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Zusammenfassung 

Tridentate Polypyridin-Komplexe von Übergangsmetallen bieten eine Vielzahl möglicher 

Anwendungen in zukunftsweisenden Technologien wie Solarzellen und Emittern. Das vorrangige Ziel, 

teure und seltene Edelmetalle durch günstiges, in großen Mengen vorhandenes Eisen zu ersetzen, 

spielt dabei in der aktuellen und zukünftigen Forschung eine große Rolle, weit über den Bereich der 

Chemie hinaus. 

Das Hauptziel dieser Arbeit ist die Darstellung und Charakterisierung von push-pull Eisen(II) 

Komplexen mit Liganden, die sich für den potenziellen Einsatz als Farbstoff-Sensibilisatoren in 

Solarzellen (DSSC) und als Emitter in lichtemittierenden Zellen (LEC) eignen. Durch ein 

elektronenreiches R2tpda-Rückgrat (N,N‘-Di“R“-N,N‘-di(pyridin-2-yl)pyridin-2,6-diamin; R = H, Me, 

nPr, nHex), sowie durch einen stark elektronenziehenden dcpp-Liganden (2,6-Bis(2-

carboxypyridyl)pyridin) wird eine Verzerrung der Elektronendichte am Metallzentrum erreicht. Die 

dabei vorrangigen Schwierigkeiten inerte, stabile Komplexe zu gewinnen, werden vorgestellt, sowie 

das Erreichen der zur Anwendung wichtigen Eigenschaften einer breiten Absorption im sichtbaren 

Bereich, eines starken push-pull Charakters durch die Liganden und einer starken 

Ligandenfeldaufspaltung. Es wird gezeigt, dass kleine Änderungen der Substitution am Liganden die 

Stabilität der Komplexe erheblich beeinflusst. Die Änderung der Elektronendichte am Liganden 

mittels Deprotonierung verdeutlicht, wie man gezielt Einfluss auf das Ligandenfeld und die bei 

optischer Anregung stattfindenden eletronischen Übergänge nehmen kann. Die erhöhte 

Elektronendichte am Donor-Liganden führt zu einem LL’CT- anstatt zu einem MLCT-Übergang. Des 

Weiteren bietet die einseitige Deprotonierung des Systems einen Weg zur Verringerung der 

elektronischen Symmetrie, worüber direktionale Übergänge zwischen den Liganden beeinflusst 

werden können. 

Die erwünschten Eigenschaften werden experimentell nachgewiesen und durch dichte-funktional 

theoretische Methoden bestätigt. Das ferne Ziel einen durch niedrig liegende 
3
MLCT-Zustände 

emittierenden Fe(II)-Komplex zu erhalten wird noch nicht erreicht, jedoch wird gezeigt, dass durch 

das push-pull-Konzept und durch einen großen Bisswinkel von 90° der Einfluss auf die 

Ligandenfeldaufspaltung so groß ist, dass die Energie des 
5
MC-Zustandes (

5
T2, (t2g)

4
(eg*)

2
) nahe an 

das Energieniveau des 
3
MC-Zustands (

3
T1, (t2g)

5
(eg*)

1
) angehoben wird. Dadurch ist man dem ersten 

Schritt auf dem Weg zu emittierenden Eisenkomplexen, einen 
3
MLCT als niedrigstergetischsten, 

metastabilen Zustand nach Anregung vorliegen zu haben, ein ganzes Stück näher gekommen. 

Des Weiteren wird ein auf Me2tpda basierender Cobalt-Redoxmediator [Co(Me2tpda)2]
2+/3+

 [Me2tpda= 

N,N‘-dimethyl-N,N‘-di(pyridin-2-yl)pyridin-2,6-diamin] vorgestellt. Dieser wird an kationischen und 

neutralen tridentaten push-pull Ruthenium(II) Sensibilisatoren [Ru(Me2tpda){tpy(COOH)3}]
2+

, 

(tpy(COOH)3 = 2,2‘6,2‘‘-Terpyridin-4,4‘,4‘‘-tricarbonsäure) in DSSC-Applikationen getestet. Ziel 

dieser Arbeit ist es mit den neuen Redoxmediator und mit gängigen Systemen wie [Co(bpy)3]
2+/3+

 

(bpy= (2,2’-bipyridin) die Leistung der Zellen zu verbessern und I
−
/I3

−
 zu vergleichen. Dabei werden 

Additive wie LiClO4, 4-tert-Butylpyridin und als Coadsorber Chenodesoxycholsäure verwendet. Der 

größere Fotostrom und die längere Rekombinationsdauer bei Anwendungen mit dem [Co(ddpd)2]
2+/3+

 

Mediator lassen darauf schließen, dass die Elektronenrekombination an der TiO2-Oberfläche durch die 

höher liegenden π*-Orbitale der Me2tpda Liganden langsamer vonstatten geht, als bei dem 

[Co(bpy)3]
3+

 mit den bpy Liganden, da bei diesem die π*-Orbitale niedriger liegen. Dadurch erreicht 

der neue Cobalt-Elektrolyt die beste Leistung in diesen Systemen. 

Zuletzt werden cyclometallierte Polypyridin push-pull Ruthenium(II)-Komplexe mit unterschiedlichen 

Donor-Substituenten [Ru(dbp-X)(tctpy)]
2−

 (H3tctpy=2,2’;6’,2’’-Terpyridin-4,4’,4’’-tricarbonsäure; 

dpbH=1,3-Dipyridylbenzol; X= N(4-C6H4OMe)2, NPh2, N-carbazolyl) vorgestellt (aus Arbeiten von 

Dr. C. Kreitner), deren Leistung in DSSCs mit verschiedenen Redoxmediatoren und Additiven im 



 

Vergleich zum Referenzfarbstoff N719 getestet wurden. Unter Standardbedingungen kann keiner der 

hergestellten Farbstoffe dieselbe Performance mit I
−
/I3

−
 Elektrolyten wie N719 erreichen. Allerdings 

liefert der carbazolyl-substituierte Farbstoff bei verringerter Konzentration des I
−
/I3

−
 Elektrolyten 

vergleichbare Effizienzen wie der Standard-Farbstoff N719. In Gegenwart von Cobalt Elektrolyten 

sinken alle Effizienzen, wobei der carbazolyl-substituierte Farbstoff sogar bessere Ergebnisse als 

N719 erzielt. 

 

Abstract 

Tridentate polypyridine complexes of transition metals represent a wide range of applications in 

future-oriented technologies such as solar cells and emitters. The primary goal of replacing expensive 

and rare precious metals with inexpensive, naturally abundant iron, plays an important role in current 

and future research even beyond the chemical field. 

The main goal of this work is the preparation and characterization of push-pull iron(II) complexes for 

potential use as dye sensitizers in solarcells (DSSC) and as emitters in light-emitting cells (LEC). 

Electron-rich R2tpda (N, N'-di "R" -N, N'-di- (pyridin-2-yl) pyridine-2,6-diamine, R = H, Me, nPr, 

nHex) and a strongly electron-withdrawing Dcpp (dcpp, 2,6-bis (2-carboxypyridyl) pyridine) ligand 

leads to a distortion of the electron density at the metal center. The main difficulties in obtaining stable 

complexes are shown, as well as maintaining the properties important for application, e.g. a broad 

absorption in the visible region, a strong push-pull character by the ligands and a strong ligand field 

splitting. It is illustrated that small changes in the substitution at the ligand significantly affect the 

stability of the iron(II) complexes. The change in the electron density at the ligand by deprotonation 

demonstrates how to selectively influence the transitions occurring during excitation. The increased 

electron density at the donor ligand leads to an LL'CT instead of an MLCT transition as transition with 

lowest energy. It also shows how electronic symmetry can be reduced by partial deprotonation and 

offers the control above directional transitions between the ligands. 

The desired properties are confirmed experimentally as well as theoretical by density functional theory 

calculations. The remote target of obtaining a low-lying 
3
MLCT state for an emitting iron(II) complex 

could not be achieved yet. However, using the push-pull concept and a large bite angle of 90°, the 

influence on the ligand field splitting was significant enough to raise the energy energy of the 
5
MC 

state (
5
T2, (t2g)

4
(eg*)

2
) close to the energy level of the 

3
MLCT state (

3
T1, (t2g)

5
(eg*)

1
). As a result, one 

has come closer to achieve a 
3
MC as a low-energy metastable state after excitation, which is the first 

step on the way towards emitting iron complexes. 

In addition, a Me2tpda-based cobalt redox mediator [Co(Me2tpda)2]
2+/3+

 is presented in combination 

with a cationic and neutral tridentate push-pull ruthenium (II) sensitizers [Ru(ddpd) {tpy(COOH)]
2+

 

(Me2tpda = N, N'-dimethyl-N, N'-di-(pyridin-2-yl)pyridine-2,6-diamine, tpy (COOH)3 = 2,2'6,2 '' 

terpyridines -4,4 ', 4' '- tricarboxylic acid) from our group in DSSC applications. The aim of this work 

is to improve the performance of the dye and to compare the novel redox mediator with common 

systems such as [Co(bpy)3]
2+/3+

 (bpy = (2,2'-bipyridine) and I
−
/I3

−
. The higher short-circuit 

photocurrent and the higher electron recombination time of the electrolyte suggest that electron 

recombination on the TiO2 surface with [Co(Me2tpda)2]
3+

 complex proceeds slower by the higher-

energy π* orbitals of the Me2tpda ligands than [Co(bpy)3]
3+

 with far lower-energy π* orbitals of the 

bpy ligands. The [Co(ddpd)2]
2+/3+

-electrolytes achieved the best performance on this system. 

Finally, cyclometallated polypyridyl push-pull ruthenium(II) complexes with different donor 

substituents ([Ru(dbp-X) (tctpy)]
2−

 ((H3tctpy=2,2’;6’,2’’-terpyridine-4,4’,4’’-tricarboxylic acid; 

dpbH=1,3-dipyridylbenzene; X= N(4-C6H4OMe)2, NPh2, N-carbazolyl) from Dr. C. Kreitner are 

analysed. Their performance in DSSCs were tested with different redox mediators and additives 



compared to the reference dye N719. Nevertheless, this also led to an increased resonance 

stabilization, which made the regeneration of the dyes more difficult, resulting in a poor performance 

of the cells with I
−
/I3

−
 electrolytes compared to N719. However, under certain conditions the N-

carbazolyl substituted dye with I
−
/I3

−
 electrolytes shows comparable efficiencies to N719. In the 

presence of cobalt electrolytes, all efficiencies decrease, wherein the cabarzolyl-substituted dye 

outperforms N719 under these conditions in terms of efficiency and fill factor. 
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°C degree Celsius 

∆R bond length difference 

δ chemical shift (NMR) [ppm] 

ε exctinction coefficient [M−1 cm−1] 

λ wavelength [nm] 
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Φ quantum yield 

10 Dq ligand field splitting 

A coupling constant (EPR) [G] 
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BARF tetrakis(pentafluorophenyl)borate 

bpy 2,2‘-bipyridine 

calcd. calculated (MS) 

Cp cyclopentadienyl 

CV cyclic voltammetry 

d day 

DFT densitiy functional theory 

dcpp 2,6-bis(2-carboxypyridyl)pyridine 

ddpd N,N’-dimethyl-N,N’-dipyridine-2yl-pyridine-2,6-diamine ≡ 
Me2tpda 

DSSC dye sensitized solar cell 

E1/2 half wave potential  

ET electron transfer 

eq. equivalent 

EQE external quantum efficiency 

ESI electron spray ionization (MS) 

EPR electron paramagnetic resonance 

EtOAc ethylacetate 

EtOH ethanol 

exc excitation 

exp. experimental 

FcH ferrocene 

FD field desorption (MS) 

ff fill factor 

fs femtosecond 

FTO fluorine doped tin oxide 

g g-value (EPR) 

G Gauß 

GS ground state 

h hour 

h Planck constant 

H2tpda 2,6-Bis(2’-pyridylamino)pyridine 

hex2tpda N,N’-dihexyl-N,N’-dipyridine-2yl-pyridine-2,6-diamine 

HOMO highest occupied molecular orbital 

HMBC heteronuclear multiple bond coherence (NMR) 



 
III ABBREVIATIONS 

hs high spin 

HSQC heteronuclear single quantum coherence (NMR) 

I nuclear spin 

IPCE incident photon-to-current conversion efficiency 

IR infrared 

ISC intersystem crossing 

ITO indium doped tin oxide 

IVCT intervalence charge transfer 

J coupling constant (NMR) [Hz] 

KHMDS potassium bis(trimethylsilyl)amide 

LEC light-emitting electro chemical cell 

LED light-emitting diode 

LL’CT ligand-to-ligand charge transfer 

LIESST light induced excited spin state trapping 

LMCT ligand-to-metal charge transfer 

LUMO lowest unoccupied molecular orbital 

ls low spin 

MC metal-centered 

MLCT metal-to-ligand charge transfer 

m milli 

M molar [mol−1] 

max maximum 

min minute 

MS mass spectrometry 

m/z mass per charge 

NMR nuclear magnetic resonance spectroscopy 

NHE standard hydrogen electrode 

NIR near infrared 

ns nanosecond 

Oh point group symbol for octrahedral 

OLED organic light-emitting diode 

P spin paring energy 

pcm polarizable continuum model 

ps picosecond 

pr2tpda N,N’-dipropyl-N,N’-dipyridine-2yl-pyridine-2,6-diamine 

P1-
tBu tert-butylimino-tris(dimethylamino)phosphorane 

phen 1,10-phenanthroline 

R substituent 

RT room temperature 

SEC spectro-electro chemistry 

sim. simulated 

SCO spin-cross over 

T temperature [K] 

t time 

TAS transient absorption spectroscopy 

TBAF tetrabutylammonium fluoride 

TBP tert-butylpyridine 

TFA trifluoroacetic acid 

THF tetrahydrofurane 
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TLC thin layer chromatography 

tpy 2,6-bis(2-pyridyl)pyridine 

UV ultraviolet 

Vis visible 

XANES x-ray absorption near-edge structure 
 

 

 

 



 
1 1  INTRODUCTION: STATE OF THE ART 

1 Introduction: State of the Art 

In our highly engineered society we are interested in cost-effective, mobile, environment-

friendly and efficient solutions to meet and reduce our energy needs to operate our electrical 

equipment. Solar cells play a decisive role in the mobilization of energy. Since Bequerel 

unknowingly described the photovoltaic effect in 1837, the development of the solar cell took 

its course.
1
 Nowadays a large number of different types of solar cells exist. In general there is 

to name the inorganic silicon semiconductors in several variations by doping materials and 

aggregation/manufactoring (e.g. microcrystalline, amorphous, GaAs, CdTe), organic 

solarcells (e.g. polymer, organic thin-film), the perowskite and thin-film solar cells like the 

dye sensitized solar cell.
2
 The National Renewable Energy Laboratory (NREL) occasionally 

publishes the performance of all known solar cell types in a chart showing the development of 

the efficiencies (Figure 1).  

 

Figure 1. Conversion efficiencies of best research solar cells woldiwde for various 

photovoltaic technologies since 1976 (status: 12 august 2016; public domain).
3
 

Despite this diversity, mainly the inorganic silicon semiconductor solar cell is being used 

commerically, as it combines the most important properties like longevity, mass 

producabitlity and average efficiency. However, these cells have various disadvantages, 

particularly the energy-intensive production, high weight and low flexibility.  

Thin film solar cells developed by Grätzel and O'Regan in 1991 provide therefore a good 

alternative. In particular, the "dye sensitized solar cell" (DSSC) is distinguished by low cost 
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and less energy consumption in manufactoring, low weight and flexibilty.
4
 Yet, DSSCs are 

rarely applied, because previous systems of this type are very limited in their durability. In 

addition, expensive 4d and 5d transition metals like ruthenium complexes are preferred 

utilized in this devices because of their high efficiencies. 

Iron(II)-based dyes are intended to provide an alternative to 4d and 5d metals. Yet, the 

difficulties with iron(II)-based complexes starts with the synthesis and stability. Moreover, 

some iron(II) complexes show spin crossover (SCO), which occurs in first row transition 

metal complexes with a d
4
 through d

7
 electron configuration in an octahedral ligand geometry 

and would be a highly perturbing property for use in DSSCs. However, work on such systems 

opens up the perspective on iron emitters because similar problems must be solved. Especially 

in light-emitting electrochemical cells (LEC) an emitting iron complex would be of great 

interest, as explained in detail in the following sections.
5
 

Further aspects in the research of DSSC applications is the tuning of the efficiency by 

optimization of the setup of the cell. Therefore, novel redox mediators based on cobalt(II,III) 

are in the focus of research. Additionally, the electrolyte soltuions can be tuned by addition of 

additives.  

 



 
3 

1.1  INTRODUCTION: POLYPYRIDYL IRON(II) COMPLEXES AND THEIR 

RUTHENIUM(II) ANALOGUES 

1.1 Polypyridyl Iron Complexes and their Ruthenium Analogues 

There is a large number of polypyridyl iron(II) complexes for several applications, such as 

catalysis or molecular switches.
6,7

 On the other side, only a small number of dyes for 

sensitized solar cells with poor performances and emitting iron(II) complexes are unknown. 

Analogous structures with ruthenium provide good results in the field of DSSCs and emitters 

(Scheme 1). For example, the ruthenium-based dye N3 (1) features efficiencies up to 10 %, 

while the iron-based dye 2 does not reach a significant value.
8,9,10

 The same phenomena are 

found for bis(4‘-carboxy-2,2‘:6‘,2‘‘-terpyridine) coordinated metal complexes. The ruthenium 

based complex [3]
2+

 reaches efficiencies up to η = 0.77 % and a fill factor ff of 0.56. under 

standard conditions concerning the I−
/I3

−
 electrolyte (0.5 M LiI, 0.05 M I2, CH3CN), while the 

iron based complex [4]
2+

 only achieves η=0.01% and a fill factor ff = 0.50.
11,12

 

 

Scheme 1. Iron complexes and their ruthenium analogues potential for DSSC and LEC 

applications. 

In case of emitter materials one finds the same tendency. While the [Ru(bpy)3]
2+

 complex 

[5]
2+

 is used as a standard reference in terms of emission, with a quantum efficiency of 

Φrt≈ 6 % and a lifetime of the 
3
MLCT-state of τrt≈ 1000 ns at room temperature 

(MLCT = metal-to-ligand-charge-transfer; Figure 2a), [Fe(bpy)3]
2+

 [6]
2+

 does not show any 

kind of emission even at low temperatures (bpy = 2,2'-bipyridine).
13,14,15,16

 The ruthenium(II) 

terpyridine (tpy = 2,6-bis(2-pyridyl)pyridine) complex [7]
2+

 suffers from an effective 

radiationless deactivation pathway via 
3
MC states, which can be thermally populated from 

3
MLCT states (MC = metal-centered; Figure 2). This fast internal conversion results in a 

quantum yield of Φrt ≤ 0.0007 % and a 
3
MLCT lifetime of τrt≈ 0.1 −0.2 ns, which is still much 
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1.1  INTRODUCTION: POLYPYRIDYL IRON(II) COMPLEXES AND THEIR 

RUTHENIUM(II) ANALOGUES 

longer than that of the non-emissive homologous iron congener [8]
2+

 with MLCT lifetimes in 

the femtosecond region.
17,18,19

  

If one looks at the occupation in a perfect octahedral field of these two systems in the d
6
 

configuration, they have the same electronic character in the ground state. All 6d electrons are 

paired in the t2g level which represents a low spin (ls) configuration (Figure 2a). However, the 

ligand field splitting energy (10 Dq) between the t2g and eg* level of iron is significantly lower 

than that of ruthenium (Figure 2b). 

 

Figure 2: Ligand field splitting of a) ruthenium(II): all electron spins located at the t2g level 

present the 
1
GS; S = 1. The red electrons indicate possible MC transitions towards 

3
MC state. 

The green arrows indicate MLCT transitions. b) iron(II): all electron spins located at the t2g 

level present the 
1
GS; S = 1. The red electron spins indicates two possible MC transitions 

towards 
5
MC state. 

As a result, iron(II) compounds exhibit several metal-centered transitions and can end up due 

to a spin-crossover (SCO; chapter 1.1.1) in a high spin (hs) state (Figure 2b). More states exist 

which are preferred over a MLCT state. In comparison, only 
3
MC- and 

3
MLCT-states in 

ruthenium complexes in the lowest energetic state are accessible. The following Tanabe 

Sugano diagram shows the difference between a ruthenium- and iron-based complex, using 

the compounds [6]
2+

 compared to [5]
2+

 (Figure 3a).
20,21,22

 



 
5 

1.1  INTRODUCTION: POLYPYRIDYL IRON(II) COMPLEXES AND THEIR 

RUTHENIUM(II) ANALOGUES 

 

Figure 3: a) Tanabe Sugano diagram of d
6
 metals including ligand field strengths of 

[Fe(bpy)3]
2+

 ([6]
2+

) and [Ru(bpy)3]
2+

 ([5]
2+

)complexes.
20

 b) Possible energy states of an iron 

complex [6]
2+

 in relation to the Fe-N bond length.
21

 (adopted from literature Ref20
 
and 

Ref 21).  

The influence of the ligand field strength on the number and kind of possible intersections 

towards metal centered transition states is clearly illustrated in the Figure 3b. In case of [6]
2+

 

the ligand splitting energy 10 Dq is close to the hs /ls crossing point, the SCO line. As a 

result, the lowest excited state is the 
5
T2 (

5
MC, black line), followed by the 

3
T1 (brown line) 

and the 
3
T2 (green line); (

3
MC-states). Several crossing points of these electronic symmetries 

are shown. The ruthenium complex [5]
2+

 has only one 
3
MC-state, the 

3
T1 as lowest excited 

energy level without any crossing points (Figure 4a). This changes the energetic pathway 

considerably when the complex is electronically excited and applies for nearly all ruthenium 

complexes. Here, only the 
3
MLCT and 

3
MC are in competition. The 

3
MLCT-state can either 

relax to the GS via emission or populates the 
3
MC state which relaxes radiationless into the 

GS. Therefore, mainly two excited states are important for emissive ruthenium(II) complexes. 

In contrast, iron(II) possesses two MC states, the 
3
MC- and the 

5
MC-state. The 

3
MC states are 

described as two spectroscopic terms, the 
3
T1 and the 

3
T2 term, through which relaxation 

occurs radiationless after excitation. Generally these states are lower in energy than the 

MLCT-states and appear in the order demonstrated in Figure 4b. 
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RUTHENIUM(II) ANALOGUES 

 

Figure 4: Jablonski state diagrams: a) ruthenium complexes; Here the emissive 
3
MLCT and 

the radiationless 
3
MC are in competition. b) Iron complexes: Here the femtosecond short 

living MLCT ends via an intermediate 
3
MC state in a long-living 

5
MC state (ps, fs), which 

relaxes radiation less into the 
1
GS. 

Due to this situation, further problems arise for the use with iron. The low ligand field 

strength has a great influence with respect to the synthesis and the stability of the desired 

complexes. To obtain a heteroleptic bis(tridentate) ruthenium(II) complex one need to do the 

reaction under heating and the synthesis can be done stepwise towards a bis(tridentate) 

complex.
23,24

 In case of iron(II), it is more difficult to control the kinetics of the reaction. For 

example in reactions with terpyridine units and an iron salt the control over a stepwise 

reaction is impossible. Even with low equivalents of this five-membered chelate ligand, the 

reaction delivers the bis(tridentate) complex [8]
2+

.
25

 Furthermore, the stability of the 

complexes suffers from the existing hs states. Polypyridyl ruthenium complexes are more 

stable in presence of water or other nucleophiles e.g. OH
−
 or CN

−
 compared to their iron(II) 

congeners.
26

 These small anions irreversible replace the polypyridyl ligands.
27,28,29,30,31,32,33

 

Nevertheless, due to economic and ecological aspects the use of iron would provide more 

benefits than using these expensive 4d (or 5d) noble metals and opens a wide understanding to 

influence excited states. The relatively occurrence of ruthenium is 0.02 ppm in the earth’s 

crust or 1 ppb on earth, comparable to rhodium, iridium and rhenium.
34

 In contrast, iron is the 

fourth most common element on earth and accounts for 4.7 % of the earth’s crust. As result, 

the price of iron is less than 1 % of the price of ruthenium. If iron-based complexes can be 

optimized in such a manner to be efficient sensitizers, the overall costs of the already 

economical dye sensitized solar cell could be reduced even further.  

Experimental approaches by Sundström and Wärnmark demonstrated the possibility of higher 

3
MLCT lifetimes (τ = 9 ps) based on a tridentate strong-field C^N^C complex [9]

2+
 with NHC 

and pyridyl donor ligands (Scheme 2).
35

 This long 
3
MLCT lifetime was achieved by slowing 
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down the deactivation via increasing the energy of the 
3
MC state and inducing a large 

structural rearrangement during the 
3
MLCT to 

3
MC transition.

36
  

Functionalization by carboxylic acid moieties afforded a tetracarbene iron complex [10]
2+

 

with excited state properties that allow efficient conversion of light to electrons with 92 % 

yield in a DSSC and an extended 
3
MLCT lifetime of 13 ps. Modification of this complex by 

introduction of benzimidazolylidene-based ligands led to the champion complex with a 26 ps 

3
MLCT state lifetime (Scheme 2).

37,38,39 

 

Scheme 2. Tetracarbene iron(II) complex [9]
2+

 from Wärnmark and Sundström and 

enhancements [10]
2+

 and [11]
2+

 from Gros. Their 
3
MLCT lifetimes are marked below.

35,37,38
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1.1.1 Spin Crossover 

The first reports on spin crossover (SCO) were published in 1931 by L. Cambi and L. Szegö, 

who observed a change in magnetic susceptibility in various compounds of transition metals 

with Fe, Co and Ni.
40

 The thermally induced SCO was first studied and investigated in 1964 

by W.A. Baker and H.M. Bobonich with various [Fe(phen)2X2] 12, Scheme 5) and 

[Fe(bpy)2X2] compounds (phen = 1, 10-phenanthrolines, X
−
 = Cl

−
, Br

−
, I

−
, N3

−
, SCN

−
, 

SeCN
−
).

41
 

 

Scheme 3. Established iron(II) complexes for SCO 12, complex in low spin configuration 

[13]
4−

 and in high spin configuration [14]
2+

 in their ground states. 
41

 

When metals of the electron configuration 3d
n
 (n = 4-7) are in an octahedral ligand field, the 

degenerated five d orbitals split into the antibonding eg* and the nonbonding t2g orbital energy 

states.
42,43,44

. The energy difference between these two orbital sets is described as 10 Dq. If 

10 Dq is far greater than the spin-pairing energy P, all electrons are in the lowest spin state, 

the so-called ls state, and provide the least number of unpaired electrons. If P is greater 10 Dq, 

then the d electrons obey the Hund’s first rule and the metal complex adopts the hs state, and 

thus has the highest number of unpaired electrons.
45

 Because of the unpaired electrons, the hs 

state then exhibits paramagnetic behavior, while the ls state in the case of d
6
 iron(II)-

complexes is diamagnetic. The differences are depicted for the d
6
-ions ruthenium(II) and 

iron(II) in Figure 2. 

Thus, the spin state depends on the strength of the ligand field splitting, which is strongly 

influenced by the coordination sphere of the metal, as well as by the nature of the metal itself. 

The spectrochemical series of the ligands indicates whether the ligand field splitting of the 

metal will be strong or weak and provides information about the 10 Dq of the metal ions. For 

example [Fe(CN)6]
4−

 ([13]
4−

) exists in the ls, while [Fe(H2O)6]
2+

 ([14]
2+

) exists in the hs 

configuration (Scheme 3). The different influences on 10 Dq via the ligands are caused by 

their binding character. Strong-field ligands, i.e. cyanides, exhibit a strong σ-donating and 
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strong π-backbonding character. Because of their high electronegativity, halides have only 

weak π backbonding character and present weak-field ligands. Water and ammonia belong to 

the threshold region and result in hs configuration in combination with iron(II) metal centers 

at room temperature. Furthermore, the spin configuration has a great influence on the bond 

lengths between the metal and the ligand. In Fe-N complexes the bond length change ΔR (Fe-

N) between the ls and the hs state can be up to ∆R ≈ 0.2 Å.
46

 In the transition from the ls state 

to the hs state, an extension of the bond length between the coordinating atom and the metal 

center occurs. The reason for this is that all d-electrons in the nonbonding t2g orbitals are in 

the ((t2g)
6
(eg)

0
) configuration in the ls and thus have little influence on the length of the bond. 

In the hs state, however, the ((t2g)
4
(eg)

2
) configuration is present, and the antibinding eg* 

orbitals are occupied, which increases the bond length (Figure 5). If the difference between 10 

Dq and P is very small, and the two lowest vibronic states are close to one another, the 

corresponding SCO may occur and the electron configuration changes from ls to hs. Two 

types of SCO exist: the thermal and light-

induced SCO. 

The thermally induced SCO, as the name 

suggests, is achieved by a change in the 

temperature. If the energy difference 

between the two vibrionic states 
1
A1 (ls) and 

5
T2 (hs) is in the order of thermal energies 

ΔE(HL) ≅ kbT (Figure 5), the SCO can be 

effected by a temperature change. 

The coordinating anions have a great 

influence on thermally induced SCO. 

Studies have shown that an exchange of 

anions results in a different behavior of the 

complexes with respect to changes in their 

magnetic behavior, due to modifications in 

the packing of the complexes.
41,47 

 

 

Figure 5. General potential energy diagram 

of a low spin to high spin transition. 

∆E(HL) describes the difference in energy 

between the hs and the ls state, ∆R the 

distance between Fe and coordinating N.
46

 

(adopted from literature Ref 46)  
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1.1.2 Light-Induced Spin-Crossover 

More than 30 years ago McGravey and Lawthers reported the light induced SCO for the first 

time and it was well demonstrated experimentally by the groups around Hauser and 

Gütlich.
48,49,50

 They observed a [Fe(ptz)6](BF4)2 ([15]
2+

) complex at a temperature of 15 K by 

using Mössbauer spectroscopy (Figure 6). 

 

Figure 6: Structure and Mössbauer spectra of [Fe(ptz)6](BF4)2 [15]
2+

 (a) Before irradiation 

(measuring temperature TM = 15 K); (b) after irradiation for 1 h at 15 K (TM = 15 K); (c) after 

warming to 50-55 K and cooling to TM = 15 K; (d) after second warming to 50-55 K and 

cooling to TM = 15 K; (e) after warming to 97 K (TM = 97 K); (f) after warming to 148 K 

(TM = 148 K).
 49

 (adopted from literature Ref 49) 

In the beginning they found a singulet state and a low spin configuration. After an irradiation 

of 1 h, they noticed a change of the spin towards a dublett resonance which means that the 

complex is in compliance with a high spin configuration. This metastable state could be found 

up to a temperature of 50 K, afterwards it switched again into the low spin configuration. This 

effect is called the light induced excited spin state trapping (LIESST) effect.
48

 In contrast to 

the thermal SCO, the LIESST-effect is mostly independent from the anion packing effects and 

is solely triggered by absorption of light.
51

 Furthermore, the lifetimes of the metastable states 

depend on the temperature in respect of the coordinating ligands. The higher the temperature 

is, the shorter are the excited state lifetimes, but higher denticity of the ligand results in larger 

lifetime of the excited state.
52,53
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The detailed exploration of the LIESST effect required techniques of spectral analysis. 

Norrish, Eigen and Porter did the first step by developing the flash photolysis, in which a laser 

pulse produces highly excited short living species such as free radicals.
168

 The principle is a 

pump-probe technique, in which a strong, short laser pulse excites a sample. In the case of 

SCO complexes the pump pulse leads to an increased population of higher energy levels 

above the ground state within a sample of atoms or molecules. Immediately after exposure to 

the pulse laser, the optical absorption of the excited sample changes so that the subsequent 

reactions in the system are determined by measuring the intensity with a further pulsed laser, 

the so-called probe pulse. Therefore, the spectrum is recorded in a function of time showing 

the change of the absorption at different wavelengths. Most compounds observed by this 

technique have excited state lifetimes in a sub millisecond regime. This methode is called 

transient absorption spectroscopy (TAS). Initially, this method could only measure processes 

up to a resolution just below the millisecond scale, but nowadays resolutions up to a few 

femtoseconds (to attoseconds) are possible.
169

 Especially in terms of iron complex chemistry, 

this is important because most of these complexes have lifetimes in the picosecond region and 

below.  

A further possibility to determine individual states in a SCO system, especially in iron 

complexes, is the femtosecond optical pump/x-ray probe technique based on the x-ray 

absorption near-edge structure (XANES) method presented by Chergui et al..
21

 Therein, the 

intensity of a characteristic XANES feature as a function of laser pump/x-ray probe time 

delay is recorded. They investigated the ultrafast formation of the lowest quintet state upon 

excitation of the 
1
MLCT state of complex [6]

2+
 in aqueous solution and found that the quintet 

state is populated in about 150 fs. These results confirmed a long-standing issue about the 

population mechanism of quintet states in iron(II)-based complexes. Gaffney and co workers 

identified a 
1
MLCT→

3
MLCT→

3
T2→

5
T2 cascade as a dominating pathway from the initial 

excited state.
54

 The time scale of the 
3
MLCT→

5
T relaxation corresponds to the period of the 

iron-nitrogen stretching vibration. 
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1.1.3 Ultrafast Spin-Crossover 

Owing to high-resolution ultrafast spectroscopy, it is possible to perform detailed pump-probe 

measurements on pseudo-octahedral polypyridyl iron coordination complexes. It turned out 

that MLCT excited states undergo internal conversion and intersystem crossing from the 

MLCT state to the 
5
MC excited state on a sub-picosecond time scale.

7,15,29
 The well examined 

[6]
2+

 provides 
5
MC lifetimes at room temperature with 665 ps which is a typical region for 

iron(II) complexes of bidentate chelates (Figure 7). In contrast to common tridentate SCO 

complexes like [8]
2+

 with 
5
MC lifetimes more than 1 ns, novel studies of iron complexes 

[9]
2+

, [10]
2+

 and [17]
2+

 showed ultra-short living metal-centered transition states in the 

picosecond regime.
35,36,37,55,56

  

 

Figure 7. Jablonski state diagram for a) [6]
2+

 as example for bidentate and b) [8]
2+

 as example 

for tridentate chelates.
56

 

McCusker and co-workers published a novel high-symmetry tridentate iron(II) polypyridyl 

complex [17]
2+

 based on dcpp ligand 16 with a deep blue color and a broad absorption from 

425 to 650 nm with maximum at λmax = 610 nm, resulting from a strong 
1
A1→

1
MLCT 

transition.
56,57

 Using TAS a fast decay of the excited state with a ground state recovery time of 

τ = 280 ps could be observed suggesting two possible explanations (Figure 8). The first one is 

the reorganization energy associated with the 
5
T2→

1
A1 relaxation which is significantly 

different for complex [17]
2+

 than it is for other typical tridentate compounds with lifetimes in 

the nanosecond region. Another explanation is that different excited electronic states are 

involved in the relaxation dynamics. Variable temperature time-resolved absorption 

measurements have demonstrated that the reorganization energy associated with a 
5
T2→

1
A1 

relaxation in the [Fe(tren(py)3−x(6-Me-py)x)]
2+

 class of spin-crossover complexes are in the 

range of 1.0 eV.
56

 For [17]
2+

 the energy is significantly larger which brings a further more 

intriguing explanation for the fast ground-state recovery. The enhanced ligand-field strength 



 
13 1.1.3  INTRODUCTION: ULTRAFAST SPIN-CROSSOVER 

due to the dcpp ligand has pushed this system past the 
5
T2/

3
T1 crossing point, thus results in a 

3
MC as lowest-energy excited energy state (Figure 8b). 

 

Figure 8. a) Structures of electron-withdrawing dcpp 16 and complex [17]
2+

. b) excited state 

lifetimes suggest the 
5
MC state higher in energy than the 

3
MC state.

56,57
 

As mentioned before, Sundström and Wärnmark synthesized and characterized a series of 

tetracarbene complexes with interesting behavior in their excited state dynamics. Complex 

[9]
2+

 has a 
3
MLCT lifetime of 9 ps and MC state lifetimes of less than 2 ps. Modifications of 

these systems by Gros and co-workers yielded even longer 
3
MLCT lifetimes. The explanation 

for these findings is based on the destabilization of the 
3
MC state and removing the 

5
MC 

states efficiently from the easily accessible energy regions through the strongly σ-donating 

tetracarbene ligand.
36

 This assumption can be confirmed by DFT calculations of the excited 

states (Figure 9). Here the 
3
MC and the 

5
MC state possess the same energy and the potential 

energy surface of the 
3
MC is crossing the potential energy surface of the GS before the 

5
T 

state. 

 

Figure 9. Plot of calculated potential energy curves vs the bond length Fe-N of complex [9]
2+

. 

The 
3
MC and the 

5
MC state are nearly at the same energy level (blue marked area).

36
 (adopted 

from literature Ref 36)  
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Studies on ruthenium bis(tridentate) and tris(bidentate) polypyridine complexes proved the 

effective destabilization of the 
3
MC state through the introduction of a strongly σ-donating 

ligand in the first coordination sphere, likely resulting in an increased t2g/eg orbital 

splitting.
58,59,60 

Additionally, the 
3
MLCT lifetime can be increased by an enhanced charge-

transfer character through implementation of a carboxylic acid of the acceptor ligand. 

Besides the improved 
3
MLCT lifetime, the parent structure [9]

2+
 demonstrates the crucial 

impact of the ligand design (Figure 10). Changing the methyl group by a tert-butyl moiety the 

lifetimes of the excited states and their energy levels change considerably. Due to the 

repulsion between the tert-butyl moiety and the pyridine ring of the second ligand all 

coordinating bonds are elongated. The Fe-N(NHC) bond is stretched by 0.13 Å without 

changing the C(NHC)-Fe-N(py) bite angle, which weakens the σ-donating capability of the 

tert-butyl substituted ligand.
35

 

 

Figure 10. Impact of side chain substituents illustrated by a) Jablonski diagram of 
i
Pr 

substituted tetracarbene [18]
2+

 and b) the tetracarbene role model [9]
2+

.
35 

(adopted from 

literature Ref 35) 

This effect occurs not only in tridentate systems, but also in systems with monodentate and 

bidentante ligands. Gaffney and co-workers revitalized a 30-year-old synthetic strategy to 

extend the MLCT lifetime by synthesis of a mixed ligand iron complexes with four CN
−
 and 

one bpy ligand [Fe(CN)4(bpy)]
2− 

 ([19]
2−

).
61

 By combination of X-ray free-electron laser 

(XFEL) kβ hard X-ray fluorescence spectroscopy with femtosecond time-resolved UV-visible 

absorption spectroscopy the electronic excited state dynamics initiated by MLCT excitation of 

[19]
2−

 were characterized. The lifetimes of complex [19]
2−

 is determined with roughly 20 ps 

(Figure 11).  
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Figure 11. a) Structure of complex [19]
2−

 b) Jablonski state diagram of [19]
2−

 shows 

relaxation to the 
1
GS via the 

3
MC state and c) the potential energy surfaces of [19]

2−
. 

3
MC and 

5
MC are similar in energy (blue marked area). (chart c) is adopted from literature Ref 61) 

DFT-calculations suggest that the 
3
MC and 

5
MC state of [19]

2− 
are located at the same energy 

level (Figure 11c) similar to the results of [9]
2+

 in Figure 9. There the potential energy surface 

of the GS is crossing that of the 
3
MC at a lower energy than that of the 

5
MC surface. This 

leads to the conclusion that in the relaxation pathway of the complex [19]
2−

 the 
5
MC state is 

avoided (Figure 11b). 

In combination with the results of the tetracarbene iron complexes of Gros, Wärnmark and 

Sundström the existence of iron(II) complexes having 
3
MC as the lowest excited state are 

verified. Using carbene-coordinating ligands is one possibility to obtain low-lying 
3
MLCT 

states one day.  
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1.2 Dye Sensitized Solar Cell 

Since Grätzel and O'Regan reported the first DSSCs in 1991, efforts were made around the 

world to optimize them for daily application requirements, as they represent a favorable 

alternative to the current silicon-based solar cells.
4,58,62,63

 

Such a cell consists of two electrodes, the transparent anode and cathode, which are lined on 

their inside with an electrically conductive material (Figure 12a). They are in general made of 

ITO or FTO, i.e. indium doped or fluorine doped tin oxide (SnO2). On the working electrode 

(anode) nanoporous titanium oxide (TiO2) is applied, which offers a large surface due to its 

structure. The sensitizing dye is then located on the TiO2. These are surrounded by an 

electrolyte solution containing the redox mediator, which is required for charge transport and 

dye regeneration. The most common electrolyte is the iodide/triiodide (I
−
/I3

−
) redox mediator 

containing some additives. Through the nanoporous structure of the TiO2 the electrolyte can 

penetrate the sensitizer adequately. The setting is completed with the counter electrode 

(cathode), often made out of silver or platinum.
58,62

 

 

Figure 12. a) Structure of a dye-sensitized solar cell. b) Working principle of a DSSC. Green 

line marks the boarders of the maximum voltage, black arrows indicate productive transfer 

steps, and red arrows indicate detrimental back-electron transfer processes.
58,62

 

In Figure 12b the working principle of a DSSC is described in detail. If the cell is irradiated 

with light (hν) of the absorbing wavelength of the dye, it is excited and injects electrons into 

the conduction band of the TiO2 (k1). For this process to take place, the lowest unoccupied 

molecular orbital (LUMO) of the dye sensitizer must be energetically higher than the 

conducting band of the TiO2. The electron reaches the working electrode via the TiO2 (k2) and 

is transferred back to the counter electrode via the load. Afterwards the electron is released to 
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the electrolyte (k3). The electrolyte subsequently regenerates the dye due to its reducing 

properties (k4), but only if the highest occupied molecular orbital (HOMO) of the dye is below 

the lowest unoccupied molecular orbital (LUMO) of the redox mediator. The highest possible 

achievable voltage VOC is determined by the potential difference between the Fermi level of 

the TiO2 and the redox potential of the electrolyte (Umax). 

The quality of a cell is given by its efficiency η, described by equation Eq. 1. For this purpose, 

the ratio of the solar cell performance obtained (Pout) is determined against the maximum 

energy input into the system (Pin) (Eq. 1).
87

 

 Eq. 1: 𝜂 =
𝑃out

𝑃in
=

𝑈mpp∙𝐼mpp

𝑃in
 

As shown in Figure 13, the output power Pout results from the product of maximum usable 

current Impp and the maximum usable photovoltage Umpp. 

 

Figure 13. Current density-voltage plot (I-U-curve) of a DSSC indicating the short circuit 

current (ISC), the current density at maximum power point (Impp), the open circuit voltage 

(UOC) and the voltage at the maximum power point (Umpp). The grey area marks the usable 

maximum output power Pout. 

The second parameter to determine the quality of a DSSC is given by the fill factor in 

equation Eq. 2. Here the ratio between the maximum utilized power Pout = Umpp∙Impp in 

relation to the product of the open circuit voltage and the short circuit current describes the 

shape of the I-U-curve:  

Eq. 2: 𝑓𝑓 =
𝑈mpp∙𝐼mpp

𝑈OC∙𝐼SC
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The third quality mark is given by the incident photo-to-current efficiency (IPCE). The IPCE 

is determined by the number of collected electrons per number of photons irradiated at a given 

wavelength.
87

 

Eq. 3: 𝐼𝑃𝐶𝐸 =
𝐼SC(𝜆)

𝑃in(𝜆)
∙

1

𝜆
∙

hc

𝑒
;  

with h = Planck constant, c = velocity of light and e = elementary charge 

All these characteristics were obtained under standard conditions with normalized solar light 

irradiation of 1.5 air mass (AM) and Pin = 1000 W m
−2

 (Figure 14a). The number of 1.5 AM 

means, that the solar light has to pass the thickness of 1.5 atmospheres and corresponds to a 

situation when the angle of incidence is 48.2°. At a zenith angle of 0° the light would travel 

through 1.0 AM (Figure 14b).
64

 

 

Figure 14. a) The solar spectral irradiance. b) Configuration for 1.5 AM (distance marked by 

the green line) solar illumination. Distance for 1.0 AM is marked by the blue line. 
64

 (adopted 

from literature Ref 64) 
 

Although these key figures classify every DSSC obtained under standardized conditions of 

1.5 AM, the cells are often not directly comparable to each other. All laboratories work with 

different setups of the cells. Starting with different electrode materials, preparation of the 

TiO2 blades, including thickness and morphology, different electrolytes in respect to the 

concentration of the redox mediator and ionic liquids or even different redox mediators. 

Indications for the quality of the cell-setup, standard dyes like N719 ([26]
2−

) in combination 

with iodide/triiodide (I
−
/I3

−
) electrolyte or YD-2 (22) for examination of cells with cobalt 
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redox couple were used (Scheme 5 and 6). Besides the development of a potentially good dye 

and the appropriate redox mediator, the greatest challenge in the assembly of a DSSC is the 

coordination of the components. In some cases high concentrated electrolyte solutions 

promote recombination processes or solvent mixtures improve besides a better solubility also 

a better conductivity. The redox potentials of all compounds must match to one another in 

order to ensure the regeneration of the dye, but in the case of the redox mediator also be high 

enough to obtain the highest possible open circuit voltage. The dipping time of the TiO2 beads 

in the dye solution can have influence on the efficiency too. To get the most accurate 

performance and quality of a DSSC multiple measurements should be done. The variation of 

results can be more than η = 1 % in the same setup. 

 



 

 

20 
1.2.1  INTRODUCTION: DYE SENSITIZERS – COMMON DESIGN AND NOVEL 
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1.2.1 Dye Sensitizers – Common Design and Novel Concepts 

Mainly organic dyes and coordination compounds are used in DSSCs. The dye structure 

comprises an electron-rich moiety (donor), an electron-poor moiety (acceptor), and a small 

linker such as a conjugated bridge or metal center that can transfer the electrons. Furthermore, 

an anchoring unit is important for fixation of the dye onto the TiO2 surface, enabling the 

injection of electrons into the TiO2 conducting band. Therefore, carboxylic acids were used, 

but sulfonic acids, amines and other TiO2-coordinating substituents are also possible.
65

 In 

most structures the anchor group also performs as the acceptor. For some dyes it can be 

shown that sterically demanding groups like alkyl chains lead to an increased cell efficiency, 

because these moieties fill space between the dyes and act as an insulator to the TiO2 surface, 

therefore preventing recombination processes.
66

 

An important property for a dye is a wide absorption in the visible region of light with a high 

extinction coefficient ε. Furthermore, the LUMO of the dye must be higher in energy than the 

conducting band of the TiO2. In addition, the lifetime of the excited state is important. The 

injection of the electron into the conduction band of the TiO2 is rapid with 100 fs, which 

causes problems with the use of some iron complexes with MLCT lifetimes of less than 

100 fs.
8,67,68,69

 Finally, a long-term stability under thermal stress and irraditation, in the 

presence of oxygen, water and small anions is indispensable. There are many ways to obtain a 

structure having the before mentioned properties. In the following, some examples of 

common dyes (organic-, porphyrin-, ruthenium(II)- and iron(II)-based dyes) are discussed and 

the special needs in their application and their performances are pointed out (Table 1). 

The most common metal-free dye is MK-2 (20) (Scheme 4).
70

 This dye reached efficiencies 

over η = 8.3 % and offers the basic scaffold of thiophene, which is easily modified by donors 

and acceptors. Additionally, these dyes can operate with I
−
/I3

−
 solution as well as with cobalt 

redox mediators. The highest efficiency achieved by an all-organic dye was C219 (21) with 

η = 10.1 %.
71
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Scheme 4. Common organic dyes MK-2 and high performing dye C219.
70,71

 

Although porpyhrine dyes like YD-2 (22) with analogous structures like the champion dye 

SM315 (24) provide record efficiencies of up to 13% in combination with cobalt electrolyte 

but the effort to produce these porphyrin complexes is far greater (Scheme 5).
72,73

 

Nevertheless, a derivative of YD-2 , YD-2-o-C8 (23) with OC8H17 moieties shows the impact 

of a further strategy: the use of co-sensitizers. In combination with Y123 (25), YD-o-C8 

delivers efficiencies up to 12.3 %. The advantage of such a combination is that via the 

principle of co-sensitization the whole spectrum of light between 350−940 nm can be 

harvested, because finding a single dye that adsorbs strongly over this vast range is extremely 

difficult.
66

 



 

 

22 
1.2.1  INTRODUCTION: DYE SENSITIZERS – COMMON DESIGN AND NOVEL 

CONCEPTS 

 

Scheme 5. Reference porphyrin dye YD-2 22, YD2-o-C8 23, champion dye SM315 24 and 

co-absorbent Y123 25.
72,72

 

From the variety of dyes, ruthenium(II)-based sensitizers seem to be a good entry to offer 

stable and efficient solar cells.
74,75,76,77,78 

A representative ruthenium(II) complex is the 

bis(4,4‘-dicarboxy-2,2‘-bipyridine)ruthenium(II) dye also known as N719 ([26]
2−

), which has 

the best properties in terms of absorption and high efficiencies up to η = 11 % (Scheme 6).
8,79

 

It is based on the structure of the N3 (1) dye which delivers in its best setup efficiencies of 

η = 10.0 %.
80

 The difference between between N719 and N3 is in the number of protonated 

carboxylic acids. N3 is completely protonated, N719 is half protonated which causes 1 % 

difference in efficiency. Based on the scaffold of N3 further successful ruthenium(II) 

derivatives were developed like KD1 (28), Z907 (29) and C106 ([30]
−
).

62,81
 These three dyes 

show the positive effect of addition of an alkyl chain or with thiophene alkylated moieties 

(KD1 η = 4.5 %, Z907 η = 8.4 %, C106 η = 11.3 %).
58,82
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Scheme 6. Upper row shows the most famous dyes N3, N719 and the "black dye".
83

 Lower 

row shows the extension of the bpy-SCN KD1 scaffold via alkylation to Z907 and addition of 

alkylated thiophene complex C106.
58,62,81,82

 

One monodentate complex is outstanding in the group of dyes with SCN
−
 ligands. The black 

dye [27]
3−

 has a tridentate ligand and monodentate SCN
−
 ligands, reaching efficiencies of 

more than η = 10 % with an excellent ISC = 20.53 mA∙cm
−2

.
58,83

 However, such a monodentate 

binding pattern as SCN
−
 has significant disadvantages concerning long-term stability by 

thermal- or photo-induced isomerization or ligand exchange reactions.
84,85,86,87,88,89,90,91

 

To solve this problem, the mono- and bidentate ligands were completely replaced by 

carboxylic acid functionalized tpy ligands [3]
2+

, but this system showed poor results 

(Scheme 8).
11

 Heinze and Breivogel investigated novel 

tridentate heteroleptic push-pull complexes like [32]
2+

, 

containing the electron-rich Me2tpda ligand 31 

(Scheme 7), and studied these dyes with respect to their 

optical properties, long-term stability and their 

photovoltaic performance using a DSSC setup with the 

I
−
/I3

−
 redox couple through mixing 1-methyl-3-propylimidazolium iodide (MPII) and 

Scheme 7. 

Structure of 

electron-rich 

Me2tpda 

ligand 31. 
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iodide.
92,93

 Nevertheless, the performance of these dyes is a bit higher than that of [3]
2+

, but 

still showed poor photovoltaic properties measured against N719, even though the complexes 

have an intense and broad absorption in the visible region and adequate redox potentials.  

The thermal and photochemical stability however, could be greatly increased and the 

synthesis compared to mono- and bidentate compounds is easier. A possible explanation may 

be the positive charge of these complexes, which draws the I
−
/I3

−
 electrolyte to the dye and 

increases the I3
−
 concentration near the TiO2 electrode. Consequently, this inhibits eletron-

recombination between the surface and the electrolyte.
94,95

  

 

Scheme 8. Anchor functionalized polypyridyl bis(tridentate) ruthenium(II) complexes [3]
2+

 

and with push-pull and bite-angle tuned models charged [32]
2+

 and uncharged 32.
11,92,96

 

A common approach to reduce the total charge in such complexes is the abstraction of 

protons. Mengel and Heinze showed that by deprotonation of complex [32]
2+

 and therefore 

the reduction of its overall charge to zero, the electrostatic attraction and fast electron 

recombination at the TiO2-surface can be avoided (Scheme 8).
96

 

A common strategy to block the interactions of the electrolyte and the TiO2-surface is to close 

holes in the dye coating on the surface by addition of a co-adsorbent. The most prominent co-

absorbent is the chenodeoxycholic acid (CDCA) (Figure 15).
97

 A co-adsorbent molecule 

forms a barrier between the 

TiO2 surface and the 

electrolyte. Free space 

between the dyes or π-π-

stacking of the molecules at 

the surface decreases the 

efficiency immense through 

charge recombining 

processes. Therefore, the 

Figure 15. Structure of prominent co-adsorber CDCA and 

its working principle. 
97 
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work on co-adsorbent molecules is going forward.
98

 

Due to the poor efficiencies due to the tridentate coordination, the search for an alternative 

way is still ongoing. A promising way towards higher efficiencies is the implementation of 

cyclometalated ligands (Scheme 9). A prominent example of these types of structures is the 

dye YE05 ([34]
+
) with an efficiency of η = 10.1 %.

58
 Using the advantages of tridentate 

coordination, the group of Berlinguette published a series of cyclometalated complexes ([35]
+
, 

[36]
+
, [37]

+
, [38]

+
) with efficiencies from η = 3.36 % up to 8.0 % with variation in donor units 

and positions of the C-Ru coordination.
99

 With the same basic structure ([39]
+
, [40]

+
, [41]

+
) 

but without a large donor unit and addition of 20 mM CDCA, the working group of Singh 

reached efficiencies between η = 3.1 % and η = 7.1 %, depending on the alkyl substituent.
100

 

Heinze and co-workers showed with a cyclometalated complex invented by Zhong ([42]
−
) 

that a lower concentration of I
−
/I3

−
 electrolyte can deliver better performances (η = 3.3 %) 

than higher concentrations.
101,102

 

 

Scheme 9. Cyclometalated dyes for DSSC applications.
58,99,100,101

 

The best performances in key figures under optimized conditions of all mentioned dyes found 

in the literature are reported in the following Table 1. 
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1.2.2 Iron Sensitizers 

As mentioned before, iron is the most available metal in the earth’s crust but in the application 

of DSSC iron based sensitizers have poor photophysical properties due to the low-lying MC-

states that deactivate the MLCT-states within less than 100 fs.
21,22,103

 Therefore, the challenge 

for iron polypyridine complexes is to modify the structure in a way that the energy-state 

diagram is similar to that of analogous ruthenium compounds in the end.
12

 Attempts based on 

successful concepts of homologous ruthenium(II) complexes unfortunately have not brought 

any success so far in the discipline of an efficient dye though the iron(II) complexes have a 

proper absorption. Prominent examples are the studies of Meyer or Ferrere who determined 

the N3 and analogue scaffolds of iron with poor photovoltaic performance.
9,10,107,108 

Although 

the energetic position of the 
1
MLCT energy state is above that of the conduction band of 

TiO2, the MLCT lifetime of most iron complexes appears to be too short for the injection into 

the conduction band.
 

Recent studies on iron complexes have provided detailed insights into the lifetime of excited 

states. Studies of complex [19]
2−

 showed that a lifetime of roughly 20 ps of intramolecular 

electronic excited states, is sufficient to perform completion of typical interfacial charge 

injection in dye sensitized solar cells.
60,104,105,106

 As a reason for the low efficiencies, the effect 

of ultrafast SCO was ruled out as well as thermodynamic driving forces.
107,108

 

These suggestions were confirmed 

by detailed studies of energy states 

with a carboxylic acid group 

functionalized tetracarbene iron 

complex [10]
2+

.
12,37

 By using 

techniques of TAS, DFT-

calculations and transient terahertz 

spectroscopy (TTS), injection of 

photo generated electrons from the 

3
MLCT into the conduction band of 

TiO2 with a quantum yield of 92 % 

was proven (Figure 16).
109 

 

These findings led to the idea that 

the low performance of iron-based 

sensitizer may be limited due to 

Figure 16. Jablonski diagram of the electronic states 

involved in photoinduced electron transfer between 

10 and TiO2, including time constants and quantum 

yields (in %).
109 

The lifetime of the 
3
MLCT with 

τ = 3.1 ps and the 92 % conversion into the TiO2 

band were determined by TTS (red). All 

recombination processes were measured by TAS 

(red). (adopted from literature Ref 109) 
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fast charge recombination as seen in the iron-carbene sensitized solar cells and therefore still 

offers the opportunity for development of dyes based on earth abundant metals for energy 

conversion. The MLCT lifetimes of iron(II) complexes like [19]
2−

 are long enough for 

injection into the conduction band of TiO2. Nevertheless, regeneration of the dyes and the 

long-term stability have to be improved.  

The group of Jakubikova et al. calculated the properties of iron-based sensitizer for DSSC 

applications.
110,111 

Their calculations on iron-based systems confirmed the suggestion of a 

competitive lifetime of MLCT- to MC-states that allows a charge injection into the TiO2 

conduction band. In addition, their studies showed that an iron complex with carbene-units 

could lead to long-living MLCT states.
20

 

Table 1. List of key figures of prominent and presented dyes in DSSC applications under 

optimized conditions. 

Dye VOC / V ISC / mA∙cm
−2

 ff η / % 

MK-2 (20)
70

 0.73 15.22 0.75 8.30 

C219 (21)
71

 0.77 17.94 0.73 10.10 

YD-2 (22)
72

 0.81 8.00 0.76 9.50 

YD-2-o-C8 (23)
72

 0.94 17.66 0.74 12.30 

SM315 (24)
72

 0.91 18.10 0.78 13.00 

N719 ([26]
2−

)
79

 0.85 17.73 0.72 11.20 

N3 (1)
8
 0.72 18.20 0.73 10.00 

black dye ([27]
3−

)
58

  0.72 20.53 0.70 10.40 

KD1 (28)
100

 0.53 10.40 0.62 4.50 

Z907 (29)
63

 0.74 16.00 0.67 8.40 

C106 ([30]
−
)
62

 0.78 19.20 0.76 11.30 

[3]
2+

 
11 

0.49 0.48 0.62 0.15 

YE05 ([34]
+
)
58

 0.80 17.00 0.74 10.10 

[38]
+ 99

 0.68 16.74 0.71 8.02 

M3 ([41]
+
)
100

 0.62 16.78 0.69 7.10 

[42]
−
 
101

 0.70 6.74 0.70 3.30 

[4]
2+ 38

 0.25 0.02 0.50 0.01 

[10]
2+

 
38

 0.46 0.41 0.68 0.13 
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1.2.3 Electrolyte Tuning by Cobalt Complexes and Additives 

The electrolyte plays a central role for the performance of a DSSC. Containing the redox 

mediator it is responsible for the regeneration of the dye and the transport of electrons from 

the cathode to the sensitizer. 
112

 The conditions for a good redox mediator are given by a low 

to no absorption in the visible light regime, high stability, a low redox potential, less to no 

interaction with the TiO2 surface, slow recombination processes and environmental-

compatibility. Ideally, the potential of the redox shuttle matches the dye ground state potential 

in order to regenerate the dye with minimal over potential, thus maximizing the 

photovoltage.
113

 Additives like tert-butylpyridine (TBP), LiClO4, guanidine thiocyanate and 

many others can influence the performance of the electrolyte by decreasing the recombination 

rates between the redox couples or acting like co-adsorber by coordinating on the TiO2 

surface. Due to acid / base properties, such additives like TBP also have influence on the 

conductivity of the electrolyte. The concentrations of all involved compounds play a major 

role in the performance of the electrolyte and in the whole cell. A high concentrated redox 

mediator in the electrolyte does not always yield the best performance in a DSSC. 

The most common redox mediator is the I
−
/I3

−
 redox couple. It is well soluble, has a low 

exctinction coeffiecent in the visible region, a suitable redox potential (I
−
/I3

−
 (E½ = 0.32 V vs 

NHE)), and provides rapid dye regeneration. With ruthenium dyes like N719 or C106 best 

performances were achieved. The redox chemistry of this redox couples is a complex system 

consisting of a number of one-electron processes and different kinetics (Figure 17).
112

  

 

Figure 17. Redox reactions of iodide system and their relative redox potentials. Potential 

values for some important reactions are given for measurements in acetonitrile.
112 

(adopted 

from literature Ref 112) 
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Despite its good properties, this redox couple has some disadvantages. First to mention is its 

corrosive attributes and the aggressiveness especially towards silver which is often-used as 

cathode. This prevents the use of I
−
/I3

−
 redox mediator in combination with silver. When 

employed in high concentrations the absorption in the visible range of λ = 350−400 nm of 

iodide/triiodide is quite high
 
compared to other redox mediators like cobalt complexes.

96,114
 

By using positively charged sensitizers, the negatively charged redox couple interacts with the 

dye and provides charge recombining processes via electrostatic attraction.
115

 In addition, the 

low redox potential limits the open-circuit voltage to a maximum of only 1 V.  

In order to avoid the negative aspects of the iodide redox mediator, cobalt complexes offer an 

interesting alternative.
115,116,114

 In contrast to the two electron transfer processes of 

iodide/triiodide, cobalt complexes have simple single electron processes, which may require 

less effort for the dye regeneration and reduces the loss in the open-circuit voltage. The SCO 

behavior of the cobalt(II,III) complexes enables four different electronic configurations. For 

each oxidation state two spin states are possible. In principle, both hs and ls Co
+II

 species can 

regenerate the dye. The self-exchange through these different high-spin and low-spin states 

can slow down the recombination between the Co
+II

 and Co
+III

 species and restricts the 

kinetics of the regeneration process.
117

 Thereby the most attractive feature of cobalt redox 

shuttles is the tunability via ligand design with electron rich/poor building blocks to influence 

their redox potential or the ligand field strength through bite-angle tuning which influences 

the internal electron conversion (SCO) (Scheme 10). Addition of sterically demanding groups 

at the cobalt complex decreases charge recombining processes by less interaction between the 

TiO2 surface and affects the solubility as well as the anion exchange. The larger the 

complexes are, the slower are the kinetic processes of the electrolyte and the recombination 

time.
118,119

  

 

Scheme 10. Cobalt(II,III) redox mediators and their redox potentials. (References vs 

NHE)
73,102,116
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The currently best performance of 13 % efficiency of a DSSC was achieved by using 

[Co(bpy)3]
2+/3+

 ([43]
2+/3+

) with a redox potential of E½ = 0.65 V vs NHE in combination with 

a porphyrin dye. 
73 

Although some ruthenium dyes, e.g. Z907 provide similar efficiencies 

with cobalt (η = 6.5 %) as iodide I3
−
/I

−
 redox couples (η = 7.7 %), most applications with 

ruthenium-based dyes show poorer performances.
120,121 

In addition to the above mentioned redox mediators, there is still a large number of further 

compounds, which are briefly summarized below. First to mention are bromide/tribromide 

and pseudohalides (SCN
−
/SCN3

−
, SeCN

−
/SeCN3

−
), which have similar chemistry and 

drawbacks as I
−
/I3

−
.
122,123,124

 A SeCN
−
-based ionic liquid electrolyte delivered an impressive 

performance in terms of stability and efficiency.
124

 

Beside cobalt complexes other one-electron redox systems like copper complexes and organic 

mediators are also possible alternatives.
125,126 

Ferrocene offers a possibility for dyes which 

require rapid recombination, but passivation of the TiO2 surface by polysiloxane is needed. 
127

 

Besides these approaches many other compounds were tested as redox couples like 

[Fe(CN)6]
3−

/[Fe(CN)6]
4−

 ([13]
3−/4−

) but resulted in poor performances.
128

 Nonetheless, all 

these applications showed that it is possible to construct simple DSSCs with low efficiencies 

but without the need of expensive components. 

The most important approach to get rid of the problems involved in liquid containing 

applications was to replace the liquid electrolyte by a solid-state organic hole conductor, such 

as 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine) 9,9′-spirobifluorene (spiro-MeOTAD) 

shown by Grätzel and co-workers.
129

 This approach should solve a serious problem for 

DSSCs. Having a fluid inside, the cells are susceptible for many defects like a change of the 

aggregation due to freezing or evaporation under thermal conditions or draining of the 

electrolyte by structural defects. Especially, the corrosive I
−
/I3

−
 solution or the toxic properties 

of cobalt compounds are not favorable.  

However, the implementation of the cobalt redox couple in a polymer may also be an 

adequate key to get rid of numerous problems. This approach replaces the liquid component 

in the application and reduces degradation processes in the cell. 
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1.3 Light-Emitting Electrochemical Cell (LEC) 

The light-emitting electrochemical cell provides a low cost approach to achieving light 

emission from semiconducting, luminescent polymers and metalorganic emitters.
5,130,131

 The 

LEC was invented 1995 by Pei and co-workers, when they mixed an inorganic salt to a 

mixture of a conjugated luminescent polymer and an ionic conductive polymer.
130

 It combines 

the electrochemical properties of conjugated polymers with the ionic conductivity of polymer 

electrolytes.
132

 In contrast to conventional organic light-emitting diodes (OLEDs) the 

architecture of LECs is much simpler and does not rely on air-sensitive charge-injection 

layers or metals for electron injection. While the OLED is based on a multi-layer structure 

with up to 15 layers and includes high costs, a LEC can consist of only three to five layers 

(Figure 18a).
133

 The emitting-layer of OLEDs is neutral and in LEC it is ionic. This is caused 

by the fact, that the working principle of OLEDs is quite different to that of LECs. For 

OLEDs every layer has one specific function such as electron injection, transport, emitting 

layer, hole transport, etc.. LECs combine these number of processes fixed in one layer with 

thickness between 100 and 200 nm, which is sandwiched between two electrodes. One 

advantage is that airstable electrodes like gold, silver or aluminum can be used.
134

 To enable 

light output, the material of the anode must be a transparent conductor, so ITO or FTO are 

commonly used.  

 

Figure 18. a) Schemtatic representation of a conventional OLED (left) and LEC (right). b) 

Working principle of a LEC. The light-emitting layer is divided into the cation C
+
 (blue), 

anion A
−
 (red) and recombination (yellow) area.

5
 (adopted from literature Ref5)  

Conventional metal/polymer/metal light-emitting diodes (LEDs) are dual carrier devices in 

which electrons and holes are injected at the cathode and anode, respectively, into the 

undoped semiconducting polymer.
135

 LEC applications follow nearly the same principle. In 
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the emitting-layer, the cations C
+
 and the anions A

−
 are mixed up but start to separate by 

applying a voltage. The positively charged cations migrate towards the cathode, the 

negatively charged anions towards the anode. Thanks to this charge separation, electrons and 

holes can move easily through the layer, which allows a lower operating voltage. When 

electrons and holes meet, recombination occurs via excited electron-hole pairs, so-called 

exitons. The relaxation of these excited species results in photon emission (Figure 18b).
140

 

Another difference between LECs and OLEDs is in the theoretical limit of quatum efficiency. 

While organic emitters only harvest singlet excitons and convert them into photons, triplet 

excitons only produce heat. Simple spin statistics predict that 25 % of the excitons are singlet 

excitons and 75 % are triplet excitons.
136,137

 LECs generate light from both triplet and singlet 

excitons, allowing the internal quantum efficiency of such devices to reach nearly 100 %.
138

 

The quality of an emitter for a light-emitting device is determined by the internal quantum 

efficiency (IQE), which is the ratio of the number of electron-hole pairs generated by light to 

the number of photons absorbed in the cell given by equation 4:
139

 

Eq. 4: 𝐼𝑄𝐸 =
#𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 ℎ𝑜𝑙𝑒−𝑝𝑎𝑖𝑟𝑠

#𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
  

Since not all photons generated from the emitter can emerge from the cell due to various 

factors such as reabsorption, reflection at the anode and substrate, or other reasons, the 

external quantum efficiency (EQE) is determined to specify the quality of a whole cell by the 

following equation 5:
140

 

Eq. 5: 𝐸𝑄𝐸 =
#𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑜𝑢𝑡

#𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
  

One of the first emitter and often used as a reference in LEC applications was the 

ruthenium(II) complex [5]
2+

 with an impressive efficiency of 10 lm∙W
−1

, which was the 

highest efficiency reported in a single layer electroluminescent device at that time.
140

 

Nowadays iridium(III) based emitters like [Ir(ppy)2(bpy)]
+ 

complexes are used in the 

majority of LECs, OLEDs and PHOLEDs (phosphorescence organic light-emitting diode).
134

 

This is reasoned by the fact that the ligand field splitting in 5d metals is much higher whereby 

the accessibility of 
3
MC-states is remarkably reduced and not in competition to the 

3
MLCT-

state which increases emissive relaxations into the ground state. Furthermore, 
3
MC states have 

a dissociative characteristic, so the photostabilities of these emitters are increased too. This 

larger ligand-field splitting enables even more tuning possibilities to control the lowest 

excited state by modifying the symmetry and inductive influence of a ligand with different 

substituents, thus achieves more colors of emission.
141
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1.3.1 The First Emitting Iron Complex 

However, in contrast to iron metals like ruthenium, iridium or rhenium are very expensive and 

rare, which is why iron is an ideal substitute. In 2017, Wärnmark, Persson and Sunström 

published an iron(III) complex which emitts in the visible region at room temperature.
142

 

Their attempt to achieve a bidentate homoleptic iron(II) complex based on carbene donor 

atoms from the btz ligand [btz = 3,3′-dimethyl-1,1′-bis(p-tolyl)-4,4′-bis(1,2,3-triazol-5-

ylidene)] (46
2+

) resulted in an oxidation to iron(III) reasonable by its low half potential of 

E1/2= −0.58 V vs FcH/FcH
+
 (Figure 19a). The btz ligand features σ-donor and π-acceptor 

electron properties and causes the the low redox potential of the iron center by its strong 

electron-donating nature. The [Fe(btz)3]
3+

 ([47]
3+

) complex has a rose red colors by weak 

absorptions in the visible region at λmax= 384, 528, 558 nm with exctinction coefficients lower 

than ε = 2000 M
−1

∙cm
−1 

in CH3CN. The lowest energy bands are ascribed to a LMCT 

transition from the iron(III) GS. The lifetime of this 
2
LMCT state is determined as τ = 100 ps. 

[47]
3+

 is able to weakly emit light via an excitation in the lowest band (λexc= 558 nm) at 

λem= 600 nm (quantum yield Φ = (3 ± 0.5)∙10
−4

) in CH3CN at room temperature. Only a few 

complexes containing metals rhenium(II) and technetium(II) display LMCT emission.
143,144

 

 

Figure 19. a) Structures of the btz 46
2+

 ligand and the [Fe(btz)3]
3+

 complex [47]
2+

. b) 

Calculated potential energy state diagram of [47]
3+

.
142

 (adopted from literature Ref 144)  

The rigid structure and electronic properties provided by the carbene ligands prevent 

intersystem crossing to ground state or excitated states and prohibits the large energy-

reducing metal-centered transitions. This enables the observation of spin-allowed 
2
LMCT 

emission directly to the ls iron(III) ground state and could be exploited in photochemical 

reactions on surfaces (hole injection into semiconductors). So this air and moisture stable 
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compound constitutes a new class of emitting compounds and starts the run on further iron-

based complexes for use as light emitters and photosensitizers. 
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1.4 Push-Pull Concept, Bite-Angle Tuning and Symmetry Effects 

As we can see from the previous chapters, the design of the complex is decisive for its 

properties as a chromophore. Especially when focusing on iron(II) complexes all concepts 

must fit. The most important property is long-term stability, which can be increased by the use 

of tridentate ligands. This reduces substitutent reactions by nucleophiles or degradation by 

irradiation.
92

 Furthermore, tridentate coordination of C2-symmetric ligands simplifies the 

synthesis giving bis(tridentate) achiral complexes which prevents isomers in case of different 

functionalized C2-symmetric ligands.
145,146

 However, it is found that these can also have 

negative effects on the properties as chromophore. This was demonstrated clearly by 

examples of ruthenium chemistry in the comparison of N719 and a dye with a tridentate 

ligand [32]
2+

 with respect to the DSSC application, as well as in the area of the emitters, 

where the bpy-complex [5]
2+

 yields far better quantum yields (Φ = 6.4 %) and excited state 

lifetimes (τ = 1.1 µs) than its [7]
2+

 tpy-analogues (Φ = 0.005 %; τ = 0.1 −0.2 ns) 

(Scheme 1).
17,147,148,149,150

  

Three strategies are particularly effective to improve the properties of emissive excited states 

with tridentate ligands. 

1. Increasing the metal-ligand orbital overlap by adjusting the bite-angles L-M-L to ~90° 

via an enlargement of the five-membered chelate ring to a six-membered one. 

2. Use of a heteroleptic complex with an electron-rich (donor) and an electron-poor 

(acceptor) ligand to create a push-pull system. 

3. Reducing the symmetry of the complex to stabilize the MLCT states. 

To obviate the negative properties of tpy ligands, Hammarström presented a strategy of 

increasing the ligand field strength and the energy of the 
3
MC state by making the complex 

more octahedral.
151

 By inserting of a methylene group between two pyridine rings in the tpy 

ligand six-membered chelate was formed. An increasing of the N-Ru-N bite-angle from 78° 

(tpy) to ~91° at the methylene-bridged coordination was achieved resulting in much longer 

excited state lifetimes (τ = 15 ns) compared to [7]
2+

.
152 

Further development delivered a near 

octahedral homoleptic bis(tridentate) ruthenium complex with only six-membered chelates 

through a 2,6-bis(8’-quinolinyl)pyridine ligand. Owing to the bite-angles of ~90°, an excited 

state lifetime in oxygen-free environment of τ = 3 µs (Φ = 2 %) at room temperature was 

achieved. Studies on two cyclometalated heteroleptic ruthenium complexes, one with a five-

membered (τ = 1.8 ns) and one with a six-membered (τ = 16 ns) ligand finally evidenced the 

advantages of complete octahedral coordination.
153

 



 

 

36 
1.4  INTRODUCTION: PUSH-PULL CONCEPT, BITE-ANGLE TUNING AND 

SYMMETRY EFFECTS 

Similar to the mentioned iron(II) complex of McCusker ([17]
2+

), the working group of Ruben 

synthesized a homoleptic bis(tridentate) ruthenium complex with the dcpp ligand.
56,57,154

 Due 

to carbonyl bridged pyridine rings, which decreases the energy of the π* orbital of the ligand 

(LUMO), and a large bite angle of ~90°, this six-membered chelate complex achieves a 

quantum yield of 13% and emission lifetimes of τ = 1.36 μs at room temperature and in the 

presence of oxygen.
154

 In an oxygen-free environment this complex has a long lived 
3
MLCT 

state of τ = 3.3 μs and the highest room temperature quantum yield (Ф = 30%) reported to 

date among bis(tridentate) ruthenium(II) complexes. Nevertheless, the iron(II) congener 

mentioned before was not emissive so further tuning techniques to achieve emitting iron 

complexes are required. 

Fine-tuning of HOMO and LUMO energies in the complexes systems seems to be an 

adequate answer. Attaching an electron withdrawing substituent lowers the energy of the 

ligand π*-orbitals and thus the energy of the MLCT states relative to the deactivating MC 

states. Several approaches showed increased lifetimes and quantum yields compared to 

unsubstituted congeners.
149,155,156,157

 

On the other hand, implementation of an electron-donating substituent at the second chelate 

ligand raises the energy of the HOMO-level of the complex. In combination with an electron 

withdrawing ligand a push-pull system is created, in which the energy gap between the 

HOMO, t2g of the metal or π-orbitals of the electron donating ligand, and the LUMO, π*-

orbitals of the electron accepting ligand, is decreased. When the t2g level is the HOMO, a 

transition from the metal to the acceptor ligand results, the pull effect. This MLCT state is 

stabilized by the electron-donating ligand due to its high electron density, the push effect. If 

the HOMO results from π-orbitals of the electron donating ligand the charge transfer would 

be a ligand-to-ligand charge transfer (LL’CT). In summary, the push-pull concept means that 

the electron-withdrawing ligand pulls the electrons towards itself and the electron-donating 

ligand pushes the electrons to the areas with the missing electron density. As result, the 

MLCT- or LL’CT-lifetimes should increase. For completely five-membered tpy systems, 

Heinze et al. improved the emission properties of ruthenium(II) chromophores using the push-

pull concept (Figure 20a and b).
158,159
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Figure 20. a) shows complex [7](PF6)2. The small bite angle of 79° (marked red) and missing 

push-pull effect result in a low quantum efficiency. The 
3
MLCT and 

3
MC are in competition 

b) shows [48](PF6)2. The structure is similar to [7]
2+

 but is push-pull substituted by electron-

rich NH2 and electron- withdrawing COOEt moieties which results in a higher quantum yield 

due to the higher energy gap between 
3
MLCT and 

3
MC. c) shows complex [49](PF6)2. The 

push-pull effect is even stronger due to more electron-rich and electron-withdrawing moieties. 

Additionally, the larger bite angle of 90° enlarges the energy gap between 
3
MLCT and 

3
MC 

and leads to the highest quantum yield in this series.
158,160

 

Breivogel and Heinze demonstrated that the combination of bite angle tuning (~90°) due to 

the six-membered chelate Me2tpda 31 ligand and push-pull effects leads to favorable 

separation of 
3
MLCT- and 

3
MC-states providing useful photophysical properties in 

[Ru(Me2tpda)(tpyX)] complexes (X = COOR) like [49]
2+

 (Figure 20c) .
160

 Similar to the 

carbonyl-bridged dcpp ligand, the large bite angle at the Me2tpda system is achieved by 

methylamine bridged pyridine rings which leads to a six-membered chelate. Additionally, the 

amine units are electron-rich providing electron-donating character and a push-effect. Via 

carboxylic acids, the tpy ligand gets its electron-withdrawing properties and provides the pull-

effect.
160

  

Based on this work, Mengel and Heinze presented a heteroleptic iron(II) complex with the 

strongly electron withdrawing dcpp and electron-donating Me2tpda ligand. The complex 

features a broad absorption in the visible spectra region combined with high stability and a 

strong ligand field splitting and a short ground state recovery after excitation of τ = 548 ps.
161

 

DFT calculations predicted a large energy difference of 280 kJ∙mol
−1

 between excited 
1
MLCT 
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and 
1
LF states, but no emission was noted. Obviously, the difference between 

3
MLCT, 

3
MC 

and 
5
MC states are smaller. 

Alternative ways by tuning of the ligands were suggested by a series of theoretical 

studies.
20,110,111

 These DFT-calculations on iron(II)-based systems confirm the correctness of 

the approaches of bite angle tuning and the introduction of push-pull systems.
20,92

 Dixon et. al. 

pointed out that a bridged biscarbene should deliver low-lying 
3
MLCT states.

162
 Additionally 

they showed the possibility of low-lying 
3
MLCT states by cyclometalation of polypyridyl 

iron(II) complexes.
163,164

 In such systems, the excited states can be influenced by a 

corresponding reduction of the geometry in favor of a low-energy 
3
MLCT state (Figure 21).

165
 

 

Figure 21. The Jablonski diagram shows the energy of important excited states when the 

geometry is changed. The 
1
GS energies are set at zero for all complexes.

165
 (adopted from 

literature Ref 165)  
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2 Aim of the Work 

Primary aim of the work is to find strategies for 3d metal chromophores based on iron(II). As 

shown in the literature, the design to emissive iron polypyridyl complexes is challenging. 

Several approaches give ideas for concepts yielding a low-lying 
3
MLCT. A strong ligand field 

stabilized by a suitable push-pull system, optimized bite angle of 90° and long-term stability 

are basic conditions for a successful application. To achieve these properties, the design of the 

ligand plays an important role. In a number of polypyridyl ruthenium(II) complexes, our 

group could prove the tunability of excited states by these concepts. 

 

Scheme 11. Different popular concepts (carbene ligand, bite angle, push-pull) towards long-

lived 
3
MLCT states.

35,56,92
 

Using density functional theories, several studies suggested the 

possibility of low-lying 
3
MLCT states in iron(II) complexes by 

employing a lower symmetry, implementation of push-pull 

systems and the concept of bite angle tuning. Hereby, a series of 

novel polypyridyl iron(II) complexes based on the Me2tpda 

ligand backbone were developed (Scheme 12). The nature of 

these promising iron chromophores will be presented in detail in 

chapter 3.1 and 3.2. 

The second aspect of this work is the application and tuning of 

DSSCs via suitable electrolytes and dyes. Most ruthenium(II) 

dyes in combination with cobalt(II,III) electrolytes showed poor 

efficiencies. Our aim was to replace the corrosive I3
−
/I

−
 redox 

couple by a cobalt(II,III) based redox mediator invented by Mack and Heinze (Scheme 13). 

The lower absorption and the higher redox potential of cobalt(II,III) should deliver better 

performances in application of DSSCs.  

Scheme 12. Variation 

of ligand 31 for 

different aims. 
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Previously used ruthenium dyes published by Breivogel and Heinze evidenced poor 

efficiencies in DSSC applications using standard setup like I
−
/I3

−
 electrolytes. One of these 

dyes ([32]
2+

) was modified through deprotonation and tested in combination with different 

electrolyte mixtures of additives such as TBP or LiClO4 and a common cobalt(II,III) redox 

shuttle. Addition of a co-adsorber should prevent charge recombination processes through 

possible interaction between electrolyte and TiO2 (Scheme 13). The results of this work will 

be presented in chapter 3.3. 

 

Scheme 13. Common and novel cobalt redox shuttles, weak coordinating anion BARF and co-

adsorber CDCA for different DSSC setups. 

Furthermore, the concept of cyclometalation gave impressive performances in DSSC 

applications. A number of cyclometalated ruthenium(II) dyes published by Zhong and co-

workers seemed to be a promising alternative to common dyes. These dyes are based on the 

same poylpyridyl scaffold, but the donating substituents are different. The performance of the 

different donor abilities in DSSCs will be studied and discussed in chapter 3.4. The influence 

of replacing the BF4-anion by the weak coordinating anion tetrakis(pentafluorophenyl)borate 

(BARF) on the performance of the DSSC will be investigated. 
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3 Results and Discussion 

The results of my doctoral thesis have been published as scientific articles in peer-reviewed 

journals. These articles will be reprinted under permission of the respective publishers. The 

publications are listed from chapter 3.1 to 3.4, the supporting information can be found in 

chapter 5.1 to 5.4. To clarify which parts stem from collaborators and which contributions 

stem from my own work, I listed the contributions of the authors in front of the publications. 
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A Heteroleptic Push–Pull Substituted Iron(II) Bis(tridentate)
Complex with Low-Energy Charge-Transfer States

Andreas K. C. Mengel,[a] Christoph Fçrster,[a] Aaron Breivogel,[a] Katharina Mack,[a]

Julian R. Ochsmann,[b] Fr�d�ric Laquai,[b] Vadim Ksenofontov,[a] and Katja Heinze*[a]

Abstract: A heteroleptic iron(II) complex [Fe(dcpp)(ddpd)]2 +

with a strongly electron-withdrawing ligand (dcpp, 2,6-bis(2-
carboxypyridyl)pyridine) and a strongly electron-donating tri-
dentate tripyridine ligand (ddpd, N,N’-dimethyl-N,N’-dipyri-
dine-2-yl-pyridine-2,6-diamine) is reported. Both ligands
form six-membered chelate rings with the iron center, induc-
ing a strong ligand field. This results in a high-energy, high-
spin state (5T2, (t2g)4(eg*)2) and a low-spin ground state (1A1,
(t2g)6(eg*)0). The intermediate triplet spin state (3T1, (t2g)5(eg*)1)
is suggested to be between these states on the basis of the
rapid dynamics after photoexcitation. The low-energy p* or-

bitals of dcpp allow low-energy MLCT absorption plus addi-
tional low-energy LL’CT absorptions from ddpd to dcpp. The
directional charge-transfer character is probed by electro-
chemical and optical analyses, Mçßbauer spectroscopy,
and EPR spectroscopy of the adjacent redox states
[Fe(dcpp)(ddpd)]3 + and [Fe(dcpp)(ddpd)] +, augmented by
density functional calculations. The combined effect of
push–pull substitution and the strong ligand field paves
the way for long-lived charge-transfer states in iron(II)
complexes.

Introduction

The photophysics and photochemistry of six-coordinate d6

metal complexes with oligopyridine ligands has been studied
intensively in recent years, especially with respect to excited-
state dynamics.[1] There is a fundamental difference between
iron(II) (3d metal) and ruthenium(II) (4d metal) complexes,
namely, the magnitude of the ligand field strength.[2] As the
ligand field splitting in complexes of first-row metals is gener-
ally significantly smaller than in homologous second-row metal
complexes of the same ligand set, iron(II) complexes with an
appropriate ligand environment can display spin-crossover
(SCO) behavior between low-spin (t2g)6(eg*)0 and high-spin
(t2g)4(eg*)2 states (1A1 and 5T2 in octahedral symmetry),[3] where-
as the ground state of ruthenium(II) complexes is always low-
spin (1A1). Triplet terms arising from the (t2g)5(eg*)1 electron
configuration (3T1 and 3T2) appear as additional levels, for ex-
ample, in reverse-LIESST processes from 5T2!5E excitations in
SCO complexes (LIESST = light-induced excited spin state trap-

ping).[4] Furthermore, these metal-centered triplet states play
a decisive role in the radiationless deactivation of metal-to-
ligand charge transfer states (3MLCT), diminishing (Ru) or im-
peding (Fe) emissive processes (phosphorescence) from 3MLCT
states.[5] Hence, iron(II) complexes have attracted considerable
interest with respect to their magnetic properties, especially in
thermal or optical switching processes, whereas ruthenium(II)
complexes dominate the field with respect to photoinduced
electron transfer and energy transfer, leading to applications in
photocatalysis and light-to-energy as well as energy-to-light
conversion schemes.

For RuII complexes, large bite angles and electronically dis-
tinct push–pull substituted ligands have been successful in in-
creasing the 3MLCT/3T1 energy gap (the high-spin state 5T2

plays no role in RuII complexes because of its high energy),
elongating the 3MLCT lifetime, and culminating in long-lived
room-temperature phosphorescence.[6–8] Conceptually, our
group has focused on the combined action of lowering the
1,3MLCT states by employing ligands with push–pull character,
and of raising the energy of ligand field states 3T1/3T2 by using
stronger donors and large bite angles to increase the ligand
field splitting.[8] This has led to (photo)substitutionally stable
heteroleptic ruthenium(II) complexes with two tridentate li-
gands featuring low-energy phosphorescence up to lmax =

788 nm and 3MLCT lifetimes up to t= 841 ns.[8, 9] Light-emitting
electrochemical cells using these complexes indeed display red
to near-infrared electroluminescence.[10]

Room-temperature phosphorescent iron(II) complexes are so
far unknown owing to the ultrafast departure from the 3MLCT
state probably to 3T states[11] and finally to the 5T2 state. In the
[Fe(bpy)3]2 + complex (bpy = 2,2’-bipyridine) the 1MLCT !
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3MLCT intersystem crossing (ISC) has been shown to be ultra-
fast (t<20 fs) in the non-Born–Oppenheimer regime, and the
lifetime of the 3MLCT state amounts to only t= 120 fs.[12] In the
classical SCO complex [Fe(ptz)6](BF4)2 (ptz = 1-propyl tetrazole),
the 3T1 state has recently been addressed by reverse-LIESST
(5T2!5E excitation and ISC to 3T1). Its lifetime at 125 K in a crys-
talline zinc host was reported as t= 39 ps.[4]

So far, the design of a ligand set that places the 3MLCT
states below the ligand field states 3T1/3T2 in iron(II) complexes
has not yet been achieved, although a record 3MLCT lifetime
of t= 9 ps has been reported for an octahedral tetracarbene
[Fe(CNC)2]2+ complex (CNC = 2,6-bis(imidazol-2-ylidene)pyri-
dine).[13] DFT calculations predict a 3T1/2 state below the 5T2

state in neutral [Fe(NCN)2] complexes with tridentate cyclome-
talating ligands (NCN = 2,5-dipyridylbenzene).[14] With the use
of large bite angles of the electron-poor 2,6-bis(2-carboxypyri-
dyl)pyridine ligand (dcpp), the homoleptic [Fe(dcpp)2]2+ com-
plex 32 + has been suggested to be close to the 3T1/5T2 crossing
point, that is, the 3T1 state is similar to or indeed even lower
than the 5T2 state in energy, preventing an arrival at the 5T2

state.[15] This has been proposed on the basis of the small time
constant (t= 280 ps) for the ground-state recovery after
620 nm excitation, which has been attributed to a low barrier
for the 3T1!1A1 relaxation. This low 3T1!1A1 barrier is opposed
to the typically observed larger barrier for the 5T2!1A1 relaxa-
tion in oligopyrine iron(II) complexes with its associated higher
net spin change, for example, in [Fe(tpy)2]2+ (t= 5350 ps, tpy =

2,2’;6’,2’’-terpyridine).[15] In addition, with the dcpp ligand set,
the corresponding [Ru(dcpp)2]2+ complex has been reported
to feature low-energy 1MLCT absorptions, exceptionally long
3MLCT lifetimes, and high quantum yields.[7]

Although the initial excited-state deactivation in diimine
iron(II) complexes occurs on an ultrafast timescale, electron
transfer from excited FeII complexes (presumably from hot
1/3MLCT states) has been reported: interfacial electron injection
into TiO2 seems to occur from MLCT states in Fe(4,4’-bpy-
(COOH)2)2(CN)2 near the sub-picosecond regime.[16] Photosensi-
tization of TiO2 has also been reported for [Fe(CN)6]4�@TiO2.
[17, 18] Even bimolecular oxidative photoinduced electron trans-
fer to N-ethyl pyridinium has been proposed for [Fe(dii-
mine)3]2 + complexes in AlCl3/N-ethyl pyridinium chloride melts,
probably by static quenching.[19]

Here, we describe our attempts to lower the 1/3MLCT-state
energies of an iron(II) complex by a push–pull ligand set, and
concomitantly, to raise the energy of 3/5T states through in-
creased metal–ligand orbital overlap by using tridentate li-
gands with large bite angles. In contrast to previously de-
scribed or suggested iron(II) complexes featuring a single type
of tridentate ligand (CNC,[13] NCN,[14] or dcpp[15]), this approach
requires the selective formation of heteroleptic iron(II) com-
plexes [Fe(L1)(L2)]2 + . Owing to the lability of Fe�N bonds, this
is a challenging task, even in complexes of tridentate ligands
such as tpy.[20, 21]

We had previously introduced the ddpd ligand (N,N’-dimeth-
yl-N,N’-dipyridine-2-yl-pyridine-2,6-diamine) as a tridentate
electron-donating ligand with large bite angles in homoleptic
CuII complexes showing dynamic Jahn–Teller distortions in the

solid state,[22] in redox-active CoII/III complexes,[23] and in hetero-
leptic [RuII(ddpd)(tpy-EWG)]2 + complexes with low 1/3MLCT en-
ergies and long excited-state lifetimes.[8] As a strongly electron-
accepting ligand with large bite angles we decided to employ
the dcpp ligand,[7, 15, 24] and hence, the push–pull substituted
heteroleptic iron(II) complex [Fe(dcpp)(ddpd)]2 + 22 + was tar-
geted. Such a directional complex should be highly amenable
for selective functionalization at a single ligand suited for at-
tachment to surfaces such as TiO2 in dye-sensitized solar cells.
This is, of course, one of the prominent long-term goals of
these studies.

We report the synthesis, structure, and spectroscopic and
photophysical properties of the novel heteroleptic iron(II) com-
plex [Fe(dcpp)(ddpd)](PF6)2 [2(PF6)2] . For comparison, its corre-
sponding homoleptic complexes [Fe(ddpd)2](PF6)2 [1(PF6)2] and
[Fe(dcpp)2](PF6)2 [3(PF6)2] were also prepared and studied by
NMR, IR, UV/Vis, and Mçßbauer spectroscopy, as well as by
electrochemistry. The latter complex has been reported recent-
ly by McCusker et al. , and characterized structurally as well as
spectroscopically.[15] Here, we add Mçßbauer spectral data of
this complex as well as the X-ray crystal structure determina-
tion of its CH3CN solvate [3(PF6)2·1=2 CH3CN] . To gain an insight
into the excited charge-transfer states, we probe the electron-
ics of the iron(III) complexes 13+ and 23 + prepared by chemical
oxidation of 12+ and 22+ by UV/Vis, Mçßbauer, and EPR spec-
troscopy, and the radicals 2+ and 3+ derived from the reduc-
tion of 22+ and 32 + are investigated by EPR spectroscopy. The
excited-state dynamics of the heteroleptic complex 22 + are
studied by picosecond transient-absorption (TA) spectroscopy.
DFT calculations are employed to elucidate the electronic
structure of the redox triple 2+/22 +/23+ and of the lowest-
energy triplet state of 22 + .

Results and Discussion

Synthesis of iron(II) complexes 12 +–32+

Homoleptic iron(II) complexes with two identical tridentate li-
gands, such as [FeII(tpy-R)2]2 + , are well known and typically
straightforward to prepare.[20, 25] On the other hand, the selec-
tive synthesis of heteroleptic iron(II) complexes [FeII(L1)(L2)]2 +

with two different tridentate ligands is more challenging be-
cause of the labile Fe�N bonds.[21]

The lability allows for facile ligand exchange compared with
the homologous kinetically robust [RuII(L1)(L2)]2 + complexes.
Owing to ligand scrambling, thermodynamic mixtures of
[FeII(L1)(L2)]2 + , [FeII(L1)2]2 + , and [FeII(L2)2]2+ are often obtained,
especially when L1 and L2 are similar in their coordination
properties.[20] Indeed, the homoleptic complexes 12 + and 32 +

are prepared straightforwardly from the respective tridentate
ligand and FeBr2 or Fe(BF4)2·6 H2O followed by counter-ion ex-
change with (NH4)(PF6) if desired. The formation of orange–
brown 12+ is typically completed within a few minutes, where-
as double coordination of dcpp to FeII to give dark blue 32 + re-
quires several hours to be quantitative. Gratifyingly, no stereo-
isomers (mer, trans-fac, cis-fac) are observed, which is possible
in principle owing to the flexible six-membered chelate
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rings.[6, 8a] The bright blue heteroleptic complex 22 + is synthe-
sized from dcpp, ddpd, and FeBr2 in a 1:1:1 ratio (Scheme 1).
Interestingly, only two complexes form under these conditions,
namely 12 + and 22 + , as judged from TLC control (Figure 1),
and some dcpp remains uncoordinated. From integration of
proton resonances (H15) after precipitating all complexes with
diethyl ether and redissolving the solid material in CD3CN, the
12+ :22+ ratio is determined as 1:12 (see Supporting Informa-
tion, Figure S1). Hence, the purification problem reduces to the
separation of 22 + from 12 + , which is easily achieved by
column chromatography (Scheme 1). Final counter-ion ex-
change with (NH4)(PF6) gives spectroscopically and analytically
pure 2(PF6)2. Again, only the meridional isomer mer-22+ is
formed selectively.

As expected, all complexes 12 +–32 + are diamagnetic (low-
spin configuration, (t2g)6(eg*)0), giving well-resolved NMR spec-
tra. As judged from the unchanged color of a CH3CN solution
of 2(PF6)2, the complexes do not undergo a thermal SCO to
the 5T2 state (high-spin configuration, (t2g)4(eg*)2) up to 70 8C,
suggesting that the 5T2 state is too high in energy. At tempera-
tures above 70 8C in CH3CN, the blue color of the solution of
22+ fades. However, this thermochromism is not based on
SCO, but caused by decomposition through dissociation of the
ddpd ligand (TLC control) similar to the thermochromic behav-
ior of 12 + (dissociation of ddpd around 60 8C) and 32+ (decom-
position in boiling CH3CN). The complexes [Fe(bpy)3]2 + and
[Fe(tpy)2]2+ with five-membered chelate rings are found to be
thermally stable under our conditions, whereas [Fe(L)2]2 + com-
plexes with L = 2,6-dipyridyl-4-phenyltriazine have been report-
ed to be prone to thermal ligand substitution in DMSO.[26] In
fact, the addition of tpy to an orange solution of 12+ at room
temperature results in the formation of purple [Fe(tpy)2]2 + and
the release of ddpd according to TLC, whereas the addition of
dcpp to 12 + gives neither 22+ nor 32+ but 13+ by the oxida-
tion of 12 + instead (see below).

Spectroscopic and structural properties of 12+–32 +

In the IR spectra of 1(PF6)2–3(PF6)2, the characteristic PF
stretching vibration of the hexafluorophosphate counter ion is
observed around 841 cm�1, substantiating the successful coun-
ter-ion exchange. The absorption band for the C=O stretching
vibration of the dcpp ligands in 3(PF6)2 is found at 1680 cm�1,
whereas that of the dcpp ligand of 2(PF6)2 is shifted to slightly
lower energy (1674 cm�1), which can be attributed to the elec-
tron-donating character of ddpd resulting in increased p-back-
bonding to dcpp in 2(PF6)2. DFT (B3LYP, LANL2DZ, IEFPCM
CH3CN) geometry optimizations (see Supporting Information,
Figure S2) and harmonic frequency calculations of 32+ and 22 +

revealed a similar shift from 1648 to 1638 cm�1 (unscaled[27])
for the asymmetric CO stretch, respectively. The electronic
asymmetry of 22+ also manifests itself in the Mçßbauer spec-
tral data (see Supporting Information, Figure S3), especially in
the increased quadrupole splitting of DEQ = 0.456 mm s�1 (22 +)
compared with those of the homoleptic complexes 12 + and
32+ (0.403 and 0.322 mm s�1, respectively).

In the DFT calculated structures, the FeN6 polyhedra are es-
sentially of D4h symmetry for the homoleptic complexes 12 +

and 32 + , that is, compressed octahedra with short Fe�N bond
lengths to the central pyridines of the tridentate ligands
thanks to the chelate-ligand-induced compression (see Sup-
porting Information, Figure S2).[22] This high symmetry of the
FeN6 polyhedron is reduced to C4v for 22 + , featuring a short
Fe�N bond to the central pyridine of dcpp (1.997 �) and
a long one to the central pyridine of ddpd (2.003 �), giving
a bond-length difference of DFeN = 0.006 �.

Single crystals of 1(PF6)2·CH3CN, 1(BF4)2·2 CH3CN,
2(PF6)2·CH3CN, and 3(PF6)2·1=2 CH3CN suitable for X-ray diffrac-
tion studies were obtained (Figure 2). All complex cations ex-
hibit almost perfect 908 and 1808 N�Fe�N bond angles (ap-
proximate local D4h symmetry with respect to angles), with

Scheme 1. Synthesis of 2(PF6)2 and atom numbering used for NMR assign-
ments.

Figure 1. a) Photograph of solutions of 12 + , 22 + , and 32 + in CH3CN, and
b) photograph of TLC plate (SiO2, CH3CN/KNO3(sat. , aq.) = 1:4) of 12 + , 22 + ,
and 32 + , as well as of the initial reaction mixture of dcpp, ddpd, and FeBr2.
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angles of 177.33�1.058/90.02�1.758 [1(PF6)2·CH3CN] ,
176.97�2.628/90.03�2.058 [1(BF4)2·2 CH3CN] , 178.40�1.438/
90.00�1.238 [2(PF6)2·CH3CN] , and 178.49�0.388/90.00�1.568
[3(PF6)2·1=2 CH3CN] , respectively, similar to the reported struc-
ture of 3(PF6)2.[15] With respect to bond lengths, the local FeN6

symmetry of 22+ is reduced, with a short Fe�N bond to the
central pyridine of dcpp (Fe1�N7 1.929(4) �) and a long one to
the central pyridine of ddpd (Fe1�N3 1.953(4) �; DFeN =

0.024 �; Figure 2), similar to the DFT-calculated structure (see
Supporting Information, Figure S2). In contrast, in the experi-
mentally determined structures of the homoleptic complexes
12+ and 32 + , the bond lengths to the central pyridine of ddpd
are slightly shorter than those to the central pyridine of dcpp,
possibly owing to the stronger trans influence of dcpp in 32+ .
For 1(PF6)2·CH3CN and 1(BF4)2·2 CH3CN, the corresponding Fe�
N bond lengths to ddpd amount to 1.959(2)/1.966(2) � (DFeN =

0.007 �) and 1.963(2)/1.963(2) � (DFeN = 0 �), respectively. For
the homoleptic dcpp complex 3(PF6)2, values of 1.974(2)/
1.974(2) � (DFeN = 0 �) have been reported,[15] and we find
1.966(5)/1.970(5) � (DFeN = 0.004 �) for the solvated crystal
3(PF6)2·1=2 CH3CN. Hence, we ascribe the asymmetric bonding
situation in 22 + mainly to a strong intrinsic push–pull effect of
the different tridentate ligands, which is naturally absent in the
homoleptic complexes 12 + and 32 + . The environmental effects
of lower crystal symmetry and asymmetric counter-ion and
crystal solvent distributions seem to play only a minor role, be-
cause the experimentally determined bond-length differences
in the homoleptic complexes are much smaller (DFeN = 0.007 �)
than those found for 22+ (DFeN = 0.024 �). Furthermore, the in-
trinsic bond-length asymmetry of 22+ is also corroborated by
DFT calculations (see above) using an Integral Equation Formal-
ism Polarizable Continuum Model (IEFPCM).

All the six-membered chelate rings in 22+ adopt boat con-
formations, and hence, the pyridine rings within a tridentate

ligand are not coplanar. This results in a twisted wrapping of
the two tridentate ligands around the metal center, as illustrat-
ed in Figure 3.

The NMR spectra of 22+ (1H, 13C, 15N) are essentially a super-
position of the spectra of the homoleptic complexes 12+ and

32+ (see Supporting Information, Table S1), with the notable
exception of H10 of the ddpd ligand. Compared with 12 + , the
resonance is shifted to a higher field in 22+ by Dd= 0.51 ppm.
Indeed, H10 points approximately to the center of the central
electron-deficient pyridine (distance 3.1 �) of the dcpp ligand,
experiencing a different ring current in 22 + from that in 12 +

with an electron-rich central pyridine (see Figure 3 for the loca-
tion of the corresponding carbon atom C10 in the DFT-opti-
mized structure). Hence, the chemical shift of H10 of ddpd rep-
resents a local probe of the electronic situation in the other tri-
dentate ligand. A less pronounced shift is found for the inverse
situation (H9 of dcpp, Dd= 0.16 ppm).

The 15N resonances of the coordinated pyridines reflect the
electron-donating and electron-withdrawing characters of
ddpd (d= 222.9, 229.2 ppm) and dccp (d= 247.9, 256.2 ppm),
respectively. This effect is even more pronounced in the
mixed-ligand complex 22 + (d= 210.9, 214.8 ppm and d= 261.5,
272.2 ppm).

Redox properties of the iron(II) complexes

The redox properties of 1(PF6)2–3(PF6)2 were recorded in 0.1 m

(nBu4N)(PF6)/CH3CN solution. Our data for 32 + fully confirm the
reported values.[15] The cyclic voltammogram of 22 + is depicted
in Figure 4. The iron(II) centers of all complexes 12 +–32 + can be
oxidized reversibly to the iron(III) state with the potential of
22 + (E1=2

= 0.84 V vs. Fc/Fc +) being intermediate between those
of 12 + (E1=2

= 0.33 V vs. Fc/Fc +) and 32 + (E1=2
= 1.29 V vs.

Fc/Fc+ [15]). The two dcpp ligands in 32 + can accept four elec-
trons at E1=2

=�0.92, �1.21, �1.53, and �1.81 V (vs. Fc/Fc +),
whereas the ddpd ligands in 12 + are only irreversibly reduced
at Ep =�2.33 V (vs. Fc/Fc +). In addition, the ddpd ligands in 12 +

are oxidized irreversibly at Ep = 1.63 V (vs. Fc/Fc +). The dcpp
ligand in 22 + can be reduced twice at E1=2

=�1.21 and �1.60 V,
whereas the ddpd ligand of 22 + is reduced irreversibly at Ep =

�2.22 V, similarly to 12 + (Figure 4). These data reflect the excel-

Figure 2. Molecular structures and atom numbering of 12 +–32 + in their re-
spective crystals 1(PF6)2·CH3CN, 2(PF6)2·CH3CN and 3(PF6)2·1=2 CH3CN as ob-
tained by XRD; hydrogen atoms omitted.

Figure 3. DFT (B3LYP, LANL2DZ, IEFPCM CH3CN) calculated front and back
views of a van der Waals representation of 22 + illustrating the nonplanar
nature of the two tridentate ligands. Hydrogen atoms omitted, carbon
atoms of the dcpp ligand in yellow, carbon atoms of the ddpd ligand in
green, nitrogen atoms in blue, oxygen atoms in red (atom numbering as for
the NMR assignments).
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lent electron-accepting properties of dcpp and the pro-
nounced electron-donating properties of ddpd.

Consistent with the redox data, DFT calculations of the low-
spin iron(III) complexes 13 +–33+ ((t2g)5(eg*)0) reveal that the
spin density is delocalized onto the electron-donating ddpd
ligand, and especially onto the N�Me groups, but negligibly
onto the electron-accepting dcpp ligand (see Supporting Infor-
mation for a graphical representation of the spin densities, Fig-
ure S4). The calculated Mulliken spin density on iron in 23 +

(1.08) is hence between that of 13 + (1.04) and 33 + (1.11).
The iron(III) complexes 13 + and 23 + were prepared by chemi-

cal oxidation using ceric ammonium nitrate [CAN,
(NH4)2Ce(NO3)6] in 0.5 m TFA in CH3CN (E1=2

= 1.30 V vs. Fc/Fc+ in
HClO4

[28]), whereas 32 + could not be oxidized using CAN. EPR
(X-band, 77 K, CH3CN glass, Figure 5) and Mçßbauer spectra
(295 K, powder, see Supporting Information, Figure S5) of 13 +

and 23 + confirm the low-spin configurations of the iron(III) cen-
ters. Use of the as-prepared solution of 22 +/CAN for the EPR
measurement reveals an additional resonance at g1,2 = 4.330,
4.020, which is assigned to a high-spin iron(III) complex[29]

probably formed by dissociation of the dcpp ligand. The larger
asymmetry of 23 + is reflected in its higher g-anisotropy Dg =

g1�g3 = 1.26 (g1 = 2.821, g2 = 2.247, g3 = 1.561) as compared to
13 + , with Dg = 0.675 (g1 = 2.490, g2 = 2.296, g3 = 1.815). Axial
EPR spectra have been obtained for [Fe(bpy)3]3 + (g?= 2.61,

g j j= 1.61 in a CoIII host[30]) and [Fe(bzimpy)2]3 + (g?= 2.242,
g j j= 1.915 in a methanol:DMF glass matrix at 100 K; bzimpy =

2,6-bis(benzimidazoly-2-yl)pyridine)[31]). Interestingly, in the
room-temperature Mçßbauer spectra, the quadrupole splitting
is larger for 13 + (DEQ = 1.973 mm s�1) than for 23 + (DEQ =

1.584 mm s�1). However, as nothing is known about the crystal
structures of 13 + and 23 + , the powder Mçßbauer data could
also reflect a lower crystal symmetry and asymmetric anion
distribution.

UV/Vis monitoring of the FeII!FeIII oxidation by CAN in
CH3CN/TFA reveals an MLCT band bleach with the concomitant
appearance of two new absorption bands at 619/1013 nm
(13 + , measured in H2O for solubility reasons) and 772/1277 nm
(23 + , in CH3CN/TFA, see Supporting Information, Figures S6 and
S7). All these bands are straightforwardly assigned to ddpd!
FeIII LMCT excitations on the basis of time-dependent DFT cal-
culations on the iron(III) complexes 13 + (lmax = 540, 702,
770 nm) and 23 + (lmax = 667, 959 nm) (see Supporting Informa-
tion, Figures S8 and S9).

The radicals 2+ and 3+ , which were stable in the electro-
chemical experiment, were also prepared by chemical reduc-
tion of 22 + and 32+ with decamethylcobaltocene (E1=2

=�1.94 V
vs. Fc/Fc+ in CH2Cl2

[28]) in CH3CN, respectively. X-band EPR
spectra of the corresponding frozen solutions are depicted in
Figure 6. The g-values near g = 2.0 with a rather small g-aniso-
tropy confirm essentially ligand-centered reductions.[32] Hyper-
fine couplings to 14N and 1H nuclei are also observed, but not
fully resolved. This assignment is further corroborated by DFT
calculations localizing the spin density essentially on the C=O
units of the dcpp ligands (see Supporting Information for spin-
density plots of 2+ and 3+ , Figure S10).

Optical properties of the iron(II) complexes

The UV/Vis spectra of 1(PF6)2–3(PF6)2 recorded in CH3CN at
room temperature are collected in Figure 7. The orange–
brown ddpd complex 12 + shows a medium intense absorption
band at lmax = 395 nm, which can be ascribed to MLCT and
ligand-field transitions according to time-dependent DFT (TD-
DFT) calculations (lmax = 389, 393, 398 nm of mixed dyz!ddpd
and dxz!dx2�y2/dz2 character). The rather high energy is consis-
tent with the electron-donating character of ddpd and the

Figure 4. Cyclic voltammogram of 2(PF6)2 in 0.1 m (nBu4N)(PF6)/CH3CN; po-
tentials are given relative to the ferrocene/ferrocenium couple.

Figure 5. X-band EPR spectra of 13 + (9.4197 GHz) and 23 + (9.3840 GHz) in
CH3CN/TFA at 77 K.

Figure 6. X-band EPR spectra of 2+ (9.3843 GHz) and 3+ (9.4173 GHz) in
CH3CN at 77 K.
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analogous results for the homologous ruthenium(II) complex
[Ru(ddpd)2]2 + .[8a] The dcpp complexes 22 + and 32 + [15] are in-
tense blue, with the lowest-energy absorption maxima found
at 592 nm (22+) and 610 nm (32+),[15] respectively. For 22 + , the
absorption reaches further into the NIR spectral region than
observed for 32+ (Figure 7). According to TD-DFT calculations,
the relevant absorption bands of 22+ are composed of several
allowed charge-transfer transitions, with the band envelope
dominated by five transitions, namely lmax = 585, 559, 518, 490,
and 445 nm (Figure 8). Interestingly, the two lowest-energy
bands at lmax = 585 and 559 nm are of mixed MLCT (Fe-d!
dcpp) and LL’CT (ddpd !dcpp) character, involving the molec-
ular orbitals 159!160/157!160 and 158!160/156!160
(Figure 9). The transitions at 518 nm (158!161/158!174) and
445 nm (156!161/156!174) comprise some additional ligand
field character involving the dz2 orbital of Fe (174, Figure 9).

The stabilities of 12 +–32 + as well as [Fe(bpy)3]2 + with respect
to photosubstitution (anation and aquatization) were probed
through irradiation of the complexes at the high-energy side
of the visible spectrum (400 nm; dissolved in 0.1 m (nBu4N)Cl
CH3CN/H2O (98:2) to give isoabsorptive solutions at 400 nm)
and monitoring of the optical changes with irradiation time
(Figure 10). Under these conditions, complex 32+ precipitates
probably as a 3(Cl)2 salt, and hence, its stability cannot be ac-

cessed. The half-lives of 12 + , [Fe(bpy)3]2 + , and 22+ increase in
that order, with values of 53, 257, and 1733 min, respectively.
The higher stability of 22 + with respect to 12 + might be as-
cribed to the favorable push–pull situation in 22+ strengthen-
ing all the Fe�N (central pyridine) bonds (see above) and pre-
venting ligand substitution. With respect to [Fe(bpy)3]2 + , 22+ is
kinetically stabilized thanks to the tridentate nature of its che-
late ligands. Hence, the higher photostability of ruthenium(II)
complexes with tridentate ligands including push–pull charac-
ter[9] is also found for comparable iron(II) complexes, which is
certainly beneficial for any future photo-applications of iron(II)
complexes.

Excited-state dynamics occurring shortly after excitation to
a Franck–Condon CT state were probed by picosecond transi-
ent absorption spectroscopy for 22+ at 298 K in CH3CN (pulse
lexc = 500 nm, Figure 11), showing a prompt ground-state
bleach around the 600 nm MLCT/LL’CT absorptions. The recov-
ery of the ground state occurs with a time constant of t=

Figure 7. UV/Vis spectra of 1(PF6)2–3(PF6)2 in CH3CN at room temperature
(spectra of 12 + and 22 + are offset vertically by 20 000 and 10 000, respective-
ly).

Figure 8. TD-DFT-derived UV/Vis stick spectrum of 22 + accounting for the
bands in the near-UV and visible regions.

Figure 9. Relevant Kohn–Sham molecular orbitals of 22 + involved in the indi-
cated charge-transfer transitions (isosurface value 0.1 a.u.).

Figure 10. Normalized decay curves of 12 + , 22 + , and [Fe(bpy)3]2 + under
400 nm irradiation in 0.1 m (nBu4N)Cl CH3CN/H2O (98:2) solution.
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548 ps. Typically, after excitation, rapid ISC to triplet states and
to the final 5T2 state occurs. The rate-determining step back to
the ground state is the 5T2!1A1 relaxation, typically occurring
within t= 40–200 ns at room temperature for iron(II) polypyri-
dine complexes.[33–39] Recently, McCusker et al. observed an un-
usual fast relaxation to the ground state for 32 + with t=

280 ps. This fast process has been ascribed to the possibility
that the 5T2 state is similar or even higher in energy than the
3T1 ligand field term, and hence, relaxation to the 1A1 ground
state occurs rapidly from the 3T1 state instead of from the 5T2

state.[15] Indeed, the ground-state recovery (�600 nm) from
the TA spectra of the heteroleptic complex 22 + is similarly
rapid and monoexponential (t= 548 ps). Hence, a similar ex-
planation to that for 32 + might be invoked for 22 + . If this ex-
planation holds both for 22+ and 32 + , the former has a longer
3T1 lifetime compared with [Fe(ptz)6](BF4)2 (39 ps at 125 K)[4]

and 32 + (280 ps at room temperature).[15] This could be attrib-
uted to a larger reorganization barrier for 22 + than for 32+ ,
arising from either increased inner sphere or increased solvent
reorganization. The contribution of the solvent reorganization
for the 3T1!1A1 relaxation is expected to be similar for 22 + and
32+ . However, the ligand field splitting might be larger in 32 +

than in 22+ owing to the two strongly electron-accepting
dcpp ligands lowering the iron t2g orbitals. Hence, the energy
difference, that is, the driving force, between the 3T1 and 1A1

terms is lower for 22 + than for 32 + , raising the inner sphere
barrier for the 3T2!1A1 relaxation. The inner sphere reorganiza-
tion energy essentially comprises changes in the Fe�N bonds.
The geometries of the 1A1, 3T1, and 5T2 states of 22 + have been
calculated by using DFT methods at the B3LYP level of theory.
As it is clear that energies of different spin states are poorly re-
produced by the B3LYP functional,[40–43] we refrain from discus-
sing energy aspects. However, geometric distortions should be
well reproduced qualitatively,[26] and these are given in
Figure 12. In particular, the Fe�N bond lengths to the ddpd
ligand in the triplet state differ from the ground-state bond
lengths (Figure 12). In the quintet state, the remaining Fe�
N(dcpp) distances are elongated (Figure 12).

No excited-state absorption features were observed up to
1500 nm upon excitation at 500 nm (data not shown). For an

MLCT or LL’CT excited state, an absorption should be expected,
for example, around 775 and 1280 nm, similarly to the iron(III)
complex 23 + (see above). Hence, no CT state was observed
with our temporal resolution, in contrast to the tetracarbene
Fe(CNC)2]2+ complex of W�rnmark et al. , which showed a 9 ps
lifetime based on an excited state absorption at approximately
525 nm attributed to the 3MLCT state.[13]

In essence, the excited-state dynamics of 22+ can be de-
scribed by the following processes (Figure 13). After excitation

into a CT state, the heteroleptic complex 22+ undergoes rapid
ISC to the 3T1 ligand field state. The high-spin ligand field state
5T2 is not reached, and relaxation to the 1A1 ground state from
3T1 is quite rapid. Compared with the homoleptic bis(dcpp)
complex 32+ , the latter process is slower for 22 + . This can be
ascribed to the weaker ligand field of 22 + , and hence, the back
relaxation process features a smaller driving force and a larger
barrier (Figure 13). The increased photostability of 22+ (see
above) might in part be caused by the avoided (dissociative?)
high-spin state with labile Fe�N bonds. To lower the MLCT
states further with respect to the dd states, with the aim of ob-
taining emissive iron(II) complexes, the electron-accepting ca-
pability of dcpp and the electron-donating power of ddpd
need to be increased further, for example, by substituent
push–pull effects.[8] An inverse process in [Ru(bpy)3]2 + chemis-
try, namely, decreasing the energy of dd states relative to the
MLCT states, has been achieved through alkylation of bpy adja-
cent to the coordinating nitrogen atoms reducing the ligand
field strength.[44]

Figure 11. Transient absorption spectra of 22 + (lexc = 500 nm) in CH3CN at
295 K.

Figure 12. DFT-calculated lowest-energy singlet, triplet, and quintet states
and spin densities (isosurface value 0.07 a.u.) of 22 + with relevant Fe�N
bond lengths in �; hydrogen atoms omitted for clarity.

Figure 13. Proposed qualitative Jablonski diagrams of 22 + and 32 + .
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Conclusion

A heteroleptic iron(II) complex 22 + with two push–pull substi-
tuted tridentate oligopyridine ligands was prepared. The low-
lying p* orbitals of the electron-accepting dcpp ligand allow
low-energy metal-to-ligand charge transfer (lmax = 592 nm).
Thanks to the electron-donating ddpd ligand, the absorptions
extend into the near-infrared region owing to transitions with
considerable LL’CT character from ddpd to dcpp. Both charge-
transfer excitations are highly directional. One-electron oxida-
tion reveals an essentially metal-centered electron process
(plus some ddpd character), giving the low-spin FeIII complex
23+ , whereas one-electron reduction to 2+ is essentially cen-
tered on the dcpp ligand, in agreement with the optical data.

With the interpretation of McCusker et al. of the excited-
state dynamics of the homoleptic bis(dcpp) complex 32 +

being correct, complex 22 + represents a second member of an
emerging new class of iron(II) complexes with strong ligand
fields, in which the 5T2 state is close in energy or possibly even
higher in energy than the 3T1 state, a situation typically found
in second- and third-row metal complexes. Hence, the high-
spin state is not populated significantly by MLCT excitation,
and the rate-determining step back to the ground state is as-
signed to the 3T1!1A1 relaxation (t= 548 ps) instead of the
slow 5T2!1A1 relaxation observed in other iron(II) polypyridine
complexes (nanoseconds). Thus, future objectives are to push
the ligand field limit even further, and finally, to arrive at low-
cost photoactive complexes with earth-abundant metal cen-
ters, which are applicable to energy-conversion schemes such
as dye-sensitized solar cells and light-emitting devices.

Experimental Section

General procedures

CH3CN and THF were distilled under an argon atmosphere from
calcium hydride and potassium, respectively. All reagents were
used as received from commercial suppliers (Acros, Apollo Scientif-
ic, and Sigma–Aldrich). The syntheses of the ligands ddpd[8a] and
dcpp[24] as well as of 3(PF6)2

[15] have been reported previously. NMR
spectra were recorded on a Bruker Avance DRX 400 spectrometer
at 400.31 MHz (1H), 100.66 MHz (13C{1H}), and 40.56 MHz (15N). All
resonances are reported in ppm versus the solvent signal as an in-
ternal standard [CD3CN (1H, d= 1.94; 13C, d= 1.24 ppm); [D6]DMSO
(1H, d= 2.50) ; 13C, d= 39.43 ppm)] or versus external CH3NO2 (90 %
in CDCl3 d= 380.23 ppm vs. NH3(l)) and referenced to NH3 (15N, d=
0 ppm). IR spectra were recorded with a BioRad Excalibur FTS 3100
spectrometer with KBr disks. Electrochemical experiments were
performed on a Bio Logic SP-50 voltammetric analyzer using plati-
num wires as counter and working electrodes and 0.01 m Ag/
AgNO3 as the reference electrode. The measurements were made
at a scan rate of 100 mV s�1 for cyclic voltammetry experiments
using 0.1 m (nBu4N)(PF6) as the supporting electrolyte and a 10�3

m

solution of the sample in dry and degassed CH3CN. Potentials are
referenced to the ferrocene/ferrocenium couple (E1=2

= 85�5 mV
under the experimental conditions). UV/Vis/NIR spectra were re-
corded on a Varian Cary 5000 spectrometer using 1.0 cm cells
(Hellma, Suprasil). Transient absorption measurements were per-
formed with a home-built pump–probe setup. For measurements
in the time range 1–4 ns with a resolution of approximately 100 fs,

the output of a commercial titanium:sapphire amplifier (Coherent
LIBRA HE, 3.5 mJ, 1 kHz, 100 fs) was split, with one portion used to
generate a 500 nm excitation pulse (output of an optical paramet-
ric amplifier (Coherent OPerA Solo)) and another used to generate
a white light probe, using a home-built two-stage broadband
(480–850 nm) noncollinear optical parametric amplifier (NOPA) for
white light generation and amplification in the visible region and
a c-cut (3 mm thick) sapphire window for white light generation in
the visible to near-infrared spectral range. The variable delay of up
to 4 ns between pump and probe was introduced by a broadband
retroreflector mounted on a mechanical delay stage. Only reflective
optics were used to guide the probe beam to the sample to mini-
mize chirp. The excitation pulse was chopped at 500 Hz, and the
white light pulses were dispersed onto a linear photodiode array,
which was read out at 1 kHz. Adjacent diode readings correspond-
ing to the transmission of the sample after an excitation pulse and
without an excitation pulse were used to calculate DT/T. The com-
plex was dissolved in degassed CH3CN (c = 2.48 � 10�3

m) under a ni-
trogen atmosphere and measured in a quartz cuvette with 1 mm
optical path length. ESI mass spectra were recorded on a Micromass
Q-TOF-Ultima spectrometer. X-band CW ESR spectra were mea-
sured on a Miniscope MS 300 (Magnettech GmbH, Germany). The
g values are referenced to external Mn2 + in ZnS (g = 2.118, 2.066,
2.027, 1.986, 1.946, 1.906). Measurements were conducted at 77 K,
and simulations were performed with the program package Easy-
Spin.[45] 57Fe Mçßbauer measurements of powder samples were
performed in transmission geometry using a constant-acceleration
spectrometer and the source 57Co(Rh). The Recoil 1.03 Mçßbauer
Analysis Software was used to fit the experimental spectra with
Lorentzian peaks.[46] Isomer shift values are quoted relative to a-Fe
at 295 K. Photostability measurements were conducted at room
temperature under an Ar atmosphere in 0.1 m (nBu4N)Cl in CH3CN/
H2O (98:2, v/v) at lexc = 400 nm. The concentrations of the solutions
were adjusted to ensure the same absorptivity at the excitation
wavelength lexc = 400 nm. The concentrations of 1(PF6)2, 2(PF6)2,
3(PF6)2, and [Fe(bpy)3](PF6)2 were 2.17 � 10�4, 1.86 � 10�4, 4.75 �
10�4, and 6.06 � 10�4

m, respectively. As light sources, Bivar LEDs
(108 A-713–5059, 400 nm) were used in combination with a 40 W
supply. Elemental analyses were performed at the microanalytical
laboratory of the chemical institutes of the University of Mainz.

Crystal structure determinations

Intensity data were collected with a Bruker AXS Smart 1000 CCD
diffractometer with an APEX II detector and an Oxford cooling
system, and corrected for absorption and other effects using MoKa

radiation (l= 0.71073 �) at 173(2) K. The diffraction frames were in-
tegrated using the SAINT package, and most were corrected for
absorption with MULABS.[47, 48] The structures were solved by direct
methods and refined by the full-matrix method based on F2 using
the SHELXTL software package.[49, 50] All nonhydrogen atoms were
refined anisotropically, and the positions of all hydrogen atoms
were generated with appropriate geometric constraints and al-
lowed to ride on their respective parent carbon atoms with fixed
isotropic thermal parameters. See Tables S2 and S3 for crystal and
structure refinement data.

CCDC 1016551 [1(BF4)2·2 CH3CN] , 1016552 [1(PF6)2·CH3CN] ,
1016553 [2(PF6)2·CH3CN] and 1016554a[3(PF6)2·1=2 CH3CN] contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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DFT calculations

DFT calculations were performed with the Gaussian09/DFT[51] series
of programs. The B3LYP formulation of DFT was used, employing
the LANL2DZ basis set.[51] No symmetry constraints were imposed
on the molecules. The presence of energy minima was checked by
analytical frequency calculations. The integral-equation-formalism
polarizable continuum model (IEFPCM, CH3CN) was employed for
solvent modeling. All calculations were performed without explicit
counterions and solvent molecules.

Synthesis of 1(PF6)2

A solution of ddpd (176 mg, 0.60 mmol, 2.0 equiv.) in ethanol
(10 mL) was added to a solution of FeBr2 (65.0 mg, 0.30 mmol,
1.0 equiv.) in ethanol (10 mL). The solution turned brown immedi-
ately. The mixture was stirred at room temperature for 24 h. A
brown solid precipitated, which was filtered off, washed with Et2O
(30 mL), and dried under reduced pressure. The brown bromide
salt was dissolved in a mixture of CH3CN (5 mL) and water (10 mL).
Addition of solid (NH4)(PF6) in excess resulted in the precipitation
of a brown solid (86.0 mg, 0.09 mmol, 30 %). Crystals suitable for
single-crystal X-ray diffraction were obtained by slow diffusion of
diethyl ether into a solution of 1(PF6)2 in CH3CN. Rf (SiO2,
KNO3(aq):CH3CN 4:1) = 0.25; MS (ESI+): m/z (%): 292.14 (60) [ddpd +
H]+ , 319.08 (64) [M�ddpd�2PF6]2 + , 366.06 (100) [M�ddpd�2PF6 +
F]+ , 657.24 (45) [M�2PF6 + F]+ , 783.22 (29) [M�PF6]+ , 951.18 (7)
[M+Na]+ ; UV/Vis (CH3CN): lmax (e) = 395 (4570), 290 (17 695),
243 nm (15 525 m

�1 cm�1) ; IR (KBr): ñ= 3485 (br, m, crystal water),
3119 (w), 2925 (w), 1600 (s), 1580 (s), 1570 (m), 1495 (s), 1455 (s),
1435 (s), 1345 (m), 1304 (s), 1170 (m), 950 (s), 840 (vs, PF), 795 (s),
775 (s), 750 (s), 560 cm�1 (s) ; Mçßbauer (295 K): d= 0.388 mm s�1,
DEQ = 0.403 mm s�1; CV (CH3CN): E1=2

=�2.33 (irrev.), 0.33 (rev.), 1.63
(irrev.) V vs. Fc/Fc+ ; elemental analysis calcd (%) for
C34H34F12FeN10P2 (928.16)·H2O: C 43.15, H 3.83, N 14.80; found: C
43.32, H 3.65, N 14.77.

Synthesis of 1(BF4)2

A solution of Fe(BF4)2·6 H2O (308 mg, 0.91 mmol, 1.0 equiv.) in etha-
nol (10 mL) was added to a solution of ddpd (585.0 mg,
2.01 mmol, 2.2 equiv.) in ethanol (8 mL). The solution turned
orange–brown immediately, and dark red within a few minutes.
The mixture was stirred at room temperature for 50 min, and Et2O
(75 mL) was added. A brown solid precipitated, which was filtered
off, washed with Et2O (80 mL), and dried under reduced pressure.
Upon recrystallization from ethanol, 1(BF4)2 was obtained
(427.0 mg, 0.52 mmol, 58 %). Crystals suitable for single-crystal X-
ray diffraction were obtained by slow diffusion of diethyl ether into
a solution of 1(BF4)2 in CH3CN. MS (ESI+): m/z (%): 319.11 (4)
[M�2BF4]2 + , 366.08 (100) [M�ddpd�2BF4 + F]+ , 751.16 (3)
[2(M�2BF4 + F) + F]+ ; IR (KBr): ñ= 3485 (br, m, crystal water), 3074
(w, CH), 2922 (w, CH), 1643 (w), 1599 (s), 1582 (s), 1493 (s), 1450 (s),
1437 (vs), 1364 (s), 1344 (s), 1304 (w), 1285 (w), 1236 (s), 1138 (s),
1097 (s), 1065 (vs), 1032 (s, BF), 949 (w), 864 (w), 800 (m), 777 (m),
748 (m), 671 cm�1 (w); 1H NMR (CD3CN, 400 MHz): d= 7.96 (2 H, t,
3JHH = 8.0 Hz, H18), 7.80 (4 H, m, H12), 7.12 (4 H, d, 3JHH = 8.0 Hz,
H17), 7.11 (4 H, m, H13), 7.08 (4 H, m, H10), 6.75 (4 H, m, H11),
2.98 ppm (12 H, s, H15); 13C NMR (CD3CN, 100 MHz): d= 162.5
(C14), 159.4 (C16), 155.7 (C10), 141.0 (C18), 140.3 (C12), 120.9 (C11),
113.2 (C13), 112.3 (C17), 39.8 ppm (C15).

Synthesis of 2(PF6)2

A solution of dcpp (1.36 g, 4.7 mmol, 1.0 equiv.) and ddpd (1.37 g,
4.7 mmol, 1.0 equiv.) in ethanol (80 mL) was added to a solution of
FeBr2 (1.02 g, 4.7 mmol, 1.0 equiv.) in ethanol (20 mL). The solution
turned black immediately. The mixture was stirred at room temper-
ature for 24 h. TLC control indicated a mixture of two complexes.
Dilution with Et2O (100 mL) led to precipitation of a blue solid. The
solid was filtered off and washed with Et2O (50 mL). The product
was purified by column chromatography (SiO2, CH3CN/KNO3(sat,aq)

4:1). The solvent was removed under reduced pressure and the
dark blue solid was washed with a mixture of CH3CN/THF (1:15 v/
v). The pure bromide salt 2(Br)2 (1.15 g, 1.4 mmol, 30 %) was dis-
solved in CH3CN (30 mL), and solid (NH4)(PF6) was added in excess.
Addition of water (100 mL) resulted in the precipitation of dark
blue 2(PF6)2 (0.65 g, 0.7 mmol, 15 %). Crystals suitable for single-
crystal X-ray diffraction were obtained by slow diffusion of diethyl
ether into a solution of 2(PF6)2 in CH3CN. Rf (SiO2, KNO3(aq)/CH3CN
4:1) = 0.35; MS (ESI+): m/z (%): 318.48 (95) [M�2PF6]2 + , 366.06
(100) [M�dcpp�2PF6 + F]+ , 655.16 (57) [M�2PF6 + F]+ , 781.13 (29)
[M�PF6]+ , 1244.68 (14) [3M<M->2PF6]2 + , 1708.21 (15) [2M<M-
>PF6]+ ; UV/Vis (CH3CN): lmax (e) = 592 (4035), 374 (6905), 324
(13 230), 295 (20 215), 269 (25 315), 240 nm (18 630 m

�1 cm�1) ; IR
(KBr): ñ= 3443 (br, m, crystal water), 3091 (m, CH), 1674 (s), 1599
(s), 1493 (s), 1450 (s), 1435 (s), 949 (vs), 842 (s, PF), 804 (s),
667 cm�1 (s) ; Mçßbauer (295 K): d= 0.319 mm s�1, DEQ =
0.456 mm s�1; CV (CH3CN): E1=2

=�2.22 (irrev.), �1.60 (rev.), �1.21
(rev.), 0.84 (rev.) V vs. Fc/Fc+ ; elemental analysis calcd (%) for
C34H28F12FeN8O2P2 (926.10)·3 H2O: C 42.43, H 3.35, N 11.64; found: C
42.14, H 3.22, N 11.63.

Synthesis of 3(PF6)2

Dcpp (205 mg, 0.71 mmol, 2.0 equiv.) was added to a solution of
Fe(BF4)2·6 H2O (122 mg, 0.36 mmol, 1.0 equiv.) in CH3CN (15 mL).
The solution turned black immediately. After stirring at room tem-
perature for 24 h, the mixture was diluted with Et2O (30 mL), and
a dark blue solid precipitated. The solid was filtered off, washed
with Et2O (30 mL), and dried under reduced pressure. The dark
blue complex was dissolved in CH3CN (10 mL), and (NH4)(PF6) was
added in excess. Et2O (30 mL) was added, and resulted in the pre-
cipitation of a dark blue solid (250 mg, 0.27 mmol, 54 %). Crystals
suitable for single-crystal X-ray diffraction were obtained by slow
diffusion of diethyl ether into a solution of 3(PF6)2 in CH3CN. Rf

(SiO2, KNO3(aq)/CH3CN 4:1) = 0.55; MS(ESI+): m/z (%): 317.02 (45)
[M�2PF6]2 + , 364.02 (17) [M�dcpp�PF6 + F]+ , 653.09 (100)
[M�2PF6 + F]+ , 779.08 (18) [M�PF6]+ ; UV/Vis (CH3CN): lmax (e) = 606
(7380), 514 (5520), 354 (13 145), 275 nm (44 040 m

�1 cm�1) ; IR (KBr):
ñ= 3337 (br, m, crystal water), 3132 (br), 3035 (m), 1680 (s, CO),
1595 (m), 1430 (s), 1403 (s), 842 (vs, PF), 738 (vs), 559 (m), 482 cm�1

(s) ; Mçßbauer (295 K): d= 0.318 mm s�1, DEQ = 0.322 mm s�1; CV
(CH3CN): E1=2

=�1.81 (rev.), �1.53 (rev.), �1.21 (rev.), �0.92 (rev.),
1.29 (rev.) V vs. Fc/Fc+ ; elemental analysis calcd (%) for
C34H22F12FeN6O4P2 (924.03)·4 CH3CN·1 Et2O: C 47.52, H 3.81, N 12.05;
found: C 47.80, H 3.46, N 12.06.

Oxidation of 1(PF6)2

1(PF6)2 (222 mg, 0.24 mmol, 1.0 equiv.) was dissolved in a 0.5 m

TFA/CH3CN solution (20 mL) and (NH4)Ce(NO3)6 (210 mg,
0.38 mmol, 1.6 equiv.) was added as a solid. The solvent was re-
moved under reduced pressure and the residue was suspended in
CH3CN (50 mL). The remaining green solid was collected by filtra-
tion, washed with CH3CN (50 mL), and dried under reduced pres-
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sure to give 1(X)3 (190 mg), which was used for Mçßbauer meas-
urements. Mçßbauer (295 K): d= 0.105 mm s�1, DEQ = 1.973 mm s�1;
EPR (0.5 m TFA/CH3CN, 77 K): g1 = 2.490, g2 = 2.295, g3 = 1.810; UV/
Vis (H2O): lmax = 1013, 619, 457, 426 nm.

Oxidation of 2(PF6)2

2(PF6)2 (270 mg, 0.29 mmol, 1.0 equiv.) was dissolved in a 0.5 m

TFA/CH3CN solution (10 mL) and (NH4)Ce(NO3)6 (255 mg,
0.47 mmol, 1.6 equiv.) was added as a solid. A brown solid precipi-
tated, which was collected by filtration and dried under reduced
pressure to give 2(X)3 (218 mg), which was used for Mçßbauer
measurements. The counter ions have not yet been identified be-
cause upon washing with organic solvents, the brown precipitate
turns blue, indicating the re-formation of 22 + . For EPR measure-
ments, a solution of 2(PF6)2 (8.0 mg, 8.6 mmol, 1.0 equiv.) in a 0.5 m

TFA/CH3CN solution (0.5 mL) was added to a solution of
(NH4)Ce(NO3)6 (7.6 mg, 13.8 mmol, 1.6 equiv.) in 0.5 m TFA/CH3CN
(0.5 mL) in an EPR tube. The EPR tube was immersed quickly in
liquid nitrogen and the EPR spectrum was recorded. The UV/Vis
spectrum of 23 + was obtained by titration of 2(PF6)2 with
(NH4)Ce(NO3)6 in 0.5 m TFA/CH3CN. Mçßbauer (295 K): d=
0.099 mm s�1, DEQ = 1.584 mm s�1; EPR (0.5 m TFA/CH3CN, 77 K):
g1 = 2.821, g2 = 2.247, g3 = 1.561; UV/Vis (CH3CN/TFA): lmax (e) =
1280 (410), 775 (315), 545 nm (245 m

�1 cm�1).

Reduction of 2(PF6)2

A solution of 2(PF6)2 (10.3 mg, 0.01 mmol, 1.0 equiv.) in CH2Cl2

(1 mL) was added to a solution of CoCp*2 (3.28 mg, 0.01 mmol,
1.0 equiv.) in CH2Cl2 (1 mL) under an inert atmosphere. An aliquot
was placed in an EPR tube. The EPR tube was immersed quickly in
liquid nitrogen and the EPR spectrum was recorded. EPR (CH2Cl2,
77 K): gav = 2.0008.

Reduction of 3(PF6)2

A solution of 3(PF6)2 (10.0 mg, 0.01 mmol, 1.0 equiv.) in CH2Cl2

(1 mL) was added to a solution of CoCp*2 (3.22 mg, 0.01 mmol,
1.0 equiv.) in CH2Cl2 (1 mL) under an inert atmosphere. An aliquot
was placed in an EPR tube. The EPR tube was immersed quickly in
liquid nitrogen and the EPR spectrum was recorded. EPR (CH2Cl2,
77 K): gav = 2.0073.
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Abstract: Reversing the metal-to-ligand charge transfer
(3MLCT)/metal-centered (3MC) excited state order in iron(II)
complexes is a challenging objective, yet would finally result
in long-sought luminescent transition-metal complexes with
an earth-abundant central ion. One approach to achieve this
goal is based on low-energy charge-transfer absorptions in
combination with a strong ligand field. Coordinating elec-
tron-rich and electron-poor tridentate oligopyridine ligands
with large bite angles at iron(II) enables both low-energy
MLCT absorption bands around 590 nm and a strong ligand
field. Variations of the electron-rich ligand by introducing
longer alkyl substituents destabilizes the iron(II) complex to-

wards ligand substitution reactions while hardly affecting
the optical properties. On the other hand, N-deprotonation
of the ligand backbone is feasible and reversible, yielding
deep-green complexes with charge-transfer bands extending
into the near-IR region. Time-dependent density functional
theory calculations assign these absorption bands to transi-
tions with dipole-allowed ligand-to-ligand charge transfer
character. This unique geometric and electronic situation es-
tablishes a further regulating screw to increase the energy
gap between potentially emitting charge-transfer states and
the non-radiative ligand field states of iron(II) dyes.

Introduction

Six-coordinate ruthenium(II) polypyridine complexes are proto-
typical ingredients in photophysical and photochemical appli-
cations, including photocatalysis,[1] light-to-energy conversion
such as dye-sensitized solar cells (DSSCs),[2] and display tech-
nologies.[3] Unfortunately, the usage of homologous earth-
abundant iron(II) in these important fields is limited owing to
the excited state ordering of iron(II) complexes with
E(1,3MLCT)>E(3MC)>E(5MC), leading to a rapid and efficient de-
population of the photophysically useful 1/3MLCT states
(MLCT = metal-to-ligand charge transfer ; MC = metal-centered).
After excitation of the MLCT band, the prototypical low-spin
iron(II) polypyridine complexes [Fe(bpy)3]2+ and [Fe(tpy)2]2 +

relax through the 1MLCT!3MLCT!3MC!5MC!1GS (ground
state) cascade (bpy = 2,2’-bipyridine, tpy = 2,2’:6’,2’’-terpyri-
dine).[4, 5]

For [Fe(bpy)3]2+ , 1MLCT!3MLCT intersystem crossing (ISC)
occurs in less than 20 fs,[6] the 3MLCT!3MC internal conversion
in around 150�50 fs, and the 3MC!5MC ISC in 70�30 fs.[7]

Hence, the 5MC state is populated on the sub-picosecond
timescale. The 5MC high-spin states of [Fe(bpy)3]2+ and
[Fe(tpy)2]2+ are long lived with lifetimes of 960 and 5350 ps, re-
spectively.[8] For sensitizing purposes, MLCT lifetimes should
significantly exceed 100 fs to allow efficient charge injection
into a semiconductor as the injection occurs on this time-
scale.[9]

The obvious challenge is to reverse the energy between the
3MLCT and the 3MC (5MC) states in low-spin iron(II) complexes.
Recent ground-breaking approaches to increase the 3MLCT life-
times of iron(II) complexes are based on C^N^C pincer ligands

or bidentate C^C ligands with N-heterocyclic carbene donors
(NHCs, Scheme 1 a)[10] or on tridentate N^N^N polypyridine li-
gands with large bite angles (Scheme 1 b, dcpp = 2,6-bis(2-car-
boxypyridyl)pyridine, ddpd = N,N’-dimethyl-N,N’-dipyridine-2-yl-
pyridine-2,6-diamine[11]).[8, 12] In both cases (Scheme 1 b), the
ligand field states 3MC (3T1, 3T2 in octahedral symmetry) and
5MC (5T2) are shifted to higher energy relative to the 1A1

ground state and the MLCT states. The strong field carbene li-
gands even increase the 3MLCT lifetimes to the picosecond
range (9–26 ps[10]). This is sufficiently long for charge injection
into a TiO2 semiconductor allowing for employment of these
iron(II) carbene complexes as efficient sensitizers in DSSCs[13a,b]

and as photosensitizer for proton reduction catalysts based on
platinum nanoparticles.[13c]

The large bite angles of dcpp and ddpd (N-M-N�908)
induce a significantly enhanced metal–ligand orbital overlap
and hence increase the ligand field strength compared to tpy
(N-M-N�798).[8, 11, 12] This strategy has been already successfully
exploited for luminescent ruthenium(II)[11, 14–16] and CrIII com-
plexes.[17] With iron(II) as the central ion, the 5MC states are
more destabilized than the 3MC states at high ligand field
strengths so that the energy of the 3MC states is close to the

[a] A. K. C. Mengel, C. Bissinger, M. Dorn, O. Back, Dr. C. Fçrster,
Prof. Dr. K. Heinze
Institute of Inorganic Chemistry and Analytical Chemistry
Johannes Gutenberg University of Mainz
Duesbergweg 10–14, 55128 Mainz (Germany)
Fax: (+ 49)6131-39-27-277
E-mail : katja.heinze@uni-mainz.de

Supporting information and the ORCID identification number(s) for the au-
thor(s) of this article can be found under https ://doi.org/10.1002/
chem.201700959.

Scheme 1. Iron(II) complexes in strong ligand field environments by employ-
ing a) chelating N-heterocyclic carbene ligands[10] and b) polypyridine ligands
dcpp and ddpd with large bite angles.[8, 12]
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energy of the 5MC states (5T2/3T1 crossing point in the d6

Tanabe–Sugano diagram).[8, 12] It has been suggested that the
5MC states of [Fe(dcpp)2]2+ and [Fe(dcpp)(ddpd)]2 + are not
populated, resulting in a truncated relaxation cascade
1MLCT!3MLCT!3MC!1GS. Bypassing the long-lived 5MC
states could explain the observed faster ground state recovery
with inverse rate constants of 280 and 548 ps for [Fe(dcpp)2]2 +

and [Fe(dcpp)(ddpd)]2+ , respectively.[8, 12] Furthermore, the elec-
tron-withdrawing dcpp ligand significantly lowers the energy
of the 1/3MLCT states, giving deep-blue complexes with absorp-
tion bands around 600 nm tailing into the NIR region.[8, 12] Har-
vesting of low-energy Vis/NIR photons is also beneficial for
DSSC applications.[2, 18, 19] However, not every low-energy MLCT
state is capable of injecting electrons efficiently.[20]

A similar situation is assumed for [Fe(bpy)(CN)4]2�, which in-
corporates strong field cyanido ligands and an electron-accept-
ing bpy ligand.[21] This ligand combination gives rise to low-
energy 1MLCT absorption bands around 650 nm. The 3MLCT,
3MC, and 5MC states are close in energy, yet their excited state
distortions are distinctly different. The strong distortion of the
5MC state prevents its efficient population. The lifetime of the
3MLCT state amounts to 19 ps, although it remains unclear
whether the 3MLCT decays via an ultra-short-lived 3MC state or
directly to the ground state.[21]

Neither approach has yet succeeded in giving luminescent
iron(II) complexes with sufficiently long 3MLCT lifetimes. How-
ever, theoretical studies suggest that a suitably strong ligand
field combined with low-energy charge-transfer states could
possibly yield luminescent iron(II) complexes.[22, 23]

In the present study, we target low-energy CT states in com-
bination with high-energy 3MC and 5MC states in six-coordi-
nate iron(II) complexes. To this end, we combine the electron-
accepting dcpp ligand[14] with N^N^N ligands featuring large
bite angles and varying electron-donating power. The em-
ployed electron-rich N^N^N ligands are derived from the
known H2tpda ligand (H2tpda = 2,6-bis(2-pyridylamino)pyri-
dine)[24] by alkylating the bridging nitrogen atoms with n-
propyl or n-hexyl substituents (Pr2tpda, Hex2tpda). Alkylation of
ruthenium(II)-based sensitizers boosts the performance of
DSSCs, which provides a further motivation for the decoration
with long alkyl chains.[25] Additionally, the electron-donating
power of the H2tpda ligand will be increased by N-deprotona-
tion to give the anionic ligands [Htpda]� and [tpda]2� in the
corresponding heteroleptic iron(II) complexes [Fe(dcpp)(Htp-
da)]+ and Fe(dcpp)(tpda) with strong push–pull character. The
mononuclear Fe(dcpp)(tpda) complex is fundamentally differ-
ent from pentanuclear string complexes of the type
MII

5(tpda)4X2 involving the [tpda]2� ligand, which are prepared
from MX2, H2tpda, and a base by self-assembly.[26]

The effects of N-alkylation and N-deprotonation on the opti-
cal properties and the stabilities of the homo- and heteroleptic
complexes [Fe(R2tpda)2]2+ and [Fe(dcpp)(R2tpda)]2+ will be ex-
plored and discussed in the following (R = H, Me, nPr, nHex; in
this nomenclature, the ddpd ligand corresponds to Me2tpda).

The results will form the basis for a new design principle to-
wards long-lived CT states targeting new low-spin iron(II) com-
plexes with sensitizing and hopefully luminescent properties.

Results and Discussion

Synthesis and characterization of ligands and iron(II) com-
plexes

The known ligands H2tpda,[24] Me2tpda,[11] and dcpp[14, 27] were
prepared according to literature procedures. Deprotonation of
H2tpda by sodium hydride and treating the amide anions with
n-propyl and n-hexyl iodide furnishes the N-alkylated ligands
Pr2tpda or Hex2tdpa, respectively, in moderate yields as yellow
oils after chromatographic workup (Figures S1–S6 in the Sup-
porting Information).

The red-brown homoleptic iron(II) complexes [Fe(Pr2tpda)2]
[BF4]2 and [Fe(Hex2tpda)2][PF6]2 are prepared similar to the syn-
thesis of [Fe(Me2tpda)2]2+ from Fe[BF4]2·6 H2O and the respec-
tive ligand in an appropriate stoichiometric ratio
(Scheme 2 a).[12] The structure of [Fe(H2tpda)2]Cl2 in the solid

state and its UV/Vis spectrum has been reported before,[28] yet
for comparison reasons we prepared and fully characterized
[Fe(H2tpda)2][BF4]2 as well. This furnishes the complete series of
homoleptic complexes [Fe(R2tpda)2]2+ with R = H, Me, nPr,
nHex without the acceptor ligand.

The deep-blue heteroleptic complexes [Fe(dcpp)(R2tpda)]2 +

(R = H, nPr, nHex) are obtained from an appropriate iron(II) salt
and the two ligands in a 1:1:1 ratio, similar to the preparation
of [Fe(dcpp)(Me2tpda)]2 + (Scheme 2 b).[12] As found for
[Fe(dcpp)(Me2tpda)]2 + , the formation of heteroleptic com-
plexes is favored over the homoleptic ones.[12] However, com-
plexes featuring ligands with longer alkyl chains require signifi-

Scheme 2. Synthesis of [Fe(R2tpda)2]2 + and [Fe(dcpp)(R2tpda)2]2+ complexes
and atom numbering used for NMR assignments.
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cantly increased reaction times and the use of dry solvents and
molecular sieves for water removal and complete ligand coor-
dination. This furnishes the complete series of heteroleptic
complexes [Fe(dcpp)(R2tpda)2]2+ with R = H, Me, nPr, nHex fea-
turing the electron-accepting dcpp ligand.

ESI+ mass spectra of all complexes show peaks at mass-to-
charge ratios consistent with the dicationic nature of
[Fe(R2tpda)2]2 + and [Fe(dcpp)(R2tpda)2]2 + , respectively (Figur-
es S7–S12 in the Supporting Information). Mass spectra of the
homoleptic complexes show peaks for protonated [R2tpda +

H]+ at m/z = 264, 348, 432 (R = H, nPr, nHex), whereas the het-
eroleptic complexes additionally show peaks for protonated
[dcpp + H]+ at m/z = 290, suggesting facile ligand decoordina-
tion under the ESI conditions. Fragments corresponding to
[Fe(R2tpda)F]+ are observed in all cases as well, showing che-
late ligand displacement by fluoride transfer from the [BF4]� or
[PF6]� counter ions. The ease of ligand dissociation, especially
concerning the alkylated ligands, is already reflected in the re-
luctant formation of the respective complexes (see above). The
substitutional lability of Pr2tpda and Hex2tpda in iron(II) com-
plexes will be discussed below.

Complexes of H2tpda furthermore show fragments corre-
sponding to proton loss at m/z = 318, 581, and 607, corre-
sponding to [Fe(Htpda)]+ , [Fe(Htpda)(H2tpda)]+ , and
[Fe(dcpp)(Htpda)]+ , respectively. This suggests that the com-
plexes [Fe(H2tpda)2]2+ and [Fe(dcpp)(H2tpda)2]2 + are remarka-
bly acidic. This will be further detailed and exploited below.

Sharp absorption bands are observed in the IR spectra (Fig-
ures S13–S20 in the Supporting Information) for the NH stretch
of H2tpda complexes at 3345 and 3380 cm�1 for
[Fe(H2tpda)2]2+ and [Fe(dcpp)(H2tpda)2]2+ and for the C=O
stretch of the dcpp complexes [Fe(dcpp)(R2tpda)2]2+ around
1680 cm�1, respectively. These values suggest a second sphere
coordination of counter ions or solvents to the NH and CO
groups (see below for selected solid-state structures). The
counter ions cause characteristic absorption bands around
1060 cm�1 (BF) and 840 cm�1 (PF).

NMR spectra of the diamagnetic, low-spin iron(II) complexes
feature 1H and 13C NMR resonances expected for the constitut-
ing ligands (Figures S21–S32 in the Supporting Information).
The chemical shifts are unremarkable except for the CH2 pro-
tons of the n-propyl and n-hexyl substituents close to the ni-
trogen atom. The CH2 protons in the a and b positions relative
to the nitrogen atom give rise to different chemical shifts at
d= 3.8–3.5 (Ha) and 3.4–3.3 (Hb) ppm for the a protons and at
d= 1.1–0.9 (Hb) and 0.2–0.7 (Ha) ppm for the b protons and are
hence diastereotopic (Figures S23, S25, S29, and S31 in the
Supporting Information). Clearly, the confined space within the
ligand pocket of the complex hampers rotational averaging.
The rigid geometry suggests steric interactions of the alkyl
substituents with the coordinating pyridine rings and may be
a driving force for the observed facile ligand displacement (see
ESI mass spectrometry) and the retarded complex formation
with Pr2tpda and Hex2tpda ligands (see synthesis). Indeed, in
the presence of water, further proton resonances of
[Fe(Pr2tpda)2]2+ corresponding to freely rotating propyl groups
around d= 4.01, 1.78, and 0.99 ppm along with resonances for

a decoordinated pyridine ring at d= 7.97, 7.88, 7.40, and
7.18 ppm appear (Figure S33 in the Supporting Information).
Similar observations apply to [Fe(Hex2tpda)2]2 + (Figure S34 in
the Supporting Information). This is consistent with the initial
substitution of a coordinated pyridine by water and released
steric strain (Scheme 3). In the presence of excess water,
R2tpda (R = nPr, nHex) completely dissociates irreversibly from
[Fe(R2tpda)(dcpp)]2 + (R = Pr, Hex; Figures S35 and S36 in the
Supporting Information).

According to UV/Vis spectroscopic monitoring of the
charge-transfer band of the blue heteroleptic complexes,
[Fe(dcpp)(Pr2tpda)]2 + and [Fe(dcpp)(Hex2tpda)]2 + hydrolyze in
a biphasic reaction with the Hex2tpda ligand dissociating faster
than the Pr2tpda ligand in the presence of excess water (Figur-
es S37 and S38 in the Supporting Information). Complexes
with R = H and R = Me are stable in the presence of water.
Larger steric strain in the periphery of complexes with longer
alkyl chains clearly facilitates ligand substitution in homo- and
heteroleptic iron(II) complexes of R2tpda ligands.

In an associative ligand substitution mechanism, steric pro-
tection should retard the substitution, whereas for dissociative
(D)/dissociative-interchange (Id) substitution mechanisms, the
reaction should be facilitated. As we observe a favored substi-
tution, we assume a dissociative/intermediate-dissociative
mechanism enabled by the release of ligand strain.[29] Hence,
steric bulk—even from rather small linear alkyl groups—at the
bridging atom destabilizes the iron(II) complexes with R2tpda-
based ligands.

Interestingly, the solubility of [Fe(Hex2tpda)2][PF6]2 is higher
in CH3CN (1.86 mol L�1) than in CH2Cl2 (0.24 mol L�1), whereas
the reverse is found for [Fe(Me2tpda)2][PF6]2 (CH3CN:
0.24 mol L�1; CH2Cl2: 0.40 mol L�1). This is probably associated
with the different ion pairing properties[30] of the salts and sol-
ubilization power of the solvents. Tight ion pairs are also ob-
served in the solid state.

Scheme 3. Partial and complete R2tpda ligand substitution of
[Fe(N^N^N)(R2tpda)]2+ in the presence of water.
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Solid-state structures of selected iron(II) complexes

We report the solid-state structures of [Fe(Hex2tpda)2][PF6]2 and
of [Fe(dcpp)(H2tpda)][PF6]2·3.5 H2O. The solid-state structures of
[Fe(H2tpda)2]Cl2·2 MeOH,[28] [Fe(Me2tpda)2][PF6]2·CH3CN,[12] and
[Fe(dcpp)(Me2tpda)][PF6]2·CH3CN[12] have been reported previ-
ously and are included here to discuss ion pairing and solva-
tion in the solid state from a broader perspective (Figures 1
and 2; Figures S39 and S40 in the Supporting Information).

The H2tpda complexes [Fe(H2tpda)2]Cl2·2 MeOH and
[Fe(dcpp)(H2tpda)][PF6]2·3.5 H2O feature hydrogen bonds from
the NH groups of H2tpda to counter ions (Cl� , [PF6]�) or sol-
vents (MeOH, H2O) as suggested from the IR data. Water fur-
ther solvates the carbonyl groups of dcpp by hydrogen bonds
as exemplified in the solid state for [Fe(dcpp)(H2tpda)]
[PF6]2·3.5 H2O (Figure S40 in the Supporting Information).

Hexafluorophosphate counter ions surround the cations
with Fe···F distances of 4.5–7.6 � with the counter ions bridg-
ing the cations in a m2 or m3 fashion. With an arbitrary cut-off
of 6 �, both [Fe(Me2tpda)2][PF6]2·CH3CN and [Fe(Hex2tpda)2]

[PF6]2 feature a second-sphere coordination number of [2+6]
counter ions. Figure 1 depicts the cations and the two closest
counter ions and Figure S39 (in the Supporting Information) il-
lustrates the [2+6] coordination.

The heteroleptic complexes [Fe(dcpp)(H2tpda)]2 + and
[Fe(dcpp)(Me2tpda)]2 + realize [3+5] and [3+4] second-sphere
coordination by the counter ions. Figure 2 shows the three
closest contacts. Interestingly, a C=O group of a neighboring
complex molecule approaches the iron center with Fe···O dis-

tances of 4.6–4.7 � in both cases (Figure S40 in the Supporting
Information). Two water molecules are additionally present in
the pockets of [Fe(dcpp)(H2tpda)]2 + with Fe···O distances of
6.3–6.4 � (Figure S40 in the Supporting Information). This
second-sphere coordination suggests that nucleophiles (sol-
vents, ions) can easily approach the iron(II) center in the six-co-
ordinate complexes, which enables substitution reactions (Id

mechanism).
The steric strain as measured from the pyramidalization of

the bridging nitrogen atoms of the R2tpda ligand in
[Fe(H2tpda)2]2+ ,[28] [Fe(Me2tpda)2]2 + ,[12] and [Fe(Hex2tpda)2]2+ in-
versely correlates to the degree of planarization photolumines-
cence (PL) at the nitrogen atom (PL = 100 � [S(X-N-Y)�3 �
109.58]/[3 � 120.08�3 � 109.58] = 100, 88, 77 %). A similar trend
of the pyramidalization of the bridging nitrogen atoms is
found for [Fe(dcpp)(H2tpda)]2 + and [Fe(dcpp)(Me2tpda)]2 +

(PL = 100, 87 %, respectively). The steric pressure might also
affect the substitutional reactivity.

Fe–N distances, as well as N-Fe-N angles, allow the descrip-
tion of all [FeN6] coordination polyhedra as essentially octahe-
dral. This has been suggested as an important prerequisite to
achieve a large ligand field splitting in bis(tridentate)
[M(N^N^N)2]n + complexes.[12, 14–17, 31] The central pyridine rings
are not oriented perpendicularly (908), but are inclined by only
�308 (Figures 1 and 2).

Optical properties of iron(II) complexes

The red-brown homoleptic complexes [Fe(Pr2tpda)2]2+ and
[Fe(Hex2tpda)2]2 + possess absorption bands around 389–
434 nm, which are assigned to mixed charge-transfer and
ligand field transitions similar to the analogous band of [Fe(-
Me2tpda)2]2+ (Figures S41 and S42 in the Supporting Informa-

Figure 1. Illustration of the second coordination sphere of
a) [Fe(H2tpda)2]Cl2,[28] b) [Fe(Me2tpda)2][PF6]2,[12] and c) [Fe(Hex2tpda)2][PF6]2 in
the solid state; distances given in �; CH hydrogen atoms omitted.

Figure 2. Illustration of the second coordination sphere of
a) [Fe(dcpp)(H2tpda)][PF6]2 and b) [Fe(dcpp)(Me2tpda)][PF6]2

[12] in the solid
state; distances given in �; CH hydrogen atoms omitted.
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tion).[12] Hence, R = Me, nPr, nHex bears no influence on the CT
properties in the homoleptic complexes. Interestingly, the UV/
Vis spectrum of [Fe(H2tpda)2]2 + strongly differs from that of
the alkyl derivatives (Figure S43 in the Supporting Information
and Ref. [28]). It is conceivable that [Fe(H2tpda)2]2 + partially de-
protonates under these conditions (cf. ESI mass spectra and
see below). However, addition of small amounts of trifluoro-
acetic acid to obtain fully protonated [Fe(H2tpda)2]2 + resulted
in decomposition.

All heteroleptic complexes [Fe(dcpp)(R2tpda)]2 + feature es-
sentially identical charge-transfer bands around lmax = 592 nm,
irrespective of the substituent R at the nitrogen atom (Fig-
ure S44 in the Supporting Information). The charge-transfer
character of these bands has been already demonstrated for
[Fe(dcpp)(Me2tpda)]2 + .[12] The independence from R demon-
strates that the substituent bears no impact on the push–pull
character and thus the charge-transfer properties of heterolep-
tic [Fe(dcpp)(R2tpda)]2 + complexes. Furthermore,
[Fe(dcpp)(H2tpda)]2+ is not deprotonated under these condi-
tions, unlike the homoleptic complex [Fe(H2tpda)2]2+ . Although
the electronic influence of N-alkylation on the CT properties
proved only marginal, selective deprotonation of
[Fe(dcpp)(H2tpda)]2+ at the bridging nitrogen offers further op-
portunities (cf. ESI+ mass spectrometry and see below).

Redox properties of iron(II) complexes

Redox potentials were measured by cyclic voltammetry in
[nBu4N][PF6]/CH3CN solution and the potentials are given rela-
tive to the ferrocene/ferrocenium couple. All R2tpda ligands
show only irreversible oxidation waves of the amine moieties
(Figure S45 in the Supporting Information). However, the
iron(II) complexes can be reversibly oxidized to their respective
iron(III) counterparts, similar to the prototypic complexes [Fe(-
Me2tpda)2]2+ and [Fe(dcpp)(Me2tpda)]2 + (Figures S46 and S47
in the Supporting Information).[12]

In the homoleptic series, the redox potential depends signifi-
cantly on R (Figure S46 in the Supporting Information). The re-
markably low potential of “[Fe(H2tpda)2]2+” (E1=2

= 0.17 V) is
probably caused by the already suggested deprotonation reac-
tion to [Fe(Htpda)(H2tpda)]+ facilitating oxidation to iron(III).
For R = Me, nPr, nHex, the FeIII/II potential increases from 0.33 V
and 0.42 V to 0.44 V. This might be tentatively assigned to
second-sphere coordination effects (Figure S39 in the Support-
ing Information).

In the heteroleptic series [Fe(dcpp)(R2tpda)]2+ , the FeIII/II

redox potential is independent of the substituent R (Figure S47
in the Supporting Information). This is in line with the optical
properties (see above). Ligand (dcpp) centered reductions of
the heteroleptic complexes [Fe(dcpp)(R2tpda)]2 + with R = nPr,
nHex are irreversible, in contrast to the reversible dcpp/dcppC�

reduction in [Fe(dcpp)(Me2tpda)]2 + .[12] Scanning the potential
below �0.8 V even produces new electrochemically active spe-
cies from [Fe(dcpp)(R2tpda)]2+ (R = nPr, nHex) with re-oxidation
waves appearing around 0.4 V (Figure S47 in the Supporting
Information).

Acidity of [Fe(dcpp)(H2tpda)]2+ and optical properties of
[Fe(dcpp)(Htpda)]+ and Fe(dcpp)(tpda)

Counter ions and solvent water molecules coordinate to the
NH groups of [Fe(dcpp)(H2tpda)]2 + (Figure S40 a in the Sup-
porting Information). ESI+ mass spectrometry already suggest-
ed that the NH groups of [Fe(dcpp)(H2tpda)]2 + are acidic (see
above). Hence, we hypothesized that selective deprotonation
of [Fe(dcpp)(H2tpda)]2 + (instead of decoration with long alkyl
groups R = nPr, nHex) might be feasible to give stable com-
plexes with strong push–pull character and hence modified
optical properties. Bases such as potassium tert-butoxide or
potassium bis(trimethylsilyl)amide decomposed the complex,
probably by ligand substitution instead of deprotonation.
However, the non-nucleophilic Schwesinger base P1-tBu [tert-
butyliminotris(dimethylamino)phosphorane, pKa(MeCN) =

26.98,[32] cleanly deprotonates [Fe(dcpp)(H2tpda)]2+ without de-
composition (Scheme 4). With two equivalents of P1-tBu, the
green neutral complex Fe(dcpp)(H2tpda) forms, which is identi-
fied by its 1H and 13C NMR spectral signature in CD3CN (Figur-
es S48 and S49 in the Supporting Information). The NH proton
resonance at d= 8.56 ppm (H18) vanishes completely and the
1H NMR resonances of the [tpda]2� ligands are strongly shifted
to high fields with respect to those of H2tpda. The resonances
of the dcpp ligand are less affected.

Scheme 4. Acid–base equilibria of [Fe(dcpp)(H2tpda)]2 + , [Fe(dcpp)(Htpda)]+ ,
and Fe(dcpp)(tpda) and alkylation of Fe(dcpp)(tpda).

Chem. Eur. J. 2017, 23, 2 – 14 www.chemeurj.org � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim7

These are not the final page numbers! ��

Full Paper

1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9

10 10
11 11
12 12
13 13
14 14
15 15
16 16
17 17
18 18
19 19
20 20
21 21
22 22
23 23
24 24
25 25
26 26
27 27
28 28
29 29
30 30
31 31
32 32
33 33
34 34
35 35
36 36
37 37
38 38
39 39
40 40
41 41
42 42
43 43
44 44
45 45
46 46
47 47
48 48
49 49
50 50
51 51
52 52
53 53
54 54
55 55
56 56
57 57

 
61 

3.2  RESULTS AND DISCUSSION: BOOSTING VIS/NIR CHARGE TRANSFER 

ABSORPTIONS OF IRON(II) COMPLEXES BY N-ALKYLATION AND  

N-DEPROTONATION IN THE LIGAND BACKBONE 

  

http://www.chemeurj.org


Titrating the diprotic acid [Fe(dcpp)(H2tpda)]2+ with P1-tBu
delivers two series of UV/Vis/NIR spectra in CH3CN with individ-
ual isosbestic points at 315, 336, 488, 617, and 421, 532,
643 nm, respectively (Figure 3 a, b). Clearly, both corresponding
green bases [Fe(dcpp)(Htpda)]+ and Fe(dcpp)(tpda) are acces-
sible. To re-protonate Fe(dcpp)(tpda) to [Fe(dcpp)(Htpda)]+

1300 equivalents of TFA are required, whereas full protonation
requires an excess of 75 000 equivalents of TFA (Figure 3 c, d).
This demonstrates the high acidity of [Fe(dcpp)(H2tpda)]2 +

(Scheme 4).

The stability of Fe(dcpp)(tpda) prompted us to attempt alky-
lation/arylation reactions directly on the metal complex by
using iodobenzene, n-hexyl iodide, n-propyl iodide, and
methyl iodide, respectively (Scheme 4). Not too unexpectedly,
this reaction only succeeds with the smallest electrophile, MeI
(Figure 3 e, f). A large excess of MeI is required for the reaction
to proceed at a useful rate. Similar to the protonation se-
quence, an intermediate monomethylated complex [Fe(dcpp)(-
Metpda)]+ is identified by its UV/Vis/NIR characteristics
(2500 equiv MeI). Formation of the final complex [Fe(dcpp)(-
Me2tpda)]2+ in a reasonable amount of time requires
18 000 equivalents of MeI. The thus-obtained [Fe(dcpp)(-
Me2tpda)]2+ complex is identified by comparing its 1H NMR
spectrum with that of an authentic sample (Figure S50 in the
Supporting Information).[12]

Both [Fe(dcpp)(Htpda)]+ and Fe(dcpp)(tpda) display irreversi-
ble oxidation waves around Ep = 0.5 V, which can be assigned
to the oxidation of the deprotonated amino group(s) (Fig-
ure S51 in the Supporting Information). This irreversible behav-
ior also blurs the FeII/III redox wave.

The partially and fully deprotonated green complexes
[Fe(dcpp)(Htpda)]+ and Fe(dcpp)(tpda) feature low-energy
charge-transfer absorption bands tailing into the NIR region
above 1000 nm. The electronic spectra of [Fe(dcpp)(H2tpda)]2+ ,
[Fe(dcpp)(Htpda)]+ , and Fe(dcpp)(tpda) suggest that the MLCT
bands shift to lower energy from 592 to 613 to 682 nm, under-
scoring the increasing push–pull character of [Fe(dcpp)(Htp-
da)]+ and Fe(dcpp)(tpda) (Figure S52 in the Supporting Infor-
mation). Clearly, [Htpda]� and [tpda]2� are better p-donor li-
gands, which increases the energy of the filled metal t2g orbi-
tals, lowering the HOMO–LUMO gap. A desired effect of the
higher t2g orbitals is the lowering of the MLCT states; an un-
wanted consequence is the concomitant lowering of the MC
states. Remarkably, further bands grow in with maxima around
724 and 872 nm for [Fe(dcpp)(Htpda)]+ and Fe(dcpp)(tpda), re-
spectively, according to Gaussian deconvolution (Figure S52 in
the Supporting Information).

Time-dependent (TD)-DFT calculations (B3LYP, def2-TZVP,
ZORA, COSMO CH3CN, D3(BJ)) of [Fe(dcpp)(H2tpda)]2+ ,
[Fe(dcpp)(Htpda)]+ , and Fe(dcpp)(tpda) find the MLCT transi-
tions between 400 and 600 nm (Figure 4). [Fe(dcpp)(Htpda)]+

features two additional transitions at 821 and 953 nm arising
from CT transitions between the anionic amide of [Htpda]�

(plus some small metal contribution) and a single CO moiety
of the dcpp ligand (LL’CTs; ligand-to-ligand charge transfers).
Figure 4 depicts the corresponding electron density difference
maps (EDDMs). The oscillator strength of the former LL’CT tran-
sition (N([Htpda]�)!cis-CO(dcpp)) is four times that of the
latter (N([Htpda]�)!trans-CO(dcpp)) transition (Figure 4). The
corresponding LL’CT transitions in Fe(dcpp)(tpda) each involve
both CO groups of the dcpp ligand and both nitrogen atomsFigure 3. UV/Vis spectroscopic monitoring of a), b) the stepwise deprotona-

tion of [Fe(dcpp)(H2tpda)]2 + to [Fe(dcpp)(Htpda)]+ and Fe(dcpp)(tpda) by
using P1-tBu as base. c), d) The stepwise re-protonation of Fe(dcpp)(tpda) by
TFA as acid (the red spectrum is that of [Fe(dcpp)(H2tpda)]2 +). e), f) The step-
wise alkylation of Fe(dcpp)(tpda) by MeI (the red spectrum is that of
[Fe(dcpp)(Me2tpda)]2 +) in CH3CN.

Figure 4. TD-DFT calculated electronic spectra and EDDMs of the MLCT and
LL’CT transitions of [Fe(dcpp)(H2tpda)]2 + (blue solid line), [Fe(dcpp)(Htpda)]+

(light-blue dotted line), and Fe(dcpp)(tpda) (green solid line). Contour val-
ue = 0.01 a.u. ; purple = electron density depletion, orange = electron density
gain; CH hydrogen atoms omitted.
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of the [tpda]2� ligand. Their oscillator strengths are very similar
and their energies are even lower than those of [Fe(dcpp)(Htp-
da)]+ (Figure 4; 1024, 1157 nm). Fe(dcpp)(tpda) features further
MLCT bands with some LL’CT character at 723 and 750 nm
(Figure 4). The combined LL’CT transitions cover the spectral
region from 600 to over 1000 nm. All trends are in qualitatively
good agreement with the experimental data.

To conclude, longer alkyl groups than methyl at the bridging
nitrogen atom do not significantly shift the MLCT absorption
to lower energy. However, removal of the substituent (protons)
from the nitrogen bridge induces the appearance of strong ab-
sorption bands with LL’CT character in the far red to the NIR
spectral region.

In [M(tpyR1)(tpyR2)]2+ and [M(tpy)(N^C^N)]+ complexes with
tridentate ligands with small bite angles, the two tridentate li-
gands are almost perfectly orthogonal including the central
and the peripheral rings. Hence, all LL’CT transitions between
these tridentate ligands are forbidden by symmetry.[33] Of
course, this holds both for absorption and emission. The dark
LL’CT states in these complexes provide non-radiative decay
pathways and thus diminish the luminescence quantum yield
as shown for [Ru(tpy)(N^C^N)]+ complexes.[33]

In contrast, the LL’CT absorption bands in the iron(II) com-
plexes [Fe(dcpp)(Htpda)]+ and Fe(dcpp)(tpda) are clearly al-
lowed according to their experimental extinction coefficients
(Figure 3) and calculated oscillator strengths (Figure 4). Indeed,
the DFT optimized geometries of the ground states as well as
the X-ray diffraction analyses show that the central pyridine
rings of dcpp and R2tpda ligands are not orthogonal but are
merely inclined by �308 dihedral angles. Hence, in a simplified
view, transitions between a filled p-type orbital of the nega-
tively charged nitrogen atom of the [Htpda]� ligand and the
CO p* orbital of the dcpp ligand are dipole-allowed in hetero-
leptic complexes with [Htpda]�/[tpda]2� and dcpp ligands
(Figure 4).

We therefore studied the possible luminescence of
[Fe(dcpp)(Htpda)]+ and Fe(dcpp)(tpda) in butyronitrile at 77 K
with excitation wavelengths between 420 and 850 nm. Un-
fortunately, no luminescence could be detected up to
1200 nm. Clearly, the ligand field states 3MC and 5MC are too
low in energy (lower than the 3LL’CT states) because of the p-
donating character of [Htpda]� and [tpda]2�. This excited state
ordering enables efficient non-radiative deactivation.

Nevertheless, we suggest that the combination of large
ligand bite angles to increase the ligand field strength with
a strong push–pull situation to enable low-energy dipole-al-
lowed charge-transfer bands will pave the way for luminescent
iron(II) complexes in the future.

Conclusion

The combination of electron-rich and electron-poor tridentate
polypyridine ligands with large bite angles, R2tpda and dcpp,
induces a strong push–pull situation and a strong ligand field.
Substituents R at R2tpda larger than methyl lead to sterically
induced destabilization and give no significant electronic ef-
fects in the optical spectra of the iron(II) complexes. However,

sequential deprotonation of the blue complex
[Fe(dcpp)(H2tpda)]2+ yields the deep-green corresponding
bases [Fe(dcpp)(Htpda)]+ and Fe(dcpp)(tpda). These complexes
absorb strongly in the red-NIR region (600–1000 nm) owing to
low-energy dipole-allowed LL’CT transitions from the negative-
ly charged nitrogen atoms of the [Htpda]� and [tpda]2� ligands
to the carbonyl groups of the dcpp ligands. These LL’CT states
might be suitable for charge injection into semiconductors
and appropriately functionalized ligands for immobilization will
be employed in the future. Furthermore, the dipole-allowed
low-energy LL’CT transitions (instead of the commonly target-
ed MLCT transitions) might be a strategy for endowing lumi-
nescent properties (emission from 3LL’CT states) to iron(II) com-
plexes in strong ligand field environments. Attempts to design
appropriate chelate ligands for iron(II) towards achieving this
challenging goal are currently underway.

Experimental Section

General procedures

The ligands H2tpda,[24] Me2tpda,[11] and dcpp[14, 27] and the com-
plexes [Fe(Me2tpda)2][PF6]2

[12] and [Fe(dcpp)(Me2tpda)][PF6]2
[12] were

synthesized according to literature procedures. CH3CN was distilled
from CaH2. THF, petroleum ether (PE, b.p. = 40–60 8C), and diethyl
ether were distilled from sodium. All reagents were used as re-
ceived from commercial suppliers (Acros, ABCR, Apollo Scientific,
TCI, and Sigma–Aldrich). NMR spectra were recorded with a Bruker
Avance DRX 400 spectrometer at 400.31 MHz (1H) and 100.66 MHz
(13C{1H}). All resonances are reported in ppm versus the solvent
signal as an internal standard (CDCl3 : 1H, d= 7.28; 13C, d=
77.16 ppm; CD3CN: 1H, d= 1.96; 13C, d= 1.24 ppm; s = singlet, d =
doublet, t = triplet, m = multiplet, pt = pseudo-triplet, unresolved
doublet of doublets, br = broad). IR spectra were recorded with
a BioRad Excalibur FTS 3100 spectrometer as KBr or CsI disks. Elec-
trochemical experiments were carried out with a BioLogic SP-50
voltammetric analyzer by using platinum wires as counter and
working electrodes and 0.01 M Ag/AgNO3 as the reference elec-
trode. The measurements were carried out at a scan rate of
100 mV s�1 by using 0.1 m [nBu4N][PF6] as the supporting electro-
lyte in CH3CN. Potentials are referenced against the ferrocene/fer-
rocenium couple. UV/Vis/near-IR spectra were recorded with
a Varian Cary 5000 spectrometer by using 1.0 cm cells (Hellma, Su-
prasil). Emission spectra were recorded with a Varian Cary Eclipse
spectrometer. ESI+ mass spectra were recorded with a Micromass
Q-TOF-Ultima spectrometer. FD mass spectra were recorded with
a Thermo Fisher DFS mass spectrometer with a LIFDI upgrade
(Linden CMS GmbH, Germany). Elemental analyses were performed
by the microanalytical laboratory of the chemical institute of the
University of Mainz.

Crystal structure determinations

Intensity data were collected with a Bruker AXS Smart1000 CCD
diffractometer with an APEX II detector and an Oxford cooling
system or with a STOE IPDS-2T diffractometer and corrected for ab-
sorption and other effects by using MoKa radiation (l= 0.71073 �)
at 173(2) K. The diffraction frames were integrated by using the
SAINT package or the STOE X-RED package.[34] Most were corrected
for absorption with MULABS of the PLATON software package.[35]

The structures were solved by direct methods and refined by the
full-matrix method based on F2 by using the SHELXTL software
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package.[36, 37] All non-hydrogen atoms, except some disordered sol-
vent molecules, were refined anisotropically, whereas the positions
of all hydrogen atoms were generated with appropriate geometric
constraints and allowed to ride on their respective parent atoms
with fixed isotropic thermal parameters. CCDC 1526745 ([Fe(-
Hex2tpda)2][PF6]2) and 1526744 ([Fe(dcpp)(H2tpda)][PF6]2) contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by The Cambridge Crystallographic
Data Centre.

Density functional theory calculations

DFT calculations were carried out by using the ORCA program
package (version 3.0.2).[38] Tight convergence criteria were chosen
for all calculations (Keywords TightSCF and TightOpt). Optimiza-
tions of geometries were done with the B3LYP functional.[39] All cal-
culations employ the resolution of identity (Split-RI-J) approach for
the Coulomb term in combination with the chain-of-spheres ap-
proximation for the exchange term (COSX).[40] TD calculations were
performed by using the hybrid functional B3LYP as well.[39] In all
calculations, Ahlrichs’ split-valence triple-x basis set def2-TZVP,
which comprises polarization functions for all non-hydrogen
atoms, was employed.[41] Relativistic effects were calculated at the
zeroth order regular approximation (ZORA) level.[42] The ZORA key-
word automatically invokes relativistically adjusted basis sets.[41] To
account for solvent effects, a conductor-like screening model
(COSMO) modeling acetonitrile was used in all calculations.[43]

Grimme’s DFT dispersion correction with Becke–Johnson damping
(DFT-D3(BJ)) was applied.[44] The presence of energy minima was
checked by numerical frequency calculations. Explicit counter and/
or solvent molecules were not taken into account in all cases.

Synthesis of Pr2tpda

Under an argon atmosphere, 2,6-bis(2’-pyridylamino)pyridine
H2tpda (1.00 g, 3.82 mmol, 1.00 equiv) and sodium hydride (0.34 g,
14.1 mmol, 3.70 equiv) were dissolved in dry THF (60 mL) and
stirred for 1 h at 40 8C. The reaction mixture turned from yellow to
brown. n-Propyl iodide (0.89 mL, 1.56 g, 9.17 mmol, 2.40 equiv) was
added slowly and the solution was heated at reflux for 3 d. The so-
lution was cooled to room temperature and diluted with ethyl ace-
tate (100 mL). The organic phase was washed with water (3 �
100 mL) and brine (100 mL) and dried over MgSO4. The solvent
was removed under reduced pressure. The crude product (2.30 g)
was purified by column chromatography (petroleum ether/ethyl
acetate, 1:1, + 5 % NEt3) to give the product as a yellow oil. Yield:
0.91 g (2.62 mmol, 69 %). Rf = 0.78 (petroleum ether/ethyl acetate,
1:1, + 5 % NEt3) ; 1H NMR (CDCl3, 400 MHz): d= 8.38–8.30 (m, 2 H,
H5), 7.53–7.45 (pt, 2 H, H6), 7.31 (t, 1 H, 3JHH = 8.2 Hz, H1), 7.18 (d, 2 H,
3JHH = 8.2 Hz, H2), 6.83 (pt, 2 H, 3JHH = 7.3 Hz, H7), 6.59 (d, 2 H, 3JHH =

8.0 Hz, H8), 4.11 (t, 4 H, 3JHH = 7.5 Hz, H9), 1.73 (m, 4 H, 3JHH = 7.4 Hz,
H10), 0.91 ppm (t, 6 H, 3JHH = 7.4 Hz, H11); 13C NMR (CDCl3, 100 MHz):
d= 157.7 (C4), 156.1 (C3), 148.3 (C8), 138.0 (C1), 136.8 (C6), 116.8 (C7),
115.8 (C5), 105.5 (C2), 49.8 (C9), 21.6 (C10), 11.5 ppm (C11); MS (FD,
CH3CN): m/z (rel. int. [%]) = 347.5 (100), [M+] ; CV ([nBu4N][PF6]/
CH3CN): E1=2

=�1.52 (irrev.), �1.02 (irrev.), 0.27 (irrev.), 0.87 V (qrev.) ;
elemental analysis calcd for C21H25N5 (347.46): C 72.59, H 7.25, N
20.16; found: C 72.51, H 7.21, N 20.23.

Synthesis of Hex2tpda

Under an argon atmosphere, 2,6-bis(2’-pyridylamino)pyridine
H2tpda (1.00 g, 3.82 mmol, 1.00 equiv) and sodium hydride (0.34 g,
14.1 mmol, 3.70 equiv) were dissolved in dry THF (60 mL) and

stirred for 1 h at 40 8C. The reaction mixture turned from yellow to
brown. n-Hexyl iodide (1.34 mL, 1.91 g, 9.00 mmol, 2.40 equiv) was
added slowly and the solution was heated at reflux for 3 d. The so-
lution was cooled to room temperature and diluted with ethyl ace-
tate (100 mL). The organic phase was washed with water (3 �
100 mL) and brine (100 mL) and dried over MgSO4. The organic sol-
vent was removed under reduced pressure. The crude product
(1.20 g) was purified by column chromatography twice on SiO2 :
(1) petroleum ether/ethyl acetate, 1:1, + 5 % NEt3, (2) petroleum
ether/ethyl acetate, 15:1, + 10 % NEt3 to give the product as
a yellow oil. Yield: 0.63 g (1.45 mmol, 38 %). Rf = 0.83 (petroleum
ether/ethyl acetate, 1:1, + 5 % NEt3) ; Rf = 0.46 (petroleum ether/
ethyl acetate, 15:1, + 10 % NEt3); 1H NMR (CDCl3, 400 MHz): d= 8.34
(d, 2 H, 3JHH = 4.6 Hz, H5), 7.48 (pt, 2 H, 3JHH = 7.7 Hz, H6), 7.31 (t, 1 H,
3JHH = 8.2 Hz, H1), 7.19 (d, 2 H, 3JHH = 8.2 Hz, H2), 6.82 (pt, 2 H, 3JHH =
6.1 Hz, H7), 6.60 (d, 2 H, 3JHH = 7.9 Hz, H8), 4.15 (t, 4 H, J =&& Hz,
H9), 1.79–1.64 (m, 4 H, H10), 1.35–1.25 (m, 12 H, H11, H12, H13), 0.89–
0.82 ppm (m, 6 H, H14) ; 13C NMR (CDCl3, 100 MHz): d= 157.7 (C4),
156.1 (C3), 148.3 (C8), 138.1 (C1), 136.8 (C6), 116.8 (C7), 115.8 (C5),
105.6 (C2), 48.3 (C9), 31.8 (C10), 28.5 (C11), 26.9 (C12), 22.7 (C13),
14.1 ppm (C14); MS (FD, CH3CN): m/z (rel. int. [%]) = 431.1 (100), [M+

] ; CV ([nBu4N][PF6]/CH3CN): E1=2
=�1.64 (irrev.), �1.16 (irrev.), 0.16

(irrev.), 0.76 V (qrev.) ; elemental analysis calcd for
C27H37N5·0.25 CH3CN (431.62): C 74.75, H 8.61, N 16.64; found: C
74.51, H 8.46, N 16.65. For better handling, the oil was dissolved in
CH3CN and transferred into another flask. The solvent was removed
under reduced pressure and the elemental analysis was measured.

Synthesis of [Fe(H2tpda)2][BF4]2

H2tpda (300 mg, 1.14 mmol, 2.20 equiv) was dissolved in acetoni-
trile (20 mL) and Fe[BF4]2·6 H2O (180 mg, 0.53 mmol, 1.00 equiv),
dissolved in acetonitrile (10 mL), was added to the solution. The re-
action mixture immediately turned from yellow to red-brown. After
1 d, the crude product was precipitated by addition of Et2O
(100 mL). The precipitate was filtered off, washed with Et2O
(200 mL), and dried under reduced pressure to give a brown
powder. Yield 280 mg (0.37 mmol, 70 %). 1H NMR (CD3CN,
400 MHz): d= 9.40 (br.s, 4 H, H9), 7.77 (br.s, 4 H), 7.66 (t, 2 H, 3JHH =
7.9 Hz, H1), 7.50 (pt, 4 H, 3JHH = 7.6 Hz), 7.33 (d, 4 H, 3JHH = 8.3 Hz),
7.27 (br.d, 4 H, 3JHH = 8.3 Hz), 7.12 ppm (d, 4 H, 3JHH = 7.9 Hz, H2) ;
13C NMR (CD3CN, 100 MHz): d= 160.8 (C4), 153.8 (C3), 151.3 (C1),
140.6, 140.1, 121.9, 115.9 (C5, C6, C7, C8), 113.5 ppm (C2) ; MS (ESI+ ,
CH3CN): m/z (rel. int. [%]) = 187.14 (12), [C10H11N4]+ , 264.19 (100),
[C15H14N5]+ , 291.12 (7), [C30H26FeN10]2+ , 318.05 (27), [C15H12FeN5]+ ,
338.09 (22), [C15H13FFeN5]+ , 581.24 (12), [C30H25FeN10]+ ; HR-MS (ESI+

, CH3CN): calcd for [C30H26FeN10]2 + : 291.0840; found: 291.0833; UV/
Vis (CH3CN): lmax (e) = 430 (3060), 375 (6170), 330 (32 920), 277
(34 360), 260 (31 000), 240 nm (26 500 m

�1 cm�1) ; IR (CsI): ṽ = 3355
(m, NH), 1655 (w), 1635 (vs.), 1630 (vs.), 1580 (vs.), 1540 (m), 1525
(m), 1510 (m), 1495 (s), 1480 (vs.), 1450 (vs.), 1340 (w) 1220 (w),
1180 (w), 1170 (m), 1060 (vs. , BF), 875 (w), 805 (m), 775 (s), 770 (s),
755 (s), 525 cm�1 (w); CV ([nBu4N][PF6]/CH3CN): E1=2

=�2.52 (irrev.),
0.17 V (rev.) ; elemental analysis calcd for C30H26B2F8FeN10 (756.18): C
47.66, H 3.47, N 18.53; found: C 47.79, H 3.42, N 18.42.

Synthesis of [Fe(Pr2tpda)2][BF4]2

Pr2tpda (200 mg, 0.58 mmol, 2.00 equiv) was dissolved in acetoni-
trile (10 mL) and Fe[BF4]2·6 H2O (93 mg, 0.28 mmol, 1.00 equiv), dis-
solved in acetonitrile (10 mL), was added to the solution. The reac-
tion mixture immediately turned from yellow to red-brown. After
4 h, the crude product was precipitated by addition of Et2O
(200 mL). The precipitate was filtered off, washed with Et2O
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(150 mL), and dried under reduced pressure to give 190 mg of the
crude product. Under an argon atmosphere, the solid was dis-
solved in dry acetonitrile and was stirred with molecular sieve for
3 d. The product was precipitated with dry Et2O (200 mL), filtered
off, and dried under reduced pressure to give a brown-yellow
powder. Yield: 110 mg (0.12 mmol, 43 %). Rf = 0.51 (ethyl acetate);
1H NMR (CD3CN, 400 MHz): d= 8.02 (t, 2 H, 3JHH = 7.9 Hz, H1), 7.77
(pt, 4 H, 3JHH = 7.1 Hz, H6), 7.26 (d, 4 H, 3JHH = 8.3 Hz, H5), 7.22 (d, 4 H,
3JHH = 7.9 Hz, H2), 6.98–6.86 (br.d, 4 H, J =&& Hz, H8), 6.73 (pt, 4 H,
3JHH = 5.8 Hz, H7), 3.73 (m, 4 H, H9a), 3.41 (m, 4 H, H9b), 0.87 (m, 4 H,
H10b), 0.79 (m, 6 H, H11), 0.31 ppm (m, 4 H, H10a) ; 13C NMR (CD3CN,
100 MHz): d= 160.6 (C4), 159.9 (C3), 154.4 (C8), 140.4 (C1), 138.8 (C6),
121.2 (C7), 115.8 (C5), 111.9 (C2), 52.7 (C9), 19.7 (C10), 10.2 ppm (C11) ;
MS (ESI+ , CH3CN): m/z (rel. int. [%]) = 348.19 (67), [C21H26N5]+ ,
375.12 (100), [C42H50FeN10]2 + , 390.23 (72), 422.11 (33),
[C21H25FFeN5]+ ; HR-MS (ESI+ , CH3CN): calcd for [C42H50FeN10]2 + :
375.1779; found: 375.1776; UV/Vis (CH3CN): lmax (e) = 201 (20 800),
244 (14 644), 292 (17 450), 392 (4515), 414 (4180), 530 nm
(200 m

�1 cm�1) ; IR (CsI): ṽ = 2970 (w), 2935 (vw), 2875 (w), 1600 (s),
1580 (s), 1490 (s), 1445 (vs.), 1460 (m), 1345 (m), 1290 (m), 1245
(m), 1230 (m), 1140 (s), 1095 (vs. , BF), 1060 (vs. , BF), 810 (s), 785
(m), 755 (s), 520 cm�1 (w); CV ([nBu4N][PF6]/CH3CN): E1=2

=�2.26
(irrev.), 0.46 V (rev.) ; elemental analysis calcd for
C42H50F8FeN10B2·3.5 H2O (924.36): C 51.09, H 5.82, N 14.19; found: C
51.13, H 5.65, N 14.02.

Synthesis of [Fe(Hex2tpda)2][PF6]2

Hex2tpda (200 mg, 0.46 mol, 2.00 equiv) was dissolved in acetoni-
trile (10 mL) and Fe[BF4]2·6 H2O (78.0 mg, 0.23 mmol, 1.00 equiv),
dissolved in acetonitrile (10 mL), was added to the solution. The re-
action mixture immediately turned from yellow to red-brown. After
2 d, the crude product was precipitated by addition of Et2O
(200 mL). The precipitate was filtered off and washed with Et2O
(200 mL). The crude product was dissolved in acetonitrile (10 mL).
Addition of a saturated aqueous solution of [NH4][PF6] (20 mL)
gave a brownish oily precipitate. The precipitate was filtered off
and dried under reduced pressure. Recrystallization from ethanol
(20 mL) gave brown crystals. Yield: 110 mg (0.12 mmol, 52 %). Rf =
0.60 (ethyl acetate); 1H NMR (CD3CN, 400 MHz): d= 8.01 (t, 2 H,
3JHH = 8.1 Hz, H1), 7.77 (pt, 4 H, 3JHH = 7.6 Hz, H6), 7.30 (d, 4 H, 3JHH =
8.4 Hz, H5), 7.25 (d, 4 H, 3JHH = 8.1 Hz, H2), 6.99 (d, 4 H, 3JHH = 5.2 Hz,
H8), 6.74 (pt, 4 H, 3JHH = 6.3 Hz, H7), 3.80 (m, 4 H, H9a), 3.42 (m, 4 H,
H9b), 1.37–1.07 (m, 13 H, H10b, H13, H14), 0.90 (t, 8 H, 3JHH = 7.0 Hz, H11,
H12), 0.23 ppm (m, 4 H, H10a) ; 13C NMR (CD3CN, 100 MHz): d= 160.5
(C4), 160.0 (C3), 154.5 (C8), 140.5 (C1), 138.9 (C6), 121.2 (C7), 116.0
(C5), 111.9 (C2), 51.3 (C9), 31.0 (C13), 26.4 (C10), 26.0 (C11), 22.2 (C12),
13.2 ppm (C14) ; MS (ESI+ , CH3CN): m/z (rel. int. [%]) = 432.21 (28),
[C27H38N5]+ , 459.72 (82), [C54H74FeN10]2 + , 506.22 (100),
[C27H37FFeN5]+ , 937.51 (92), [C54H74FFeN10]+ , 1063.51 (16),
[C54H74F6FeN10P]+ , 1668.21 (10), [C162H222F24Fe3N30P4]2 + , 2272.96 (12),
[C108H148F18Fe2N20P3]+ ; HR-MS (ESI+ , CH3CN): calcd for
[C54H74F6FeN10P]+ : 1063.5089; found: 1063.5093; UV/Vis (CH3CN):
lmax (e) = 208 (9945), 245 (10 080), 295 (12 540), 392 (4550), 417
(4150), 530 nm (255 m

�1 cm�1) ; CV ([nBu4N][PF6]/CH3CN): E1=2
=�2.12

(irrev.), 0.46 V (rev.) ; IR (KBr): ṽ = 2955 (m), 2930 (m), 2870 (m), 2860
(m), 1640 (w), 1600 (vs.), 1580 (s), 1570 (s), 1485 (vs.), 1445 (vs.),
1360 (m), 1340 (m), 1290 (m), 1230 (m), 1160 (m), 1140 (w), 1100
(w), 875 (s), 845 (vs. , PF), 805 (s), 780 (m), 755 (m), 560 cm�1 (vs. ,
PF2,def) ; elemental analysis calcd for C54H74F12FeN10P2·2 H2O
(1208.47): C 52.09, H 6.31, N 11.25; found: C 52.36, H 6.17, N 11.17.

Synthesis of [Fe(dcpp)(H2tpda)][PF6]2

A solution of dcpp (200 mg, 0.69 mmol, 1.00 equiv) and H2tpda
(182 mg, 0.69 mmol, 1.00 equiv) in acetonitrile (20 mL) was added
to a solution of FeBr2 (136 mg, 0.63 mmol, 0.90 equiv) in acetoni-
trile (10 mL). The mixture turned black immediately. The solution
was stirred at room temperature for 24 h. The mixture was diluted
with Et2O (100 mL) and a blue solid precipitated. The precipitate
was filtered off, washed with Et2O (100 mL), and dissolved in water
(50 mL). The product was precipitated by addition of a saturated
aqueous [NH4][PF6] solution (20 mL). The dark-blue precipitate was
filtered off and washed with water (200 mL). The blue product was
collected by filtration and dried under reduced pressure to give
a blue powder. Yield: 195 mg (2.17 mmol, 31 %). Rf = 0.68 (KNO3(aq)/
CH3CN, 4:1) ; 1H NMR (CD3CN, 400 MHz): d= 8.56 (s, 2 H, H18), 8.48 (t,
1 H, 3JHH = 7.8 Hz, H1), 8.34 (d, 2 H, 3JHH = 7.8 Hz, H2), 8.17 (d, 4 H,
3JHH = 4.2 Hz, H6, H7), 7.99 (m, 3 H, H9, H17), 7.68 (pt, 2 H, 3JHH =
7.8 Hz, H12), 7.26 (dd, 2 H, 3JHH = 9.6, 4.7 Hz, H8), 7.03 (d, 2 H, 3JHH =
7.8 Hz, H13), 6.81 (d, 2 H, 3JHH = 8.3 Hz, H16), 6.61 (pt, 2 H, 3JHH =
7.8 Hz, H11), 6.35 ppm (d, 2 H, 3JHH = 5.8 Hz, H10) ; 13C NMR (CD3CN,
100 MHz): d= 180.0 (C4), 161.3 (C3), 159.8 (C14), 159.2 (C5), 158.3
(C7), 155.0 (C15), 153.5 (C13), 141.2 (C17), 140.4 (C12), 139.4 (C9), 139.0
(C1), 130.7 (C2), 127.4 (C6), 126.6 (C8), 120.3 (C10), 112.6 (C11),
110.0 ppm (C16) ; UV/Vis (CH3CN): lmax (e) = 330 (16 290), 372 (7525),
592 nm (4195 m

�1 cm�1) ; IR (KBr): ṽ = 3380 (m, NH), 1681 (vs. , CO),
1625 (s), 1575 (s), 1490 (s), 1475 (s), 1450 (vs.), 1400 (m), 845 (vs. ,
PF), 780 (m), 755 (s), 555 cm�1 (vs. , PF2,def) ; CV ([nBu4N][PF6]/CH3CN):
E1=2

=�2.14 (irrev.), �1.91 (irrev.), �1.21 (irrev.), 0.84 V (rev.) ; MS
(ESI+ , CH3CN): m/z (rel. int. [%]) = 264.23 (18), [C15H14N5]+ , 290.10
(54), [C17H12N3O2]+ , 304.05 (22), [C32H24FeN8O2]2 + , 318.04 (4),
[C15H12FeN5]+ , 338.07 (31), [C15H13FFeN5]+ , 607.09 (100),
[C32H23FeN8O2]+ , 627.62 (29), [C32H24FFeN8O2]+ , 1203.07 (54),
[C96H72F24Fe3N24O6P4]2+ , 1652.42 (41), [C64H48F18Fe2N16O4P3]+ ,
2102.29 (9), [C160H120F48Fe5N40O10P8]2 + , 2552.15 (12),
[C96H72F30Fe3N24O6P5]+ ; HR-MS (ESI+ , CH3CN): calcd for
[C32H23FeN8O2]+ : 607.1288; found: 607.1313; elemental analysis
calcd for C32H24F12FeN8O2P2·3 H2O (898.07): C 40.36, H 3.17, N 11.77;
found: C 40.04, H 2.68, N 11.47.

Deprotonation of [Fe(dcpp)(H2tpda)][PF6]2

Under an argon atmosphere, [Fe(dcpp)(H2tpda)][PF6]2 (20.0 mg,
22.3 mmol, 1.00 equiv) was dissolved in dry acetonitrile (5 mL) and
stirred with molecular sieves for 1 h. The molecular sieves were fil-
tered off, P1-tBu (12.6 mL, 11.5 mg, 4.91 mmol, 2.20 equiv) was
added and the color turned from blue to dark green. 1H NMR
(CD3CN, 400 MHz): d= 8.30–8.20 (m, 5 H, H1, H2, H9), 8.08 (d, 2 H,
3JHH = 7.8 Hz, H6), 7.95 (t, 2 H, 3JHH = 7.5 Hz, H7), 7.40 (t, 1 H, 3JHH =
7.7 Hz, H17), 7.04 (t, 2 H, 3JHH = 6.5 Hz, H8), 6.77 (t, 2 H, 3JHH = 7.1 Hz,
H12), 6.36 (d, 2 H, 3JHH = 7.7 Hz, H16), 5.79 (d, 2 H, 3JHH = 8.6 Hz, H13),
5.54 (t, 2 H, 3JHH = 6.3 Hz, H11), 5.13 ppm (d, 2 H, 3JHH = 6.0 Hz, H10);
13C NMR (CD3CN, 100 MHz): d= 177.6 (C4), 163.8 (C3), 163.1 (C14),
160.1 (C5), 158.0 (C15), 157.4 (C7), 151.2 (C13), 137.0 (C1), 136.4 (C17),
134.2 (C9), 133.9 (C12), 129.9 (C2), 126.3 (C8), 123.3 (C6), 117.1 (C10),
110.6 (C11), 110.3 ppm (C16) ; UV/Vis (CH3CN): lmax (e) = 210 (2500),
260 (22 800), 280 (23 850), 335 (18 700), 360 (15 170), 470 (7200),
680 (3875), 830 nm (2500 m

�1 cm�1).

Synthesis of [Fe(dcpp)(Pr2tpda)][PF6]2

A solution of dcpp (167 mg, 0.58 mmol, 1.00 equiv) and Pr2tpda
(200 mg, 0.58 mmol, 1.00 equiv) in acetonitrile (10 mL) was added
to a solution of Fe[BF4]2·6 H2O (195 mg, 0.58 mmol, 1.00 equiv) in
acetonitrile (10 mL). The mixture turned dark blue. After 24 h, the
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reaction mixture was diluted with dry Et2O (100 mL) and the pre-
cipitate was filtered off and washed with dry Et2O (100 mL). The
dark-blue solid was dissolved in water (20 mL) and precipitated by
addition of a saturated aqueous [NH4][PF6] solution (20 mL). The
dark-blue precipitate was filtered off and washed with water
(200 mL). The blue solid was collected, dried under reduced pres-
sure, and dissolved in dry acetonitrile (10 mL). The mixture was
stirred under an argon atmosphere with molecular sieves for 3 d.
The complex salt was precipitated by addition of dry Et2O
(200 mL). The precipitate was filtered off and dried under reduced
pressure to give a blue powder. Yield: 80 mg (0.08 mmol, 14 %).
Rf = 0.46 (KNO3(aq)/CH3CN, 4:1) ; 1H NMR (CD3CN, 400 MHz): d= 8.48
(t, 1 H, 3JHH = 7.8 Hz, H1), 8.29 (d, 2 H, 3JHH = 7.8 Hz, H2), 8.18 (t, 1 H,
3JHH = 8.2 Hz, H17), 8.11–8.04 (m, 4 H, H6, H9), 7.84 (pt, 2 H, 3JHH =
7.4 Hz, H12), 7.51 (m, 2 H, H7), 7.33 (d, 2 H, 3JHH = 8.2 Hz, H16), 7.21
(pt, 2 H, 3JHH = 6.4 Hz, H8), 7.13 (d, 2 H, 3JHH = 8.2 Hz, H13), 6.71 (pt,
2 H, 3JHH = 6.4 Hz, H11), 6.49 (br.d, 2 H, 3JHH = 5.4 Hz, H10), 3.55–3.45
(m, 2 H, H18a), 3.35–3.25 (m, 2 H, H18b), 1.15–1.05 (m, 2 H, H19b), 0.84
(t, 3 H, 3JHH = 7.0 Hz, H20), 0.75–0.65 ppm (m, 2 H, H19a) ; 13C NMR
(CD3CN, 100 MHz): d= 181.3 (C4), 161.1 (C3), 160.3 (C14), 158.3 (C5),
157.7 (C15), 157.2 (C10), 156.4 (C9), 141.3 (C17), 140.5 (C12), 139.4 (C7),
139.3 (C1), 130.4 (C2), 127.8 (C6), 127.6 (C8), 121.0 (C11), 114.8 (C13),
113.1 (C16), 53.2 (C18), 19.8 (C19), 10.3 ppm (C20) ; MS (ESI+ , CH3CN):
m/z (rel. int. [%]) = 90.09 (3), [C17H12N3O2]+ , 317.04 (3),
[C34H26FeN8O2]2+ , 346.11 (58), [C38H36FeN8O2]2 + , 348.21 (100),
[C21H26N5]+ , 422.14 (34), [C21H25FFeN5]+ , 448.14 (15); HR-MS (ESI+ ,
CH3CN): calcd for [C38H36FeN8O2]2 + : 346.1150; found: 346.1153; UV/
Vis (CH3CN): lmax (e) = 325 (18 475), 372 (8840), 510 (2700), 590 nm
(4150 m

�1 cm�1) ; IR (CsI): ṽ = 2965 (w), 2930 (w), 1685 (s, CO), 1600
(m), 1580 (m), 1490 (m), 1440 (s), 1340 (m), 1330 (m), 1310 (m),
1290 (m), 1245 (m), 1225 (m), 985 (m), 840 (vs. , PF), 805 (m), 780
(m), 760 (s), 670 (m), 555 cm�1 (vs. , PF2,def) ; CV ([nBu4N][PF6]/
CH3CN): E1=2

=�2.29 (irrev.), �1.98 (irrev.), �1.25 (irrev.), �0.97
(irrev.), 0.47 (irrev.), 0.84 V (rev.) ; elemental analysis calcd for
C38H36F12FeN8O2P2·1.5 H2O (982.16): C 45.21, H 3.89, N 11.17; found.
C 45.18, H 3.55, N 11.27.

Synthesis of [Fe(dcpp)(Hex2tpda)][BF4]2

Under an argon atmosphere, Fe[BF4]2·6 H2O (155 mg, 0.46 mmol,
1.00 equiv) was dissolved in dry acetonitrile (10 mL) and stirred
with molecular sieves for 3 h. Hex2tpda (200 mg, 0.46 mmol,
1.00 equiv) and dcpp (134 mg, 0.46 mmol, 1.0 equiv) were dis-
solved in dry acetonitrile (10 mL) and added to the solution. After
stirring for 24 h, the molar sieves were filtered off. The reaction
mixture was diluted with dry Et2O (400 mL) and the precipitate
was filtered off, washed with dry Et2O (100 mL), and dried under
reduced pressure to give a blue powder. Yield: 83 mg (0.08 mmol,
17 %). 1H NMR (CD3CN, 400 MHz): d= 8.48 (t, 1 H, 3JHH = 7.8 Hz, H1),
8.29 (d, 2 H, 3JHH = 7.8 Hz, H2), 8.18 (t, 1 H, 3JHH = 8.2 Hz, H17), 8.11–
8.04 (m, 4 H, H6, H9), 7.84 (pt, 2 H, 3JHH = 7.4 Hz, H12), 7.51 (d, 2 H,
3JHH = 5.4 Hz, H7), 7.33 (d, 2 H, 3JHH = 8.2 Hz, H16), 7.21 (pt, 2 H, 3JHH =
6.4 Hz, H8), 7.13 (d, 2 H, 3JHH = 8.2 Hz, H13), 6.71 (pt, 2 H, 3JHH = 6.4 Hz,
H11), 6.49 (d, 2 H, 3JHH = 5.4 Hz, H10), 3.60–3.50 (m, 2 H, H18a), 3.38–
3.28 (m, 2 H, H18b), 1.37–1.09 (m, 12 H, H20, H21, H22), 1.09–0.98 (m,
2 H, H19b), 0.97–0.87 (m, 6 H, H23), 0.65–0.51 ppm (m, 2 H, H19a) ;
13C NMR (CD3CN, 100 MHz): d= 181.4 (C4), 161.1 (C3), 160.3 (C14),
158.4 (C5), 157.7 (C15), 157.2 (C10), 156.4 (C9), 141.3 (C17), 140.5 (C12),
139.5 (C1), 139.4 (C7), 130.4 (C2), 127.8 (C6), 127.6 (C8), 121.0 (C11),
115.0 (C13), 113.2 (C16), 51.7 (C18), 30.9 (C22), 26.4 (C19), 26.2 (C20), 22.2
(C21), 13.3 ppm (C23) ; MS (ESI+ , CH3CN): m/z (rel. int. [%]) = 290.09
(8), [C17H12N3O2]+ , 388.13 (46), [C44H48FeN8O2]2 + , 432.28 (100),
[C27H38N5]+ , 506.22 (15), [C27H37FFeN5]+ , 795.32 (2),
[C44H48FFeN8O2]+ ; HR-MS (ESI+ , CH3CN): calcd for [C44H48FeN8O2]2+ :

388.1619; found: 388.1521; UV/Vis (CH3CN): lmax (e) = 330 (16 290),
372 (7525), 510 (2660), 592 nm (4195 m

�1 cm�1) ; IR (CsI): ṽ = 2960
(w), 2930 (w), 2860 (w), 1720 (m), 1700 (m), 1685 (m, CO), 1655 (m),
1640 (m), 1600 (m), 1580 (m), 1560 (m), 1540 (m), 1520 (m), 1510
(m), 1490 (s), 1480 (m), 1460 (s), 1440 (s), 1290 (m), 1260 (s), 1095
(vs. , BF), 1060 (vs. , BF), 870 (m), 800 (vs.), 760 (m), 705 (w), 670 (w),
522 cm�1 (w); CV ([nBu4N][PF6]/CH3CN): E1=2

=�2.72 (irrev.), �2.26
(irrev.), �1.18 (irrev.), 0.47 (irrev.), 0.84 V (rev.) ; elemental analysis
calcd for C44H48B2F8FeN8O2·H2O (950.33): C 54.57, H 5.20, N 11.57;
found: C 54.33, H 5.15, N 11.75.
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H. T. Lemke, H. W. Liang, D. A. Meyer, M. M. Nielsen, C. Purser, J. S. Rob-
inson, E. I. Solomon, Z. Sun, D. Sokaras, T. B. van Driel, G. Vank�, T.-C.
Weng, D. Zhu, K. J. Gaffney, Nature 2014, 509, 345 – 348.

[8] L. L. Jamula, A. M. Brown, D. Guo, J. K. McCusker, Inorg. Chem. 2014, 53,
15 – 17.

[9] a) J. B. Asbury, R. J. Ellingson, H. N. Ghosh, S. Ferrere, A. J. Nozik, T. Q.
Lian, J. Phys. Chem. B 1999, 103, 3110 – 3119; b) G. Ramakrishna, D. A.
Jose, D. K. Kumar, A. Das, D. K. Palit, H. N. Ghosh, J. Phys. Chem. B 2005,
109, 15445 – 15453; c) G. Benkç, J. Kallioinen, J. E. I. Korppi-Tommola,
A. P. Yartsev, V. Sundstrçm, J. Am. Chem. Soc. 2002, 124, 489 – 493; d) D.
Kuang, S. Ito, B. Wenger, C. Klein, J.-E. Moser, R. Humphry-Baker, S. M.
Zakeeruddin, M. Gr�tzel, J. Am. Chem. Soc. 2006, 128, 4146 – 4154.

[10] a) L. Liu, T. Duchanois, T. Etienne, A. Monari, M. Beley, X. Assfeld, S.
Haacke, P. C. Gros, Phys. Chem. Chem. Phys. 2016, 18, 12550 – 12556;
b) Y. Liu, T. Harlang, S. E. Canton, P. Ch	bera, K. Su	rez-Alc	ntara, A.
Fleckhaus, D. A. Vithanage, E. Gçransson, A. Corani, R. Lomoth, V. Sund-
strçm, K. W�rnmark, Chem. Commun. 2013, 49, 6412 – 6414; c) Y. Liu,
K. S. Kjar, L. A. Fredin, P. Ch	bera, T. Harlang, S. E. Canton, S. Lidin, J.
Zhang, R. Lomoth, K.-E. Bergquist, P. Persson, K. W�rnmark, V. Sund-
strçm, Chem. Eur. J. 2015, 21, 3628 – 3639; d) L. A. Fredin, M. P	pai, E.
Rozs	lyi, G. Vank�, K. W�rnmark, V. Sundstrçm, P. Persson, J. Phys. Chem.
Lett. 2014, 5, 2066 – 2071.

[11] A. Breivogel, C. Fçrster, K. Heinze, Inorg. Chem. 2010, 49, 7052 – 7056.
[12] A. K. C. Mengel, C. Fçrster, A. Breivogel, K. Mack, J. R. Ochsmann, F.

Laquai, V. Ksenofontov, K. Heinze, Chem. Eur. J. 2015, 21, 704 – 714.
[13] a) T. C. B. Harlang, Y. Liu, O. Gordivska, L. A. Fredin, C. S. Ponseca, Jr. , P.

Huang, P. Ch	bera, K. S. Kjaer, H. Mateos, J. Uhlig, R. Lomoth, R. Wallen-
berg, S. Styring, P. Persson, V. Sundstrçm, K. W�rnmark, Nat. Chem.
2015, 7, 883 – 889; b) T. Duchanois, T. Etienne, C. Cebri	n, L. Liu, A.
Monari, M. Beley, X. Assfeld, S. Haacke, P. C. Gros, Eur. J. Inorg. Chem.
2015, 2469 – 2477; c) P. Zimmer, P. M�ller, L. Burkhardt, R. Schepper, A.
Neuba, J. Steube, F. Dietrich, U. Flçrke, S. Mangold, M. Gerhards, M.
Bauer, Eur. J. Inorg. Chem. 2017, 1504 – 1509.

[14] F. Schramm, V. Meded, H. Fliegl, K. Fink, O. Fuhr, Z. Qu, W. Klopper, S.
Finn, T. E. Keyes, M. Ruben, Inorg. Chem. 2009, 48, 5677 – 5684.

[15] a) M. Abrahamsson, M. J�ger, T. �sterman, L. Eriksson, P. Persson, H.-C.
Becker, O. Johansson, L. Hammarstrçm, J. Am. Chem. Soc. 2006, 128,
12616 – 12617; b) G. A. Parada, L. A. Fredin, M.-P. Santoni, M. J�ger, R.
Lomoth, L. Hammarstrçm, O. Johansson, P. Persson, S. Ott, Inorg. Chem.
2013, 52, 5128 – 5137; c) M. Abrahamsson, M. J�ger, R. J. Kumar, T. �ster-
man, P. Persson, H.-C. Becker, O. Johansson, L. Hammarstrçm, J. Am.
Chem. Soc. 2008, 130, 15533 – 15542.

[16] a) A. Breivogel, M. Meister, C. Fçrster, F. Laquai, K. Heinze, Chem. Eur. J.
2013, 19, 13745 – 13760; b) A. Breivogel, S. Wooh, J. Dietrich, T. Y. Kim,
Y. S. Kang, K. Char, K. Heinze, Eur. J. Inorg. Chem. 2014, 2720 – 2734.

[17] S. Otto, M. Grabolle, C. Fçrster, C. Kreitner, U. Resch-Genger, K. Heinze,
Angew. Chem. Int. Ed. 2015, 54, 11572 – 11576; Angew. Chem. 2015, 127,
11735 – 11739.

[18] a) S. Ferrere, B. A. Gregg, J. Am. Chem. Soc. 1998, 120, 843 – 844; b) S.
Ferrere, Chem. Mater. 2000, 12, 1083 – 1089.

[19] M. Yang, D. W. Thompson, G. J. Meyer, Inorg. Chem. 2000, 39, 3738 –
3739.

[20] a) D. Bowman, J. H. Blew, T. Tsuchiya, E. Jakubikova, Inorg. Chem. 2013,
52, 8621 – 8628; b) E. Jakubikova, D. N. Bowman, Acc. Chem. Res. 2015,
48, 1441 – 1449.

[21] W. Zhang, K. S. Kjær, R. Alonso-Mori, U. Bergmann, M. Chollet, L. A.
Fredin, R. G. Hadt, R. W. Hartsock, T. Harlang, T. Kroll, K. Kubiček, H. T.
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A Bis(tridentate)cobalt Polypyridine Complex as Mediator
in Dye-Sensitized Solar Cells

Andreas K. C. Mengel,[a] Woohyung Cho,[b] Aaron Breivogel,[a]

Kookheon Char,[c] Yong Soo Kang,[b] and Katja Heinze*[a]

Keywords: Solar cells / Dyes / Sensitizers / Electron transfer / Redox mediators / Cobalt / Ruthenium

Dye-sensitized solar cells equipped with cationic and neutral
RuII-based sensitizers [Ru(ddpd){tpy(COOH)3}]2+ [12+; ddpd
= N,N�-dimethyl-N,N�-di(pyridin-2-yl)pyridin-2,6-diamine,
tpy(COOH)3 = 2,2��6�,2��-terpyridine-4,4�,4��-tricarboxylic
acid] and [Ru(ddpd){tpy(COOH)(COO)2}] (2) with and with-
out the coadsorbent chenodeoxycholic acid were constructed
with I3

–/I– or the CoIII/II-based redox mediators [Co-
(bpy)3]3+/2+ (33+/2+; bpy = 2,2�-bipyridine) and [Co-
(ddpd)2]3+/2+ (43+/2+) in the presence of LiClO4 and 4-tert-but-
ylpyridine. The best photovoltaic performance was achieved

Introduction

Since Grätzel and O’Regan presented the first dye-sensi-
tized solar cell (DSSC) in 1991, enormous efforts to im-
prove photovoltaic efficiencies have been made worldwide.[1]

From the variety of sensitizers based on inorganic and or-
ganic dyes, ruthenium(II) complexes provide stable and ef-
ficient solar cells.[2–6] One of the best-performing sensitizers
in this class of dyes is the bis(tetra-n-butylammonio)[cis-
di(isothiocyanato)bis(2,2�-bipyridyl-4,4�-dicarboxylato)]-
ruthenium(II) complex known as N719. This dye features a
broad absorption profile in the visible spectral region and
delivers high efficiencies of up to η = 11%.[7,8] However,
monodentate or bidentate ligands, such as the SCN– and
2,2�-bipyridine (bpy) ligands present in N719, have signifi-
cant disadvantages with respect to the long-term stability
of the cell owing to thermal or photoinduced isomerization
or ligand exchange reactions. This lability reduces photo-
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by using the 43+/2+ shuttle and the neutral sensitizer 2 with-
out coadsorbent. The higher short-circuit photocurrent den-
sity and higher electron recombination lifetimes obtained
with this combination suggest slow electron recombination
kinetics at the TiO2 surface with the CoIII complex 43+. The
slow electron transfer to 43+ is tentatively ascribed to the
high-lying π* orbitals of the electron-rich ddpd ligands,
which result in a weak electronic coupling. This contrasts
with the faster recombination with 33+, which features the
low-energy π* orbitals of the bpy ligands.

voltaic efficiencies.[9–16] To address this problem, we investi-
gated a series of new bis(tridentate) heteroleptic ruth-
enium(II) complexes with N,N�-dimethyl-N,N�-di(pyridin-2-
yl)pyridin-2,6-diamine (ddpd) as an electron-donating li-
gand and 2,2��6�,2��-terpyridine-4,4�,4��-tricarboxylic acid
[tpy(COOH)3] as an electron-withdrawing ligand (Figure 1a
for 12+ as an example).[17,18] These dyes combine suitable
optical properties with stability towards ligand dissoci-
ation.[19] Their photovoltaic performance was evaluated by
using a standard DSSC setup with a triiodide/iodide (I3

–/
I–) redox shuttle.[19]

Although these stable complexes absorb similarly to
N719 in the visible spectral region, their cell performance
was rather poor.[19] Indeed, efficient electron recombination
with the oxidized electrolyte (I3

–) at the TiO2 electrode was
assumed to be responsible for the low efficiency. The posi-
tive charge of 12+ is assumed to attract the negatively
charged I3

– ions near to the TiO2 surface and, thus, favors
back electron transfer (back-ET) from TiO2 to I3

–.[20,21]

Studies on the N719 sensitizer with different stages of pro-
tonation demonstrated the influence of the charge of the
sensitizer on the optical properties as well as on the photo-
voltaic performance.[22]

In this study, we attempt to reduce the detrimental back-
ET from TiO2 to the oxidized mediator (1) by decreasing
the charge of the sensitizers from +2 to zero through depro-
tonation (Figure 1, a), (2) by the addition of LiClO4 and 4-
tert-butylpyridine (TBP) to modify the TiO2 surface and
the TiO2 acceptor states, (3) by coadsorption of chenode-
oxycholic acid (CDCA, Figure 1, b) to protect the TiO2
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Figure 1. (a) Sensitizer 1(PF6)2 and (nBu4N)22(PF6)2 (atom num-
bering for NMR assignments), (b) coadsorbent CDCA, (c) tris(bi-
pyridine) complexes 32+ and 33+, and (d) bis(ddpd) complexes 42+

and 43+.

surface from the oxidized redox mediator,[23] and (4) by
changing the redox mediator[24–35] from the negatively
charged I3

–/I– to the positively charged CoIII/II couple.
Specifically, the [Co(bpy)3]3+/2+ (33+/32+, Figure 1, c)
[21,25–29,35] and the new [Co(ddpd)2]3+/2+ (43+/42+, Figure 1,
d)[30] redox couples are employed.

The suitability of a redox couple as a mediator in DSSCs
depends on several properties, namely, its ability to ef-
ficiently regenerate the oxidized dye with low driving forces,
its resistance towards recombination with photoinjected
electrons at the TiO2 electrode, its efficient reduction at the
counter electrode, its low absorbance in the visible spectral
region, its ion mobility, and its stability. The I3

–/I– couple
fulfills several aspects but suffers from appreciable absorp-
tion in the visible spectral region, a rather low-lying redox
potential, corrosive properties, and complicated redox

Eur. J. Inorg. Chem. 2015, 3299–3306 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3300

chemistry. One-electron redox mediators such as the
CoIII/II couple have attracted considerable interest in recent
years owing to their favorable and tunable optical and re-
dox properties[35] paired with their nonvolatility and non-
corrosiveness. Indeed, they perform excellently in DSSCs
with organic sensitizers[28,31,33] but usually give poorer re-
sults with ruthenium(II)-based sensitizers.[27,35g] As a prom-
inent reason for the low efficiency with ruthenium(II)-based
sensitizers, fast electron recombination with CoIII at the
TiO2 surface has been recently confirmed.[35g]

The facile reduction of CoIII species depends on the spin
state of the CoII species. The electron configuration of co-
balt(III) ions in an octahedral ligand field is (t2g)6(eg*)0

(low-spin CoIII) in all relevant cases. Cobalt(II) complexes
with pyridine donor ligands are close to the spin-crossover
point.[36] Indeed, the ground-state electron configuration of
the cobalt(II) center in [Co(bpy)3]2+ (32+) is (t2g)5(eg*)2

(high-spin CoII), but the ground state is (t2g)6(eg*)1 for
[Co(tpy)2]2+ (low-spin CoII).[36] Electron transfer between
RuIII [(t2g)5] and low-spin CoII (low-spin pathway) is re-
ported to be faster than that for RuIII and high-spin CoII

(high-spin pathway)[37] as much higher inner-sphere reorga-
nization energy is associated with the high-spin CoII/low-
spin CoIII couple, specifically, appreciable Co–N bond
length changes. Indeed, RuIII dye regeneration seems to oc-
cur by the low-spin pathway involving a pre-equilibrium of
high-spin and low-spin CoII complexes (spin crossover).[27]

Hence, cobalt-based mediators should preferably be close
to the spin-crossover point[36] in the CoII state to achieve
high dye-regeneration rates.

The undesired interception of electrons at the TiO2 sur-
face by CoIII complexes is promoted by ion-pair formation
with negatively charged sensitizers and retarded by bulky
substituents.[27,35g] In this context, it is important to recog-
nize that the initial ET product between the photoinjected
electron and the CoIII complex is a low-spin CoII complex.
Hence, the excited low-spin state of 32+ formed by the in-
terfacial ET has to relax to the high-spin electronic ground
state by spin crossover. Furthermore, CoIII/II self-exchange
reactions are slow for aliphatic amine ligands such as ethyl-
enediamine (en) in [Co(en)3]3+/2+ (k = 2� 10–5 m–1 s–1) but
are comparably fast for cobalt complexes with pyridine li-
gands [Co(phen)3]3+/2+ (k = 40 m–1 s–1, phen = 1,10-phen-
anthroline).[38] Clearly, strong electronic coupling in the lat-
ter case is responsible for the fast ET, which might be as-
cribed to a feasible electron transfer pathway involving the
π* orbitals of the pyridine ligands. Similarly, one-electron
reduction of the chromium(III) complex [CrIII(bpy)3]3+ oc-
curs solely at the bpy ligand to afford [CrIII(bpy·–)(bpy)2]2+

instead of [CrII(bpy)3]2+.[39] In the present study, we suggest
that pyridine ligands with high-energy π* orbitals could
help to reduce the interfacial back electron transfer rate but
still allow access to the low-spin and high-spin CoII states
required for dye regeneration. The latter process typically
appears to be fast enough under working conditions.[35g]

The recently reported cobalt complexes 43+/42+ possess
high-energy π* orbitals of the coordinated electron-rich
ddpd ligands (in contrast to 33+/32+ with low-energy π* or-
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bitals), and 42+ has close-lying high-spin/low-spin states
(similarly to 32+).[30] Indeed, the ddpd ligand in 43+/42+

cannot be reduced at accessible potentials; therefore, an
efficient electron transfer pathway through its π* orbitals
can be excluded.[30] The same also holds for other
[M(ddpd)2]2+/3+ complexes.[40] These features should allow
for efficient dye regeneration but should retard the electron
interception by CoIII species at the TiO2 surface. The redox
potential of 43+/42+ (–0.17 V vs. ferrocene/ferrocenium) is
between those of I3

–/I– (–0.38 V vs. ferrocene/ferrocenium)
and 33+/32+ (–0.04 V vs. ferrocene/ferrocenium).[29,30]

Hence, the open-circuit voltages VOC are expected to in-
crease in the series I3

–/I– �43+/42+ �33+/32+ as long as all
ET processes show comparable rates, which is not necessar-
ily the case.[35g]

Results and Discussion

The push–pull substituted RuII-based sensitizer 12+ has
been prepared according to a recently published pro-
cedure.[18,19] The double deprotonation of 12+ to form the
bis(tetra-n-butylammonium biscarboxylate) (nBu4N)22-
(PF6)2 is accomplished with tetra-n-butylammonium
hydroxide in aqueous solution (Figure 1, a, Exp. Sect.). The
successful double deprotonation is confirmed by the correct
integration ratio of the 1H NMR resonances of the butyl
protons of the ammonium cation and the dye protons (see
Supporting Information, Figure S1). The most pronounced
chemical shift differences are found for the resonances of 2-
H, 5-H, and 8-H located in the vicinity of the COOH/COO–

substituents (see Exp. Sect. and ref.[19]).
The high-spin cobalt(II) salts 3(BF4)2

[32] and 4(BF4)2
[30]

were prepared according to literature procedures. The oxid-
ation to the respective cobalt(III) salts 3(BF4)3 and
4(BF4)3 is achieved with silver tetrafluoroborate (Exp.
Sect.). Both CoIII complexes 33+ and 43+ are diamagnetic
[low-spin cobalt(III)] as expected (Figures S2 and S3).

The experimental UV/Vis spectra of the sensitizer
1(PF6)2 and its conjugate base (nBu4N)22(PF6)2 in CH3CN
at room temperature are depicted in Figure 2. The spectrum
of 12+ shows the π�π* bands of the polypyridine ligands
at λ = 291 and 340 nm and metal-to-ligand charge transfer
(MLCT) bands in the visible region at λ = 473, 537, 608,
and 661 nm.[19] The low energies of the MLCT bands arise
from the electron-withdrawing nature of the three carb-
oxylic acid moieties of the tpy ligand, which lower the level
of the lowest unoccupied molecular orbital (LUMO), and
the electron-donating nature of the ddpd ligand, which in-
creases the level of the ruthenium-based highest occupied
molecular orbital (HOMO).[18,19] Deprotonation to the
neutral dye 2 shifts all of the bands to higher energy owing
to its higher LUMO energy (π–π* bands: λ = 278, 323 nm;
MLCT bands: λ = 455, 500, 550, and 611 nm; Figure 2, a).

The iodine/1-methyl-3-propylimidazolium iodide solu-
tion employed as the electrolyte absorbs appreciably in the
λ = 350–480 nm region (Figure 2, b).[29] On the other hand,
the CoII and CoIII complexes feature only weak absorp-
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Figure 2. Experimental UV/Vis spectra of (a) sensitizers 1(PF6)2

and (nBu4N)22(PF6)2 in CH3CN and (b) electrolyte solutions as
employed in the solar cells, diluted by a factor of 100.

tions, namely, Laporte forbidden ligand-field bands, in the
visible spectral region.[30] Indeed, the employed electrolyte
solutions 33+/2+ and 43+/2+ are much more transparent at
λ � 350 nm (Figure 2, b), which should result in somewhat
higher photocurrents.

The DSSCs were manufactured with a FTO/TiO2/dye/
electrolyte/Pt/FTO (FTO = fluorine-doped tin oxide) struc-
ture. The cationic sensitizer 12+ and the neutral dye 2 were
adsorbed onto the TiO2 surface with and without the coad-
sorbent CDCA (Figure 1, b). Different electrolytes in com-
bination with different additives were employed. The classi-
cal iodine (0.08 m)/1-methyl-3-propylimidazolium iodide
(0.6 mm) redox shuttle was prepared in CH3CN with and
without LiClO4 (0.1 m) and TBP additives (0.8 m). A CoIII/
CoII concentration ratio of 1:3.6 was adjusted in aceto-
nitrile/succinonitrile (8:1 v/v) solution with 32+/33+ (0.165/
0.045 m) and with 42+/43+ (0.083/0.023 m).

The effects of sensitizer charge (12+/2), coadsorbent
(with/without CDCA), additives (Li+/TBP), and electrolyte
type (I3

–/I–; 33+/32+, 43+/42+) on the open-circuit voltage
VOC and the short-circuit photocurrent density ISC will be
presented next. The pertinent photovoltaic data of 16 dif-
ferent cells are compiled in Table 1.
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Table 1. Photovoltaic data of DSSCs with different setups.

Dye Relative amount CDCA Electrolyte LiClO4/TBP VOC [V] ISC [mAcm–2] Fill factor [%] η [%]
of adsorbed dye

12+ 0.98 – I3
–/I– – 0.39 1.50 63.7 0.37

12+ 0.93 + I3
–/I– – 0.38 1.49 64.8 0.36

12+ 0.98 – I3
–/I– + 0.53 1.31 70.4 0.49

12+ 0.93 + I3
–/I– + 0.53 1.58 73.8 0.61

12+ 0.98 – 33+/32+ + 0.35 0.52 40.0 0.07
12+ 0.93 + 33+/32+ + 0.26 0.35 46.3 0.04
12+ 0.98 – 43+/42+ + 0.51 1.73 52.3 0.47
12+ 0.93 + 43+/42+ + 0.55 2.29 57.1 0.71
2 1.00 – I3

–/I– – 0.57 0.58 50.0 0.16
2 1.00 + I3

–/I– – 0.57 0.93 63.8 0.34
2 1.00 – I3

–/I– + 0.50 1.13 69.7 0.39
2 1.00 + I3

–/I– + 0.49 1.10 69.8 0.38
2 1.00 – 33+/32+ + 0.21 0.65 61.6 0.08
2 1.00 + 33+/32+ + 0.59 0.85 38.9 0.19
2 1.00 – 43+/42+ + 0.54 2.46 57.1 0.76
2 1.00 + 43+/42+ + 0.54 2.24 58.6 0.71

From Table 1, it becomes clear that the dye loadings of
the individual setups do not differ strongly. The cografted
CDCA slightly diminishes the loading of dye 12+, which
suggests that 12+ competes with CDCA for binding sites at
the TiO2 surface. Apparently, CDCA does not displace 2
from the TiO2 surface; this suggests that 2 binds more
strongly to TiO2 through its carboxylate groups. The
stronger binding of 2 is also reflected in a slightly higher
loading of 2 compared with that of 12+.

The standard triiodide/iodide redox mediator will be dis-
cussed first. Additives such as Li+ shift the band edge of
TiO2 downward towards more positive potentials and re-
duce VOC,[41] whereas TBP results in an inverse band-edge
movement and increases VOC.[25] The relative strength of
these effects is different for the different dyes 12+ and 2 (Fig-
ures 3, a and S8, for I/V plots without Li+/TBP additives).
A beneficial effect of TBP on VOC is clear for dye 12+ but
seems to be (over)compensated by the Li+ effect for the
carboxylate-substituted dye 2. Possibly, this can be traced
back to a predominant modification of the TiO2/2 surface
by Li+ ions and a predominant modification of the TiO2/
12+ surface by TBP. The coadsorbent CDCA has no dra-
matic effect on VOC for either dye (Figure 3, a). The ISC

values of cells with sensitizer 2 are improved either by the
coadsorbent CDCA or by the Li+/TBP additives from 0.58
to 0.93 and 1.13 mAcm–2, respectively (Figure 3, a). Lith-
ium ions lower the band edge for TiO2/2 and reduce VOC.
However, the lower band edge also enhances the charge-
collection efficiency and, hence, increases ISC for the cell
with sensitizer 2 (Table 1, Figure 3 a and Supporting Infor-
mation, Figure S8).

The employment of the well-known electrolyte mixture
33+/32+ instead of the iodide-based couple significantly re-
duces ISC for both dyes irrespective of the presence of
CDCA (Figure 3, b). VOC is also lowered for all cells with
the 33+/32+ electrolyte except for that with dye 2 cografted
with CDCA. The low VOC values match the literature
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values of cells with the [Co(bpy)3]2+/3+ couple and the N3
sensitizer.[35g] The recombination reaction at the TiO2

surface seems to be quite efficient for the bipyridine co-
balt(III) complex 33+ and results in the observed lower VOC.
Furthermore, a drop in ISC is observed for the 33+/32+ cou-
ple at approximately 0.15 V in the presence of CDCA under
our conditions. This might be due to some chemical decom-
position of the bpy complex. The feasible ligand loss in the
ESI mass spectra of 33+/32+ confirms a high reactivity of
the bpy complexes {with m/z = 390 [Co(bpy)2F]+ as the
strongest peak; see Figures S4 and S5}.

The replacement of 33+/32+ with the new 43+/42+ shuttle
with tridentate ligands gives a different picture (Figure 3,
c). The stability towards ligand substitution is enhanced,
and the strongest peaks in the ESI mass spectra are found
at m/z = 660, which corresponds to [Co(ddpd)2F]+ (see Fig-
ures S6 and S7). The VOC values are comparable to or even
slightly higher than those for cells with the I3

–/I– mediator.
Most encouragingly, the short-circuit photocurrent densi-
ties of cells with 43+/42+ electrolytes are significantly en-
hanced with respect to those of cells with I3

–/I– and 33+/32+

shuttles. The 43+/42+ redox mediator mixture outperforms
both the 33+/32+ and iodide-based couples (Figure 3). Even
with the employed half absolute concentration of the 43+/42+

couple (see Exp. Sect.), the ISC reaches the highest values of
ISC = 1.73 (12+), 2.29 (12+/CDCA), 2.46 (2), and 2.24 A cm–2

(2/CDCA) in our setup. In summary, the mixed electrolyte
43+/42+ enhances VOC to 140%, ISC to 164%, and efficiency
to 200% with respect to those of the iodide-based couple
without additives and coadsorbent (Figures 3c and S8).

The increases of the efficiency and cell performance are
mirrored in the photocurrent action spectra of sensitizer 12+

with the iodide-based electrolyte and the 43+/42+ couple
without CDCA and with CDCA (Figure 4, a, Table 1). The
deprotonation of the sensitizer 12+ to 2 further improves
incident photon-to-current efficiency (IPCE) values and the
efficiency (Figure 4, a, Table 1).
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Figure 3. Photocurrent density versus voltage curves for DSSCs
with sensitizers 12+ and 2 and (a) I3

–/I–, (b) 33+/32+, and (c) 43+/42+

as redox mediators (with Li+/TBP additives).

The electron recombination kinetics of DSSCs with sen-
sitizer 2 and the I3

–/I– and 43+/42+ electrolytes were probed
by the photovoltage response of the cells to a small ampli-
tude light modulation. The determined electron lifetimes as
a function of VOC are depicted in Figure 4 (b). At a given
voltage, the electron lifetime in the DSSC with the 43+/42+

shuttle (without CDCA) is 1.4 to 3.3 times higher than that
in the DSSC with the I3

–/I– mediator (without CDCA).
Thus, we suggest that electron capture from the TiO2/2

Eur. J. Inorg. Chem. 2015, 3299–3306 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3303

Figure 4. (a) Photocurrent action spectra of dyes 12+ and 2 with
the 43+/42+ redox shuttle and 12+ with the I3

–/I– couple (without
Li+/TBP); (b) electron lifetimes as a function of VOC for DSSCs
sensitized with 2 (with Li+/TBP).

surface by 43+ is slower than electron interception by I3
–.

The comparably slow electron recombination with 43+

might be associated with a higher ET barrier imposed by
the high-energy π* orbitals of the ddpd ligands.

To compare the heterogeneous electron transfer kinetics
of the 43+/42+ shuttle with those of the 33+/32+ pair, cyclic
voltammograms were recorded with platinum electrodes in
acetonitrile with different electrolyte salts, namely,
[TBA][PF6] (TBA = tetrabutylammonium) and
[TBA][B(C6F5)4] (Figure 5). The ΔE versus scan rate plots
are shown in Figure S9. All of the redox events are quasire-
versible, and the heterogeneous electron transfer of 43+/42+

is substantially slower for both supporting electrolytes.
Hence, the counterion is not responsible for the different
electron transfer rates. The slow heterogeneous electron
transfer of the 43+/42+ couple on platinum compared with
that of the 33+/32+ pair fits the above suggestion of slow
back-ET from TiO2 to 43+. Again, this might be understood
through the assumption that electron transfer to CoIII is
mediated through the π* orbitals of the ligand, which is
hampered for ddpd.
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Figure 5. Cyclic voltammograms at varying scan rates for 4(BF)2 and 3(BF4)2 in acetonitrile with [TBA][PF6] and [TBA][B(C6F5)4] as
supporting electrolytes (potentials are given vs. ferrocene/ferrocenium).

Conclusions

With respect to those of the classical I3
–/I– and well-

known 33+/32+ redox mediator mixtures, the 43+/42+ shuttle
considerably improves the short-circuit photocurrent den-
sity ISC in DSSCs both with cationic and neutral RuII-based
sensitizers 12+ and 2 in the presence of 4-tert-butylpyridine
and lithium cations. For the cationic dye 12+, a further
slight improvement is achieved by cografting the sensitizer
with chenodeoxycholic acid, whereas no further beneficial
effect is observed for the coadsorbent in combination with
the neutral dye 2. Electron recombination at the TiO2

surface is retarded for 43+ compared with electron recombi-
nation for 33+ and I3

–. Tentatively, we ascribe this slow re-
combination to the higher energy of the π* orbitals of the
electron-rich ddpd ligands in 43+ compared with the low-
energy π* orbitals of bpy in 33+. This results in a higher
activation barrier for the electron recombination. At plati-
num electrodes, the heterogeneous electron transfer rates of
43+/42+ are also lower than those of 33+/32+. Further de-
tailed studies of the 43+/42+ mediator in comparison with
the I3

–/I– couple and other Co-based shuttles will serve to
establish if this finding can be generalized to dye-sensitized
solar cells with other types of sensitizers and setups, for
example, with polymer gel electrolytes.[42]

Eur. J. Inorg. Chem. 2015, 3299–3306 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3304

Experimental Section
General Procedures: All reagents were used as received from com-
mercial suppliers (Acros, Sigma–Aldrich, Solaronix SA, Wako,
TCI). The syntheses of 1(PF6)2,[19] 3(BF4)2,[32] and 4(BF4)2

[30] have
been reported previously. The NMR spectra were recorded with a
Bruker Avance DRX 400 spectrometer at 400.31 MHz (1H). All
resonances are reported in ppm and were referenced to the solvent
signal as internal standard {[D6]dimethyl sulfoxide ([D6]DMSO):
1H, δ = 2.50 ppm; CD3CN: 1H, δ = 1.94 ppm}. The UV/Vis spectra
were recorded with a Jasco V-670 UV/Vis/NIR spectrometer or a
Varian Cary 5000 spectrometer. The electrochemical experiments
were performed with a BioLogic SP-50 voltammetric analyzer,
platinum wire working and counter electrodes, and a 0.01 m Ag/
AgNO3 reference electrode. The measurements were performed at
varying scan rates of 20–800 mVs–1 for cyclic voltammetry experi-
ments with 0.1 m [TBA][PF6] or [TBA][B(C6F5)4] as the supporting
electrolytes in acetonitrile. The potentials are given relative to the
ferrocene/ferrocenium couple. The current–voltage characteristics
of the DSSCs were measured with a Keithley Model 2400 source
meter and a solar simulator with a 300 W Xenon arc lamp (New-
port) under 1 sun illumination (AM 1.5, 100 mWcm–2). A light-
shading mask, placed on the residual area of the front side of the
fluorine-doped tin oxide substrate (except for the 0.25 cm2 TiO2

active area) was employed to prevent overestimation of the power
conversion efficiency. The electron lifetimes were obtained by inten-
sity-modulated photovoltage spectroscopy (IMVS) under open-cir-
cuit conditions as a function of light intensity by using a controlled
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intensity-modulated photovoltage spectroscopy (CIMPS) system
(Zahner).

TiO2 Electrode Preparation: Fluorine-doped tin oxide (FTO) glass
plates (Pilkington-TEC8) were cleaned with an ultrasonic bath with
2 vol-% Helmanex in deionized water and ethanol. A doctor-bladed
layer of 20 nm TiO2 particles (PST-18 NR, CCIC) was used as a
photoelectrode. A 8 μm thick transparent film and an additional
4 μm scattering TiO2 film (PST-400C, CCIC, particle size ca.
400 nm) were coated on top of the conducting glass electrode. The
TiO2 electrodes were heated at 450 °C for 30 min. The TiO2 coated
electrodes were treated with a 0.5 mm TiCl4 solution for 20 min
at 70 °C, followed by an annealing process for 30 min at 450 °C.
Following the heat treatment, these electrodes were immersed
in the sensitizer/coadsorbent solution [1(PF6)2: 3.05 �10–4 m;
(nBu4N)22(PF6)2: 3.20�10–4 m. CDCA: 3.00 �10–4 m in CH3CN/
tert-butanol, 1:1 v/v] for 18 h at room temperature. The TiO2 elec-
trodes were rinsed with CH3CN and dried.

Electrolyte Solutions: The triiodide/iodide electrolyte solutions were
prepared from 1-methyl-3-propylimidazolium iodide (0.6 m) and
iodine (0.08 m) in CH3CN. 4-tert-Butylpyridine (0.8 m) and lithium
perchlorate (0.1 m) were used when indicated. A CoIII/CoII concen-
tration ratio of 1:3.6 was achieved in acetonitrile/succinonitrile (4:1
v/v) with 33+/32+ (0.045/0.165 m) and 43+/42+ (0.023/0.083 m). Ow-
ing to the lower solubility of 43+ and 42+, this mediator was em-
ployed at lower concentration. 4-tert-Butylpyridine (0.8 m) and lith-
ium perchlorate (0.1 m) were always employed with the cobalt-
based redox couples.

Counter Electrode Preparation: The Pt electrode was prepared by
the spin-coating of a 10 mm H2PtCl6 solution in 2-propanol and
then sintered at 450 °C for 30 min. The cells were sealed with 60 μm
Surlyn. The electrolyte was introduced through holes on the
counter electrode.

Dye Loading: The TiO2/FTO electrodes were immersed in a 0.1 m

tetramethylammonium hydroxide H2O/CH3CN (1:1 v/v) solution
for at least 120 min. From the UV/Vis absorption spectra of the
resulting dye solutions, the concentrations of the attached dyes
were calculated: 1(PF6)2 without CDCA: 1.17 �10–7 molcm–2,
1(PF6)2 with CDCA: 1.11 � 10–7 molcm–2, (nBu4N)22(PF6)2 with-
out CDCA: 1.19 �10–7 molcm–2, and (nBu4N)22(PF6)2 with
CDCA: 1.19 �10–7 molcm–2.

Complex 3(BF4)3: 3(BF4)2
[32] (1.4 g, 2.0 mmol, 1.0 equiv.) was dis-

solved in CH3CN (100 mL). AgBF4 (1.0 g, 5.1 mmol, 2.6 equiv.)
dissolved in CH3CN (20 mL) was added. The solution was stirred
for 2 h. The precipitated silver was removed by filtration, and the
solvent was removed under reduced pressure. The greenish brown
solid was washed with ethanol (100 mL). The solid was redissolved
in CH3CN (50 mL), the solution was filtered, and the solvent was
removed under reduced pressure to give a greenish yellow solid
(1.4 g, 1.8 mmol, 89%). C30H28N6CoB3F12 (791.9). 1H NMR
(400 MHz, [D6]DMSO): δ = 8.7–8.5 (br s, 6 H), 8.4–8.2 (br s, 6 H),
8.0–7.8 (br s, 6 H), 7.5–7.3 (br s, 6 H) ppm. ESI-MS: m/z (%) =
185.55 (29) [Co(bpy)2]2+, 390.09 (100) [Co(bpy)2F]+, 458.10 (49)
[Co(bpy)2BF4]+, 701.19 (42) [Co(bpy)3(BF4)2]+, 1489.38 (10)
[Co2(bpy)6(BF4)5]+.

Complex 4(BF4)3: 4(BF4)2
[30] (404 mg, 496 μmol, 1.0 equiv.) was

dissolved in ethanol (25 mL). AgBF4 (115 mg, 591 μmol, 1.5 equiv.)
was added, and a brown precipitate appeared. The solid was re-
moved by filtration, washed with ethanol (100 mL), dried, and dis-
solved in CH3CN (100 mL). After filtration, the solvent was re-
moved under reduced pressure to give a brown powder (330 mg,
366 μmol, 74%). C34H34N10CoB3F12 (902.1). 1H NMR (400 MHz,

Eur. J. Inorg. Chem. 2015, 3299–3306 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3305

[D6]DMSO): δ = 8.24 (br s, 4 H), 7.59–7.57 (m, 4 H), 7.51–7.49 (m,
2 H), 7.24–7.23 (m, 4 H), 6.89–6.87 (m, 4 H), 6.70–6.68 (m, 4 H),
3.41 (s, 12 H, NCH3) ppm. ESI-MS: m/z (%) = 320.61 (33)
[Co(ddpd)2]2+, 369.09 (100) [Co(ddpd)F]+, 660.21 (100) [Co-
(ddpd)2F]+, 815.26 (31) [Co(ddpd)2(BF4)2]+, 1266.43 (2)
[Co3(ddpd)6(BF4)7]2+, 1630.55 (1) [Co2(ddpd)4(BF4)4]+.

Complex (nBu4N)22(PF6)2: 1(PF6)2
[19] (100 mg, 95.3 μmol,

1.0 equiv.) was dissolved in water (20 mL), and a 40% tetra-n-butyl-
ammonium hydroxide solution (214 mg, 286 μmol, 3.0 equiv.,
0.54 mL) was added. The solution was filtered, and the solvent was
removed under reduced pressure. The dark residue was dissolved
in methanol, and a solid was precipitated by the addition of diethyl
ether. The solid was collected by filtration and dried under vacuum
for 48 h to give a black powder (48.0 mg, 31.4 μmol, 33%).
C67H98N10O6RuP2F12 (1530.6). 1H NMR (400 MHz, CD3CN): δ =
9.00 (s, 2 H, 2-H), 8.82–8.80 (m, 2 H, 5-H), 8.18 (t, J = 8 Hz, 1 H,
16-H), 8.04 (d, J = 6 Hz, 2 H, 8-H), 7.79 (dd, J = 6 Hz, 2 H, 7-H),
7.56 (pt, J = 8 Hz, 2 H, 11-H), 7.48 (d, J = 8 Hz, 2 H, 15-H), 7.11
(d, J = 8 Hz, 2 H, 12-H), 6.59–6.54 (m, 4 H, 9-H, 10-H), 3.47 (s,
6 H, NCH3), 3.10–3.06 (m, 16 H, HBu), 1.60–1.58 (m, 16 H, HBu),
1.37–1.34 (m, 16 H, HBu), 0.98–0.94 (m, 24 H, HBu) ppm. UV/Vis
(CH3CN): λmax (ε) = 610 (1570, sh), 550 (4380), 500 (8750), 455
(7080), 323 (40330), 278 (44640 m–1 cm–1) nm.
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&Cyclometalated Complexes

Strongly Coupled Cyclometalated Ruthenium Triarylamine
Chromophores as Sensitizers for DSSCs

Christoph Kreitner+,[a, d] Andreas K. C. Mengel+,[a] Tae Kyung Lee,[b] Woohyung Cho,[b]

Kookheon Char,[c] Yong Soo Kang,[b] and Katja Heinze*[a]

Abstract: A series of anchor-functionalized cyclometalated

bis(tridentate) ruthenium(II) triarylamine hybrids [Ru(dbp-
X)(tctpy)]2¢ [2 a]2¢–[2 c]2¢ (H3tctpy = 2,2’;6’,2’’-terpyridine-
4,4’,4’’-tricarboxylic acid; dpbH = 1,3-dipyridylbenzene; X =

N(4-C6H4OMe)2 ([2 a]2¢), NPh2 ([2 b]2¢), N-carbazolyl [2 c]2¢)
was synthesized and characterized. All complexes show

broad absorption bands in the range 300–700 nm with
a maximum at about 545 nm. Methyl esters

[Ru(Me3tctpy)(dpb-X)]+ [1 a]+–[1 c]+ are oxidized to the

strongly coupled mixed-valent species [1 a]2+–[1 c]2 + and
the RuIII(aminium) complexes [1 a]3+–[1 c]3 + at comparably

low oxidation potentials. Theoretical calculations suggest an

increasing spin delocalization between the metal center and

the triarylamine unit in the order [1 a]2 +< [1 b]2 +< [1 c]2 + .
Solar cells were prepared with the saponified complexes
[2 a]2¢–[2 c]2¢ and the reference dye N719 as sensitizers

using the I3
¢/I¢ couple and [Co(bpy)3]3+ /2 + and

[Co(ddpd)2]3+ /2 + couples as [B(C6F5)4]¢ salts as electrolytes

(bpy = 2,2’-bipyridine; ddpd = N,N’-dimethyl-N,N’-dipyridin-2-
yl-pyridine-2,6-diamine). Cells with [2 c]2¢ and I3

¢/I¢ electro-

lyte perform similarly to cells with N719. In the presence of

cobalt electrolytes, all efficiencies are reduced, yet under
these conditions [2 c]2¢ outperforms N719.

Introduction

Pioneered by O’Regan and Gr�tzel in 1991,[1] the dye-sensitized

solar cell (DSSC) has emerged as a promising light-to-energy
conversion device.[2, 3] Its setup has been optimized and stand-

ardized over the past 25 years. Typically, its central component
is a molecular dye that is absorbed onto a mesoporous wide-
bandgap semiconducting electrode, such as TiO2 or ZnO.[3, 4]

Upon excitation by visible light, electrons are injected from the

excited state of the dye into the conduction band of the semi-
conductor. The oxidized dye is then regenerated by a redox
mediator, which transports the positive charge to the counter

electrode. The major advantages of dye sensitized solar cells
over conventional silicon-based or inorganic thin film solar
cells are lower costs and their modular architecture allowing

for systematic optimization of all components (semiconductor,
sensitizer, electrolyte) individually.[3–5]

Tremendous efforts have been put particularly into the de-
velopment of new molecular dyes to optimize cell per-
formance. An ideal sensitizer should be thermally and photo-
chemically stable under working conditions, should rapidly

inject electrons into the conduction band of the semiconduc-
tor after excitation and, most importantly, should efficiently
absorb light between 400 and 900 nm. Among others, polypyr-
idine complexes of iron,[6] copper,[7–9] platinum,[10, 11] iridium,[12, 13]

and rhenium[14] as well as polyaromatic and conjugated organ-

ic compounds,[15, 16] porphyrins,[17–19] and quantum dots[20] have
proven suitable for sensitization. Particularly, polypyridine com-

plexes of ruthenium and osmium have emerged as a promising
class of sensitizers due to their suitable photophysical proper-
ties.[21–24] The visible range of the electromagnetic spectrum of

these complexes is dominated by characteristic metal-to-ligand
charge transfer (MLCT) absorptions.[25–27] In these transitions,

metal orbitals of the t2g set serve as electron donors, while the
polypyridine p* orbitals function as electron acceptors.

The most prominent and well-established sensitizers are the

complexes [nBu4N]2[Ru(Hdcbpy)2(NCS)2] , N719 (H2dcbpy = 2,2’-
bipyridine-4,4’-dicarboxylic acid, Scheme 1),[28, 29] and the

so-called “black dye” [nBu4N]3[Ru(Htctpy)(NCS)3] (H3tctpy =

2,2’;6’,2’’-terpyridine-4,4’,4’’-tricarboxylic acid)[22] reaching

power conversion efficiencies (PCE, h) of 10–11 % under full air
mass 1.5 (AM 1.5) irradiation. In these complexes, the carboxy
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groups serve as anchors to the TiO2 surface while the [NCS]¢ li-
gands are responsible for an efficient charge transfer from the

redox mediator onto the dye after charge injection (dye regen-
eration).[29] However, a major drawback of complexes contain-
ing monodentate ligands is their high lability towards [NCS]¢

substitution in photoexcited or oxidized states hampering
long-term application in photovoltaic devices.[30–33]

Recently, bi- and tridentate cyclometalating ligands emerged
as viable and more robust alternatives for the labile [NCS]¢ li-
gands. In 2007, van Koten and co-workers reported the suc-
cessful sensitization of TiO2 by bis(tridentate) [Ru(pbpy)(tpy)]+

complexes (tpy = 2,2’;6’,2’’-terpyridine, Hpbpy = 6-phenyl-2,2’-
bipyridine).[34] Shortly thereafter, Gr�tzel and co-workers
published a dye with record-breaking characteristics

[Ru(H2dcbpy)2(ppy-F2)]+ (h>10 %) based on a tris(bidentate)
cyclometalating motif (Hppy-F2 = 2-(2,4-difluorophenyl)pyri-

dine).[35] Since then, much work has been dedicated towards
the development of new cyclometalated ruthenium dyes both

in the field of tris(bidentate) and bis(tridentate) complex archi-

tectures.[36–42] These studies indeed reveal several key benefits
of the cyclometalating motif. The introduction of a Ru-C

s bond in the coordination environment reduces the local
symmetry around the metal center. This yields a broad absorp-

tion band in the visible range resulting from multiple close-
lying MLCT transitions involving both the polypyridine and cy-

clometalating ligands as electron acceptors.[37, 38, 43–48] Addition-
ally, cyclometalation substantially increases the energy of the

polypyridine-centered lowest unoccupied molecular orbital
(LUMO) compared to non-cyclometalated counterparts. This

should potentially accelerate charge injection into the TiO2

conduction band.[37, 38, 48] The highest occupied molecular orbi-

tal (HOMO) on the other side typically extends over the metal
center and the anionic part of the cyclometalating ligand. This
should facilitate dye regeneration after charge injection.[38, 46, 48]

Furthermore, the high s-donating strength destabilizes the in-
herently photochemically reactive metal-centered (3MC) excit-
ed states.[38, 48–52] The electron donating or withdrawing charac-
ter of the cyclometalating ligands are easily tuned by further

substitution (for example [AX,Me]+ , Scheme 1) including hole-
transport facilities (X = amines).[38, 48–52] Indeed, several ap-

proaches have been developed to incorporate electron donors

into the dye structure to rapidly detract the positive charge re-
maining on the sensitizer after electron injection away from

the semiconductor surface.[53–56] Attaching the reversible tri-
phenylamine radical cation/triphenylamine redox couple

(TPA+ C/TPA0) proved particularly successful in conjunction with
several porphyrin dyes, for example, YD2-o-C8, yielding solar

cells with h>12 %.[19, 57] Berlinguette and co-workers demon-

strated that the overall cell performance can benefit from
a TPA unit linked to a [Ru(pbpy)(tpy)]+ complex via a thiophene

spacer. This architecture yields cell efficiencies of up to 8.0 %
(Scheme 1, [BH]+ , [CH]+).[38] Through clever dye design and ad-

justment of relative oxidation potentials of RuIII/II and TPA+ C/0

an efficient transfer of the electron hole from the ruthenium

center to the TPA unit is achieved after charge injection. This

retards parasitic electron recombination processes with oxi-
dized dyes in the DSSC.[38, 58–60] The mixed-valent complexes

[BR]2 + are valence-localized and assigned to Robin–Day class II
with measurable electronic coupling between the metal center

and the TPA unit.[60, 61] Recently, Zhong and co-workers present-
ed a structurally related series of complexes combining bis(tri-
dentate) cyclometalated ruthenium complexes with TPA units

(Scheme 1, [AX,Me]2 +/[AX,Me]+) lacking the thiophene unit.[62, 63]

The mixed-valent state [AX,Me]2 + is valence-delocalized (Robin–

Day class III) between the metal center and the amine moiety
as evidenced by the shape and bandwidth of the near infrared
absorption band and by density functional theoretical calcula-
tions.[62–65] The parent complex [AH,H]+ lacking the amine sub-

stituent (X = H) has been reported recently as well.[66]

In contrast to reported dyes [BR]+ , featuring a valence-iso-
meric description of the [BR]2 + state (Robin–Day class II), po-

tential DSSC sensitizers [AX,H]+ with X = amine that provide
a means of detracting the electron hole away from the semi-

conductor surface in a resonant fashion ([AX,H]2 + ; Robin–Day
class III) have not yet been reported. Saponifying the three

methyl esters of [AX,Me]+ type complexes should provide suita-

ble sensitizers [AX,H]+ with a class III mixed-valent state. Herein,
we present a series of three complexes of the general structure

[nBu4N]2[Ru(dpb-X)(tctpy)] (Hdpb-X = 5-substituted 1,3-di-(2-
pyridyl)benzene) with different amine substituents X of increas-

ing electron withdrawing power, namely N,N-bis(4-methoxy-
phenyl)amine (X = N(4-C6H4OMe)2 ; [nBu4N]2[2 a]), N,N-diphenyl-

Scheme 1. N719 reference dye and amine-substituted cyclometalated ruthe-
nium(II) dyes (top) and cobalt-based electrolytes (bottom).
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amine (X = N(C6H5)2 ; [nBu4N]2[2 b]) and carbazole (X = N-carba-
zolyl ; [nBu4N]2[2 c]). We will discuss how the substituents at the

dpb ligand affect the degree of valence-delocalization in the
mixed-valent state [2]¢ and to what extent such delocalization

is beneficial for the application of such sensitizers in DSSCs.
As outer-sphere cobalt-based electrolytes[67–80] should deliver

higher open-circuit voltages VOC due to their more positive
redox potential as compared to the standard triiodide/iodide
couple and as they perform extremely well in conjunction with

TPA-appended porphyrin dyes (YD2-o-C8)[57] as well as with
other potent TPA-appended dyes (Y123, D35),[72, 73, 74] we study
the TPA-appended ruthenium(II) dyes [nBu4N]2[2 a]–
[nBu4N]2[2 c] with cobalt-based electrolytes in addition to the

commonly used triiodide/iodide couple. Specifically, we
employ the [Co(bpy)3]3+ /2 + [3]3 + /2 + and [Co(ddpd)2]3+ /2 +

[4]3+ /2 + redox mediators (bpy = 2,2’-bipyridine, ddpd = N,N’-di-

methyl-N,N’-dipyridin-2-yl-pyridine-2,6-diamine,[80]

Scheme 1).[81–83] The DSSCs are studied by incident photon-to-

current conversion efficiency measurements, by current-volt-
age characteristics under AM 1.5 irradiation and in the dark as

well as by electron lifetime measurements.

Results and Discussion

Synthesis and characterization of chromophores

The 5-substituted 1,3-di-(2-pyridyl)benzene ligands La (R = N(4-

C6H4OMe)2), Lb (R = N(C6H5)2) and Lc (R = N-carbazolyl) were syn-

thesized starting from the previously reported 1-bromo-3,5-di-
(2-pyridyl)benzene under Buchwald–Hartwig cross-coupling re-

action conditions similar to a method we,[48] as well Zhong and
co-workers employed previously.[63a] In the present study, the

dimeric palladium(II) precatalyst bis(m-mesylate)bis[(2-(2’-ami-
nophenyl-kN)phenyl-kC1)palladium(II)] [Pd]2

[84] was used along

with the phosphane ligand 2-dicyclohexylphosphano-2’,6’-dii-

sopropoxybiphenyl[85] to provide a catalytically competent cat-
alyst that afforded the ligands in yields of 82–98 %. The identi-

ty of La was confirmed by comparison of its 1H NMR spectrum
with that reported before.[62, 63a] The purity and integrity of the

new ligands Lb and Lc were ascertained by 1H and 13C NMR
spectroscopy, mass spectrometry, and elemental analyses (Ex-

perimental Section; Supporting Information, Figures S1–S4).
The heteroleptic ester-substituted [Ru(dpb)(tpy)]+ com-

plexes [1 a]+–[1 c]+ were prepared according to a previously
employed synthetic method starting from RuCl3(Me3tctpy)
(Scheme 2).[22, 48] The two-step procedure includes chloride ab-

straction with silver tetrafluoroborate followed by complexa-
tion with the respective dipyridylbenzene ligand La–Lc under

reducing conditions in n-butanol. Similar to observations made
by Zhong and co-workers,[62, 63a] we were not able to isolate the

complexes [1 a]+–[1 c]+ with high purity. Despite the reducing

conditions during their synthesis, substantial amounts of the
open-shell RuIII complexes [1 a]2+–[1 c]2 + were obtained, as evi-

denced from ESI mass spectra and the NMR silence of all three
compounds (paramagnetic broadening).[62, 63a] Additionally, the

isolated products are black in solution and in the solid state in-
stead of the dark purple color typically observed for

[Ru(dpb)(tpy)]+ complexes, suggesting the presence of
a second colored species. Yet, cyclic voltammograms confirm

the purity of the synthesized complexes by absence of redox

waves in the range of ¢3.0 and 1.5 V other than the five ex-
pected reversible waves,[62, 63a] namely for the [1]3 + /2 + , [1]2 + / + ,

[1]+ /0, [1]0/¢ and [1]¢/2¢ couples (Figure 1, Supporting Informa-
tion, Figure S5).

Subsequent saponification of the three methyl ester groups

of [1 a]+–[1 c]+ in aqueous solution using [nBu4N][OH] as base

and hydrazine as reductant yielded the corresponding carboxy-
lates as tetrabutylammonium salts [nBu4N]2[2 a]–[nBu4N]2[2 c] .

This method affords the fully deprotonated complexes [2 a]2¢–
[2 c]2¢, in contrast to Berlinguette’s procedure,[38] which yields

the complexes in their neutral zwitterionic form with two pro-
tonated carboxy groups. Owing to the high solubility of the

Scheme 2. Synthesis of [1 a][PF6]–[1 c][PF6] and [nBu4N]2[2 a]–[nBu4N]2[2 c] .

Figure 1. Cyclic voltammograms of a) [1 b][PF6] (a) and b) [nBu4N]2[2 b]
(c) dyes in [nBu4N][PF6]/CH3CN (E vs. FcH/FcH+).
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tetrabutylammonium salts [nBu4N]2[2 a]–[nBu4N]2[2 c] in organic
solvents, the products are isolated straight-forwardly by extrac-

tion of the aqueous phase with dichloromethane. Co-extracted
[nBu4N][PF6] was removed by subsequent dissolution of the

raw products in acetonitrile and addition of a diethylether/hex-
anes mixture that precipitates the desired complexes. The in-

tegrity of [nBu4N]2[2 a]–[nBu4N]2[2 c] was confirmed by 1H NMR
and 13C NMR spectra as well as by ESI+ and ESI¢ mass spectra
(Supporting Information, Figures S6–S19). All NMR spectra lack

paramagnetic shifts or broadening, substantiating the absence
of RuIII in the pristine samples. The 1H NMR spectra confirm the
presence of two equivalents of [nBu4N]+ cations per complex
anion in all three cases corroborating the stoichiometry of the

salt. IR spectra as KBr disk of the complexes [nBu4N]2[2 a]–
[nBu4N]2[2 c] lack the characteristic vibrations of [PF6]¢ ions at

843 cm¢1 (asym. stretch) and 588 cm¢1 (deformation) present

in the parent complexes [1 a][PF6]–[1 c][PF6] underlining the
quantitative [PF6]¢ removal (Supporting Information, Fig-

ure S20). Additionally, 19F NMR spectra of [nBu4N]2[2 a]–
[nBu4N]2[2 c] confirm the absence of [PF6]¢ . Under the acidic

and ionizing conditions of the ESI+ mass spectrometry tech-
nique, the complexes are observed in their fully protonated

form as monocations [2 + 3H]+ with RuII metal sites or as dicat-

ions [2 + 3H]2+ with RuIII centers (Supporting Information, Fig-
ure S18). The ESI¢ mass spectra (Supporting Information, Fig-

ure S19) show mass peaks at the expected m/z values for the
dianions [2]2¢ (RuII) and anions [2]¢ (RuIII) with typical rutheni-

um isotope patterns. Furthermore, several m/z peaks of decar-
boxylated complexes are found for all three complexes

[nBu4N]2[2 a]–[nBu4N]2[2 c] , confirming the presence of carbox-

ylate substituents. The carboxylate groups are also evident
from the characteristic IR CO stretching vibrations around

1617 cm¢1 (Supporting Information, Figure S20).

Photophysical and electrochemical behavior

The absorption and emission spectra of the complexes [nBu4N]

[2 a]–[nBu4N][2 c] are depicted in Figure 2 and data are sum-
marized in Table 1 (Supporting Information, Figure S21). In the
spectral range between 300 and 800 nm all dyes exhibit very
similar absorption features. The absorption maximum around

536–549 nm is accompanied by three additional bands around
500, 425, and 375 nm. These bands characteristic for cyclome-

talated [Ru(dpb)(tpy)]+ complexes arise from metal-to-ligand
charge transfer excitations involving both ligands as electron-

accepting sites (dRu!p*tpy and dRu!p*dpb).[38, 48] Owing to the

low local symmetry around the metal center, the number of
absorption bands is larger than for the more symmetric sys-

tems containing all-nitrogen donor ligands such as [Ru(tpy)2]2 +

or [Ru(ddpd)(tpy)]2 + , for example.[38, 46, 47, 86] The lower symmetry
yields substantially broadened absorption spectra and a more

efficient light harvesting throughout the visible range of the
electromagnetic spectrum.

The tris(carboxylate) complexes [nBu4N][2 a]–[nBu4N][2 c] are
very weakly emissive at room temperature (Figure 2, Table 1)

with quantum yields below 5 Õ 10¢6. The wavelength of the

emission maximum is shifted hypsochromically in the order
[nBu4N][2 a]> [nBu4N][2 b]> [nBu4N][2 c] from 817 to 744 nm.

On the one hand, this trend is due to a more pronounced vi-
brational progression in [nBu4N][2 a] and [nBu4N][2 b] than in

[nBu4N][2 c] similar to that observed for other [Ru(dpb)(tpy)]+

complexes with a strong push–pull substitution.[48] On the

other hand, the energy of the emissive 3MLCT state increases

with decreasing donor strength of the amine substituent, as
this lowers the energy of the metal orbitals involved in the
emission process while essentially maintaining the tctpy-cen-
tered LUMO energy (Figure 3; Supporting Information, Fig-

ure S22).[48]

Cyclovoltammetric studies of the ester-substituted com-

plexes [1 a][PF6]–[1 c][PF6] reveal multiple reversible redox pro-
cesses (Figure 1, Table 1, Supporting Information, Figure S5).

Figure 2. Normalized absorption and emission spectra of [nBu4N]2[2 a] (c),
[nBu4N]2[2 b] (g), and [nBu4N]2[2 c] (a) in CH3CN.

Table 1. Optical and electrochemical data of [1 a][PF6]–[1 c][PF6] and [nBu4N]2[2 a]–[nBu4N]2[2 c] .

UV/Vis (CH3CN) lmax/nm (e/103 m¢1 cm¢1) Emission (CH3CN) lem/nm (lexc/nm) Cyclic voltammetry E/V vs. FcH/FcH+

[1 a][PF6][a] 323 (29), 339 (26), 420 (16), 507 (13), 583 (10) –[b] ¢1.87, ¢1.52, ¢0.05, + 0.31
[1 b][PF6] –[b] –[b] ¢1.85, ¢1.49, + 0.09, + 0.49
[1 c][PF6] –[b] –[b] ¢1.83, ¢1.47, + 0.34, + 0.88
[nBu4N]2[2 a] 549 (15.4), 503 (12.1), 424 (9.7), 379 (11.3), 323 (37.5), 289 (62.7) 817 (549)[c] ¢2.52, ¢2.09, ¢0.21, –[d]

[nBu4N]2[2 b] 543 (15.4), 501 (12.1), 428 (8.7), 374 (10.4), 325 (36.4), 288 (61.6) 791 (543)[c] ¢2.54, ¢2.10, ¢0.15, –[d]

[nBu4N]2[2 c] 536 (13.9), 499 (12.5), 426 (9.1), 373 (10.0), 328 (29.1), 283 (63.2) 744 (536)[c] ¢2.51, ¢2.07, ¢0.06, –[d]

[a] From Ref. [63a] . [b] No optical data measured due to the presence of RuIII species. [c] Quantum yield <5·10¢6. [d] No second oxidation potential was ob-
tained due to precipitation of the neutral dye on the electrode surface.
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The complexes are oxidized at quite low potentials to the
mixed-valent counterparts [1]2+ (¢0.05 to 0.34 V vs.

FcH/FcH+). A second oxidation step occurs at higher poten-
tials yielding the RuIII(aminium) complexes [1]3+ (0.31 to 0.88 V

vs. FcH/FcH+).[62] The trend of the first and the second oxida-
tion potentials towards higher values in the order N(4-

C6H4OCH3)2 <N(C6H5)2 <N-carbazole is in agreement with the

decreasing + I effect of the respective amine substituent X. Ad-
ditionally, the unpaired electron of the mixed-valent com-

pounds [1]2+ is substantially delocalized between the metal
center and the triarylamine fragment via the 1,4-phenylene

bridge.[62, 63a] The electron donor strength of the dpb substi-
tuent[62, 63a] strongly affects degree of delocalization as evi-
denced by DFT calculations (Figure 3 b). Mulliken spin density

analysis of [1 a]2 + indicates a balanced spin population of 0.26
and 0.25 at ruthenium and the amine nitrogen atom, respec-
tively, while for [1 b]2 + , values of 0.43 (Ru) and 0.20 (N) are ob-
tained. In [1 c]2 + , the spin density is further shifted towards the

ruthenium atom with spin populations of 0.63 (Ru) and 0.07
(N). Thus, the degree of delocalization is reduced in this series

from an essentially delocalized Robin–Day class III system in
[1 a]2 + to a strongly coupled class II compound in [1 c]2 + .[61, 63a]

As a consequence, the resonance stabilization within complex

[1 a]2 + is the largest, yielding the most pronounced negative
shift of the first oxidation potential followed by complexes

[1 b]2 + and [1 c]2 + . Additionally, two reversible reduction waves
are observed for the ester-substituted complexes [1 a][PF6]–

[1 c][PF6] . As these reductions are tpy-centered,[33b, 46, 48a, 63a, 87, 88]

their potentials are essentially independent from the substitu-
tion pattern at the dpb-X ligand with the first reduction occur-

ring at ¢1.5 V and the second at ¢1.85 V vs. FcH/FcH+ for all
three complexes.

Deprotection and deprotonation of the ester functionalities,
however, shifts the first and second reduction potentials by

600 mV towards more negative values (Figure 1, Table 1; Sup-
porting Information, Figure S5). This is consistent with the sub-

stantial increase of negative charge density on the tctpy3¢

ligand in [2]2¢ and corroborates the tpy centered reduction.

The oxidation waves shift to lower potentials as well, but to
a lesser extent. This is mainly due to the fact, that the metal or-

bital involved with the oxidation process is orthogonal to the
tpy ligand. However, a trend of the potential shifts is observed.
While the first oxidation wave of [2 a]2¢ occurs 160 mV below
that of [1 a]+ , the first oxidation potentials of [2 c]2¢ and [1 c]+

differ by 400 mV. Consequently, the first oxidation potentials of
complexes [2 a]2¢–[2 c]2¢ only differ by 150 mV as opposed to
a difference of 390 mV between the esters [1 a]+–[1 c]+ . This

can be understood on the basis of the Mulliken spin popula-
tions of the metal center and the amine nitrogen atom in the

mixed-valent anions [2 a]¢–[2 c]¢ : These amount to 0.49 (Ru)/

0.17 (N) in [2 a]¢ , 0.57 (Ru)/0.13 (N) in [2 b]¢ , and 0.74 (Ru)/0.03
(N) in [2 c]¢ . Apparently, the charge delocalization over the tri-

arylamine fragment is significantly reduced and the spin densi-
ties of the mixed-valent anions [2]¢ are more valence-localized

at the electron-rich metal center than their ester counterparts.
Consequently, the resonance stabilization of the mixed-valent

species [2]¢ is not as pronounced as that of [1]2+ resulting in

similar oxidation potentials for all three complexes. The stron-
gest impact of deprotection and deprotonation is observed for

[2 c]2¢, since its spin density is basically metal-centered. Ac-
cordingly, oxidation occurs in the closest proximity to the neg-

atively charged tctpy3¢ ligand and is facilitated to the largest
extent in the dye series [2]¢ .

Increasing the potential beyond 0.15 V vs FcH/FcH+ results

in a multitude of irreversible redox waves. We ascribe this to
the deposition of the neutral RuIII(aminium) complexes [2]0 on

the platinum electrode surface, which impeded an unambigu-
ous determination of the second oxidation potentials.

Combining all electrochemical and spectroscopic data of the
dyes [1 a]+–[1 c]+ and [2 a]2¢–[2 c]2¢ with the redox data of the

electrolytes I3
¢/I¢ , 33 + /2 + and 43 + /2 + and the conduction band

edge of TiO2 yields the redox potential diagram depicted in
Figure 4. Cyclic voltammetry of the dyes (see above) highlight-
ed the strong dependence of the ground state oxidation po-
tentials of the dyes from the degree of protonation of the car-

boxylic acids of the tpy ligand. For the setup of the DSSCs, the
tris(carboxylate) dyes [2 a]2¢–[2 c]2¢ were employed. Yet, under

the given experimental conditions, partial protonation from
water at the TiO2 surface is conceivable. Additionally, the coad-
sorbent chenodeoxycholic acid (CDCA), as an organic acid, will

modify the degree of protonation of the sensitizer. Hence,
Figure 4 depicts redox potential ranges instead of distinct

values for the redox potentials of the ruthenium dyes. An anal-
ogous range of ground state potentials is applied for N719
owing to the conceivable variation of the protonation state.[28]

In a similar manner, the excited state 1MLCT and 3MLCT redox
potentials span ranges.

It is apparent from Figure 4 that, similar to the reference dye
N719, all cyclometalated dyes are thermodynamically capable

of injecting an electron from both excited states into the con-
duction band of TiO2. Regeneration of the oxidized dyes by

Figure 3. a) Frontier molecular orbitals of [1 a]+ , [1 b]+ , and [1 c]+ (contour
value 0.06 a.u.) and b) spin densities of [1 a]2 + , [1 b]2 + , and [1 c]2+ (contour
value 0.01 a.u.).
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the employed electrolytes on the other hand is not generally
possible. While the carbazole-substituted ruthenium(III) com-

plex [2 c]¢ is potentially regenerated by iodide even if the diio-

dide radical anion is formed as an intermediate,[89, 90] this is not
the case for the diarylamine-substituted dyes [2 a]2¢ and [2 b]2¢

in this simplified consideration of standard redox potentials.
Hence, in a DSSC [2 c]2¢ is expected to outperform [2 a]2¢ and

[2 b]2¢. DSSC performances of all cyclometalated dyes in con-
junction with the standard triiodide/iodide electrolyte and

cobalt electrolytes will be discussed in the next section.

Solar cell performance

Dye-sensitized solar cells were prepared from the carboxylate

substituted dyes [nBu4N]2[2 a]–[nBu4N]2[2 c] and the benchmark

dye N719. The coadsorbent CDCA was employed to protect
the TiO2 surface in several setups. Three different liquid electro-

lytes were utilized, namely the standard triiodide/iodide couple
and two cobalt-based redox mediators.[67–69, 82, 83] The cobalt(III/

II) complexes [Co(bpy)3]3 + /2 + and [Co(ddpd)2]3 + /2 + were pre-
pared according to literature procedures.[74, 78, 82, 91] Counter ion

exchange was accomplished using Li[B(C6F5)4] giving the cobalt
salts [Co(bpy)3][B(C6F5)4]2/[Co(bpy)3][B(C6F5)4]3 [3][B(C6F5)4]2/[3]

[B(C6F5)4]3 and [Co(ddpd)2][B(C6F5)4]2/[Co(ddpd)2][B(C6F5)4]3 [4]

[B(C6F5)4]2/[4][B(C6F5)4]3. NMR and mass spectrometric data con-
firm their compositions (Supporting Information, Figure S23–

S31). The redox potential of [4]3+ /2 + (E1=2
= 0.52 V vs. NHE)[82] is

intermediate of the I3
¢/I¢ (E1=2

= 0.32�0.03 V vs. NHE)[89] and

the [3]3 + /2 + (E1=2
= 0.65 V vs. NHE)[92–94] couples (Figure 4).

The incident photon-to-current conversion efficiency (IPCE,

Figure 5) depends on several individual key steps, namely

light-harvesting, electron injection, dye regeneration, and
charge collection.[67] The extinction coefficients around the

MLCT maxima of [nBu4N]2[2 a]–[nBu4N]2[2 c] (Figure 2, Experi-
mental Section) are close to that of N719 (l= 535 (14700), 395

(14300 m¢1 cm¢1) nm.[28]). The achieved dye loadings of
[nBu4N]2[2 a]–[nBu4N]2[2 c] are consistently somewhat higher

than that found with N719 (Experimental Section). Hence, we
assume that the light-harvesting efficiencies of [nBu4N]2[2 a]–

[nBu4N]2[2 c] in the cells prepared are in the same range as
that of the reference dye N719.

Concerning the injection efficiency, all dyes feature 1MLCT
and 3MLCT levels well above the Fermi level of TiO2 (Figure 4).

Hence, electron injection from the excited sensitizers should
be feasible and fast for all dyes.[67] We assume rather similar in-
jection efficiencies for all dyes.[67] Hence, the differences in

DSSC performance in terms of power conversion efficiency h

should predominantly relate to the dye regeneration efficiency,

the charge collection efficiency (recombination losses) and the
open-circuit voltage VOC.

According to the electrochemical data of the dyes and the

redox mediators, the RuIII complex [2 b]¢ cannot be efficiently
regenerated by the bipyridine cobalt(II) complex [3]2 + , while

[2 a]¢ cannot be regenerated by both cobalt(II) complexes
[3]2+ and [4]2 + (Figure 4). For all other dye/redox mediator

combinations, dye regeneration is thermodynamically possible.
In the electrolyte series, the highest driving force for dye re-

Figure 4. Diagram of the ground-state (1GS) and excited-state (1MLCT and
3MLCT) redox potentials of [1 a]+/[2 a]¢ , [1 b]+/[2 b]¢ , [1 c]+/[2 c]¢ , and N719,
the conduction band edge of TiO2, and the redox potentials of the electro-
lytes.

Figure 5. Photocurrent action spectra of cells with [nBu4N]2[2 a] ,
[nBu4N]2[2 b] , [nBu4N]2[2 c] , and N719. a) I3

¢/I¢ redox mediator with/without
CDCA (c/a) ; b) [3]3+ /2 + (a) and [4]3 + /2 + (c) electrolytes.
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generation and hence the highest regeneration rate based on
Marcus theory (Marcus normal region) is achieved with the I3

¢/

I¢ couple (although the [I2]¢C/I¢ couple with a higher potential
is responsible for the dye regeneration; Figure 4[89, 90]). As the

regeneration rate furthermore depends on the concentration
of the reduced mediator,[67] the regeneration rate should de-

crease in the series I¢ (0.550 m), [3]2 + (0.165 m), and [4]2 +

(0.080 m). All of these factors strongly favor the I3
¢/I¢ couple

over cobalt-based couples.

Electron recombination with oxidized dyes (driving forces
around 1.0–1.5 eV;[67] Figure 4) is reported to occur in the
Marcus inverted region. However, the rates better correlate
with the inverse distance of the positive charge in the dye and

the TiO2 surface instead with the driving force.[67] In oxidized
N719 the positive charge is delocalized between Ru and the

[NCS]¢ ligands. In [1 a]2 +–[1 c]2 + the positive charge is efficient-

ly delocalized onto the amine substituents of the dpb ligands
(Robin–Day class III/class II behavior, see above). This is visual-

ized in the DFT-calculated singly occupied molecular orbitals
and corresponding spin densities of [1 a]2 +–[1 c]2 + spreading

over the metal center and the amine substituent (see
Figure 3). In this respect, amine substituted sensitizers should

be somewhat advantageous as compared to N719. On the

other hand, electron recombination with oxidized dyes de-
pends on the lifetime of the oxidized dye and hence on its re-

generation efficiency in the specific cell. Dye regeneration is
very efficient for SCN-based ruthenium dyes and iodide, but

often slowed down with other dye/electrolyte combinations
for various reasons (lower electrolyte concentration, lower driv-

ing force, smaller electronic coupling, inner/outer sphere elec-

tron transfer).[67–69] Considering the slower dye regeneration
using [2 a]2¢–[2 c]2¢ sensitizers or cobalt redox mediators, the

better performance of cells with the N719/I3
¢/I¢ combination

is quite expected (Figure 5 a, Tables 2, Table 3). Interestingly,

a lower electrolyte concentration decreases the efficiency of
the N719 cell to 5.8 % but improves the efficiency of the cell

with the [nBu4N]2[2 c] sensitizer to 3.3 % (Table 2). Obviously,

the effects of electrolyte concentration on dye regeneration

and electron recombination kinetics differs for both dyes. This

shows that the standard electrolyte concentration is optimized

for N719, but the optimum electrolyte concentration needs to
be determined for each dye individually. However, this is

beyond the scope of this study.
Electron recombination of conduction band electrons with

the oxidized mediator (I3
¢ , [3]3 + , [4]3 +) is a complex function

of the driving force (Marcus normal or inverted region), the

electronic coupling, and the presence of surface protection.[89]

Recombination kinetics with I3
¢ is slow,[89] yet all cells with

[2]2¢/I3
¢/I¢ combinations profit from the presence of CDCA as

surface protecting agent and show higher short-circuit current
densities (Table 2, Figure 5 a, Figure 6 a). With the I3

¢/I¢ couple,

the dark current for [2 a]2¢–[2 c]2¢ sensitizers is higher than that
of N719 (Figure 6 b). However this observation reverses for the
cobalt-based electrolytes (Figure 7 b). Obviously, cells with the

tridentate cyclometalated complexes [2 b]2¢ and [2 c]2¢ cope
with the cobalt-based electrolytes, but the cell performance
with N719 dyes and cobalt-based electrolytes is severely re-
duced. The poor performance of N719 in combination with

cobalt-based electrolytes can be traced back to the higher
dark current densities and consequently a strongly diminished

short-circuit current density (Figure 6 b, 7b; Table 1 and
Table 2). As a working hypothesis, the N719 dye better shields
TiO2 from I2/I3

¢ , but [2 b]2¢ and [2 c]2¢ better shield TiO2 from

cobalt-based electrolytes. This effect is certainly related to mo-
lecular structure, packing density (cf. dye loadings, Table 4) and

protonation state of the dyes.[28]

Comparing the influence of the two cobalt-based electro-

lytes on the dark current densities of the N719 and [2 c]2¢

dyes, the bpy-based electrolyte [3]3 + /2 + shows the lower dark
current density (Figure 7 b). For cobalt-based electrolytes with

potentials above about 0.55 V vs. NHE, recombination with
electrons in the conduction band should be in the Marcus in-

verted region.[67] In accordance with this reported limiting
value, recombination with [3]3 + is hampered as compared to

Table 2. Photovoltaic data of cells using the I3
¢/I¢ redox mediator with

and without CDCA under AM1.5 light conditions (the data correspond to
averaged values of several cells).

Dye CDCA VOC [V] JSC [mA cm¢2] FF [%] h [%]

[nBu4N]2[2 a] – 0.50 1.77 63 0.6
[nBu4N]2[2 a] + 0.54 3.37 67 1.2
[nBu4N]2[2 b] – 0.53 2.91 67 1.1
[nBu4N]2[2 b] + 0.59 5.47 73 2.4
[nBu4N]2[2 c] – 0.57 5.06 72 2.1
[nBu4N]2[2 c] + 0.59 5.58 74 2.5
[nBu4N]2[2 c][b] + 0.70 6.74 70 3.3
N719 + 0.74 13.4 75 7.3
N719[b] + 0.78 10.97 68 5.8
[AH,H]+ [66] + 0.55 8.22 69 3.1
[BH]+ [38,a] – 0.54 8.49 73 3.4
[CH]+ [38,a] – 0.69 11.61 73 5.8

[a] Guanidinium thiocyanate was employed additionally in the electrolyte
solution. [b] The electrolyte concentration was reduced to 0.100 m 1-
methyl-3-propylimidazolium iodide and 0.020 m iodine in CH3CN.

Table 3. Photovoltaic data of cells using the [3]3+ /2 + and [4]3 + /2 + redox
mediators under AM1.5 light conditions.

Dye Electrolyte VOC [V] JSC [mA cm¢2] FF [%] h [%]

[nBu4N]2[2 a] [3]3 + /2 + 0.10 0.30 21 <0.1
[nBu4N]2[2 a] [4]3 + /2 + 0.59 1.07 66 0.4
[nBu4N]2[2 b] [3]3 + /2 + 0.61 0.95 70 0.4
[nBu4N]2[2 b] [4]3 + /2 + 0.66 1.90 73 0.9
[nBu4N]2[2 c] [3]3 + /2 + 0.70 2.63 71 1.3
[nBu4N]2[2 c] [4]3 + /2 + 0.66 3.06 71 1.4
N719 [3]3 + /2 + 0.69 2.80 57 1.1
N719 [4]3 + /2 + 0.64 2.68 62 1.1
N719[,70a] [3]3 + /2 + 0.58 3.03 66 1.1
N719[,92b] [3]3 + /2 + 0.62 3.80 76 1.8
N719[,93c] [3]3 + /2 + 0.65 5.47 49 1.8

[a] [Co(bpy)3][B(CN)4]2 (0.22 m) ; [Co(bpy)3][B(CN)4]3 (0.05 m) ; 4-tert-butylpyr-
idine (0.2 m) and lithium perchlorate (0.1 m) in CH3CN; [b] [Co(bpy)3][PF6]2

(0.2 m) ; [Co(bpy)3][PF6]3 (0.02 m) ; 4-tert-butylpyridine (0.5 m) and lithium
perchlorate (0.1 m) in CH3CN; [c] [Co(bpy)3][PF6]2 (0.2 m) ; [Co(bpy)3][PF6]3

(0.02 m) ; 4-tert-butylpyridine (0.5 m) and lithium perchlorate (0.1 m) in
CH3CN.
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recombination with [4]3+ accounting for the lower dark current
density. For both low-spin cobalt(III) complexes [3]3 + and [4]3 +

recombination with an electron initially yields low-spin co-

balt(II) complexes corresponding to a metastable low-spin
state which then undergoes spin crossover to the high spin

state.[83, 95] This effect might account for the favorable dark cur-
rent densities of the cobalt-based electrolytes compared to the

I3
¢/I¢ couple for [2 b]2¢ and [2 c]2¢ (Figure 6 b,7b).

Electron lifetimes were determined by the photovoltage re-
sponse to a small amplitude light modulation as a function of

the quasi Fermi level of TiO2 (Figure 8). All responses are linear
in the semi-logarithmic plot, suggesting that recombination

depends exponentially on the potential without participation
of surface states.[68] As suggested above, CDCA retards recom-

bination with the iodine shuttle and increases the lifetime (Fig-

ure 8 a). N719 displays the highest lifetime with the I3
¢/I¢

couple but performs poorly with the cobalt-based electrolytes

(Figure 8). The slow dye regeneration kinetics of the cobalt-
based electrolytes allowing for recombination with the oxi-
dized dyes easily accounts for this observation. Slightly faster

dye regeneration and/or better surface shielding with the dye/
electrolyte combination [2 c]2¢/[3]3 + /2 + yields a higher electron

lifetime (Figure 8 b).
Finally, the open-circuit voltages VOC should increase in the

electrolyte series I3
¢/I¢< [3]3+ /2 +< [4]3 + /2 + according to the

electrochemical data (Figure 4). Indeed, VOC of the cobalt elec-

trolytes is somewhat larger than that of the I3
¢/I¢ couple for

[2 a]2¢, [2 b]2¢, and [2 c]2¢ dyes, although the effect is less pro-
nounced than expected from the redox potentials (Figure 4).

Overall, the combination of cobalt-based electrolytes with
TPA-appended dyes, especially [2 c]2¢ outperforms the stan-

dard dye N719 with cobalt-based electrolytes. The absolute
performance of N719 and the I3

¢/I¢ couple with optimized

concentration is still unrivaled with the systems under study.

Conclusion

The bis(tridentate) cylcometalated ruthenium complexes [1 a]

[PF6]–[1 c][PF6] as well as their saponified counterparts
[nBu4N]2[2 a]–[nBu4N]2[2 c] were synthesized and characterized

Figure 6. a) Current density–voltage characteristics of cells with
[nBu4N]2[2 a] , [nBu4N]2[2 b] , [nBu4N]2[2 c] , and N719 using the I3

¢/I¢ redox
mediator with/without CDCA (c/a) under illumination; b) correspond-
ing dark current density–voltage measurements.

Figure 7. a) Current density–voltage characteristics of cells with
[nBu4N]2[2 b] , [nBu4N]2[2 c] , and N719 using the [3]3+ /2 + (a) and [4]3 + /2 +

(c) redox mediators under illumination; b) corresponding dark current
density–voltage measurements.

Table 4. Dye loadings.

Dye CDCA mol cm¢2

[nBu4N]2[2 a] – 1.39 Õ 10¢7

[nBu4N]2[2 a] + 1.24 Õ 10¢7

[nBu4N]2[2 b] – 1.08 Õ 10¢7

[nBu4N]2[2 b] + 0.84 Õ 10¢7

[nBu4N]2[2 c] – 1.81 Õ 10¢7

[nBu4N]2[2 c] + 1.42 Õ 10¢7

N719 + 0.55 Õ 10¢7
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using mass spectrometry, UV/Vis and emission spectroscopy,

and electrochemical methods. Oxidation of [2 a]2¢–[2 c]2¢ yields
strongly coupled mixed valent species [2 a]¢–[2 c]¢ with sub-
stantial charge delocalization between the metal center and
the triarylamine fragment as evidenced from TD-DFT calcula-

tions.[62, 63] Yet, the degree of this delocalization is reduced in
the saponified complexes [2 a]¢–[2 c]¢ as compared to the cor-
responding esters [1 a]2 +–[1 c]2 + due to an increased charge

density at the metal center. Concomitantly, all redox potentials
shift to substantially lower values. Charge delocalization

should be beneficial for applications in dye-sensitized solar
cells as it hampers undesired recombination processes. Howev-

er, the low redox potentials, which result from the large reso-

nance stabilization, poses a challenge in the selection of a suita-
ble redox electrolyte for efficient dye regeneration. As a conse-

quence, dye [2 c]2¢ with the highest oxidation potential yields
the best cell performance of the cyclometalated complexes in

this study in conjunction with triiodide/iodide (h= 3.3 %). The
reference dye N719/triiodide/iodide combination remains un-

surpassed however (h= 5.8 % under the same conditions).
Compared to the triiodide/iodide cells, the efficiencies of the

cells containing cobalt electrolytes are smaller by about
a factor of three despite larger open-circuit voltages. We attri-
bute this to the substantially slowed dye regeneration by the
cobalt electrolytes which results in reduced short-circuit cur-
rents. In the presence of cobalt electrolytes, however, the cy-
clometalated dye with the carbazole substituent [2 c]2¢ (h =

1.4 %) surpasses the thiocyanato-based dye N719 (h = 1.1 %).

This once again underlines the exceptional suitability of the
triiodide/iodide electrolyte for thiocyanate-based sensitizers.
We aim to dedicate further work to the understanding of the
opposing trends of overall cell performances with the cobalt
and iodide based electrolytes.

Experimental Section

Chemicals were obtained from commercial suppliers (Acros, Sigma-
Aldrich, Solaronix SA, Wako, TCI, Boulder Scientific) and used with-
out further purification. Air- or moisture-sensitive reactions were
performed in dried glassware in an inert gas atmosphere (argon,
quality 4.6). Acetonitrile was refluxed over CaH2 and distilled under
argon prior to use. Toluene was refluxed over sodium and distilled
under argon prior to use. The ligands trimethyl-2,2’;6’,2’’-terpyri-
dine-4,4’,4’’-tricarboxylate Me3tctpy,[22] 1-bromo-3,5-di(2-pyridyl)-
benzene,[96] ddpd[81] as well as the ruthenium(III) complex
RuCl3(Me3tctpy)[22] and the palladium precatalyst [Pd]2

[84] were syn-
thesized according to previously reported procedures. IR spectra
were recorded on a Varian Excalibur Series 3100 FTIR spectrometer
using KBr disks. IR absorption band intensities are classified as
s (strong), m (medium), w (weak), and sh (shoulder). UV/Vis spectra
were recorded on a Varian Cary 5000 spectrometer in 1 cm cuv-
ettes. Emission spectra were recorded on a Varian Cary Eclipse
spectrometer. Quantum yields were determined by comparing the
areas under the emission spectra on an energy scale recorded for
solutions of the samples and a reference with matching absorban-
ces (F([Ru(bipy)3]Cl2) = 0.094 in deaerated MeCN).[97] Experimental
uncertainty is estimated to be 15 %. ESI+ and high-resolution ESI+

mass spectra were recorded on a Micromass QTof Ultima API mass
spectrometer with analyte solutions in acetonitrile. FD mass spec-
tra were recorded on a Thermo Fisher DFS mass spectrometer with
a LIFDI upgrade. Elemental analyses were performed by the micro-
analytical laboratory of the chemical institutes of the University of
Mainz. NMR spectra were obtained with a Bruker Avance II 400
spectrometer at 400.31 (1H), 100.66 (13C), 376.67 (19F) at 25 8C.
Chemical shifts d [ppm] are reported with respect to residual sol-
vent signals as internal standards (1H, 13C): CD3CN d(1H) = 1.94 ppm,
d(13C) = 1.32 and 118.26 ppm;[98] CD2Cl2 d(1H)= 5.32 ppm, d(13C) =
53.84 ppm[98] or external CFCl3 (19F: d= 0 ppm). Electrochemical ex-
periments were performed with a BioLogic SP-50 voltammetric an-
alyzer at a sample concentration of 10¢3 m using platinum wire
working and counter electrodes and a 0.01 m Ag/AgNO3 reference
electrode. Measurements were carried out at a scan rate of
100 mV s¢1 for cyclic voltammetry experiments and at 10 mV s¢1

for square-wave voltammetry experiments using 0.1 m [nBu4N][PF6]
as supporting electrolyte in acetonitrile. Potentials are given rela-
tive to the ferrocene/ferrocenium couple (0.40 V vs. SCE, E1/2 =
0.09�5 mV under the given conditions).[99]

Current–voltage characteristics of the DSSCs were measured with
a Keithley Model 2400 source meter and a solar simulator with
a 300 W Xenon arc-lamp (Newport) under 1 sun illumination

Figure 8. a) Electron recombination lifetimes (t) of cells with [nBu4N]2[2 a] ,
[nBu4N]2[2 b] , [nBu4N]2[2 c] , and N719 using a) the I3

¢/I¢ redox mediator
with/without CDCA (*/&) and b) using the [3]3+ /2 + (*) and [4]3+ /2 + (&)
redox mediators.

Chem. Eur. J. 2016, 22, 8915 – 8928 www.chemeurj.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim8923

Full Paper 

 

88 
3.4  RESULTS AND DISCUSSION: STRONGLY COUPLED CYCLOMETALATED 

RUTHENIUM TRIARYLAMINE CHROMOPHORES AS SENSITIZERS FOR DSSCS 

  

http://www.chemeurj.org


(AM 1.5, 100 mW cm¢2). A light shading mask, placed on the residu-
al area of the front side of the FTO substrate (except for the
0.16 cm2 TiO2 active area), was employed to prevent overestima-
tion of the power conversion efficiency. The quantum efficiencies
of the DSSCs were measured by incident photon-to-current con-
version efficiency (IPCE) measurements (PV Measurements, Inc.).
UV/Vis spectra of the dye loading solutions were collected on
a Jasco V-670 UV/Vis spectrometer. The electron lifetimes were ob-
tained by intensity modulated photovoltage spectroscopy (IMVS)
under open-circuit conditions as a function of light intensity using
a controlled intensity modulated photo spectroscopy (CIMPS)
system (Zahner).

Density functional theory calculations : DFT calculations were car-
ried out using the ORCA program package (version 3.0.2).[100] Tight
convergence criteria were chosen for all calculations (Keywords
TightSCF and TightOpt). All calculations employ the resolution of
identity (Split-RI-J) approach for the coulomb term in combination
with the chain-of-spheres approximation for the exchange term
(COSX).[101, 102] All calculations were performed using the hybrid
functional B3LYP[103] in combination with Ahlrichs’ split-valence
double-z basis set def2-SV(P), which comprises polarization func-
tions for all non-hydrogen atoms.[104, 105] Relativistic effects were cal-
culated at the zeroth-order regular approximation (ZORA)
niveau.[106] The ZORA keyword automatically invokes relativistically
adjusted basis sets.[107] To account for solvent effects a conductor-
like screening model (COSMO) modelling acetonitrile was used in
all calculations.[108] Explicit counterions and/or solvent molecules
were not taken into account in all cases.

Synthesis of N,N-bis-(4-methoxyphenyl)-3,5-(di-2-pyridyl)aniline
(dpbH-N(4-C6H4OMe)2) La : 2-Dicyclohexylphosphano-2’,6’-diisopro-
poxybiphenyl (12 mg, 0.026 mmol, 0.04 equiv) and the precatalyst
[Pd]2 (8 mg, 0.011 mmol, 0.02 equiv) were suspended in dry tolu-
ene (10 mL) and stirred for 10 min followed by the addition of 1-
bromo-3,5-di(2-pyridyl)benzene (200 mg, 0.643 mmol, 1 equiv), bis-
(4-methoxyphenyl)amine (221 mg, 0.964 mmol, 1.50 equiv), sodium
tert-butoxide (93 mg, 0.968 mmol, 1.51 equiv), and further dry tolu-
ene (40 mL). The resulting mixture was refluxed for 12 h. After
cooling to room temperature, the solvent was removed under re-
duced pressure and the brown residue was purified by column
chromatography on silica gel (eluent: dichloromethane/ethyl ace-
tate 10:1!7:1), yielding La as slightly yellow solid. Yield: 241 mg
(0.524 mmol, 82 %). NMR and mass spectrometric data agree with
reported values.[62]

Synthesis of N,N-diphenyl-3,5-(di-2-pyridyl)aniline (dpbH-NPh2)
Lb : 2-Dicyclohexylphosphano-2’,6’-diisopropoxybiphenyl (12 mg,
0.026 mmol, 0.04 equiv) and the precatalyst [Pd]2 (7 mg,
0.009 mmol, 0.01 equiv) were suspended in dry toluene (10 mL)
and stirred for 10 min followed by the addition of 1-bromo-3,5-
di(2-pyridyl)benzene (200 mg, 0.643 mmol, 1 equiv), diphenylamine
(163 mg, 0.964 mmol, 1.50 equiv), sodium tert-butoxide (93 mg,
0.968 mmol, 1.51 equiv) and further dry toluene (40 mL). The re-
sulting mixture was refluxed for 12 h. After cooling to room tem-
perature, the solvent was removed under reduced pressure and
the brown residue was purified by column chromatography on
silica gel (eluent: dichloromethane/ethyl acetate 10:1) yielding Lb

as slightly yellow solid. Yield: 222 mg (0.556 mmol, 86 %). Anal.
calcd. for C28H21N3 (399.49): C 84.18, H 5.30, N 10.52; found:
C 83.86, H 5.39, N 10.39. MS(FD+): m/z (%) = 399.1 (100) [Lb]+ .
1H NMR (CD2Cl2): d [ppm] = 8.64 (d, 3JHH = 5 Hz, 2 H, H8), 8.32 (s, 1 H,
H9), 7.80 (s, 2 H, H2), 7.76–7.71 (m, 4 H, H5, H6), 7.29 (t, 3JHH = 8 Hz,
4 H, H12), 7.24 (dd, 3JHH = 9 Hz, 5 Hz, 2 H, H7), 7.17 (d, 3JHH = 8 Hz, 4 H,
H11), 7.06 (t, 3JHH = 7 Hz, 2 H, H13). 13C{1H} NMR (CD2Cl2): d [ppm] =
157.1 (C4), 150.0 (C8), 149.4 (C1), 148.3 (C10), 141.5 (C3), 137.1 (C6),

129.7 (C12), 124.7 (C11), 123.5 (C2), 123.3 (C13), 122.8 (C7), 120.9 (C5),
120.3 (C9). IR (KBr disk): ñ [cm¢1] = 3054 (w, aromatic C-H), 1584 (s,
C=C), 1566 (s, C=C), 1492 (s), 1352 (s), 1255 (s), 779 (s), 749 (s), 700
(s).

Synthesis of 1-(N-carbazolyl)-3,5-(di-2-pyridyl)benzene (dpbH-N-
carbazole) Lc : 2-Dicyclohexylphosphano-2’,6’-diisopropoxybiphenyl
(12 mg, 0.026 mmol, 0.04 equiv) and the precatalyst [Pd]2 (7 mg,
0.009 mmol, 0.01 equiv) were suspended in dry toluene (10 mL)
and stirred for 10 min followed by the addition of 1-bromo-3,5-
di(2-pyridyl)benzene (200 mg, 0.643 mmol, 1 equiv), carbazole
(161 mg, 0.964 mmol, 1.50 equiv), sodium tert-butoxide (93 mg,
0.968 mmol, 1.51 equiv), and further dry toluene (40 mL). The re-
sulting mixture was refluxed for 12 h. After cooling to room tem-
perature, the solvent was removed under reduced pressure and
the brown residue was purified by column chromatography on
silica gel (eluent: dichloromethane/ethyl acetate 20:1) yielding Lc

as slightly yellow solid. Yield: 251 mg (0.556 mmol, 98 %). Anal.
calcd. for C28H19N3 (397.47) ·0.5 H2O: C 82.73, H 4.96, N 10.34;
found: C 82.96, H 4.53, N 10.04. MS(FD+): m/z (%) = 198.6 (1.5)
[Lc]2 + , 397.1 (100) [Lc]+ . 1H NMR (CD2Cl2): d [ppm] = 8.85 (s, 1 H, H9),
8.73 (d, 3JHH = 4 Hz, 2 H, H8), 8.31 (s, 2 H, H2), 8.19 (d, J = 8 Hz, 2 H,
H14), 7.92 (d, J = 8 Hz, 2 H, H5), 7.83 (t, 3JHH = 8 Hz, 2 H, H6), 7.54 (d,
3JHH = 8 Hz, 2 H, H11), 7.44 (t, 3JHH = 7 Hz, 2 H, H12), 7.29–7.35 (m, 4 H,
H7, H13). 13C{1H} NMR (CD2Cl2): d [ppm] = 156.4 (C4), 150.3 (C8), 142.2
(C3), 141.4 (C10), 139.1 (C1), 137.3 (C6), 126.5 (C12), 126.2 (C2), 124.6
(C9), 123.8 (C15), 123.2 (C7), 121.0 (C5), 120.7 (C14), 120.4 (C13), 110.3
(C11). IR (KBr disk): ñ [cm¢1] = 3049 (w, aromatic C-H), 1587 (s, C=C),
1566 (s, C=C), 1448 (s), 1228 (s), 779 (s), 747 (s), 723 (s).

Synthesis of [Ru(La)(Me3tctpy)][PF6] [1 a][PF6]:[63a] RuCl3(Me3tctpy)
(222 mg, 0.361 mmol, 1 equiv) and AgBF4 (204 mg, 1.05 mmol,
2.9 equiv) were dissolved in dry acetonitrile (15 mL) and refluxed in
the dark for 3 h. After cooling to room temperature, the mixture
was filtered through a syringe filter (0.2 mm) and the solvent re-
moved under reduced pressure. The dark residue was dissolved in
deaerated n-butanol (20 mL) and La (200 mg, 0.435 mmol,
1.2 equiv) was added. The mixture was refluxed for 13 h followed
by removal of the solvent under reduced pressure. The raw prod-
uct was redissolved in MeCN (5 mL) and triturated by addition of
a solution of [NH4][PF6] (177 mg, 1.08 mmol, 3 equiv) in H2O (2 mL).
The black precipitate was filtered off and washed with diethyl
ether and hexanes. After purification via column chromatography
on silica gel (eluent: chloroform/methanol 1:0!7:1), [1 a][PF6] was
obtained as black powder. Yield: 364 mg (0.327 mmol, 91 %).
MS(ESI+): m/z (%) = 967.1 (100) [1 a]+ . Traces of the paramagnetic
RuIII complex [1 a][PF6]2 broaden all NMR resonances of [1 a][PF6]
due to the presence of a fast self-exchange reaction.[62, 63a]

Synthesis of [nBu4N]2[Ru(La)(H3tctpy)] [nBu4N]2[2 a]: Complex [1 a]
[PF6] (360 mg, 0.324 mmol) was suspended in deaerated H2O
(35 mL) and nBu4NOH (1.5 m in H2O, 5 mL) and hydrazine (1 mL)
were added. After refluxing for 13 h, the mixture was extracted
with dichloromethane (3 Õ 50 mL). The organic phases were com-
bined, dried over MgSO4, and the solvent was removed under re-
duced pressure. The purple residue was dissolved in MeCN (10 mL)
and triturated by adding a 1:1 mixture of diethyl ether and hex-
anes (50 mL), yielding [nBu4N]2[2 a] as purple powder. Yield:
347 mg (0.247 mmol, 66 %). Anal. calcd. for C80H104N8O8Ru (1406.8)
·8 H2O: C 61.95, H 7.80, N 7.22; found: C 62.24, H 7.88, N 7.22.
MS(ESI+): m/z (%) = 242.3 (100) [nBu4N]+ , 462.6 (12) [2 a + 3H]2 + ,
925.1 (48) [2 a + 3H]+ . HR-MS(ESI+ , m/z): Calcd. for C48H35N6O8

96Ru
[2 a + 3H]+ : 919.1592; Found: 919.1578. MS(ESI¢): m/z (%) = 439.4
(85) [2 a-CO2]2¢, 461.4 (56) [2 a]2¢, 834.9 (17) [2 a-2CO2]¢ , 878.8 (100)
[2 a-CO2]¢ , 922.8 (19) [2 a]¢ , 1163.8 (77) ([nBu4N][2 a])¢ . 1H NMR
(CD3CN): d [ppm] = 9.25 (s, 2 H, H2A), 8.86 (s, 2 H, H5A), 8.03 (s, 2 H,
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H2B), 7.90 (d, 3JHH = 8 Hz, 2 H, H5B), 7.47 (t, 3JHH = 7 Hz, 2 H, H6B), 7.37
(d, 3JHH = 6 Hz, 2 H, H7A), 7.20 (d, 3JHH = 9 Hz, 4 H, H12A), 7.07 (d, 3JHH =
6 Hz, 2 H, H8A), 7.05 (d, 3JHH = 6 Hz, 2 H, H8B), 6.92 (d, 3JHH = 9 Hz, 4 H,
H12B), 6.58 (t, 3JHH = 6 Hz, 2 H, H7B), 3.79 (s, 6 H, H14B), 3.19–3.00 (m,
16 H, H1), 1.68–1.44 (m, 16 H, H2), 1.38–1.21 (m, 16 H, H3), 0.93 (t,
3JHH = 7 Hz, 24 H, H4). 13C{1H} NMR (CD3CN): d [ppm] = 219.0 (C9B),
169.1 (C4B), 168.3 (C10A), 167.1 (C11A), 160.2 (C4A), 155.7 (C13B), 154.5
(C8A), 153.7 (C3A), 152.9 (C8B), 147.9 (C6A), 143.9 (C9B), 143.5 (C3B),
142.8 (C1B), 136.0 (C6B), 126.6 (C7A), 124.8 (C11B), 123.6 (C5A), 123.4
(C2B), 122.9 (C2A), 122.4 (C7B), 120.4 (C5B), 115.6 (C12B), 59.3 (C1), 56.1
(C14B), 24.3 (C2), 20.3 (C3), 13.8 (C4). IR (KBr disk): ñ [cm¢1] = 3440 (s,
O-H crystal water), 3065 (w, aromatic C-H), 2960, 2873, 2843 (m, ali-
phatic C-H), 1620 (s, C=O carboxylate), 1598 (sh, C=C), 1465 (m, ali-
phatic C-N), 1341 (s, aromatic C-N), 1237 (s, C-O-C).

Synthesis of [Ru(Lb)(Me3tctpy)][PF6] [1 b][PF6]: RuCl3(Me3tctpy)
(263 mg, 0.429 mmol, 1 equiv) and AgBF4 (243 mg, 1.25 mmol,
2.9 equiv) were dissolved in dry acetonitrile (15 mL) and refluxed in
the dark for 3 h. After cooling to room temperature, the mixture
was filtered through a syringe filter (0.2 mm) and the solvent re-
moved under reduced pressure. The dark residue was dissolved in
deaerated n-butanol (20 mL) and Lb (206 mg, 0.516 mmol,
1.2 equiv) was added. The mixture was refluxed for 13 h followed
by removal of the solvent under reduced pressure. The raw prod-
uct was redissolved in MeCN (5 mL) and triturated by addition of
a solution of [NH4][PF6] (210 mg, 1.29 mmol, 3 equiv) in H2O (2 mL).
The black precipitate was filtered off and washed with diethyl
ether and hexanes. After purification via column chromatography
on silica gel (eluent: chloroform/methanol 1:0!7:1), [1 b][PF6] was
obtained as a black powder. Yield: 389 mg (0.370 mmol, 86 %).
MS(ESI+): m/z (%) = 453.6 (12) [1 b]2 + , 907.1 (100) [1 b]+ . HR-
MS(ESI+ , m/z): Calcd. for C49H37N6O6

96Ru [1 b]+ : 901.1851; Found:
901.1857. Traces of the paramagnetic RuIII complex [1 b][PF6]2

broaden all NMR resonances of [1 b][PF6] due to the presence of
a fast self-exchange reaction.[62, 63a] IR (KBr disk): ñ [cm¢1] = 3041 (w,
aromatic C-H), 1725 (s, C=O ester), 1599 (m, C=C), 1243 (s), 843 (s,
P-F), 588 (m, PFdef).

Synthesis of [nBu4N]2[Ru(Lb)(H3tctpy)] [nBu4N]2[2 b]: Complex [1 b]
[PF6] (279 mg, 0.265 mmol) was suspended in deaerated H2O
(35 mL), and [nBu4N][OH] (1.5 m in H2O, 5 mL) and hydrazine (1 mL)
were added. After refluxing for 13 h, the mixture was extracted
with dichloromethane (3 Õ 50 mL). The organic phases were com-
bined, dried over MgSO4, and the solvent was removed under re-
duced pressure. The purple residue was dissolved in MeCN (10 mL)
and triturated by adding a 1:1 mixture of diethyl ether and hex-
anes (50 mL), yielding [nBu4N]2[2 b] as purple powder. Yield:
312 mg (0.323 mmol, 87 %). Anal. calcd. for C78H100N8O6Ru (1346.8)
·6 H2O: C 64.39, H 7.76, N 7.70; found: C 64.06, H 7.40, N 7.53.
MS(ESI+): m/z (%) = 242.3 (100) [nBu4N]+ , 432.6 (9) [2 b + 3H]2 + ,
865.2 (8) [2 b + 3H]+ . HR-MS(ESI+ , m/z): Calcd. for C46H31N6O6

96Ru
[2 b + 3H]+ : 859.1381; Found: 859.1390. MS(ESI¢): m/z (%) = 387.5
(13) [2 b-2CO2]2¢, 409.4 (47) [2 b-CO2]2¢, 431.4 (15) [2 b]2¢, 775.0 (28)
[2 b-2CO2]¢ , 818.9 (67) [2 b-CO2]¢ , 862.9 (13) [2 b]¢ , 1103.7 (100)
([nBu4N][2 b])¢ . 1H NMR (CD3CN): d [ppm] = 9.20 (s, 2 H, H2A), 8.80 (s,
2 H, H5A), 8.10 (s, 2 H, H2B), 7.96 (d, 3JHH = 8 Hz, 2 H, H5B), 7.49 (t,
3JHH = 8 Hz, 2 H, H6B), 7.40–7.26 (m, 10 H, H7A, H11B, H12B), 7.11 (d,
3JHH = 5 Hz, 2 H, H8B), 7.06–6.95 (m, 4 H, H8A, H13B), 6.61 (t, 3JHH = 6 Hz,
2 H, H7B), 3.19–3.00 (m, 16 H, H1), 1.67–1.49 (m, 16 H, H2), 1.41–1.21
(m, 16 H, H3), 0.94 (t, 3JHH = 7 Hz, 24 H, H4). 13C{1H} NMR (CD3CN): d

[ppm] = 218.8 (C9B), 169.1 (C4B), 167.6 (C9A), 166.6 (C10A), 160.2 (C4A),
154.4 (C8A), 153.6 (C3A), 152.9 (C8B), 149.9 (C6A), 149.9 (C10B), 149.4
(C1A), 144.0 (C3B), 141.0 (C1B), 135.9 (C6B), 130.3 (C11B), 126.5 (C7A),
124.7 (C2B), 123.5 (C5A), 123.1 (C12B), 122.7 (C2A), 122.5 (C7B), 122.4
(C13B), 120.4 (C5B), 59.3 (C1), 24.3 (C2), 20.3 (C3), 13.8 (C4). IR (KBr

disk): ñ [cm¢1] = 3440 (s, O-H crystal water), 3065 (w, aromatic C-H),
2960, 2873 (m, aliphatic C-H), 1617 (s, C=O carboxylate), 1598 (sh,
C=C), 1465 (m, aliphatic C-N), 1351 (s, aromatic C-N).

Synthesis of [Ru(Lc)(Me3tctpy)][PF6] [1 c][PF6]: RuCl3(Me3tctpy)
(257 mg, 0.418 mmol, 1 equiv), and AgBF4 (237 mg, 1.22 mmol,
2.9 equiv) were dissolved in dry acetonitrile (15 mL) and refluxed in
the dark for 3 h. After cooling to room temperature, the mixture
was filtered through a syringe filter (0.2 mm) and the solvent re-
moved under reduced pressure. The dark residue was dissolved in
deaerated n-butanol (20 mL) and Lc (200 mg, 0.503 mmol,
1.2 equiv) was added. The mixture was refluxed for 13 h followed
by removal of the solvent under reduced pressure. The raw prod-
uct was redissolved in MeCN (5 mL) and triturated by addition of
a solution of [NH4][PF6] (204 mg, 1.25 mmol, 3 equiv) in H2O (2 mL).
The black precipitate was filtered off and washed with diethyl
ether and hexanes. After purification via column chromatography
on silica gel (eluent: chloroform/methanol 1:0!7:1) [1 c][PF6] was
obtained as black powder. Yield: 385 mg (0.366 mmol, 88 %).
MS(ESI+): m/z (%) = 905.1 (100) [1 c]+ . HR-MS(ESI+ , m/z): Calcd. for
C49H35N6O6

96Ru [1 c]+ : 899.1694; Found: 899.1725. Traces of para-
magnetic RuIII complex [1 c][PF6]2 broaden all NMR resonances of
[1 c][PF6] due to the presence of a fast self-exchange reaction.[62, 63a]

IR (KBr disk): ñ [cm¢1] = 3052 (w, aromatic C-H), 1725 (s, C=O ester),
1599 (m, C=C), 1249 (s), 842 (s, P-F), 588 (m, PFdef).

Synthesis of [nBu4N]2[Ru(Lc)(H3tctpy)] [nBu4N]2[2 c]: Complex [1 c]
[PF6] (233 mg, 0.222 mmol) was suspended in deaerated H2O
(35 mL), and [nBu4N][OH] (1.5 m in H2O, 5 mL) and hydrazine (1 mL)
were added. After refluxing for 13 h, the mixture was extracted
with dichloromethane (3 Õ 50 mL). The organic phases were com-
bined, dried over MgSO4, and the solvent was removed under re-
duced pressure. The purple residue was dissolved in MeCN (10 mL)
and triturated by adding a 1:1 mixture of diethyl ether and hex-
anes (50 mL), yielding [nBu4N]2[2 c] as purple powder. Yield:
159 mg (0.118 mmol, 53 %). Anal. calcd. for C78H98N8O6Ru (1344.7)
·8 H2O: C 63.69, H 7.68, N 7.62; found: C 63.77, H 8.03, N 7.55.
MS(ESI+): m/z (%) = 242.3 (100) [nBu4N]+ , 431.6 (3) [2 a + 3H]2 + ,
863.1 (89) [2 a + 3H]+ . HR-MS(ESI+ , m/z): Calcd. for C46H29N6O6

96Ru
[2 c + 3H]+ : 857.1225; Found: 857.1218. MS(ESI¢): m/z (%) = 386.5
(26) [2 c-2CO2]2¢, 408.4 (74) [2 c-CO2]2¢, 430.4 (20) [2 c]2¢, 773.0 (40)
[2 c-2CO2]¢ , 816.9 (80) [2 c-CO2]¢ , 860.9 (13) [2 c]¢ , 1101.7 (100)
([nBu4N][2 c])¢ . 1H NMR (CD3CN): d [ppm] = 9.25 (s, 2 H, H2A), 8.85 (s,
2 H, H5A), 8.39 (s, 3JHH = 9 Hz, 2 H, H2B), 8.29 (d, 3JHH = 8 Hz, 2 H, H14B),
8.11 (d, 3JHH = 8 Hz, 2 H, H5B), 7.72 (d, 3JHH = 8 Hz, 2 H, H11B), 7.60–7.50
(m, 4 H, H6B, H12B), 7.41–7.31 (m, 4 H, H7A, H13B), 7.21–7.12 (m, 4 H,
H8A, H8B), 6.67 (t, 3JHH = 6 Hz, 2 H, H7B), 3.16–3.00 (m, 16 H, H1), 1.63–
1.51 (m, 16 H, H2), 1.40–1.24 (m, 16 H, H3), 0.92 (t, 3JHH = 7 Hz, 24 H,
H4). 13C{1H} NMR (CD3CN): d [ppm] = 223.7 (C9B), 169.0 (C4B), 167.9
(C9A), 166.9 (C10A), 160.2 (C4A), 154.7 (C8A), 153.6 (C3A), 153.0 (C8B),
148.8 (C6A), 146.8 (C1A), 144.1 (C3B), 143.2 (C10B), 136.1 (C6B), 130.3
(C1B), 127.1 (C7A), 126.5 (C15B), 123.8 (C2B), 123.6 (C5A), 123.6 (C12B),
122.8 (C2A), 122.7 (C7B), 121.3 (C14B), 120.7 (C5B), 120.6 (C13B), 111.3
(C11B), 59.2 (C1), 24.3 (C2), 20.3 (C3), 13.8 (C4). IR (KBr disk): ñ [cm¢1] =
3440 (s, O-H crystal water), 3065 (w, aromatic C-H), 2960 (m, ali-
phatic C-H), 2873 (m, aliphatic C-H), 1614 (s, C=O carboxylate),
1598 (sh, C=C), 1465 (m, aliphatic C-N), 1353 (s, aromatic C-N).

Synthesis of [Co(bpy)3][B(C6F5)4]2 [3][B(C6F5)4]2 : The bpy ligand
(2.27 g, 14.6 mmol, 3.2 equiv), dissolved in CH3CN (50 mL) was
added to a solution of Co(BF4)2·6 H2O (1.55 g, 4.55 mmol, 1.0 equiv)
in CH3CN (50 mL) and the mixture was stirred for 6 h at room tem-
perature. The complex was precipitated by addition of Et2O
(200 mL) and filtered off, washed with Et2O (100 mL), and dried
under reduced pressure. The yellow powder was dissolved in a min-
imum amount of CH3CN and Li[B(C6F5)4]·Et2O (13.8 g, 18.2 mmol,
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4.0 equiv) was added. The volume of the solvent was reduced
under reduced pressure and the product was precipitated by addi-
tion of water to give a yellow crystalline solid (6.52 g, 3.46 mmol,
76 %). 1H NMR (CD3CN): d [ppm] = 88.3 (bs, 1 H), 85.0 (s, 1 H), 46.5
(s, 1 H), 14.7 (s, 1 H). 19F NMR (CD3CN): d [ppm] =¢134.04 (bs, 2F),
¢164.20 (pt, 1F, 3JFF = 19.7 Hz), ¢168.68 (pt, 2F, 3JFF = 16.8 Hz). The
1H NMR data match literature values of [Co(bpy)2][PF6]2.[91]

MS(ESI+): m/z (%) = 185.6 (7) [Co(bpy)2]2 + , 1206.2 (100) [Co(bpy)3 +
B(C6F5)4]+ , 2149.3 (17) [3 Õ (Co(bpy)3) + 4 Õ (B(C6F5)4)]2 + , 3092.44 (19)
[4 Õ (Co(bpy)3) + 6 Õ (B(C6F5)4)]2 + . HR-MS(ESI+ , m/z): Calcd. for
C54H24

10BCoF20N6 : 1205.1204; found: 1205.1224.

Synthesis of [Co(bpy)3][B(C6F5)4]3 [3][B(C6F5)4]3 : [Co(bpy)3](BF4)2

(2.94 g, 4.20 mol, 1.0 equiv) was dissolved in CH3CN (100 mL) and
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (1.43 g, 6.30 mmol,
1.5 equiv) was added. The solution was stirred for 5 h at room tem-
perature. Li[B(C6F5)4]·Et2O (12.8 g, 16.8 mol, 4.0 equiv) was added
and the mixture was diluted with water (200 mL). The precipitate
was filtered off, washed with water (200 mL), and dried under re-
duced pressure to give a slightly orange crystalline solid (7.65 g,
2.98 mmol, 71 %). 1H NMR (CD3CN): d [ppm] = 8.71 (d, 1 H, 3JHH =
7.8 Hz), 8.49 (pt, 1 H, 3JHH = 7.7 Hz), 7.76 (pt, 1 H, 3JHH = 6.5 Hz), 7.31
(d, 1 H, 3JHH = 5.5 Hz). 19F NMR (CD3CN): d [ppm] =¢134.07 (bs, 2F),
¢164.22 (pt, 1F, 3JFF = 19.7 Hz), ¢168.65 (bs, 2F). MS(ESI+): m/z
(%) = 185.6 (20) [Co(bpy)2]2 + , 263.6 (6) [Co(bpy)3]2 + , 371.1 (46)
[Co(bpy)2]+ , 423.1 (74), 1054.2 (14), 1206.2 (31) [Co(bpy)3 +
B(C6F5)4]+ , 1885.2 (100) [Co(bpy)3 + 2 Õ (B(C6F5)4)]+ , 2526.8 (6)
[Co(bpy)3 + 3 Õ (B(C6F5)4-2F)]+ , 2740.6 (7), 3168.3 (8) [3 Õ (Co(bpy)3) +
7 Õ (B(C6F5)4)]2 + . HR-MS(ESI+ , m/z): Calcd. for C78H24

10B2CoF40N6 :
1883.1014; found: 1883.1052.

Synthesis of [Co(ddpd)2][B(C6F5)4]2 [4][B(C6F5)4]2 : The ddpd ligand
(2.53 g, 8.68 mol, 2.2 equiv), dissolved in CH3CN (50 mL), was
added to a solution of Co(BF4)2·6 H2O (1.34 g, 3.95 mmol, 1.0 equiv)
in CH3CN (50 mL) and the mixture was stirred for 6 h at room tem-
perature. The complex was precipitated by addition of Et2O
(400 mL) and filtered off, washed with Et2O (100 mL), and dried
under reduced pressure. The yellow powder was dissolved in a min-
imum amount of CH3CN, and Li[B(C6F5)4]·Et2O (12.0 g, 15.7 mmol,
4.0 equiv) was added. The volume of the solvent was reduced
under reduced pressure and the product was precipitated by addi-
tion of water to give a yellow crystalline solid (7.18 g, 3.51 mmol,
89 %). 1H NMR (CD3CN): d [ppm] = 75.0 (s, 2 H), 69.0 (s, 2 H), 34.6
(bs, 2 H), 34.2 (s, 2 H), 22.5 (s, 6 H), 21.9 (s, 1 H), 2.7 (s, 2 H). 19F NMR
(CD3CN): d [ppm] =¢134.07 (bs, 2F), ¢164.22 (pt, 1F, 3JFF = 19.7 Hz),
¢168.67 (pt, 2F, 3JFF = 16.8 Hz). The 1H NMR data match reported
values of [Co(ddpd)2][BF4]2.[82] MS(ESI+): m/z (%) = 292.1 (14)
[ddpd + H]+ , 320.6 (18) [Co(ddpd)2]2+ , 1320.1 (100) [Co(ddpd)2 +
B(C6F5)4]+ , 2320.3 (13) [3 Õ (Co(ddpd)2) + 4 Õ (B(C6F5)4)]2 + , 3320.3 (18)
[4 Õ (Co(dpdd)2) + 6 Õ (B(C6F5)4)]2 + . HR-MS(ESI+ , m/z): Calcd. for
C58H34

10BCoF20N10 : 1319.2110; found: 1319.2106.

Synthesis of [Co(ddpd)2][B(C6F5)4]3 [4][B(C6F5)4]3 : [Co(ddpd)2](BF4)2

(3.24 g, 3.83 mmol, 1.0 equiv) was dissolved in CH3CN (100 mL) and
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (1.30 g, 5.75 mmol,
1.5 equiv) was added. The solution was stirred for 5 h at room tem-
perature. Li[B(C6F5)4]·Et2O (11.6 g, 15.3 mmol, 4.0 equiv) was added
and the mixture was diluted with water (200 mL). The precipitate
was filtered off, washed with water (200 mL), and dried under re-
duced pressure to give a pinkish powder (8.32 g, 3.06 mmol, 86 %).
1H NMR (CD3CN): d [ppm] = 8.33 (pt, 1 H, 3JHH = 8.1 Hz), 8.13 (pt, 2 H,
3JHH = 7.8 Hz), 7.38–7.43 (m, 4 H), 7.01 pt, 2 H, 3JHH = 6.7 Hz), 6.90 (d,
2 H, 3JHH = 5.7 Hz), 3.12 (s, 6 H). 19F NMR (CD3CN): d [ppm] =¢134.07
(s), ¢164.22 (pt), ¢168.68 (pt). The 1H NMR data match reported
values of [Co(ddpd)2][BF4]3.[82] MS(ESI+): m/z (%) = 175.1 (10)
[Co(ddpd)]2 + , 184.1 (10) [Co(ddpd) + F]2 + , 291.2 (12) [ddpd]+ , 320.6

(56) [Co(ddpd)2]2 + , 1320.2 (8) [Co(ddpd)2 + B(C6F5)4]+ , 1999.2 (100)
[Co(ddpd)2 + 2 Õ (B(C6F5)4)]+ , 2535.5 (18), 2669.6 (20) [5 Õ
(Co(ddpd)2) + 11 Õ (B(C6F5)4)]4 + , 2892.8 (7) [4 Õ (Co(ddpd)2) + 9 Õ
(B(C6F5)4)]3 + , 3071.4 (12), 3339.4 (12) [3 Õ (Co(ddpd)2) + 7 Õ
(B(C6F5)4)]2 + . HR-MS(ESI+ , m/z): Calcd. for C82H34

11B2CoF40N10 :
1999.1847; found: 1999.1809.

TiO2 electrode preparation : Fluorine-doped tin oxide (FTO) glass
plates (Pilkington-TEC8) were cleaned using a ultrasonic bath with
2 vol % of Helmanex in deionized water and ethanol. A doctor-
bladed layer of 35 nm TiO2 particles (PST-35 NR, CCIC) was used as
photoelectrode. A 8 mm thick transparent film and an additional
4 mm scattering TiO2 film (PST-400C, CCIC, particle size ca. 400 nm)
were coated on the top of the conducting glass electrode. The
TiO2 electrodes were heated to 450 8C for 30 min, treated with
a 0.5 mm TiCl4 solution in deionized water for 20 min at 70 8C, fol-
lowed by an annealing process for 30 min at 450 8C. Following the
heat treatment, these electrodes were immersed into the sensitiz-
er/CDCA solutions (2.95 Õ 10¢4 m of [nBu4N][2 a] , 3.01 Õ 10¢4 m of
[nBu4N][2 b] , 3.01 Õ 10¢4 m of [nBu4N][2 c] , and 3.11 Õ 10¢4 m of N719
solution (CH3CN/tBuOH) (1:1, volume ratio) with or without 5.99 Õ
10¢4 m CDCA (Dyesol) and kept at room temperature for 6 h, 16 h
or 24 h, respectively. The TiO2 electrodes were rinsed with CH3CN
and dried.

Electrolyte solutions : The triiodide/iodide electrolyte solutions
were prepared from 1-methyl-3-propylimidazolium iodide (0.600 m)
and iodine (0.050 m) in CH3CN. The CoIII/II electrolytes were em-
ployed as 0.035/0.165 m and 0.020/0.080 m CH3CN solutions of
[3]3 ++/[3]2++ and [4]3 ++/[4]2 ++ , respectively. Owing to the employed
relative concentrations the redox potentials shift to lower values
by 0.061, 0.039, and 0.036 V for I3

¢/I¢ , [3]3 ++/[3]2 ++ and [4]3 ++/[4]2++ ,
respectively. The absolute concentrations of the redox couples are
0.6 m, 0.2 m and 0.1 m for I3

¢/I¢ , [3]3 ++/[3]2 ++ and [4]3 ++/[4]2 ++ , respec-
tively. 4-tert-Butylpyridine (0.8 m) and lithium perchlorate (0.1 m)
were used in all cells.

Counter electrode preparation : The Pt electrode was prepared by
spin-coating of 10 mm H2PtCl6 (Sigma-Aldrich) in 2-propanol and
then sintered at 450 8C for 30 min. The cells were sealed using
60 mm Surlyn. The electrolyte solutions were introduced through
holes on the counter electrode.

Dye loading : TiO2/FTO electrodes were immersed in a 0.1 m KOH
H2O/CH3CN 1:1 solution for at least 5 min. From the UV/Vis absorp-
tion spectra of the resulting dye solutions, the concentrations of
the attached dyes were calculated (Table 4).
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Fiedler, S. Z�liš, W. Kaim, Inorg. Chem. 2012, 51, 2097 – 2104.

[33] a) A. Breivogel, S. Wooh, J. Dietrich, T. Y. Kim, Y. S. Kang, K. Char, K.
Heinze, Eur. J. Inorg. Chem. 2014, 2720 – 2734; b) A. Breivogel, C. Kreit-

ner, K. Heinze, Eur. J. Inorg. Chem. 2014, 5468 – 5490.
[34] S. H. Wadman, J. M. Kroon, K. Bakker, M. Lutz, A. L. Spek, G. P. M. van

Klink, G. van Koten, Chem. Commun. 2007, 1907 – 1909.

[35] T. Bessho, E. Yoneda, J.-H. Yum, M. Guglielmi, I. Tavernelli, H. Imai, U.
Rothlisberger, M. K. Nazeeruddin, M. Gr�tzel, J. Am. Chem. Soc. 2009,
131, 5930 – 5934.

[36] B. D. Koivisto, K. C. D. Robson, C. P. Berlinguette, Inorg. Chem. 2009, 48,

9644 – 9652.
[37] S. H. Wadman, J. M. Kroon, K. Bakker, R. W. A. Havenith, G. P. M. van

Klink, G. van Koten, Organometallics 2010, 29, 1569 – 1579.

[38] a) K. C. D. Robson, B. D. Koivisto, A. Yella, B. Sporinova, M. K. Nazeerud-
din, T. Baumgartner, M. Gr�tzel, C. P. Berlinguette, Inorg. Chem. 2011,
50, 5494 – 5508; b) P. G. Bomben, T. J. Gordon, E. Schott, C. P. Berlingu-
ette, Angew. Chem. Int. Ed. 2011, 50, 10682 – 10685; Angew. Chem.

2011, 123, 10870 – 10873.
[39] J.-J. Kim, H. Choi, S. Paek, C. Kim, K. Lim, M.-J. Ju, H. S. Kang, M.-S.

Kang, J. Ko, Inorg. Chem. 2011, 50, 11340 – 11347.
[40] P. G. Bomben, K. C. Robson, B. D. Koivisto, C. P. Berlinguette, Coord.

Chem. Rev. 2012, 256, 1438 – 1450.
[41] T. Funaki, H. Funakoshi, O. Kitao, N. Onozawa-Komatsuzaki, K. Kasuga,

K. Sayama, H. Sugihara, Angew. Chem. Int. Ed. 2012, 51, 7528 – 7531;
Angew. Chem. 2012, 124, 7646 – 7649.

[42] B. Schulze, D. G. Brown, K. C. D. Robson, C. Friebe, M. J�ger, E. Birckner,
C. P. Berlinguette, U. S. Schubert, Chem. Eur. J. 2013, 19, 14171 – 14180.

[43] E. C. Constable, J. M. Holmes, J. Organomet. Chem. 1986, 301, 203 –
208.

[44] E. C. Constable, C. E. Housecroft, Polyhedron 1990, 9, 1939 – 1947.
[45] M. Beley, J. P. Collin, R. Louis, B. Metz, J. P. Sauvage, J. Am. Chem. Soc.

1991, 113, 8521 – 8522.
[46] S. H. Wadman, M. Lutz, D. M. Tooke, A. L. Spek, F. Hartl, R. W. A. Have-

nith, G. P. M. van Klink, G. van Koten, Inorg. Chem. 2009, 48, 1887 –
1900.

[47] P. G. Bomben, K. C. D. Robson, P. A. Sedach, C. P. Berlinguette, Inorg.
Chem. 2009, 48, 9631 – 9643.

[48] a) C. Kreitner, E. Erdmann, W. W. Seidel, K. Heinze, Inorg. Chem. 2015,
54, 11088 – 11104; b) C. Kreitner, K. Heinze, Dalton Trans. 2016, 45,
5640 – 5658.

[49] B. Durham, J. V. Caspar, J. K. Nagle, T. J. Meyer, J. Am. Chem. Soc. 1982,

104, 4803 – 4810.
[50] K. Kalyanasundaram, Coord. Chem. Rev. 1982, 46, 159 – 244.
[51] M. Maestri, N. Armaroli, V. Balzani, E. C. Constable, A. M. W. C. Thomp-

son, Inorg. Chem. 1995, 34, 2759 – 2767.

[52] V. Balzani, A. Juris, Coord. Chem. Rev. 2001, 211, 97 – 115.
[53] T. Edvinsson, C. Li, N. Pschirer, J. Schçneboom, F. Eickemeyer, R. Sens,

G. Boschloo, A. Herrmann, K. Mìllen, A. Hagfeldt, J. Phys. Chem. C
2007, 111, 15137 – 15140.

[54] A. Abbotto, C. Barolo, L. Bellotto, F. de Angelis, M. Gr�tzel, N. Manfredi,
C. Marinzi, S. Fantacci, J.-H. Yum, M. K. Nazeeruddin, Chem. Commun.
2008, 5318 – 5320.

[55] M. Ishida, S. W. Park, D. Hwang, Y. B. Koo, J. L. Sessler, D. Y. Kim, D. Kim,

J. Phys. Chem. C 2011, 115, 19343 – 19354.
[56] J.-H. Yum, S.-J. Moon, C. S. Karthikeyan, H. Wietasch, M. Thelakkat, S. M.

Zakeeruddin, M. Nazeeruddin, M. Gr�tzel, Nano Energy 2012, 1, 6 – 12.
[57] A. Yella, H.-W. Lee, H. N. Tsao, C. Yi, A. K. Chandiran, M. K. Nazeeruddin,

E. W.-G. Diau, C.-Y. Yeh, S. M. Zakeeruddin, M. Gr�tzel, Science 2011,
334, 629 – 634.

[58] K. C. D. Robson, B. D. Koivisto, T. J. Gordon, T. Baumgartner, C. P. Berlin-
guette, Inorg. Chem. 2010, 49, 5335 – 5337.

[59] K. C. D. Robson, B. Sporinova, B. D. Koivisto, E. Schott, D. G. Brown,
C. P. Berlinguette, Inorg. Chem. 2011, 50, 6019 – 6028.

[60] K. Hu, K. C. D. Robson, P. G. Johansson, C. P. Berlinguette, G. J. Meyer, J.

Am. Chem. Soc. 2012, 134, 8352 – 8355.
[61] M. B. Robin, P. Day, Adv. Inorg. Chem. 1968, 10, 247 – 422.
[62] C.-J. Yao, R.-H. Zheng, Q. Shi, Y.-W. Zhong, J. Yao, Chem. Commun.

2012, 48, 5680 – 5682.

[63] a) C.-J. Yao, H.-J. Nie, W.-W. Yang, J.-Y. Shao, J. Yao, Y.-W. Zhong, Chem.
Eur. J. 2014, 20, 17466 – 17477; b) B.-B. Cui, Y.-W. Zhong, J. Yao, J. Am.
Chem. Soc. 2015, 137, 4058 – 4061.

[64] Y.-W. Zhong, Z.-L. Gong, J.-Y. Shao, J. Yao, Coord. Chem. Rev. 2016, 312,

22 – 40.
[65] B. S. Brunschwig, C. Creutz, N. Sutin, Chem. Soc. Rev. 2002, 31, 168 –

184.

Chem. Eur. J. 2016, 22, 8915 – 8928 www.chemeurj.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim8927

Full Paper 

 

92 
3.4  RESULTS AND DISCUSSION: STRONGLY COUPLED CYCLOMETALATED 

RUTHENIUM TRIARYLAMINE CHROMOPHORES AS SENSITIZERS FOR DSSCS 

  

http://dx.doi.org/10.1016/S0038-092X(03)00065-3
http://dx.doi.org/10.1016/S0038-092X(03)00065-3
http://dx.doi.org/10.1016/S0038-092X(03)00065-3
http://dx.doi.org/10.1016/S1389-5567(03)00026-1
http://dx.doi.org/10.1016/S1389-5567(03)00026-1
http://dx.doi.org/10.1016/S1389-5567(03)00026-1
http://dx.doi.org/10.1021/cr900356p
http://dx.doi.org/10.1021/cr900356p
http://dx.doi.org/10.1021/cr900356p
http://dx.doi.org/10.1021/cr900356p
http://dx.doi.org/10.1016/S1364-0321(01)00012-0
http://dx.doi.org/10.1016/S1364-0321(01)00012-0
http://dx.doi.org/10.1016/S1364-0321(01)00012-0
http://dx.doi.org/10.1021/ja973504e
http://dx.doi.org/10.1021/ja973504e
http://dx.doi.org/10.1021/ja973504e
http://dx.doi.org/10.1039/dt9940001649
http://dx.doi.org/10.1039/dt9940001649
http://dx.doi.org/10.1039/dt9940001649
http://dx.doi.org/10.1039/dt9940001649
http://dx.doi.org/10.1039/b808491b
http://dx.doi.org/10.1039/b808491b
http://dx.doi.org/10.1039/b808491b
http://dx.doi.org/10.1039/C5CS00215J
http://dx.doi.org/10.1039/C5CS00215J
http://dx.doi.org/10.1039/C5CS00215J
http://dx.doi.org/10.1039/B306241D
http://dx.doi.org/10.1039/B306241D
http://dx.doi.org/10.1039/B306241D
http://dx.doi.org/10.1002/chem.201001424
http://dx.doi.org/10.1002/chem.201001424
http://dx.doi.org/10.1002/chem.201001424
http://dx.doi.org/10.1039/b608430c
http://dx.doi.org/10.1039/b608430c
http://dx.doi.org/10.1039/b608430c
http://dx.doi.org/10.1002/asia.200900429
http://dx.doi.org/10.1002/asia.200900429
http://dx.doi.org/10.1002/asia.200900429
http://dx.doi.org/10.1021/jp002541g
http://dx.doi.org/10.1021/jp002541g
http://dx.doi.org/10.1021/jp002541g
http://dx.doi.org/10.1021/jp002541g
http://dx.doi.org/10.1021/ja066376f
http://dx.doi.org/10.1021/ja066376f
http://dx.doi.org/10.1021/ja066376f
http://dx.doi.org/10.1021/ja066376f
http://dx.doi.org/10.1002/anie.200804709
http://dx.doi.org/10.1002/anie.200804709
http://dx.doi.org/10.1002/anie.200804709
http://dx.doi.org/10.1002/anie.200804709
http://dx.doi.org/10.1002/ange.200804709
http://dx.doi.org/10.1002/ange.200804709
http://dx.doi.org/10.1002/ange.200804709
http://dx.doi.org/10.1021/jp0750598
http://dx.doi.org/10.1021/jp0750598
http://dx.doi.org/10.1021/jp0750598
http://dx.doi.org/10.1039/C2CS35257E
http://dx.doi.org/10.1039/C2CS35257E
http://dx.doi.org/10.1039/C2CS35257E
http://dx.doi.org/10.1038/nchem.1861
http://dx.doi.org/10.1038/nchem.1861
http://dx.doi.org/10.1038/nchem.1861
http://dx.doi.org/10.1002/cphc.201000069
http://dx.doi.org/10.1002/cphc.201000069
http://dx.doi.org/10.1002/cphc.201000069
http://dx.doi.org/10.1021/ja00067a063
http://dx.doi.org/10.1021/ja00067a063
http://dx.doi.org/10.1021/ja00067a063
http://dx.doi.org/10.1021/ja003299u
http://dx.doi.org/10.1021/ja003299u
http://dx.doi.org/10.1021/ja003299u
http://dx.doi.org/10.1021/ja003299u
http://dx.doi.org/10.1021/ja053438d
http://dx.doi.org/10.1021/ja053438d
http://dx.doi.org/10.1021/ja053438d
http://dx.doi.org/10.1021/ja053438d
http://dx.doi.org/10.1016/j.poly.2014.04.051
http://dx.doi.org/10.1016/j.poly.2014.04.051
http://dx.doi.org/10.1016/j.poly.2014.04.051
http://dx.doi.org/10.1021/ar50091a003
http://dx.doi.org/10.1021/ar50091a003
http://dx.doi.org/10.1021/ar50091a003
http://dx.doi.org/10.1016/0009-2614(81)85312-2
http://dx.doi.org/10.1016/0009-2614(81)85312-2
http://dx.doi.org/10.1016/0009-2614(81)85312-2
http://dx.doi.org/10.1021/ja00242a023
http://dx.doi.org/10.1021/ja00242a023
http://dx.doi.org/10.1021/ja00242a023
http://dx.doi.org/10.1021/ja00242a023
http://dx.doi.org/10.1021/ic990916a
http://dx.doi.org/10.1021/ic990916a
http://dx.doi.org/10.1021/ic990916a
http://dx.doi.org/10.1021/ic990916a
http://dx.doi.org/10.1021/ja052467l
http://dx.doi.org/10.1021/ja052467l
http://dx.doi.org/10.1021/ja052467l
http://dx.doi.org/10.1016/S1010-6030(01)00572-X
http://dx.doi.org/10.1016/S1010-6030(01)00572-X
http://dx.doi.org/10.1016/S1010-6030(01)00572-X
http://dx.doi.org/10.1016/j.solmat.2007.07.011
http://dx.doi.org/10.1016/j.solmat.2007.07.011
http://dx.doi.org/10.1016/j.solmat.2007.07.011
http://dx.doi.org/10.1016/j.solmat.2007.07.011
http://dx.doi.org/10.1021/ic200950e
http://dx.doi.org/10.1021/ic200950e
http://dx.doi.org/10.1021/ic200950e
http://dx.doi.org/10.1021/ic201825h
http://dx.doi.org/10.1021/ic201825h
http://dx.doi.org/10.1021/ic201825h
http://dx.doi.org/10.1002/ejic.201402091
http://dx.doi.org/10.1002/ejic.201402091
http://dx.doi.org/10.1002/ejic.201402091
http://dx.doi.org/10.1002/ejic.201402466
http://dx.doi.org/10.1002/ejic.201402466
http://dx.doi.org/10.1002/ejic.201402466
http://dx.doi.org/10.1039/b703636a
http://dx.doi.org/10.1039/b703636a
http://dx.doi.org/10.1039/b703636a
http://dx.doi.org/10.1021/ja9002684
http://dx.doi.org/10.1021/ja9002684
http://dx.doi.org/10.1021/ja9002684
http://dx.doi.org/10.1021/ja9002684
http://dx.doi.org/10.1021/ic9007137
http://dx.doi.org/10.1021/ic9007137
http://dx.doi.org/10.1021/ic9007137
http://dx.doi.org/10.1021/ic9007137
http://dx.doi.org/10.1021/om900481g
http://dx.doi.org/10.1021/om900481g
http://dx.doi.org/10.1021/om900481g
http://dx.doi.org/10.1021/ic200011m
http://dx.doi.org/10.1021/ic200011m
http://dx.doi.org/10.1021/ic200011m
http://dx.doi.org/10.1021/ic200011m
http://dx.doi.org/10.1002/anie.201104275
http://dx.doi.org/10.1002/anie.201104275
http://dx.doi.org/10.1002/anie.201104275
http://dx.doi.org/10.1002/ange.201104275
http://dx.doi.org/10.1002/ange.201104275
http://dx.doi.org/10.1002/ange.201104275
http://dx.doi.org/10.1002/ange.201104275
http://dx.doi.org/10.1021/ic200872a
http://dx.doi.org/10.1021/ic200872a
http://dx.doi.org/10.1021/ic200872a
http://dx.doi.org/10.1016/j.ccr.2012.02.005
http://dx.doi.org/10.1016/j.ccr.2012.02.005
http://dx.doi.org/10.1016/j.ccr.2012.02.005
http://dx.doi.org/10.1016/j.ccr.2012.02.005
http://dx.doi.org/10.1002/anie.201108738
http://dx.doi.org/10.1002/anie.201108738
http://dx.doi.org/10.1002/anie.201108738
http://dx.doi.org/10.1002/ange.201108738
http://dx.doi.org/10.1002/ange.201108738
http://dx.doi.org/10.1002/ange.201108738
http://dx.doi.org/10.1016/0022-328X(86)80011-0
http://dx.doi.org/10.1016/0022-328X(86)80011-0
http://dx.doi.org/10.1016/0022-328X(86)80011-0
http://dx.doi.org/10.1016/S0277-5387(00)84006-1
http://dx.doi.org/10.1016/S0277-5387(00)84006-1
http://dx.doi.org/10.1016/S0277-5387(00)84006-1
http://dx.doi.org/10.1021/ja00022a049
http://dx.doi.org/10.1021/ja00022a049
http://dx.doi.org/10.1021/ja00022a049
http://dx.doi.org/10.1021/ja00022a049
http://dx.doi.org/10.1021/ic801595m
http://dx.doi.org/10.1021/ic801595m
http://dx.doi.org/10.1021/ic801595m
http://dx.doi.org/10.1021/ic900653q
http://dx.doi.org/10.1021/ic900653q
http://dx.doi.org/10.1021/ic900653q
http://dx.doi.org/10.1021/ic900653q
http://dx.doi.org/10.1021/acs.inorgchem.5b01151
http://dx.doi.org/10.1021/acs.inorgchem.5b01151
http://dx.doi.org/10.1021/acs.inorgchem.5b01151
http://dx.doi.org/10.1021/acs.inorgchem.5b01151
http://dx.doi.org/10.1039/C6DT00384B
http://dx.doi.org/10.1039/C6DT00384B
http://dx.doi.org/10.1039/C6DT00384B
http://dx.doi.org/10.1039/C6DT00384B
http://dx.doi.org/10.1021/ja00382a012
http://dx.doi.org/10.1021/ja00382a012
http://dx.doi.org/10.1021/ja00382a012
http://dx.doi.org/10.1021/ja00382a012
http://dx.doi.org/10.1016/0010-8545(82)85003-0
http://dx.doi.org/10.1016/0010-8545(82)85003-0
http://dx.doi.org/10.1016/0010-8545(82)85003-0
http://dx.doi.org/10.1021/ic00114a039
http://dx.doi.org/10.1021/ic00114a039
http://dx.doi.org/10.1021/ic00114a039
http://dx.doi.org/10.1016/S0010-8545(00)00274-5
http://dx.doi.org/10.1016/S0010-8545(00)00274-5
http://dx.doi.org/10.1016/S0010-8545(00)00274-5
http://dx.doi.org/10.1021/jp076447c
http://dx.doi.org/10.1021/jp076447c
http://dx.doi.org/10.1021/jp076447c
http://dx.doi.org/10.1021/jp076447c
http://dx.doi.org/10.1039/b811378e
http://dx.doi.org/10.1039/b811378e
http://dx.doi.org/10.1039/b811378e
http://dx.doi.org/10.1039/b811378e
http://dx.doi.org/10.1021/jp202307b
http://dx.doi.org/10.1021/jp202307b
http://dx.doi.org/10.1021/jp202307b
http://dx.doi.org/10.1016/j.nanoen.2011.08.004
http://dx.doi.org/10.1016/j.nanoen.2011.08.004
http://dx.doi.org/10.1016/j.nanoen.2011.08.004
http://dx.doi.org/10.1126/science.1209688
http://dx.doi.org/10.1126/science.1209688
http://dx.doi.org/10.1126/science.1209688
http://dx.doi.org/10.1126/science.1209688
http://dx.doi.org/10.1021/ic9025427
http://dx.doi.org/10.1021/ic9025427
http://dx.doi.org/10.1021/ic9025427
http://dx.doi.org/10.1021/ic1025679
http://dx.doi.org/10.1021/ic1025679
http://dx.doi.org/10.1021/ic1025679
http://dx.doi.org/10.1021/ja3018175
http://dx.doi.org/10.1021/ja3018175
http://dx.doi.org/10.1021/ja3018175
http://dx.doi.org/10.1021/ja3018175
http://dx.doi.org/10.1039/c2cc32471g
http://dx.doi.org/10.1039/c2cc32471g
http://dx.doi.org/10.1039/c2cc32471g
http://dx.doi.org/10.1039/c2cc32471g
http://dx.doi.org/10.1021/jacs.5b00586
http://dx.doi.org/10.1021/jacs.5b00586
http://dx.doi.org/10.1021/jacs.5b00586
http://dx.doi.org/10.1021/jacs.5b00586
http://dx.doi.org/10.1016/j.ccr.2016.01.002
http://dx.doi.org/10.1016/j.ccr.2016.01.002
http://dx.doi.org/10.1016/j.ccr.2016.01.002
http://dx.doi.org/10.1016/j.ccr.2016.01.002
http://dx.doi.org/10.1039/b008034i
http://dx.doi.org/10.1039/b008034i
http://dx.doi.org/10.1039/b008034i
http://www.chemeurj.org


[66] R. K. Chitumalla, K. S. V. Gupta, C. Malapaka, R. Fallahpour, A. Islam, L.
Han, B. Kotamarthi, S. P. Singh, Phys. Chem. Chem. Phys. 2014, 16,
2630 – 2640.

[67] S. M. Feldt, P. W. Lohse, F. Kessler, M. K. Nazeeruddin, M. Gr�tzel, G.
Boschloo, A. Hagfeldt, Phys. Chem. Chem. Phys. 2013, 15, 7087 – 7097.

[68] J. W. Ondersma, T. W. Hamann, Coord. Chem. Rev. 2013, 257, 1533 –
1543.

[69] M. Wang, C. Gr�tzel, S. M. Zakeeruddin, M. Gr�tzel, Energy Environ. Sci.
2012, 5, 9394 – 9405.

[70] E. Mosconi, J.-H. Yum, F. Kessler, C. J. G. Garc�a, C. Zuccaccia, A. Cinti,
M. K. Nazeeruddin, M. Gr�tzel, F. D. Angelis, J. Am. Chem. Soc. 2012,
134, 19438 – 19453.

[71] T. W. Hamann, Dalton Trans. 2012, 41, 3111 – 3115.
[72] J.-H. Yum, E. Baranoff, F. Kessler, T. Moehl, S. Ahmad, T. Bessho, A.

Marchioro, E. Ghadiri, J.-E. Moser, C. Yi, M. K. Nazeeruddin, M. Gr�tzel,
Nat. Commun. 2012, 3, 631; DOI: 10.1038/ncomms1655.

[73] S. M. Feldt, G. Wang, G. Boschloo, A. Hagfeldt, J. Phys. Chem. C 2011,
115, 21500 – 21507.

[74] S. M. Feldt, E. A. Gibson, E. Gabrielsson, L. Sun, G. Boschloo, A. Hag-
feldt, J. Am. Chem. Soc. 2010, 132, 16714 – 16724.

[75] S. Caramori, J. Husson, M. Beley, C. A. Bignozzi, R. Argazzi, P. C. Gros,
Chem. Eur. J. 2010, 16, 2611 – 2618.

[76] B. M. Klahr, T. W. Hamann, J. Phys. Chem. C 2009, 113, 14040 – 14045.
[77] J. J. Nelson, T. J. Amick, C. M. Elliott, J. Phys. Chem. C 2008, 112, 18255 –

18263.
[78] H. Nusbaumer, S. M. Zakeeruddin, J.-E. Moser, M. Gr�tzel, Chem. Eur. J.

2003, 9, 3756 – 3763.
[79] S. A. Sapp, C. Elliott, C. Contado, S. Caramori, C. A. Bignozzi, J. Am.

Chem. Soc. 2002, 124, 11215 – 11222.
[80] H. Nusbaumer, J.-E. Moser, S. M. Zakeeruddin, M. K. Nazeeruddin, M.

Gr�tzel, J. Phys. Chem. B 2001, 105, 10461 – 10464.
[81] A. Breivogel, C. Fçrster, K. Heinze, Inorg. Chem. 2010, 49, 7052 – 7056.
[82] C. Fçrster, K. Mack, L. M. Carrella, V. Ksenofontov, E. Rentschler, K.

Heinze, Polyhedron 2013, 52, 576 – 581.
[83] A. K. C. Mengel, W. Cho, A. Breivogel, K. Char, Y. S. Kang, K. Heinze, Eur.

J. Inorg. Chem. 2015, 3299 – 3306.
[84] N. C. Bruno, M. T. Tudge, S. L. Buchwald, Chem. Sci. 2013, 4, 916 – 920.
[85] M. D. Charles, P. Schultz, S. L. Buchwald, Org. Lett. 2005, 7, 3965 – 3968.
[86] A. Breivogel, M. Meister, C. Fçrster, F. Laquai, K. Heinze, Chem. Eur. J.

2013, 19, 13745 – 13760.

[87] C. Kreitner, M. Grabolle, U. Resch-Genger, K. Heinze, Inorg. Chem. 2014,
53, 12947 – 12961.

[88] K. Heinze, K. Hempel, Chem. Eur. J. 2009, 15, 1346 – 1358.
[89] G. Boschloo, A. Hagfeldt, Acc. Chem. Res. 2009, 42, 1819 – 1826.
[90] X. Wang, D. M. Stanbury, Inorg. Chem. 2006, 45, 3415 – 3423.
[91] T. L. J. Huang, D. G. Brewer, Can. J. Chem. 1981, 59, 1689 – 1700.
[92] Y. Liu, J. R. Jennings, Y. Huang, Q. Wang, S. M. Zakeeruddin, M. Gr�tzel,

J. Phys. Chem. C 2011, 115, 18847 – 18855.
[93] D. K. Lee, K.-S. Ahn, S. Thogiti, J. H. Kim, Dyes Pigm. 2015, 117, 83 – 91.
[94] V. V. Pavlishchuk, A. W. Addison, Inorg. Chim. Acta 2000, 298, 97 – 102.
[95] I. Krivokapic, M. Zerara, M. L. Dakua, A. Vargas, C. Enachescu, C. Am-

brusc, P. Tregenna-Piggott, N. Amstutz, E. Krausz, A. Hauser, Coord.
Chem. Rev. 2007, 251, 364 – 378.

[96] M. Chavarot, Z. Pikramenou, Tetrahedron Lett. 1999, 40, 6865 – 6868.
[97] K. Suzuki, A. Kobayashi, S. Kaneko, K. Takehira, T. Yoshihara, H. Ishida, Y.

Shiina, S. Oishi, S. Tobita, Phys. Chem. Chem. Phys. 2009, 11, 9850 –
9860.

[98] G. R. Fulmer, A. J. M. Miller, N. H. Sherden, H. E. Gottlieb, A. Nudelman,
B. M. Stoltz, J. E. Bercaw, K. I. Goldberg, Organometallics 2010, 29,
2176 – 2179.

[99] N. G. Connelly, W. E. Geiger, Chem. Rev. 1996, 96, 877 – 910.
[100] F. Neese, WIREs Comput. Mol. Sci. 2012, 2, 73 – 78.
[101] F. Neese, F. Wennmohs, A. Hansen, U. Becker, Chem. Phys. 2009, 356,

98 – 109.
[102] R. Izs�k, F. Neese, J. Chem. Phys. 2011, 135, 144105.
[103] A. D. Becke, J. Chem. Phys. 1993, 98, 5648 – 5652.
[104] A. Sch�fer, H. Horn, R. Ahlrichs, J. Chem. Phys. 1992, 97, 2571 – 2577.
[105] A. Sch�fer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994, 100, 5829 – 5835.
[106] E. van Lenthe, E. J. Baerends, J. G. Snijders, J. Chem. Phys. 1993, 99,

4597 – 4610.
[107] D. A. Pantazis, X.-Y. Chen, C. R. Landis, F. Neese, J. Chem. Theory

Comput. 2008, 4, 908 – 919.
[108] S. Sinnecker, A. Rajendran, A. Klamt, M. Diedenhofen, F. Neese, J. Phys.

Chem. A 2006, 110, 2235 – 2245.

Received: March 2, 2016

Published online on May 19, 2016

Chem. Eur. J. 2016, 22, 8915 – 8928 www.chemeurj.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim8928

Full Paper 
93 

3.4  RESULTS AND DISCUSSION: STRONGLY COUPLED CYCLOMETALATED 

RUTHENIUM TRIARYLAMINE CHROMOPHORES AS SENSITIZERS FOR DSSCS 

  

http://dx.doi.org/10.1039/c3cp53613k
http://dx.doi.org/10.1039/c3cp53613k
http://dx.doi.org/10.1039/c3cp53613k
http://dx.doi.org/10.1039/c3cp53613k
http://dx.doi.org/10.1039/c3cp50997d
http://dx.doi.org/10.1039/c3cp50997d
http://dx.doi.org/10.1039/c3cp50997d
http://dx.doi.org/10.1016/j.ccr.2012.09.010
http://dx.doi.org/10.1016/j.ccr.2012.09.010
http://dx.doi.org/10.1016/j.ccr.2012.09.010
http://dx.doi.org/10.1039/c2ee23081j
http://dx.doi.org/10.1039/c2ee23081j
http://dx.doi.org/10.1039/c2ee23081j
http://dx.doi.org/10.1039/c2ee23081j
http://dx.doi.org/10.1021/ja3079016
http://dx.doi.org/10.1021/ja3079016
http://dx.doi.org/10.1021/ja3079016
http://dx.doi.org/10.1021/ja3079016
http://dx.doi.org/10.1039/c2dt12362b
http://dx.doi.org/10.1039/c2dt12362b
http://dx.doi.org/10.1039/c2dt12362b
http://dx.doi.org/10.1038/ncomms1655
http://dx.doi.org/10.1021/jp2061392
http://dx.doi.org/10.1021/jp2061392
http://dx.doi.org/10.1021/jp2061392
http://dx.doi.org/10.1021/jp2061392
http://dx.doi.org/10.1021/ja1088869
http://dx.doi.org/10.1021/ja1088869
http://dx.doi.org/10.1021/ja1088869
http://dx.doi.org/10.1002/chem.200902761
http://dx.doi.org/10.1002/chem.200902761
http://dx.doi.org/10.1002/chem.200902761
http://dx.doi.org/10.1021/jp903431s
http://dx.doi.org/10.1021/jp903431s
http://dx.doi.org/10.1021/jp903431s
http://dx.doi.org/10.1021/jp806479k
http://dx.doi.org/10.1021/jp806479k
http://dx.doi.org/10.1021/jp806479k
http://dx.doi.org/10.1002/chem.200204577
http://dx.doi.org/10.1002/chem.200204577
http://dx.doi.org/10.1002/chem.200204577
http://dx.doi.org/10.1002/chem.200204577
http://dx.doi.org/10.1021/ja027355y
http://dx.doi.org/10.1021/ja027355y
http://dx.doi.org/10.1021/ja027355y
http://dx.doi.org/10.1021/ja027355y
http://dx.doi.org/10.1021/jp012075a
http://dx.doi.org/10.1021/jp012075a
http://dx.doi.org/10.1021/jp012075a
http://dx.doi.org/10.1021/ic1007236
http://dx.doi.org/10.1021/ic1007236
http://dx.doi.org/10.1021/ic1007236
http://dx.doi.org/10.1016/j.poly.2012.08.008
http://dx.doi.org/10.1016/j.poly.2012.08.008
http://dx.doi.org/10.1016/j.poly.2012.08.008
http://dx.doi.org/10.1002/ejic.201500252
http://dx.doi.org/10.1002/ejic.201500252
http://dx.doi.org/10.1002/ejic.201500252
http://dx.doi.org/10.1002/ejic.201500252
http://dx.doi.org/10.1039/C2SC20903A
http://dx.doi.org/10.1039/C2SC20903A
http://dx.doi.org/10.1039/C2SC20903A
http://dx.doi.org/10.1021/ol0514754
http://dx.doi.org/10.1021/ol0514754
http://dx.doi.org/10.1021/ol0514754
http://dx.doi.org/10.1002/chem.201302231
http://dx.doi.org/10.1002/chem.201302231
http://dx.doi.org/10.1002/chem.201302231
http://dx.doi.org/10.1002/chem.201302231
http://dx.doi.org/10.1021/ic5020362
http://dx.doi.org/10.1021/ic5020362
http://dx.doi.org/10.1021/ic5020362
http://dx.doi.org/10.1021/ic5020362
http://dx.doi.org/10.1002/chem.200801864
http://dx.doi.org/10.1002/chem.200801864
http://dx.doi.org/10.1002/chem.200801864
http://dx.doi.org/10.1021/ar900138m
http://dx.doi.org/10.1021/ar900138m
http://dx.doi.org/10.1021/ar900138m
http://dx.doi.org/10.1021/ic052022y
http://dx.doi.org/10.1021/ic052022y
http://dx.doi.org/10.1021/ic052022y
http://dx.doi.org/10.1139/v81-252
http://dx.doi.org/10.1139/v81-252
http://dx.doi.org/10.1139/v81-252
http://dx.doi.org/10.1021/jp204519s
http://dx.doi.org/10.1021/jp204519s
http://dx.doi.org/10.1021/jp204519s
http://dx.doi.org/10.1016/j.dyepig.2015.02.002
http://dx.doi.org/10.1016/j.dyepig.2015.02.002
http://dx.doi.org/10.1016/j.dyepig.2015.02.002
http://dx.doi.org/10.1016/S0020-1693(99)00407-7
http://dx.doi.org/10.1016/S0020-1693(99)00407-7
http://dx.doi.org/10.1016/S0020-1693(99)00407-7
http://dx.doi.org/10.1016/j.ccr.2006.05.006
http://dx.doi.org/10.1016/j.ccr.2006.05.006
http://dx.doi.org/10.1016/j.ccr.2006.05.006
http://dx.doi.org/10.1016/j.ccr.2006.05.006
http://dx.doi.org/10.1016/S0040-4039(99)01386-6
http://dx.doi.org/10.1016/S0040-4039(99)01386-6
http://dx.doi.org/10.1016/S0040-4039(99)01386-6
http://dx.doi.org/10.1039/b912178a
http://dx.doi.org/10.1039/b912178a
http://dx.doi.org/10.1039/b912178a
http://dx.doi.org/10.1021/om100106e
http://dx.doi.org/10.1021/om100106e
http://dx.doi.org/10.1021/om100106e
http://dx.doi.org/10.1021/om100106e
http://dx.doi.org/10.1021/cr940053x
http://dx.doi.org/10.1021/cr940053x
http://dx.doi.org/10.1021/cr940053x
http://dx.doi.org/10.1002/wcms.81
http://dx.doi.org/10.1002/wcms.81
http://dx.doi.org/10.1002/wcms.81
http://dx.doi.org/10.1016/j.chemphys.2008.10.036
http://dx.doi.org/10.1016/j.chemphys.2008.10.036
http://dx.doi.org/10.1016/j.chemphys.2008.10.036
http://dx.doi.org/10.1016/j.chemphys.2008.10.036
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.466059
http://dx.doi.org/10.1063/1.466059
http://dx.doi.org/10.1063/1.466059
http://dx.doi.org/10.1063/1.466059
http://dx.doi.org/10.1021/ct800047t
http://dx.doi.org/10.1021/ct800047t
http://dx.doi.org/10.1021/ct800047t
http://dx.doi.org/10.1021/ct800047t
http://dx.doi.org/10.1021/jp056016z
http://dx.doi.org/10.1021/jp056016z
http://dx.doi.org/10.1021/jp056016z
http://dx.doi.org/10.1021/jp056016z
http://www.chemeurj.org


 

 

94 
3.4  RESULTS AND DISCUSSION: STRONGLY COUPLED CYCLOMETALATED 

RUTHENIUM TRIARYLAMINE CHROMOPHORES AS SENSITIZERS FOR DSSCS 

 

 



 
95 4  SUMMARY AND OUTLOOK 

4 Summary and Outlook 

In this work, the synthesis and characterization of a series of novel heteroleptic push-pull 

substituted tridentate oligopyridine iron(II) complexes with a broad absorption in the visible 

and NIR region are presented. These are distinguished by a perfect octahedral coordination of 

the iron(II) center due to their six-membered chelate coordination, whereby N-Fe-N bite 

angles of approximately 90° were achieved for all compounds. Due the low-lying π*-orbital 

of the electron withdrawing dcpp ligand a low-energy MLCT absorption at λmax = 592 nm is 

obtained resulting in a deep blue color. Thanks to the electron-donating R2tpda scaffold, the 

absorptions extend into the near-infrared region owing to transitions with considerable LL’CT 

character from R2tpda to dcpp. These structural properties improve a strong ligand field. 

However, only the methyl-substituted complex satisfies the expectations in terms of stability 

in presence of water, small nucleophiles and oxygen or in electrochemical processes. 

Substituents R at R2tpda larger than methyl lead to sterically induced destabilization and give 

no significant electronic effects to the optical spectra of the iron(II) complexes. Overall, the 

concept of push-pull and bite angle optimization has been successful. The electronic geometry 

of the metal centre could be distorted within the push-pull system. The ligand field is 

stabilized so that the low spin state is maintained even during oxidation. Both charge-transfer 

excitations are highly directional. In the oxidized state, the system shows an important metal-

centered electron process that stabilizes the low spin configuration of the Fe
3+

. By one-

electron reduction of the system, the electron is located on the dcpp ligand. This renders the 

system a perfect candidate in DSSC applications by appropriate anchoring functionalization 

(Scheme 14). The short lifetime of the excited state τ = 548 ps suggests the 
5
T2 state close in 

energy to the 
3
T1 state. This situation is typically found in second- and third-row metal 

complexes and gives hints for further approaches towards luminescent iron(II) complexes. 

The [Fe(dcpp) (H2tpda)]
2+

 complex offers the possibility of stepwise deprotonation towards 

the green [Fe(dcpp)(Htpda)]
+
 and the deep green uncharged Fe(dcpp)(tpda) complexes. 

These complexes absorb strongly in the red-NIR region (600 – 1000 nm) due to low-energy 

dipole-allowed LL’CT transitions from the negatively charged nitrogen atoms of the [Htpda]
–
 

and [tpda]
2–

 ligands to the carbonyl groups of the dcpp ligands. These transitions, responsible 

for the absorption, are mainly assigned to be LL’CT transitions, which are also suitable for 

possible charge injection into a semiconductor such as TiO2. Finally, these findings provide 

two further strategies towards iron(II)-based chromophores. One is the optimization of such 

dipole-allowed low-energy LL’CT transitions towards emission through low-lying 
3
LL’CT 
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states instead of targeting MLCT transitions. The second strategy is to reduce the electronical 

symmetry via half deprotonation which decreases the 
3
MLCT energy towards the lowest 

excited state. In the future, the combination of all the before mentioned strategies like push-

pull concept, bite angel tuning, reduced geometry, carbene bonds and tridentate coordination 

will be the subject of the research for iron(II) chromophores (Scheme 14). 

 

Scheme 14. Possible design concepts for iron(II) complexes with long-lived 
3
MLCT states 

and usable for DSSC applications. 

The concepts effecting on the structure shown here are a large bite angle of nearly 90° for an 

optimal orbital overlap with the coordinating atoms. Furthermore, the complex follows the 

push-pull-concept stabilizing the MLCT states by strong electron-withdrawing substitutents 

lowering the π*-orbitals of the acceptor ligands. The electron push into the metal-centre is 

given by an electron rich Me2tpda ligand in combination with a strong σ-electron donating N-

heterocyclic carbene (NHC). Additionally, the NHC ring is connected without having an 

electronic coupling to the acceptor ligand. The combination of the amine bridged pyridine and 

the two imidazole units should stabilize a MLCT and destabilize 
3
MC states. The recently 

developed emitting completely by carbene coordinated iron(III) complex by Wärnmark, 

Persson and Sundström undersores this desing principle for earth-abundant metal emitters.  

The homoleptic complexes [Fe(R2tpda)2]
2+

 give insights in terms of solvent-free 

crystallisation and structural influence at the redox potential. Although the complexes 

themselves should not be useful for application, the new ligands could provide an 

improvement to the redox mediator reported in this work. Contrary to expectations, the redox 

potential increased with the extension of the side chains. Actually, enhancing the +I-effect 

increases the electron density of the metal centre and should thereby reduce its redox 

potential. The attributes of boosting the redox potential and a higher solubility renders this 

ligand as an interesting candidate in cobalt(II,III) redox mediators in DSSC applications. 

Furthermore, in applications with chromium(III) metal centre the sterically demanding groups 
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Scheme 15. 

[Co(Me2tpda)2]
2+/3+

 

and its possible 

analogue structures. 

 analogue structures. 

 

R = nPr, nHex can shield this complex against quenching processes through oxygen and allow 

elongation of the NIR emission lifetimes (Scheme 15).
166

 

The results of DSSC applications present several approaches to achieve improved DSSC 

performance. Strategies for reducing the interactions between TiO2 surface and electrolyte are 

state of the art like finding a perfect matching dye/redox mediator/additive system. 

With dye [32]
2+

 of Breivogel the positive effects of deprotonation, additives like TBP or 

LiClO4 and addition of CDCA are demonstrated. TBP and LiClO4 in DSSCs delivered better 

results in terms of efficiency and fill factor. While the addition of CDCA impacts positively 

to the cationic dye, the neutral dye delivers nearly the same performance without CDCA. The 

well-known [Co(bpy)3]
2+/3+

 and the cobalt(II,III) redox mediator [Co(Me2tpda)2]
2+/3+

 in 

combination with TBP and Li
+
-salt improved the open-circuit voltage and photo current as 

well. Lower concentration of I
−
/I3

−
, addition of other additives like guanidine thiocyanate and 

high concentration of CDCA or in combination with the more 

sterically demanding redox mediator mentioned here, the 

performance of 32 dye may be increased further. 

The cobalt(II,III) redox couple based on the Me2tpda ligand 

used in conjunction with Breivogel dye [32]
2+

 evidenced the 

best performance in the series. This is suggested by the slower 

recombination of the [Co(Me2tpda)2]
3+

 complex compared to 

the [Co(bpy)3]
3+

 and the I3
−
 redox mediator at the TiO2 

surface. The slower recombination is ascribed to the higher 

energy of the π*-orbitals caused by the high electron density 

of the Me2tpda ligands in the Co
3+

 complex in contrast to the 

low energy π*-orbitals of the bpy ligands, which results in a higher recombination barrier for 

the electron recombination for [Co(Me2tpda)2]
3+

. The better efficiencies imposed by 

cobalt(II,III) complex are due to the higher ISC values which result from the higher electron 

density in this system. CV measurements showed lower electron transfer rates of 

[Co(Me2tpda)2]
2+/3+

 at platinum electrodes compared to the [Co(bpy)3]
2+/3+ 

complex. The 

disadvantage of the lower solubility of the Me2tpda complex could be reduced by anion 

exchange of BF4
−
 to the weakly coordinating BARF

−
 anions in the test series with 

cyclometalated ruthenium(II) dyes. Nevertheless, the solubility of the cobalt(II,III) redox 

couple (0.080 M) was only less than 50 % of the [Co(bpy)3]
2+/3+

 redox couple (0.165 M). 

Here, ligand exchange by Pr2tpda or the Hex2tpda might be an option. These findings will 
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pave the way for further developments of novel redox mediators up to setups with polymer 

gels or solid state devices with the redox couple as part of a conducting polymers. 
167

 

Finally, a series of three cyclometallated dyes as well as their saponified counterparts based 

on a [Ru(dbp-X)(tctpy)]
2−

 (H3tctpy = 2,2’;6’,2’’-terpyridine-4,4’,4’’-tricarboxylic acid; 

dpbH = 1,3-dipyridylbenzene; X = N(4-C6H4OMe)2, NPh2, N-carbazolyl) scaffold 

synthesized by Dr. C. Kreitner are presented in DSSC applications. The saponification of the 

dyes affects the redox potentials and the absorption as the degree of delocalization is reduced 

compared to the ester functionalized complexes, which have a higher electron density at the 

metal centre. Concomitantly, all redox potentials shift to substantially lower values. Here, the 

principle of a strong charge delocalization should be beneficial for applications in DSSC 

which shall prevent fast charge recombination.  

With respect to the DSSC performance, the dyes deliver the opposite of the expected order. 

The strongest donor N(4-C6H4OMe)2 substituted dye achieves the lowest performance in the 

best setup with I
−
/I3

−
 redox couple by addition of CDCA and additives with η = 1.2 %, 

followed by the NPh2 substituted with η = 2.4 % and ending with the carbazolyl one with up 

η = 2.5 %, but still not reaching the reference dye N719 with up to η = 7.3 %. Reducing the 

concentration of the I
−
/I3

−
 redox couple down to 0.1 M MPII and 0.02 M iodide, the carbazolyl 

dye gives the highest efficiency of all tested dyes with η = 3.3 %, coming closer to the result 

of N719 with η = 5.8 %. The reason for the poor performance of the dyes is most likely due to 

the low redox potentials, which result from the large resonance stabilization. This poses a 

challenge in the selection of a suitable redox electrolyte for efficient dye regeneration. These 

findings can be seen in the order of the DSSC performance. 

In contrast to the cells containing the I
−
/I3

−
 electrolyte, cells employing the cobalt(II,III) 

electrolyte [45]
2+/3+

 deliver all lower efficiencies. Here, the efficiencies are between 

η = <0.1 % for the N(4-C6H4OMe)2 substituted one, η = 0.9 % for the NPh2 and η = 1.4 % by 

the cabarzolyl-substituted dye. The cabarzolyl-substituted dye exceeds N719 (η = 1. 1 %) in 

the terms of efficiency and fill factor under these conditions. As for the I
−
/I3

−
 electrolyte the 

cells suffer from the low redox potentials of the dyes. For N719, the slow recombination of 

the cobalt redox couples is responsible for the weak performance. Despite the high VOC, the 

low ISC through the slow recombination reduces the overall efficiency. 

This result confirms that in the case of SCN-based sensitizers, iodide is still the best redox 

partner since they perform well by rapid recombination. Cobalt(II,III) electrolytes offer an 

interesting alternative for the thiocyanate-free dyes. Nevertheless, not always high 
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concentrations of redox mediator deliver the best performance in a DSSC, which should be 

taken into account for future studies.  
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5 Appendix 

The Supporting Information of all publications is inset on the following pages. 
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Supporting Information 

 

Table S1. 
1
H, 

13
C and 

15
N NMR data of 1(PF6)2, 2(PF6)2 and 3(PF6)2. 

 

 1
2+[a]

 2
2+[a]

 3
2+[a]

 

H1  8.48 (t, 
3
JHH = 7.7 Hz, 1H) 8.58 (t, 

3
JHH = 8.0 Hz, 2H) 

H2  8.32 (d, 
3
JHH = 7.7 Hz, 2H) 8.35 (d, 

3
JHH = 8.0 Hz, 4H) 

H6  8.13 (m, 2H) 8.07 (m, 4H) 

H7  8.15 (m, 2H) 8.20 (m,4H) 

H8  7.27 (m, 2H) 7.33 (m, 4H) 

H9  7.67 (d, 
3
JHH = 5.7 Hz, 2H) 7.51 (d, 

3
JHH = 5.6 Hz, 4H) 

H10 7.08 (m, 4H) 6.57 (d, 
3
JHH = 6.0 Hz, 2H)  

H11 6.75 (m, 4H) 6.75 (dd, 
3
JHH = 7.0/6.0 Hz, 2H)  

H12 7.80 (m, 4H) 7.86 (dd, 
3
JHH = 8.6/7.0 Hz, 2H)  

H13 7.11 (m, 4H) 7.08 (d, 
3
JHH = 8.6 Hz, 2H)  

H15 2.98 (s, 12H) 2.90 (s, 6H)  

H17 7.12 (d, 
3
JHH = 8.0 Hz, 4H)  7.31 (d, 

3
JHH = 8.1 Hz, 2H)  

H18 7.96 (t, 
3
JHH = 8.0 Hz, 2H) 8.20 (t, 

3
JHH = 8.1 Hz, 1H)  

C1  138.64 
[b]

 141.44 
[b]

 

C2  130.09 
[b]

 131.32 
[b]

 

C3  160.28 
[b]

 158.78 
[b]

 

C4  180.02 
[b]

 181.08 
[b]

 

C5  158.50 
[b]

 159.17 
[b]

 

C6  126.64 
[b]

 128.00 
[b]

 

C7  139.01 
[b]

 140.86 
[b]

 

C8  126.60 
[b]

 128.83 
[b]

 

C9  157.38 
[b]

 161.38 
[b]

 

C10 155.60 156.12 
[b]

  

C11 120.80 120.58 
[b]

  

C12 140.20 140.39 
[b]

  

C13 113.10 112.76 
[b]

  

C14 162.40 160.03 
[b]

  

C15 39.80 39.39 
[b]

  

C16 159.30 156.13 
[b]

  

C17 112.20 112.08 
[b]

  

C18 140.90 141.20 
[b]

  

Na 222.9 210.9 
[b]

  

Nb 100.3 102.7 
[b]

  

Nc 229.2 214.8 
[b]

  

Nd  261.5 
[b]

 247.9 

Ne  272.2 
[b]

 256.2 
[a] in CD3CN. [b] in d6-DMSO. 
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Table S2. Crystal and structure refinement data for 1(PF6)2CH3CN and 1(BF4)22CH3CN. 

 

 1(PF6)2CH3CN 1(BF4)22CH3CN 

Empirical formula C36H37F12FeN11P2 C38H40B2F8FeN12 

Formula weight 969.56 894.29 

Crystal color, habit brown block red block 

Crystal dimensions / mm 0.36  0.34  0.12 0.31  0.29  0.25 

Crystal system monoclinic orthorhombic 

Space group P21/c Fddd 

a / Å 14.7922(5) 13.9995(4) 

b / Å 19.6954(7) 21.2940(6) 

c / Å 15.9366(4) 26.4582(7) 

α / ° 90 90 

β / ° 122.534(2) 90 

γ / ° 90 90 

V / Å
3
 3914.3(2)  7887.3(4)  

Z 4 8 

F(000) 1976 3680 

Density (calcd) / g cm
-3

 1.645 1.506 

Absorption coefficient µ / mm
-1

 0.570 (MULABS) 0.468 (MULABS) 

Theta range / ° 2.56 – 27.89 2.46 – 27.99 

Index ranges –19 ≤ h ≤ 19 –18 ≤ h ≤ 18 

 –25 ≤ k ≤ 25 –28 ≤ k ≤ 28 

 –20 ≤ l ≤ 20 –34 ≤ l ≤ 34 

Reflections collected 77490 27331 

Independent reflections 9314 (Rint = 0.0872) 2390 (Rint = 0.0615) 

Observed reflections 9314 2390 

Parameters 617 166 

Max. / min. transmission 0.9347 / 0.8210 0.8920 / 0.8685 

Goodness-of-fit on F
2
 0.887 1.059 

Largest difference peak and hole / e Å
-3

 0.670 / –0.849 0.543 / –0.732 

R1 (I>2σ(I)) 0.0383 0.0451 

R1 (all data) 0.0785 0.0555 

wR2 (I>2σ(I)) 0.0854 0.1133 

wR2 (all data) 0.0970 0.1202 
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Table S3. Crystal and structure refinement data for 2(PF6)2CH3CN and 3(PF6)2½CH3CN. 

 

 2(PF6)2CH3CN 3(PF6)2½CH3CN

Empirical formula C36H31F12FeN9O2P2 C35H23.5F12FeN6.5O4P2 

Formula weight 967.49 944.89 

Crystal color, habit brown needle brown needle 

Crystal dimensions / mm 0.36  0.34  0.12 0.78  0.07  0.06 

Crystal system orthorhombic orthorhombic 

Space group Pbca Pbcn 

a / Å 22.170(16) 21.1443(18) 

b / Å 15.285(11) 21.5947(19) 

c / Å 22.317(17) 15.5538(14) 

α / ° 90 90 

β / ° 90 90 

γ / ° 90 90 

V / Å
3
 7563(10)  7101.9(11)  

Z 8 8 

F(000) 3920 3800 

Density (calcd) / g cm
-3

 1.699 1.767 

Absorption coefficient µ / mm
-1

 0.593 (MULABS) 0.631 (MULABS) 

Theta range / ° 1.83 – 28.29 2.30 – 27.99 

Index ranges –25 ≤ h ≤ 29 –27 ≤ h ≤ 27 

 –19 ≤ k ≤ 20 –28 ≤ k ≤ 28 

 –29 ≤ l ≤ 29 –20 ≤ l ≤ 20 

Reflections collected 38083 67623 

Independent reflections 9220 (Rint = 0.1687) 8554 (Rint = 0.1515) 

Observed reflections 9220 8554 

Parameters 739 545 

Max. / min. transmission 0.9060 / 0.7287 0.9631 / 0.6388 

Goodness-of-fit on F
2
 0.990 0.981 

Largest difference peak and hole / e Å
-3

 0.718 / –1.047 1.121 / –1.678 

R1 (I>2σ(I)) 0.0888 0.0904 

R1 (all data) 0.1648 0.1740 

wR2 (I>2σ(I)) 0.2361 0.2533 

wR2 (all data) 0.2768 0.3006 
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Figure S1. 
1
H NMR spectrum of the reaction mixture of dcpp, ddpd and FeBr2 after precipitating with 

Et2O and redissolving in CD3CN. 
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Figure S2. DFT (B3LYP, LANL2DZ, IEFPCM CH3CN) calculated geometries of 1
2+

 – 3
2+

 in their 

singlet ground states; Fe-N bond distances indicated in Å. 
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Figure S3. Mößbauer spectra of 1(PF6)2 – 3(PF6)2 at 295 K. 
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Figure S4. DFT calculated spin densities of 1
3+

, 2
3+

 and 3
3+

 (B3LYP, LANL2DZ, IEFPCM CH3CN, 

isosurface value 0.002 a.u.). 
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Figure S5. Mößbauer spectra of 1
3+

 and 2
3+

 at 295 K. 
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Figure S6. UV/Vis spectrum of 1
3+

 in H2O. 
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Figure S7. UV/Vis spectroscopic monitoring of the oxidation of 2
2+

 with CAN in TFA/CH3CN. 

 

 
 

* denotes an artifact from the spectrometer/detector. 
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Figure S8. TD-DFT derived UV/Vis stick spectrum of 1
3+

 and relevant molecular orbitals (isosurface 

value 0.07 a.u.). 

 
Excited State   3:  2.142-A      1.6322 eV  759.61 nm  f=0.0163  <S**2>=0.897 

    146B ->161B        0.12783 

    155B ->161B        0.24878 

    160B ->161B        0.95126 

Excited State   5:  2.139-A      1.7665 eV  701.86 nm  f=0.0027  <S**2>=0.894 

    159B ->161B        0.99581 

Excited State  10:  2.130-A      2.2953 eV  540.16 nm  f=0.0064  <S**2>=0.885 

    158B ->161B        0.98803 

   
158B  159B 160B 

 

  

161B   
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Figure S9. TD-DFT derived UV/Vis stick spectrum of 2
3+

 and relevant molecular orbitals (isosurface 

value 0.07 a.u.). 

 
Excited State   3:  2.212-A      1.2928 eV  959.02 nm  f=0.0075  <S**2>=0.973 

    152B ->159B        0.11169 

    158B ->159B        0.96991 

Excited State   5:  2.358-A      1.8603 eV  666.46 nm  f=0.0024  <S**2>=1.141 

    152B ->162B       -0.14132 

    157B ->159B        0.92225 

   
157B 158B 159B 
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Figure S10. DFT calculated spin densities of 2
+
 and 3

+
 (B3LYP, LANL2DZ, IEFPCM CH3CN, 

isosurface value 0.008 a.u.). 
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Cartesian Coordinates of optimized geometries 

 

1
2+

 (singlet) 
6       -1.155845000     -2.712171000      0.241512000 

6       -1.182498000     -4.122267000      0.243360000 

6       -0.000076000     -4.827514000     -0.000819000 

6        1.182369000     -4.122223000     -0.244766000 

6        1.155761000     -2.712127000     -0.242452000 

7       -0.000031000     -2.010335000     -0.000353000 

1       -2.099470000     -4.650570000      0.465520000 

1        2.099326000     -4.650481000     -0.467095000 

6       -1.408989000      0.908768000      2.433396000 

6       -2.444294000      1.055155000      3.355065000 

6       -3.538140000      0.168738000      3.276138000 

6       -3.524035000     -0.844706000      2.314270000 

6       -2.424427000     -0.949254000      1.424203000 

7       -1.405068000     -0.044516000      1.454072000 

1       -4.370711000      0.248724000      3.968358000 

1       -0.556845000      1.573491000      2.451586000 

1       -2.396231000      1.838436000      4.102844000 

1       -4.328941000     -1.566690000      2.276096000 

6        2.424403000     -0.948843000     -1.424533000 

6        3.524018000     -0.844017000     -2.314558000 

6        3.538146000      0.169750000     -3.276085000 

6        2.444318000      1.056214000     -3.354720000 

6        1.409008000      0.909541000     -2.433102000 

7        1.405067000     -0.044067000     -1.454093000 

1        4.370722000      0.249952000     -3.968274000 

1        4.328909000     -1.566031000     -2.276621000 

1        2.396272000      1.839743000     -4.102239000 

1        0.556877000      1.574287000     -2.451076000 

6       -1.155745000      2.712213000     -0.241511000 

6       -1.182340000      4.122309000     -0.243394000 

6        0.000118000      4.827514000      0.000739000 

6        1.182538000      4.122181000      0.244679000 

6        1.155872000      2.712085000      0.242403000 

7        0.000046000      2.010334000      0.000343000 

1       -2.099296000      4.650643000     -0.465547000 

1        2.099520000      4.650407000      0.466976000 

6       -1.409085000     -0.908718000     -2.433363000 

6       -2.444433000     -1.055085000     -3.354988000 

6       -3.538256000     -0.168644000     -3.276014000 

6       -3.524088000      0.844804000     -2.314152000 

6       -2.424438000      0.949333000     -1.424135000 

7       -1.405102000      0.044569000     -1.454042000 

1       -4.370861000     -0.248617000     -3.968196000 

1       -0.556957000     -1.573461000     -2.451586000 

1       -2.396419000     -1.838368000     -4.102767000 

1       -4.328977000      1.566804000     -2.275945000 

6        2.424456000      0.948763000      1.424492000 

6        3.524069000      0.843917000      2.314518000 

6        3.538175000     -0.169845000      3.276051000 

6        2.444327000     -1.056284000      3.354690000 

6        1.409019000     -0.909590000      2.433074000 

7        1.405097000      0.044014000      1.454062000 

1        4.370749000     -0.250062000      3.968241000 

1        4.328976000      1.565913000      2.276577000 

1        2.396264000     -1.839809000      4.102213000 

1        0.556871000     -1.574314000      2.451055000 

7       -2.360487000      2.015598000     -0.504481000 

6       -3.631520000      2.678491000     -0.125685000 

1       -3.989271000      3.390510000     -0.881316000 

1       -4.397333000      1.914621000      0.029145000 

1       -3.488270000      3.208037000      0.818290000 
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7        2.360574000      2.015336000      0.505186000 

6        3.631645000      2.678295000      0.126630000 

1        3.989386000      3.390090000      0.882475000 

1        4.397439000      1.914444000     -0.028388000 

1        3.488447000      3.208111000     -0.817201000 

7       -2.360550000     -2.015512000      0.504533000 

7        2.360489000     -2.015423000     -0.505239000 

6       -3.631623000     -2.678347000      0.125769000 

1       -3.989372000     -3.390372000      0.881394000 

1       -4.397412000     -1.914444000     -0.029012000 

1       -3.488428000     -3.207873000     -0.818226000 

6        3.631537000     -2.678436000     -0.126702000 

1        3.989249000     -3.390229000     -0.882562000 

1        4.397360000     -1.914617000      0.028329000 

1        3.488324000     -3.208266000      0.817119000 

1       -0.000092000     -5.912792000     -0.000994000 

1        0.000147000      5.912792000      0.000885000 

26       0.000005000      0.000000000     -0.000001000 

 

2
2+

 (singlet) 
6        1.159755000     -2.654028000     -0.224258000 

6        1.185170000     -4.062912000     -0.225271000 

6       -0.001503000     -4.766847000      0.001046000 

6       -1.187688000     -4.062032000      0.227159000 

6       -1.161309000     -2.653157000      0.225745000 

7       -0.000537000     -1.952994000      0.000629000 

1        2.104104000     -4.592986000     -0.433251000 

1       -2.106981000     -4.591431000      0.435263000 

6        1.428406000      0.957321000     -2.427163000 

6        2.466191000      1.092441000     -3.344613000 

6        3.562962000      0.210086000     -3.247575000 

6        3.546690000     -0.794061000     -2.276965000 

6        2.443280000     -0.894488000     -1.392362000 

7        1.425211000      0.015964000     -1.430576000 

1        4.399219000      0.285909000     -3.935412000 

1        0.573343000      1.617835000     -2.462446000 

1        2.420222000      1.865148000     -4.102958000 

1        4.353076000     -1.513303000     -2.228776000 

6       -2.443608000     -0.892136000      1.392992000 

6       -3.546813000     -0.790619000      2.277725000 

6       -3.562449000      0.214171000      3.247685000 

6       -2.465271000      1.096103000      3.343922000 

6       -1.427692000      0.959878000      2.426400000 

7       -1.425076000      0.017818000      1.430475000 

1       -4.398547000      0.290832000      3.935621000 

1       -4.353538000     -1.509519000      2.230154000 

1       -2.418831000      1.869320000      4.101719000 

1       -0.572335000      1.620041000      2.461081000 

6        1.157502000      2.753790000      0.176635000 

6        1.194257000      4.161495000      0.151350000 

6        0.001225000      4.881134000     -0.001724000 

6       -1.192149000      4.161952000     -0.154299000 

6       -1.156069000      2.754210000     -0.178657000 

7        0.000551000      2.046636000     -0.000765000 

1        2.147117000      4.662271000      0.273211000 

1       -2.144766000      4.663103000     -0.276504000 

6        1.358500000     -0.876136000      2.465509000 

6        2.377263000     -1.007060000      3.419999000 

6        3.497706000     -0.161522000      3.348886000 

6        3.532856000      0.814584000      2.340937000 

6        2.457823000      0.909839000      1.437233000 

7        1.392648000      0.054596000      1.473681000 

1        4.309808000     -0.249218000      4.062859000 

1        0.500634000     -1.532354000      2.488582000 

 

 

118 5.1  APPENDIX 

  



16 
 

1        2.286950000     -1.763858000      4.191156000 

1        4.357128000      1.512874000      2.254453000 

6       -2.457421000      0.909822000     -1.437766000 

6       -3.532701000      0.814120000     -2.341121000 

6       -3.498060000     -0.162807000     -3.348297000 

6       -2.377866000     -1.008705000     -3.419007000 

6       -1.358865000     -0.877330000     -2.464830000 

7       -1.392540000      0.054187000     -1.473729000 

1       -4.310354000     -0.250845000     -4.062011000 

1       -4.356736000      1.512738000     -2.255033000 

1       -2.287949000     -1.766150000     -4.189575000 

1       -0.501230000     -1.533866000     -2.487517000 

7        2.368433000     -1.954644000     -0.469161000 

7       -2.369495000     -1.952836000      0.470326000 

6        3.635841000     -2.628935000     -0.089916000 

1        3.986092000     -3.341816000     -0.847420000 

1        4.406999000     -1.871353000      0.066503000 

1        3.487346000     -3.158877000      0.852848000 

6       -3.637383000     -2.626346000      0.091295000 

1       -3.988200000     -3.338670000      0.849059000 

1       -4.407968000     -1.868255000     -0.065459000 

1       -3.489239000     -3.156760000     -0.851262000 

1       -0.001881000     -5.851913000      0.001189000 

1        0.001480000      5.965429000     -0.002103000 

26       0.000067000      0.049715000     -0.000050000 

6       -2.455259000      2.059779000     -0.483328000 

6        2.456321000      2.058892000      0.481715000 

8        3.535328000      2.567737000      0.093251000 

8       -3.533941000      2.568392000     -0.093666000 

 

3
2+

 (singlet) 
6        1.159755000     -2.654028000     -0.224258000 

6        1.185170000     -4.062912000     -0.225271000 

6       -0.001503000     -4.766847000      0.001046000 

6       -1.187688000     -4.062032000      0.227159000 

6       -1.161309000     -2.653157000      0.225745000 

7       -0.000537000     -1.952994000      0.000629000 

1        2.104104000     -4.592986000     -0.433251000 

1       -2.106981000     -4.591431000      0.435263000 

6        1.428406000      0.957321000     -2.427163000 

6        2.466191000      1.092441000     -3.344613000 

6        3.562962000      0.210086000     -3.247575000 

6        3.546690000     -0.794061000     -2.276965000 

6        2.443280000     -0.894488000     -1.392362000 

7        1.425211000      0.015964000     -1.430576000 

1        4.399219000      0.285909000     -3.935412000 

1        0.573343000      1.617835000     -2.462446000 

1        2.420222000      1.865148000     -4.102958000 

1        4.353076000     -1.513303000     -2.228776000 

6       -2.443608000     -0.892136000      1.392992000 

6       -3.546813000     -0.790619000      2.277725000 

6       -3.562449000      0.214171000      3.247685000 

6       -2.465271000      1.096103000      3.343922000 

6       -1.427692000      0.959878000      2.426400000 

7       -1.425076000      0.017818000      1.430475000 

1       -4.398547000      0.290832000      3.935621000 

1       -4.353538000     -1.509519000      2.230154000 

1       -2.418831000      1.869320000      4.101719000 

1       -0.572335000      1.620041000      2.461081000 

6        1.157502000      2.753790000      0.176635000 

6        1.194257000      4.161495000      0.151350000 

6        0.001225000      4.881134000     -0.001724000 

6       -1.192149000      4.161952000     -0.154299000 

6       -1.156069000      2.754210000     -0.178657000 
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7        0.000551000      2.046636000     -0.000765000 

1        2.147117000      4.662271000      0.273211000 

1       -2.144766000      4.663103000     -0.276504000 

6        1.358500000     -0.876136000      2.465509000 

6        2.377263000     -1.007060000      3.419999000 

6        3.497706000     -0.161522000      3.348886000 

6        3.532856000      0.814584000      2.340937000 

6        2.457823000      0.909839000      1.437233000 

7        1.392648000      0.054596000      1.473681000 

1        4.309808000     -0.249218000      4.062859000 

1        0.500634000     -1.532354000      2.488582000 

1        2.286950000     -1.763858000      4.191156000 

1        4.357128000      1.512874000      2.254453000 

6       -2.457421000      0.909822000     -1.437766000 

6       -3.532701000      0.814120000     -2.341121000 

6       -3.498060000     -0.162807000     -3.348297000 

6       -2.377866000     -1.008705000     -3.419007000 

6       -1.358865000     -0.877330000     -2.464830000 

7       -1.392540000      0.054187000     -1.473729000 

1       -4.310354000     -0.250845000     -4.062011000 

1       -4.356736000      1.512738000     -2.255033000 

1       -2.287949000     -1.766150000     -4.189575000 

1       -0.501230000     -1.533866000     -2.487517000 

7        2.368433000     -1.954644000     -0.469161000 

7       -2.369495000     -1.952836000      0.470326000 

6        3.635841000     -2.628935000     -0.089916000 

1        3.986092000     -3.341816000     -0.847420000 

1        4.406999000     -1.871353000      0.066503000 

1        3.487346000     -3.158877000      0.852848000 

6       -3.637383000     -2.626346000      0.091295000 

1       -3.988200000     -3.338670000      0.849059000 

1       -4.407968000     -1.868255000     -0.065459000 

1       -3.489239000     -3.156760000     -0.851262000 

1       -0.001881000     -5.851913000      0.001189000 

1        0.001480000      5.965429000     -0.002103000 

26       0.000067000      0.049715000     -0.000050000 

6       -2.455259000      2.059779000     -0.483328000 

6        2.456321000      2.058892000      0.481715000 

8        3.535328000      2.567737000      0.093251000 

8       -3.533941000      2.568392000     -0.093666000 

 

1
3+

 (doublet) 
6        1.171563000      2.687327000      0.206609000 

6        1.191491000      4.093545000      0.197435000 

6        0.000089000      4.796109000     -0.000829000 

6       -1.191344000      4.093530000     -0.198862000 

6       -1.171476000      2.687309000     -0.207555000 

7        0.000027000      1.983594000     -0.000346000 

1        2.112832000      4.624924000      0.387644000 

1       -2.112664000      4.624882000     -0.389248000 

6        1.379500000     -0.885082000      2.431579000 

6        2.417005000     -1.033103000      3.343750000 

6        3.534588000     -0.177508000      3.235341000 

6        3.543261000      0.815135000      2.254879000 

6        2.439639000      0.936387000      1.374164000 

7        1.399572000      0.055304000      1.432702000 

1        4.368964000     -0.266119000      3.923427000 

1        0.513154000     -1.528110000      2.475163000 

1        2.354310000     -1.797011000      4.109259000 

1        4.366954000      1.513059000      2.196831000 

6       -2.439602000      0.936019000     -1.374527000 

6       -3.543177000      0.814547000     -2.255272000 

6       -3.534535000     -0.178461000     -3.235363000 

6       -2.417022000     -1.034193000     -3.343389000 
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6       -1.379547000     -0.885913000     -2.431225000 

7       -1.399593000      0.054842000     -1.432699000 

1       -4.368877000     -0.267254000     -3.923465000 

1       -4.366813000      1.512565000     -2.197525000 

1       -2.354352000     -1.798393000     -4.108608000 

1       -0.513256000     -1.529034000     -2.474529000 

6        1.171451000     -2.687379000     -0.206613000 

6        1.191308000     -4.093597000     -0.197495000 

6       -0.000134000     -4.796108000      0.000716000 

6       -1.191535000     -4.093478000      0.198749000 

6       -1.171597000     -2.687258000      0.207498000 

7       -0.000054000     -1.983594000      0.000346000 

1        2.112627000     -4.625014000     -0.387710000 

1       -2.112886000     -4.624793000      0.389091000 

6        1.379600000      0.885061000     -2.431498000 

6        2.417141000      1.033066000     -3.343631000 

6        3.534687000      0.177425000     -3.235208000 

6        3.543290000     -0.815243000     -2.254770000 

6        2.439639000     -0.936470000     -1.374089000 

7        1.399606000     -0.055347000     -1.432641000 

1        4.369089000      0.266021000     -3.923264000 

1        0.513282000      1.528127000     -2.475092000 

1        2.354500000      1.796995000     -4.109123000 

1        4.366954000     -1.513201000     -2.196713000 

6       -2.439662000     -0.935936000      1.374496000 

6       -3.543246000     -0.814439000      2.255226000 

6       -3.534576000      0.178542000      3.235343000 

6       -2.417031000      1.034227000      3.343406000 

6       -1.379552000      0.885932000      2.431249000 

7       -1.399621000     -0.054800000      1.432701000 

1       -4.368925000      0.267351000      3.923437000 

1       -4.366910000     -1.512421000      2.197451000 

1       -2.354340000      1.798405000      4.108646000 

1       -0.513233000      1.529014000      2.474585000 

7        2.375781000     -1.996113000     -0.453799000 

6        3.647840000     -2.675156000     -0.087370000 

1        3.987604000     -3.380370000     -0.855291000 

1        4.418500000     -1.918124000      0.069977000 

1        3.504939000     -3.209353000      0.853051000 

7       -2.375882000     -1.995852000      0.454509000 

6       -3.647986000     -2.674908000      0.088270000 

1       -3.987739000     -3.379977000      0.856330000 

1       -4.418623000     -1.917872000     -0.069161000 

1       -3.505155000     -3.209275000     -0.852068000 

7        2.375852000      1.996005000      0.453838000 

7       -2.375792000      1.995961000     -0.454575000 

6        3.647954000      2.674950000      0.087381000 

1        3.987758000      3.380185000      0.855265000 

1        4.418568000      1.917862000     -0.069921000 

1        3.505093000      3.209103000     -0.853072000 

6       -3.647867000      2.675119000     -0.088423000 

1       -3.987541000      3.380171000     -0.856531000 

1       -4.418562000      1.918141000      0.069012000 

1       -3.505040000      3.209524000      0.851894000 

1        0.000112000      5.880811000     -0.001009000 

1       -0.000166000     -5.880811000      0.000849000 

26      -0.000015000      0.000000000      0.000013000 

 

2
3+

 (doublet) 
6        1.125444000     -2.664402000     -0.190294000 

6        1.117955000     -4.068965000     -0.189193000 

6       -0.084769000     -4.750934000      0.017905000 

6       -1.261217000     -4.029067000      0.232019000 

6       -1.217040000     -2.623631000      0.243682000 
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7       -0.034493000     -1.942071000      0.025663000 

1        2.027693000     -4.616716000     -0.388679000 

1       -2.188471000     -4.546345000      0.430551000 

6        1.396267000      0.883935000     -2.441383000 

6        2.437825000      1.005506000     -3.351333000 

6        3.546967000      0.140914000     -3.224492000 

6        3.540639000     -0.840915000     -2.233098000 

6        2.432997000     -0.942252000     -1.356856000 

7        1.407432000     -0.041400000     -1.423750000 

1        4.386185000      0.213904000     -3.908213000 

1        0.535662000      1.533759000     -2.502729000 

1        2.385924000      1.758137000     -4.128463000 

1        4.357291000     -1.545778000     -2.163348000 

6       -2.441374000     -0.835688000      1.405618000 

6       -3.528381000     -0.680735000      2.301321000 

6       -3.487123000      0.323827000      3.267223000 

6       -2.352395000      1.162240000      3.350631000 

6       -1.332817000      0.988832000      2.427036000 

7       -1.387439000      0.038175000      1.431794000 

1       -4.308679000      0.435408000      3.966948000 

1       -4.364444000     -1.364949000      2.268158000 

1       -2.266194000      1.932349000      4.107244000 

1       -0.453598000      1.614701000      2.454061000 

6        1.181404000      2.745027000      0.114729000 

6        1.223279000      4.149881000      0.065234000 

6        0.029443000      4.871662000     -0.072362000 

6       -1.172554000      4.158856000     -0.189285000 

6       -1.145246000      2.753518000     -0.193018000 

7        0.013835000      2.048951000     -0.025504000 

1        2.180886000      4.647447000      0.157089000 

1       -2.124116000      4.663976000     -0.300871000 

6        1.385465000     -0.849345000      2.454122000 

6        2.411288000     -0.961049000      3.403499000 

6        3.532207000     -0.121805000      3.306511000 

6        3.565453000      0.834608000      2.277833000 

6        2.488783000      0.917174000      1.379961000 

7        1.421057000      0.066935000      1.448227000 

1        4.349065000     -0.197647000      4.015783000 

1        0.529354000     -1.505761000      2.503380000 

1        2.321314000     -1.701408000      4.189674000 

1        4.390768000      1.528958000      2.173405000 

6       -2.464288000      0.904163000     -1.417824000 

6       -3.533994000      0.812621000     -2.321751000 

6       -3.503957000     -0.170388000     -3.326332000 

6       -2.392767000     -1.025138000     -3.394651000 

6       -1.373511000     -0.902547000     -2.439841000 

7       -1.406686000      0.037476000     -1.455937000 

1       -4.316337000     -0.254101000     -4.039896000 

1       -4.351893000      1.518923000     -2.242465000 

1       -2.306118000     -1.785308000     -4.161986000 

1       -0.524238000     -1.568484000     -2.465475000 

7        2.344159000     -1.990797000     -0.427910000 

7       -2.406705000     -1.909555000      0.504968000 

6        3.602487000     -2.696286000     -0.057458000 

1        3.930582000     -3.404682000     -0.827055000 

1        4.386793000     -1.954769000      0.105670000 

1        3.445459000     -3.232144000      0.879630000 

6       -3.696820000     -2.581065000      0.178488000 

1       -4.020009000     -3.271981000      0.965361000 

1       -4.463318000     -1.818565000      0.030836000 

1       -3.583192000     -3.128274000     -0.758270000 

1       -0.104051000     -5.835291000      0.013954000 

1        0.035335000      5.955563000     -0.089607000 

26      -0.006908000      0.029253000      0.002890000 

6       -2.453257000      2.061839000     -0.472308000 

6        2.484723000      2.049600000      0.406521000 
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8        3.554028000      2.540678000     -0.013167000 

8       -3.520638000      2.571141000     -0.070307000 

 

3
3+

 (doublet) 
6       -1.157754000     -2.719460000      0.195036000 

6       -1.193551000     -4.125779000      0.171213000 

6       -0.002434000     -4.844127000     -0.001768000 

6        1.189443000     -4.126846000     -0.173905000 

6        1.155082000     -2.720463000     -0.196267000 

7       -0.000970000     -2.018419000     -0.000308000 

1       -2.144176000     -4.626425000      0.308419000 

1        2.139552000     -4.628343000     -0.311574000 

6       -1.351981000      0.977271000      2.426506000 

6       -2.363857000      1.113940000      3.384789000 

6       -3.478378000      0.262033000      3.332726000 

6       -3.514839000     -0.738448000      2.345407000 

6       -2.450792000     -0.852434000      1.438494000 

7       -1.393574000      0.020257000      1.454248000 

1       -4.289001000      0.361515000      4.046073000 

1       -0.500162000      1.639926000      2.442545000 

1       -2.270751000      1.884552000      4.140615000 

1       -4.336295000     -1.441913000      2.280272000 

6        2.450280000     -0.854114000     -1.438349000 

6        3.514746000     -0.740582000     -2.344817000 

6        3.479365000      0.260258000     -3.331818000 

6        2.365402000      1.112882000     -3.384098000 

6        1.353075000      0.976621000     -2.426226000 

7        1.393681000      0.019334000     -1.454203000 

1        4.290354000      0.359437000     -4.044791000 

1        4.335678000     -1.444656000     -2.279606000 

1        2.273076000      1.883752000     -4.139758000 

1        0.501658000      1.639796000     -2.442430000 

6       -1.155163000      2.720515000     -0.195426000 

6       -1.189569000      4.126888000     -0.172619000 

6        0.002295000      4.844156000     -0.000343000 

6        1.193450000      4.125795000      0.172318000 

6        1.157704000      2.719466000      0.195708000 

7        0.000927000      2.018448000      0.000243000 

1       -2.139703000      4.628398000     -0.310070000 

1        2.144066000      4.626431000      0.309616000 

6       -1.353173000     -0.975970000     -2.426403000 

6       -2.365558000     -1.112017000     -3.384244000 

6       -3.479548000     -0.259446000     -3.331663000 

6       -3.514902000      0.741128000     -2.344389000 

6       -2.450378000      0.854466000     -1.437966000 

7       -1.393749000     -0.018940000     -1.454125000 

1       -4.290582000     -0.358462000     -4.044608000 

1       -0.501735000     -1.639117000     -2.442827000 

1       -2.273255000     -1.882687000     -4.140111000 

1       -4.335858000      1.445152000     -2.278937000 

6        2.450927000      0.852093000      1.438493000 

6        3.515070000      0.737851000      2.345261000 

6        3.478726000     -0.262921000      3.332289000 

6        2.364214000     -1.114847000      3.384228000 

6        1.352235000     -0.977908000      2.426093000 

7        1.393722000     -0.020619000      1.454103000 

1        4.289427000     -0.362605000      4.045519000 

1        4.336507000      1.441351000      2.280252000 

1        2.271194000     -1.885678000      4.139841000 

1        0.500426000     -1.640578000      2.442032000 

1       -0.003004000     -5.928052000     -0.002370000 

1        0.002828000      5.928082000     -0.000606000 

26       0.000004000      0.000013000      0.000023000 

6        2.456106000      2.025774000      0.509534000 
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6       -2.454313000      2.027951000     -0.508780000 

8       -3.532029000      2.539301000     -0.140650000 

8        3.534410000      2.536316000      0.141968000 

8       -3.534463000     -2.536294000      0.141671000 

8        3.531959000     -2.539460000     -0.141730000 

6       -2.456104000     -2.025808000      0.509149000 

6        2.454236000     -2.027843000     -0.509472000 

 

2
+
 (doublet) 

6       -1.243415000     -2.633411000      0.183722000 

6       -1.317340000     -4.040879000      0.145336000 

6       -0.160027000     -4.776763000     -0.129492000 

6        1.043339000     -4.104375000     -0.362573000 

6        1.064062000     -2.694428000     -0.319468000 

7       -0.066934000     -1.963934000     -0.048149000 

1       -2.248893000     -4.546377000      0.359519000 

1        1.940631000     -4.656025000     -0.607528000 

6       -1.358232000      0.946316000      2.464114000 

6       -2.366756000      1.086976000      3.415084000 

6       -3.482519000      0.227437000      3.338968000 

6       -3.516370000     -0.759754000      2.350232000 

6       -2.442835000     -0.863125000      1.429876000 

7       -1.404076000      0.021557000      1.456004000 

1       -4.295747000      0.307262000      4.053828000 

1       -0.488879000      1.588384000      2.472688000 

1       -2.283784000      1.847419000      4.183008000 

1       -4.338329000     -1.462384000      2.313711000 

6        2.391447000     -0.932712000     -1.443846000 

6        3.498737000     -0.825504000     -2.323919000 

6        3.544728000      0.221087000     -3.248548000 

6        2.474201000      1.137522000     -3.303432000 

6        1.431746000      0.988254000     -2.390880000 

7        1.399444000      0.002686000     -1.443959000 

1        4.384283000      0.304659000     -3.931923000 

1        4.285453000     -1.567886000     -2.306858000 

1        2.451826000      1.947488000     -4.023428000 

1        0.598290000      1.676545000     -2.384142000 

6       -1.087704000      2.792831000     -0.133692000 

6       -1.091606000      4.193536000     -0.170708000 

6        0.137082000      4.887883000     -0.078753000 

6        1.299206000      4.147935000      0.111103000 

6        1.252976000      2.728195000      0.235885000 

7        0.055021000      2.045775000      0.053369000 

1       -2.030995000      4.715645000     -0.307394000 

1        2.268755000      4.621567000      0.207080000 

6       -1.420700000     -0.792854000     -2.459845000 

6       -2.454255000     -0.883126000     -3.401105000 

6       -3.553665000     -0.010620000     -3.297409000 

6       -3.546691000      0.948220000     -2.274430000 

6       -2.455164000      1.005100000     -1.383827000 

7       -1.415828000      0.119772000     -1.448222000 

1       -4.378725000     -0.065785000     -4.000208000 

1       -0.578517000     -1.468266000     -2.506559000 

1       -2.394205000     -1.627997000     -4.187101000 

1       -4.350295000      1.666814000     -2.162582000 

6        2.492591000      0.842772000      1.433393000 

6        3.607083000      0.609585000      2.289371000 

6        3.580886000     -0.433856000      3.213802000 
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6        2.423953000     -1.245730000      3.286899000 

6        1.383699000     -1.003584000      2.388203000 

7        1.411720000     -0.012638000      1.449379000 

1        4.422833000     -0.606045000      3.878175000 

1        4.448680000      1.287545000      2.214204000 

1        2.335992000     -2.051188000      4.007973000 

1        0.499566000     -1.626314000      2.401756000 

7       -2.422566000     -1.902534000      0.477780000 

7        2.290303000     -2.032632000     -0.569715000 

6       -3.719224000     -2.517916000      0.103773000 

1       -4.080728000     -3.245679000      0.842182000 

1       -4.466361000     -1.728598000     -0.007730000 

1       -3.610129000     -3.018622000     -0.860582000 

6        3.539293000     -2.746470000     -0.210544000 

1        3.876622000     -3.443569000     -0.989044000 

1        4.327127000     -2.011684000     -0.028511000 

1        3.377463000     -3.301456000      0.715616000 

1       -0.195925000     -5.861013000     -0.160971000 

1        0.167511000      5.970793000     -0.144404000 

26      -0.004933000      0.045155000      0.007152000 

6        2.503980000      2.068956000      0.619401000 

6       -2.405570000      2.145186000     -0.418800000 

8       -3.479800000      2.675508000     -0.018117000 

8        3.638992000      2.694276000      0.435683000 

 

3
+
 (doublet) 

6        1.167262000      2.698999000      0.166732000 

6        1.196715000      4.107437000      0.133181000 

6        0.001943000      4.828474000     -0.001537000 

6       -1.193443000      4.108308000     -0.135579000 

6       -1.165136000      2.699826000     -0.167937000 

7        0.000767000      1.987625000     -0.000361000 

1        2.151676000      4.607205000      0.243141000 

1       -2.147987000      4.608786000     -0.245917000 

6        1.386288000     -0.934937000      2.443808000 

6        2.407277000     -1.067625000      3.390970000 

6        3.529303000     -0.219236000      3.311505000 

6        3.555217000      0.760695000      2.310813000 

6        2.473841000      0.866968000      1.410251000 

7        1.416558000     -0.004881000      1.445270000 

1        4.347216000     -0.309789000      4.018878000 

1        0.526616000     -1.589544000      2.469639000 

1        2.323559000     -1.826602000      4.160713000 

1        4.376081000      1.462499000      2.222073000 

6       -2.473450000      0.868244000     -1.410230000 

6       -3.555170000      0.762272000     -2.310399000 

6       -3.530082000     -0.217978000     -3.310809000 

6       -2.408508000     -1.066945000     -3.390406000 

6       -1.387152000     -0.934522000     -2.443592000 

7       -1.416645000     -0.004187000     -1.445302000 

1       -4.348280000     -0.308333000     -4.017878000 

1       -4.375633000      1.464542000     -2.221626000 

1       -2.325413000     -1.826169000     -4.159973000 

1       -0.527829000     -1.589586000     -2.469500000 

6        1.165141000     -2.699880000     -0.167084000 

6        1.193441000     -4.108350000     -0.134321000 

6       -0.001962000     -4.828473000     -0.000171000 

6       -1.196739000     -4.107392000      0.134246000 

6       -1.167283000     -2.698943000      0.167392000 

7       -0.000770000     -1.987625000      0.000199000 

1        2.147990000     -4.608867000     -0.244444000 
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1       -2.151712000     -4.607124000      0.244265000 

6        1.387349000      0.933862000     -2.443719000 

6        2.408796000      1.066048000     -3.390469000 

6        3.530373000      0.217117000     -3.310540000 

6        3.555373000     -0.762870000     -2.309867000 

6        2.473566000     -0.868622000     -1.409781000 

7        1.416755000      0.003789000     -1.445183000 

1        4.348639000      0.307293000     -4.017552000 

1        0.528025000      1.588915000     -2.469879000 

1        2.325768000      1.825072000     -4.160241000 

1        4.375834000     -1.465110000     -2.220835000 

6       -2.473958000     -0.866584000      1.410286000 

6       -3.555391000     -0.760097000      2.310755000 

6       -3.529549000      0.220089000      3.311200000 

6       -2.407536000      1.068508000      3.390521000 

6       -1.386484000      0.935589000      2.443460000 

7       -1.416682000      0.005280000      1.445156000 

1       -4.347507000      0.310812000      4.018498000 

1       -4.376245000     -1.461930000      2.222140000 

1       -2.323872000      1.827676000      4.160082000 

1       -0.526813000      1.590202000      2.469188000 

1        0.002392000      5.912996000     -0.002023000 

1       -0.002417000     -5.912994000     -0.000356000 

26      -0.000003000      0.000001000     -0.000031000 

6       -2.462693000     -2.025610000      0.476222000 

6        2.461194000     -2.027564000     -0.475621000 

8        3.552066000     -2.569276000     -0.120826000 

8       -3.554107000     -2.566949000      0.122435000 

8        3.554095000      2.566844000      0.121816000 

8       -3.552062000      2.569389000     -0.122041000 

6        2.462649000      2.025768000      0.475900000 

6       -2.461160000      2.027416000     -0.476364000 

 

2
2+

 (triplet) 
6       -1.167884000     -2.763453000      0.179310000 

6       -1.195983000     -4.173974000      0.182114000 

6        0.000286000     -4.876516000     -0.000898000 

6        1.196421000     -4.173724000     -0.183770000 

6        1.168072000     -2.763201000     -0.180700000 

7        0.000027000     -2.070541000     -0.000647000 

1       -2.121485000     -4.706107000      0.354195000 

1        2.122020000     -4.705659000     -0.355942000 

6       -1.684688000      0.849982000      2.435863000 

6       -2.795211000      0.947636000      3.272287000 

6       -3.843830000      0.020655000      3.091446000 

6       -3.723767000     -0.974740000      2.117349000 

6       -2.556189000     -1.026913000      1.311763000 

7       -1.575523000     -0.089417000      1.448542000 

1       -4.729625000      0.058368000      3.717979000 

1       -0.855822000      1.541182000      2.530549000 

1       -2.840279000      1.720253000      4.030953000 

1       -4.502316000     -1.717744000      2.008144000 

6        2.556050000     -1.025987000     -1.312521000 

6        3.723607000     -0.973240000     -2.118106000 

6        3.843427000      0.022580000     -3.091797000 

6        2.794593000      0.949401000     -3.272247000 

6        1.684121000      0.851177000     -2.435820000 

7        1.575198000     -0.088636000     -1.448872000 

1        4.729199000      0.060745000     -3.718335000 

1        4.502317000     -1.716122000     -2.009222000 

1        2.839469000      1.722317000     -4.030620000 

1        0.855093000      1.542222000     -2.530197000 

6       -1.148805000      2.920525000     -0.223448000 

6       -1.190718000      4.328587000     -0.198409000 
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6        0.000889000      5.042822000      0.001123000 

6        1.192180000      4.327974000      0.200361000 

6        1.149634000      2.919924000      0.224815000 

7        0.000262000      2.227805000      0.000535000 

1       -2.136090000      4.834089000     -0.354369000 

1        2.137779000      4.832990000      0.356528000 

6       -1.301841000     -0.800656000     -2.475735000 

6       -2.293513000     -0.922281000     -3.459410000 

6       -3.397692000     -0.054547000     -3.430328000 

6       -3.442239000      0.934687000     -2.435200000 

6       -2.393120000      1.024738000     -1.500575000 

7       -1.345454000      0.143924000     -1.497255000 

1       -4.191441000     -0.134785000     -4.165508000 

1       -0.457309000     -1.473466000     -2.460465000 

1       -2.195892000     -1.690480000     -4.218186000 

1       -4.256269000      1.647976000     -2.382131000 

6        2.393043000      1.023159000      1.501330000 

6        3.441938000      0.932495000      2.436146000 

6        3.396925000     -0.057107000      3.430884000 

6        2.292551000     -0.924616000      3.459360000 

6        1.301114000     -0.802353000      2.475535000 

7        1.345145000      0.142630000      1.497452000 

1        4.190485000     -0.137819000      4.166216000 

1        4.256169000      1.645586000      2.383513000 

1        2.194598000     -1.693113000      4.217790000 

1        0.456447000     -1.474982000      2.459806000 

7       -2.392542000     -2.060259000      0.363217000 

7        2.392609000     -2.059788000     -0.364447000 

6       -3.627054000     -2.730714000     -0.121373000 

1       -4.034109000     -3.456024000      0.595240000 

1       -4.385732000     -1.971175000     -0.324806000 

1       -3.406832000     -3.247492000     -1.057378000 

6        3.627247000     -2.730213000      0.119859000 

1        4.034377000     -3.455215000     -0.597022000 

1        4.385815000     -1.970626000      0.323519000 

1        3.407150000     -3.247324000      1.055705000 

1        0.000386000     -5.961811000     -0.000999000 

1        0.001129000      6.127300000      0.001342000 

26      -0.000130000      0.104613000      0.000089000 

6        2.424893000      2.193835000      0.564239000 

6       -2.424404000      2.195149000     -0.563137000 

8       -3.520846000      2.689654000     -0.208763000 

8        3.521571000      2.687897000      0.209994000 

 

2
2+

 (quintet) 
6        1.152266000     -2.824016000     -0.260144000 

6        1.180846000     -4.234161000     -0.265524000 

6       -0.000617000     -4.936265000      0.000063000 

6       -1.181890000     -4.233857000      0.265683000 

6       -1.152936000     -2.823716000      0.260361000 

7       -0.000243000     -2.132596000      0.000117000 

1        2.092722000     -4.766094000     -0.500546000 

1       -2.093903000     -4.765559000      0.500692000 

6        1.518950000      0.781190000     -2.568666000 

6        2.591799000      0.894727000     -3.450329000 

6        3.661418000     -0.016518000     -3.311199000 

6        3.599589000     -1.013079000     -2.333128000 

6        2.465436000     -1.086385000     -1.481968000 

7        1.465476000     -0.164154000     -1.582194000 

1        4.520726000      0.035876000     -3.972715000 

1        0.675078000      1.459180000     -2.622939000 

1        2.595701000      1.667850000     -4.209659000 

1        4.395568000     -1.741230000     -2.255137000 

6       -2.465581000     -1.085695000      1.482198000 
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6       -3.599598000     -1.012149000      2.333517000 

6       -3.661133000     -0.015501000      3.311520000 

6       -2.591351000      0.895586000      3.450422000 

6       -1.518640000      0.781805000      2.568622000 

7       -1.465453000     -0.163627000      1.582220000 

1       -4.520337000      0.037079000      3.973157000 

1       -4.395698000     -1.740187000      2.255693000 

1       -2.595024000      1.668773000      4.209688000 

1       -0.674651000      1.459663000      2.622725000 

6        1.155422000      2.951652000      0.190170000 

6        1.194713000      4.361395000      0.170446000 

6        0.000371000      5.076546000     -0.000328000 

6       -1.194069000      4.361535000     -0.171010000 

6       -1.154972000      2.951785000     -0.190551000 

7        0.000177000      2.254576000     -0.000141000 

1        2.142488000      4.868790000      0.302850000 

1       -2.141773000      4.869043000     -0.303487000 

6        1.683018000     -0.742262000      2.511820000 

6        2.802499000     -0.850460000      3.353674000 

6        3.866223000      0.053506000      3.188116000 

6        3.760153000      1.050587000      2.203453000 

6        2.591127000      1.117286000      1.419930000 

7        1.573782000      0.219795000      1.561483000 

1        4.751423000     -0.009916000      3.812437000 

1        0.856325000     -1.437448000      2.593009000 

1        2.833847000     -1.628847000      4.107857000 

1        4.548280000      1.777807000      2.047920000 

6       -2.590934000      1.117461000     -1.420101000 

6       -3.759989000      1.050789000     -2.203582000 

6       -3.866173000      0.053630000     -3.188153000 

6       -2.802532000     -0.850442000     -3.353664000 

6       -1.683021000     -0.742270000     -2.511846000 

7       -1.573680000      0.219856000     -1.561592000 

1       -4.751395000     -0.009768000     -3.812446000 

1       -4.548042000      1.778102000     -2.048102000 

1       -2.833967000     -1.628890000     -4.107780000 

1       -0.856391000     -1.437536000     -2.592994000 

7        2.360337000     -2.117654000     -0.524291000 

7       -2.360805000     -2.117040000      0.524559000 

6        3.623306000     -2.777023000     -0.100348000 

1        3.997692000     -3.503138000     -0.833521000 

1        4.385982000     -2.011438000      0.060503000 

1        3.453910000     -3.289619000      0.848393000 

6       -3.623977000     -2.776098000      0.100732000 

1       -3.998463000     -3.502141000      0.833924000 

1       -4.386483000     -2.010324000     -0.060019000 

1       -3.454801000     -3.288711000     -0.848039000 

1       -0.000762000     -6.021572000      0.000042000 

1        0.000446000      6.161111000     -0.000402000 

26       0.000011000      0.036112000     -0.000024000 

6       -2.472991000      2.255866000     -0.447781000 

6        2.473343000      2.255574000      0.447455000 

8        3.513765000      2.757988000     -0.042282000 

8       -3.513314000      2.758263000      0.042185000 
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Supporting Information 

 

Figure S1. FD mass spectrum of Pr2tpda in CH3CN. 

 

 

Figure S2. FD mass spectrum of Hex2tpda in CH3CN. 
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Figure S3. 1H NMR spectrum of Pr2tpda in CDCl3. Asterisk denotes solvent resonance. # denote 

resonances of residual ethyl acetate. 

 

 

Figure S4. 13C{1H} NMR spectrum of Pr2tpda in CDCl3. Asterisk denotes solvent resonance. # denote 

resonances of residual ethyl acetate. 
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Figure S5. 1H NMR spectrum of Hex2tpda in CDCl3. Asterisk denotes solvent resonance. 

 

 

Figure S6. 13C{1H} NMR spectrum of Hex2tpda in CDCl3. Asterisk denotes solvent resonance. 

 

 

  

 
131 5.2  APPENDIX 

 

  



4 
 

Figure S7. ESI+ mass spectrum of [Fe(H2tpda)2][BF4]2 in CH3CN. 

 

Figure S8. ESI+ mass spectrum of [Fe(Pr2tpda)2][BF4]2 in CH3CN. 
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Figure S9. ESI+ mass spectrum of [Fe(Hex2tpda)2][PF6]2 in CH3CN. 

 

 

Figure S10. ESI+ mass spectrum of [Fe(dcpp)(H2tpda)][PF6]2 in CH3CN. 
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Figure S11. ESI+ mass spectrum of [Fe(dcpp)(Pr2tpda)][PF6]2 in CH3CN. 

 

 

Figure S12. ESI+ mass spectrum of [Fe(dcpp)(Hex2tpda)][BF4]2 in CH3CN. 
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Figure S13. IR spectrum of [Fe(H2tpda)2][BF4]2 in CsI. 

 

 

Figure S14. IR spectrum of [Fe(Me2tpda)2][PF6]2 in CsI. 
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Figure S15. IR spectrum of [Fe(Pr2tpda)2][BF4]2 in CsI. 

 

 

Figure S16. IR spectrum of [Fe(Hex2tpda)2][PF6]2 in KBr. 
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Figure S17. IR spectrum of [Fe(dcpp)(H2tpda)][PF6]2 in KBr. 

 

 

Figure S18. IR spectrum of [Fe(dcpp)(Me2tpda)][PF6]2 in CsI. 
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Figure S19. IR spectrum of [Fe(dcpp)(Pr2tpda)][PF6]2 in CsI. 

 

 

Figure S20. IR spectrum of [Fe(dcpp)(Hex2tpda)][BF4]2 in CsI. 
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Figure S21. 1H NMR spectrum of [Fe(H2tpda)2][BF4]2 in CD3CN. Asterisk denotes solvent resonance. # 

denotes resonance of residual water. 

 

 

Figure S22. 13C{1H} NMR spectrum of [Fe(H2tpda)2][BF4]2 in CD3CN. Asterisk denotes solvent 

resonance. 
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Figure S23. 1H NMR spectrum of [Fe(Pr2tpda)2][BF4]2 in CD3CN. Asterisk denotes solvent resonance. 

 

 

Figure S24. 13C{1H} NMR spectrum of [Fe(Pr2tpda)2][BF4]2 in CD3CN. Asterisk denotes solvent 

resonance. 
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Figure S25. 1H NMR spectrum of [Fe(Hex2tpda)2][PF6]2 in CD3CN. Asterisk denotes solvent resonance. 

# denotes resonance of residual water. 

 

 

Figure S26. 13C{1H} NMR spectrum of [Fe(Hex2tpda)2][PF6]2 in CD3CN. Asterisk denotes solvent 

resonance. 
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Figure S27. 1H NMR spectrum of [Fe(dcpp)(H2tpda)][PF6]2 in CD3CN. Asterisk denotes solvent 

resonance. # denotes resonance of residual water. 

 

 

Figure S28. 13C{1H} NMR spectrum of [Fe(dcpp)(H2tpda)][PF6]2 in CD3CN. Asterisk denotes solvent 

resonance. 
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Figure S29. 1H NMR spectrum of [Fe(dcpp)(Pr2tpda)][PF6]2 in CD3CN. Asterisk denotes solvent 

resonance.  

 

 

Figure S30. 13C{1H} NMR spectrum of [Fe(dcpp)(Pr2tpda)][PF6]2 in CD3CN. Asterisk denotes solvent 

resonance. 
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Figure S31. 1H NMR spectrum of [Fe(dcpp)(Hex2tpda)][BF4]2 in CD3CN. Asterisk denotes solvent 

resonance. # denote resonances of residual diethyl ether. 

 

 

Figure S32. 13C{1H} NMR spectrum of [Fe(dcpp)(Hex2tpda)][BF4]2 in CD3CN. Asterisk denotes solvent 

resonance.  
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Figure S33. 1H NMR spectra of [Fe(Pr2tpda)2][BF4]2 in CD3CN after addition of 2 µl H2O over 15 d at 

room temperature. Asterisk denotes solvent resonance. # denotes resonance of water. 

 

 

Figure S34. 1H NMR spectra of [Fe(Hex2tpda)2][PF6]2 in CD3CN after addition of 5 µl H2O over 20 d at 

room temperature. Asterisk denotes solvent resonance. # denotes resonance of water. 
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Figure S35. 1H NMR spectra of [Fe(dcpp)(Pr2tpda)][PF6]2 in CD3CN after addition of 2 µl H2O over 15 d 

and after further addition of molecular sieve after 2d at room temperature. Top 1H NMR spectrum 

corresponds to Pr2tpda in CD3CN. Asterisk denotes solvent resonance. # denotes resonance of water. 

 

Figure S36. 1H NMR spectra of [Fe(dcpp)(Hex2tpda)][BF4]2 in CD3CN after addition of 1 µl and 50 µl 

H2O over 12 d and after further addition of molecular sieve after 2d at room temperature. Top 1H 

NMR spectrum corresponds to Hex2tpda in CD3CN. Asterisk denotes solvent resonance. # denotes 

resonance of water. 
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Figure S37. a) UV/Vis spectra of [Fe(dcpp)(Pr2tpda)][PF6]2 in CH3CN after addition of > 8500 eq H2O 

over time and b) UV/Vis spectra of [Fe(dcpp)(Hex2tpda)][BF4]2 in CH3CN after addition of > 8500 eq 

H2O over time. 

 

 

Figure S38. Plot of normalized absorption A592 vs. time for [Fe(dcpp)(Pr2tpda)][PF6]2 / > 8500 eq H2O 

and [Fe(dcpp)(Hex2tpda)][BF4]2 / > 8500 eq H2O. 
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Figure S39. Illustration of the complete second coordination sphere of a) 

[Fe(Me2tpda)2][PF6]2×CH3CN and b) [Fe(Hex2tpda)2][PF6]2 in the solid state; distances given in Å; CH 

hydrogen atoms omitted.  

 

 

Figure S40. Illustration of the complete second coordination sphere of a) 

[Fe(dcpp)(H2tpda)][PF6]2×3.5H2O and b) [Fe(dcpp)(Me2tpda)][PF6]2×CH3CN[12] in the solid state; 

distances given in Å; CH hydrogen atoms omitted. 
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Figure S41. UV/Vis spectrum of [Fe(Pr2tpda)2][BF4]2 in CH3CN and Gaussian deconvolution of the 

MLCT/MC bands. 

 

 

Figure S42. UV/Vis spectrum of [Fe(Hex2tpda)2][PF6]2 in CH3CN and Gaussian deconvolution of the 

MLCT/MC bands. 
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Figure S43. UV/Vis spectrum of “[Fe(H2tpda)2][BF4]2“ in CH3CN. 

 

  

 

 

150 5.2  APPENDIX 

  



23 
 

Figure S44. UV/Vis spectra of [Fe(dcpp)(H2tpda)][PF6]2, [Fe(dcpp)(Me2tpda)][PF6]2, 

[Fe(dcpp)(Pr2tpda)][PF6]2 and [Fe(dcpp)(Hex2tpda)][BF4]2 in CH3CN. 

 

 

Figure S45. Cyclic voltammograms of a) H2tpda, b) Me2tpda, c) Pr2tpda and d) Hex2tpda in 

[nBu4N][PF6]/CH3CN solution, potentials vs. ferrocene/ferrocenium. 
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Figure S46. Cyclic voltammograms of a) [Fe(H2tpda)2][BF4]2, b) [Fe(Me2tpda)2][PF6]2, c) 

[Fe(Pr2tpda)2][BF4]2 and d) [Fe(Hex2tpda)2][PF6]2 in [nBu4N][PF6]/CH3CN solution, potentials vs. 

ferrocene/ferrocenium. 
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Figure S47. Cyclic voltammograms of a) [Fe(dcpp)(H2tpda)][PF6]2, b) [Fe(dcpp)(Me2tpda)][PF6]2, c) 

[Fe(dcpp)(Pr2tpda)][PF6]2 and d) [Fe(dcpp)(Hex2tpda)][BF4]2 in [nBu4N][PF6]/CH3CN solution, 

potentials vs. ferrocene/ferrocenium. The extra waves around 0.4 V appear only after scanning to 

negative potentials and hence belong to a follow-up product after the irreversible reduction. 
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Figure S48. 1H NMR spectra of a) [Fe(dcpp)(H2tpda)][PF6]2 and b) [Fe(dcpp)(H2tpda)][PF6]2 in the 

presence of 2.2 eq P1-tBu in CD3CN. Asterisk denotes solvent resonance. # denote resonances of 

protonated P1-tBu. 

 

Figure S49. 13C{1H} NMR spectra of a) [Fe(dcpp)(H2tpda)][PF6]2 and b) [Fe(dcpp)(H2tpda)][PF6]2 in the 

presence of 2.2 eq P1-tBu in CD3CN. Asterisk denotes solvent resonance. # denote resonances of 

protonated P1-tBu. 
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Figure S50. 1H NMR spectra of a) [Fe(dcpp)(Me2tpda)][PF6]2 and b) [Fe(dcpp)(Me2tpda)][PF6]2 

prepared from [Fe(dcpp)(Me2tpda)][PF6]2 / 2.2 eq P1-tBu / excess MeI in CD3CN. Asterisk denotes 

solvent resonance. # denote resonances of protonated P1-tBu. 
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Figure S51. Cyclic voltammograms of a) [Fe(dcpp)(H2tpda)][PF6]2 in the absence of P1-tBu, b) in the 

presence of 1 eq P1-tBu and c) in the presence of 2 eq P1-tBu in [nBu4N][PF6]/CH3CN solution, 

potentials vs. ferrocene/ferrocenium.  
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Figure S52. UV/Vis spectra of [Fe(dcpp)(H2tpda)][PF6]2 a) in the presence of 1 eq P1-tBu and b) in the 

presence of 2 eq P1-tBu in CH3CN and Gaussian deconvolutions of the MLCT/LL’CT bands. 
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Cartesian coordinates of DFT calculated geometries 

 

[Fe(dcpp)(H2tpda)]2+  

6        1.119250000     -2.633421000     -0.288762000 

6        1.160951000     -4.023111000     -0.277709000 

6       -0.000349000     -4.720383000      0.000347000 

6       -1.161564000     -4.022903000      0.278273000 

6       -1.119679000     -2.633223000      0.289040000 

7       -0.000171000     -1.937511000      0.000067000 

1        2.081424000     -4.532970000     -0.522584000 

1       -2.082084000     -4.532560000      0.523362000 

6        1.394839000      0.999788000     -2.420550000 

6        2.437165000      1.163895000     -3.298260000 

6        3.527186000      0.296100000     -3.203751000 

6        3.487935000     -0.730223000     -2.287545000 

6        2.368165000     -0.857020000     -1.458217000 

7        1.372635000      0.040391000     -1.465916000 

1        4.380275000      0.405756000     -3.859246000 

1        0.542285000      1.659334000     -2.443587000 

1        2.405743000      1.958462000     -4.028918000 

1        4.285437000     -1.457100000     -2.218713000 

6       -2.368324000     -0.856551000      1.458332000 

6       -3.488034000     -0.729580000      2.287721000 

6       -3.527150000      0.296854000      3.203794000 

6       -2.437048000      1.164560000      3.298156000 

6       -1.394742000      1.000236000      2.420466000 

7       -1.372673000      0.040730000      1.465936000 

1       -4.380192000      0.406725000      3.859319000 

1       -4.285598000     -1.456405000      2.219014000 

1       -2.405489000      1.959215000      4.028711000 

1       -0.542129000      1.659713000      2.443396000 

6        1.147692000      2.720548000      0.122862000 

6        1.184945000      4.109861000      0.099957000 

6        0.000517000      4.819411000     -0.000642000 

6       -1.184078000      4.110081000     -0.100879000 

6       -1.147124000      2.720752000     -0.123170000 

7        0.000207000      2.026023000     -0.000054000 

1        2.138092000      4.610151000      0.181940000 

1       -2.137103000      4.610577000     -0.183058000 

6        1.444535000     -0.864401000      2.377127000 

6        2.513174000     -1.030370000      3.241566000 

6        3.632889000     -0.225417000      3.092793000 

6        3.619928000      0.745880000      2.104541000 

6        2.498202000      0.871421000      1.294778000 

7        1.433405000      0.055056000      1.402685000 

1        4.490988000     -0.339487000      3.740521000 

1        0.574746000     -1.496724000      2.453053000 

1        2.460650000     -1.788998000      4.009227000 

1        4.449619000      1.422283000      1.963392000 

6       -2.498089000      0.871799000     -1.294710000 

6       -3.619841000      0.746493000     -2.104462000 

6       -3.633003000     -0.224765000     -3.092752000 

6       -2.513446000     -1.029936000     -3.241537000 

6       -1.444764000     -0.864195000     -2.377103000 

7       -1.433444000      0.055249000     -1.402651000 

1       -4.491126000     -0.338613000     -3.740474000 

1       -4.449462000      1.422988000     -1.963312000 

1       -2.461031000     -1.788571000     -4.009196000 

1       -0.575095000     -1.496680000     -2.453063000 

7        2.282928000     -1.946197000     -0.611424000 

7       -2.283265000     -1.945771000      0.611581000 

1       -0.000485000     -5.801698000      0.000518000 

1        0.000625000      5.900264000     -0.001011000 

26      -0.000007000      0.058510000      0.000013000 

6       -2.452639000      2.014248000     -0.339921000 

6        2.453056000      2.013868000      0.339959000 

8        3.472611000      2.479302000     -0.126125000 

8       -3.472066000      2.480093000      0.126018000 

1        3.086141000     -2.553999000     -0.671859000 

1       -3.086576000     -2.553438000      0.672044000 
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[Fe(dcpp)(Htpda)]+  

6        1.156200000     -2.611692000     -0.317614000 

6        1.192581000     -4.016028000     -0.138967000 

6        0.057426000     -4.707638000      0.199022000 

6       -1.131976000     -4.012287000      0.412448000 

6       -1.106892000     -2.633091000      0.305694000 

7       -0.007950000     -1.933052000     -0.041594000 

1        2.129097000     -4.517910000     -0.332030000 

1       -2.041920000     -4.516069000      0.704878000 

6        1.373918000      1.013797000     -2.425503000 

6        2.434872000      1.222749000     -3.265776000 

6        3.558434000      0.390588000     -3.122990000 

6        3.512949000     -0.644019000     -2.229122000 

6        2.344028000     -0.886578000     -1.455131000 

7        1.342037000      0.043676000     -1.480117000 

1        4.440221000      0.548852000     -3.730820000 

1        0.507021000      1.656192000     -2.467912000 

1        2.404091000      2.023456000     -3.990242000 

1        4.331735000     -1.342014000     -2.125195000 

6       -2.390148000     -0.858318000      1.427917000 

6       -3.519725000     -0.716186000      2.245041000 

6       -3.553912000      0.306035000      3.165142000 

6       -2.451831000      1.157942000      3.277449000 

6       -1.403775000      0.983708000      2.408198000 

7       -1.385135000      0.029959000      1.448946000 

1       -4.412648000      0.425073000      3.811920000 

1       -4.327372000     -1.430710000      2.163787000 

1       -2.417021000      1.947377000      4.013621000 

1       -0.542335000      1.631920000      2.441223000 

6        1.144503000      2.694419000      0.105892000 

6        1.188632000      4.084544000      0.101786000 

6        0.008539000      4.803417000      0.024745000 

6       -1.181832000      4.102746000     -0.074404000 

6       -1.154092000      2.713871000     -0.115420000 

7       -0.009454000      2.009156000     -0.011156000 

1        2.146160000      4.577069000      0.179300000 

1       -2.132373000      4.610087000     -0.142604000 

6        1.446555000     -0.913403000      2.313770000 

6        2.525751000     -1.098041000      3.160014000 

6        3.651954000     -0.302824000      3.000653000 

6        3.633055000      0.677630000      2.022748000 

6        2.500077000      0.822994000      1.230398000 

7        1.430370000      0.014540000      1.346728000 

1        4.518924000     -0.431699000      3.633909000 

1        0.571612000     -1.537576000      2.394224000 

1        2.478337000     -1.864101000      3.920773000 

1        4.466770000      1.347628000      1.874860000 

6       -2.515544000      0.886364000     -1.305600000 

6       -3.637850000      0.773899000     -2.118009000 

6       -3.654519000     -0.188707000     -3.114069000 

6       -2.538855000     -0.999663000     -3.267123000 

6       -1.470397000     -0.848197000     -2.399927000 

7       -1.456494000      0.064353000     -1.419020000 

1       -4.511941000     -0.292338000     -3.764668000 

1       -4.463934000      1.453766000     -1.972154000 

1       -2.491019000     -1.752744000     -4.040743000 

1       -0.602805000     -1.483599000     -2.472275000 

7        2.281825000     -2.042181000     -0.782084000 

7       -2.296353000     -1.939589000      0.580629000 

1        0.080977000     -5.784619000      0.304543000 

1        0.015610000      5.884230000      0.040250000 

26      -0.017959000      0.048286000     -0.032931000 

6       -2.463786000      2.020390000     -0.341387000 

6        2.448929000      1.979897000      0.295818000 

8        3.467603000      2.465979000     -0.156448000 

8       -3.483367000      2.492947000      0.121483000 

1       -3.090856000     -2.557989000      0.646342000 
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Fe(dcpp)(tpda) 

6        1.140714000     -2.617424000     -0.334160000 

6        1.160599000     -4.023489000     -0.276035000 

6       -0.000253000     -4.719460000      0.000502000 

6       -1.161038000     -4.023311000      0.276838000 

6       -1.141040000     -2.617236000      0.334555000 

7       -0.000135000     -1.932874000      0.000103000 

1        2.085132000     -4.524883000     -0.521528000 

1       -2.085604000     -4.524557000      0.522491000 

6        1.379336000      0.996974000     -2.416752000 

6        2.452586000      1.223857000     -3.236546000 

6        3.596712000      0.422859000     -3.053276000 

6        3.557434000     -0.604331000     -2.153317000 

6        2.366983000     -0.882062000     -1.415581000 

7        1.350053000      0.036552000     -1.462229000 

1        4.490842000      0.602928000     -3.637231000 

1        0.498923000      1.620428000     -2.479730000 

1        2.420001000      2.015891000     -3.970587000 

1        4.394026000     -1.276430000     -2.020229000 

6       -2.367157000     -0.881567000      1.415620000 

6       -3.557659000     -0.603541000      2.153157000 

6       -3.596899000      0.423799000      3.052941000 

6       -2.452679000      1.224664000      3.236224000 

6       -1.379357000      0.997496000      2.416600000 

7       -1.350091000      0.036908000      1.462241000 

1       -4.491085000      0.604082000      3.636742000 

1       -4.394337000     -1.275530000      2.020062000 

1       -2.420120000      2.016814000      3.970142000 

1       -0.498867000      1.620847000      2.479573000 

6        1.152210000      2.684727000      0.093766000 

6        1.186573000      4.074711000      0.070965000 

6        0.000521000      4.785219000     -0.000377000 

6       -1.185690000      4.074953000     -0.071511000 

6       -1.151631000      2.684957000     -0.093954000 

7        0.000213000      1.989415000     -0.000035000 

1        2.141921000      4.573866000      0.131252000 

1       -2.140918000      4.574325000     -0.131927000 

6        1.477393000     -0.898545000      2.330636000 

6        2.560432000     -1.073085000      3.173437000 

6        3.685047000     -0.275971000      3.002935000 

6        3.659843000      0.696479000      2.018103000 

6        2.522372000      0.833700000      1.228751000 

7        1.456751000      0.021892000      1.355989000 

1        4.554795000     -0.397819000      3.634049000 

1        0.601502000     -1.520800000      2.413454000 

1        2.519208000     -1.833309000      3.940620000 

1        4.491221000      1.367494000      1.861577000 

6       -2.522198000      0.834143000     -1.228742000 

6       -3.659679000      0.697167000     -2.018116000 

6       -3.685062000     -0.275268000     -3.002959000 

6       -2.560616000     -1.072619000     -3.173437000 

6       -1.477566000     -0.898328000     -2.330592000 

7       -1.456749000      0.022109000     -1.355951000 

1       -4.554810000     -0.396894000     -3.634108000 

1       -4.490901000      1.368376000     -1.861611000 

1       -2.519506000     -1.832877000     -3.940591000 

1       -0.601807000     -1.520772000     -2.413394000 

7        2.294402000     -2.036405000     -0.760491000 

7       -2.294685000     -2.036005000      0.760703000 

1       -0.000336000     -5.803040000      0.000683000 

1        0.000622000      5.866310000     -0.000602000 

26       0.000007000      0.038380000      0.000024000 

6       -2.461181000      1.984459000     -0.287944000 

6        2.461608000      1.983988000      0.287903000 

8        3.479466000      2.482807000     -0.158409000 

8       -3.478929000      2.483593000      0.158263000 
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Figure S1. 1H NMR spectra of 1(PF6)2 (blue) and (nBu4N)2(PF6)2 (red) in CD3CN recorded at 

400 MHz. 
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Figure S2. 1H-NMR spectrum of 3(BF4)3 in DMSO-d6 recorded at 400 MHz. 

 

 

Figure S3. 1H-NMR spectrum of 4(BF4)3 in DMSO-d6 recorded at 400 MHz. 
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Figure S4. ESI mass spectrum of 3(BF4)2 in CH3CN. 

 

Figure S5. ESI mass spectrum of 3(BF4)3 in CH3CN.. 
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Figure S6. ESI mass spectrum of 4(BF4)2 in CH3CN.. 

 

Figure S7. ESI mass spectrum of 4(BF4)3 in CH3CN.. 
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Figure S8. Photocurrent density – voltage curves for DSSCs with sensitizers 12+ and 2 using 

the I3
−/I− redox mediator without Li+/TBP additives. 

 

 

Figure S9. Ep vs. scan rate plots for 4(BF)2 and 3(BF4)2 in acetonitrile with [TBA][PF6] and 

[TBA][B(C6F5)4] supporting electrolytes. 
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Figure S1 1H NMR spectrum (400 MHz) of ligand Lb in CD2Cl2.  

 

 

Figure S2 13C NMR spectrum (100 MHz) of ligand Lb in CD2Cl2. 
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Figure S3 1H NMR spectrum (400 MHz) of ligand Lc in CD2Cl2.  

 

Figure S4 13C NMR spectrum (100 MHz) of ligand Lc in CD2Cl2. 
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Figure S5 Cyclic voltammograms of dyes [nBu4N]2[2a], [1b][PF6], [nBu4N]2[2b], [1c][PF6] and 

[nBu4N]2[2c] in CH3CN (c = 0.1 M; supporting electrolyte: [nBu4N][PF6], c = 10−3 M; E vs. FcH/FcH+). 
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Figure S6 1H NMR spectrum (400 MHz) of dye [nBu4N]2[2a] in CD3CN. 

 

 

Figure S7 13C NMR spectrum (100 MHz) of dye [nBu4N]2[2a] in CD3CN. 
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Figure S8 1H-13C HSQC NMR spectrum of the aromatic region of dye [nBu4N]2[2a] in CD3CN. 

 

 

Figure S9 1H-13C HMBC NMR spectrum of the aromatic region of dye [nBu4N]2[2a] in CD3CN. 
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Figure S10 1H NMR spectrum (400 MHz) of dye [nBu4N]2[2b] in CD3CN. 

 

 

Figure S11 13C NMR spectrum (100 MHz) of dye [nBu4N]2[2b] in CD3CN. 
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Figure S12 1H-13C HSQC NMR spectrum of the aromatic region of dye [nBu4N]2[2b] in CD3CN. 

 

 

Figure S13 1H-13C HMBC NMR spectrum of the aromatic region of dye [nBu4N]2[2b] in CD3CN. 
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Figure S14 1H NMR spectrum (400 MHz) of dye [nBu4N]2[2c] in CD3CN. 

 

Figure S15 13C NMR spectrum (100 MHz) of dye [nBu4N]2[2c] in CD3CN. 
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Figure S16 1H-13C HSQC NMR spectrum of the aromatic region of dye [nBu4N]2[2c] in CD3CN. 

 

 

Figure S17 1H-13C HMBC NMR spectrum of the aromatic region of dye [nBu4N]2[2c] in CD3CN. 
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Figure S18 ESI+ mass spectra of dyes a) [1a][PF6], b) [1b][PF6], c) [1c][PF6], d) [nBu4N]2[2a], e) 

[nBu4N]2[2b] and f) [nBu4N]2[2c] from CH3CN solution. 
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Figure S19 ESI– mass spectra of dyes a) [nBu4N]2[2a], b) [nBu4N]2[2b] and c) [nBu4N]2[2c] from 

CH3CN solution. 
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Figure S20 Solid state IR spectra (KBr disk) of ligands Lb and Lc and dyes [nBu4N]2[2a], [1b][PF6], 

[nBu4N]2[2b], [1c][PF6] and [nBu4N]2[2c]. 
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Figure S21 UV-Vis spectra (200-800 nm) of dyes [nBu4N]2[2a], [nBu4N]2[2b] and [nBu4N]2[2c] in 

CH3CN solution. 
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Figure S22 DFT calculated MO diagram of ester complexes [1a]+, [1b]+ and [1c]+ and frontier orbitals 

of [1b]+ (contour value: 0.06).  
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Figure S23 Paramagnetic 1H NMR spectrum (400 MHz) of electrolyte [3][B(C6F5)4]2 in CD3CN. 

 

 

Figure S24 19F NMR spectrum (377 MHz) of electrolyte [3][B(C6F5)4]2 in CD3CN. 
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Figure S25 1H NMR spectrum (400 MHz) of electrolyte [3][B(C6F5)4]3 in CD3CN. 

 

 

Figure S26 19F NMR spectrum (377 MHz) of electrolyte [3][B(C6F5)4]3 in CD3CN. 
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Figure S27 Paramagnetic 1H NMR spectrum (400 MHz) of electrolyte [4][B(C6F5)4]2 in CD3CN. 

 

 

Figure S28 19F NMR spectrum (377 MHz) of electrolyte [4][B(C6F5)4]2 in CD3CN. 
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Figure S29 1H NMR spectrum (400 MHz) of electrolyte [4][B(C6F5)4]3 in CD3CN. 

 

 

Figure S30 19F NMR spectrum (377 MHz) of electrolyte [4][B(C6F5)4]3 in CD3CN. 
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Figure S31 ESI+ mass spectra of electrolytes a) [3][B(C6F5)4]2, b) [3][B(C6F5)4]3, c) [4][B(C6F5)4]2 and 

d) [4][B(C6F5)4]3 from CH3CN solution.  
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Table S1. Photovoltaic data of cells using the I3–/I– redox mediator without 

CDCA under AM1.5 light conditions. 

dye VOC [V] JSC [mA cm–2] FF [%]  [%] 

[nBu4N]2[2a] 
0.49 1.43 64 0.45 

[nBu4N]2[2a] 
0.51 1.43 62 0.46 

[nBu4N]2[2a] 
0.52 1.33 61 0.42 

[nBu4N]2[2a] 
0.48 2.90 66 0.91 

[nBu4N]2[2b] 
0.51 2.42 67 0.83 

[nBu4N]2[2b] 
0.52 2.25 67 0.78 

[nBu4N]2[2b] 
0.54 2.52 65 0.88 

[nBu4N]2[2b] 
0.54 2.45 65 0.87 

[nBu4N]2[2b] 
0.55 3.68 70 1.50 

[nBu4N]2[2b] 
0.52 4.16 69 1.41 

[nBu4N]2[2c] 
0.56 4.14 72 1.68 

[nBu4N]2[2c] 
0.56 4.15 73 1.69 

[nBu4N]2[2c] 0.59 4.32 71 1.81 

[nBu4N]2[2c] 0.57 4.84 72 1.98 

[nBu4N]2[2c] 0.57 6.69 73 2.77 

[nBu4N]2[2c] 0.57 6.21 73 2.60 
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Table S2. Photovoltaic data of cells using the I3–/I– redox mediator with CDCA 

under AM1.5 light conditions. 

dye VOC [V] JSC [mA cm–2] FF [%]  [%] 

[nBu4N]2[2a] 
0.54 3.12 71 1.21 

[nBu4N]2[2a] 
0.53 2.60 65 0.89 

[nBu4N]2[2a] 
0.54 2.31 63 0.78 

[nBu4N]2[2a] 
0.55 4.61 69 1.74 

[nBu4N]2[2a] 
0.55 4.20 68 1.56 

[nBu4N]2[2b] 
0.59 5.25 75 2.31 

[nBu4N]2[2b] 
0.61 5.15 76 2.37 

[nBu4N]2[2b] 
0.57 4.54 68 1.76 

[nBu4N]2[2b] 
0.59 6.27 73 2.70 

[nBu4N]2[2b] 
0.60 6.16 72 2.63 

[nBu4N]2[2c] 
0.59 6.18 74 2.72 

[nBu4N]2[2c] 
0.60 5.49 75 2.48 

[nBu4N]2[2c] 
0.60 4.91 74 2.17 

[nBu4N]2[2c] 
0.60 4.75 74 2.11 

[nBu4N]2[2c] 
0.58 6.02 74 2.61 

[nBu4N]2[2c] 
0.58 6.11 73 2.58 

N719 
0.74 13.54 74 7.34 

N719 
0.74 13.52 74 7.46 

N719 0.73 14.85 74 8.10 

N719 0.74 11.29 76 6.30 

N719 0.73 13.65 75 7.49 

N719 0.73 13.55 74 7.34 
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DFT optimized coordinates of 1a+ 
 
* xyz 1 1 

  C      15.379885     -0.875761      4.667278 

  C      14.863025     -1.745718      5.640707 

  C      15.737715     -2.502760      6.450132 

  C      17.134090     -2.373626      6.283909 

  C      17.649976     -1.476918      5.334719 

  C      16.774089     -0.731424      4.519624 

  H      13.788906     -1.850893      5.792222 

  H      17.791239     -2.977467      6.909631 

  C      14.811282      1.566877      2.020979 

  C      13.428033      1.664097      1.886429 

  C      12.618981      0.879209      2.717499 

  C      13.224656      0.033513      3.644934 

  C      14.624398     -0.025326      3.737958 

  N      15.405317      0.753349      2.913208 

  H      11.532600      0.925531      2.642975 

  H      15.471287      2.161440      1.391728 

  H      13.003189      2.339757      1.146047 

  H      12.617755     -0.587276      4.301543 

  C      19.062794     -1.194018      5.048183 

  C      20.158831     -1.783934      5.698024 

  C      21.458645     -1.431122      5.339750 

  C      21.649248     -0.483692      4.325991 

  C      20.526848      0.070396      3.714834 

  N      19.268094     -0.263594      4.054024 

  H      22.310805     -1.887293      5.843002 

  H      19.984533     -2.517564      6.483303 

  H      22.644311     -0.175112      4.010400 

  H      20.636366      0.810320      2.923558 

  C      18.514527      1.399829      0.566405 

  C      19.034579      2.277058     -0.386563 

  C      19.281216      3.610471     -0.020470 

  C      19.008945      4.039946      1.289108 

  C      18.491540      3.119515      2.204282 

  H      19.253464      1.957620     -1.402427 

  H      19.202366      5.070427      1.572560 

  C      17.369715     -1.979913      1.382638 

  C      17.538903     -2.706090      0.208463 

  C      18.058975     -2.062045     -0.922717 

  C      18.386134     -0.706257     -0.825897 

  C      18.192028     -0.029151      0.382384 

  N      17.685180     -0.673719      1.485531 

  H      16.969913     -2.449417      2.278332 

  H      17.272287     -3.759879      0.172195 

  H      18.791249     -0.181275     -1.686461 

  C      18.149561      3.367558      3.619100 

  C      18.327773      4.607035      4.242177 

  C      17.987161      4.763246      5.589037 

  C      17.466870      3.659339      6.278622 

  C      17.312863      2.452223      5.605157 

  N      17.644352      2.291169      4.308832 

  H      18.732526      5.445951      3.683060 

  H      17.189309      3.741692      7.326929 

  H      16.914358      1.576096      6.111275 

  Ru     17.501884      0.534015      3.183362 

  N      18.256538      1.841355      1.821601 

  C      19.836772      4.531943     -1.060090 

  O      20.099797      4.183879     -2.192406 

  O      20.007978      5.773445     -0.605036 

  C      20.534412      6.742323     -1.525497 

  H      19.867830      6.847728     -2.390193 

  H      20.590435      7.682174     -0.969812 

  H      21.531813      6.440148     -1.867502 

  N      15.216967     -3.385071      7.434812 

  C      14.068819     -4.172856      7.150008 

  C      13.955718     -4.876600      5.932701 
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  C      13.014408     -4.275819      8.071753 

  C      12.827028     -5.642550      5.651320 

  C      11.885894     -5.061539      7.806189 

  C      11.779681     -5.749996      6.586602 

  H      14.762156     -4.820101      5.201860 

  H      13.072920     -3.737738      9.017171 

  H      12.743208     -6.184341      4.709150 

  H      11.095766     -5.115517      8.552257 

  C      15.799225     -3.432822      8.730105 

  C      15.990261     -4.657664      9.390499 

  C      16.192616     -2.253766      9.397539 

  C      16.538050     -4.716378     10.678266 

  C      16.758354     -2.305266     10.669274 

  C      16.933529     -3.536304     11.329714 

  H      15.701133     -5.584439      8.896013 

  H      16.051080     -1.287845      8.913788 

  H      16.661147     -5.687936     11.152279 

  H      17.059237     -1.390868     11.180937 

  O      17.481464     -3.484673     12.572945 

  C      17.671663     -4.689182     13.296496 

  H      16.716795     -5.207757     13.475904 

  H      18.358982     -5.371631     12.772449 

  H      18.112239     -4.405800     14.258427 

  O      10.725687     -6.530032      6.229406 

  C       9.638067     -6.678410      7.127187 

  H       9.957374     -7.135746      8.076712 

  H       9.152398     -5.712669      7.337550 

  H       8.918716     -7.341192      6.634103 

  C      18.245192     -2.851697     -2.183059 

  O      17.973061     -4.029518     -2.277052 

  O      18.741093     -2.118029     -3.178577 

  C      18.161732      6.058428      6.322905 

  O      17.878197      6.204415      7.492718 

  O      18.661991      7.021372      5.549653 

  C      18.880296      8.304969      6.157988 

  H      17.935203      8.712486      6.536793 

  H      19.597707      8.217386      6.983104 

  H      19.282797      8.944703      5.368092 

  C      18.972672     -2.783099     -4.431265 

  H      19.697732     -3.595884     -4.301462 

  H      18.033758     -3.190115     -4.825620 

  H      19.370948     -2.019772     -5.104981 

* 

 
 
DFT optimized coordinates of 1a2+ 
 
* xyz 2 2 

  C   15.36149337709779     -0.87663461439730      4.65862105535094 

  C   14.84701432746700     -1.74763923602776      5.61123495140605 

  C   15.73263628018902     -2.45766030699596      6.47221843816773 

  C   17.14166032124838     -2.27937764323695      6.35874834351625 

  C   17.65120622486677     -1.40261570036824      5.40822263375299 

  C   16.76675341504912     -0.69393379083405      4.55040774696339 

  H   13.77462562453188     -1.87946324649541      5.74095368007884 

  H   17.79607324229896     -2.85984564183073      7.00620370972053 

  C   14.80466705901615      1.50808498910760      1.96131842827129 

  C   13.42146020573642      1.56864017595486      1.79083122694663 

  C   12.60985608283012      0.78111600087930      2.61303323376252 

  C   13.21068326683822     -0.03519138858361      3.57250011307659 

  C   14.60516538886579     -0.05495122872912      3.69743442700024 

  N   15.38988836814001      0.72502184181195      2.88263698211194 

  H   11.52534970062257      0.80024818139294      2.50973997387495 

  H   15.46613673291492      2.10691245689260      1.33801532508707 

  H   13.00045105783886      2.22059847223054      1.02758777027336 

  H   12.60025468361030     -0.65801525719276      4.22360703202874 

  C   19.06793614178136     -1.09380104331080      5.14466064883848 

  C   20.15747467222822     -1.64410386077754      5.83093394038468 
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  C   21.45689888752802     -1.26333665644909      5.49223948284883 

  C   21.64374973895034     -0.33219953029061      4.46593008442119 

  C   20.52088361576681      0.18183897216833      3.81755666341352 

  N   19.26748838484944     -0.18028391223260      4.13767363239490 

  H   22.30906111818948     -1.68715069469439      6.02233581084022 

  H   19.98666337448326     -2.36662511857198      6.62696089300087 

  H   22.63706429466311     -0.00363254176382      4.16590991142374 

  H   20.62939011459762      0.90850378169662      3.01428108729811 

  C   18.54115011111107      1.37817036884833      0.60213059417145 

  C   19.06815008989743      2.24128910032638     -0.36177018395554 

  C   19.28192260901669      3.58495813562507     -0.01947482722202 

  C   18.97225273554815      4.04100802952651      1.27085854999369 

  C   18.44960849357181      3.12961611432240      2.19403147820072 

  H   19.31647200253787      1.90264399479348     -1.36436782178391 

  H   19.14112530456567      5.08081688438626      1.53456144223437 

  C   17.44002777592279     -2.00477519878211      1.46689593710908 

  C   17.64069084806919     -2.75050268811115      0.30876389633348 

  C   18.16854521162657     -2.12010408263753     -0.82365553425452 

  C   18.47332660348779     -0.75737797031865     -0.74825429304676 

  C   18.24747121486196     -0.06176914115323      0.44259709402875 

  N   17.73277384019972     -0.69311399615010      1.54693346071939 

  H   17.03258852258563     -2.46801826066769      2.36179171519265 

  H   17.39113077251794     -3.80884263740368      0.28985541953026 

  H   18.88420188254692     -0.24263826747946     -1.61213422501496 

  C   18.07234325729741      3.40518196065080      3.59661075674458 

  C   18.21818800031529      4.66152500840795      4.19101065487566 

  C   17.84932750468611      4.84371443630377      5.52744291223339 

  C   17.33429202792274      3.75060808921517      6.23320232293319 

  C   17.21241054976839      2.52395016302380      5.58645699269338 

  N   17.57177235464647      2.33990001335390      4.30212301417716 

  H   18.61984036686807      5.49332309808073      3.61949537021989 

  H   17.03471862248427      3.85213849682362      7.27360779482813 

  H   16.81781002751728      1.65720310783030      6.11028982521573 

  Ru  17.47969801603427      0.53356247968021      3.23314619454335 

  N   18.24917878550307      1.84519050561628      1.83424443537648 

  C   19.84886469695201      4.49492771500691     -1.06949976023433 

  O   20.14430438539761      4.12098523849283     -2.18400580331185 

  O   19.98587053990238      5.74570558082190     -0.63736803257336 

  C   20.51988203408798      6.70670063355122     -1.56389297272628 

  H   19.87583940326327      6.77887519581271     -2.44859910035598 

  H   20.54063118086528      7.65838207782129     -1.02663890639926 

  H   21.53242244162564      6.41649954585706     -1.86922600734025 

  N   15.21404567159808     -3.32908451659436      7.43222171349825 

  C   14.01045362103881     -4.04217199969023      7.17931571485102 

  C   13.80860367775834     -4.68847645373423      5.94028562270116 

  C   13.01020778186064     -4.12247979694003      8.16412726611954 

  C   12.63422040941415     -5.38593834527481      5.69756538949292 

  C   11.82830147287045     -4.82356263546655      7.92544536545617 

  C   11.62689146919383     -5.46169868454850      6.68499647611159 

  H   14.58656974354759     -4.65872670116151      5.17861707772512 

  H   13.14829170172152     -3.61757926262238      9.11882939196366 

  H   12.47635157471504     -5.89908613921899      4.74997122311327 

  H   11.06909065343517     -4.85678603622013      8.70315686738838 

  C   15.87046992587533     -3.51503612365315      8.67738324809527 

  C   15.99040833811135     -4.80241130040348      9.23172637842657 

  C   16.39464134707767     -2.41183992346133      9.38725420360860 

  C   16.61936129501469     -4.99558315618830     10.46116738072856 

  C   17.02368202524479     -2.59951127905236     10.60921155571630 

  C   17.14560703103679     -3.89302818069099     11.16404705598657 

  H   15.60344119523203     -5.66341901215984      8.68930474733596 

  H   16.28538488172186     -1.40504304334625      8.98700036782446 

  H   16.70464008229031     -6.00511251115371     10.85577089059886 

  H   17.41637798685199     -1.75207480380216     11.16945339042024 

  O   17.76650074111145     -3.97418551834083     12.35409849222639 

  C   17.89772826889410     -5.23617056585230     13.00120575454713 

  H   16.91278244000311     -5.67841085037507     13.21070226811017 

  H   18.49363645600486     -5.93399691148111     12.39501609389408 

  H   18.41677071198752     -5.04140914158322     13.94478842910404 

  O   10.52480635451102     -6.15893926168271      6.35752460511373 
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  C   9.46895180400573     -6.30536243208746      7.30182227879811 

  H   9.81600523983270     -6.82204744051156      8.20851958777147 

  H   9.04071420729284     -5.32956850263624      7.57388609416358 

  H   8.70293373246114     -6.91219493922904      6.80907502929729 

  C   18.38722169586125     -2.93184328145755     -2.06753063097074 

  O   18.13510972008460     -4.11488844770440     -2.13890440518818 

  O   18.88483861814128     -2.20812089231810     -3.06679106071427 

  C   17.98944997630310      6.16131946439289      6.23337274000793 

  O   17.67289942233071      6.32958145141949      7.39083013622783 

  O   18.49780721228195      7.10707414124381      5.44769454518794 

  C   18.68294693062639      8.41191598830892      6.02327315457233 

  H   17.72233354472832      8.81567717529571      6.36488710294216 

  H   19.37982906571871      8.35770692151991      6.86841999484055 

  H   19.09708542967109      9.03330682399960      5.22500329338772 

  C   19.14931862526569     -2.89103164235742     -4.30439316400332 

  H   19.88720175131239     -3.68709560841366     -4.14706800222366 

  H   18.22423825337295     -3.32227197706478     -4.70524968947219 

  H   19.54414548318161     -2.13206262552882     -4.98477396317296 

* 

 
 
DFT optimized coordinates of 1b+ 
 
* xyz 1 1 

  C      15.346649     -0.780540      4.758388 

  C      14.804497     -1.630220      5.734872 

  C      15.659230     -2.340373      6.601229 

  C      17.057141     -2.190532      6.502118 

  C      17.599666     -1.316672      5.546279 

  C      16.744675     -0.616332      4.669333 

  H      13.727606     -1.761020      5.843396 

  H      17.692047     -2.762440      7.179273 

  C      14.853342      1.541030      1.991904 

  C      13.475746      1.607547      1.795000 

  C      12.644457      0.842358      2.622349 

  C      13.223113      0.046954      3.609706 

  C      14.618126      0.018281      3.764137 

  N      15.421281      0.775567      2.941806 

  H      11.561825      0.865141      2.499072 

  H      15.529903      2.120774      1.366374 

  H      13.072305      2.244277      1.009549 

  H      12.599010     -0.557776      4.265207 

  C      19.018782     -1.021479      5.305310 

  C      20.095654     -1.561235      6.026413 

  C      21.403320     -1.200189      5.706508 

  C      21.620466     -0.296106      4.659200 

  C      20.515820      0.208591      3.976788 

  N      19.249765     -0.133676      4.278536 

  H      22.241011     -1.616766      6.265235 

  H      19.900576     -2.261538      6.836774 

  H      22.622687      0.016603      4.371565 

  H      20.646106      0.913445      3.157232 

  C      18.570883      1.332554      0.668651 

  C      19.094305      2.167104     -0.320370 

  C      19.313876      3.521688     -0.020626 

  C      19.011475      4.014760      1.259599 

  C      18.492268      3.134876      2.213017 

  H      19.334713      1.798905     -1.314664 

  H      19.181639      5.062242      1.490871 

  C      17.450415     -2.014307      1.640361 

  C      17.640245     -2.796521      0.506061 

  C      18.165990     -2.204241     -0.650256 

  C      18.482015     -0.842665     -0.617207 

  C      18.267039     -0.107913      0.553178 

  N      17.749962     -0.701054      1.680150 

  H      17.043656     -2.442629      2.553397 

  H      17.383502     -3.853332      0.519320 

  H      18.892462     -0.357458     -1.498370 
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  C      18.116451      3.451808      3.605509 

  C      18.273262      4.722342      4.168488 

  C      17.903734      4.943498      5.498493 

  C      17.375335      3.872393      6.231881 

  C      17.242960      2.631691      5.617121 

  N      17.603002      2.408180      4.337964 

  H      18.685233      5.534734      3.576547 

  H      17.075360      4.005301      7.268725 

  H      16.839279      1.779537      6.158762 

  Ru     17.507519      0.592697      3.304119 

  N      18.285503      1.834869      1.894457 

  C      19.870418      4.397879     -1.098634 

  O      20.156582      3.996469     -2.207370 

  O      20.013169      5.663972     -0.706153 

  C      20.536967      6.593392     -1.668169 

  H      19.885442      6.636945     -2.549460 

  H      20.562220      7.562738     -1.163371 

  H      21.547088      6.295198     -1.974481 

  N      15.099170     -3.218375      7.580498 

  C      14.166445     -4.201379      7.157596 

  C      14.391312     -4.929955      5.972582 

  C      12.989000     -4.451911      7.890523 

  C      13.462693     -5.878636      5.533217 

  C      12.071311     -5.411644      7.452805 

  C      12.298508     -6.130360      6.271196 

  H      15.298576     -4.748944      5.397375 

  H      12.792285     -3.889199      8.802271 

  H      13.657637     -6.431659      4.613384 

  H      11.165056     -5.587305      8.034046 

  C      15.441287     -3.063759      8.943640 

  C      15.505790     -4.178446      9.807066 

  C      15.742704     -1.790380      9.472163 

  C      15.844005     -4.018410     11.153716 

  C      16.094673     -1.641682     10.817234 

  C      16.144089     -2.750905     11.671573 

  H      15.292470     -5.173379      9.419069 

  H      15.696658     -0.914721      8.826320 

  H      15.885779     -4.897114     11.799112 

  H      16.320102     -0.645433     11.200797 

  C      18.366128     -3.052549     -1.869672 

  O      18.100502     -4.234915     -1.908820 

  O      18.864695     -2.364652     -2.895781 

  C      18.056591      6.275371      6.168977 

  O      17.736906      6.482010      7.320111 

  O      18.582059      7.196190      5.362150 

  C      18.780329      8.511275      5.906969 

  H      17.823698      8.935798      6.234613 

  H      19.472625      8.469973      6.756779 

  H      19.205804      9.108756      5.096327 

  C      19.107991     -3.088218     -4.113359 

  H      19.834857     -3.891005     -3.939210 

  H      18.173403     -3.517214     -4.494458 

  H      19.508539     -2.356566     -4.820022 

  H      11.577813     -6.873965      5.930077 

  H      16.412601     -2.630567     12.721291 

* 

 
 
DFT optimized coordinates of 1b2+ 
 
* xyz 2 2 

  C   15.31629230334688     -0.80763313949540      4.69752130966704 

  C   14.77896992952266     -1.66219557076606      5.64941176922460 

  C   15.63830834083025     -2.31933786438642      6.58199280709700 

  C   17.04864785912020     -2.09658427235718      6.53433244182842 

  C   17.58120310043288     -1.23923716905896      5.58184920785498 

  C   16.72060548534381     -0.58683087527306      4.65643931663193 

  H   13.70615683750796     -1.82484744343425      5.72433848592580 
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  H   17.68601051275976     -2.63288083984007      7.23372940325439 

  C   14.83442526102118      1.45579195271770      1.88295382788200 

  C   13.45970921687053      1.46972496438046      1.64150398645343 

  C   12.62938720438573      0.69044973940077      2.45129361047002 

  C   13.20180259547960     -0.07134921193519      3.47229994656908 

  C   14.58698114390364     -0.04471213173575      3.66691864416752 

  N   15.39041447704324      0.72535099213248      2.86207108469108 

  H   11.55167945016752      0.67353065317290      2.29248929458517 

  H   15.51065479981822      2.04882048829799      1.26996414502710 

  H   13.06090926167720      2.07978870881291      0.83315121788866 

  H   12.57559877567719     -0.68648773939453      4.11556112820426 

  C   19.00302410546901     -0.90321052789833      5.37545415114010 

  C   20.06765884032115     -1.39212057339307      6.14038570431897 

  C   21.37331252670268     -0.98986388487662      5.85005600742315 

  C   21.58892821622660     -0.10106826100722      4.79357231924771 

  C   20.48779900068343      0.35226789243913      4.06548150447629 

  N   19.23098923095149     -0.03080035505254      4.33924856216214 

  H   22.20726865793976     -1.36549903152308      6.44167438317076 

  H   19.87484957939424     -2.08262881113915      6.95922738626912 

  H   22.58755349213500      0.24173769856596      4.52953157921412 

  H   20.61936224534004      1.04515350663631      3.23631110341222 

  C   18.64050836228676      1.32320378442287      0.69451190565358 

  C   19.20785331474110      2.14112499543487     -0.28658124971925 

  C   19.39437461198707      3.50197508212110     -0.00273048889948 

  C   19.01497948422976      4.02037739316308      1.24420543283719 

  C   18.45194495673193      3.15116677069301      2.18464496235492 

  H   19.50858575331336      1.75395624607429     -1.25671773979988 

  H   19.16160538664768      5.07406844079808      1.46222606822451 

  C   17.53119365385937     -2.02329499883723      1.68274768266605 

  C   17.78134515761812     -2.82285160189462      0.57076004201897 

  C   18.35018231593378     -2.24447158976119     -0.56858838238197 

  C   18.64497990482150     -0.87754188298630     -0.54897025831060 

  C   18.36684211360617     -0.12635612181468      0.59551479423982 

  N   17.81229205283234     -0.70724657934422      1.70709153949156 

  H   17.09215798321197     -2.44644361061501      2.58232928244467 

  H   17.53804584653440     -3.88255506122180      0.59427820016902 

  H   19.08696136824254     -0.40267620464260     -1.42027171375437 

  C   17.99688632824832      3.49587890211966      3.54844716152015 

  C   18.08229770980709      4.78674285545268      4.07525503311240 

  C   17.63928098179732      5.03444856767873      5.37815513861773 

  C   17.11557033597298      3.97051798885527      6.11974021251361 

  C   17.05486102234034      2.70586235644525      5.53982082733011 

  N   17.48232253045967      2.46151289828253      4.28715999013908 

  H   18.49354346528688      5.59492785969934      3.47759535183451 

  H   16.76026440270022      4.12236069036385      7.13614141107387 

  H   16.65355152550951      1.86088623179524      6.09291294069337 

  Ru  17.46458051500210      0.59071307680921      3.32492169302042 

  N   18.28415689704712      1.84925349324068      1.88306139844287 

  C   20.00957746830038      4.36486139770929     -1.06767481036826 

  O   20.34475147028412      3.94209119173024     -2.15263407622410 

  O   20.13913186104490      5.63026463946172     -0.68088424806961 

  C   20.71945934215086      6.55054208213619     -1.62151109651077 

  H   20.11563842187956      6.58860054620923     -2.53606347988668 

  H   20.72190725030593      7.52314963115965     -1.12295365846277 

  H   21.74281754787548      6.24338399004035     -1.86838799865590 

  N   15.10062283501541     -3.17543285694158      7.53223083334340 

  C   13.87437948229811     -3.86965478545112      7.28523692671689 

  C   13.69963798193729     -4.59064741185073      6.09065932513829 

  C   12.85287511309929     -3.85085432216302      8.25042454842682 

  C   12.50400436518717     -5.27735852637573      5.86210022477403 

  C   11.66288510023463     -4.54460083610456      8.01540979232134 

  C   11.48330374716091     -5.25768942951321      6.82205159834513 

  H   14.50279750534166     -4.62537893597712      5.35528481380792 

  H   12.98889197923415     -3.28767433052080      9.17259813080424 

  H   12.37679179514015     -5.84035454053582      4.93746666613303 

  H   10.87079530028516     -4.52140397295999      8.76412197077258 

  C   15.75185010082514     -3.39404671160161      8.78567127538636 

  C   15.92288683534938     -4.70430562983316      9.26614703908045 

  C   16.19737953963477     -2.30193451588170      9.55188325230370 
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  C   16.54159648788204     -4.91629386760223     10.50081002063754 

  C   16.81958161578662     -2.52417064851168     10.78326482981594 

  C   16.99353141034443     -3.82963853021894     11.26223301054889 

  H   15.58118202728579     -5.54899391500949      8.66980233327927 

  H   16.04123786202489     -1.28587456766411      9.19133756954075 

  H   16.67712944545749     -5.93471887255251     10.86528710266313 

  H   17.15618802444205     -1.67335768166365     11.37545546194055 

  C   18.62026553276518     -3.11364991906670     -1.76343348605186 

  O   18.36177225371474     -4.29680507186578     -1.79231044895683 

  O   19.16977890761106     -2.43775499418024     -2.76788736196926 

  C   17.70679508755530      6.39625844257739      6.00870997184331 

  O   17.32048537073065      6.62404505209670      7.13397494866120 

  O   18.23526043075321      7.30512181750679      5.19439466627641 

  C   18.35266146077766      8.64887831492047      5.69370047598834 

  H   17.36289669752031      9.04558371461363      5.94948602711165 

  H   18.99709560511922      8.66798126095972      6.58082830740354 

  H   18.79997807674109      9.22958472541193      4.88292550253024 

  C   19.48480015956206     -3.17448642807184     -3.96232985143669 

  H   20.20492776111518     -3.97026295600893     -3.73654855910211 

  H   18.57450792579268     -3.61259507705556     -4.38864618699086 

  H   19.92034263582812     -2.44839988976285     -4.65359944757423 

  H   10.55395669004973     -5.79828000775486      6.64299506285101 

  H   17.47483443271463     -3.99914297515567     12.22519455202393 

* 

 
 
DFT optimized coordinates of 1c+ 
 
* xyz 1 1 

  C      17.674160     -4.483491      9.155635 

  C      16.870412     -3.635653      8.377549 

  C      15.509870     -3.945659      8.196593 

  C      14.938208     -5.085760      8.791113 

  C      15.738792     -5.928446      9.577424 

  C      17.107444     -5.629867      9.754400 

  H      17.268833     -2.739036      7.901913 

  H      13.882024     -5.292062      8.615351 

  C      20.935635     -5.308394     10.558640 

  C      21.796854     -4.298766     10.134659 

  C      21.281249     -3.273932      9.331851 

  C      19.930155     -3.299960      8.989574 

  C      19.107802     -4.341449      9.446254 

  N      19.630732     -5.342881     10.232107 

  H      21.922737     -2.467408      8.977872 

  H      21.301962     -6.122040     11.182186 

  H      22.844258     -4.322742     10.429948 

  H      19.505506     -2.514795      8.366609 

  C      15.334002     -7.161727     10.266382 

  C      14.033037     -7.687316     10.292533 

  C      13.769927     -8.868320     10.984485 

  C      14.821422     -9.515071     11.645246 

  C      16.092804     -8.948275     11.587645 

  N      16.355826     -7.807175     10.924529 

  H      12.760613     -9.278316     11.008824 

  H      13.232810     -7.164377      9.772007 

  H      14.667072    -10.440040     12.197877 

  H      16.933465     -9.422220     12.091404 

  C      20.095826     -9.097940     11.212326 

  C      20.927037     -9.972132     11.914764 

  C      21.073200     -9.804620     13.301281 

  C      20.390345     -8.767434     13.957714 

  C      19.569550     -7.922271     13.205428 

  H      21.462502    -10.778296     11.419509 

  H      20.504804     -8.637658     15.030148 

  C      18.633136     -8.108715      8.006541 

  C      19.162463     -9.004262      7.082701 

  C      20.061780     -9.984836      7.522505 

  C      20.382690    -10.032084      8.882103 
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  C      19.811825     -9.108948      9.763589 

  N      18.941809     -8.143478      9.317649 

  H      17.938783     -7.331686      7.695513 

  H      18.883745     -8.937910      6.033431 

  H      21.074525    -10.783703      9.251528 

  C      18.765830     -6.787781     13.703401 

  C      18.710966     -6.428702     15.053397 

  C      17.910084     -5.356132     15.455620 

  C      17.186569     -4.659916     14.478137 

  C      17.286729     -5.059993     13.149156 

  N      18.049121     -6.098586     12.754246 

  H      19.282201     -6.985884     15.790400 

  H      16.552104     -3.819508     14.750981 

  H      16.737100     -4.540978     12.367377 

  Ru     18.248291     -6.848891     10.808882 

  N      19.444978     -8.109114     11.870496 

  C      21.963940    -10.760494     14.032271 

  O      22.552972    -11.672804     13.491073 

  O      22.034292    -10.498849     15.337231 

  C      22.861204    -11.359960     16.136159 

  H      23.901558    -11.315863     15.791987 

  H      22.781979    -10.984568     17.159790 

  H      22.501013    -12.394290     16.078886 

  N      14.696963     -3.097314      7.382118 

  C      14.703454     -3.063997      5.988826 

  C      15.479515     -3.807005      5.087541 

  C      13.739775     -2.116909      5.538646 

  C      15.282098     -3.586284      3.721445 

  C      13.561419     -1.912856      4.159960 

  C      14.334341     -2.648562      3.257976 

  H      16.212268     -4.532662      5.438846 

  H      15.873627     -4.152391      3.000892 

  H      12.827687     -1.191350      3.797638 

  C      13.743908     -2.190768      7.842506 

  C      13.124596     -1.556338      6.727657 

  C      13.385396     -1.872797      9.160482 

  C      12.126563     -0.591722      6.946271 

  C      12.389989     -0.909883      9.350825 

  C      11.763532     -0.273942      8.257469 

  H      13.865786     -2.359636     10.008512 

  H      11.641314     -0.096269      6.104167 

  H      12.093389     -0.645894     10.366698 

  C      20.643579    -10.938391      6.522695 

  O      20.346869    -10.934311      5.347327 

  O      21.519387    -11.779936      7.070308 

  C      17.788388     -4.937665     16.889983 

  O      17.068292     -4.037056     17.263792 

  O      18.554288     -5.668365     17.699115 

  C      18.511397     -5.359170     19.101594 

  H      18.826121     -4.322392     19.272215 

  H      17.495934     -5.501671     19.490880 

  H      19.205691     -6.053298     19.581835 

  C      22.142292    -12.738488      6.199657 

  H      21.383912    -13.383065      5.739102 

  H      22.711547    -12.225142      5.415114 

  H      22.810540    -13.327650      6.833187 

  H      14.205166     -2.500026      2.185471 

  H      10.990021      0.472576      8.440688 

* 

 
 
DFT optimized coordinates of 1c2+ 
 
* xyz 2 2 

  C   17.70161985487928     -4.54629332665026      9.05872484225734 

  C   16.89950915311120     -3.68818276003568      8.30997816815546 

  C   15.51272020407095     -3.96021059485416      8.18378925993847 

  C   14.92747987935765     -5.09011443819835      8.81082823973804 

 

 

196 5.4  APPENDIX 

  



S30 
 

  C   15.72682650963613     -5.94400712552150      9.56807166770725 

  C   17.11291138238472     -5.67208391637663      9.68785173844310 

  H   17.30154925265153     -2.78790124643966      7.84983220894017 

  H   13.86902239325658     -5.28772431553227      8.65348122390894 

  C   20.97973283598782     -5.42271778464753     10.38901215263692 

  C   21.85304304734096     -4.44086582551176      9.91616113485423 

  C   21.34063737007547     -3.42182576536317      9.11059775023409 

  C   19.97619306589057     -3.41868500922777      8.80739744137435 

  C   19.15131935310891     -4.42887560253100      9.31055048873671 

  N   19.67030891886646     -5.42509599852997     10.10027364252039 

  H   21.99035977869363     -2.63909706330792      8.72127722496156 

  H   21.34555612093753     -6.23191989281276     11.01820070040926 

  H   22.90779929047800     -4.48615167100728     10.18016798080368 

  H   19.55437014056079     -2.63459153575257      8.18179764146573 

  C   15.31007653516860     -7.16347694520785     10.28753822156603 

  C   14.00302677281790     -7.65599882518043     10.34606846739757 

  C   13.73241232982130     -8.82002628198203     11.07054329027461 

  C   14.78140331878589     -9.47034992890962     11.72384081792605 

  C   16.06598304838567     -8.93045271779300     11.63042549992906 

  N   16.33093561726740     -7.81317699318208     10.93751702880248 

  H   12.71655468896432     -9.20978228577821     11.12206677690590 

  H   13.20197583255887     -7.13134620050054      9.82929090197731 

  H   14.62050739198370    -10.37955977263596     12.29978955265248 

  H   16.90616817411144     -9.40982867884830     12.12934473987427 

  C   20.06283555285634     -9.16001954379504     11.22833186759366 

  C   20.90434296193346    -10.01441568193879     11.94591236949771 

  C   21.08993567861307     -9.78015072682823     13.31558009372962 

  C   20.43749233742559     -8.70913522457940     13.94267062343036 

  C   19.60678857002848     -7.89078482794094     13.16904244946344 

  H   21.41645543903501    -10.84930616736007     11.47457561584381 

  H   20.58256449703820     -8.52998934875507     15.00394490932549 

  C   18.53779996028392     -8.28761504179834      8.01723004373887 

  C   19.01479705172571     -9.24596968689805      7.12602696265052 

  C   19.89300862312199    -10.22933243942506      7.59101515727411 

  C   20.25504479189194    -10.21956991718836      8.94162843216906 

  C   19.73924489061188     -9.23646945644031      9.78830413256591 

  N   18.88671871235559     -8.27352950817743      9.31657186187325 

  H   17.85789863732142     -7.50902912788929      7.68174631980021 

  H   18.70587171885882     -9.22229309168361      6.08362548026284 

  H   20.93370460111015    -10.97379601699354      9.32918614957293 

  C   18.83323159899656     -6.72065846610835     13.63555662897423 

  C   18.81391545412466     -6.30085466754949     14.96690572151340 

  C   18.04724793387155     -5.18964115535752     15.33146491446455 

  C   17.32326183581779     -4.52130560103573     14.33977656777197 

  C   17.38138894063159     -4.98703232043099     13.02829814170127 

  N   18.11203805798976     -6.06050699528799     12.67551791694760 

  H   19.38634398372983     -6.83709208201065     15.71820148654915 

  H   16.71708070114649     -3.65167148402857     14.58282221187536 

  H   16.82449477081311     -4.48945484016377     12.23875346442644 

  Ru  18.22454974291343     -6.86064666253967     10.73049195546446 

  N   19.45010822998754     -8.13892620963253     11.85602836262246 

  C   22.00115023177072    -10.71016702291097     14.06845084099056 

  O   22.56713865451260    -11.64507639262275     13.54619453647872 

  O   22.10616195666313    -10.38572323391729     15.35226214405900 

  C   22.95249336123779    -11.20928754771896     16.17420911815430 

  H   23.98248651549037    -11.18557246097483     15.79918053942053 

  H   22.90031924403925    -10.78045070450649     17.17801687976025 

  H   22.58571367273218    -12.24259313292161     16.17809060658835 

  N   14.70682209414810     -3.09700088603071      7.42684433366148 

  C   15.01398285472434     -2.58873287840964      6.14940374993764 

  C   16.11475463196242     -2.84922859316954      5.32203052684999 

  C   13.94742599864805     -1.75766576269087      5.71722425372557 

  C   16.14949859719271     -2.23295539406799      4.06625634784505 

  C   14.00036161822337     -1.15218513800326      4.45424017911081 

  C   15.10913302374352     -1.38757604784358      3.63549336852454 

  H   16.91825719678155     -3.51734544393461      5.62415222924805 

  H   16.99903103943145     -2.41961696350239      3.40918334301393 

  H   13.18545608745746     -0.51382128788240      4.11214181683945 

  C   13.45008222168619     -2.59057546640560      7.81274963651570 
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  C   12.95402769224192     -1.75530377588770      6.77764812251463 

  C   12.75012002339429     -2.75121520673352      9.01618953709556 

  C   11.72396710552308     -1.10224179252114      6.93500429240135 

  C   11.52374399896514     -2.09164421892397      9.15264761654735 

  C   11.00797904471477     -1.28208634907412      8.12242712243298 

  H   13.13952426223164     -3.35344359307807      9.83414238171063 

  H   11.33502595465655     -0.45765289371779      6.14645549826395 

  H   10.96244868083172     -2.20616082433520     10.08010997253448 

  C   20.41241121790260    -11.25622422228218      6.62391821861337 

  O   20.08317980831804    -11.29213537336594      5.45921824721097 

  O   21.26336344434637    -12.10197822661467      7.19550894614026 

  C   17.96568660961708     -4.69709341842949     16.74930888618817 

  O   17.31489124087763     -3.72973705206592     17.07647016253593 

  O   18.67832694364877     -5.44695437877551     17.58389714678506 

  C   18.66724633366702     -5.07946761296637     18.97442431782985 

  H   19.06290940055711     -4.06457072785069     19.10078618819601 

  H   17.64532495321317     -5.12769222195153     19.36916996759244 

  H   19.30816654385159     -5.80618996708010     19.47958156321848 

  C   21.82932498337130    -13.13127722519216      6.36514859082643 

  H   21.03471164366649    -13.76602868145385      5.95534513911778 

  H   22.40146552477701    -12.68212630235903      5.54451972315310 

  H   22.48604876569863    -13.71259295186643      7.01734714078557 

  H   15.16444844110801     -0.92254342303517      2.65144586501215 

  H   10.04882856698752     -0.78262129177079      8.25779693207532 

* 

 
 
DFT optimized coordinates of 2a+ 
 
* xyz 1 1 

  C   15.37788393196535     -0.80084724559981      4.76577876048181 

  C   14.85646290947366     -1.66632639547173      5.74024124494875 

  C   15.72003045818354     -2.50500819397953      6.47748371432664 

  C   17.11203149251093     -2.46123257205948      6.24453404837695 

  C   17.63908956744843     -1.56655241395766      5.29962208772324 

  C   16.77283534101324     -0.73963761415387      4.54920967250869 

  H   13.78675640482745     -1.70945887206873      5.94663922576114 

  H   17.75711306856653     -3.12701269569413      6.81861838806247 

  C   14.84062186042151      1.75536509109628      2.22253324916537 

  C   13.46152102638908      1.94548954713256      2.16229850907423 

  C   12.64428404012574      1.18857622503779      3.01223647340864 

  C   13.23964832360093      0.27703155337776      3.88201526226495 

  C   14.63623318352658      0.12486555819491      3.90065542606833 

  N   15.42674321707343      0.87824847957474      3.05826122238997 

  H   11.56082911074295      1.30740394511049      2.99627438982908 

  H   15.50755726620500      2.32556566380796      1.57780953574133 

  H   13.04534890110425      2.67022938553592      1.46432422185591 

  H   12.62703834565624     -0.32392909451583      4.55207307627462 

  C   19.05062864219030     -1.35807368206806      4.95238595283589 

  C   20.13819320130992     -2.04013710053690      5.52337529479853 

  C   21.43934780655830     -1.75551492979069      5.11322267395373 

  C   21.63986376457023     -0.78150404789934      4.12602318786281 

  C   20.52623809368762     -0.13516891111698      3.59388489390949 

  N   19.26538692712640     -0.40124020674247      3.98257110367990 

  H   22.28402996628729     -2.28392524750132      5.55500534520489 

  H   19.95529500601306     -2.79268517660247      6.28889209664161 

  H   22.63626384419515     -0.52293914993810      3.77143590722443 

  H   20.64271475972771      0.62811336307366      2.82577342011605 

  C   18.49905654401261      1.43645348350702      0.60607482300907 

  C   19.04385589284402      2.31957342839670     -0.33260927979953 

  C   19.37621166939616      3.62422863266121      0.06061677984637 

  C   19.15628908955468      4.01278850880271      1.39045818910952 

  C   18.60915262373186      3.09437831968969      2.29351172873350 

  H   19.22230971358364      2.02949424576237     -1.36538699595116 

  H   19.42114508356044      5.02583691828949      1.68399990941767 

  C   17.19824256439666     -1.91180863461527      1.31894590135239 

  C   17.31228738424542     -2.59837622650201      0.11221274106288 

  C   17.84501432723307     -1.94587951947644     -1.00708931460582 
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  C   18.23649719009761     -0.61356979408093     -0.85216834191392 

  C   18.09819456065657      0.03118235761824      0.38084291841195 

  N   17.57901812145903     -0.62796759216603      1.46952292557019 

  H   16.79172348158718     -2.39410848522099      2.20574617681401 

  H   16.99462972452299     -3.63581082757222      0.03049306860545 

  H   18.65275859665861     -0.09269486543704     -1.71158102840633 

  C   18.31321810675523      3.31789207873800      3.72487777042365 

  C   18.54659189628245      4.53476477865301      4.37326626022930 

  C   18.23980432533952      4.69063534629635      5.72766919561952 

  C   17.69786349387396      3.58744581861865      6.39974482583785 

  C   17.48922643976702      2.39607768987932      5.70921483727669 

  N   17.78373864844935      2.24573677648817      4.40284711555637 

  H   18.96810660172265      5.38194686218262      3.83668227433624 

  H   17.44530499875140      3.67023860738906      7.45487985725590 

  H   17.07127965356706      1.52270882682221      6.20619433731149 

  Ru  17.50982489517990      0.51967724228079      3.23273271191117 

  N   18.29593136186447      1.84669615901929      1.87789099357966 

  C   19.97879087831123      4.61558655619068     -0.95523160739447 

  O   20.13122195412068      4.18344772048559     -2.12098045339505 

  O   20.25623030729238      5.75466640659170     -0.51452735622497 

  N   15.18726489425358     -3.39152654449582      7.45818407853775 

  C   14.00203536328226     -4.12250587243157      7.17850247010966 

  C   13.82587931441648     -4.76983087063658      5.93728502682953 

  C   12.96726987613405     -4.21945937459129      8.12358833508689 

  C   12.65830511748117     -5.47508855477309      5.65612303124325 

  C   11.79892006440702     -4.94487599821357      7.85709291658514 

  C   11.63091436303322     -5.57594262467468      6.61369945377168 

  H   14.61408337073327     -4.71551113010258      5.18680845822075 

  H   13.07261907478256     -3.72367665221642      9.08789722043342 

  H   12.52716181884502     -5.97240562028399      4.69498070249083 

  H   11.02607362404931     -4.99543246807240      8.62144123966034 

  C   15.80827554907439     -3.50771614047060      8.72860671903949 

  C   15.92609658798669     -4.75523554102436      9.36510690408209 

  C   16.32643326761757     -2.37707966175115      9.39610700996064 

  C   16.52121318881535     -4.88068898404927     10.62692627818006 

  C   16.93819379628612     -2.49701747613250     10.64180322377426 

  C   17.03962741729568     -3.74902626946525     11.27729867588627 

  H   15.54266882341238     -5.64767180992626      8.87174835932677 

  H   16.24856059651739     -1.39481505447844      8.93150376539214 

  H   16.58483396352967     -5.86770771682475     11.08046215882140 

  H   17.33561714886553     -1.61903861888587     11.15145953792131 

  O   17.64282895906213     -3.76441084763588     12.49718201328951 

  C   17.76554188203368     -4.99464128643331     13.19042232083273 

  H   16.78030288403979     -5.43832030670382     13.40427667277013 

  H   18.37080068466457     -5.72008892177442     12.62426962545747 

  H   18.26984000616537     -4.76843049363014     14.13618464826407 

  O   10.53324351245803     -6.29283985300325      6.25210149483318 

  C   9.46281355604568     -6.43126753621882      7.17101698018302 

  H   9.78373029287027     -6.94293216237707      8.09201809618648 

  H   9.02672784344324     -5.45490369017502      7.43465180608223 

  H   8.70185780182343     -7.03945289694295      6.66990874247820 

  C   17.99820432482332     -2.66315718061578     -2.36304039795124 

  O   17.59707195697300     -3.84812843326640     -2.40443456001035 

  O   18.50840294514812     -1.98784468610206     -3.28615557873553 

  C   18.48721673106851      6.03115917257372      6.44770412666108 

  O   18.16884448834902      6.06988967613775      7.65779552134107 

  O   18.98017090589431      6.94626881213097      5.74912670089523 

* 

 
 
DFT optimized coordinates of 2a2+ 
 
* xyz 2 2 

  C   15.35617597373604     -0.83581546190268      4.70502345241694 

  C   14.82480642413321     -1.70935515211576      5.64539776526104 

  C   15.69454267390070     -2.45976821302199      6.49270582552781 

  C   17.10931906641856     -2.30771370577051      6.37432761431369 

  C   17.63596750626609     -1.42458911881978      5.44003647010673 

 
199 5.4  APPENDIX 

  



S33 
 

  C   16.76471445456810     -0.68385414456153      4.59670796981304 

  H   13.74998856809891     -1.82136062096345      5.77151978332212 

  H   17.75395653940732     -2.91028220699771      7.01066128975533 

  C   14.84558565348077      1.59152049431013      2.03386243396880 

  C   13.46235550407993      1.68830984852097      1.87127155914893 

  C   12.63626626943471      0.91285779649485      2.68933990671397 

  C   13.22192049405154      0.07087209767352      3.63729971531423 

  C   14.61552582778850      0.01581380786669      3.75405251277013 

  N   15.41476277047787      0.78532635933593      2.94300077725816 

  H   11.55194505483156      0.96027213109523      2.59277271067744 

  H   15.52025245350596      2.17970655087818      1.41440433222283 

  H   13.05363834808784      2.35881934929927      1.11741407551482 

  H   12.59972949155367     -0.54334537059714      4.28546111284297 

  C   19.06094288327816     -1.13986417138361      5.17964305032486 

  C   20.13777831213146     -1.72056375668525      5.85958377861456 

  C   21.44580094419787     -1.36180592917105      5.52608244409447 

  C   21.65220910554046     -0.42225661403415      4.51222380494049 

  C   20.53939952433558      0.12304320124837      3.86962100427858 

  N   19.28029121415417     -0.21767815978293      4.18452936232276 

  H   22.28863622262651     -1.80975127791831      6.05138148387809 

  H   19.95172831501094     -2.44896744523801      6.64681493185978 

  H   22.65225860494084     -0.11019532958287      4.21681958149798 

  H   20.66098972509687      0.85786599703156      3.07554916509470 

  C   18.59178160481495      1.39136927646336      0.65502114822935 

  C   19.13770219108705      2.25205369392922     -0.30380930445019 

  C   19.37837843127189      3.59043669671582      0.03688330627085 

  C   19.06904222888447      4.03522415433653      1.32967144667317 

  C   18.52637260917624      3.13221851578507      2.25052616685337 

  H   19.38472388568032      1.91992467707811     -1.30920478998836 

  H   19.26249401675520      5.07530937379764      1.58043031210609 

  C   17.42189933206381     -1.97792756365312      1.48784616329808 

  C   17.61653050885419     -2.71610227386554      0.32263693685609 

  C   18.16429148886192     -2.09531983992178     -0.80511724253574 

  C   18.49103545597352     -0.73965345738415     -0.70540410476331 

  C   18.27256495713386     -0.04315698037883      0.48504897258014 

  N   17.73921052634712     -0.67226444947303      1.58134240013878 

  H   16.99993836035683     -2.43808243764268      2.37832510300311 

  H   17.34857982934796     -3.76966950035227      0.28288469313220 

  H   18.91734473584002     -0.24325908344685     -1.57420889401437 

  C   18.14664040141287      3.41209253530795      3.65258092887040 

  C   18.29596287967508      4.66595135940503      4.24842462969745 

  C   17.92126083296966      4.86885435449104      5.57982170276087 

  C   17.39753441937692      3.77708647250682      6.28042483035109 

  C   17.26981120686897      2.54609834124475      5.64061842373936 

  N   17.63230065511874      2.35368441384559      4.35774188109943 

  H   18.70546760642616      5.50520496646429      3.69097921834679 

  H   17.09426320001378      3.89588052626522      7.31830737430905 

  H   16.86611026843344      1.68240145265350      6.16383533499336 

  Ru  17.49801769953873      0.53302715523356      3.29769076764958 

  N   18.30498699960539      1.85510121579229      1.88624449087708 

  C   19.98213588145729      4.56504164581439     -0.99960815782517 

  O   20.23388685057501      4.07747383674096     -2.12386309959682 

  O   20.15648314558797      5.73942342662510     -0.60551300136963 

  N   15.16292611491466     -3.33638744668079      7.43218409761023 

  C   13.88685499081461     -3.94514009014064      7.22781671563043 

  C   13.58793407458309     -4.59290504060229      6.01230928389062 

  C   12.91963312541729     -3.92724804082813      8.24350535362778 

  C   12.34758552759892     -5.19000792777355      5.81874666543856 

  C   11.67323637081717     -4.53350290532690      8.05905487238303 

  C   11.37371046881347     -5.16719075985039      6.83862045933378 

  H   14.33666872837252     -4.63554050232814      5.22199666784485 

  H   13.13641543277666     -3.42840388284517      9.18726184878630 

  H   12.11334856436197     -5.69699795563212      4.88333067896450 

  H   10.94484587266011     -4.49595830002694      8.86585721018284 

  C   15.87834218524095     -3.65899918486824      8.62495086260902 

  C   16.02539157869741     -4.99555605820613      9.02509795384834 

  C   16.42998437973770     -2.64157308264861      9.42952024387235 

  C   16.71483028073745     -5.32275357990090     10.19636145508794 

  C   17.12544618120448     -2.96041555907069     10.59021250861532 
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  C   17.27914524928942     -4.30502667794115     10.98740701303612 

  H   15.60511565238135     -5.79217639192865      8.41266901799047 

  H   16.30380401465132     -1.59726217239989      9.14603209645470 

  H   16.81515963572074     -6.36961275267476     10.47307011952955 

  H   17.55018591325864     -2.17786048784606     11.21798942339030 

  O   17.97070624027539     -4.51742616882126     12.12814664902008 

  C   18.14720872883539     -5.84488807962518     12.60534091530972 

  H   17.18034471308722     -6.32409319450348     12.82083378747296 

  H   18.70640374044765     -6.45936167337346     11.88379496401380 

  H   18.72418684481698     -5.76260755170563     13.53225617088032 

  O   10.20016951807078     -5.77486308611806      6.55882345816093 

  C   9.17109008192639     -5.80174749454676      7.53904975924646 

  H   9.49677351405176     -6.33047619083357      8.44746104514705 

  H   8.84483822394535     -4.78490660165147      7.80465172210030 

  H   8.33299635063493     -6.34288197242294      7.08800961255947 

  C   18.39981075095597     -2.87322667990900     -2.11757468727893 

  O   18.06171465946621     -4.07720181386425     -2.10331030019605 

  O   18.90253371457938     -2.21706933484143     -3.05684575611644 

  C   18.08130220733122      6.25321218627610      6.24408946449262 

  O   17.70927672428168      6.33084853654798      7.43556760707312 

  O   18.56499609560014      7.15112692332661      5.51932861484020 

* 

 
 
DFT optimized coordinates of 2b+ 
 
* xyz 1 1 

  C   15.33426066828234     -0.74400373282529      4.81833453237494 

  C   14.78408327099952     -1.56822454881689      5.81166757706314 

  C   15.62990265324506     -2.35109733087183      6.62242235927650 

  C   17.02817569085828     -2.30394591694810      6.45162413095430 

  C   17.58412260109453     -1.45735127013583      5.47982371402552 

  C   16.73756295468350     -0.67992483153261      4.65533617070320 

  H   13.70765199337762     -1.62185418260759      5.97962032138360 

  H   17.65204283319197     -2.92836709289773      7.09238496648740 

  C   14.87556940439989      1.68592768568914      2.14060493031824 

  C   13.49817438983404      1.85572132907773      2.01573281819988 

  C   12.65451917853408      1.12776225019317      2.86499167461907 

  C   13.22307658549234      0.26435831616071      3.79959752896432 

  C   14.61907051349606      0.13178963450300      3.88192662251750 

  N   15.43579111075582      0.85526571086589      3.03923730242226 

  H   11.57146294036084      1.23152790587284      2.79876812525584 

  H   15.56222960648964      2.23448874648282      1.49790569213859 

  H   13.10348352036663      2.54265692609584      1.26878050100334 

  H   12.59028953882133     -0.31400303203785      4.47077716762338 

  C   19.00576863563869     -1.25287751861726      5.17370193411370 

  C   20.07691324612698     -1.89251690967880      5.81937407286284 

  C   21.38965453136960     -1.61736898814504      5.44064629494359 

  C   21.61750352455157     -0.69656520063580      4.40943736219757 

  C   20.51872593145382     -0.09026993826497      3.80429914722511 

  N   19.24693480520654     -0.34738604725433      4.16244485126893 

  H   22.22220124598175     -2.11257323992182      5.94010091333992 

  H   19.87237566952439     -2.60419805990123      6.61777293081867 

  H   22.62388896243429     -0.44822684622640      4.07636815624655 

  H   20.65644744288431      0.63146135184488      3.00046577755410 

  C   18.56186921839878      1.33918976730018      0.67288105129796 

  C   19.11630569740321      2.19071154942673     -0.28919967887794 

  C   19.42255292524458      3.51476163480122      0.05763991984702 

  C   19.16734366567295      3.95417859109826      1.36506539124578 

  C   18.61293052410995      3.06544674202539      2.29294299324708 

  H   19.32099246619694      1.86153719895603     -1.30526187601278 

  H   19.41070225394223      4.98246077007227      1.62177979959569 

  C   17.27283934338263     -1.98959164930900      1.49068563925146 

  C   17.41490629281044     -2.72147280203596      0.31397584614067 

  C   17.96578381629178     -2.10900077707052     -0.81898277102171 

  C   18.34664353035691     -0.76921061821985     -0.70815679396671 

  C   18.17888267892545     -0.07798997037041      0.49563572359446 

  N   17.64199703819697     -0.69814011953644      1.59845234511496 
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  H   16.85108596365999     -2.44015731449629      2.38701154817776 

  H   17.10469406297658     -3.76326610325161      0.26606437065883 

  H   18.77667696560197     -0.27920286011644     -1.57888914019551 

  C   18.28106165064030      3.34378511899683      3.70679193542784 

  C   18.49377840084637      4.58654676665223      4.31142332889056 

  C   18.15870393289434      4.79313443312580      5.65227379883964 

  C   17.60879743031667      3.71383438282440      6.35566221917428 

  C   17.41936342800101      2.49564507704851      5.70764791817890 

  N   17.74179072998477      2.29620433120950      4.41462949770943 

  H   18.92223834078457      5.41447373918570      3.75088402198605 

  H   17.33493271847594      3.83555653601258      7.40161904164719 

  H   16.99536239194068      1.64023594092919      6.22998430293087 

  Ru  17.51217146022094      0.52128229611728      3.30990715951816 

  N   18.32646490185531      1.79768675808871      1.92221969882268 

  C   20.03412751884394      4.47364071143396     -0.98387172269592 

  O   20.22478982906792      3.99603357257571     -2.12589780447107 

  O   20.27939519132743      5.63502261910151     -0.58437717737683 

  N   15.05833904472047     -3.19755030101313      7.62753353157968 

  C   14.08293376109776     -4.14939179153619      7.23513867316301 

  C   14.24764036610550     -4.88345891760173      6.04316342708409 

  C   12.91851774070019     -4.36235284812369      8.00124934048279 

  C   13.27691062263513     -5.80204060863431      5.63200102182600 

  C   11.95789612822822     -5.29143051224322      7.59053530564303 

  C   12.12717586357943     -6.01733743717972      6.40351606008141 

  H   15.14145644993635     -4.72929801434103      5.43985494746158 

  H   12.76578411038100     -3.79362379606561      8.91768051644781 

  H   13.42708499748067     -6.35951561366925      4.70641306633947 

  H   11.06332016971134     -5.43701843979697      8.19783796552933 

  C   15.44067236199787     -3.03888631790072      8.97776581602751 

  C   15.45996576726353     -4.13755154286696      9.86490397486192 

  C   15.83740337977498     -1.77699733802449      9.47171483293296 

  C   15.84456626973556     -3.97209891704536     11.19834346134753 

  C   16.23377798943087     -1.62390967351581     10.80378724846104 

  C   16.23688687340059     -2.71603063693540     11.68137474519700 

  H   15.17636962952454     -5.12547162459356      9.50519486973502 

  H   15.83247388020185     -0.91400809498233      8.80768021934562 

  H   15.84990378058015     -4.83920589599062     11.86076459083020 

  H   16.53311443335614     -0.63645417608677     11.15861015763751 

  C   18.14837069726923     -2.87725008426180     -2.14305636413601 

  O   17.75204711860048     -4.06446388038927     -2.14615214277218 

  O   18.67470000286077     -2.23601904546897     -3.08124886324221 

  C   18.38634004498316      6.16186739426129      6.32433649560781 

  O   18.04921136975827      6.24437688824514      7.52712937102547 

  O   18.88410976026308      7.05286346063848      5.59864498118935 

  H   11.37316066062802     -6.73699303853108      6.08360846673895 

  H   16.54170138196775     -2.59182396238898     12.72069670999358 

* 

 
 
DFT optimized coordinates of 2b2+ 
 
* xyz 2 2 

  C   15.32493826463101     -0.77746981039493      4.74075069066196 

  C   14.76925387735406     -1.61456850322202      5.70084320517456 

  C   15.61610978920604     -2.32021235665247      6.60649938405330 

  C   17.03208584987332     -2.15973315568696      6.53047043749543 

  C   17.58337927818228     -1.31107387888117      5.57736242194705 

  C   16.73372175436006     -0.61779248046647      4.67631177764038 

  H   13.69189154886464     -1.73193677983041      5.79460522625617 

  H   17.65992222061248     -2.72736550729720      7.21377960934812 

  C   14.88417793241189      1.52391717861858      1.94740400126090 

  C   13.50661512735762      1.59280871533752      1.72912309651350 

  C   12.66086191719377      0.84125703235897      2.54865492749519 

  C   13.22101389852309      0.05077125765150      3.55519968578723 

  C   14.60923765052180      0.02236834133414      3.72635055559247 

  N   15.42786346703679      0.76691653978335      2.91196868819390 

  H   11.58061121515546      0.86715971020644      2.40875998329245 

  H   15.57399610859509      2.09391534588375      1.32757569395243 
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  H   13.11813827867716      2.22316564949662      0.93127910102047 

  H   12.58262258463218     -0.54397127364930      4.20566041115902 

  C   19.01484140384778     -1.02369399880869      5.35229189929015 

  C   20.07193450585679     -1.56400150826641      6.09264236999949 

  C   21.38787808923810     -1.20736117621559      5.78731505601744 

  C   21.62113717439938     -0.31146487892539      4.74093855444579 

  C   20.52619320953703      0.19490191125457      4.03766656609359 

  N   19.26077297500483     -0.14413870823930      4.32545971479064 

  H   22.21586221909718     -1.62406189059974      6.35970948058267 

  H   19.86547993539861     -2.25925434423918      6.90425565708846 

  H   22.62807837936662     -0.00328248546852      4.46572643855677 

  H   20.66884984347158      0.89520658897329      3.21642322522800 

  C   18.66470050715782      1.30575933079667      0.70103847723587 

  C   19.22798731346350      2.13002169190366     -0.27946495555718 

  C   19.44694211806178      3.48412964481387      0.00980577425580 

  C   19.09899002408797      3.98079912052817      1.27356678868883 

  C   18.53962872621559      3.11250602219231      2.21739518076742 

  H   19.50430455083992      1.75775473758317     -1.26294533772198 

  H   19.27514620808324      5.03287914751304      1.48391531711547 

  C   17.49801971010986     -2.03354507907990      1.65044036499034 

  C   17.72859913417037     -2.82048423472390      0.52453865134889 

  C   18.30223804897919     -2.24578974783148     -0.61452808778578 

  C   18.61674623192841     -0.88420986587889     -0.56743288960020 

  C   18.36172594181033     -0.13757605964109      0.58459675462340 

  N   17.80381904106345     -0.72250038691378      1.69262241305541 

  H   17.05608161653739     -2.45753980633319      2.54905022585172 

  H   17.46948235713146     -3.87700319834038      0.52454811279626 

  H   19.06308768861521     -0.42342603428449     -1.44577141010160 

  C   18.11673316962698      3.44849811326708      3.59451609768211 

  C   18.23719627184540      4.72693251806393      4.14246171295549 

  C   17.82422869418780      4.97894692616929      5.45421428236667 

  C   17.29123675011329      3.91138747227440      6.18412953166913 

  C   17.19129346175671      2.65457374392178      5.59171124632178 

  N   17.59120359486613      2.41563027029976      4.32800064475246 

  H   18.65448478839189      5.54709586321444      3.56283996731264 

  H   16.95923746465778      4.06865883798663      7.20793305556847 

  H   16.78054025224294      1.80898095777624      6.13826044815781 

  Ru  17.50023700490171      0.54901091162556      3.34936048448949 

  N   18.34103753782059      1.81876469750359      1.90292867926875 

  C   20.06667537181150      4.42086335260353     -1.05245446759937 

  O   20.34729155204970      3.88936770128827     -2.14938526086620 

  O   20.22189070398844      5.61168656207750     -0.70282713205410 

  N   15.05832125961393     -3.16508728742018      7.56147055483188 

  C   13.78880142325458     -3.78754069384135      7.34074006025130 

  C   13.54358669241024     -4.49690599889137      6.15195300354188 

  C   12.78916153882476     -3.71047996321007      8.32535575506926 

  C   12.30404560977066     -5.11055885883211      5.94792887734991 

  C   11.55544569380478     -4.33499204983704      8.11825280238010 

  C   11.30682068063093     -5.03412917197337      6.92944782597513 

  H   14.32532009199319     -4.57397064997739      5.39685898971550 

  H   12.97816473444802     -3.15787225002027      9.24484235415414 

  H   12.12364062659028     -5.66155733000511      5.02466026409768 

  H   10.78344862460650     -4.26665986123929      8.88526799369012 

  C   15.73167853065137     -3.44279642866184      8.79173642532888 

  C   15.86281595373664     -4.77051953145045      9.23445750642473 

  C   16.24202032106288     -2.39361467819490      9.57677217506505 

  C   16.50095804005711     -5.04268313642668     10.44818647419616 

  C   16.88728026262066     -2.67467674223976     10.78468697300380 

  C   17.01815185630823     -3.99822204046833     11.22620202699248 

  H   15.47057322675294     -5.58398689401578      8.62554285163751 

  H   16.12359292259989     -1.36239242462147      9.24573025491214 

  H   16.60133001365676     -6.07592806805176     10.78171095751600 

  H   17.27632730593117     -1.85442198330338     11.38818479578549 

  C   18.58009897533262     -3.08103689711659     -1.88315300347377 

  O   18.24846873092892     -4.28529702285556     -1.82293826136930 

  O   19.10697282530195     -2.46461128418968     -2.83571866316551 

  C   17.95523956825398      6.38975006821064      6.06825174700195 

  O   17.55569496596416      6.50788635315239      7.24737123353344 

  O   18.44670858138273      7.26384659157452      5.32034513367979 
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  H   10.34335110376616     -5.51845993634465      6.77021531147825 

  H   17.51662797882081     -4.21379384817994     12.17125564047064 

* 

 
 
DFT optimized coordinates of 2c+ 
 
* xyz 1 1 

  C   17.67727361486725     -4.50555894913873      9.12913499851713 

  C   16.87246763738274     -3.63686630727625      8.37671451270893 

  C   15.51116681948380     -3.94256584063853      8.18649362115000 

  C   14.93953379625844     -5.09880310955188      8.75149933423589 

  C   15.73637413416601     -5.95612749012129      9.52468903857176 

  C   17.10934486106991     -5.66567978930143      9.70797241921756 

  H   17.26939851712134     -2.72364963602896      7.93179247552669 

  H   13.88397239872230     -5.30213401043355      8.56688655684862 

  C   20.93436713494932     -5.36184564070005     10.52289309118584 

  C   21.79861641627503     -4.34629656037224     10.11914411750568 

  C   21.28648888626983     -3.30501683509110      9.33427694827314 

  C   19.93618762022913     -3.32401893265074      8.98884389202490 

  C   19.11002946363792     -4.37257655746944      9.42492101988619 

  N   19.62927324005830     -5.39040066449327     10.19555319180227 

  H   21.92982600826469     -2.49256878770186      8.99712407998315 

  H   21.29659755299301     -6.18794993776759     11.13267348682680 

  H   22.84553302633486     -4.37731907201572     10.41625743185605 

  H   19.51371385976647     -2.52696250925405      8.37918169199656 

  C   15.32854518758074     -7.19454122482170     10.20111334310282 

  C   14.02942147438819     -7.72778883305121     10.20454283074856 

  C   13.76109396567230     -8.91523971423244     10.88308120434756 

  C   14.80670439731294     -9.56076757243658     11.55568030974505 

  C   16.07556288295342     -8.98591771168218     11.52207496890419 

  N   16.34575318613660     -7.83903207671942     10.87147599659908 

  H   12.75391203065685     -9.33154119646835     10.88774463433549 

  H   13.23462796932819     -7.20601507281443      9.67404731348612 

  H   14.64903312401352    -10.49105662625177     12.09875600140057 

  H   16.91207810581320     -9.45741497081316     12.03539880315158 

  C   20.06480195907533     -9.15013062322530     11.22462514160495 

  C   20.89842086371619    -10.01101619675538     11.94740133071391 

  C   21.06358852020672     -9.81343162807618     13.32627424564146 

  C   20.38789986253028     -8.75386143560018     13.94966987385436 

  C   19.56400519213075     -7.91965955342658     13.18537444518157 

  H   21.42919569825761    -10.83483979972161     11.47577358658882 

  H   20.52646354322833     -8.61090368200304     15.01896620082883 

  C   18.61442980682938     -8.22705928486987      7.99100389940749 

  C   19.11222039983770     -9.17207797749464      7.09722783154543 

  C   19.98087122173206    -10.16932656264516      7.55826309609536 

  C   20.30448655081571    -10.16642535299383      8.91778945431797 

  C   19.77108635908170     -9.19903911674503      9.77547441382224 

  N   18.92464674605864     -8.22542862225199      9.30201794601061 

  H   17.94119686254101     -7.43887724944055      7.65959174208996 

  H   18.83448371997500     -9.14323258414981      6.04555563378706 

  H   20.97811991586579    -10.93448224236380      9.29140688943626 

  C   18.77990831134429     -6.75874401393411     13.66152992371266 

  C   18.76232050559593     -6.34311661809946     14.99651189774003 

  C   18.00383935800485     -5.23659212117245     15.38822593439302 

  C   17.26827812428663     -4.57244647937996     14.39863893014982 

  C   17.31858411268858     -5.02718501353256     13.08313224493160 

  N   18.05264636627265     -6.09165304241396     12.70472084966012 

  H   19.33733623606399     -6.87100906300692     15.75410336652445 

  H   16.66450993426509     -3.70722522286655     14.66516430621979 

  H   16.75655944341863     -4.53073037581852     12.29446051617850 

  Ru  18.23238882695804     -6.87950676974617     10.76235646592556 

  N   19.42757209944271     -8.14109739025428     11.85919248263245 

  C   21.97768020175956    -10.74734694404389     14.14629992298179 

  O   22.53836762315817    -11.66761177898493     13.50822365091329 

  O   22.06888539707559    -10.49267372912002     15.36904887261028 

  N   14.69524660357739     -3.06802635309634      7.40362280754803 

  C   14.81573273761921     -2.85192862366508      6.03187516744384 
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  C   15.72598922284896     -3.40812410924861      5.12055725148150 

  C   13.81060283503505     -1.93457589615496      5.61117228446359 

  C   15.62417877791554     -3.02627050734708      3.77995072727988 

  C   13.73072824453135     -1.56490417189823      4.25801720904264 

  C   14.63973926113659     -2.11113363862748      3.34853793140030 

  H   16.48756349555288     -4.11592702977836      5.44518617293875 

  H   16.32142080350159     -3.44611475411683      3.05391787479871 

  H   12.96697466318944     -0.86254405248031      3.92096390366749 

  C   13.62645399432876     -2.30906718212118      7.87729791577283 

  C   13.04612135348382     -1.58834997232116      6.79444991009843 

  C   13.13072107633961     -2.19038134158818      9.18444034036697 

  C   11.94598175508020     -0.74685259397127      7.03102376809296 

  C   12.03646490615788     -1.34652200520257      9.39370512954322 

  C   11.44468998200106     -0.63166586131998      8.32990081523901 

  H   13.58190182339309     -2.73868180320318     10.01032330260569 

  H   11.48964886743965     -0.18932693867482      6.21185229582671 

  H   11.63293261401852     -1.24051176008283     10.40144487684853 

  C   20.55997192936584    -11.23493460188617      6.60604826400331 

  O   20.18581902493901    -11.16426467001487      5.41359512859107 

  O   21.34502547622490    -12.06331605623386      7.12123004679935 

  C   17.98339421234980     -4.77008506226010     16.85743611835273 

  O   17.27915121285458     -3.76487776568324     17.10368757293710 

  O   18.67440848166798     -5.44366886983938     17.65552492007410 

  H   14.58870709441339     -1.83206247296909      2.29573147464230 

  H   10.59023062911067      0.01667442421982      8.52653765070303 

* 

 
 
DFT optimized coordinates of 2c2+ 
 
* xyz 2 2 

  C   17.68835359790308     -4.54502605567130      9.06612681887159 

  C   16.88594527517546     -3.67900434470788      8.32091103194076 

  C   15.50537471116022     -3.96010774488944      8.17744519209971 

  C   14.91923383716210     -5.09592195970067      8.78529589872732 

  C   15.71602149784483     -5.94946374684711      9.55218415442903 

  C   17.09557795035287     -5.67150645071810      9.68031956087108 

  H   17.28698253113246     -2.77442442477014      7.86754871049196 

  H   13.86188131863977     -5.29366438974968      8.61850268327738 

  C   20.96918543001374     -5.43370784500421     10.39198929260219 

  C   21.84165401297304     -4.44386054788033      9.93324317424809 

  C   21.32774549796821     -3.41582951679358      9.14051416461219 

  C   19.96350047997272     -3.41251659121931      8.83440501350381 

  C   19.13985423740402     -4.43070332775658      9.32309399001118 

  N   19.66071327453101     -5.43513810352638     10.10178136322862 

  H   21.97587551026540     -2.62583860729944      8.76312210554480 

  H   21.33357128106082     -6.25099255699271     11.01167404120200 

  H   22.89607740355627     -4.48975484455037     10.19868133377789 

  H   19.54089943429955     -2.62115370850845      8.21844509973837 

  C   15.29818784557236     -7.16980781749523     10.27246826485665 

  C   13.99259748573010     -7.66830822425484     10.31767587770650 

  C   13.71874853756262     -8.83198369497288     11.04162761640715 

  C   14.76293883083112     -9.47588631209812     11.70893098248686 

  C   16.04621163400908     -8.93026378627526     11.62872414088687 

  N   16.31458997306325     -7.81424342324826     10.93571674478150 

  H   12.70418789550403     -9.22665678086676     11.08177919808945 

  H   13.19539808132878     -7.14856637508340      9.78991392087988 

  H   14.59928552005093    -10.38457496990729     12.28505506571097 

  H   16.88420574726026     -9.40299176682013     12.13774640514008 

  C   20.03881168855694     -9.18374640597690     11.24916072429494 

  C   20.88355858671766    -10.03235830289230     11.97253664496355 

  C   21.09604247755867     -9.78485592323264     13.33571861121787 

  C   20.45641677961349     -8.69555519238026     13.94295982143895 

  C   19.62072552937763     -7.87978896398493     13.17254222375025 

  H   21.38517186225469    -10.88117424059899     11.51414323238717 

  H   20.63012390063490     -8.51579037205070     15.00122692557253 

  C   18.48669647052576     -8.34488641280101      8.04121114581615 

  C   18.93118313993469     -9.33229198540307      7.16515719201489 
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S39 
 

  C   19.79353754442671    -10.33073159829386      7.62957993131586 

  C   20.17270824344352    -10.28986780332432      8.97481228981650 

  C   19.69502928489998     -9.28250104274754      9.81448263478205 

  N   18.85341450716297     -8.31204339894235      9.33660038933660 

  H   17.81780713549386     -7.55681289379527      7.70345625263356 

  H   18.61227710686068     -9.33313807444285      6.12522626036164 

  H   20.84323874482958    -11.06002644403781      9.34918894704583 

  C   18.86566264158915     -6.69430966036563     13.63168928075968 

  C   18.88939705239171     -6.22835573297010     14.94687286405463 

  C   18.14879209058148     -5.10017165858822     15.31306314498440 

  C   17.38918200051132     -4.46998285705799     14.32213595045481 

  C   17.39699553909808     -4.97454541401190     13.02380506067378 

  N   18.11754712271266     -6.05782672433491     12.67545431069206 

  H   19.48144732804214     -6.73059126342491     15.70854192874574 

  H   16.79824082815118     -3.59092268928104     14.57001569456431 

  H   16.81407553952344     -4.50223241554306     12.23655973034545 

  Ru  18.20837161382883     -6.86713755061929     10.72992265131947 

  N   19.44138557377228     -8.14692199421012     11.86561507598397 

  C   22.02666244598782    -10.70394559856521     14.16182655291703 

  O   22.55119722733779    -11.64980554524651     13.53446440277493 

  O   22.15543024089073    -10.40269535352505     15.36847108865727 

  N   14.69892095486806     -3.09051763793488      7.41478376863525 

  C   14.99593666942648     -2.60810896573880      6.12870147081460 

  C   16.08799451205535     -2.88893629629630      5.29550467049710 

  C   13.93718807706849     -1.76520391879050      5.69651225372348 

  C   16.11949324949205     -2.28840586053302      4.03261440533040 

  C   13.98869904514300     -1.17447210727139      4.42479478050365 

  C   15.08568028563452     -1.43449299867955      3.59939817515307 

  H   16.88802698860555     -3.55898727817858      5.60360663225860 

  H   16.96205384178091     -2.49195982091538      3.37127141903855 

  H   13.18074555004900     -0.52645592848997      4.08363240984907 

  C   13.45855999760510     -2.56030088885370      7.80934397099527 

  C   12.95873274494368     -1.73269512042346      6.76832238907519 

  C   12.76653596941112     -2.70269906344040      9.02031687674883 

  C   11.73575592815437     -1.06478331018556      6.93233945390944 

  C   11.54966589966367     -2.02797629237824      9.16220381807433 

  C   11.03138911161525     -1.22247908719613      8.12858458914240 

  H   13.15641938470391     -3.30665094558391      9.83715916473065 

  H   11.34369335095968     -0.42748140697778      6.13911850241382 

  H   10.99553051604256     -2.12806941932059     10.09585659308328 

  C   20.30967297821977    -11.44690144250073      6.69446620707223 

  O   19.88555516195912    -11.40694209261476      5.51926493934351 

  O   21.09444622675124    -12.27057079364788      7.21391373642384 

  C   18.17542318016500     -4.57438436862969     16.76538213057449 

  O   17.48149344248754     -3.55848076082572     16.98709178750314 

  O   18.88981135350046     -5.22174874119591     17.56211260116694 

  H   15.13963375032674     -0.98111832047838      2.60969474095739 

  H   10.07850490232886     -0.71209547566212      8.26866897318159 

* 
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