze laagenergetische overgangen zelfs beter 
als tppz-naar-metaal LMCT overgangen beschreven kunnen worden dan als 
IVCT. 

Ook de redox-asymmetrische verbindingen, die slechts aan één zijde 
ringgemetaleerd zijn vertonen sterke interactie tussen de metaalcentra, en dus 
delokalisatie over het gehele complex. Na enkelvoudige oxidatie verschijnt een 
zwakke absorptie bij lage energie die voornamelijk toegeschreven kan worden 
aan een LMCT overgang. Opnieuw is er door de sterke interactie tussen de 
metaalcentra geen sprake van gelokaliseerde toestanden, hetgeen wel een 
vereiste is voor het voorgestelde upconversie-schema. 

 



 252 

252 

1000 2000
0

5

10

15

20

25

30

35

40

0.0

0.2

0.4

0.6

0.8

1.0

ε 
(1

0
  

M
  

cm
  

) 

Wavelength (nm)

3 
   

   
 -1

   
   

   
-1

f

 

Figuur 9. UV-vis-NIR spectra opgenomen tijdens de chemische oxidatie van 
[(tpy)Ru(N^C^N-tpy)Ru(tpy)]3+. Door TD-DFT voorspelde elektronische overgangen in vacuo 
zijn weergegeven met zwarte kolommen. 

In Hoofdstuk 8 worden dinucleaire rutheencomplexen geïntroduceerd die 
verbonden worden door een langer, enkelvoudig ringmetalerend ligand. 
Omdat dit ligand minder wisselwerking ondersteunt dan het tppz ligand 
beschreven in Hoofdstuk 7 kunnen deze systemen wel goed beschreven 
worden met gelokaliseerde termen.29 De inherente directionaliteit van het 
verbindende ligand zorgt tevens voor de noodzakelijke redox-asymmetrie in de 
resulterende dinucleaire verbindingen. Uit dit onderzoek blijkt dat het eerste 
oxidatieproces inderdaad geassocieerd wordt met het ringgemetaleerde 
rutheencentrum, terwijl het niet-ringgemetaleerde centrum pas geoxideerd 
wordt in het daaropvolgende proces. Als deze complexen enkelvoudig 
geoxideerd worden, naar de RuIIIRuII toestand, verschijnt er een sterke 
absorptie in het NIR, zie Figuur 9. Deze absorptie kan worden toegeschreven 
aan een overgang waarbij netto ladingsoverdracht plaatsvindt tussen de beide 
metaalcentra. Om er zeker van te zijn dat de richting van de 
elektronoverdrachtprocessen correct is, moet het dinucleaire complex via het 
makkelijker te oxideren, ringgemetaleerde rutheencentrum aan het oppervlak 
verbonden worden. Dit werd bereikt door dit centrum selectief te 
functionaliseren met carbonzuurgroepen, waardoor de binding aan het 
oppervlak goed gedefinieerd was. De voorlopige resultaten van het gebruik van 
dit complex in een DSSC worden tevens beschreven in Hoofdstuk 8. 

 
Het gebruik van in silico methoden kan de uitkomsten van experimentele 

resultaten verhelderen en deze methoden leveren dan ook een belangrijke 
bijdrage aan hedendaags onderzoek.30 Door de manier waarop DFT 
functioneert, is het zeer geschikt voor het rekenen aan grotere systemen omdat 
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de rekenkosten laag zijn in verhouding tot andere methoden. Echter, 
voorzichtigheid is geboden bij het gebruik van deze methode bij de beschrijving 
van experimenteel waargenomen elektronische overgangen. In Appendix 1 
wordt de eerste aangeslagen toestand van [Fe(tpy)2]2+ met TD-DFT beschreven. 
Deze overgang moet toegeschreven worden aan MLCT transities, wat ook door 
ab initio CC2 berekeningen ondersteund wordt. Dit in tegenstelling tot eerder 
gepubliceerde resultaten31 die  deze aangeslagen toestand toekennen aan 
overgangen op het tpy ligand. De huidige resultaten met het ijzercomplex 
plaatsen dit complex weer in de serie van de overeenkomstige rutheen- en 
osmiumverbindingen. 

 
Samenvattend laat dit proefschrift de veelzijdigheid zien waarmee 

ringmetalering gebruikt kan worden voor de winning van zonne-energie. Het is 
een veelzijdige methode die de elektronische en fotofysische eigenschappen van 
complexen sterk kan veranderen terwijl de structuur van het complex intact 
blijft. Door de sterke interactie met wat formeel een carbanion is, worden juist 
die metaal-orbitalen die een effectieve wisselwerking aan kunnen gaan, 
gedestabiliseerd. Hierdoor wordt het metaalcentrum elektronrijker en is het 
gemakkelijker te oxideren. Dit manifesteert zich onder andere in een sterke 
roodverschuiving in het absorptiespectrum. Daarnaast bewerkstelligen de 
veranderde elektronische eigenschappen nieuwe reactiemogelijkheden zodat 
anderszins ontoegankelijke verbindingen toch te synthetiseren zijn. 

De toepassing van ringgemetaleerde rutheencomplexen in DSSCs laat de 
kracht van dit concept zien. Zonnecellen die gebruik maken van deze 
verbindingen bereiken fotostromen die vergelijkbaar zijn met die van de 
standaardverbinding N719. Bovendien zijn ringgemetaleerde rutheen 
complexen in tegenstelling tot N719 fotostabiel. Door ook laagenergetische 
fotonen te gebruiken in DSSCs zou de theoretische maximale efficiëntie van 
deze zonnecellen sterk verbeterd kunnen worden. Hiertoe werd een 
werkschema voorgesteld waarin een primaire kleurstof wordt geregenereerd 
uit zijn geoxideerde toestand door fotogeïnduceerde elektronoverdracht vanuit 
een tweede kleurstof. Om dit te bereiken zijn dinucleaire verbindingen nodig 
waarin een sterke redox-asymmetrie aanwezig is tussen de individuele 
metaalcentra. Ringmetalering is een goede methode om deze redox-asymmetrie 
te introduceren omdat het de geometrie van het complex intact laat. De 
individuele processen van dit upconversie-werkschema werden in oplossing 
gedemonstreerd voor een asymmetrisch, enkelvoudig ringgemetaleerd 
complex. Eenduidend experimenteel bewijs voor dit upconversie-proces in een 
functionele DSSC kon vooralsnog niet worden verkregen. 

 
In vele verschillende onderzoeksgebieden verlegt de wetenschap steeds 

opnieuw haar grenzen. Hierdoor zullen ook steeds nieuwe fotoactieve 
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materialen met nieuwe eigenschappen nodig zijn. Ringmetalering zou een 
belangrijke methode kunnen zijn om de gewenste eigenschappen te bereiken. 
De combinatie van het metaal en de liganden in de kleurstof veroorzaakt 
elektronische eigenschappen waardoor efficiënte absorptie van licht 
gecombineerd kan worden met efficiënte ladingsoverdracht. Ringgemetaleerde 
verbindingen hebben een sterk roodverschoven absorptie in combinatie met een 
goede stabiliteit. Hierdoor zou mogelijk het rutheen vervangen kunnen worden 
door goedkopere en meer voorkomende metalen zoals ijzer. Behalve in DSSCs 
kunnen deze complexen mogelijk toepassingen vinden in andere 
onderzoeksvelden. Bijvoorbeeld in organische-licht-emitterende-diodes (OLED, 
Organic Light-Emitting Diode) waarin het elektrisch gegenereerde exciton 
efficiënter gebruikt kan worden door triplet-emitters die in staat zijn om zowel 
singlet- als triplet-excitatie te gebruiken. Dit is een toepassing waarvoor 
overgangsmetaalcomplexen zeer geschikt zijn.32 Omdat ringmetalering een 
sterke invloed heeft op de elektronische en fotofysische eigenschappen zou dit 
een interessante methode zijn zowel de kleur van deze OLEDs te veranderen 
alsmede de efficiëntie te verbeteren. Tegelijkertijd maakt de lage energie van de 
aangeslagen toestand deze verbindingen interessant als energie-acceptor in 
polynucleaire, fotoactieve constructen. Het ringgemetaleerde centrum kan in dit 
soort systemen eventueel als actief centrum voor waterstofproductie 
optreden.33 In het algemeen zijn nieuwe fundamentele inzichten verkregen uit 
studies zoals beschreven in dit proefschrift onontbeerlijk om het potentieel van 
ringgemetaleerde rutheencomplexen volledig te kunnen benutten. 
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