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Kurzzusammenfassung 

 

Polypyridylkomplexe von Ruthenium(II) besitzen eine Vielzahl von Anwendungen, z. B. in Farbstoff-

sensibilisierten Solarzellen und als Photokatalysatoren. [Ru(bpy)3]
2+ ist einer der prominentesten 

Ruthenium(II)-Komplexe und besitzt langlebige angeregte 3MLCT-Zustände mit einer Lebensdauer 

von 1 µs und einer Lumineszenz-Quantenausbeute von 10%. [Ru(bpy)3]
2+ ist chiral und kann 

Stereoisomere bilden, wenn die Liganden unsymmetrisch substituiert sind oder im Falle von 

oligonuklearen rac/meso-Komplexen. Bis-tridentate Komplexe wie [Ru(tpy)2]
2+ sind achiral und 

umgehen damit unerwünschte Stereoisomere. [Ru(tpy)2]
2+ besitzt jedoch enttäuschende 

photophysikalische Eigenschaften mit einer 3MLCT-Lebensdauer von nur etwa 0.2 ns und einer 

Quantenausbeute von ≤ 0.0007%. Die Anbringung von Substituenten an [Ru(tpy)2]
2+ sowie die 

Aufweitung der Liganden-Bisswinkel auf 90° bewirken deutlich verbesserte Eigenschaften der 

emittierenden 3MLCT-Zustände.  

Dieser Strategie folgend wurden in der vorliegenden Arbeit neue bis-tridentate Ruthenium(II)-

Komplexe entwickelt, synthetisiert und charakterisiert. Durch Anbringen von Ester-Substituenten und 

Verwenden von Liganden mit erweiterten Bisswinkeln konnten 3MLCT-Lebensdauern von bis zu 

841 ns und Quantenausbeuten von bis zu 1.1% erreicht werden. Die neuen bis-tridentaten Komplexe 

weisen eine deutlich erhöhte Photostabilität im Vergleich zu tris-bidentatem [Ru(bpy)3]
2+ auf.  

Die Komplexe wurden als Emitter in Licht-emittierenden elektrochemischen Zellen eingebaut und 

zeigen Elektrolumineszenz mit einer tiefroten Farbe, die bis ins NIR reicht. Ebenso wurden die 

Komplexe als Lichtsammler in Farbstoff-sensibilisierten Solarzellen getestet und erreichen Licht-zu-

Energie-Effizienzen von bis zu 0.26%.  

Dinukleare, stereochemisch einheitliche Ruthenium(II)-Komplexe wurden oxidiert um die Metall-

Metall-Wechselwirkung zwischen Ru(II) und Ru(III) in der einfach oxidierten Spezies zu untersuchen. 

Die unterschiedlichen Redoxeigenschaften der beiden Rutheniumzentren in den verwendeten 

dinuklearen Verbindungen führt zu einer valenzlokalisierten Situation in der keine Metall-Metall-

Wechselwirkung beobachtet wird. Ebenso wurde die Oxidation eines einkernigen Ruthenium(II)-

Komplexes sowie dessen spontane Rückreduktion untersucht. 

Energietransfersysteme wurden mittels Festphasensynthese hergestellt. Dabei ist ein 

Bis(terpyridin)ruthenium(II)-Komplex als Energie-Akzeptor über eine unterschiedliche Anzahl an 

Glycineinheiten mit einem Cumarin-Chromophor als Energie-Donor verknüpft. Bei einer kleinen Zahl 

an Glycineinheiten (0, 1) findet effektiver Energietransfer vom Cumarin- zum Ruthenium-

Chromophor statt, wogegen bei zwei Glycineinheiten ein effektiver Energietransfer verhindert ist. 

Licht-induzierte Ladungstrennung wurde erreicht, indem Bis(terpyridin)ruthenium(II)-Komplexe als 

Chromophore in einem Donor-Chromophor-Akzeptor-Nanokomposit eingesetzt wurden. Dabei wurde 

ein Triphenylamin-enthaltendes Blockcopolymer als Elektronendonor und ZnO-Nanostäbchen als 

Elektronenakzeptor verwendet. Bei Bestrahlung des Chromophors werden Elektronen in die ZnO-



Nanostäbchen injiziert und die Elektronenlöcher wandern in das Triphenylamin-enthaltende 

Blockcopolymer.  

 

 

Abstract 

 

Polypyridyl complexes of ruthenium(II) have a plethora of applications, e.g. in dye-sensitized solar 

cells and as photocatalysts. [Ru(bpy)3]
2+ is one of the most prominent ruthenium(II) complexes 

featuring long-lived 3MLCT excited states with a lifetime of 1 µs and a luminescence quantum yield of 

10%. [Ru(bpy)3]
2+ is chiral and can form stereoisomers when the ligands are substituted 

unsymmetrically or in the case of oligonuclear rac/meso-complexes. Bis(tridentate) complexes such as 

[Ru(tpy)2]
2+ are achiral and thus, circumvent stereoisomers. However, [Ru(tpy)2]

2+ features 

disappointing photophysical properties with a 3MLCT lifetime of around 0.2 ns and a quantum yield 

≤ 0.0007%. The attachment of substituents on [Ru(tpy)2]
2+ as well as the enlargement of ligand bite 

angles to 90° provide considerably improved properties of the emitting 3MLCT states.  

Following this strategy, novel bis(tridentate) ruthenium(II) complexes were developed, synthesized 

and characterized in this work. The attachment of ester substituents and the use of ligands with 

enlarged bite angles lead to 3MLCT lifetimes of up to 841 ns and quantum yields of up to 1.1%. The 

novel bis(tridentate) complexes feature a significantly higher photostability compared to tris(bidentate) 

[Ru(bpy)3]
2+. The complexes were used as emitter in light-emitting electrochemical cells and show 

electroluminescence with a deep red color reaching into the NIR. Likewise, the complexes were tested 

as light harvesters in dye-sensitized solar cells and achieve light-to-energy efficiencies of up to 0.26%. 

Dinuclear, stereochemically defined ruthenium(II) complexes were oxidized in order to study the 

metal-metal interaction between Ru(II) and Ru(III) in the one-electron oxidized species. The different 

redox properties of the two ruthenium centers in the dinuclear compounds lead to a valence-localized 

situation with no metal-metal interaction observed. Alike, the oxidation of a mononuclear 

ruthenium(II) complex and its spontaneous back reduction were studied.  

Energy transfer systems were synthesized via a solid-phase synthesis. A bis(terpyridine) ruthenium(II) 

complex serves as energy acceptor and is connected via a different number of glycine units to a 

coumarin chromophore serving as energy donor. Efficient energy transfer from the coumarin to the 

ruthenium chromophore is feasible for a small number (0, 1) of glycine units while two glycine units 

prevent efficient energy transfer. 

Light-induced charge separation was achieved when a bis(terpyridine) ruthenium(II) complex was 

used as chromophore in a donor-chromophore-acceptor nanocomposite. A triphenylamine-containing 

block-copolymer was used as electron donor and ZnO nanorods as electron acceptor. Upon irradiation 

of the chromophore electrons are injected into the ZnO nanorods and electron holes are transferred to 

the triphenylamine-containing block-copolymer.  
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1 Abbreviations 

 

δ 

ε 

λ 

η 

τ 

ῦ 

Φ 

Ac 

AM 

a.u. 

bpy 

Bu 

CIE 

COSY 

d 

DCC 

ddpd 

DIC 

DFT 

DMF 

DSSC 

E1/2 

EPR 

em 

equiv 

ESI 

Et 

EQE 

exc 

Fc 

ff 

Fmoc 

Gly 

GS 

h 

chemical shift 

molar extinction coefficient 

wavelength 

efficiency 

lifetime 

wave number 

quantum yield 

acetyl 

air mass 

arbitrary units 

2,2‘-bipyridine 

butyl 

Commission International de l'Éclairage, International Commission on Illumination 

correlated spectroscopy 

day 

N,N‘-dicyclohexylcarbodiimide 

N,N‘-dimethyl-N,N‘-dipyridin-2-ylpyridine-2,6-diamine 

N,N‘-diisopropylcarbodiimide 

density functional theory 

N,N-dimethylformamide 

dye-sensitized solar cell 

half wave potential  

electron paramagnetic resonance 

emission 

equivalent 

elektro spray ionisation 

ethyl 

external quantum efficiency 

excitation 

ferrocene 

fill factor 

9-fluorenyl-methoxycarbonyl 

glycine 

ground state 

hour/ planck constant 
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HMBC 

HOBT 

HOMO 

HR 

IEFPCM 

IL 

IPCE 

ISC 

IVCT 

IQE 

J 

LEC 

LED 

LLCT 

LMCT 

LUMO 

M 

max 

MC 

Me 

min 

MLCT 

mpp 

MS 

m/z 

NIR 

NMR 

NOESY 

OLED 

Ph 

phen 

ppy 

PyBOP 

rac 

RT 

SCE 

SPPS 

heteronuclear multiple bond correlation 

1-hydroxybenzotriazole  

highest occupied molecular orbital 

high resolution 

integral equation formalism polarizable continuum model 

intraligand 

incident photon-to-current conversion efficiency 

intersystem crossing 

intervalence charge transfer 

internal quantum efficiency 

coupling constant 

light-emitting electrochemical cell 

light-emitting device 

ligand-to-ligand charge transfer 

ligand-to-metal charge transfer 

lowest unoccupied molecular orbital  

molar (mol l–1) 

maximum 

metal-centered 

methyl 

minute 

metal-to-ligand charge transfer 

maximum power point 

mass spectrometry 

mass per charge 

near infrared 

nuclear magnetic resonance 

nuclear Overhauser effect spectroscopy  

organic light-emitting device 

Phenyl 

1,10-phenanthroline 

2-phenylpyridine 

benzotriazole-1-yl-oxy-trispyrrolidino-phoshponium hexafluorophosphate 

racemic 

room temperature 

saturated calomel electrode 

solid-phase peptide synthesis 
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tBOC 
tBu 

TFA 

THF 

TPA 

tpy 

UV 

Vis 

vs. 

WOC 

tert-butyloxycarbonyl 

tert-butyl 

trifluoroacetic acid 

tetrahydrofurane 

triphenylamine 

2,2‘:6‘,2‘‘-terpyridine 

ultraviolet 

visible 

versus 

water oxidation catalyst 
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2 Introduction 

 

Polypyridine complexes of ruthenium(II) provide a unique class of complexes with unprecedented 

photophysical, chemical and electrochemical properties.[1] There is a plethora of applications dealing 

with polypyridine complexes of ruthenium(II) such as dye-sensitized solar cells,[2–4] light-emitting 

devices,[5–8] anticancer and photodynamic therapy,[9–11] sensing of ions,[12–14] sensing of small neutral 

molecules,[15–17] energy transfer,[18–20] mixed valency,[21–26] triplet-triplet annihilation 

upconversion,[27  30] and molecular data storage.[31–33] Applications also involve photocatalytic reactions 

such as splitting of H2O,[34,35] generation of H2,
[36–40] reduction of CO2,

[38–40] and photocatalysis of 

organic redox reactions.[39,41–45] [Ru(bpy)3]
2+ is one of the most prominent ruthenium(II) complexes 

(bpy = 2,2'-bipyridine). The absorption of a photon populates an excited 1MLCT state (MLCT = 

metal-to-ligand charge transfer; Figure 1a). From this state quantitative intersystem crossing (ISC) into 

a 3MLCT state occurs.[1] The long excited state lifetime (τ ≈ 1 µs) of the 3MLCT state at room 

temperature in solution renders [Ru(bpy)3]
2+ highly suitable as photoredox catalyst (Table 1).[39,46,47] 

The 3MLCT state is emissive with a high luminescence quantum yield (Ф ≈ 10%) which favors the 

application in light-emitting devices, as luminescent sensor or as imaging agent.[47]  

 

 

 

Figure 1. Qualitative Jablonski diagrams of a) [Ru(bpy)3]
2+ and b) [Ru(tpy)2]

2+ (MLCT = metal-to-

ligand charge transfer, ISC = intersystem crossing, MC = metal-centered, bpy = 2,2'-bipyridine, 

tpy = 2,2';6',2''-terpyridine). 

 

 

The properties of [Ru(bpy)3]
2+ can be fine tuned via ligand design. However, the chirality of 

[Ru(bpy)3]
2+ is a drawback when the bpy ligands are substituted unsymmetrically or in the case of 

oligonuclear rac/meso-complexes because stereoisomers are formed which have to be separated or 

avoided by complicated synthetic procedures.[48–50] Bis(tridentate) coordination as in [Ru(tpy)2]
2+ 

([1]2+, Figure 2) can avoid stereoisomers even in the case of heteroleptic complexes with 4',4'-

substitution (tpy = 2,2';6',2''-terpyridine).[51] Furthermore, the stronger chelate effect of tridentate 

compared to bidentate ligands is favorable in terms of complex stability.[52,53] Despite the similar 
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absorption characteristics and redox potentials of [Ru(bpy)3]
2+ and [1]2+ the excited state properties 

differ significantly (Table 1). Unfortunately, [1]2+ has a dramatically reduced lifetime of the lowest 

excited 3MLCT state (τ ≈ 0.1 – 0.2 ns) and quantum yield (Ф ≤ 0.0007%; Table 1).[54–56] The reason for 

the poor excited state photophysical properties is an effective radiationless deactivation via 3MC states 

which are thermally populated from 3MLCT states (MC = metal-centered; Figure 1b). [Ru(bpy)3]
2+ 

features three ligands which can create a coordination sphere that corresponds more to an ideal 

octahedron than in the case of [Ru(tpy)2]
2+ with two constrained ligands. Therefore the overlap 

between the pyridine nitrogen lone pairs and the eg* orbitals of Ru is higher in [Ru(bpy)3]
2+. As a 

result the ligand field splitting is stronger in [Ru(bpy)3]
2+ inducing less accessible 3MC states with a 

higher 3MLCT-3MC energy difference compared to [Ru(tpy)2]
2+ (Figure 1).[54–56] In order to improve 

ground and especially excited state photophysical properties of bis(terpyridine) ruthenium(II) 

complexes extensive efforts have been made in the last two decades. Long-lived and highly emissive 

excited states in bis(tridentate) complexes of ruthenium(II) can be obtained by the introduction of 

substituents in the 4'-position of the tpy ligand.[51] Electron-withdrawing substituents stabilize the 
3MLCT state compared to the 3MC state while electron-donating substituents destabilize the 3MC state 

compared to the 3MLCT state. Both effects increase the 3MLCT-3MC state energy difference and can 

avoid radiationless deactivation via the 3MC state.[57] In 4'-substituted [(EtOOC-tpy)Ru(tpy)]2+ ([2]2+, 

Figure 2) prepared by Bolink the electron-withdrawing character of the ester group leads to a less 

accessible 3MC state and a significantly higher lifetime (τ = 32 ns) and a higher quantum yield 

(Ф = 0.041%) compared to unsubstituted [1]2+ (Table 1).[8] Furthermore, [2]2+ has a red-shifted 

absorption maximum (λmax = 485 nm; εmax = 18140 M–1 cm–1) and higher extinction coefficients 

compared to [Ru(bpy)3]
2+ (λmax = 452 nm; εmax = 13000 M–1 cm–1) and [1]2+ (λmax = 474 nm; 

εmax = 10400 M–1 cm–1) which is beneficial for efficient light harvesting in dye-sensitized solar cells, 

especially in the low energy part of the electromagnetic spectrum (Table 1).[8]  
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Figure 2. Bis(terpyridine) complexes of ruthenium(II). 
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Table 1. Photophysical and electrochemical properties of ruthenium(II) polypyridine complexes in CH3CN at 

295 K. See Figures 2 and 11 for complex numbering (bpy = 2,2'-bipyridine). 

 

complex absorption emission electrochemistry 

 λmax [nm] 

(ε [M
–1 cm–1]) 

λmax
 

[nm] 

Ф 

[%] 

τ 

[ns] 

E½(RuII/RuIII)[a] 

[V] 

E½
red [a]

[V] 

[Ru(bpy)3]
2+ [47] 452 (13000) 615 9.4[58] 1100 +0.89 –1.73 

[1]2+ [51]  474 (10400) 629 ≤ 0.0007[b] 0.1 – 0.2[55,c] +0.92 –1.67 

[2]2+ [8] 485 (18100) 667 0.041[d] 32 +0.96[e] –1.27[e] 

[3]2+ [59,60] 479 (19500) 637[f] 0.02[f,g] - +0.91 –1.69 

[4]2+ [61] 502 (19100) 734 0.27[d] 34 +0.68 –1.54 

[5]2+ [61,62] 501 (20700) 739 0.18[d,h] 26 (92%), 4 (8%) +0.66 –1.60 

[6]2+ [63] 491 (21600) 690 0.24[d] 22 +0.85 -1.55 

[7]2+ [51] 490 (16800) 706 0.07[b] 50 +0.92 –1.53 

[8]2+ [51] 487 (26200) 715 0.006[b] 1.0 +0.90 –1.66 

[9]2+ [62] 502 (35600) 707 0.053[d] 23 - - 

[10]2+ [62] 501 (24700) 659 0.053[d] 21 (3%), 3 (97%) - - 

[11]2+ [62] 498 (26600) 664 0.030[d] 23 (96%), 2 (4%) - - 

[12]2+ [64,65] 495 (31300) 713 0.13[b] 200 +0.95 –1.32 

[13]2+ [65] 506 (42000) 705 0.17[b] 231 +0.99 –1.29 

[14]2+ [66,67] 511 (44800) 698 0.76[d] 580 - - 

[15]2+ [68] 500 (25000) 710 0.3[g,i] 2500 +0.94 –1.49 

[16]2+ [69] 463 (10000) 643[j] 11.4[g,j] 385[j] +0.60 –1.95 

[17]2+ [69] 473 (10000) 694[j] 1.7[g,j] 7900[j] +0.58 –1.88 

[18]2+ [70] 491 (14000) 700[j] 3.2[j,k] 3000[j] +0.71 –1.73 

[19]2+ [71] 553 (10000) 693[j] 11.2[j,k] 5500[j] +0.82 –1.52 

[20]2+ [72] 522 (6425) 608 30[g] 3300 +1.11 –1.36 

[21]2+ [57] 517 (7500) 729 0.45[d] 722[i] +0.81 –1.47 

[22]2+ [57] 539 (6360) 744 1.1[d] 841[i] +0.92 –1.25 

[23]2+ [57] 525 (8230) 762 0.042[d] 149[i] +0.64 –1.50 

[24]2+ [57] 546 (7810) 788 0.052[d] 136[i] +0.73 –1.32 

 

[a] Versus FcH/FcH+. [b] Recalculated from previously used value Ф = 0.028 for [Ru(bpy)3]Cl2 in H2O to the 

updated [Ru(bpy)3]Cl2 standard Ф = 0.040 in H2O.[58] [c] Various solvents. [d] Recalculated from previously 

used value Ф = 0.062[73] for [Ru(bpy)3]Cl2 in CH3CN to the updated [Ru(bpy)3]Cl2 standard Ф = 0.094 in 

CH3CN[58]. [e] No solvent denoted. [f] In DMF. [g] As given in the reference. [h] In acetone. [i] In PrCN. [j] In 

EtOH/MeOH (4:1, v/v). [k] Recalculated from previously used value Ф = 0.059 for [Ru(bpy)3]Cl2 in CH3CN to 

the updated [Ru(bpy)3]Cl2 standard Ф = 0.094 in CH3CN.[58] 
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3 Physicochemical Properties of Bis(tridentate) Ruthenium(II) 

 Polypyridine Complexes 

 

The physicochemical properties of bis(tridentate) ruthenium(II) polypyridine complexes will be 

discussed exemplarily in more detail on the donor-acceptor substituted bis(terpyridine)complex [4]2+ 

(Figure 2) prepared by Hempel and Heinze.[61] Heteroleptic complexes such as [4]2+ are readily 

synthesized in a stepwise approach. First one tpy ligand (tpy1) coordinates to RuCl3 forming the 

ruthenium(III) complex (tpy1)RuCl3 which can be isolated. Then the ruthenium center is reduced by 

N-ethylmorpholine from RuIII to RuII in a microwave assisted reaction which enables coordination of 

the second tpy ligand (tpy2) resulting in the desired heteroleptic complex [(tpy1)Ru(tpy2)]2+ with 

meridional coordination.[61] The ester group of [4]2+ can be hydrolyzed to the carboxylic acid 

derivative [5]2+ by refluxing the complex in 20% sulfuric acid which offers the possibility of 

orthogonal functionalization either on the acid or on the amino group. The harsh reaction procedure 

also underlines the high thermal and chemical stability of bis(tridentate) complexes such as [4]2+ and 

[5]2+.[61]  

Breivogel and Heinze showed that [5]2+ is water soluble in the presence of NO3
– ions enabling 

pH-dependent measurements. The Pourbaix diagram of [5]2+ shows the redox potential E½ of the 

RuII/RuIII couple at different pH values (Figure 3) starting with 0.5 M HNO3 in H2O and stepwise 

titration with saturated aqueous NaOH. At pH = 0 – 1.6 the redox potential amounts to E½ = 0.79 V. 

Between pH 1.6 and 2.7 the redox potential drops to E½ = 0.74 V which is due to deprotonation of the 

carboxylic acid group (pKa = 2.7).[61,74] For a proton-coupled electron transfer the expected slope of the 

redox potential is given by –(m/n) × 59 mV per pH unit (m = number of transferred protons, 

n = number of transferred electrons).[75] The experimental slope amounts to approximately 46 ± 10 mV 

per pH unit suggesting that the electron transfer is indeed coupled to proton transfer in this pH region. 

The drop of the redox potential between pH 1.6 and 2.7 is rationalized by the fact that the 

deprotonated carboxylate group is a stronger electron donor than the protonated carboxyl group. Thus, 

the former can be oxidized at lower potential. From pH 2.7 – 9.5 the redox potential features a plateau 

with E½ = 0.74 V. At pH > 10 the redox potential again drops due to deprotonation of the amino group 

which is converted into an even stronger electron donor by deprotonation.[61,74] Oxidation is reversible 

at pH < 10 and irreversible at pH > 10. DFT-calculated spin densities of ruthenium(III) complexes 

[5]3+, [5 – H]2+ and [5 – 2 H]+ are depicted in Figure 4. For [5]3+ the spin density is located at the 

ruthenium center with a smaller contribution at the amino nitrogen atom. The Mulliken spin densities 

on Ru and on the amino nitrogen atom are calculated as 0.76 and 0.11, respectively. Similarly, for one-

fold deprotonated [5 – H]2+ Mulliken spin densities amount to 0.78 and 0.10, respectively. Thus, when 

[5]3+ is deprotonated at the carboxylic acid group the oxidation remains ruthenium-centered and 

reversible. The second deprotonation takes place at the amino group. The resulting species [5 – 2 H]+ 

features Mulliken spin densities on Ru and the amino nitrogen atom of 0.36 and 0.51, respectively 
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(Figure 4). Thus, oxidation takes place at the deprotonated amino group which induces the 

irreversibility of the oxidation. In summary, at pH < 10 [5]2+ is reversibly oxidized at the ruthenium 

center while at pH > 10 the amino group is irreversibly oxidized.[74] 

 

 

 

Figure 3. Pourbaix diagram of [5](PF6)2 in 0.5 M HNO3 in H2O and stepwise titration with saturated 

aqueous NaOH.[74] E (vs. SCE) – 0.16 ≈ E (vs. FcH/FcH+).[76] pKa values are denoted by vertical dotted 

lines. 

 

 

 

Figure 4. DFT-calculated spin density of ruthenium(III) complexes [5]3+, [5 – H]2+ and [5 – 2 H]+ 

(B3LYP/LANL2DZ, IEFPCM, H2O, contour value 0.01, CH hydrogen atoms omitted).[74] 

 

 

The reversible one-electron oxidation of [4]2+ is found at E½ = 0.68 V vs. FcH/FcH+.[61] The EPR 

spectrum of [4]3+ in frozen solution shows a rhombic signal with g1,2,3 = 2.347, 2.178, 1.843 

(Δg = 0.504) confirming a characteristic RuIII signature.[57,77] The reversible one-electron reduction of 

[4]2+ occurs at the COOEt-substituted tpy ligand.[57,61] The EPR spectrum of the N-acetylated analogue 

[6]+ (Figure 2) in frozen solution shows a less rhombic signal with g1,2,3 = 2.005, 1.989, 1.955 

(Δg = 0.050) which is in accord with a ligand-based reduction with some ruthenium admixture.[57] The 

DFT-calculated spin density of [4]+ confirms that oxidation takes place at the ruthenium center 
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(Mulliken spin density on Ru = 0.76) with some admixture from the amino nitrogen atom (Mulliken 

spin density on N = 0.11) while reduction is essentially localized at the tpy-COOEt ligand (Mulliken 

spin density on Ru = 0.10, Figure 5). 

 

 

 

Figure 5. Spin densities of a) [4]3+ and b) [4]+ in CH3CN calculated by DFT (B3LYP/LANL2DZ, 

IEFPCM, contour value 0.01 a.u., CH hydrogen atoms omitted).[20] 

 

 

Breivogel and Heinze probed the stability of ruthenium(III) complex [4]3+ in the presence of water and 

coordinating OH– ions by spectroelectrochemical measurements. The ruthenium(II) complex [4]2+ is 

reversibly oxidized to the ruthenium(III) complex [4]3+ by gradually increasing the potential and then 

reduced back to [4]2+ by gradually lowering the potential (Figure 6). Upon oxidation the MLCT band 

of [4]2+ at λ = 502 nm disappears while a LMCT band of [4]3+ at λ = 729 nm rises. Seven isosbestic 

points are observed and confirm the clean conversion from [4]2+ to [4]3+. Upon back reduction the 

initial spectrum is fully recovered and the same isosbestic points are observed clearly demonstrating 

the stability of the ruthenium(II/III) complexes [4]2+ and [4]3+ in the presence of water and 

coordinating OH– ions.[78]  
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Figure 6. UV/Vis spectra during a) the electrochemical oxidation (E = 600 → 1000 mV) and b) back 

reduction (E = 1000 → 600 mV) of [4]2+ in an OTTLE cell in 10–3 M NaOH and 0.1 M [n-Bu4N](PF6) 

in CH3CN:H2O (98:2, v%). Black arrows indicate isosbestic points.[78] 

 

 

The absorption spectrum of [4]2+ features π → π* transitions below λ = 400 nm and a characteristic 

metal-to-ligand charge transfer band (MLCT) with a maximum at λmax = 502 nm 

(εmax = 19100 M  1 cm  1; Figure 7).[61] TD-DFT calculations (B3LYP/LANL2DZ, IEFPCM, CH3CN) 

confirm the ligand-centered character of the π → π* transitions at λ < 400 nm and the MLCT character 

of the transitions at λ > 400 nm.  

 

 

 

Figure 7. UV/Vis spectrum (black) and emission spectrum (red) of [4](PF6)2 in CH3CN at 295 K. 

 

 

Relevant Kohn-Sham frontier molecular orbitals of [4]2+ are depicted in Figure 8. HOMO-2, 

HOMO-1, HOMO, LUMO and LUMO+1 represent the participating molecular orbitals in transitions 
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with λ > 400 nm. HOMO to HOMO-2 correspond to the t2g orbitals in Oh symmetry and are mainly 

ruthenium-centered with a small contribution from the amino nitrogen atom. The contribution of the 

amino group is experimentally verified by Resonance Raman experiments involving the MLCT 

excitation.[63] LUMO and LUMO+1 are located on the acceptor-functionalized tpy ligand. Thus, 

absorption is best described by a mixed 1MLCT/1LLCT character (LLCT = ligand-to-ligand charge 

transfer). LUMO+9 and LUMO+13 correspond to the higher energy eg orbitals and do not participate 

in the MLCT absorption process (Figure 8).  

 

 

 

Figure 8. DFT-calculated Kohn-Sham frontier molecular orbitals (contour value 0.06 a.u.) of [4]2+ 

(B3LYP/LANL2DZ, IEFPCM, CH3CN; CH hydrogen atoms omitted). 

 

 

After population of the initial 1MLCT/1LLCT state ISC into the emissive 3MLCT state occurs. 

Breivogel and Heinze have experimentally probed excited state dynamics of [4]2+ on the ps timescale 

by transient absorption measurements. When excited at λexc = 400 nm the transient absorption spectra 

of [4]2+ show an instant ground state bleach at λ = 509 nm together with a photoinduced absorption at 

λ = 565 – 960 nm (Figure 9). The region of the photoinduced absorption reveals a process with a time 

constant of 7.2 ps at 295 K before reaching the thermalized 3MLCT state. This dynamics might be 

associated with localization of the excited electron on the tpy-COOEt ligand, intersystem crossing or 

vibrational relaxation within 1/3MLCT states.[57] 

 

 

14



 

Figure 9. Transient absorption spectra of [4]2+ (pulse λexc = 400 nm, 2600 nJ) in PrCN at 295 K.[57] 

 

 

At 295 K complex [4]2+ shows room temperature phosphorescence from the 3MLCT state at 

λmax = 734 nm with a 3MLCT lifetime of τ = 34 ns and a quantum yield of Ф = 0.27% (Figure 7).[57] 

The emitting 3MLCT state as well as the deactivating 3MC state were modeled by DFT calculations by 

Breivogel and Heinze. The 3MC state of [4]2+ is higher in energy by 26.8 kJ mol–1 relative to the 
3MLCT state (Figure 10). In comparison, the corresponding triplet states of unsubstituted [1]2+ are 

found to be essentially isoenergetic. While the geometry of the 3MLCT state of [4]2+ differs only 

slightly from the 1GS geometry the 3MC geometry is significantly distorted from that of the 1GS 

(GS = ground state). For example, the bond lengths between Ru and the central N atom of EtOOC-tpy 

amount to 1.99, 2.04 and 2.17 Å for the 1GS, the 3MLCT and the 3MC state, respectively. The 

N-C-C-N dihedral angle of the EtOOC-tpy ligand amount to 0°, 0° and 13° for the 1GS, the 3MLCT 

and the 3MC state, respectively, showing that the EtOOC-tpy ligand loses its planarity in the 3MC 

state. The spin density of the 3MLCT state is localized on the ruthenium center as well as on the 

EtOOC-tpy ligand while for the 3MC state the spin density is confined to the ruthenium center 

(Figure 10). The connecting transition state (3TS) between the 3MLCT and the 3MC state is calculated 

with an energy 31.7 kJ mol–1 higher than the 3MLCT state. Concerning the energy, spin density and 

geometry the transition state resembles more the 3MC than the 3MLCT state (Figure 10).[57] 
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Figure 10. DFT-calculated geometries, relative energies, and spin densities of triplet states (3MLCT 

and 3MC) and the transition state (3TS) of [4]2+ (B3LYP/LANL2DZ, IEFPCM, CH3CN; contour value 

0.015 a.u.; energies in kJ mol–1; CH hydrogen atoms omitted).[57] 
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4 Strategies Towards Long-Living and Highly Emissive Excited States 

 

In the bis-4'-substituted heteroleptic complex [(EtOOC-tpy)Ru(tpy-NH2)]
2+ ([4]2+, Figure 2) the 

electron-donating NH2 group destabilizes the 3MC state compared to the 3MLCT state leading to a 

further improvement of the excited state properties (τ = 34 ns; Ф = 0.27%) compared to [2]2+ 

(τ = 32 ns; Ф = 0.041%; Table 1; Figure 1).[61] The push-pull substitution of [4]2+ induces a small 

HOMO-LUMO energy gap which red-shifts the absorption maximum (λmax = 502 nm). In addition, the 

NH2 group in [4]2+ enlarges the chromophoric system and raises the extinction coefficient 

(εmax = 19080 M–1 cm–1).[61] In push-pull substituted [7]2+ (Figure 2) the combination of an OH donor 

group and a SO2Me acceptor group enables similar excited state properties (τ = 50 ns; Ф = 0.07%; 

Table 1).[51]  

Enlargement of the chromophoric system stabilizes the 3MLCT state relative to the 3MC state. 

[Ru(Ph-tpy)2]
2+ ([8]2+, Figure 2) features phenyl groups appended to the 4'-positions of the tpy ligands. 

The 3MLCT lifetime (τ = 1 ns) and quantum yield (Ф = 0.006%) of [8]2+ are substantially enhanced 

compared to [1]2+ (Table 1).[51] The combination of donor-acceptor functionalization and an enlarged 

chromophoric system has been realized in complexes [9]2+ – [11]2+ featuring para-phenylene spacers 

between the 4'-substituents and the tpy ligands (Figure 2). However, this combination does not lead to 

a synergetic effect: [9]2+ features a lower 3MLCT lifetime (τ = 23 ns) and a lower quantum yield 

(Ф = 0.053%) compared to the phenylene-free analogue [4]2+ (Table 1). [10]2+ and [11]2+ also have 

inferior excited state properties compared to the phenylene-free analogue [5]2+ (Figure 2).[61,62] The 

ring planes of the phenylene ring and the central pyridyl ring of a tpy ligand are twisted. Thus, the 

reduced π-conjugation dilutes the effect of donor-acceptor substitution.[62] Coplanarity in extended 

ligands could be achieved by replacing the para-phenylene rings with pyrimidine groups such as in 

complexes [12]2+ and [13]2+ (Figure 2). In these complexes the enhanced π-conjugation efficiently 

stabilizes the 3MLCT state compared to the 3MC state which was shown by high excited state lifetimes 

up to τ = 231 ns and quantum yields up to Ф = 0.17% (Table 1).[64,65]  

High excited state lifetimes can also be achieved via the so-called multichromophore approach: 

Further chromophores such as pyrene and anthracene can have 3IL states with energies similar to the 
3MLCT state (IL = intraligand). In this case a triplet-triplet equilibrium between these triplet states can 

significantly enhance the excited state lifetime.[79] Deactivation from the triplet state of the organic 

chromophore is slow due to the spin-forbidden nature such that the organic chromophore acts as an 

excited state reservoir for the emitting 3MLCT state.[80] Complexes [14]2+ and [15]2+ (Figure 2) feature 

a pyrene unit as organic triplet reservoir and reach lifetimes of τ = 580 and 2500 ns, respectively.[66–68]  

A pronounced push-pull situation is also present in complexes [16]2+ and [17]2+ (Figure 11) prepared 

by Schubert and Berlinguette where an electron accepting tpy ligand is used in combination with a 

strongly σ-donating carbene ligand [2',6'-bis(3-methyl-1,2,3-triazol-4-yl-5-idene)-pyridine] with CNC 

coordination. Unprecedented high excited state lifetimes and quantum yields up to τ = 7900 ns and 
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Ф = 11.4% have been obtained at room temperature (Table 1).[69] Carbene donor ligands and their 

ruthenium complexes will not be discussed here in more detail.[81–83] 

 

 

 

Figure 11. Bis(tridentate) complexes of ruthenium(II). 

 

 

A further strategy to improve the excited state properties in (bis)tridentate complexes is the 

optimization of N-Ru-N bite angles. All complexes [1]2+ – [17]2+ feature five-membered chelates and 

N-Ru-N bite angles of around 79°. The cyclometalated ligands in [16]2+ and [17]2+ have even smaller 

C-Ru-N bite angles of 77°.[8,61,69] An ideal octahedral coordination sphere with bite angles of 90° 

would afford a stronger ligand field due to maximization of the overlap between the pyridine nitrogen 

lone pairs and the eg* orbitals of Ru. A stronger ligand field splitting increases the energy difference 

between 3MLCT and 3MC states which again hampers radiationless deactivation via the latter state 

(Figure 1).[56] Hammarström et al. introduced bite angles of 90° by using six-membered chelates in 

[Ru(dpq)2]
2+ ([18]2+, Figure 11) leading to high room temperature lifetime (τ = 3000 ns) and quantum 

yield (Ф = 3.2%) of the excited state (dqp = 2,6-di(quinolin-8-yl)pyridine).[70,84] The homoleptic 

complex [Ru(EtOOC-dpq)2]
2+ ([19]2+, Figure 11) features even higher values (τ = 5500 ns; Ф = 11%, 

Table 1).[71] Ruben et al. introduced [Ru(dcpp)2]
2+ ([20]2+, Figure 11) featuring 90° bite angles and six-

membered chelates by formal insertion of carbonyl spacers between the pyridine rings of the parent 

[Ru(tpy)2]
2+ complex (dcpp = 2,6-di(2-carboxypyridyl)pyridine). [20]2+ has a long lived 3MLCT state 

(τ = 3300 ns) and the highest room temperature quantum yield (Ф = 30%) reported to date among 

bis(tridentate) ruthenium(II) complexes (Table 1).[72]  

Six-membered chelates such as in [18]2+ and [19]2+ are highly flexible and this can lead to undesired 

stereoisomers (mer, cis-fac, trans-fac).[85] The mixed-ligand complex [(EtOOC-tpy)Ru(ddpd)]2+ 

([21]2+, Figure 11) by Breivogel and Heinze overcomes the problem of stereoisomers by using the 

combination of a five-membered tpy and a six-membered ddpd chelate ligand (ddpd = N,N'-dimethyl-

N,N'-dipyridin-2-ylpyridine-2,6-diamine).[57,86] [21]2+ can be prepared in a stepwise synthesis by first 
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introducing the tpy ligand to obtain the ruthenium(III) complex (EtOOC-tpy)RuCl3 which is converted 

to the final, pure meridional complex [21]2+ by treating with the ddpd ligand. The tpy ligand only 

adopts a meridional coordination, thus forcing the ddpd ligand to adopt the meridional coordination as 

well. The bite angles of the ddpd ligand amount to 88°. Despite the presence of a tpy ligand with only 

79° bite angles a quantum yield of Ф = 0.45% and a remarkable high 3MLCT lifetime of τ = 722 ns 

were obtained for complex [21]2+ at room temperature (Table 1). The synergy of the electron-

accepting tpy ligand and the electron-donating ddpd ligand containing NCH3 groups ([21]2+) creates a 

push-pull situation and shifts the maximum absorption wavelength further to lower energy 

(λmax = 517 nm) compared to [2]2+ (λmax = 485 nm) where the NCH3 groups are lacking (Figure 2, 

Table 1). In complex [22]2+ the two outer pyridine rings of the tpy ligand are functionalized by 

additional ester groups. The maximum absorption wavelength of [22]2+ (Figure 11) is further red-

shifted (λmax = 539 nm) and even higher values for the 3MLCT lifetime (τ = 841 ns) and the quantum 

yield (Ф = 1.1%) are obtained.[57]  

However, the increase of 3MLCT lifetimes and quantum yields by push-pull substitution tuning has a 

limit. A pronounced push-pull situation leads to small energy differences between the 3MLCT state 

and the singlet ground state (1GS). According to the energy gap law a small 3MLCT-1GS energy 

difference induces fast radiationless deactivation into the ground state.[73,87,88] Such a strong push-pull 

situation is given in complexes [23]2+ and [24]2+ (Figure 11), prepared by Breivogel and Heinze, which 

feature an additional NH2 group on the electron-donating ddpd ligand compared to their NH2-free 

counterparts [21]2+ and [22]2+, respectively. The push-pull character of [23]2+ and [24]2+ manifests 

itself by the red-shifted absorption maximum and by electrochemical data when compared to [21]2+ 

and [22]2+, respectively (Table 1). However, the NH2 group dramatically reduces the 3MLCT lifetimes 

of [23]2+ and [24]2+ by a factor of about 5 – 6 and quantum yields are reduced by an even higher factor 

compared to the NH2-free analogues (Table 1). The faster excited state deactivation in [23]2+ and 

[24]2+ is induced by high energy oscillators (N–H). This is shown by (NH2 → ND2) deuteration 

experiments with the deuterated complexes [23D]2+ and [24D]2+ featuring higher quantum yields than 

non-deuterated [23]2+ and [24]2+, respectively.[57] However, deuteration has only a small effect on the 

quantum yield. Hence, also the above mentioned 3MLCT-1GS energy gap is responsible for 

radiationless deactivation of the 3MLCT state.  

The tris(bidentate) benchmark complex [Ru(bpy)3]
2+ has been reported to be photolabile in the 

presence of coordinating anions such as Cl–, Br–, I–, SCN– or NO3
–. In its excited state [Ru(bpy)3]

2+ is 

prone to photoinduced ligand substitution, photooxygenation and photoracemization.[89–93] In contrast, 

Breivogel and Heinze showed that bis(tridentate) ruthenium(II) complexes such as [4]2+ and [21]2+ 

feature significantly higher photostabilities compared to [Ru(bpy)3]
2+ which is obviously favorable for 

photo applications of all kind.[71,78] 
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5 Amide Formation and Solid-Phase Peptide Synthesis 

 

Amino acid [5]2+ and its ester [4]2+ (Figure 2) have been introduced as building blocks in peptide 

synthesis by coupling 1) in solution and 2) via solid-phase peptide synthesis. Photo-induced electron 

transfer in derivatives of [4]2+ with amide-appended ferrocenyl substituents has been reported.[61] The 

dinuclear complex [29]4+ is synthesized by Hempel and Heinze in solution by DCC/HOBT activation 

of [28]2+ and treatment with [4]2+ under basic conditions (Figure 12).[26] 
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Figure 12. Synthesis of dinuclear [29]4+ (DCC = N,N‘-dicyclohexylcarbodiimide, 

HOBT = 1-hydroxybenzotriazole, P1-
tBu = (Me2N)3P=NtBu).[26] 

 

 

Electrochemical measurements of [29]4+ reveal different redox potentials for the two ruthenium(II) 

centers with E½ = 0.68 and 0.91 V vs. FcH/FcH+. Breivogel and Heinze studied the metal-metal 

interaction in the mixed valence complex [29]5+ by UV/Vis/NIR spectroscopic measurements which 

indicate that one-electron oxidation of [29]4+ to [29]5+ is localized on the (tpy)Ru(tpy-tBu3) part of 

[29]5+. The locus of oxidation can be explained by the electron-donating positive inductive effect of 

the tBu substituents. The lack of an IVCT band (IVCT = intervalence charge transfer) in the spectrum 

of [29]5+ up to λ = 3000 nm reveals a negligible metal-metal interaction.[26] Thus, [29]5+ can be 

assigned to the Robin-Day-Class I.[94] This is also confirmed by DFT-calculated spin densities with a 

Mulliken spin density on the Ru atom of the (tpy)Ru(tpy-tBu3) part of 0.86 and of 0.00 for the second 

Ru atom (Figure 13a). In summary, the different environments of the two ruthenium(II) centers of 

[29]4+ lead to a redox asymmetry which prevents metal-metal interaction. In addition, a metal-metal 

interaction is prevented by the para-phenylene bridge which enhances the distance between the metal 
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centers and is responsible for a poor π-orbital overlap of the para-phenylene ring to the amide and to 

the pyridine plane.[26]  

 

 

 

Figure 13. Spin densities of a) [29]5+ and b) [31]5+ in CH3CN calculated by DFT (B3LYP/LANL2DZ, 

IEFPCM, contour value 0.004 a.u.). CH hydrogen atoms omitted.[26] 

 

 

Hempel and Heinze realized a smaller redox asymmetry in the dinuclear dipeptide [31]4+ (Figure 14). 

The redox potentials for the two ruthenium(II) centers are E½ = 0.80 and 0.90 V vs. FcH/FcH+. [31]4+ 

is synthesized by PyBOP activation of [30]2+ and treatment with [4]2+ under basic conditions 

(PyBOP  = benzotriazole-1-yl-oxy-trispyrrolidino-phoshponium hexafluorophosphate). After amide 

bond formation the tBOC and ethyl ester protecting groups are removed by aqueous acidic treatment to 

obtain [31]4+ (Figure 14).[26] The amide bond induces a coplanar bridging ligand allowing for a better 

π-orbital overlap. In addition, the lack of the para-phenylene spacer provides a shorter metal-metal 

distance compared to [29]4+. However, UV/Vis/NIR spectroscopic measurements of [31]5+ by 

Breivogel and Heinze are analogue to the situation with [29]5+. The spectra indicate that the NH2-

substituted bis(tpy) moiety is oxidized. This can be explained by the strong electron-donating 

character of the NH2 group.[26,61] Still no IVCT is seen, so [31]5+ can also be assigned to the Robin-

Day-Class I.[94] The DFT-calculated spin density of [31]5+ confirms the valence-localized situation 

showing spin density only on the N-terminal site. Mulliken spin densities of the Ru atom of the 

NH2-substituted bis(tpy) moiety, the NH2 nitrogen atom and the second Ru atom amount to 0.76, 0.11 

and 0.00, respectively (Figure 13b).[26,57]  
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Figure 14. Synthesis of the dinuclear dipeptide [31]4+ (PyBOP = benzotriazole-1-yl-oxy-

trispyrrolidino-phoshponium hexafluorophosphate, P1-
tBu = (Me2N)3P=NtBu).[26] 

 

 

The introduction of [5]2+ by solid-phase peptide synthesis has been reported by Hempel and Heinze.[18] 

A general strategy is as follows: A TentaGel S resin[95,96] with a Wang linker[97] (32) is functionalized 

with Cl-Gly-Fmoc (Figure 15, Fmoc = fluorenylmethoxycarbonyl). The Fmoc group is cleaved by 

piperidine to obtain the free NH2 group (33). The carboxylic acid group of [5]2+ is activated by PyBOP 

and connected to the solid support via an amide bond to obtain [34]2+ (PyBOP = benzotriazole-1-yl-

oxy-tripyrrolidino-phosphonium hexafluorophosphate). Protection of the N-terminus of [5]2+ is 

unnecessary due to the weak nucleophilicity of the aromatic NH2 group of [5]2+.[18,63] For the activation 

of the NH2 group of [34]2+ strong coupling reagents such as acid chlorides are necessary in order to 

form an amide bond such as in [35]2+. The aliphatic NH2 group of [35]2+ readily forms amide bonds 

with carboxylic acids R-COOH by PyBOP activation. Several acids R-COOH have been used, e.g. 

R = CH3, CF3 and coumarin-3-carboxylic acid.[18] Finally, peptide [36]2+ is cleaved from the solid 

phase by TFA to obtain the desired product [37]2+ (TFA = trifuoroacetic acid).  
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Figure 15. Solid-phase peptide synthesis including the ruthenium(II) amino acid [5]2+.[18] 
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6 Applications 

 

Polypyridine complexes of ruthenium(II), especially [Ru(bpy)3]
2+ type complexes, are suitable 

compounds for directional energy transfer and can act as donors and acceptors for photoinduced 

energy transfer.[98] Bis(tridentate) complexes of ruthenium(II) have been incorporated into energy 

transfer systems using ethynyl spacers between the [Ru(tpy)2]
2+ donor and thiophene units as 

acceptors.[99] Hempel and Heinze have connected the donor-acceptor substituted complex [5]2+ to 

organic chromophores by amide bridges via SPPS with a different number of glycine units in between 

(Figure 16). The use of one or none glycine unit with n = 0 ([38]2+) or 1 ([39]2+) allows for coplanarity 

of the coumarin dye and the adjacent tpy ligand which is favorable for efficient energy transfer via a 

Dexter mechanism.[18] In the case of short bridges excitation of the coumarin ([39]2+, n = 1, 

λexc = 422 nm) induces energy transfer to the [Ru(tpy)2]
2+ core while the coumarin fluorescence is 

efficiently quenched.[18,20] Breivogel and Heinze measured excitation emission matrices of complexes 

[39]2+ – [41]2+. The excitation emission matrix of [39]2+ clearly shows that upon excitation at 

λexc = 400 – 500 nm, emission occurs at λem = 670 nm which corresponds to the wavelength of the 

coumarin-free reference [41]2+ (Figure 17). For a longer bridge ([40]2+, n = 2, Figure 16) efficient 

energy transfer is no more feasible. Excitation of the organic coumarin chromophore leads to 

fluorescence of the coumarin at λexc = 465 nm while emission from the [Ru(tpy)2]
2+ core is not 

observed (Figure 17).[20] 

 

 

 

Figure 16. Bis(terpyridine) ruthenium(II) complexes for studying energy transfer.[18,20] 
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Figure 17. Excitation emission matrices of a) [39]2+ (n = 1), b) [40]2+ (n = 2) and c) reference complex 

[41]2+. The color bar indicates the emission intensity. * = 2λexc. 

 

 

Amino acid [5]2+ has been used as chromophore in a donor-chromophore-acceptor electron transfer 

nanocomposite by zur Borg, Domanski, Breivogel, Bürger, Heinze and Zentel in order to probe light-

induced charge separation.[100] As electron donor a polymer with triphenylamine units and as electron 

acceptor ZnO nanorods were used. [5]2+ was converted to tripeptide [42]2+ by a SPPS and the amino 

group of [42]2+ forms an amide bond with the pentafluorophenol activated carboxylic acid of block-

copolymer 43 to give [44](2m)+ (Figure 18). The free COOH group in [44](2m)+ acts as anchor to ZnO 

nanorods. Upon excitation of the [Ru(tpy)2]
2+ chromophore by irradiation (λexc = 488 nm) into its 

absorption band (λmax = 498 nm) excited electrons are injected into the ZnO nanorods and electron 

holes are generated in the triphenylamine-containing polymer. The phosphorescence of the 

[Ru(tpy)2]
2+ core was completely quenched. Under irradiation a significant change of the surface 

potential of the polymer-coated nanorods is observed via Kelvin probe force microscopy and confirms 

the positive charge in the polymer.[100] 
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Figure 18. Synthesis of [44](2m)+ by coupling of [42]2+ to 43 (n ≈ 50, m ≈ 10).[100] 

 

 

Bis(tridentate) complexes [5]2+, [25]2+, [26]2+, [27]2+, [45]2+ and [46]2+ (Figure 2, 11 and 19) have been 

adsorbed to TiO2 and tested as sensitizers in dye-sensitized solar cells with an I–/I3
– redox electrolyte 

by Breivogel and Heinze. The complexes feature absorption spectra comparable to the one of the 

standard ruthenium(II) sensitizer N719. However, the twofold positive charge of the complexes 

increases the I3
– concentration near the TiO2 electrode due to electrostatic interactions favoring 

electron recombination. Consequently, low cell power conversion efficiencies up to η = 0.26% were 

obtained with the twofold positively charged complexes. In contrast, N719 is twofold negatively 

charged and reaches a power conversion efficiency of η = 5.03% in cells under the same conditions.[78] 

The charge of bis(tridentate) complexes of ruthenium(II) can be reduced by introduction of negatively 

charged ligands such as pyrazolyl or cyclometalated ligands such as in complexes 52 and 53 reaching 

power conversion efficiencies up to η = 10.7% (Figure 23).[101–103] Another approach would be the use 

of other redox electrolytes such as positively charged metal complexes, e.g. 

[Co(4,4'-(tBu)2bpy)3]
2+/3+.[104]  
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Figure 19. Complexes [45]2+ and [46]2+.[77,105] 

 

 

Breivogel and Heinze employed bis(tridentate) complexes [4]2+, [21]2+ and [22]2+ as emitters in light-

emitting electrochemical cells (LECs). A simple device structure of ITO/PEDOT:PSS/ruthenium(II) 

complex/Ag is used and characterized by AFM (ITO = indium tin oxide, PEDOT = 

3,4-ethylenedioxythiophene, PSS = poly(styrenesulfonate), AFM = atomic force microscopy). Deep 

red light emission up to a maximum emission wavelength of 755 nm is achieved. To the best of our 

knowledge this is the lowest emission energy for LECs containing bis(tridentate) ruthenium(II) 

complexes.[7,8,106] For such a low emission energy the energy gap law[73,87,88] predicts enhanced 

radiationless deactivation of the excited state explaining the small external quantum efficiencies. 

However, dilution of the ruthenium(II) complexes in PMMA enhances the external quantum 

efficiencies due to less radiationless excited state deactivation.[107]  
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7 Dye-Sensitized Solar Cells 

 

7.1 Basic Principles 

 

Dye-sensitized solar cells (DSSCs) were first reported in 1991 by O'Regan and Grätzel and provide a 

low cost alternative to widely used silicon-based solar cells.[2–4] The working principle and the 

schematic structure of a conventional DSSC are depicted in Figure 20. A DSSC consists of a 

mesoporous semiconductor layer of TiO2 (anatase) on a transparent anode such as fluorine-doped tin 

oxide (FTO). Molecular sensitizers are adsorbed on top of the TiO2 particles. The porous TiO2 

structure ensures a high surface area which allows for efficient light harvesting. The porous TiO2 

network is penetrated by a liquid redox electrolyte, typically the I–/I3
– system in CH3CN, which is in 

contact to the cathode. When light passes through the transparent anode a sensitizer is excited 

(S → S*) and injects an electron into TiO2 (k1). The electrons percolate the TiO2 network and are 

collected at the anode (k2). The oxidized sensitizer (S+) is regenerated by the redox electrolyte (k3). 

The redox electrolyte diffuses to the cathode where it is reduced (k4). The maximum attainable voltage 

VOC is given by the potential difference between the Fermi level of TiO2 and the redox potential of the 

electrolyte, hence it is independent of the sensitizer.[4]  

 

 

 

 

Figure 20. a) Schematic device structure and b) working principle of a DSSC. S denotes a sensitizer. 

 

 

The efficiency η of a DSSC is defined by equation 1 with Pout being the maximum power per area that 

can be extracted and Pin being the power per area of the irradiated light.  
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Usually, efficiencies are referred to standardized conditions with an irradiation power of 

Pin = 1000 W m–2 and a sample temperature of 25 °C. The standardized irradiation spectrum is the air 

mass (AM) 1.5 spectrum (Figure 21).[108] The factor "1.5" indicates that the solar light passes the 

thickness of 1.5 atmospheres which corresponds to a zenith angle of 48.2°.  

 

 

 

Figure 21. AM 1.5 spectrum of the sunlight reaching the surface of the earth under a zenith angle of 

48.2°.[109]  

 

 

Figure 22 shows the typical behavior of a current density-voltage (I-U)  curve of a DSSC. Isc is the 

maximum current density under short circuit conditions and Uoc is the maximum photovoltage at open 

circuit conditions. At a certain point, the maximum power point (mpp), the product of the current 

density and the photovoltage is maximal. This point defines the maximum output power Pout 

(equation 2). 

 

IUP mppmppout(2)   
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Figure 22. Current density-voltage (I-U) curve and indication of the short circuit current density (Isc), 

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

the maximum power point (Umpp). The grey rectangle illustrates the maximum output power Pout. 

 

 

The fill factor ff of a DSSC is given by equation 3 and describes the shape of the I-U curve. A 

rectangular shape of the I-U curve corresponds to a fill factor of ff = 1. 
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The incident photon-to-current conversion efficiency IPCE(λ) is defined by the number of collected 

electrons under short circuit conditions per number of incident photons at a given wavelength λ 

(equation 4). 
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h denotes the Planck constant, c the velocity of light and e the elementary charge. Despite the defined 

DSSC parameters (equation 1 – 4) DSSC measurements of different laboratories are not directly 

comparable to each other because a manifold of other conditions is not standardized such as cell 

building procedures, solvents, additives, chemical and morphological nature of TiO2, electrolyte 

compositions and electrode materials. For a better comparison standard dyes such as N719 should 

generally be employed as a reference under the used conditions and compared to the investigated 

dyes.[108] 
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7.2 Dye Design for DSSCs 

 

Dyes for DSSCs should have a broad and intense absorption in order to efficiently harvest the sun 

light. Dyes should be photochemically, thermally and electrochemically stable to avoid degradation. 

For the immobilization on the nanoporous semiconductor anchor units such as carboxylic acids are 

advantageous. The LUMO of the dye needs to be higher in energy than the conduction band of TiO2 

while the HOMO of the dye needs to be lower in energy than the potential of the redox electrolyte. A 

high electronic directionality of the excited states is necessary for efficient electron injection into TiO2. 

This means the HOMO of the dye is located remote from TiO2 and the LUMO is in close contact to 

TiO2.
[3] Polypyridine complexes of ruthenium(II) have been shown to be excellent sensitizers for 

DSSCs. Two of the best performing and most prominent complexes are the so called black dye 

(Bu4N)3[Ru(Htctpy)(NCS)3] (47)[110] and N719 (Bu4N)2[Ru(Hdcbpy)2(NCS)2] (48)[111,112] (Figure 23) 

reaching DSSC efficiencies of η = 10.4 and 11.2% under full air mass 1.5 (AM 1.5), respectively 

(tctpy = 4,4',4''-tricarboxy-2,2';6',2''-terpyridine, dcbpy = 4,4'-dicarboxy-2,2'-bipyridine).[4] Both, N719 

and the black dye feature carboxylic acid/carboxylate anchor groups with a LUMO located on the 

anchoring ligand while the HOMO is located on the ruthenium center and the remote NCS– 

ligands.[78,113]  

 

 

 

Figure 23. DSSC sensitizers 47 – 56. 

31



In order to improve DSSC characteristics a manifold of different design strategies for sensitizers has 

emerged in the last two decades. Complex 49 (Figure 23) is a derivative of N719 with thiophene units 

which extend the conjugated systems and significantly increase the extinction coefficients.[114] This is 

beneficial as more photons can be harvested by this dye compared to N719. In addition, the long alkyl 

chains prevent interfacial electron recombination leading to cell efficiencies of η = 11.4% under full 

AM 1.5.[4,114] Monodentate ligands such as NCS– and pyridine are regarded as a drawback concerning 

the long term stability of sensitizers. Thermal- and photo-induced isomerization and ligand exchange 

has been reported for monodentate ligands leading to dye species with lower cell efficiencies.[115–122] 

Attempts to avoid monodentate ligands include the use of tris(bidentate) and bis(tridentate) complexes 

such as 50 (Figure 23).[4,123,124] 50 can also be seen as a derivative of N719 where both NCS– ligands 

have been replaced by a bidentate cyclometalated 2-phenylpyridine ligand. DSSCs with 50 reach 

efficiencies of η = 10.1% under full AM 1.5.[4,124] Typically, the cyclometalated ligand contributes to 

the HOMO of ruthenium(II) complexes while the LUMO resides on the anchor ligand. A favorable 

electronic directionality is thus induced when the anchor ligand is situated opposite to the 

cyclometalated ligand.[125,126] Complex 51 (Figure 23) features a dcbpy ligand and two 

2-pyridylpyrazole ligands. DSSCs with this complex reach efficiencies of η = 9.5% under full AM 

1.5.[127] However, also complexes with bidentate ligands such as bpy or 4,4'-bi-1,2,3-triazolate are 

prone to photo-induced ligand loss and isomerization.[78,128,129] Furthermore, tris(bidentate) complexes 

of ruthenium(II) are chiral which complicates synthetic procedures as discussed above.[48–50] In 

contrast, bis(tridentate) complexes are achiral and feature higher stability constants compared to their 

bidentate analogues.[52,53] Bis(tridentate) complexes of ruthenium(II) have already been incorporated 

into DSSCs. Berlinguette et al. have employed complex 52 (Figure 23) featuring a tctpy anchor ligand 

and a cyclometalated pbpy ligand with an efficiency of η = 8.0% (pbpy = 6-phenyl-2,2'-bipyridine). 

The appended triarylamine moiety avoids electron recombination because after injection of an electron 

into TiO2 the positive charge is shifted towards the triarylamine moiety and away from the TiO2 

surface.[101] Chi et al. reported the neutral bis(tridentate) ruthenium(II) complex 53 (Figure 23) with a 

dianionic donor ligand (2,6-bis(5-pyrazolyl)pyridine) and a tctpy acceptor ligand with DSSC 

efficiencies up to η = 10.7%.[102,103] Again, the thiophene unit in 52 and 53 extends the conjugated 

system and increases the extinction coefficients. Bis(tridentate) coordination of ruthenium(II) leads to 

more robust sensitizers concerning photostability and long term stability of DSSCs.[3,78,130,131] 

To date, the highest DSSC efficiency of η = 12.3% could be obtained with a zinc porphyrin (54) in 

combination with 55 as organic cosensitizer (Figure 23).[132] Also metal-free all-organic sensitizers 

alone can reach high DSSC performances with η = 10.1% being the top efficiency obtained with dye 

56   (Figure 23).[4] 

Future work about DSSCs is headed towards solid-state DSSCs. In these cells the liquid electrolyte is 

substituted by a solid hole transporting material, typically spiro-OMeTAD (2,2'-7,7'-tetrakis(N,N-di-p-

methoxyphenylamine)-9,9'-spirobifluorene). Solid-state DSSC are more robust than DSSCs containing 
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a liquid electrolyte because of leaking problems with the liquid electrolyte. However, solid hole 

transport materials have several drawbacks such as low hole mobility, increased charge recombination 

between the semiconductor and the hole transporting material and low interfacial contact areas 

between dye molecules and the solid electrolyte resulting from incomplete penetration of the hole 

transport material into the pores of the semiconductor.[48] Nevertheless, new techniques in solid-state 

sensitized solar cells are very promising. The replacement of molecular sensitizers by perovskite 

(CH3NH3)(PbX3) (X = I, Cl) has lead to new record efficiencies of 14 – 15%.[133–136] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

33



8 Light-Emitting Electrochemical Cells 

 

Light-emitting electrochemical cells (LECs) were introduced in 1995 by Pei and provide a low-cost 

alternative to conventional organic light-emitting devices (OLEDs).[137,138] The main difference 

between OLEDs and LECs is the nature of the light-emitting layer which is neutral in OLEDs and 

ionic in LECs.[5,139–143] In principle, an LEC can simply consist of an ionic emitting layer between two 

electrodes (Figure 24a). Typically, the anode material is transparent (e.g. indium tin oxide) in order to 

enable light output while the cathode material can be nontransparent and reflective such as silver. 

When a voltage is applied ions in the emitting layer start to migrate. Cations migrate towards the 

cathode and anions towards the anode creating ionic layers at the electrodes (Figure 24b). These 

charge layers efficiently lower the injection barriers for electrons and holes at the interface which 

allows for low turn-on and driving voltages. Electrons and holes recombine in the emitting layer 

forming excited electron-hole pairs, called excitons which can degrade by emitting light. In contrast, 

high charge injection barriers are typically present in OLEDs due to the neutral emitting layer leading 

to high turn-on and driving voltages. Therefore OLEDs require additional ionic layers enabling 

electron and hole injection and controlling electron and hole transport, thus making OLED structures 

more complicated and cost-intensive (Figure 24a). Furthermore, OLEDs require air-sensitive low 

work function metals as cathode materials such as calcium or barium in order to allow electron 

injection which again raises fabrication costs due to expensive encapsulation. LECs offer the 

possibility to be essentially independent of electrode materials due to the ionic emitting layer.[5,139–143]  

 

 

 

 

Figure 24. a) Structure of an LEC and a conventional OLED. b) Working principle of an LEC. C+ 

denotes a cation and A– an anion. 
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Important physical quantities in LECs are the internal quantum efficiency (IQE) which is the ratio of 

the number of generated photons per number of electrons passing through the cell (equation 5).    

 

electrons#

photonsgenerated#
IQE(5) 

 

 

Not all generated photons leave the cell due to photon reabsorption at the cathode, the emitting layer 

or the anode, reflection at the interface between the anode and the emitting layer or other loss 

mechanisms.  The external quantum efficiency EQE defines the ratio of the number of photons coming 

out of the cell per number of electrons passing through the cell (equation 6). 

 

electrons#

outphotons#
EQE(6) 

 

 

A human eye has three color receptors. The normalized sensitivity curves X'(λ), Y'(λ) and Z'(λ) of 

these receptors are illustrated in Figure 25.[144]  

 

 

 

Figure 25. Integral-normalized sensitivity curves X'(λ), Y'(λ) and Z'(λ) of the three color receptors of 

the human eye. 

 

 

The color impression of an emission spectrum to the standard human eye can be defined by the CIE 

coordinates x and y (CIE = commission international de l'éclairage). x and y are defined by 

equations 7. 
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X, Y, and Z denote the overlap of the emission spectrum with the sensitivity curve X'(λ), Y'(λ) and 

Z'(λ), respectively. The sum of the three resulting coordinates x, y and z equals 1. For given values of x 

and y the value of z is predetermined. Therefore, the coordinates can be reduced to x and y. Figure 26 

illustrates a chromaticity diagram which is the plot of x versus y and the corresponding colors. At 

x = y = z = ⅓ the color impression is white. Outside of the colored area there is still a color impression 

to the human eye. The color merely appears with lower intensity. 

 

 

 

Figure 26. Chromaticity diagram.[145] 

 

 

While CIE coordinates define the color impression of a spectrum to the human eye, the luminance L 

describes how bright a light source appears to the human eye. The sensitivity of the human eye is 

wavelength-dependent and is described by the human eye response curve V(λ) (Figure 27) with a 

maximum at λmax = 555 nm. Two light sources might send out the same amount of photons but with 

different energy (spectrum 1 and 2 in Figure 27). The light source with spectrum 1 has a larger spectral 

overlap with the human eye response curve than the light source with spectrum 2. Therefore, the light 

source with spectrum 1 appears brighter to the human eye than the light source with spectrum 2. 
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Figure 27. The human eye response curve V(λ) has a larger overlap with spectrum 1 (red) than with 

spectrum 2 (green). The overlap is illustrated by red and green hatchures, respectively.  

 

 

The luminance L is defined by equation 8 where Km = 683 lm W–1 at 555 nm, I is the current density, 

R is the distance between the LEC and the photodiode, ALEC is the area of the limiting aperture, 

Aphotodiode is the area of the photodiode, Semission(λ) is the emission spectrum and Sresponsivity(λ) is the 

responsivity of the photodiode.[146,147] 
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Simple spin statistics predict that 25% of the excitons are singlet excitons and 75% are triplet excitons. 

However, organic materials can only convert singlet excitons into photons while triplet excitons only 

produce heat.[148–151] The first LECs contained organic polymers as emitters, thus limiting the IQE to a 

theoretical maximum of 25%.[137,138] Instead, when transition metal complexes are used as emitters 

spin-orbit coupling enables the generation of photons from both singlet and triplet excitons which 

raises the theoretical limit for the IQE up to 100%. The first LEC with a transition metal complex was 

introduced by Lee in 1996 using a [Ru(phen)3]
2+ derivative as emitter.[152] Among ruthenium 

complexes, the most efficient LECs (EQE = 6.4%) were obtained by using [Ru(bpy)3]
2+ as emitter.[153] 

However, the chirality of substituted tris(bidentate) complexes of ruthenium(II) is problematic as 

discussed above. Furthermore, [Ru(bpy)3]
2+ type complexes suffer from ligand loss in LECs which 

leads to degradation products in the presence of water such as [RuII(bpy)2(H2O)2]
2+ and the oxido-

bridged dimer [{RuIII(bpy)2(H2O)}2O]4+.[143,154-156] In order to enhance the emitter stability 

bis(tridentate) complexes of ruthenium(II) have already been used in LECs.[7,8,107] However, EQE 
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values for LECs with bis(tridentate) ruthenium(II) complexes remain low which is attributed to the 

lower solution quantum yields of these complexes compared to [Ru(bpy)3]
2+ as discussed above.  

Reasons for low EQEs in LECs are manifold: 1) Intrinsic properties of the emitter molecules such as 

too long luminescence lifetimes leading to saturation effects, low solution quantum yields due to 

deactivation via 3MC states and vibrational coupling of the excited state to the ground state. 2) Energy 

transfer to impurities such as O2. 3) The wrong choice of cell components and high applied biases can 

lead to charge imbalance, saturation effects due to triplet-triplet annihilation and losses due to 

inefficient light outcoupling (self-absorption of the emitted light, reflection at the transparent 

electrode).[157] Self-quenching of excited emitter molecules can be decreased by passivation with 

sterically demanding substituents[6,158] or dilution in polymeric matrices such as PMMA 

(PMMA = poly(methylmethacrylate).[107] 

To date research for ionic emitters for LECs is focused on charged iridium(III) complexes such as 

[Ir(ppy)2(bpy)]+ ([57]+, Figure 28).[140] Iridium(III) complexes have a stronger ligand field compared to 

ruthenium(II) complexes as the ligand field strength increases with the quantum number in the row 

3d  < 4d < 5d. Additionally, the higher charge of iridium(III) compared to ruthenium(II) also 

strengthens the ligand field of the former. The strong ligand field of iridium(III) complexes leads to 

less accessible dissociative 3MC states and higher photostabilities compared to ruthenium(II) 

complexes. The lower accessibility of the 3MC states also reduces radiationless deactivation into the 

ground state. Thus, solution quantum yields of iridium(III) complexes are generally higher than those 

of comparable ruthenium(II) complexes.[140] For example, the use of neutral fac-Ir(ppy)3 (58, 

Figure 28) as emitter in OLEDs can be explained by its high room temperature solution quantum yield 

of Ф = 97% (ppy = 2-phenylpyridine).[159] Furthermore, iridium(III) complexes of the [Ir(ppy)2(bpy)]+ 

type have spatially separated frontier orbitals with the HOMO residing on the cyclometalated ppy 

ligands and the LUMO on the bpy ligand. This offers the possibility to separately fine tune HOMO 

and LUMO energies by simple ligand modifications and has lead to iridium(III) complexes with 

emission maxima in the entire visible spectrum.[140] However, iridium is rare and expensive. The 

amount of iridium in the earth crust is around 1 ppb and the current price for 1 g iridium (99.9%) is 

around 70 €. 

 

 

 

Figure 28. Iridium(III) complexes [57]+ and 58 for light-emitting devices. 
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9 Publications and Manuscripts 

 

9.1 Contribution of Aaron Breivogel to the Following Manuscripts and 
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Prior to reproduction of the manuscripts and publications of my doctoral thesis I hereby clarify which 

contributions stem from other collaborators and which contributions stem from my own work. My 

contributions will be indicated by the initials "AB". Compounds mentioned herein refer to the 

compound numbering in the respective manuscript or publication.  

 

Thermal and Photo Reactivity of a Donor-Acceptor-Substituted Bis(terpyridine) Ruthenium(III) 

Complex in Acidic Solutions: all ligand and complex syntheses, all spectroscopic and analytical 

measurements (NMR, MS, UV/Vis, EPR) and all DFT calculations were conducted by AB. EPR 

simulations were performed by XXXXX XXXXX (group of Prof. Dr. XXXXX XXXXX). The 

manuscript was written by AB. 

 

Dinuclear Bis(terpyridine)ruthenium(II) Complexes by Amide Coupling of Ruthenium Amino Acids: 

Synthesis and Properties: the ruthenium complexes 1a and 1b were synthesized by AB and Dr. 

XXXXX XXXXX (group of Prof. Dr. XXXXX XXXXX). Ruthenium complexes 2a, 2b, 2c, 3a and 

3b were synthesized and spectroscopically and analytically characterized by Dr. XXXXX XXXXX 

(group of Prof. Dr. XXXXX XXXXX). All oxidation reactions (including UV/Vis spectroscopic 

measurements) and all DFT calculations were performed by AB. The manuscript was written by Prof. 

Dr. XXXXX XXXXX. 

 

Light-induced Charge Separation in a Donor-Chromophore-Acceptor Nanocomposite Poly[TPA-

Ru(tpy)2]@ZnO: the ruthenium complex A was synthesized and spectroscopically and analytically 

characterized by AB. Polymer syntheses and characterizations were conducted by Dr. XXXXX 

XXXXX (group of Prof. Dr. XXXXX XXXXX). Emission spectroscopy and quantum yield 

determinations were done by AB and Dr. XXXXX XXXXX. KPFM measurements were conducted by 

XXXXX XXXXX (group of Dr. XXXXX XXXXX). The manuscript was written by Dr. XXXXX 

XXXXX (~ 60%), XXXXX XXXXX (~ 20%) and AB (~ 20%). 

 

A Heteroleptic Bis(tridentate)ruthenium(II) Polypyridine Complex with Improved Photophysical 

Properties and Integrated Functionalizability: all novel compounds were synthesized and 

spectroscopically and analytically characterized by AB. All DFT calculations were conducted by AB. 

The crystal structure was solved by Dr. XXXXX XXXXX (group of Prof. Dr. XXXXX XXXXX). 
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The emission lifetimes were measured by Dr. XXXXX XXXXX (group of Dr. XXXXX XXXXX). 

The manuscript was written by AB. 

 

Excited State Tuning of Bis(tridentate) Ruthenium(II) Polypyridine Chromophores by Push-Pull 

Effects and Bite Angle Optimization: A Comprehensive Experimental and Theoretical Study: all novel 

compounds were synthesized and spectroscopically and analytically characterized by AB. The crystal 

structures were solved by Dr. XXXXX XXXXX (group of Prof. Dr. XXXXX XXXXX). The emission 

lifetimes were measured by Dr. XXXXX XXXXX and XXXXX XXXXX (group of Dr. XXXXX 

XXXXX). EPR simulations were performed by XXXXX XXXXX (group of Prof. Dr. XXXXX 

XXXXX). All DFT calculations were conducted by AB. The manuscript was written by AB. 

 

Push-Pull Design of Bis(tridentate) Ruthenium(II) Polypyridine Chromophores as Deep Red Light 

Emitters in Light-Emitting Electrochemical Cells: all ruthenium complexes were synthesized by AB. 

After instruction from XXXXX XXXXX, XXXXX XXXXX (both from the group of Prof. Dr. 

XXXXX XXXXX) and Prof. Dr. XXXXX XXXXX the LECs were built and characterized by AB. 

AFM measurements were performed by XXXXX XXXXX (group of Prof. Dr. XXXXX XXXXX). 

All DFT calculations were conducted by AB. The manuscript was written by AB. 

 

Anchor-Functionalized Push-Pull-Substituted Bis(tridentate) Ruthenium(II) Polypyridine 

Chromophores: Photostability and Evaluation as Photosensitizers: complexes [1]2+ – [4]2+ were 

synthesized and spectroscopically and analytically characterized by AB. Complexes [5]2+ and [6]2+ 

were synthesized and spectroscopically and analytically characterized by XXXXX XXXXX (group of 

Prof. Dr. XXXXX XXXXX). All photostability tests of the complexes were performed by AB. After 

instruction from XXXXX XXXXX (group of Prof. Dr. XXXXX XXXXX) and Prof. Dr. XXXXX 

XXXXX the DSSCs were built and characterized by AB. The electron recombination lifetimes were 

measured by XXXXX XXXXX (group of Prof. Dr. XXXXX XXXXX). All DFT calculations were 

conducted by AB. The manuscript was written by AB. 
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Thermal and Photo Reactivity of a Donor-Acceptor-Substituted Bis(terpyridine) 
Ruthenium(III) Complex in Acidic Solutions 
 
Aaron Breivogel, and Katja Heinze* 
 
 
Introduction 
 
Polypyridine complexes of ruthenium(II) feature outstanding optical and electrochemical properties[1] and are 
applied in a manifold of research fields: as sensitizers in dye-sensitized solar cells (DSSCs),[2–5] phosphors in 
light-emitting electrochemical cells (LECs),[6–9] molecular catalysts for water oxidation,[10,11] hydrogen 
generation[12–15] and CO2 reduction[12,14,16] and molecular mixed valence compounds.[17–22] Many complexes 
possess mono and bidentate ligands such as NCS–, pyridine and bpy (bpy = 2,2'-bipyridine). The use of these 
mono and bidentate ligands renders the complexes prone to thermal and photo induced isomerization and ligand 
exchange reactions leading to undesired side products.[23–30]  
Bis(tridentate) ruthenium(II) complexes are known for their high chemical and photochemical stability which is 
a consequence of the bis(tridentate) chelate effect.[3,5,31–35] [Ru(tpy)2]

2+ is the prototype of bis(tridentate) 
ruthenium(II) complexes (tpy = 2,2';6',2''-terpyridine). However, poor photophysical properties prevent its use in 
optoelectronic applications. Excited 3MLCT states are efficiently depopulated via low lying 3MC states which 
leads to radiationless deactivation into the ground state (τ ≈ 0.1 – 0.2 ns, Φ ≤ 0.0007%[36], MLCT = metal-to-
ligand charge transfer, MC = metal-centered).[37–39] Electron withdrawing substituents on the 4’-position of the 
tpy ligand lower the energy of the 3MLCT state compared to 3MC state which is beneficial for the excited state 
properties. Exemplarily, 4'-ester-substituted [(EtOOC-tpy)Ru(tpy)]2+ features a 3MLCT lifetime of τ = 32 ns and 
a quantum yield of Φ = 0.041%[36].[8] Addition of an electron donating substituent on the 4'-position of the 
unsubstituted tpy, e.g. [(EtOOC-tpy)Ru(tpy-NH2)]

2+ ([1Et]2+, Figure 1) further enhances the lifetime (τ = 34 ns) 
and the quantum yield (Φ = 0.27%[36]).[40,41] Such a push-pull strategy is also applied in the combination of an 
electron accepting tpy ligand and a strong electron donating carbene ligand leading to unprecedented emission 
lifetimes of up to τ = 7.9 µs and quantum yields of up to Φ = 17.3%[36].[42] 3MC state energies can also be shifted 
to higher values by using ligands with ≈ 90° bite angles which allow for a better overlap between metal d orbitals 
and the pyridine lone pairs.[43–47] [1Et]2+ has been shown to be highly photostable under conditions where 
tris(bidentate) [Ru(bpy)3]

2+ undergoes photoaquation and photoanation.[5] The pronounced push-pull character of 
[1Et]2+ reduces the HOMO-LUMO gap and shifts the absorption to lower energy compared to unsubstituted 
[Ru(tpy)2]

2+ (λmax = 476[39] → 502 nm[40]). [1Et]2+ and similar complexes have been used as emitters in LECs and 
to the best of our knowledge show the lowest emission energy for bis(tridentate)ruthenium(II) emitters in 
LECs.[9] [1Et]2+ has also been incorporated in energy and electron transfer systems and shows light-induced 
charge separation in a donor-chromophore-acceptor nanocomposite.[16,48–50] [1Et]2+ can be hydrolyzed to obtain 
the carboxylic acid [1]2+ (Figure 1).[40] The carboxylic acid functionality can act as anchor to oxidic 
semiconductors (e.g. TiO2) and [1]2+ has been tested as photosensitizer in DSSCs.[5] A dinuclear analogue of 
[1]2+ has been used to study mixed valency in redox asymmetric compounds. However, no electronic 
communication between RuII and RuIII has been observed in the mixed valence species.[21,51]  
 
 

 
Figure 1. Bis(terpyridine)ruthenium(II) amino acid [1](PF6)2 and its ester [1Et](PF6)2. Atom numbering for NMR 
assignments. 
 
 
The oxidation of [1]2+ to [1]3+ is ruthenium-centered and has been reported previously.[21,43] The stability of 
oxidized state is particularly important for molecular ruthenium water oxidation catalysts (WOCs) which feature 
high metal oxidation states during the catalytic cycle.[52] Two main degradation pathways have been reported for 
molecular ruthenium WOCs: 1) Oxidative ligand degradation[53,54] and the formation of CO and CO2 as 
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decomposition products of [Ru(bpy)3]
3+ and other ruthenium complexes.[52,55,56] 2) Ligand loss: monodentate 

ligands such as 4-picoline and isoquinoline are prone to ligand dissociation.[55,57] Even bidentate bpy is oxidized 
to 2,2'-bipyridine-N,N'-dioxide from [Ru(tpy)(bpy)(OH2)]

2+ under catalytic conditions while no dissociation or 
degradation was observed for the tridentate tpy ligand.[54,56] This indicates that the chelate effect can significantly 
enhance stabilities of WOCs.[54,57] 
Our work aims at maximizing the chelate effect in polypyridine complexes of ruthenium and describes the 
stability of the bis(tridentate) ruthenium(III) complex [1]3+. The [1Et]2+/3+ couple is stable in the presence of 
potentially coordinating OH– ions. However, a different reactivity is observed at low pH (in trifluoricacetic acid, 
H2SO4 and HNO3) often in conjunction with the oxidant CeIV. After oxidation of [1]2+ to [1]3+ in acidic media an 
unexpected back reduction to [1]2+ is observed and described herein by means of UV/Vis, NMR and ESR 
spectroscopy, electrochemistry, mass spectrometry and DFT calculations. 
 
 
Discussion 
 
The ruthenium(II) complex [1](PF6)2 (Figure 1) can be oxidized with (NH4)2[Ce(NO3)6] in 0.5 M trifluoroacetic 
acid in CH3CN.[21] Upon oxidation the MLCT band at λmax ≈ 500 nm disappears and a LMCT band at 
λmax ≈ 750 nm appears with a concomitant color change from orange to green.[21] Figure 2 compares 
experimental UV/Vis spectra of [1]2+ and [1]3+ in 0.125 M H2SO4 in H2O with calculated stick spectra (TD-DFT, 
IEFPCM, H2O). The experimental spectrum of [1]2+ features a characteristic MLCT band at λ = 499 nm 
(ε = 17170 M

–1 cm–1).  Similarly, when oxidized with Ce(SO4)2 in 0.125 M H2SO4 in H2O the MLCT band 
disappears and a LMCT band at λ = 751 nm (ε = 6830 M–1 cm–1) appears. 
 
 

 
Figure 2. Experimental UV/Vis spectra of [1](PF6)2 before (black) and directly after addition of Ce(SO4)2 (red) 
in 0.125 M H2SO4 in H2O and calculated stick spectra (TD-DFT, B3LYP/LANL2DZ, IEFPCM, H2O) of 
[1]2+ (black) and [1]3+ (red). For experimental details see Oxidation 1 in the Experimental Section. 
 
 
The experimental MLCT band of [1]2+ is nicely reproduced by the TD-DFT calculated stick spectrum with 
transitions at λ = 487 (f = 0.1455), 452 (f = 0.0721), 443 (f = 0.0831), 439 (f = 0.0399) and 431 nm (f = 0.1498). 
These transitions originate from ruthenium-centered orbitals HOMO to HOMO-2 corresponding to t2g orbitals in 
Oh symmetry into ligand-centered orbitals LUMO to LUMO+3 residing on both tpy ligands (Figure S1 in the 
Supporting Information). The “eg” orbitals LUMO+9 and LUMO+13 are found at higher energy. In contrast, the 
calculated stick spectrum of [1]3+ lacks transitions between λ = 400 and 650 nm with oscillator strengths f ≥ 0.01. 
Instead, transitions are predicted at λ = 684 (f = 0.1535) and 668 nm (f = 0.0118). These transitions have 
predominantly LMCT character with the largest contribution stemming from the transition of molecular orbital 
141β into 144β (Figure 3). Electron density is mainly shifted from the amino-substituted tpy ligand to the 
ruthenium(III) center. For more detailed results of the TD-DFT calculations of [1]2+ and [1]3+ see Figures S1 and 
S2 in the Supporting Information. 
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Figure 3. Relevant DFT-calculated Kohn-Sham frontier molecular orbitals of [1]3+ (B3LYP/LANL2DZ, 
IEFPCM, H2O, contour value 0.06 a. u., CH hydrogen atoms omitted). 
 
 
The EPR spectrum of [1]3+ (Figure 4) in 0.5 M trifluoroacetic acid in H2O at 77 K is very similar to the one of its 
ester derivative [1Et]3+ which has already been reported.[16] It shows a rhombic signal (g1,2,3 = 2.323, 2.175, 
1.865; Δg = 0.458 by spectral simulation) and reveals that the oxidation is mainly located at the ruthenium center 
which is in full accordance with similar complexes of RuIII.[16,43]  
 
 

 
Figure 4. X-band EPR spectrum of [1]3+ in 0.5 M trifluoroacetic acid in H2O at 77 K. Black: experimental 
spectrum; red: simulation. For experimental details see Oxidation 2 in the Experimental Section. 
 
 
The DFT calculated spin density of the ruthenium(III) complex [1]3+ is located at the ruthenium center with a 
smaller contribution at the amino nitrogen atom (Figure 5). The Mulliken spin densities on Ru and on the amino 
nitrogen atom are calculated as 0.76 and 0.11, respectively. Thus, DFT calculations substantiate the experimental 
finding of a largely ruthenium-centered oxidation. 
 
 

 
Figure 5. DFT-calculated spin density of ruthenium(III) complexes [1]3+, [1 – H]2+ and [1 – 2 H]+ 
(B3LYP/LANL2DZ, IEFPCM, H2O, contour value 0.01,CH hydrogen atoms omitted). 
 
 
[1](PF6)2 is water soluble in the presence of NO3

– ions enabling pH-dependent measurements. The Pourbaix 
diagram of [1](PF6)2 shows the redox potential E½ of the RuII/RuIII couple at different pH values (Figure 6) 
starting with 0.5 M HNO3 in H2O and stepwise titration with saturated aqueous NaOH. At pH = 0 – 1.6 the redox 
potential amounts to E½ = 0.79 V. Between pH 1.6 and 2.7 the redox potential drops which is due to 
deprotonation of the carboxylic acid group (pKa = 2.7).[40] For a proton-coupled electron transfer the expected 
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slope of the redox potential is given by –(m/n) × 59 mV per pH unit (m = number of transferred protons, 
n = number of transferred electrons).[52] The experimental slope amounts to approximately 46 ± 10 mV per pH 
unit suggesting that the electron transfer is indeed coupled to proton transfer in this pH region. The drop of the 
redox potential between pH 1.6 and 2.7 is rationalized by the fact that the deprotonated carboxylate group is a 
stronger electron donor than the protonated carboxyl group. Thus, the former can be oxidized at lower potential. 
From pH 2.7 – 9.5 the redox potential features a plateau with E½ = 0.74 V. At pH > 10 the redox potential again 
drops due to deprotonation of the amino group which is converted into an even stronger electron donor by 
deprotonation.[40] Oxidation is reversible at pH < 10 and irreversible at pH > 10. Similar to [1]3+ for one-fold 
deprotonated [1 – H]2+ Mulliken spin densities on Ru and the amino nitrogen atom amount to 0.78 and 0.10, 
respectively (Figure 5). Thus, when [1]3+ is deprotonated at the carboxylic acid group the oxidation remains 
ruthenium-centered and reversible. However, the second deprotonation takes place at the amino group. The 
resulting species [1 – 2 H]+ features Mulliken spin densities on Ru and the amino nitrogen atom of 0.36 and 0.51, 
respectively (Figure 5). Thus, oxidation takes place at the deprotonated amino group which induces the 
irreversibility of the oxidation. In summary, at pH < 10 [1]2+ is reversibly oxidized at the ruthenium center while 
at pH > 10 the amino group is irreversibly oxidized. 
 
 

 
Figure 6. Pourbaix diagram of [1](PF6)2 in 0.5 M HNO3 in H2O and stepwise titration with saturated aqueous 
NaOH. E (vs. SCE) – 0.16 ≈ E (vs. FcH/FcH+).[58] 
 
 
The ruthenium(III) complex [1]3+ is stable for at least several minutes or hours in 0.5 M trifluoroacetic acid. The 
slow decay/back reduction of [1]3+ can be followed by monitoring the decrease of the LMCT band. [1](PF6)2 was 
oxidized in 0.125 M H2SO4 in H2O with Ce(SO4)2 • 4 H2O as oxidant. Figure 7a shows solution UV/Vis spectra 
of [1](PF6)2 before and after the addition of 1.1 equiv Ce(SO4)2 in 0.125 M H2SO4 in H2O. For experimental 
details see Oxidation 1 in the Experimental Section. The MLCT band of [1](PF6)2 at λ = 499 nm 
(ε = 17170 M  1 cm–1) immediately disappears upon addition of 1.1 equiv Ce(SO4)2. [1]3+ features a LMCT band 
at λ = 751 nm (ε = 6830 M–1 cm–1). Upon standing the UV/Vis spectra of the solution change. After seven days 
the MLCT band is largely recovered (ε = 15850 M–1 cm–1 at λ = 499 nm ≙ 92% recovery) and the LMCT band 
essentially disappeared. Isosbestic points at λ = 585, 432 and 342 nm clearly indicate the recovery of [1]2+ by 
conversion from [1]3+. Possible side products seem to be optically transparent in the observed spectral region. 
The addition of another 1.1 equiv Ce(SO4)2 again leads to the same color change with disappearance of the 
MLCT band and appearance of the LMCT band at λ = 751 nm (ε = 6250 M

–1 cm–1). The UV/Vis spectrum 
changes in the same manner as before. After four days the MLCT band is again largely recovered 
(ε = 13500 M  1 cm–1 at λ = 499 nm ≙ 85% recovery with respect to the extinction coefficient before the second 
addition of Ce(SO4)2) and the LMCT band has nearly vanished (Figure 7b). The same isosbestic points are 
observed at λ = 583, 433 and 342 nm. 
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Figure 7. UV/Vis spectra of [1](PF6)2 before and after oxidation with a) 1.1 and b) 2.2 equiv Ce(SO4)2 in 0.125 M 
H2SO4 in H2O. For experimental details see Oxidation 1 in the Experimental Section.  
 
 
[1](PF6)2 can also be oxidized in 0.125 M H2SO4 in H2O:CH3CN (1:1) with (NH4)2[Ce(NO3)6] as oxidant 
showing the same spectral behavior as in Oxidation 1 (see Oxidation 3 in the Experimental Section).  
An excess of Ce(SO4)2 (20 equiv) was added to a solution of [1](PF6)2 (Oxidation 4) in 0.125 M H2SO4 in H2O. 
The orange solution of [1](PF6)2 immediately turned green upon addition of the CeIV salt. After 1 day the 
solution had a yellow color. UV/Vis spectra revealed that no absorption band above λ = 400 nm was present. No 
ruthenium complex could be detected in an ESI mass spectrum. Thus, complete degradation seems to have 
occurred under these conditions. 
[1](PF6)2 was oxidized in 0.5 M trifluoroacetic acid in CH3CN:H2O (49:1) in an OTTLE cell (see Oxidation 5 in 
the Experimental Section). Upon oxidation of [1]2+ the intensity of the MLCT band is lowered (Figure 8a, 
ε = 19300 → 11900 M–1 cm–1 at λmax = 499 nm). Applying higher potentials does not lead to a further decrease of 
the MLCT band due to diffusion in the OTTLE cell solution. The LMCT band of [1]3+ appears at λmax = 733 nm 
(ε = 2620 M–1 cm–1). During the oxidation isosbestic points are observed at λ = 554, 428, 340, 292, 282, 269, 241 
and 231 nm. Upon back reduction new isosbestic points appear at λ = 606, 430, 342, 292, 283, 271, 242 and 
219 nm (Figure 8a). After reaching the initial potential the MLCT band is not fully recovered 
(ε = 17600 M  1 cm  1 at λmax = 499 nm, 91% recovery) even when the potential is further decreased. A new 
shoulder is observed at λ = 572 nm (ε = 2540 M

–1 cm–1). The appearance of this shoulder might be due to 
reduction of an intermediate species that is not reduced under the conditions with Ce(VI) as oxidant. These 
results are at odds with the high redox stability of the corresponding ester [1Et](PF6)2 in the presence of OH– 
reported by our group.[5] However, the redox stability of [1Et](PF6)2 was measured under basic conditions while 
here 0.5 M trifluoroacetic acid was used. Thus, the strong acidic conditions seem to be responsible for the redox 
instability of the [1]3+ complex. 
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Figure 8. UV/Vis spectra during a) the electrochemical oxidation (500 → 1000 mV) and b) back reduction 
(1000 → 500 mV) of [1](PF6)2 in an OTTLE cell in 0.5 M trifluoroacetic acid in CH3CN:H2O (49:1). Black 
arrows indicate isosbestic points. 
 
 
In an NMR experiment [1](PF6)2 was oxidized with 2.0 equiv (NH4)2[Ce(NO3)6] in 0.5 M trifluoroacetic acid in 
CH3CN. Immediately after the addition of (NH4)2[Ce(NO3)6] and the concomitant color change from orange to 
green the solvent was removed under reduced pressure and D2O was added. For experimental details see 
Oxidation 6 in the Experimental Section. 1H-NMR spectra were recorded at selected time intervals after the 
oxidation (Figure 9). In the fresh D2O solution no sharp resonances could be obtained in the 1H-NMR spectrum 
due to the paramagnetic nature of [1]3+. Within 13 d resonances appear fitting excellently to pure [1]2+ in D2O. 
Resonances for the NH2 group are not observed due to deuteration to ND2. The self-exchange reaction 
[1]2+ + [1]3+  [1]3+ + [1]2+ is expected to be fast and leads to averaged NMR resonances in the spectra after 
17 h to 13 d (Figure 9). No hint for new signals could be detected at δ < 6.5 ppm within the sensitivity of the 
1H NMR experiments.  
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Figure 9. 1H-NMR spectra of [1](PF6)2 in D2O after oxidation with 2.0 equiv (NH4)2[Ce(NO3)6] (freshly oxidized 
to 13 days after oxidation). The 1H-NMR spectrum of pure [1](PF6)2 in D2O is shown at the bottom for 
comparison. For experimental details see Oxidation 6 in the Experimental Section.  
 
 
After 13 days an ESI mass spectrum of the D2O solution was recorded and showed signals with isotope 
distributions excellently fitting to the theoretical values for threefold deuterated [1]2+ at m/z = 315.1 (100%) 
[M      2 PF6]

2+, 628.1 (8%) [M – 2 PF6 – D]+ and 775.1 (70%) [M – PF6]
2+ where M is 

[(DOOC-tpy)Ru(tpy-ND2)](PF6)2 (Figure 10). A signal at m/z = 606.1 (4%) with ruthenium isotope pattern was 
additionally found in the mass spectrum. This signal does not appear in the mass spectrum of neat [1](PF6)2 in 
D2O. So far this signal could not be assigned to a structure. In summary, the nearly quantitative reformation of 
[1]2+ by conversion from [1]3+ could be shown by UV/Vis, NMR and mass spectra. The question arises which 
reducing agent is responsible for the reduction of [1]3+. [Ru(bpy)3]

3+ and other ruthenium polypyridine 
complexes are reported to oxidize water to O2.

[10,11,59] However, the exact mechanism for the reduction of 
[Ru(bpy)3]

3+ to [Ru(bpy)3]
2+ is still under debate. The attack of a H2O or OH– molecule to the ruthenium(III) 

center to form a seven-coordinate species has been proposed to be the initial reaction for water oxidation.[59] 
Ghosh et al. support the attack of water on a bpy ligand with further degradation of the ligand to CO2. The 
thereby generated electrons enable 92 – 95% of [Ru(bpy)3]

3+ to be reduced thermally or photochemically to 
[Ru(bpy)3]

2+.[56] In the presence of colloidal RuO2 or Co2+ ions [Ru(bpy)3]
3+ efficiently catalyses the photo-

oxidation of H2O to O2.
[60] [Ru(tpy)(bpy)(H2O)]2+ and [Ru(tpy)(py)2(H2O)]2+ are efficient WOCs and already 

contain a water molecule in the octahedral coordination sphere (py = pyridine).[61,62] Other ruthenium 
polypyridine catalysts expand their coordination sphere to a heptacoordinate pentagonal bipyramid in order to 
bind a water molecule to the metal.[63–65] [Ru(tpy)2]

2+ is unable to adopt a heptacoordinate pentagonal bipyramid 
with a water molecule because no linear arrangement of the axial N-Ru-N bonds can be formed as is the case for 
bis(tridentate) complexes of ruthenium(II) with expanded ligands. This is regarded to be the reason why 
[Ru(tpy)2]

2+ does not catalyze water oxidation and might also be applicable for [1]2+.[62] H2O as reducing agent 
would lead to the formation of H2O2, O2

– or O2. The formal equations for O2 and H2O2 formation are: 
 
 
(equation 1)  4 [1]3+ + 2 H2O → 4 [1]2+ + O2 + 4 H+ 
 
(equation 2)   2 [1]3+ + 2 H2O → 2 [1]2+ + H2O2 + 2 H+      
                                                                                     ↓ 
                                                                                  attacks [1]2+ or [1]3+ 
 
 
Oxidation of [1]2+ to [1]3+ and back reduction to [1]2+ was conducted in closed reaction vessels and the gas 
phases above the reaction solutions were tested for O2 via two methods: The gas phase was bubbled slowly 
through a solution of IrCl(PEt3)3 in d8-THF. Ir(O2)(PEt3)3Cl should be formed in the presence of O2 which was 
monitored by 31P-NMR spectroscopy.[66] The second method is based on a ZrO2-based oxygen sensor which 
measures the concentration of O2 in the gas phase. Both methods reveal that no O2 is produced during the 
reformation of [1]2+ from [1]3+ (Oxidations 7 and 8). H2O2 as possible intermediate in the oxidation of H2O to O2 
is metastable in acidic solution with respect to disproportionation into H2O to O2. A solution of [1](PF6)2 
(1.2 ×10–4 M) in 35% H2O2 in water is stable for at least 3 h (no changes in the UV/Vis spectra over time, stable 
MLCT band at 493 nm). However, in the presence of acid (0.1 M TFA) the ruthenium complex decomposes 
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within 3 h which can be seen by the absence of any UV/Vis signal above 400 nm. The theoretical maximum 
amount of H2O2 would be half the amount of [1]3+ according to equation 2. It is yet unclear whether H2O2 is 
produced during the reaction and which reaction products result from the reaction of H2O2 with [1]2+ or [1]3+. If 
H2O2 is produced quantitatively (0.50 equiv compared to 1.00 equiv of [1]2+), then less than 0.12 equiv (of 
1.00 equiv) of [1]2+ are destroyed by 0.50 equiv of H2O2 (calculated from the observed 88% recovery of the 
MLCT band).   
 
 

 
Figure 10. a) ESI+ mass spectrum of [1](PF6)2 in D2O 13 days after oxidation with 2.0 equiv (NH4)2[Ce(NO3)6] 
in 0.5 M trifluoroacetic acid in CH3CN (See Oxidation 6 for experimental details). b) c) and d) show the 
respective signals with ruthenium isotope patern. M = [(DOOC-tpy)Ru(tpy-ND2)](PF6)2. 
 
 
Further experiments are necessary to clarify whether H2O2 is indeed formed intermediately and subsequently 
consumed e.g. by oxygenation of a ligand to N-oxides or if other electron sources are responsible for the 
reduction of [1]3+. For example a small part of the oxidized complex [1]3+ could decompose and generate enough 
electrons to reduce the majority of [1]3+ according to equation 3. 
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(equation 3)  n [1]3+ + [1]3+ → n [1]2+ + decomposition products 

 
 
We tried to optimize a heptacoordinate species with one H2O molecule coordinated to the ruthenium center of 
[1]3+ via DFT calculations. However, no energy minimum was found for a heptacoordinate species. Instead, only 
the hexacoordinate complexes "[Ru(κ3-H2N-tpy)(κ3-HOOC-tpy)]3+ + H2O" and 
[Ru(κ2-H2N-tpy)(κ3-HOOC-tpy)(H2O)]3+ lead to energy minima in the DFT calculations (Figure 11). In the latter 
the amino substituted ligand coordinates to ruthenium(III) in a bidentate κ2-fashion via two pyridine nitrogen 
atoms while one outer pyridine nitrogen atom is involved in a hydrogen bond with a proton from the H2O 
molecule. Indeed, the pyridine is protonated and the H2O molecule deprotonated to OH–, a well known 
phenomenon of H2O ligands coordinated to metal centers with high oxidation states.[10,11] The bond length 
between the central pyridine nitrogen atom of the κ2-H2N-tpy ligand and the ruthenium atom is increased 
(2.20 Å) compared to the bis(tridentate) complex (1.97 Å). The N-C-C-N dihedral angles of the κ2-H2N-tpy 
ligand amount to 13° and 48°, respectively. In contrast the N-C-C-N dihedral angles of the κ3-HOOC-tpy ligand 
amount to ≈ 0°, similar to the bis(tridentate) complex "[Ru(κ3-H2N-tpy)(κ3-HOOC-tpy)]3+ + H2O" where the 
dihedral angles of both tpy ligands are ≈ 0°. Hence, [Ru(κ2-H2N-tpy)(κ3-HOOC-tpy)(H2O)]3+ is highly distorted 
and activated towards potential chelate ligand loss. The bis(tridentate) complex has been calculated to be 
35 kJ mol–1 more stable than [Ru(κ2-H2N-tpy)(κ3-HOOC-tpy)(H2O)]3+. Thus, our DFT calculations support the 
above conclusion that bis(tpy) complexes of ruthenium(II) are not suitable for H2O oxidation. [1]3+ is unable to 
adopt a heptacoordinate coordination with one H2O molecule while the decoordination of an outer pyridine ring 
to form a free coordination site for H2O is thermodynamically unfavorable. However, an energy barrier of 
35 kJ mol–1 can be overcome at room temperature. Especially at low pH the protonation of pyridine is favored. 
[Ru(κ2-H2N-tpy)(κ3-HOOC-tpy)(H2O)]3+ might be prone to loss of the H2N-tpy ligand. Under acidic conditions 
H2N-tpy ligand loss is irreversible due to protonation of the pyridine nitrogen atoms. Even if the reaction of 
"[Ru(κ3-H2N-tpy)(κ3-HOOC-tpy)]3+ + H2O" to [Ru(κ2-H2N-tpy)(κ3-HOOC-tpy)(H2O)]3+ is slow the irreversible 
H2N-tpy ligand loss of the latter is a competing pathway to the back reduction to [1]2+. 
 
 

 
Figure 11. DFT (B3LYP/LANL2DZ, IEFPCM, H2O, irrelevant CH hydrogen atoms omitted) optimized 
structures of a) [Ru(κ2-H2N-tpy)(κ3-HOOC-tpy)(H2O)]3+ and b) "[Ru(κ3-H2N-tpy)(κ3-HOOC-tpy)]3+ + H2O". 
Indicated bond lengths are given in Å. 
 
 
In order to detect side products in the back reaction of [1]3+ to [1]2+ ESI mass spectra were conducted also in 
non-deuterated solvents before and after oxidation with (NH4)2[Ce(NO3)6] in 0.5 M TFA in H2O:CH3CN (1:200; 
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Figure S3 and S4). The signal at m/z = 249.1 (50%) is observed before and after the oxidation and corresponds to 
the protonated ligand [tpy-NH2 + H]+. An unknown signal at m/z = 605.1 (40%) with ruthenium isotope pattern 
is observed besides the known signals with ruthenium isotope pattern at m/z = 313.6 (9%) [M – 2 PF6]

2+, 582.2 
(6%) [M – 2 PF6 – CO2 – H]+, 626.1 (100%) [M – 2 PF6 – H]+ and 772.1 (19%) [M – PF6]

+ where M is 
[(HOOC-tpy)Ru(tpy-NH2)](PF6)2. The signal at m/z = 605.1 does not appear in the ESI mass spectra before 
addition of (NH4)2[Ce(NO3)6] (Oxidation 9, Figure S3 and S4). The signal at m/z = 606.1 which was observed in 
D2O (Oxidation 6) indicates that one of the protons can be exchanged by deuteration. One could assume that the 
COOH-substituted tpy ligand is still intact while the NH2-substituted tpy ligand underwent a structural change. 
The signal at m/z = 605.1 would fit to a complex where the tpy-NH2 ligand has been substituted by two 
CF3COO– anions, namely [(HOOC-tpy)Ru(CF3COO)2]

+. However, the signal at m/z = 605.1 was also found 
when the oxidation and back reduction of [1]2+ were performed in 0.5 M HNO3 or 0.1 M H2SO4 instead of 0.5 M 
TFA (Oxidation 10 and 11, Figure S5 – S8). Thus, so far no complete structural assignment could be made to the 
signal with m/z = 605.1. 
The reduction of [1]3+ back to [1]2+ was found to be faster in the presence of UV light (λemiss = 254 and 366 nm, 
Figure 12a, Oxidation 12). Upon oxidation the initial value of the extinction coefficient ε500 at λ = 500 nm 
dropped from ε500 = 16440 to 2330 M

–1 cm–1 while the extinction coefficient ε760 at λ = 760 nm rose from 
ε760 = 20 to 6480 M

–1 cm–1. After exposing the solution to UV light (λemiss = 254 and 366 nm) for 10 min the 
MLCT band was largely recovered (ε500 = 15490 M

–1 cm–1, 94% recovery) and the LMCT band disappeared 
nearly completely (ε760 = 390 M–1 cm–1). In a reference measurement in the darkness a much smaller part of the 
MLCT band was recovered after 10 min (ε500 = 5420 M–1 cm–1, 33% recovery) and the LMCT band still featured 
a pronounced intensity (ε760 = 4950 M–1 cm–1). Hence, the back reduction is significantly accelerated by UV light 
irradiation. This points to the existence of a dissociative rate-determining step in the back reduction of [1]3+ back 
to [1]2+. The loss of the κ2-H2N-tpy ligand of the above mentioned [Ru(κ2-H2N-tpy)(κ3-HOOC-tpy)(H2O)]3+ 
might be the responsible dissociative rate-determining step which is accelerated by light. 
In a second experiment five cycles of CeIV addition and UV light treatment were conducted. The extinction 
coefficients ε500 and ε760 are depicted in Figure 12b (Oxidation 13). The initial value of ε500 drops upon oxidation 
with 1.3 equiv CeIV from ε500 = 16840 to 1050 M

–1 cm–1 with a concomitant rise of ε760 from ε760 = 110 to 
6790 M–1 cm–1. After irradiation with UV light for 10 min the extinction coefficients go back to 
ε500 = 14740 M  1 cm–1 (88% recovery) and ε760 = 450 M

–1 cm–1. For both, ε500 and ε760, the initial values are not 
reached quantitatively under these conditions. The second addition of 1.3 equiv CeIV lets ε500 drop to 
2710 M  1 cm–1 and ε760 rise to 5380 M–1 cm–1. The treatment with UV light again leads to a rise of ε500 and a drop 
of ε760. This procedure was conducted five times and in each step the respective starting values were not reached 
quantitatively (86 – 93% recovery) which is assigned to unknown side reactions such as ligand dissociation and 
decomposition as discussed above. 
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Figure 12. a) UV/Vis spectra of [1](PF6)2 before and after oxidation with 1.1 equiv (NH4)2[Ce(NO3)6] in 0.11 M 
H2SO4 in H2O:CH3CN (15:85) and treatment with UV light. For experimental details see Oxidation 12 in the 
Experimental Section. b) Extinction coefficients at λ = 760 and 500 nm after alternating treatment with 1.3 equiv 
CeIV and UV light. For experimental details see Oxidation 13 in the Experimental Section. 
 
 
The reduction rate of [1]3+ to [1]2+ was also found to be higher in the presence of standard laboratory light 
conditions (mixture of fume hood light and scattered day light passing through the windows) than under 
darkness. After oxidation with 2.0 equiv (NH4)2[Ce(NO3)6] in 0.5 M TFA in H2O the temporal evolution of the 
extinction coefficients ε499 at λ = 499 nm and ε751 at λ = 751 nm is shown in Figure 13 (Oxidation 14). Under 
standard laboratory light conditions ε499 approaches ~17800 M–1 cm–1 after ~12 h. In the darkness ε499 approaches 
the same value after ~100 h. In both cases the initial value of ε499 = 19600 M

–1 cm–1 is not fully recovered (91% 
recovery). ε751 shows a similar behavior with the difference that the LMCT band vanishes nearly completely. The 
temporal evolution of ε499 and ε751 nicely fits to first order (or pseudo first order) rate laws with rate constants 
amounting to k(ε499,light) = 20.2 h–1, k(ε499,dark) = 5.2 h–1, k(ε751,light) = 18.4 h–1 and k(ε751,dark) = 4.9 h–1. Thus, under 
our conditions the reaction rate is four-fold increased under standard light conditions compared to darkness. 
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Figure 13. Temporal change of extinction coefficients at a) λ = 499 (MLCT) and b) λ = 751 nm (LMCT) after 
oxidation of [1](PF6)2 with 2.0 equiv (NH4)2[Ce(NO3)6] in 0.5 M TFA in H2O. The solid black and red lines are 
monoexponential fits, respectively. For experimental details see Oxidation 14 in the Experimental Section. 
 
 
Furthermore, excited state redox potentials differ from their respective ground state redox potential by the energy 
of the 0–0' emission energy E00 and might be responsible for the faster back reduction in the presence of light.[67] 
For [1](PF6)2 the 0–0' emission energy was obtained by the crossing point of the normalized absorption and 
emission spectra at a wavelength of λ = 626 nm which corresponds to a redox potential shift of ΔE = ± 1.98 V. 
[Ru(bpy)3]

2+ features a comparable redox potential shift of ΔE = ± 2.13 V.[68] Similarly, [1]3+ features excited 
state redox potentials that differ from its ground state redox potentials. Thus, [1]3+* is oxidized at lower potential 
than [1]3+ which might be the reason for the decomposition of [1]3+*. In analogy to the slow decomposition of 
[1]3+ in the absence of light (equation 3), the decomposition of [1]3+* is faster and could generate electrons that 
reduce the majority of [1]3+ according to: 
 
 
(equation 4)  n [1]3+ + [1]3+* → n [1]2+ + decomposition products 
 
 
Conclusion 
 
The donor-acceptor-substituted bis(terpyridine)ruthenium(II) complex [1](PF6)2 (Figure 1) can be chemically 
oxidized in acidic media by CeIV. The one electron oxidation of [1]2+ to [1]3+ is well understood and was 
characterized by UV/Vis and ESR spectroscopy, electrochemistry and DFT calculations. The generated [1]3+ 
undergoes slow spontaneous back reduction to [1]2+ without addition of a reducing agent. This was shown by 
UV/Vis and NMR spectroscopy and mass spectrometry. The rate of the back reaction depends on the used 
conditions like solvent and can be accelerated by light. However, the responsible reducing agent is yet unknown. 
Water as reducing agent would lead to the formation of O2 or H2O2. H2O2 is unstable under the used conditions 
and would also form O2 or lead to further side reactions. O2 was not detected by trapping with IrCl(PEt3)3 and by 
gas phase measurements with a ZrO2-based oxygen sensor. The ruthenium complex itself ([1]3+) is assumed to 
behave as reducing agent as the full amount of [1]2+ is not recovered (≈ 91 ± 3% recovery) in the back reaction 
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of [1]3+ to [1]2+. [Ru(κ2-H2N-tpy)(κ3-HOOC-tpy)(H2O)]3+ could be calculated by DFT and is 35 kJ mol–1 higher 
in energy than bis(tridentate) "[Ru(κ3-H2N-tpy)(κ3-HOOC-tpy)]3+ + H2O". Under acidic conditions 
[Ru(κ2-H2N-tpy)(κ3-HOOC-tpy)(H2O)]3+ might be prone to decomposition initiated by protonation of the 
κ2-H2N-tpy ligand and subsequent irreversible ligand loss which could explain the non-quantitative recovery 
of [1]2+. 
 
 
Experimental Section 
 
General Procedures. CH3CN was distilled from CaH2 and THF from potassium under an argon atmosphere. All 
reagents were used as received from commercial suppliers (Acros and Sigma-Aldrich). IrCl(PEt3)3 was prepared 
according to a literature procedure (see the Supporting Information).[69] [1](PF6)2 was prepared as reported by 
Heinze et al.[40] NMR spectra were recorded on a Bruker Avance DRX 400 spectrometer at 400.31 MHz (1H) 
and 162.05 MHz (31P{1H}). All resonances are reported in ppm versus the solvent signal as an internal standard 
[D2O (1H, δ = 4.80 ppm; d8-THF (1H, δ = 1.24, 3.57 ppm)] or versus external H3PO4 (85%; 31P, δ = 0 ppm). 
Electrochemical experiments were carried out on a Bio Logic SP-50 voltammetric analyzer using platinum wires 
as counter and working electrodes and a saturated calomel electrode as reference electrode. The measurements 
were carried out at a scan rate of 50 – 100 mV s–1 for cyclic voltammetry experiments and at 50 – 200 mV s–1 for 
square-wave voltammetry experiments using 0.5 M HNO3 as the supporting electrolyte and a 10-3 M solution of 
the analyte in degassed H2O. Potentials are referenced to the saturated calomel electrode. UV/Vis/near-IR 
spectra were recorded on a Varian Cary 5000 spectrometer using 1.0 cm cells (Hellma, Suprasil). ESI MS 
spectra were recorded on a Micromass Q-TOF-Ultima spectrometer. X-band CW ESR spectra were measured on 
a Miniscope MS 300 (Magnettech GmbH, Germany). 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 EasySpin. Irradiation experiments were performed with a UV lamp (Benda, NU-4 KL, 
0.18 W, λemiss = 254 and 366 nm). Solutions of (NH4)2[Ce(NO3)6] and Ce(SO4)2 always were freshly prepared 
and used directly after complete dissolution of the salts. Dissolution was achieved via ultrasonication. Oxygen 
measurements were conducted with a TOS 3.0 sensor (Ionic Systems). 
 
DFT calculations were carried out with the Gaussian09/DFT[70] series of programs. The B3LYP formulation of 
DFT was used by employing the LANL2DZ basis set.[70] No symmetry constraints were imposed on the 
molecules. The presence of energy minima or first order saddle points was checked by analytical frequency 
calculations. For solvent modeling, the integral-equation-formalism polarizable continuum model (IEFPCM, 
H2O) was employed. In general, data obtained including solvent modeling reproduced the experimental results 
better than those without solvent modeling. Therefore, solvent modeling is included in all calculations in this 
paper. For time-dependent DFT (TD-DFT) calculations at least 50 singlet transitions (n ≥ 50) were used. All 
calculations were performed without explicit counterions. 
 
Oxidation 1. A solvent mixture of 0.125 M H2SO4 in H2O was used. A solution of [1](PF6)2 (3.58 × 10–5 M, 
9 ml) was prepared and a solution of Ce(SO4)2 • 4 H2O (5.33 × 10–4 M, 0.74 ml, 1.1 equiv) was added. The 
orange solution of [1](PF6)2 immediately turned green after the addition of the Ce(SO4)2 • 4 H2O solution. Within 
7 d the color of the solution turned back to orange. A fresh solution of Ce(SO4)2 • 4 H2O (5.51 × 10–4 M, 0.71 ml, 
1.1 equiv) was added. Again, the solution immediately turned green and then slowly changed its color to orange. 
The measurement was made under normal laboratory light conditions (mixture of artificial light and sunlight 
passing through the window). 
 
Oxidation 2. A solvent mixture of 0.5 M trifluoroacetic acid in H2O was used. To a solution of [1](PF6)2 
(3.21 × 10–4 M, 1.0 ml) a solution of (NH4)2[Ce(NO3)6] (3.43 × 10–2 M, 34.6 µl, 3.7 equiv) was added. The dark 
red-brown solution immediately turned dark green upon addition of the cerium salt. The mixture was frozen 
directly after preparation (77 K). The oxidation was performed under normal laboratory light conditions (mixture 
of artificial light and sunlight passing through the window). 
 
Oxidation 3. A solvent mixture of 0.125 M H2SO4 in H2O:CH3CN (1:1) was used. A solution of [1](PF6)2 
(4.26 × 10–5 M, 10 ml) was prepared and a solution of (NH4)2[Ce(NO3)6] (5.62 × 10–4 M, 0.84 ml, 1.1 equiv) was 
added. The orange solution of [1](PF6)2 immediately turned green after the addition of the (NH4)2[Ce(NO3)6] 
solution. Within 18 h the color of the solution turned back to orange. 9.85 ml of the resulting solution were taken 
and a fresh solution of (NH4)2[Ce(NO3)6] (4.39 × 10–4 M, 0.97 ml, 1.1 equiv) was added. Again, the solution 
immediately turned green and then slowly changed its color to orange. After 6 d a fresh solution of 
(NH4)2[Ce(NO3)6] (4.64 × 10–4 M, 0.92 ml, 1.1 equiv) was added. Again, the solution immediately turned green 
and then slowly changed its color to orange. The measurement was made under normal laboratory light 
conditions (mixture of artificial light and sunlight passing through the window). 
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Figure 14a shows solution UV/Vis spectra of [1](PF6)2 before and after the addition of 1.1 equiv 
(NH4)2[Ce(NO3)6] in 0.125 M H2SO4 in H2O:CH3CN (1:1). The MLCT band of [1](PF6)2 at λ = 501 nm 
(ε = 16920 M

–1 cm–1) immediately disappears upon addition of 1.1 equiv (NH4)2[Ce(NO3)6]. [1]3+ features a 
LMCT band at λ = 753 nm (ε = 6670 M

–1 cm–1). The UV/Vis spectrum rapidly changes within minutes. After 
18 h the MLCT band is largely recovered (ε = 15910 M

–1 cm–1 at λ = 500 nm, 94% recovery) and the LMCT 
band essentially disappeared. Isosbestic points at λ = 586, 433 and 341 nm reveal the clean recovery of [1]2+ by 
conversion from [1]3+. The addition of another 1.1 equiv (NH4)2[Ce(NO3)6] again leads to the same color change 
with the disappearance of the MLCT band and the appearance of the LMCT band at λ = 753 nm 
(ε = 6020 M  1 cm–1). The UV/Vis spectrum then changes in the same manner as before. After 6 days the MLCT 
band is recovered (ε = 16140 M

–1 cm–1 at λ = 500 nm, 101% recovery) and the LMCT band has vanished 
(Figure 14b). The same isosbestic points are observed at λ = 585, 433 and 341. The oxidation with 1.1 equiv 
(NH4)2[Ce(NO3)6] can also be conducted a third time with an initial LMCT band at λ = 753 nm 
(ε = 4070 M  1 cm–1) and a recovery of the MLCT band at λ = 500 nm (ε = 14700 M

–1 cm–1 after 4 days, 91% 
recovery). 
 
 

 
Figure 14. UV/Vis spectra of [1](PF6)2 before and after oxidation with a) 1.1 and b) 2.2 equiv (NH4)2[Ce(NO3)6] 
in 0.125 M H2SO4 in H2O:CH3CN (1:1). 
 
 
Oxidation 4. A solvent mixture of 0.125 M H2SO4 in H2O was used. A solution of [1](PF6)2 (3.94 × 10–4 M, 
1 ml) was prepared and a solution of Ce(SO4)2 • 4 H2O (8.11 × 10–2 M, 98.1 µl, 20 equiv) was added. The orange 
solution of [1](PF6)2 immediately turned green after the addition of the Ce(SO4)2 • 4 H2O solution. Within 1 day 
the color of the solution turned yellow. The measurement was made under normal laboratory light conditions 
(mixture of artificial light and sunlight passing through the window). 
 
Oxidation 5. A solvent mixture of 0.5 M trifluoroacetic acid in CH3CN:H2O (49:1) was used. A solution of 
[1](PF6)2 (1.20 × 10–4 M, 0.3 ml) was prepared and oxidized in an OTTLE cell by gradually increasing the 
potential and then reduced back by gradually lowering the potential. UV/Vis spectra were recorded during this 
procedure. The measurement was made under normal laboratory light conditions (mixture of artificial light and 
sunlight passing through the window). 
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Oxidation 6. A solvent mixture of 0.5 M trifluoroacetic acid in CH3CN was used. To a solution of [1](PF6)2 
(6.44 × 10–4 M, 2.5 ml) a solution of (NH4)2[Ce(NO3)6] (3.51 × 10–3 M, 0.92 ml, 2.0 equiv) was added. The dark 
red-brown solution immediately turned dark green upon addition of the cerium salt. The solvent was removed 
under reduced pressure. The green solid was dissolved in D2O (0.8 ml) and 1H NMR spectra were recorded. The 
dark green color of the solution slowly turned dark red-brown. After 17 h the dark red-brown color of the 
starting solution is seen. After 13 days an ESI mass spectrum was recorded (Figure 10). The measurements were 
made under normal laboratory light conditions (mixture of artificial light and sunlight passing through the 
window). 
 
Oxidation 7. The whole procedure was conducted in an Ar-filled glove box. [1](PF6)2 (102 mg, 0.111 mmol, 
1.00 equiv) was dissolved in degassed 0.5 M trifluoroacetic acid in H2O:CH3CN (200:1; 10 ml). A flask was 
filled with (NH4)2[Ce(NO3)6] powder (57 mg, 0.104 mmol, 0.94 equiv) and closed with a septum (total volume: 
86 ml). The dark red-brown solution of [1](PF6)2 was added through the septum and the mixture was shaken 
thoroughly. The color turned to dark green upon dissolution of the cerium salt after shaking for a few seconds. 
After 5 h the solution had a dark brown color and after 17 h the solution again had the initial dark red-brown 
color. 24 ml of the gaseous phase were extracted by a gas-tight syringe and bubbled very slowly through a red 
d8-THF solution of IrCl(PEt3)3 (55 mM, 2.0 ml, 0.11 mmol). No color change occurred during and after the 
bubbling of the gaseous phase, indicating that no oxygen was present in the gaseous phase. The measurement 
was made under normal laboratory light conditions (mixture of artificial light and sunlight passing through the 
window). 
 
For the calculation the following assumptions were made: 
 
1) [1]3+ reacts quantitatively with water according to the equation 1. This assumption is reasonable because after 
oxidation the MLCT band regained 88% of its initial intensity. 
 
2) The equilibrium between O2 in the gas phase and in solution is totally on the side of the gas phase. This is 
reasonable due to literature known solubilities of O2 in CH3CN at 25 °C which amount to 8.1 mM O2 at 1 atm 
(O2 atmosphere) and 2.4 mM O2 at 1 atm (air atmosphere).[71,72] 
 
3) The mixing of Ar and O2 is ideal. This assumption is surely wrong due to different densities of Ar and O2 
(ρ273K(Ar) = 1.78 kg m–3, ρ273K(O2) = 1.43 kg m–3). However, gas samples from the top of the reaction vessels 
were used for the attempted oxygen detection. The detected value for the O2 concentration would then be an 
overestimation of the O2 content. 
 
4) The oxidative addition of O2 by IrCl(PEt3)3 is quantitative. To ensure this the gas sample was bubbled very 
slowly through the solution of IrCl(PEt3)3. The reaction equation is: IrCl(PEt3)3 + O2 → IrCl(O2)(PEt3)3. 
 
(NH4)2[Ce(NO3)6] is the limiting factor and its amount is n(Ce) = 0.104 mmol. According to the equation 
"2 H2O → O2 + 4 H+ + 4 e–" four electrons are produced per molecule O2. The reduction of [1]3+ requires one 
electron. Hence, the total amount of O2 is n(O2, total) = ¼ × nCe = 0.026 mmol which corresponds to a volume of 
V(O2, total) = n(O2, total) × 22.4 l mol–1 = 0.58 ml. A sample of V1 = 24 ml was taken out of the gas phase 
through the septum by a syringe. The total volume of the gas phase was V(gas phase) = 76 ml. This should 
correspond to maximum theoretical O2 amount of n(O2 in V1) = n(O2, total) × V1 × [V(gas phase)]–1 = 
8.2 × 10  3 mmol.  
A d8-THF solution of IrCl(PEt3)3 (55 mM) was prepared (see the Supporting Information). An NMR tube was 
filled with 2.0 ml of the IrCl(PEt3)3 solution and the sample was bubbled very slowly through the solution. 
31P-NMR spectra of the sample solution and of a blind sample (without cerium salt) were measured and the 
integrals Ix (x = 1 – 4, see Figure S9 of the Supporting Information) of the four relevant 31P resonances were 
determined.  
 
The amount of produced O2 was calculated by the following procedure: 
 
݊ሺOଶሻ ൌ Δ݊ሺIrClሺPEtଷሻଷሻ ൌ 	݊ୱୟ୫୮୪ୣሺIrClሺPEtଷሻଷሻ	–	݊ୠ୪୧୬ୢሺIrClሺPEtଷሻଷሻ	  
 

݊ሺOଶሻ ൌ ݊ሺtotal	amount	of	Irሻ ൈ	൤
ூభ,౩౗ౣ౦ౢ౛ାூమ,౩౗ౣ౦ౢ౛

ூభ,౩౗ౣ౦ౢ౛ାூమ,౩౗ౣ౦ౢ౛ାூయ,౩౗ౣ౦ౢ౛ାூర,౩౗ౣ౦ౢ౛
–

ூభ,ౘౢ౟౤ౚାூమ,ౘౢ౟౤ౚ
ூభ,ౘౢ౟౤ౚାூమ,ౘౢ౟౤ౚାூయ,ౘౢ౟౤ౚାூర,ౘౢ౟౤ౚ

൨  

 

݊ሺOଶሻ ൌ 1.1 ൈ 10–ସ	mmol ൈ	ቂ
଴.ଽ଺଼ାଶ.଴଴଴

଴.ଽ଺଼ାଶ.଴଴଴ା଴.଴଻଻ା଴.ଵସସ
–

଴.ଽ଻ହାଶ.଴଴଴

଴.ଽ଻ହାଶ.଴଴଴ା଴.଴଻ଶା଴.ଵସ଴
ቃ  
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݊ሺOଶሻ ൌ 3.1 ൈ 10–଻	mmol 
 
Thus, the experimental amount of produced O2 was n(O2) = 3.1 × 10–7 mmol. This corresponds to 0.0037% of 
the expected amount. Within the experimental error no oxygen was detected. In a positive sample 0.4 ml air 
(3.8 × 10–3 mmol O2) were bubbled very slowly in an Ar atmosphere through a d8-THF solution of IrCl(PEt3)3 
(55 mM, 0.7 ml, 39 µmol). The full conversion of IrCl(PEt3)3 into its oxygen adduct IrCl(O2)(PEt3)3 was 
observed via 31P-NMR spectra. 
 
Oxidation 8. The amount of produced O2 was also measured with a ZrO2-based sensor. The oxidation was 
performed exactly as described above (Oxidation 7) but in a reaction vessel with a total volume of 41 ml (instead 
of 86 ml) equipped with a septum, i.e. the volume of the gas phase was V1 = 31 ml. After 17 h a sample with 
V2 = 12 ml was taken out of the gas phase by a syringe and injected into a reaction vessel which had a volume of 
V3 = 81 ml. The theoretical amount of generated O2 is again V(O2, total) = 5.8 ml. 
 
 The theoretical maximum concentration of produced O2 is (with the same assumptions as for Oxidation 7): 
 

ܿሺOଶሻ ൌ
୚ሺ୓మ,୲୭୲ୟ୪ሻ

୚భ
	ൈ 	

୚మ
୚య
	ൈ 	10଺	ppm	 ൌ

ହ.଼	୫୪

ଷଵ	୫୪
	ൈ 	

ଵଶ	୫୪

଼ଵ	୫୪
	ൈ 	10଺	ppm ൌ 2782	ppm	  

 
The experimentally determined concentration of produced O2 was 0.6 ± 1.0 ppm. In a blind sample (without 
cerium salt) the concentration of produced O2 was 1.5 ± 1.0 ppm. Again within experimental error no oxygen 
was detected. 
 
Oxidation 9. A solvent mixture of 0.5 M TFA in H2O:CH3CN (1:200) was used. A solution of [1](PF6)2 
(2.95 × 10–4 M, 1.0 ml) was prepared and a solution of (NH4)2[Ce(NO3)6] (8.19 × 10–3 M, 72 µl, 2.0 equiv) was 
added. The orange solution of [1](PF6)2 immediately turned green after addition of the (NH4)2[Ce(NO3)6] 
solution. Within 2 days the color of the solution turned back to orange. 
 
Oxidation 10. A solvent mixture of 0.5 M HNO3 in H2O was used. A solution of [1](PF6)2 (8.00 × 10–4 M, 
1.5 ml) was prepared and a solution of (NH4)2[Ce(NO3)6] (1.51 × 10–2 M, 159 µl, 2.0 equiv) was added. The 
orange solution of [1](PF6)2 immediately turned green after addition of the (NH4)2[Ce(NO3)6] solution. Within 
2 days the color of the solution turned back to orange. 
 
Oxidation 11. A solvent mixture of 0.1 M H2SO4 in H2O was used. A solution of [1](PF6)2 (1.1 × 10–3 M, 1.0 ml) 
was prepared and a solution of Ce(SO4)2 • 4 H2O (16 mM, 1.34 ml, 2.0 equiv) was added. The orange solution of 
[1](PF6)2 immediately turned green after addition of the Ce(SO4)2 • 4 H2O solution. Within 2 days the color of 
the solution turned back to orange. 
 
Oxidation 12. A solvent mixture of 0.11 M H2SO4 in H2O:CH3CN (15:85) was used. A solution of [1](PF6)2 
(9.69 × 10–5 M, 5 ml) was prepared and a solution of (NH4)2[Ce(NO3)6] (1.70 × 10–3 M, 0.314 ml, 1.1 equiv) was 
added. The orange solution of [1](PF6)2 immediately turned green after the addition of the (NH4)2[Ce(NO3)6] 
solution. The freshly oxidized solution was filled into a 2 mm quartz cuvette and treated with UV light (Benda, 
NU-4 KL, 0.18 W, λemiss = 254 and 366 nm) and UV/Vis spectra were recorded. In a reference experiment the 
cuvette with the reaction mixture was kept in the dark. 
 
Oxidation 13. A solvent mixture of 0.11 M H2SO4 in H2O:CH3CN (15:85) was used. A solution of [1](PF6)2 
(9.69 × 10–5 M, 0.5 ml) was prepared and a solution of (NH4)2[Ce(NO3)6] (2.56 M, 33 µl, 1.3 equiv) was added. 
The orange solution of [1](PF6)2 immediately turned green after addition of the (NH4)2[Ce(NO3)6] solution. The 
freshly oxidized solution was filled into a 2 mm quartz cuvette and treated with UV light (Benda, NU-4 KL, 
0.18 W, λexc = 254 and 366 nm) for 10 min. Then a second portion of the same CeIV solution (2.56 M, 33 µl, 
1.3 equiv) was added and again the solution was treated with UV light for 10 min. The procedure was repeated 
until five portions of CeIV and five periods of UV light treatments were conducted. UV/Vis spectra were 
recorded before, freshly after addition of CeIV and after treatment with UV light. 
 
Oxidation 14. A solvent mixture of 0.5 M TFA in H2O was used. A solution of [1](PF6)2 (1.10 × 10–4 M, 3.0 ml) 
was prepared and a solution of (NH4)2[Ce(NO3)6] (6.09 × 10–3 M, 109 µl, 2.0 equiv) was added. The orange 
solution of [1](PF6)2 immediately turned green after addition of the (NH4)2[Ce(NO3)6] solution. The freshly 
oxidized solution was filled into a 10 mm quartz cuvette and exposed to standard fume hood light conditions. In 
a reference experiment the cuvette with the reaction mixture was kept in the dark. 
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a b s t r a c t

Two redox-asymmetric amide-bridged bis(terpyridine)ruthenium(II) complexes (3a, 3b) have been pre-
pared by amide coupling of a carboxylic acid functionalized complex with an amine substituted complex
and they were fully characterized by spectroscopic analyses. They emit at 692 and 750 nm at room tem-
perature in fluid solution with quantum yields larger than 10�3 and 3MLCT lifetimes of 22 ns. Ru���Ru dis-
tances were estimated from DFT models as 17.7 and 13.4 Å for 3a and 3b, respectively. Cyclic
voltammetry gives two oxidation potentials for the differently substituted ruthenium sites with splittings
of 0.10 and 0.23 V for 3a and 3b, respectively. Oxidation of 3b with CeIV ions gives the corresponding
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,52] (229 mg, 0.98 mmol) was
nder reflux for 2 h. After the
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Scheme 3. N-Acylation of ruthenium amino a
acid 1b–2a [46] and 2b and Boc protection of 1a
assignments.

no-tris(dimethylamino)-phosphorane.
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2.1. General procedures

Chemicals were obtained from
without further purification. Bis(t
plexes 1a, 1b [9] and 2a [46] were
py-C6H4–COOH)(tBu3tpy)](PF6)2 ha
across an amide linkage is
)ruthenium complexes. We
idged bis(terpyridine)ruthe-
para-phenylene spacer (3a)
cers (3b) in addition to the
c starting point is the bis

1b and its ethyl ester 1a
is expected to disrupt any

e D case (Scheme 2), while
ther planar. For comparison

mononuclear N-acetyl pro-
mino acid 2b and its ethyl
with the N-Boc protected

carboxylate 2c as versatile
ruction of dinuclear amide
omplexes.

mercial suppliers and used
yridine)ruthenium(II) com-
thesized as reported. [Ru(t-
een prepared by Prof. Dr.

mined by comparing the areas und
energy scale [cm�1] recorded for
the samples and the reference {/([
[48]; experimental uncertainty 15%
determined on a PicoQuant FluoTi
photon counting unit. Criteria for
v2; experimental uncertainty 10%.
were carried out with the GAUSSIAN0
The B3LYP formulation of densit
employing the LanL2DZ basis set [4
terized as minima by frequency an
constraints were imposed on the m

2.2. Synthesis of 2b

Acid 1b (150 mg, 0.16 mmol) w
(20 mL) and the solution was hea
cooling to room temperature and r
the residue was dissolved in aceton
cipitated by the addition of dieth
lected by filtration, dissolved in h
the addition of NH4PF6 (78 mg, 0.
product was collected by filtration
red powder. Yield 51% (80 m
C33H25N7O3RuP2F12 (958.60)�4H2O
Found: C, 38.63; H, 3.13; N, 9.68%
[M+PF6]+. 1H NMR (CD3CN, 200 M
(s, 2H, H2), 8.96 (s, 2H, H20), 8.64
(d, 3JHH = 8.0 Hz, 2H, H50), 7.86–
3JHH = 5.2 Hz, 2H, H8), 7.19–7.28
3JHH = 6.6 Hz, 4JHH = 1.20 Hz, 2H, H
(CD3CN, 50 MHz): d = 159.4, 159.
154.4 (s, C80), 154.0 (s, C8), 154.4
C6), 137.0 (s, C1), 129.4 (s, C7), 12
(s, C50), 124.6 (s, C2), 114.5 (s, C20),
were not observed. IR (CsI): m = 3
2936 (CHalkyl), 1711 (C@O), 1689 (
(C@N, C@C), 1246 (C–O), 841 (PF)

2.3. Synthesis of 2c

Ester 1a (200 mg, 0.21 mmol)
(231 mg, 1.06 mmol) were dissolv
and phosphazene base P1-tBu1 [51
added. The solution was heated u

(PF6)2

(PF6)

N
O

O

H

NH2

1'
2'

5'

9'

c

ase, 82°C, 2 h
°C, 2 h

cid ester 1a and ruthenium amino
–2c and atom numbering for NMR

1 Phosphazene base P1-tBu = tert-butylimi



addition of water (5 mL) the mixture was heated under reflux for
2 h. After cooling to room temperature and removal of the solvent
in vacuo the residue was dissolved in acetonitrile and the product
was precipitated by the addition of diethyl ether. The product was
collected by filtration, dissolved in water and precipitated by the
addition of NH4PF6 (78 mg, 0.48 mmol) in water (1 ml). The prod-
uct was collected by filtration and dried in vacuo to give a red pow-
der. Yield 93% (172 mg, 0.20 mmol). Anal. Calc. C36H30N7O4RuPF6

(870.70)�4H2O: C, 45.86; H, 4.06; N, 10.40. Found: C, 45.99; H,
4.16; N, 10.71%. MS (FAB+): m/z (%) = 726 (8) [M]+. 1H NMR (CD3CN,
200 MHz): d = 10.30 (s, 1H, NH), 9.32 (s, 2H, H2), 9.26 (s, 2H, H20),
8.61 (d, 3JHH = 8.0 Hz, 2H, H5), 8.52 (d, 3JHH = 8.0 Hz, 2H, H50),
7.86–7.93 (m, 4H, H6,60), 7.44 (d, 3JHH = 5.5 Hz, 2H, H8), 7.37 (d,
3JHH = 5.5 Hz, 2H, H80), 7.11–7.19 (m, 4H, H7,70), 1.68 (s, 9H, CH3).
13C NMR (CD3CN, 50 MHz): d = 167.0 (s, COO), 158.8 (s, C3), 158.5
(s, C30), 156.5 (s, C4), 155.6 (s, C40), 153.3 (s, COBoc), 153.2 (s, C80),
152.8 (s, C8), 148.4 (s, C1), 143.7 (s, C10), 138.7 (s, C60), 138.4 (s,
C6), 128.0 (s, C7), 127.9 (s, C70), 125.1 (s, C2), 124.6 (s, C5), 123.8

50 20
q

Boc

, 2
, 15

PF6

mg,
red
id. 1
0.9
olu

nd
ho

l) w
uct

2Cl2 and drying in vacuo gave
25
O:
8%.
. 1H

d = 10.07 (s, 1H, NH), 9.33 (s, 2H, H20), 9.21 (s, 2H, H20 0), 9.11 (s,
2H, H2), 8.81 (s, 2H, H20 0 0), 8.63–8.70 (m, 4H, H50 0, H5), 8.41–8.52
(m, 8H, H50, H50 0 0, H100 0, H110 0), 7.97–7.99 (m, 6H, H6, H60, H60 0), 7.53
(d, 3JHH = 5.0 Hz, 2H, H8), 7.25–7.31 (m, 10H, H7, H70 0, H80, H80 0,
H80 0 0), 7.15–7.22 (m, 4H, H70, H70 0 0), 4.64 (q, 3JHH = 6.8 Hz, 2H, CH2),
1.77 (s, 9H, CH3

0
), 1.59 (t, 3JHH = 6.8 Hz, 3H, CH3), 1.33 (s, 18H,

CH3
0 0
). 13C NMR (CD3CN, 50 MHz): d = 166.8 (s, CONH), 164.5 (s,

COOEt), 163.5 (s, C120 0), 162.0 (s, C90), 158.6, 158.5, 158.3, 158.1,
156.6, 156.3, 155.5, 155.3 (8 s, C3,30 ,30 0 ,30 0 0 ,4,40 ,40 0 ,40 0 0), 153.3, 152.8,
152.7, 152.2 (4 s, C8,80 ,80 0 ,80 0 0), 147.6 (s, C10), 146.4 (s, C10 0), 141.6 (s,
C1), 138.9, 138.6, 138.3 (3 s, C6,60 ,60 0), 136.7 (s, C10 0 0), 135.3 (s, C60 0 0),
129.7, 128.7, 128.3, 128.0 (4 s, C7,70 ,70 0 ,70 0 0), 125.3, 125.0, 124.9,
124.7 (4 s, C5,50 ,50 0 ,50 0 0), 123.2 (s, C2), 122.4 (s, C20 0), 122.2, 121.7 (2
s, C100 0 ,110 0), 114.3 (2C) (s, C20 ,20 0 0), 63.3 (s, CH2), 36.8 (s, Cq

0
), 35.7 (s,

Cq
0 0
), 30.6 (s, CH3

0
), 29.9 (s, CH3

0 0
), 14.9 (s, CH3). IR (CsI): m = 3453

(OH, NH), 3076 (CHaryl), 2968 (CHalkyl), 1689 (C@O, amide I),
1612 (C@N, C@C), 1526 (amide II), 1255 (C–O), 841 (PF) cm�1.

11 mmol) and PyBOP (72 mg,
tonitrile (15 mL) and stirred at
ctivate the carboxylic acid. 1a

hazene base P1-tBu (229 mg,
ile (5 mL) were added and the
or 2 h. Water (5 mL) was added
reflux for further 2 h. After cool-
nts were removed in vacuo and
etonitrile (2 mL). Acetic acid
t was precipitated by the addi-
was collected by filtration and

to give a red powder. Yield
l. Calc. C62H44N14O3Ru2P4F24

; N, 10.47. Found: C, 41.53; H,
(%) = 309.0 (100) [M]4+, 411.6

(94) [M�H] . H NMR (CD3CN, 200 MHz): d = 11.30 (s, 1H, NH),
20 20 0), 9.24 (s, 2H, H2), 8.77 (d,

JHH = 7.8 Hz, 2H, H5), 8.61 (d,
H = 7.8 Hz, 2H, H50 0 0), 7.86–8.07
7.65 (d, 3JHH = 7.2 Hz, 2H, H8),
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Scheme 4. Amide coupling of amino acid ester 1a and [Ru(tpy-C6H4–COOH)(tBu3tpy)](PF6)2 to 3a and atom numbering for NMR assignments.
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(s, C ), 112.7 (s, C ), 82.7 (s, C
m = 3431 (OH, NH), 3094 (CHaryl)
1651 (amide I), 1564 (C@N, C@C)
843 (PF) cm�1.

2.4. Synthesis of 3a

[Ru(tpy-C6H4–COOH)(tBu3tpy)](
(46 mg, 0.22 mmol) and HOBt (30
in dry acetonitrile (15 mL) and stir
ature to activate the carboxylic ac
phosphazene base P1-tBu (229 mg,
nitrile (5 mL) were added and the s
solution was filtered over Celite a
vacuo. The residue was dissolved in
(78 mg, 0.48 mmol) in water (1 m
excess water the precipitated prod
Recrystallization from ethanol/CH
3a as a red powder. Yield 46% (1
C82H75N13O3Ru2P4F24 (2072.56)�H2

Found: C, 46.99; H, 3.71; N, 8.8
(100) [M�H]3+, 373.4 (18) [M]4+
68
), 28.0 (s, CH3). IR (CsI):
980 (CHalkyl), 1722 (C@O),
28 (amide II), 1249 (C–O),

)2 (150 mg, 0.13 mmol), DCC
0.22 mmol) were dissolved

for 45 min at room temper-
a (140 mg, 0.15 mmol) and
8 mmol) dissolved in aceto-
tion was stirred for 8 h. The

the solvent was removed in
t ethanol (5 mL) and NH4PF6

as added. After addition of
was collected by filtration.

2.5. Synthesis of 3b

Boc protected 2c (100 mg, 0.
0.14 mmol) were dissolved in ace
room temperature for 45 min to a
(109 mg, 0.12 mmol) and phosp
0.98 mmol) dissolved in acetonitr
solution was heated under reflux f
and the mixture was heated under
ing to room temperature the solve
the residue was dissolved in ac
(0.5 mL) was added and the produc
tion of excess water. The product
recrystallized from acetone/water
82% (170 mg, 0.09 mmol). Ana
(1815.10)�C3H6O: C, 41.68; H, 2.69
2.85; N, 10.22%. MS (ESI+): m/z

3+ 1
mg, 0.06 mmol). Anal. Calc.
C, 47.11; H, 3.71; N, 8.71.
MS (ESI+): m/z (%) = 497.5

NMR (CD3CN, 200 MHz):

9.51 (s, 2H, H ), 9.45 (s, 2H, H
3JHH = 7.8 Hz, 2H, H50 0), 8.69 (d, 3

3JHH = 7.8 Hz, 2H, H50), 8.33 (d, 3JH

(m, 10H, H20 0 0, H6, H60, H60 0, H60 0 0),



7.57 (ddd, 3JHH = 5.2 Hz, 4JHH = 1.20 Hz, 2H, H80 0), 7.29–7.37 (m, 8H,
H7, H70 0, H80, H80 0 0), 7.08–7.22 (m, 2H, H70, H70 0 0), 5.83 (bs, 2H, NH2).
13C NMR (CD3CN, 50 MHz): d = 165.0 (s, COOH), 159.4, 159.0,
158.8, 158.7, 158.1, 157.4, 156.3, 155.0 (8 s, C3,30 ,30 0 ,30 0 0 ,4,40 ,40 0 ,40 0 0),
157.1 (s, C10 0), 153.8 (s, C80), 153.7 (s, C80 0 0), 153.4 (s, C80 0), 153.2 (s,
C8), 147.9 (s, C10), 139.4, 139.2, 139.2, 138.8 (4 s, C6,60 ,60 0 ,60 0 0), 138.9
(s, C1), 137.3 (s, C10 0 0), 128.9, 128.8, 128.6, 128.0 (4 s, C7,70 ,70 0 ,70 0 0),
125.9, 125.6, 125.5, 124.9 (4 s, C5,50 ,50 0 ,50 0 0), 124.0 (s, C2), 122.6 (s,
C20 0), 115.3 (s, C20), 109.7 (s, C20 0 0), CONH not observed. IR (CsI):
m = 3458 (OH, NH), 3077 (CHaryl), 1687 (C@O, amide I), 1562
(C@N, C@C), 1526 (amide II), 1245 (C–O), 838 (PF) cm�1.

2.6. Oxidation of 1b

A solution of 1b (3.9 � 10�5 M) was titrated stepwise with a
solution of (NH4)2Ce(NO3)6 (4.1 � 10�3 M). A solution of trifluoro-

acetic acid in acetonitrile (0.5 M) was used as solvent. During titra-
tion the colour of the solution turned from orange to yellow and
finally to green. UV/Vis spectra revealed a decreasing band (MLCT)
at 500 nm, an increasing band at 729 nm (LMCT) and isosbestic
points at 432 und 578 nm.

2.7. Oxidation of 3a

A solution of 3a (1.5 � 10�5 M) was titrated stepwise with a
solution of (NH4)2Ce(NO3)6 (1.8 � 10�3 M). A solution of trifluoro-
acetic acid in acetonitrile (0.5 M) was used as solvent. During titra-
tion the colour of the solution turned from orange to yellowish
brown. UV/Vis spectra revealed a decreasing band (MLCT) at
492 nm, an increasing band at 705 nm (shoulder, LMCT) and isos-
bestic points at 418 und 574 nm.
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Scheme 5. Amide coupling of amino acid ester 1a and and Boc protected 2c to give fully deprotected 3b and atom numbering for NMR assignments.

Fig. 1. Partial CH-COSY spectrum of 3a in CD3CN.
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2.8. Oxidation of 3b

A solution of 3b (2.0 � 10�5 M) w
solution of (NH4)2Ce(NO3)6 (2.4 � 10�

acetic acid in acetonitrile (0.5 M) was u
tion the colour of the solution turne
brown. UV/Vis spectra revealed a d
504 nm, an increasing band at 733
points at 436 und 583 nm.

3. Results and discussion

3.1. Syntheses of mono- and dinuclear amides

One challenge when using ruthenium amino acid 1b or its ester
1a in amide coupling reactions is the extremely poor nucleophilic-
ity of the pyridylamine coordinated to the cationic ruthenium(II)
center. We have tackled this problem by using a strong base to
deprotonate the NH2 group [9] or by employing highly reactive
acid chlorides as acylating agents [18]. The mononuclear N-acetyl
derivatives 2b and 2a [46] were prepared by acylation of the amino
acid 1b and its ester 1a, respectively. The latter is acylated using
acetic anhydride and activation of the unreactive amino group of
1a by the phosphazene base P1-tBu (tert-butylimino-tris(dimethyl-
amino)-phosphorane) [51,52] in 96% isolated yield [46] while ami-
no acid 1b is acyclated by acetyl chloride in 51% isolated yield
(Scheme 3). The Boc protected derivative 2c is prepared by activa-
tion of 1a with P1-tBu and reaction with Boc2O (di-tert-butyl dicar-

bly result in hydrolysis of the
e conditions water was added
step and the carboxylate deriv-

nd high purity (Scheme 3). 2c is
the construction of dinuclear
e Boc group is compatible with
ong bases.
as the amine part and a COOH-

enium(II) complex without any
no protection groups are neces-
[Ru(tpy-C6H4–COOH)(tBu3tpy)]
ert-butyl-2,20:60,20 0-terpyridine)
a with P1-tBu and activation of

Fig. 2. 1H NMR spectrum of 3b in CD3CN (b
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3 M). A solution of trifluoro-
sed as solvent. During titra-

d from orange to yellowish
ecreasing band (MLCT) at
nm (LMCT) and isosbestic

bonate). As traces of water inevita
ester function under these alkalin
on purpose after the Boc protection
ative 2c was isolated in 93% yield a
an excellent starting material for
ruthenium complexes from 1b as th
the activation of NH2 groups by str

When using amino acid ester 1a
functionalized bis(terpyridine)ruth
further NH2 group as the acid part
sary. Thus, coupling of 1a with
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is accomplished by activation of 1

ottom); aromatic region (top).
Fig. 3. ESI+ mass spectrum of 3b and isotopic pattern of relevant peaks.



the acid by DCC/HOBt (DCC = N,N0-dicyclohexylcarbodiimide,
HOBt = 1-hydroxybenzotriazole) to give dinuclear 3a in 46% iso-
lated yield (Scheme 4).

More challenging is the amide coupling of 1a and 2c. Activation
of the carboxylate group of 2c as b
slightly acidic conditions when using
tocol but these conditions would resu
ever, installing an acid-stable but
(Fmoc = fluorenylmethoxycarbonyl) in
as the coupling conditions with 1a
dilemma is circumvented by using

oxy-tris-pyrrolidino-phosphonium hexafluorophosphate) as the
carboxylate activating agent for 2c as PyBOP is compatible with
the carboxylate group (Scheme 5). Thus the amino group of 1a is
activated by P1-tBu and the carboxylate group of 2c is activated
by PyBOP to give a fully protected dinuclear complex. Addition of
water hydrolyzes the ester of the dinuclear complex and acidificat-
ion with acetic acid removes the Boc group giving fully deprotected
3b in 82% overall yield (Scheme 5).

3.2. Characterization of mono- and dinuclear amides

The successful amide coupling reactions yielding the mononu-
clear complexes 2a–2c are easily evidenced in the proton NMR
spectra of the acetyl derivatives 2a and 2b as the resonances of
the protons H20 are significantly shifted to lower field by about
one ppm as compared to those of the starting materials 1a/1b [9]
(see Scheme 3 for atom numbering). The amide protons of 2a/2b
resonate around d = 9.4 ppm and the protons of the methyl group

cted derivative 2c is character-
ce at d = 10.30 ppm, the signal
= 1.68 ppm and the downfield
9.26 ppm. All other proton res-

cal shifts. In these mononuclear
are easily assigned by CH-
ion 2). The FAB+ mass spectra

Table 1
Optical properties of mononuclear 2a, 2b, 2c and dinuclear 3a and 3b in CH3CN at
room temperature.

Abs: kmax (nm)
(e/M�1 cm�1)

Emission:
kmax (nm)

U/�104 s/ns (%)a

2a 491 (21 600) [46] 690 [46] 16 [46] 21.7 (100) [46]
2b 493 (22 210) 699 13 21.3 (95) 4.1 (5)
2c 489 (19 990) 699 1.0 20.9 (92) 1.1 (8)
3a 496 (46 550) 692 14 21.6 (100)
3b 522 (50 620) 750 16 22.4 (99) 1.8 (1)

a kexc = 500 nm.

Fig. 5. Cyclic voltammogram of 3b in CH3CN/nBu4NPF6.

Fig. 6. UV/Vis/NIR spectra of 1b during oxidation with CeIV in 0.5 M TFA/CH3CN.

Fig. 4. Absorption spectra (top) and emission spectra (bottom) of 3a and 3b in
CH3CN at room temperature.

Table 2
Electrochemical data of 2a, 2c, 3a and 3b in nBu4NPF6/CH3CN at room temperature.

Eox
a (V) Ep,red

a,b (V)

2a 1.25 �1.15; �1.73
2c 1.27 �1.39; �1.66
3a 1.18; 1.28 �1.11; �1.24; �1.57; �1.87
3b 1.06; 1.29 �1.10; �1.32; �1.53

a vs. SCE; E½(FcH/FcH+) = 0.38 V.
b Pseudoreversible or irreversible reductions; peak potential given.
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the standard DCC/HOBt pro-
lt in Boc deprotection. How-

base-labile Fmoc group
stead of Boc is prohibited

require a strong base. This
PyBOP (benzotriazole-1-yl-

H90 at d = 2.37 ppm. The Boc prote
ized by the carbamate NH resonan
of the tert-butyl protons H90 at d
shifted H20 proton resonances at d =
onances are found at typical chemi
complexes the 13C resonances
correlation spectroscopy (see Sect



of 2b and 2c show peaks for the compounds devoid of one hexa-
fluorophosphate counter ion (see Section 2). As the complexes
2a–2c tend to adsorb water (see Section 2) the IR spectra are little
informative concerning characteristic NH stretching frequencies.
However, characteristic group frequencies are observed for CHaryl,
CHalkyl, C@O, amide I, amide II, C–O and P–F stretching vibrations
of 2b and 2c (see Section 2).

As expected the 1H NMR spectra of the dinuclear species 3a and
3b are somewhat more complicated and many multiplet signals
are overlapping. However, 2D correlation spectroscopy allowed
assigning all signal groups (Figs. 1 and 2). The amide resonances
are found at d = 10.07 ppm (3a) and d = 11.30 ppm (3b) and the
characteristic H20 resonances are observed at d = 9.33 ppm (3a)
and d = 9.51 ppm (3b). In the high field region 3a shows the ex-
pected triplet/quartet pattern for the ethyl ester at d = 1.59 ppm
and d = 4.64 ppm as well as the singlet
tert-butyl groups of the terpyridine
d = 1.33 ppm. The amine protons of fu

inu
qua
wit
0.2

e p

esen
e o

nat
2)

3.3. Optical and redox properties of mono- and dinuclear amides

The mononuclear bis(terpyridine)ruthenium(II) complexes 2a–
2c display the expected 1MLCT absorption band at around
kmax = 490 nm (e � 20 000 M�1 cm�1) slightly hypsochromically
shifted relative to the maximum of the amino acid 1b and its ester
1a [9,46]. For the dinuclear complexes 3a and 3b the extinction
coefficients are more than twice as large (Table 1, Fig. 4). For 3b
a significant bathochromic shift of the 1MLCT absorption band to
kmax = 522 nm is noted, together with a strong hyperchromic effect
(Table 1). Thus, the optical properties of 3b appear not as a simple
superposition of individual spectra (e.g. of amide 2b and ester 1a).
A straightforward explanation would be a cooperative effect of the
electron donating character of the NH2 group paired with the
strong electron accepting character of the amide linked cationic
bis(terpyridine)ruthenium(II) moiety (push–pull chromophore).
In 3a the electron donating effect of tert-butyl substituents is
weaker than that of an NH2 group and the electron accepting effect

2+ s attenuated by the additional
in unremarkable absorption

Ru]2+ complex all compounds 2
ission around kmax � 700 nm in
r–acceptor substitution pattern

bathochromically shifted to
absorption maximum (Table 1,
ilar quantum yields (except for
able 1) and 3MLCT excited state
c acids and carboxylate com-
ntial decay is observed which
al deactivation pathway to a
state proton transfer [54,55].

observed consistently in several
derivatives of bis(terpyridine)

ononuclear 2a and 2c (the poor
recording of reliable CVs) show
uples at ca. 1.26 V versus SCE,
]. Two couples (pseudorevers-

o terpyridine reductions (Table
nd 3b can be oxidized twice
ound 1.1 V versus SCE and sec-
E. The difference in oxidation
for 3b) can be largely ascribed
and is not necessarily a sign of

ostatic interaction of the metal
ication of the redox sites in 3b

f the investigation and spectro-
s were performed.

Fig. 7. UV/Vis/NIR spectra of 3b during oxidation with CeIV in 0.5 M TFA/CH3CN.

ame
For
erre

Fig. 9. Relevant DFT calculated metrical parameters of a model of 3b (red) and [3b]+

(green, in parentheses) (distances in Å). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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at d = 5.83 ppm.
The ESI + mass spectra of the d

display signals corresponding to
and triply charged [M�H]3+ ions
and signal spacings of D(m/z) =
z) = 0.33 (trication) confirming th
(Fig. 3).

IR spectroscopy confirms the pr
3a (ethyl, tert-butyl) and the absenc
deprotected 3b. Characteristic sig
groups (CO, amide, PF; see Section
stitution of 3a and 3b.

Fig. 8. Relevant DFT calculated metrical par
(green, in parentheses) (distances in Å). (
colour in this figure legend, the reader is ref
72
resonances for the different
ligand at d = 1.77 ppm and
lly deprotected 3b resonate

clear complexes 3a and 3b
druply charged [M]4+ ions
h correct isotopic patterns
5 (tetracation) and D(m/
roduct identity and purity

ce of aliphatic CH groups in
f aliphatic CH groups in fully
ures of expected functional
further corroborate the con-

of the attached [Ru(tpy)2] unit i
para-phenylene spacer resulting
properties.

In contrast to the parent [(tpy)2

and 3 show room temperature em
CH3CN due to the favorable dono
[46,53]. The emission of 3b is
750 nm parallel to its low-energy
Fig. 4). All compounds feature sim
the carboxylate derivative 2c, see T
lifetimes s � 20 ns. For carboxyli
pounds 2b, 2c and 3b a biexpone
might be a result of an addition
non-emissive state, e.g. by excited
Biexponential rate laws have been
luminescent COOH substituted
ruthenium(II) complexes [12,18].

The cyclic voltammograms of m
solubility of the acid 2b prevented
very similar reversible RuII/RuIII co
similar to comparable systems [53
ible or irreversible) are assigned t
2). The dinuclear complexes 3a a
(Fig. 5) – first at a lower potential r
ondly at around 1.28 V versus SC
potentials (0.10 V for 3a and 0.23 V
to the different substitution pattern
electronic communication or electr
sites. However, electronic commun
cannot be excluded at this stage o
scopic and theoretical investigation

ters of a model of 3a (red) and [3a]+

interpretation of the references to
d to the web version of this article.)



3.4. Oxidation to mixed-valent cations

In order to elucidate a possible electronic communication be-
tween ruthenium centers 3b was titrated with diammonium ceriu-
m(IV) hexanitrate (NH4)2Ce(NO3)6 in 0.5 M TFA/CH3CN solution.
The potential of CeIV could be sufficient for the oxidation of RuII

depending on the solvent employed (E½(HClO4) = 1.3 V, E½(H2O) =
0.88 V versus FcH/FcH+) [56]. For comparison the acetylated
derivative 2b and the amino acid 1b were also treated with CeIV

under the same conditions. The extremely weak basic amine
function of 1b is not protonated under these conditions [9]. In
order to observe possible IVCT bands UV/Vis/NIR spectra were
recorded during oxidation.

The N-acetylated derivative 2b is resistant towards oxidation
with CeIV under these conditions as its MLCT absorption band
(kmax = 492 nm) remains unchanged upon addition of up to 7.2
equivalents CeIV and no new bands arise.

The amino acid 1b, however, is oxidized by CeIV ions to the cor-
III [1b +

�1)
M�

and
tio
slo
in

ctio
he
ds
clea

in
LC

1 (
1 c
58

does not further change the spectrum. Thus, the data supports the
interpretation that the tetracation of 3b is oxidized to the mixed-
valent pentacation [3b]+ by CeIV. No bands assignable to intervalence
charge transfer bands (IVCT) are observed up to 3000 nm for [3b]+.
The UV/Vis/NIR data allow us to describe the mixed-valent cation
[3b]+ as largely localized system (Class I) as no IVCT could be
observed. The valence trapping is likely due to the quite substantial
redox asymmetry at the N- and C-terminal site (estimated as 0.15–
0.20 V from mononuclear model compounds).

Similarly, 3a has been oxidized to [3a]+ by CeIV. During oxida-
tion isosbestic points are observed at 418 and 574 nm. The LMCT
band of [3a]+ is found at 705 nm together with a remaining MLCT
band at 492 nm, very similar to the observations made during the
3b ? [3b]+ oxidation. Up to 3000 nm no bands attributable to IVCT
have been observed also suggesting trapped valences in [3a]+.

3.5. Theoretical calculations

ctures of models of the dinucle-
were optimized at the B3LYP/

olecular structures are depicted
computational costs the alkyl

hyl groups) has been replaced
mplex. The Ru...Ru distance in-
n 3a due to the additional para-
show that the amide linker in
lso co-planar to both adjacent
n is principally possible. In 3a,
cer is twisted relative to the
ve to the pyridine plane by 35�
rlap (Fig. 8).

of 3a and 3b are depicted in
nd Fig. 10. The occupied ‘‘t2g’’
re well separated from the p⁄

Fig. 10. MO scheme of 3b (contour level 0.07 a.u.).
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responding green Ru complex
(kmax = 500 nm, e = 18 230 M�1 cm
band ([1b]+) at 729 nm (e = 6810
bestic points are observed at 432
to be done quite fast as the TFA solu
(within hours). The nature of this
products are currently investigated

The data show that the amino fun
1b can be oxidized by CeIV while t
nium complex 2b is resistant towar
pected that CeIV oxidizes the dinu
3b only once – namely at the N-term
in 0.5 M TFA solution decreases the M
from e = 52 690 to 35 350 M�1 cm�

LMCT band at 733 nm (e = 8720 M�

bestic points are observed at 436 and
] . The MLCT band of 1b
decays while a new LMCT
1 cm�1) rises (Fig. 6). Isos-
578 nm. The oxidation has

n of [1b]+ changes with time
w reaction of [1b]+ and the
greater detail.
nalized Ruthenium complex

amido functionalized Ruthe-
CeIV oxidation. Thus, it is ex-
r NH2 substituted complex

al end. Treating 3b with CeIV

T absorption band at 504 nm
now at 497 nm) and a new
m�1) rises (Fig. 7). Two isos-
3 nm. Addition of excess CeIV

The ground state geometric stru
ar complex tetracations 3a and 3b
LanL2DZ level and the calculated m
in Fig. 8 and 9. In order to save
periphery of 3a (tert-butyl and et
by hydrogen atoms in the model co
creases from 13.4 Å in 3b to 17.7 Å i
phenylene spacer. The calculations
3b is almost perfectly planar and a
pyridine rings so that p-conjugatio
however, the para-phenylene spa
amide plane by 17� and also relati
suggesting only poor p-orbital ove

The molecular orbital schemes
Fig. S1 (Supporting Information) a
orbitals of both ruthenium sites a



terpyridine orbitals in both dinuclear systems. The highest occu-
pied molecular orbital is centered on the C-terminal site for 3a
(see Supporting Information; MO 297-299) and on the N-terminal
site for 3b (MO 283, Fig. 10) suggesting differing sites of oxidation
for 3a and 3b. The participation of the nitrogen p-orbital in the
HOMO of amino-substituted ruthenium complex 1b has been pre-
viously suggested on the basis of Resonance Raman spectroscopic
results.[46] This feature is also seen here for 3b (MO 283,
Fig. 10). Fully analogous observations have been made for amino
substituted free-base porphyrins and zink(II) porphyrinato com-
plexes [57]. In order to clarify the site of oxidation (N-terminus,
C-terminus) open-shell calculations on the oxidized complexes
[3a]+ and [3b]+ have been performed.

No dramatic metrical changes are observed in the redox pairs 3a/
[3a]+ and 3b/[3b]+ (Figs. 8 and 9) which is within expectation for
RuII/III complexes with polypyridine ligands.[50] For the 3a/[3a]+

model some differences in Ru–N(py) distances are calculated at
the C-terminal site (from 2.008 to 2.035 Å) while for 3b/[3b]+ two

ina
o 1
1.3
1b

site
m c
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ign
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ctur
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ecti
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9.4 Light-induced Charge Separation in a Donor-Chromophore-Acceptor 

 Nanocomposite Poly[TPA-Ru(tpy)2]@ZnO 
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Light-induced charge separation in a
donor–chromophore–acceptor nanocomposite
poly[TPA-Ru(tpy)2]@ZnO†

Lisa zur Borg,a Anna L. Domanski,‡b Aaron Breivogel,‡c Mareike Bürger,a

Rüdiger Berger,b Katja Heinze*c and Rudolf Zentel*a

The synthesis and characterisation of a new donor–chromophore–acceptor system based on

poly(vinyltriphenylamine) as the electron donor and a glycine-functionalised bis(2,20;60,20 0-terpyridine)

ruthenium(II) complex acting both as a chromophore and as an anchor group attached to ZnO

nanorods as the electron acceptor are described. The TPA-containing block copolymer was synthesised

by Reversible Addition Fragmentation Chain Transfer (RAFT) polymerisation and the ruthenium complex

glycine conjugates prepared by Solid Phase Peptide Synthesis (SPPS) were attached via post-

polymerisation esterification. GPC, NMR, IR and UV-Visible spectroscopy were used to characterise the

multifunctional chromophore–donor polymer. Zinc oxide nanorods were functionalised with the block

nctionalised nanoparticles were
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charging of the inorganic nanoparticles and a positive charging
of the polymer corona were observed upon laser irradiation.14

However, a more proximate contact of the dye with the ZnO is
desirable for a more efficient electron injection.

Herein, we present the synthesis of a nanoscale donor–
chromophore–acceptor (D–C–A) system with a PTPA based
block copolymer carrying several directional bis(terpyridine)
ruthenium(II) side groups in the second block. A carboxyl group
is attached to each RuII dye which binds to the oxidic surface of
ZnO nanorods. This allows for a large amount of dyes in prox-
imity to the surface of the ZnO with the direct binding of the dye
to the acceptor being benecial for an efficient electron injec-
tion and charge separation. The TPA polymer acts as a hole
transporting matrix and the directional ruthenium complexes
act both as light harvesting units and as anchor groups. Upon
irradiation into the dye MLCT absorption band, charges are
created and separated, as proven by photoluminescence (PL)

s.

h
r

m
d
tr
a
r

n

KPFM measurements were performed at a MFP-3D stand-
alone setup (Asylum Research, Santa Barbara). In order to
prevent any degradation of the sample during the KPFM
measurements the setup was placed in a glove box that was
continuously purgedwith dry nitrogen (H2O < 0.1%, O2 < 0.01%).
For simultaneous sample illumination during the KPFM
measurement the setup was equipped with a diode laser (Point
Source, iFLEX2000) with a wavelength of 488 nm, an intensity of
13.3 mW on the sample, and a spot diameter of 640 mm.17a We
used Pt/Ir coated cantilevers with a nominal vertical resonance
frequency of 70 kHz (Nanosensors, PPP-EFM). The measure-
ments were performed in the dual pass mode at a li height of
5 nm and with an AC voltage of 1.5 V. In KPFM, the contact
potential difference (CPD) is measured which is dened as the
difference in the work function between the tip and sample. By
using the amplitude modulation mode for KPFM both the tip
apex and the cantilever contribute to the measured CPD.17b

e not exclusively related to the
p apex but also to the one
e the work function of the tip
to attribute changes in the

llumination to changes in the
ple.20 However, studies on
that the CPD changes signi-
on the same position. These
be attributed to changes in

ng thickness and adsorbates.
surface within the scan area
photo-induced reaction and
al reference.21,22 For sample
e coated with 100 nm of ITO
leaned in Ar plasma (PDC-
prior to their usage. The ITO
e for the KPFM study. A highly
in THF was spin cast on the
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Experimental
Materials

Unless otherwise mentioned, all c
purchased without any further pu
was obtained from Fluorochem
dioxane were freshly distilled fro
distilled from calcium hydride an
was used. 2,20-Azobis(isobutyroni
from diethyl ether and stored
phenyl)-amine15a and ZnO nano
reported in the literature.

Instrumentation
1H NMR spectra were recorded o
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spectrometer. Chemical shis (d) a
e
s
o
ar
o
g
c

e
d
S
1

2–CONH–tpy)Ru(tpy–CONH–

sised from [(H2N–tpy)Ru(tpy–
lid phase peptide synthesis
the TentaGel S Wang solid

itated as its PF6 salt by adding
dark red powder. nmax/cm

�1

1717m (C]O(acid)), 1663m
), 1528s (amide II), 1477s (C]
s, 1260, 1095m, 1028s, 826vs
relative to TMS. Samples were pr
and their signals referenced to re
signals. 19F NMR spectra were rec
NMR spectrometer. The molecul
determined by gel permeation chr
the solvent and with the followin
auto sampler AS1555, UV dete
254 nm), RI detector RI 1530 from
from MZ-Analysentechnik: MZ-G
SDplus 10 6 Å. Calibration was
dards purchased from Polymer
were recorded on a Perkin-Elmer

an ATR unit. UV-Vis spectra were

q
cl
in
/
and the reference [Ru(bpy)3]

ro
V

S1†). 1H NMR: dH (600 MHz;
9.05 (s, 2H, H20), 8.59 (s, 1H,
, H50), 8.16 (m, 1H, NHa), 7.95
.44 (m, 2H, H8), 7.31 (m, 2H,
2H, H70), 4.32–4.30 (m, 2H,

CH2
a), 4.32–4.30 (m, 2H CH2

b), NH2 not observed probably due
ring see ESI†). labs,max(DMF)/
00, p/ p*), 311 (72 600, p/

9 mg mL�1. lem,max(DMF)/nm

3 he Royal Society of Chemistry 2013
spectrophotometer (1 cm � 1 cm
were recorded on a Varian Cary E
yields were calculated by compar
sion spectra on an energy scale
matched solutions of the sample
Cl2 ¼ 0.094 in CH3CN.16 ESI MS
Micromass Q-TOF-Ultima spect
taken on a Philips EM-420: 120 k

1224 | J. Mater. Chem. C, 2013, 1, 122
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emical reagents were used as
ication. Pentauorophenol
(UK). Anhydrous THF and
sodium. DMF was freshly

not exposed to light until it
ile) (AIBN) was recrystallised
t �18 �C. Diphenyl-(4-vinyl-
ods15b were synthesised as

a Bruker 300 MHz FT NMR
re given in parts per million
pared in deuterated solvents
idual nondeuterated solvent
rded on a Bruker 400MHz FT
weight of the polymers was
matography (GPC) in THF as
equipment: pump PU 1580,
tor UV 1575 (detection at
JASCO. Columns were used

l SDplus 10 2 Å and MZ-Gel
one using polystyrene stan-
tandard Services. IR spectra
00 FTIR spectrometer using
recorded using a Jasco V-630
uartz cell). Emission spectra
ipse spectrometer. Quantum
g the areas under the emis-
cm�1 recorded for optically

Thus, local changes in the CPD ar
sample area underneath the ti
underneath the cantilever. In cas
remains constant, it is possible
measured CPD owing to sample i
surface potential of the sam
P3HT:PCBM blends have shown
cantly for consecutive scanning
shis of the measured CPDs can
the cantilever tip, such as coati
Thus, it is important to have one
that does not participate in the
can therefore serve as an intern
preparation, glass substrates wer
(99.9%, MaTeck GmbH) and c
002, Harrick plasma) for 2 min
surface acted as a reference surfac
diluted dispersion of P3a@ZnO
substrates.

Synthesis of chromophore A

The ruthenium dye [(H2N–CH
CH2–COOH)](PF6)2 (A) was synthe
COOH)](PF6)2 according to a so
procedure.18,19 Aer cleavage from
phase chromophore A was precip
aqueous NH4PF6 to give A as a
3090w (]C–H), 2920w (C–H),
(amide I), 1603m (C]C stretching
C stretching), 1427s, 1354s, 1289
(PF6), 789s, 752s, 555s (see Fig.
CD3CN; Me4Si) 9.09 (s, 2H, H2),
NHb), 8.59 (m, 2H, H5), 8.41 (m, 2H
(m, 2H, H6), 7.93 (m, 2H, H60), 7
H80), 7.21 (m, 2H, H7), 7.12 (m,
spectra were recorded on a
meter. TEM pictures were
with a CCD-Camera.

to protonation (for atom numbe
nm (3/dm3mol�1 cm�1) 279 (87 9
p*), 498 (29 400, MLCT), c ¼ 0.0
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667 (lex/nm 498). Quantum yield F ¼ 1.4 � 10�3). MS (ESI+):
m/z ¼ 370.6 (22%) [M � (PF6)2]

2+, 886.1 (100%) [M � PF6]
+.

Synthesis of P1

Diphenyl-(4-vinyl-phenyl)-amine (1.71 g, 6.3 mmol), dithio-
benzoic acid benzyl ester (6.6 mg, 0.03mmol), and 2,20-azobis(2-
methylpropionitrile) (AIBN) (0.6 mg, 4.5 mmol) were placed in a
Schlenk tube and equipped with a stir bar. Dioxane (9 mL) was
added and the solution was degassed by three freeze–pump–
thaw cycles. The ask was then immersed in a preheated oil
bath at 75 �C and the polymerisation was carried out for 42 h.
The polymer was precipitated in methanol, collected by centri-
fugation, redissolved in THF and reprecipitated in methanol.
This procedure was repeated three times. The light yellow
powder P1 (540 mg, 32%) was dried at 45 �C under reduced
pressure for 12 h. lmax(THF)/nm 300 (3/dm3 mol�1 cm�1

�1

orophenyl acrylate (90 mg, 0.4

r

s
a
a
r

,
h
a
s
re was repeated three times.
m �

1
7

D

ra

P

v
9
m

h
a
ta
c
reduced pressure at 45 �C for
T

2914w (C–H), 1664m (amide I), 1587vs (amide II), 1402s, 1507vs,
1489vs, 1312s, 1272s, 1175s, 835s, 780 s, 750vs, 692vs, 623vs.
GPC:Mn¼ 18,000,Mw¼ 22,000, PDI: 1.2. 19F NMR dF (400 MHz;
CDCl3; Me4Si) no signal.

Synthesis of P3b

P2 (300 mg, 0.02 mmol), 4-(aminomethyl)benzoic acid (139 mg,
0.9 mmol) and triethylamine (0.1 mL, 0.9 mmol) were placed in
a Schlenk tube and dispersed in anhydrous DMF (2 mL). The
suspension was stirred for 21 h at 80 �C in a nitrogen atmo-
sphere and the resulting polymer was puried by dialysis
against methanol (molecular weight cut off of 3.500 g mol�1).
P3b (275 mg) was obtained as a light brown powder aer drying
in vacuum at 45 �C for 12 h. lmax(THF)/nm (3/dm3 mol�1 cm�1)
301 (102 400), c ¼ 0.16 mg mL�1. nmax/cm

�1 3082w (]C–H),
2914w (C–H), 1700m (amide I), 1655m (amide I), 1587vs (amide

s, 1175s, 1029s, 835s, 750vs,
Hz; CDCl3; Me4Si) no signal.

a and P3b

b the same procedure was
g) and ZnO nanorods (15 mg)
Schlenk tube and degassed by
he tube was then immersed in
tirred for 18 h. The dispersion
for 5 min to remove the non-
precipitated. A few drops of
pernatant and the dispersion
r 5 min. The supernatant was
spersed in THF (0.5 mL). The
ore times. The functionalised
@ZnO were dispersed in 1 mL
itrogen and in the dark until

x(THF)/nm 300, 498 (MLCT).
lem,max(DMF)/nm practically no emission observed (lex/nm

ium(II) have been extensively
in light to energy conversion
es they exhibit higher photo
ny cases, ruthenium(II) poly-
ntate (e.g. 2,20-bipyridine) and
ine, NCS�). Especially mono-
ause long term stability prob-
d thermal ligand dissociation
ed tridentate 2,20;60,20 0-terpyr-
um complex A which imparts
ity because of the chelating
bstituents on the [Ru(tpy)2]

2+

ith the two amide substituents
This vectorial arrangement is

benecial for charge separation and charge injection into
O or TiO2.
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205 800, c ¼ 0.13 mg mL ). GPC
PDI: 1.2.

Synthesis of P2

P1 (180 mg, 0.01 mmol), pentau
mmol) and AIBN (0.2 mg, 1.5 mm
tube and equipped with a stir ba
and the solution was degassed
cycles. The ask was then immer
80 �C and the polymerisation w
polymer was precipitated in meth
tion, redissolved in THF and rep
procedure was repeated three tim
(171 mg) was dried at 45 �C under
remove the end group, the polym
dioxane (2 mL) and AIBN (47 mg
solution was immersed in a pre
stirred for 4 h. The polymer w
collected by centrifugation, redis
tated in methanol. This procedu
The light yellow powder P2 (151
reduced pressure for 12 h. nmax/cm
H), 1784m (COOR), 1587vs, 15
1312s, 1272s, 1175s, 1029s, 835s,
dH (300 MHz; CDCl3; Me4Si) 1.55
6.87 (br). 19F NMR dF (400 MHz; C
s, Fortho), �157.36 (1F, br, d, Fpa
GPC: Mn ¼ 14,900, Mw ¼ 19,000,

Synthesis of P3a

P2 (37 mg, 2.8 mmol) was dissol
nitrogen atmosphere. A (88 mg,
DMF (0.5 mL) in a nitrogen at
(0.01 mg, 10 mmol) was added. T
and stirred at 45 �C for 90 h. A w
aer some time. The polymer w
redissolved in THF and reprecipi
times until the supernatant was
mer P3a (18 mg) was dried under
12 h. lmax(THF)/nm 300, 498 (MLC

This journal is ª The Royal Society of C
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 : Mn ¼ 12,800, Mw ¼ 15,600,
II), 1507vs, 1489vs, 1312s, 1272
692vs, 623vs. 19F NMR dF (400 M

Functionalisation of ZnO with P3
ol) were placed in a Schlenk
. Dioxane (2 mL) was added
by three freeze–pump–thaw
ed in a preheated oil bath at
s carried out for 48 h. The
nol, collected by centrifuga-
ecipitated in methanol. This
es. The light yellow powder
reduced pressure for 12 h. To
er (171 mg) was dissolved in
0.28 mmol) was added. The
eated oil bath at 80 �C and
s precipitated in methanol,
olved in THF and reprecipi-

For both polymers P3a and P3
applied. P3a (15 mg) or P3b (15 m
were dispersed in THF (1 mL) in a
three freeze–pump–thaw cycles. T
a preheated oil bath at 65 �C and s
was then centrifuged at 4000 rpm
functionalised nanorods which
ethanol were then added to the su
was centrifuged at 13 000 rpm fo
removed and the precipitate redi
washing cycle was repeated four m
nanoparticles P3a@ZnO and P3b
anhydrous THF and kept under n
they were used. P3a@ZnO: lma
g) was dried at 45 C under
�1 3082w (]C–H), 2914w (C–
5vs (Ar–F), 1507vs, 1489vs,
50vs, 692vs, 623vs. 1H NMR:
(br, s), 1.97 (br, s), 6.54 (br),
Cl3; Me4Si) �153.21 (2F, br,
), �164.28 (2F, br, s, Fmeta).
DI: 1.3.

ed in dry THF (0.5 mL) in a
0 mmol) was dissolved in dry
osphere and triethylamine

he solutions were combined
ite precipitate was observed
s precipitated in methanol,
ted in methanol seven more
olourless. The dark red poly-

498).

Results and discussion

Polypyridine complexes of ruthen
used as photoactive compounds
devices. Compared to organic dy
and thermal stabilities.23 In ma
pyridine complexes contain bide
monodentate ligands (e.g. pyrid
dentate ligands are believed to c
lems because of photo-induced an
and degradation.24–26 We employ
idine (tpy) ligands in the rutheni
high photo and thermal stabil
effect.19,27,28 In addition, the 40-su
core lead to a push–pull system w
pointing in the same direction.
). nmax/cm
�1 3082w (]C–H), inorganic semiconductors like Zn

emistry 2013 J. Mater. Ch
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The ruthenium dye conjugate [(H2N–CH2–CONH–tpy)
Ru(tpy–CONH–CH2–COOH)](PF6)2 (A) was obtained via a solid
phase peptide synthesis (SPPS) (Scheme 1) with a TentaGel S
Wang resin used as the solid phase and an Fmoc protecting
group strategy.18 SPPS allows high yield and high purity over
several reaction steps because the reagents can be used in
excess and purication is done by a simple washing procedure.
A glycine unit was attached to the resin before the ruthenium(II)
complex [(H2N–tpy)Ru(tpy–COOH)](PF6)2 was anchored to the
solid support by an amide bond. As aromatic amino groups are
known to be less reactive towards activated esters29 the amino
group of the complex was decorated with a further glycine at the
N-terminus which provides a reactive aliphatic amine func-
tionality. In the last step the complex was cleaved from the solid
phase by triuoroacetic acid and precipitated by addition of an
aqueous NH4PF6 solution.

The polymer poly(vinyltriphenylamine) PTPA (P1) was
ragmentation Chain Transfer
yltriphenylamine (Scheme 2).
semiconducting polymer and
cells.30 The controlled radical
trol of the molecular weight, a
I) and the possibility to syn-
a molecular weight of 13,000 g
dard) and a PDI of 1.2. The
graed onto P1, using penta-
nomer and giving the block
f P2 by GPC (Fig. 1) showed a
eight and by referring it to the
of polymerisation of the rst
50 (nz 50) and of the second

19F NMR spectrum shows the
uorine nuclei attached to the
vated pentauorophenyl ester
ted with primary amines to introduce functionalities in quantitative yields.31,32 The acti-

vated ester block was chosen to be relatively short (m z 10),
since short anchor blocks were shown to bind the most effec-
tively to ZnO surfaces.33

In order to attach the ruthenium dye A to polymer P2 a
polymer analog reaction was carried out. The amine function-
ality of dye A readily reacts with the activated ester moieties of
P2 (Scheme 3). An excess of the dye and the polymer were dis-
solved in N,N0-dimethylformamide and heated to 45 �C for 90 h.
Excessive washing by precipitation/dissolving yielded the pure
dark red block copolymer P3a. Characterisation by Fourier
transform infrared (FT-IR) spectroscopy showed the absence of
the ester band at 1784 cm�1 and the new band of amide bonds
at 1664 cm�1 (Fig. S2†). Additionally, a 19F NMR spectrum
proves that all pentauorophenyl groups were removed from
the polymer (Fig. S3†). Furthermore, the PF6 counterions were

ged by the absence of a reso-
ly higher molecular weight of

Scheme 2 Synthesis of P1 and P2 by RAFT polymerisation.

Fig. 1 GPC traces of P1 (red), P2 (blue) and P3a (black).
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prepared by Reversible Addition F
(RAFT) polymerisation from vin
PTPA is well known as a p-type
has already been used in solar
polymerisation allows a good con
narrow polydispersity index (PD
thesise block copolymers. P1 had
mol�1 (by GPC, polystyrene stan
second block was subsequently
uorophenyl acrylate as the mo
copolymer P2. Characterisation o
small shi to higher molecular w
polystyrene standard, the degree
block was calculated to be around
block around 10 (m z 10). The
expected resonances of the ve 

aromatic ring (Fig. S2†). The acti
of P2 can subsequently be trea
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. 1) compared to the block
t attachment of the dye to the
P2 was treated with 4-(amino-
The synthesis and character-
he reaction of P2 with A. TheScheme 1 Synthesis of directional chromo
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exchanged by other anions as jud
nance at 73.2 ppm. A signicant
P3a was observed by GPC (Fig
copolymer P2, so that the covalen
polymer is proven. As a control,
methyl)benzoic acid giving P3b.
isation of P3b are analogous to tphore A by SPPS.
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carboxyl groups of P3b can also adsorb to ZnO surfaces but no
charge generation is expected under irradiation with visible
light.

UV-Visible and photoluminescence (PL) measurements were
carried out (Fig. 2). In the absorption spectrum of P3a the bands
at 250–350 nm arise from p / p* transitions mainly of the
triphenylamine groups and a small contribution from the
ruthenium dye. The absorption of the dye in the visible region
was observed at 498 nm and is at
metal-to-ligand charge transfer (M
P3b no absorption is observed in t
Photoluminescence measurement
show that the dye functionalised p
which is the same value as for th
DMF). Thus the emission of the dy
by the TPA polymer.

e
l
n
r
s
ve
m
oparticles. Ethanol was then
recipitate the nanocomposite.

Subsequent centrifugation, redispersion and repetition of the
washing cycle for several times gave the pure hybrid materials
P3a@ZnO and P3b@ZnO, respectively. P3a@ZnO was a stable
red dispersion, which showed some scattering of the light due
to the large nanoparticles (length >800 nm). TEM images drop
cast from the THF dispersion showed that P3a@ZnO nano-
particles were well dispersed and did not aggregate. In contrast,
the as-synthesised sample of pristine ZnO showed strong
aggregation (Fig. S4†).

The Jablonski diagram of the nanocomposite (Fig. 3) shows
the estimated energy levels of the system P3a@ZnO together
with the possible charge separation/recombination pathways in
the D–C–A array.42 Irradiation of ZnO–hRui2+–TPA at 498 nm
leads to the singlet MLCT excited state ZnO–1hRui2+*–TPA

Scheme 3 Functionalisation of P2 with A to give P3a (top) and with 4-(ami-
nomethyl)benzoic acid to give P3b (bottom).

Fig. 2 UV-Vis spectra of P2 in THF (black), P3a in THF (blue) and A in DMF (red)
(top) and PL spectrum of P3a in THF at 498 nm excitation (bottom).

Fig. 3 Jablonski diagram of P3a@ZnO.

hemistry 2013 J. Mater. Chem. C, 2013, 1, 1223–1230 | 1227
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ZnO nanorods were synthesis
with a size distribution of severa
two micrometers.15b For functio
and P3b, the nanorods were dispe
and the respective polymer wa
dispersion was stirred at 65 �C o
sphere. Centrifugation (4000 rp
insufficiently functionalised nan
added to the clear dispersion to p

This journal is ª The Royal Society of C
tributed to the characteristic
LCT) of the complex.18 For

hat spectral region (Fig. S8†).
s in THF (lexc ¼ 498 nm)
olymer P3a emits at 667 nm,
e pristine dye A (667 nm in
e is not reductively quenched

d according to the literature
hundreds of nanometers to
alisation with polymers P3a
sed in a small amount of THF
added subsequently. The

rnight under an inert atmo-
) for 2 min removed all
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(2.49 eV), which subsequently undergoes intersystem crossing
(ISC) to the triplet excited state 3MLCT ZnO–3hRui2+*–TPA
(1.86 eV) typically with unit efficiency. Both MLCT states are
thermodynamically competent to inject an electron into ZnO or
to accept an electron from TPA. Photoluminescence measure-
ments show that the phosphorescence of P3a@ZnO is indeed
efficiently quenched as compared to P3a lacking the ZnO
acceptor. From the singlet and triplet MLCT excited states
ZnO–1hRui2+*–TPA/ZnO–3hRui2+*–TPA the fully charge sepa-
rated state ZnO(e�)–hRui2+–TPA(h+)14,34 can principally be
populated via the partially charge separated states ZnO–hRui+–
TPA(h+) (1.45 eV) or ZnO(e�)–hRui3+–TPA (1.57 eV).18 In the fully
charge separated state ZnO(e�)–hRui2+–TPA(h+) (0.88 eV), the
ZnO carries the negative and the TPA the positive charge.

By performing PL measurements the quantum yield of P3a
was determined to beF¼ 2.0� 10�3 which is very similar to the
value of A without TPA attachment (F ¼ 1.4 � 10�3).18 This

nching occurs when the dye is
, i.e. photo-induced electron
ruthenium units 1hRui2+* and
mer. However, aer anchoring
of the hybrid P3a@ZnO drops
quantum yield clearly corrob-
tive quenching in the system,
p aer excitation is electron
d by dye regeneration by TPA.
o-induced interfacial charge
single particle level KPFM
analogy to the measurements
em consisting of a PTPA–per-
ly bound to a ZnO system.14

detect local variations of the
eter regime.35 Illuminating
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in the corresponding surface potential images (Fig. 4d). The
increase in surface potential of around 20 mV on the P3a@ZnO
particle and up to a distance of around 100 nm around the
particle was attributed to the build-up of positive charges in the
TPA block as a consequence of the charge separation at
the interface. Negative charges of the ZnO particle could not be
detected by KPFM. This observation indicates a high graing
density of the P3a to the ZnO and therefore results in a densely
packed and thick polymer layer. Thus, the effect of the build-up
of electrons inside the ZnO on the surface potential change is
shielded by the positive charges of the TPA.43

The estimated energy level difference of 0.88 eV between the
ground state ZnO–hRui2+–TPA and the charge separated state
ZnO(e�)–hRui2+–TPA(h+) (Fig. 3) is signicantly larger than the
value obtained by KPFM. We attribute this difference to the
screening of the positively charged TPA by the counter ions of
the hRui2+ which diffuse from the D–A interface into the poly-

nal control experiment per-
no photo-response under

g. S6†). Without the chromo-
he interface between ZnO and
ed under similar conditions.
ansfer the complete donor–
required.

hesis and characterisation of a
th polytriphenylamine as the
onal [RuII(tpy)2]

2+ complex as
ectly bound to ZnO nanorods

tpy)2]
2+ with tridentate ligands

stability compared to organic
(II) complexes. Additionally,

Fig. 4 Study of interfacial charge transfer by KPFM on P3a@ZnO spun cast from
THF in the dark and under laser illumination (l ¼ 488 nm). (a) Schematic of the
KPFMmeasurement on the D–C–A system (TPA in blue, Ru(tpy)2 in red and ZnO in
grey) under laser illumination through the ITO coated glass substrate. The surface
potential on the functionalised ZnO particle upon illumination is qualitatively
depicted in the upper graph. (b) and (c) Surface potential maps measured in the
dark and under illumination on the same position. The measured potential values
were adjusted relative to the constant potential value of the ITO at a large
distance from the P3a@ZnO. (d) Line profiles of the surface potentials taken
across the particle show an increase in surface potential of around 20 mV upon
illumination.
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urrounding ITO substrate. By
e surface potential recorded
8 nm (Fig. 4c), the photo-
potential of the P3a@ZnO
mination, the surface poten-
increases. This effect was
ng off the laser and could be
erent positions. Upon laser
488 nm an electron of the
paration occurs at the inter-
sfer of the electron to the
he oxidised ruthenium dye
on from the HOMO level of

ss this photo-response, the
alyzed in detail across the
d red line for laser off and on

mer matrix. Finally, an additio
formed on P3b@ZnO showed
irradiation with l ¼ 488 nm (Fi
phore as the anchoring group at t
TPA no excitons can be generat
Thus, for an efficient charge tr
chromophore–acceptor system is

Conclusions

Herein we demonstrated the synt
new nanoscale D–C–A system wi
electron donor (D) and a directi
the chromophore (C) which is dir
as the electron acceptor (A).

The ruthenium complex [RuII(
has a higher thermal and photo
dyes or 2,20-bipyridine ruthenium

–1230 This journal is ª T
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the push–pull substituted terpyridine ligands induce spatially
separated frontier orbitals which support the charge separation
at the interphase. Since the polymer carries several chromo-
phores within each chain, the local concentration of the light
harvesting units at the ZnO surface is very high. The chromo-
phore–acceptor contact is very intimate through the direct
attachment via the carboxyl groups of the RuII complex. The
donor–chromophore contact on the other side is enhanced by
the covalent binding of the triphenylamine polymer to the
chromophores. Charge separation occurs under light excitation
of the chromophore and was proven by phosphorescence
quenching and KPFM measurements. Based on these results,
we believe that the system is especially suitable to build high
performance ssDSSCs.
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The synthesis and photophysical properties of a ruthenium(II) complex bearing an electron-accepting 2,20;60,200-
terpyridine ligand and an electron-donating N,N0-dimethyl-N,N0-dipyridin-2-ylpyridine-2,6-diamine (ddpd) ligand are
presented. The heteroleptic complex is easily prepared isomerically pure and features intense low-energy metal-to-
ligand charge-transfer (MLCT) absorption bands and intense room temperature 3MLCT emission with a long 3MLCT
lifetime. The favorable photophysical properties are due to the strong ligand field imposed by the ddpd ligand.

Introduction

Meridional-coordinating tridentate ligands are preferred
over bidentate ligands because of increased (photo)stability,
absence of chirality (Δ and Λ), and simple functionalization
in central mutually trans positions. For example, switching
from tris(bidentate) [Ir(ppy)2(bpy)]

þ to bis(tridentate) [Ir-
(phbpy)2]

þ has been beneficial in terms of the stability and
excited-state lifetime (ppy = 2-phenylpyridine; bpy = 2,20-
bipyridine; phbpy= 6-phenyl-2,20-bipyridine).1 However, in
ruthenium oligopyridine chemistry, [Ru(tpy)2]

2þ (1) shows
disappointing photophysical properties [essentially nonlumi-
nescent at room temperature and a low triplet-state metal-to-
ligand charge-transfer (3MLCT) lifetime] compared to [Ru-
(bpy)3]

2þ (2). Thermal population of a low-lying 3MCstate of
1 provides an efficient deactivating pathway.2-4

Two strategies have emerged to improve the excited-state
properties of bis(tridentate) ruthenium complexes: (i) increas-
ing theM-Lorbital overlap by adjusting the bite angles from
N-Ru-N <80� in five-membered chelate rings to ∼90� in

six-membered chelate rings, which raises the energy of the
3MC state relative to that of the 3MLCT state,5-10 and (ii) at-
taching an electron-withdrawing substituent to lower the
oligopyridine π* orbitals and thus the energy of the MLCT
states relative to the deactivating 3MC state (which should
overcompensate for the effect of increased nonradiative de-
cay at low emission energies).11-14 Concomitant attachment
of an electron-donating substituent at the second chelate lig-
and further improves the emission properties.14,15 These
effects are clearly seen in the series [Ru(tpy)2]

2þ (1; λabs/emiss =
474/629 nm11)f [Ru(EtOOC-tpy)(tpy)]2þ (3; 485/667 nm13)f
[Ru(EtOOC-tpy)(H2N-tpy)]2þ (4; 500/744 nm14,15) (Chart 1).
At room temperature, the luminescence quantumyield increases
from <5 � 10-6 to 2.7 � 10-4 to 1.8 � 10-3 and the excited-
state lifetime from 0.25 to 32 to 34 ns.11,13-15 Hammarstr€om
etal.have switched five-memberedchelate rings tosix-membered
chelate rings by employing (bipyridylpyridyl)methane deri-
vatives (bpy-CR2-py) instead of terpyridine.

5 The homoleptic
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bis[(bipyridylpyridyl)methane]ruthenium complex 5 features
τ = 15 ns and Φ = 10-3 (λabs/emiss = 477/655 nm; Chart 1).5

However, the values are still well below those of the tris-bpy
complex 2 (τ = 1 μs, Φ = 8.9 � 10-2 6,7), and 5 is still chiral.
These properties have been surpassed by the homoleptic com-
plex [Ru(dqp)2]

2þ (6, Chart 1). Almost 90� N-Ru-N bite
angles are observed and excellent photophysical properties are
achieved (Φ = 2 � 10-2; τ = 3 μs; λabs/emiss = 490/700 nm).
Further enhancement is achieved by COOEt substitution (7,
Chart 1;Φ=7� 10-2; τ=5.5 μs; λabs/emiss = 553/693 nm).6,7

However, these homoleptic dqp complexes show fac/mer
stereoisomerism because of the flexible six-membered chelate
rings (the fac isomers even come in cis-fac and trans-fac
isomers), and, in addition, N5Cl-coordinated complexes
[RuCl(dqp)2]

þ are formed.8 Heteroleptic-type 6 complexes
with X 6¼ Y (e.g., donor/acceptor substitution) are quite
difficult to obtain,8 but very recently Hammarstr€om et al.
succeeded in incorporating dqp complexes in donor/chromo-
phor/acceptor triads.9

Results and Discussion

Here we describe the synthesis and properties of the
heteroleptic ruthenium oligopyridine complex 8 (Chart 1),
which has several beneficial features: a 2-fold rotation axis,
setup for simple functionalization in the direction of this C2

axis,16 absence of fac/mer stereoisomerism, an electron-donating
N,N0-dimethyl-N,N0-dipyridin-2-ylpyridine-2,6-diamine (ddpd)
ligand forming six-membered chelate rings together with an
electron-withdrawing 40-(ethylcarboxy)terpyridine ligand
(push-pull substitution). The methyl substituents of ddpd
are necessary because tripyridyldiamines lacking alkyl groups
at the amine are easily deprotonated, yielding chain com-
plexes that are interesting by themselves for other reasons but
undesirable for our purposes.17

First, we performed quantum chemical calculations on the
homoleptic complex [Ru(ddpd)2]

2þ (9). The calculations sug-
gest that fac/mer stereoisomers are analogous to those of 6,
with mer-9 being more stable than trans-fac-9 (31 kJ mol-1)

and cis-fac-9 (34 kJ mol-1). Attempts to synthesize and
purify 9 are indeed complicated because of the formation
of fac/mer isomers andN5Cl coordination. Coordinated chlo-
ride is easily removed by silver cations, but heating (dimethyl
sulfoxide, reflux, microwave, 10 h) does not furnish pure
mer-9. The photophysical properties of the fac/mer mixture
were also disappointing (λabs/emiss = 393/468 nm, very weak
emission). Thus, we switched to the mixed donor/acceptor-
substituted ruthenium(II) complex 8 with an electron-donat-
ing ddpd ligand and an electron-withdrawing EtOOC-tpy
ligand. 8 is easily prepared from RuCl3(EtOOC-tpy)18-20

and ddpd in a microwave-assisted synthesis at 80 �C (after
chloride abstraction with silver nitrate and precipitation with
NH4PF6) as a purple powder in 62% yield.
High-resolution electrospray ionization [(HR)ESI] mass

spectrometry (MS), IR spectrometry, multinuclear and cor-
relation NMR spectroscopy, and elemental analysis are con-
sistent with the formulated structure of 8. Because the tpy
ligand only coordinates in a meridional fashion, fac/mer ste-
reoisomers are absent. A single resonance is observed for the
N-CH3 hydrogen, carbon, and nitrogen nuclei, respectively
(Supporting Information). Singlet ground-state density func-
tional theory (DFT) calculations on 8 reveal that the N-
Ru-Nangles involving the ddpd ligand are around 88�while
the corresponding angles involving the tpy ligand are around
79� (Figure 1). The six-membered chelate rings of the ddpd
ligand form boat conformations, resulting in an overall small
twist of the ddpd ligand, with one terminal pyridine ring
pointing up and the other one pointing down relative to the
plane of the central pyridine ring (Figure 1, inset). Similarly,
the N-CH3 groups point up and below the central pyridine
plane (H3C-N2-C14-N3/H3C-N4-C140-N3 = 150.4�/
150.2�), which allows for an nuclear Overhauser enhance-
ment (NOE) contact to the tpy protonH8 vis-�a-vis (indicated
by an orange-colored arrow, Figure 1). Gratifyingly, the
DFT-calculated metrical parameters match those obtained
from a single-crystal X-ray diffraction analysis of 8 [triclinic,
P1;N1-Ru-N3/N5-Ru-N3=87.5�/87.7�;N6-Ru-N7/
N7-Ru-N8=79.6�/79.7�; H3C-N2-C14-N3/H3C-N4-
C140-N3 = 156.2�/153.2�; the atom numbering refers to
that used in Figure 1 for the sake of comparison].

Chart 1. Bis(tridentate) Ruthenium(II) Oligopyridine Complexes

Figure 1. DFT (B3LYP, LANL2DZ)-optimized geometry of 8 (inset:
Newman projection viewed approximately along theC2 axis; tpy-COOEt
ligand omitted). Hydrogen atoms are omitted for clarity. The arrow in-
dicates an interligand NOE contact between protons.

(16) Heinze, K.; Hempel, K. Chem.—Eur. J. 2009, 15, 1346.
(17) Yin, C.; Huang, G.-C.; Kuo, C.-K.; Fu, M.-D.; Lu, H.-C.; Ke, J.-H.;

Shih, K.-N.; Huang, Y.-L.; Lee, G.-H.; Yeh, C.-Y.; Chen, C.-h.; Peng, S.-M.
J. Am. Chem. Soc. 2008, 130, 10090.

(18) Fallahpour, R.-A. Synthesis 2000, 8, 1138.
(19) Fallahpour, R.-A. Eur. J. Inorg. Chem. 1998, 1205.
(20) Fallahpour, R.-A.; Neuburger, M.; Zehnder, M.New J. Chem. 1999,

23, 53.
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Kohn-Sham frontier orbitals of the singlet ground state of
8 are shown in Figure 2. The lowest unoccupied molecular
orbitals (LUMOs) of 8 are mainly localized on the EtOOC-
tpy ligand, while the highest occupied molecular orbitals
(HOMOs) are essentially ruthenium-based orbitals (t2g in
octahedral symmetry) with some ddpd contribution (espe-
cially the nitrogen atoms of the N-CH3 groups). The ex-
perimental electronic spectrum of 8 is dominated by intense
πf π* transitions at λ<350 nm (Supporting Information).
The broad absorption band around λ=500 nm corresponds
to several MLCT transitions (Figure 3).21 On the basis of
time-dependentDFT (TD-DFT) calculations (gas-phase and
polarizable continuum solvation model, CH3CN)21 on 8
involving the first 12 spin-allowed singlet excitations, the
most intense peaks in the visible spectral region are assigned
toMLCT“t2g(Ru)”fπ*(tpy-COOEt) transitions, e.g., tran-
sitions (3), (4), and (5) involve mainly HOMO, HOMO-1,
and HOMO-2 (dRu) to LUMO and LUMOþ1 [π*(tpy-
COOEt)] transitions at 508, 478, and445nm(Figures 2 and3).

The TD-DFT results compare well with the experimental
data of 8 (λabs= 517 nm; ε=7500M-1 cm-1; Figure 3). The
difference between experimental and calculated absorp-
tion maxima of ΔE = 0.35 eV (gas phase) [ΔE = 0.30 eV
(CH3CN)] is similar to the one obtained for 1 using the same
method [ΔE=0.38 eV (acetone)].21 The experimental maxi-
mum of 8 is bathochromically shifted by 1275 cm-1 relative
to that of 3 because of theπ-electron-donating effect of ddpd,
raising the energy of the Ru d orbitals.
The room temperature emission is also shifted from 667 nm

(3) to 729 nm (8),13 with the maximum intensity observed
upon excitation of the 1MLCT transitions (Figure 4). The
excitation spectrum closely follows the absorption spectrum
in the visible spectral region. In spite of the lower 3MLCT
energy, 8 features a more than 10-fold higher quantum yield
compared to 3 [Φ = 3.0 � 10-3 (8)]. Also, the 3MLCT life-
time has dramatically increased to τ = 722(5) ns (8). This is
appreciable considering the fact that a lower 3MLCT energy
should lead to faster nonradiative decay.22,23

In frozen butyronitrile at 77 K, emission is observed at
higher energy andwith a higher lifetime [λemiss=707nm; τ=
3309(15) ns]. The first observation is due to the lower
stabilization of the excited state in the frozen matrix, and
the second finding is due to less accessible thermal deactiva-
tion pathways. The DFT-calculated energy difference bet-
ween the 3MLCT state and the ground state (gas phase)
amounts to 1.64 eV (756 nm for the 0f 0 transition), in quite
good agreement with the experiment.21

The photophysical properties of 8 are thus dramatically
improved when compared to those of 1 and are approaching
those of 2 (Φ = 6.2 � 10-2; τ = 962 ns24,25).
TheRuII/III oxidation of 8 is found atE1/2= 0.81V (vs Fc/

Fcþ). Thus, 8 is harder to oxidize than 4 (E1/2=0.68V14) but
easier to oxidize than 1 (E1/2 = 0.92 V11) or 3 (E1/2 = 0.96
V13). This reflects the stronger donor ability of ddpd as
compared to tpy, raising the energy of the Ru d levels. 8 is
reduced at E1/2 = -1.40 V in a quasi-two-electron process,
precluding assignments to individual ligands.
To place the ddpd ligand in the context of other donor

ligands, a computational analysis was conducted. The net
donor strength (σþ π) is estimated fromDFT-calculated A1

carbonyl stretching modes of tricarbonyl(nickel) fragments

Figure 3. Experimental electronic absorption spectrum of 8 in CH3CN
(top) and calculated stick spectrum (TD-DFT, IEFPCM, CH3CN) of 8
(the intensity of the sticks is proportional to the calculated oscillator
strength, and the calculated spectrum is composed of δ functions at the
excitation energies) (bottom).

Figure 2. Molecular orbital diagram of 8 and some relevant molecular
orbitals (contour value 0.06 au).

Figure 4. Excitation emission matrix of 8.

(21) Jakubikova, E.; Chen, W.; Dattelbaum, D. M.; Rein, F. N.; Rocha,
R. C.; Martin, R. L.; Batista, E. R. Inorg. Chem. 2009, 48, 10720.

(22) Meyer, T. J. Pure Appl. Chem. 1986, 58, 1193.
(23) Caspar, J. V.; Meyer, T. J. J. Phys. Chem. 1983, 87, 952.
(24) Caspar, J. V.; Meyer, T. J. J. Am. Chem. Soc. 1983, 105, 5583.
(25) Ding, Z.; Wellington, R. G.; Brevet, P. F.; Girault, H. H. J. Phys.

Chem. 1996, 100, 10658.
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coordinated to the ligands.26,27 On this basis, the ddpd ligand
was ranked between trimethylamine and N-heterocyclic car-
bene ligands (Supporting Information).

Conclusion

We have prepared a novel heteroleptic ruthenium(II)
complex with a terpyridine acceptor ligand and ameridional-
coordinating tridentate ddpd donator ligand. The latter
forms six-membered chelate rings with the metal center. This
ligand combination results in long-wavelength absorption
and emission aswell as an extended 3MLCT lifetimeof 722 ns.
The effects of ddpd are 3-fold: improved σ-orbital overlap

with Ru “eg” orbitals due to ≈90� bite angles (LUMOþ11
and LUMOþ13; Figure 2) raising their energies and thus the
energy of the deactivating 3MC state, increased σ-donation
boosting this effect, and increased π donation raising the en-
ergy of the Ru “t2g” orbitals and resulting in quite low ab-
sorption and emission energies. These aspects of ddpd will
also be exploited in other ddpd metal complexes currently
prepared in our group. The use of 8 and functionalized
derivatives in organic light-emitting devices, dye-sensitized
solar cells (DSSCs), or biolabeling applications is actively
pursued in our group.

Experimental Section

General Procedures. CH3CN and dioxane were distilled from
CaH2 and sodium, respectively. All reagents were used as re-
ceived from commercial suppliers (Acros and Sigma-Aldrich).
Microwave heating was performed in a Discover Benchmate
Plus (CEM Synthesis) single-mode microwave cavity, produc-
ing continuous irradiation at 2.455 GHz with 100W (maximum
power). Reaction mixtures were stirred with a magnetic stir bar
during irradiation. The temperature and irradiation power were
monitored during the course of the reaction. 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
internal standard [CD3CN (1H,δ=1.94; 13C,δ=1.24ppm)] or
versus external CH3NO2 (90% in CDCl3;

15N, δ = 0 ppm). IR
spectra were recordedwith a BioRad Excalibur FTS 3100 spectro-
meter as KBr disks. Electrochemical experiments were car-
ried out on a BioLogic SP-50 voltammetric analyzer using
platinum wires as counter and working electrodes and 0.01 M
Ag/AgNO3 as the reference electrode. The measurements were
carried out at a scan rate of 150 mV s-1 for cyclic voltammetry
experiments and at 50-200 mV s-1 for square-wave voltamme-
try experiments using 0.1 M (nBu4N)(PF6) as the supporting
electrolyte in CH3CN. Potentials are referenced to the ferro-
cene/ferrocenium couple (E1/2 = 85 ( 5 mV under the experi-
mental conditions). UV/vis/near-IR spectra were recorded on a
Varian Cary 5000 spectrometer using 1.0 cm cells (Hellma, Sup-
rasil). 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/cm-1

recorded for optically matched solutions of the sample and the
reference {([Ru(bpy)3]

2+) = 0.062 in CH3CN}.24 For time-re-
solved photoluminescence measurements, a solution (c=4.5�
10-6M in butyronitrile) was filled into a homemade cuvette (tin-
plated copper with quartz windows; indium-sealed; 4 mm
optical path length) inside a nitrogen-filled glovebox and the
cuvette was sealed and transferred to a home-built cryostat. It
was kept under a dynamic vacuum (typically 10-6 mbar) for

low-temperature experiments. The sample was excited by the
517 nm output of an optical parametric oscillator (OPO; GWU
Lasertechnik) itself pumped by the frequency-tripled (10 Hz)
output of a pulsed Nd:YAG nanosecond laser (INDI Quanta
Ray Spectra Physics). The luminescence of the sample was
dispersed by a Shamrock SR-303i spectrograph with a 150 L/
mm grating and detected by a gated intensified CCD detector
(Andor IStar DH740 ICCD camera). The solution was illumi-
nated with the laser beam from the detector side, and measure-
ments were conducted at room temperature (295 K) and liquid-
nitrogen temperature (77 K). Single exponentials were used to fit
the experimental data. Field desorption (FD) MS spectra were
recorded on a FD Finnigan MAT90 spectrometer. ESI MS
spectra were recorded on a Micromass Q-TOF-Ultima spectro-
meter. Elemental analyses were performed by the microanaly-
tical laboratory of the chemical institutes of the University of
Mainz.

Crystal Structure Determination. Intensity data were col-
lected with a Bruker AXS Smart1000 CCD diffractometer with
an APEX II detector and an Oxford cooling system and
corrected for absorption and other effects using Mo KR radia-
tion (λ = 0.710 73 Å) at 173(2) K. The diffraction frames were
integrated using the SAINT package, and most were corrected
for absorption with MULABS.28,29 The structures were solved
by direct methods and refined by the full-matrix method based
on F2 using the SHELXTL software package.30,31 All non-
hydrogen atoms were refined anisotropically, while the posi-
tions of all hydrogen atoms were generated with appropriate
geometric constraints and allowed to ride on their respective
parent carbon atoms with fixed isotropic thermal parameters.
The asymmetric unit of a crystal of 8 contains onemolecule of an
acetonitrile solvent and two [PF6]

- counterions, one of which is
disordered over two positions (site occupancy 0.73:0.27). Crys-
tallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC-773229. Copies of the data can be obtained free of
charge upon application to CCDC, 12Union Road, Cambridge
CB2 1EZ, U.K. [fax (0.44) 1223-336-033; e-mail deposit@
ccdc.cam.ac.uk].

DFT calculations were carried out with the Gaussian03/
DFT32 series of programs. The B3LYP formulation of DFT
was used by employing the LANL2DZbasis set.32No symmetry
constraints were imposed on the molecules. For solvent model-
ing, the integral-equation-formalism polarizable continuum
model (IEFPCM) was employed.

(26) Tolman, C. A. Chem. Rev. 1977, 77, 313.
(27) Shi, Q.; Thatcher, R. J.; Slattery, J.; Sauari, P. S.; Whitwood, A. C.;

McGowan, P. C.; Douthwaite, R. E. Chem.—Eur. J. 2009, 15, 11346.

(28) SMART Data Collection and SAINT-Plus Data Processing Software
for the SMART System, various versions; Bruker Analytical X-ray Instruments,
Inc.: Madison, WI, 2000.

(29) Blessing, B. Acta Crystallogr. 1995, A51, 33.
(30) Sheldrick, G. M. SHELXTL, version 5.1; Bruker AXS: Madison, WI,

1998.
(31) Sheldrick, G. M. SHELXL-97; University of G€ottingen: G€ottingen,

Germany, 1997.
(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Montgomery, J. A.; Vreven, T., Jr.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida,M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene,M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Ragha-
vachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, revision
B.03; Gaussian, Inc.: Pittsburgh, PA, 2003.
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Synthesis of ddpd (Chart 2). Potassium bis(trimethylsilyl)-
amide (5.670 g, 28.42 mmol, 2.6 equiv) was dissolved in dioxane
(100mL) under argon. After the addition ofN-methylpyridin-2-
ylamine (3.00 mL, 29.2 mmol, 2.7 equiv), the solution turned
yellow.A solution of 2,6-dibromopyridine (2.555 g, 10.79mmol,
1.0 equiv) in dioxane (30 mL) was added, and the mixture was
heated to reflux for 64 h, resulting in a brown solution. After
cooling to room temperature, water (250 mL) was added, and
the aqueous phase was extracted three times with tetrahydro-
furan/Et2O (1:1, 100 mL). The combined organic phases were
washed three times with a 1 M aqueous Na2CO3 solution and
finally dried over MgSO4. After removal of the solvent under
reduced pressure, the product was purified by column chroma-
tography (silica gel, 3:1 petroleum ether 40-60/ethyl acetate),
yielding a yellow viscous liquid. Yield: 2.82 g (9.68 mmol, 90%).
1H NMR (CD3CN, 300 K): δ 8.29 (m, 2 H, H8), 7.57 (m, 2 H,
H6), 7.50 (t, 3JHH=8.0Hz, 1H, H1), 7.26 (m, 2H, H5), 6.89 (m,
2 H, H7), 6.71 (d, 3JHH = 8.0 Hz, 2 H, H2), 3.50 (s, 6 H, CH3).
13C{1H} NMR (CD3CN, 300 K): δ 158.7 (s, C4), 157.2 (s, C3),
148.8 (s, C8), 139.8 (s, C1), 137.8 (s, C6), 117.9 (s, C7), 116.3 (s,
C5), 106.6 (s, C2), 36.3 (s, CH3). MS (FD): m/z 291.2 (100%)
[M]þ. HR-MS (ESIþ): Calcd for C17H17N5Na: m/z 314.1382.
Obsd:m/z 314.1375. Elem anal. Calcd forC17H17N5 (291.35): C,
70.08; H, 5.88; N, 24.04. Found: C, 70.12; H, 5.52; N, 24.34.

Synthesis of 8 (Chart 3). A solution of ddpd (216.4 mg,
0.743 mmol, 1.5 equiv) in ethanol (15 mL) was added to RuCl3-
(EtOOC-tpy)33-35 (251.0 mg, 0.490 mmol, 1.0 equiv). After the
addition of N-ethylmorpholine (0.20 mL, 0.18 mg, 3.2 equiv),
the mixture was sonicated for 1 min and heated to reflux in a
laboratory microwave oven for 15min (80 �C). The mixture was
filtered over Celite (1.5 cm; diameter 3.5 cm) and rinsed with
ethanol. The solvent was removed under reduced pressure, and
the dark-red-brown residue was dissolved in ethanol (3 mL).
The addition of an aqueous solution of NH4PF6 (239.0 mg,
1.466 mmol, 3.0 equiv, 3 mL of H2O) resulted in the precipita-
tion of a purple solid. After the precipitate was washed with
water, the precipitate was dissolved in CH3CN (10 mL) and a
solution of AgNO3 (52 mg, 0.31 mmol, 0.4 equiv) in CH3CN

(10 mL) was added. The mixture was refluxed for 4 h. The
resulting AgCl was removed by filtration, and the filtrate was
concentrated to 3 mL under reduced pressure. The addition of
an aqueous solution of NH4PF6 (156.0 mg, 0.957 mmol, 2.0
equiv, 3 mL of H2O) resulted in the precipitation of a purple
solid, which was collected by filtration and dried under reduced
pressure. Yield: 298.6mg (0.3023mmol, 62%). Crystals suitable
for single-crystal X-ray diffraction were obtained by the slow
diffusion of diethyl ether into a solution of 8 in CH3CN. 1H
NMR (CD3CN, 300 K): δ 8.97 (s, 2 H, H2), 8.56 (m, 2 H, H5),
8.27 (t, 3JHH=8.2Hz, 1H,H16), 8.11 (m, 2H,H8), 8.02 (m, 2H,
H6), 7.61 (m, 2 H, H11), 7.56 (d, 3JHH = 8.2 Hz, 2 H, H15), 7.47
(m, 2H,H7), 7.17 (m, 2H,H12), 6.57 (m, 2H,H10), 6.42 (m, 2H,
H9), 4.58 (q, 3JHH = 7.1 Hz, 2 H, CH2CH3), 3.46 (s, 6 H,
N-CH3), 1.52 (t,

3JHH=7.1Hz, 3H,CH2CH3).
13C{1H}NMR

(CD3CN, 300 K): δ 164.9 (s, CdO), 159.8, 159.7 (2s, C3, C13),
158.7 (s, C4), 157.2 (s, C14), 155.1 (s, C8), 149.4 (s, C9), 141.8 (s,
C16), 140.2 (s, C11), 139.2 (s, C6), 136.3 (s, C1), 128.0 (s, C7), 125.7
(s, C5), 123.8 (s, C2), 121.5 (s, C10), 116.3 (s, C12), 113.6 (s, C15),
63.7 (s, CH2CH3), 41.8 (s, NCH3), 14.6 (s, CH2CH3).

1H-15N
HMBC (CD3CN, 300 K): δ -288.1 (N2), -168.6 (N1), -162.2
(N3),-142.2 (N4),-85.8 (N5).MS (ESIþ):m/z 349.1 (7%) [M-
2PF6]

2þ, 843.1 (100) [M - PF6]
þ. HR-MS (ESIþ): Calcd for

C35H32F6N8O2P
96Ru: m/z 837.1366. Obsd: m/z 837.1360. IR

(KBr): ν~ 3432 (br, crystal water), 3092 (m, CHar), 2922 (m,
CHal), 1729 (s, COester), 1603 (s), 1583 (m), 1492 (m), 1454 (s),
1441 (s), 1372 (m), 1343 (s), 1280 (m), 1254 (s), 1126 (m), 1100
(m), 1023 (m), 841 (vs, PF), 768 (m), 752 (m), 560 (s) cm-1. UV/
vis (CH3CN): λabs (ε) 517 (7500), 319 (28 800), 276 (34 700), 236
(29 900), 205 nm (31500 M-1 cm-1). Emission (CH3CN, 295 K,
λexc=517 nm): λemiss=729 nm [τ=722(5) ns]. Emission (CH3-
CH2CH2CN, 77 K, λexc = 517 nm): λemiss =707 nm [τ =
3309(15) ns]. Quantum yield (CH3CN, λexc = 469 nm, 295 K):
Φ = 0.003. CV (CH3CN): E1/2 = þ0.81 (1e), -1.40 V (2e) vs
Fc/Fcþ. Elem anal. Calcd for C35H32F12N8O2P2Ru (987.68) 3
5H2O: C, 39.00; H, 3.93; N, 10.40. Found: C, 39.03; H, 3.60; N,
10.40.
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Introduction

Polypyridine complexes of ruthenium(II) have attracted
great interest due to their outstanding and tunable photo-
physical and electrochemical properties combined with high
thermal and chemical robustness.[1] They are used as light
harvesters in dye-sensitized solar cells,[2–4] luminescent emit-
ters in light-emitting electrochemical cells,[5–7] possible anti-
cancer and imaging agents in phototherapy,[8–10] sensors for
ions[11–16] and small molecules,[17,18] photocatalysts for water
splitting,[19,20] hydrogen production,[21–24] CO2 reduc-
tion,[21,23, 25] and many other chemical reactions,[23,26–29] com-
ponents in mixed valence systems,[30–35] light upconversion
systems[36–39] and molecular memory devices.[40–42]

The most prominent ruthenium(II) polypyridine com-
plexes are [Ru ACHTUNGTRENNUNG(bpy)3]

2+ (bpy=2,2’-bipyridine) and its ana-
logues thanks to their high 3MLCT state lifetimes (t�1 ms)
and luminescence quantum yields (F�10 %) at room tem-
perature in solution.[1,43] However, the intrinsic chirality of
D,L-[Ru ACHTUNGTRENNUNG(bpy)3]

2+ leads to the formation of stereoisomers
for unsymmetrically substituted bpy ligands, which heavily
complicates synthetic procedures.[44,45] In contrast, [Ru-ACHTUNGTRENNUNG(tpy)2]

2+ ([5]2+ , tpy= 2,2’;6’,2’’-terpyridine) type complexes
are achiral and can be synthesized free of stereoisomers
even in the case of unsymmetrical substitution of the tpy 4’-
positions.[46] Additionally, the tridentate coordination should
provide a higher photo and chemical stability compared
with the bidentate mode with respect to ligand substitution.
Despite the structural similarity of the parent complexes
[Ru ACHTUNGTRENNUNG(bpy)3]

2+ and [RuACHTUNGTRENNUNG(tpy)2]
2+ , the triplet metal-to-ligand

charge transfer (3MLCT) lifetime of the latter is dramatical-
ly reduced due to an efficient radiationless deactivation
through triplet metal-centered (3MC) states (t�0.1–0.2 ns,
F�0.0005 %; Scheme 1).[47–49]

Two strategies have emerged to impede radiationless de-
activation in bis(tridentate) ruthenium(II) complexes and
to improve 3MLCT lifetimes and luminescence quantum
yields:

Abstract: The synergy of push–pull
substitution and enlarged ligand bite
angles has been used in functionalized
heteroleptic bis(tridentate) polypyri-
dine complexes of ruthenium(II) to
shift the 1MLCT absorption and the
3MLCT emission to lower energy, en-
hance the emission quantum yield, and
to prolong the 3MLCT excited-state
lifetime. In these complexes, that is,
[Ru ACHTUNGTRENNUNG(ddpd)(EtOOC-tpy)] ACHTUNGTRENNUNG[PF6]2, [Ru-ACHTUNGTRENNUNG(ddpd-NH2)(EtOOC-tpy)] ACHTUNGTRENNUNG[PF6]2, [Ru-ACHTUNGTRENNUNG(ddpd) ACHTUNGTRENNUNG{(MeOOC)3-tpy}]ACHTUNGTRENNUNG[PF6]2, and
[Ru ACHTUNGTRENNUNG(ddpd-NH2) ACHTUNGTRENNUNG{(EtOOC)3-tpy}] ACHTUNGTRENNUNG[PF6]2

the combination of the electron-accept-
ing 2,2’;6’,2’’-terpyridine (tpy) ligand

equipped with one or three COOR
substituents with the electron-donating
N,N’-dimethyl-N,N’-dipyridin-2-ylpyri-
dine-2,6-diamine (ddpd) ligand deco-
rated with none or one NH2 group en-
forces spatially separated and orthogo-
nal frontier orbitals with a small
HOMO–LUMO gap resulting in low-
energy 1MLCT and 3MLCT states. The
extended bite angle of the ddpd ligand
increases the ligand field splitting and

pushes the deactivating 3MC state to
higher energy. The properties of the
new isomerically pure mixed ligand
complexes have been studied by using
electrochemistry, UV/Vis absorption
spectroscopy, static and time-resolved
luminescence spectroscopy, and transi-
ent absorption spectroscopy. The ex-
perimental data were rationalized by
using density functional calculations on
differently charged species (charge n=

0–4) and on triplet excited states
(3MLCT and 3MC) as well as by time-
dependent density functional calcula-
tions (excited singlet states).
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1) Push–pull substituents at the 4-position of the central
pyridine rings: Electron-withdrawing substituents lower
the 3MLCT state energy, whereas electron-donating sub-
stituents raise the 3MC state energy, which increases the
energy difference between the two states.[46] For example,
the bis-4’-substituted complex [(EtOOC-tpy)RuACHTUNGTRENNUNG(tpy-
NH2)]2+ ([7]2+ , Scheme 2) possesses a significantly
higher lifetime (t=34 ns) and a higher quantum yield
(F= 0.18 %) compared with unsubstituted [RuACHTUNGTRENNUNG(tpy)2]

2+ .
This amino acid derivative [7]2+ has been successfully in-

corporated in peptidic energy and electron-transfer sys-
tems and shows light-induced charge separation in a
donor–chromophore–acceptor nanocomposite.[25,50–54] Ex-
ceptionally high room temperature emission lifetimes
and quantum yields were obtained by Schubert andACHTUNGTRENNUNGBerlinguette et al. by using heteroleptic bis(tridentate)
ruthenium(II) complexes incorporating electron-accept-
ing tpy and strongly s-electron-donating tridentate bis-ACHTUNGTRENNUNG(carbene)pyridine ligands (t up to 7.9 ms, F up to
11 %).[55]

2) Enlargement of N-Ru-N bite angles: Typically, N-Ru-N
bite angles in tpy complexes of ruthenium are around
79 8. Larger bite angles (ideally 90 8) would create a
stronger ligand field splitting due to the better overlap
between the Ru d orbitals and the pyridine nitrogen lone
pairs. In a stronger ligand field the 3MC–3MLCT energy
difference increases and the deactivating 3MC states are
less accessible.[48] Bite angles of close to 90 8 could be
achieved by Hammarstrçm et al. in [Ru ACHTUNGTRENNUNG(dqp)2]

2+ (dqp=

2,6-di(quinolin-8-yl)pyridine) with a high lifetime and
quantum yield at room temperature (t=3.0 ms, F=

2 %).[56] The 4’-substituted analogue [Ru(dqp-
COOEt)2]

2+ even surpasses the values of the latter (t=

5.5 ms, F =7 %) and [RuACHTUNGTRENNUNG(dqp)2]
2+ complexes have al-

ready been used in donor–acceptor arrays with long-
lived photoinduced charge-separated states.[57,58] A ho-
moleptic analogue of [Ru ACHTUNGTRENNUNG(tpy)2]

2+ containing carbonyl
bridges between the pyridine rings synthesized by Ruben
et al. shows bite angles of 90 8 and, to the best of our
knowledge, features the highest reported room tempera-
ture quantum yield for a bis(tridentate) ruthenium(II)
complex (t=3.3 ms, F= 30 %).[59] Ligands with large bite
angles like dqp are flexible and therefore can lead to the
formation of stereoisomers (mer, cis-fac, trans-fac).[60]

For this reason we developed the heteroleptic bis(triden-
tate) ruthenium(II) complex [1]ACHTUNGTRENNUNG[PF6]2 (Scheme 2), which
is the first example for the combination of a tpy ligand
and a ddpd ligand (ddpd= N,N’-dimethyl-N,N’-dipyridin-
2-ylpyridine-2,6-diamine, 11). The tpy ligand only allows
for a meridional coordination of both ligands and avoids
the formation of undesired stereoisomers. The ddpd
ligand is a tpy analogue and shows large bite angles due
to the additional NCH3 bridges between the pyridine
rings. The 3MLCT room temperature lifetime of [1]ACHTUNGTRENNUNG[PF6]2

and its room temperature quantum yield are significantly
higher than for comparable bis ACHTUNGTRENNUNG(tpy) complexes (t=

722 ns, F =0.45 %).[7,61]

Herein, we apply the push–pull strategy to the complex
[1] ACHTUNGTRENNUNG[PF6]2 by stepwise boosting its push–pull substitution pat-
tern with additional electron-accepting (-COOR) and elec-
tron-donating (-NH2) substituents ([1]ACHTUNGTRENNUNG[PF6]2–[4]ACHTUNGTRENNUNG[PF6]2,
Scheme 2). The amino and the (hydrolyzed) ester groups
can be easily functionalized and principally connected to
semiconductors, polymers, biomolecules, or potential cata-
lysts in a directional way.[25, 50–53] A 2,2’;6’,2’’-terpyridine
(R1R2-tpy) ligand as electron acceptor and a R3-ddpd ligand
as electron donor are used in combination with additional
substituents on both tridentate ligands enhancing their ac-
ceptor or donor strength, respectively. This choice of accept-
or and donor abilities should lead to a small HOMO–
LUMO gap, which should shift the MLCT absorption and
emission energies towards the red spectral region. Addition-
ally, the different donor–acceptor characteristics of the meri-
dional coordinating ligands should enforce spatially separat-
ed (orthogonal) frontier orbitals and should equip the sys-
tems with a high electronic directionality. The second strat-
egy aims at shifting the energy of the thermally accessible
3MC state, which is a funnel for radiationless deactivation,[48]

to higher values by employing the ddpd ligand with its large
bite angle. Thus, to enhance the emission quantum yield and
3MLCT state lifetime, the 3MC–3MLCT energy difference is
increased by increasing the energy of the 3MC state and by
decreasing the energy of the 3MLCT state. As the latter
strategy also decreases the energy between the emitting
3MLCT state and the ground state 1GS, the effects of the

Scheme 1. Qualitative Jablonski diagram of RuII oligopyridine complexes
(GS=ground state, MLCT = metal-to-ligand charge transfer, ISC= inter-
system crossing, MC=metal-centered).

Scheme 2. Bis(tridentate) ruthenium(II) oligopyridine complexes.
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energy gap law[62–64] also need to be considered (Scheme 1).
The properties of [1]2+–[4]2+ and bis ACHTUNGTRENNUNG(tpy) reference com-
plexes [5]2+–[7]2+ will be disclosed by electrochemistry, UV/
Vis, static and time-resolved emission, transient absorption
spectroscopy, and by DFT calculations (Scheme 2).

Results and Discussion

Ligand and complex synthesis and analytical characteriza-
tion : The terpyridine ligands EtOOC-tpy and (MeOOC)3-
tpy, the unsubstituted ddpd ligand 11, the trichlorido
rutheniumACHTUNGTRENNUNG(III) complexes 12 and 13, and the heteroleptic
complex [1]ACHTUNGTRENNUNG[PF6]2 have been reported previously.[61,65–67] The
synthesis of the new amino-functionalized ddpd ligand pre-
cursor 10 is depicted in Scheme 3. The N-protected ligand
10 was prepared by a Pd-catalyzed Buchwald–Hartwig ami-
nation of 2,6-dichloro-4-phthalimidopyridine 8 or its bromo
derivative 9. The reasons for this protecting-group strategy
are outlined in the Supporting Information. All compounds
8–11[61] were characterized by using mass spectrometry, in-
frared (Figure S1–S4, the Supporting Information), 1H, 13C,
and 15N NMR 1D- and 2D spectroscopy (Figure S5–S16, the

Supporting Information) and elemental analysis. Single crys-
tals of 8 and 9 have been obtained and X-ray diffraction
analyses show a dihedral angle of 43 8 between the pyridine
and the phthalimido substituent in both cases (Figures S17
and S18, Tables S1–S3, the Supporting Information).

The syntheses of heteroleptic ruthenium(II) complexes
[1] ACHTUNGTRENNUNG[PF6]2–[4]ACHTUNGTRENNUNG[PF6]2 are depicted in Scheme 4. Starting from
the trichlorido(terpyridine)ruthenium ACHTUNGTRENNUNG(III) precursors 12 and
13[65–67] all mixed ligand complexes were obtained in isomeri-
cally pure form (mer) in a microwave-assisted reaction with
the respective ddpd ligand 10 or 11 in ethanol and N-ethyl-
morpholine as reducing agent. For a successful synthesis of
[1]2+ [61] and [3]2+ comprising the unsubstituted ddpd ligand
11 the chloride ions have to be removed with AgNO3 as
AgCl. In the last step, the complexes [1]ACHTUNGTRENNUNG[PF6]2 and [3] ACHTUNGTRENNUNG[PF6]2

are precipitated by addition of an aqueous NH4PF6 solution.
For [2]2+ and [4]2+ bearing the N-protected amino ligand 10
the phthalimido group is partially deprotected during the
microwave-assisted reaction to give a mixture of phthali-
mide, monoethylester monoamide, and free amino group
functionality of the coordinated ddpd ligand. Full deprotec-
tion is achieved in situ by treating the mixture with hydra-
zine hydrate. The use of AgNO3 to remove the chloride

anions proved unnecessary.
During the hydrazine deprotec-
tion to give [4]2+ , the methyl
ester groups are partially hy-
drolyzed. Therefore, the free
acid groups are re-alkylated by
treating the mixture with etha-
nol and sulfuric acid to obtain
[4]2+ as pure tris(ethylester).
All complexes [1]ACHTUNGTRENNUNG[PF6]2–[4]-ACHTUNGTRENNUNG[PF6]2 were characterized by
using ESI and HR-ESI massScheme 3. Synthesis of functionalized ddpd ligand 10.

Scheme 4. Synthesis of the heteroleptic ruthenium(II) complexes [1] ACHTUNGTRENNUNG[PF6]2–[4] ACHTUNGTRENNUNG[PF6]2.
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spectrometry, infrared, 1H, 13C and 15N NMR 1D and 2D
spectroscopy, and elemental analysis. For all complexes, the
ion peaks for [M�PF6]

+ and for [M�2 PF6]
2+ were observed

in the ESI mass spectrum with m/z values and isotope distri-
butions fitting excellently to the theoretical values. More-
over, the HR-ESI spectra verify the molecular formulae of
all the complex cations (see the Experimental Section).
1H NMR spectral data of [1]ACHTUNGTRENNUNG[PF6]2–[4] ACHTUNGTRENNUNG[PF6]2 are summarized
in the Supporting Information (Table S4) and the corre-
sponding spectra of [2] ACHTUNGTRENNUNG[PF6]2–[4]ACHTUNGTRENNUNG[PF6]2 are shown in Figur-
es S19–S21. All NMR data confirm the presence of a single
stereoisomer in each case, namely, the meridional one. Ex-
emplarily, the 1H NMR spectrum of [2]ACHTUNGTRENNUNG[PF6]2 and its atom
numbering are depicted in Figure 1. All resonances of the
pyridine protons appear in the expected range from d=6 to
9 ppm. The most downfield-shifted resonance is assigned to
H2 and appears as a singlet at d= 8.95 ppm. The amino pro-
tons resonate at d= 5.72 and the protons of the bridging
NCH3 unit at d= 3.36 ppm. Compared with [1]2+ (d=

7.56 ppm)[61] the resonance of H15 in [2]2+ is shifted to
higher field (d =6.80 ppm) due to the presence of the NH2

group as expected.[68] For the NCH3 moieties a single reso-
nance is observed for each of the 1H, 13C and 15N nuclei in
the respective NMR spectra. The two NCH3 units in the
ddpd ligand point up and below the plane of the central pyr-
idine plane, respectively, enforcing an interACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand nuclear
Overhauser effect (NOE) between NCH3 of the ddpd ligand
and H8 of the tpy ligand vis-�-vis. 13C{1H} NMR spectra of
[1] ACHTUNGTRENNUNG[PF6]2–[4]ACHTUNGTRENNUNG[PF6]2 show resonances of all carbon atoms
(Table S5 and Figures S22–S24, the Supporting Information).
The 13C resonances were successfully assigned by using
2D NMR correlation spectroscopy. 15N-1H HMBC spectral
data of [1]ACHTUNGTRENNUNG[PF6]2–[4]ACHTUNGTRENNUNG[PF6]2 and of ligands 10, 11, and
EtOOC-tpy are summarized in Table S6 and Figures S15,
S16, and S25–S27 (the Supporting Information). All 15N res-
onances, including pyridyl, amino, and phthalimido nitrogen

atoms have been identified and assigned by correlation to
the respective adjacent hydrogen nuclei. The coordinating
pyridine nitrogen atoms of the ligands are much more af-
fected by Ru2+ coordination (coordination shift) than the
remote and non-coordinating NCH3

15N nuclei substantiat-
ing that the NCH3 groups remain indeed non-coordinated.

Solid-state IR spectra of complexes [1]ACHTUNGTRENNUNG[PF6]2–[4]ACHTUNGTRENNUNG[PF6]2

show very strong bands at 841–843 cm�1, which are assigned
to the PF stretching vibration of the counterions. Functional
groups of the cations are identified by strong bands at 1726–
1734 cm�1 belonging to C=O stretching vibrations of the
ester moieties and by bands at 3400–3468 cm�1 and
3240 cm�1 assigned to asymmetric and symmetric NH
stretching vibrations (Figure S28–S30, the Supporting Infor-
mation).

Single crystals of [2]ACHTUNGTRENNUNG[PF6]2 and [3]ACHTUNGTRENNUNG[PF6]2 were obtained by
diffusion of diethyl ether into an acetonitrile solution of the
complexes. The single-crystal X-ray diffraction analysis of
[1] ACHTUNGTRENNUNG[PF6]2 has been described previously.[61] Selected bond
lengths and angles obtained by X-ray diffraction and from
DFT optimized geometries are summarized in Table 1. All
complex cations [1]2+–[3]2+ exhibit meridional coordination
of the tridentate ligands as expected (Figure 2 and the Sup-
porting Information, Figures S31–S32 and Tables S7–S9).
Cations [1]2+–[3]2+ feature very similar Ru�N bond lengths
and N-Ru-N bond angles. The shortest Ru�N distance in
[1]2+–[3]2+ is the one between ruthenium and the central
tpy-nitrogen atom N2 (1.94–1.95 �) due to the small bite
angle of tpy. All other Ru�N bond lengths in [1]2+–[3]2+ are
around 2.07–2.09 �. The DFT-calculated values are about
0.03–0.04 � longer (1.98 � for Ru�N2 and 2.11–2.12 � for
all other Ru�N bonds) but reproduce the short central Ru�
N ACHTUNGTRENNUNG(tpy) distance. The N-Ru-N bite angles are well repro-
duced by DFT calculations with tpy bite angles of 79–80 8
and ddpd bite angles of 87–888. The latter nearly approach
the value of an ideal octahedron (90 8) allowing for an opti-

Figure 1. 1H NMR spectrum of [2] ACHTUNGTRENNUNG[PF6]2 and atom numbering in CD3CN. The asterisk (*) indicates the splitting of the proton resonances of [2]2+ after
addition of chiral (D-TRISPHAT)� counterions.
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mal s-overlap of metal d orbitals (“eg”) with the lone pairs
of the ddpd nitrogen donor atoms. The coordinated ddpd
ligand is slightly twisted with the NCH3 groups pointing up
and below the plane of the central pyridine ring as already
deduced from the nuclear Overhauser effect (NOE) data.

To explore this helical twist of the coordinated ddpd
ligand, a solution of [2]ACHTUNGTRENNUNG[PF6]2 was treated with the chiral
anion [D-tris(tetrachloro-1,2-benzenediolato)phosphate(V)]
((D-TRISPHAT)�).[45,69] This splits the 1H NMR resonances
of [2]2+ (H2, H15, NH2, CH2, NCH3, CH3; Figure 1; Fig-
ure S33, the Supporting Information) into two signal sets

(�1.0:1.3 by integration of 1H NMR spectrum) re-
vealing the helical chirality of [2]2+ . The formation
of diasteromeric ion pairs is a result of the electro-
static attraction between the cations and anions
leading to a high proximity between [2]2+ and the
(D-TRISPHAT)� or [PF6]

� counterions. Indeed, the
solid-state structures of [2] ACHTUNGTRENNUNG[PF6]2 and [3] ACHTUNGTRENNUNG[PF6]2

reveal that the [PF6]
� counterions are situated in

chiral “pockets” formed by the tridentate ligands
(Figure 3). The two [PF6]

� counterions with the
shortest Ru···P distance (�6 �) lie vis-�-vis on
both sides of the ruthenium atom. Each hexafluoro-
phosphate is embraced by two neighboring pyridine
rings of one chelate ligand and by one additional
pyridine ring of the other tridentate ligand, respec-

tively, with distances between the phosphorus atom and the
center of the pyridine rings of 4.4–5.7 �. Similar contact ion
pairs are expected for the (D-TRISPHAT)� anion and [2]2+

with the anion inserted into the chiral “pockets” of the
cation.

Electrochemistry of [1]ACHTUNGTRENNUNG[PF6]2–[4] ACHTUNGTRENNUNG[PF6]2 and reference com-
plexes : Electrochemical data of [1]ACHTUNGTRENNUNG[PF6]2–[4]ACHTUNGTRENNUNG[PF6]2 are ob-
tained by cyclic and square wave voltametry in acetonitrile
solution and [n-Bu4N]ACHTUNGTRENNUNG[PF6] as the supporting electrolyte. All
potential values are referenced to the Fc/Fc+ couple. Elec-
trochemical data of all complexes [1] ACHTUNGTRENNUNG[PF6]2–[7] ACHTUNGTRENNUNG[PF6]2 are
summarized in Table 2 (Figures S34–S36, the Supporting In-
formation). Exemplarily, Figure 4 depicts cyclic and square
wave voltammograms of [4]ACHTUNGTRENNUNG[PF6]2. The reversible one-elec-

Table 1. Experimental (X-ray diffraction) and DFT calculated (singlet ground state,
B3LYP/LANL2DZ, IEFPCM in CH3CN), selected bond lengths [�] and angles [8] of
[1]2+–[4]2+ .

[1]2+

exp
[1]2+

DFT
[2]2+

exp
[2]2+

DFT
[3]2+

exp
[3]2+

DFT
[4]2+

DFT

Ru�N1 2.079(2) 2.117 2.0804(17) 2.114 2.0777(15) 2.109 2.107
Ru�N2 1.944(2) 1.983 1.9465(16) 1.980 1.9481(14) 1.984 1.982
Ru�N3 2.078(2) 2.117 2.0869(16) 2.116 2.0921(15) 2.108 2.107
Ru�N4 2.076(2) 2.119 2.0750(16) 2.118 2.0800(15) 2.119 2.119
Ru�N5 2.078(2) 2.114 2.0806(16) 2.113 2.0858(15) 2.114 2.111
Ru�N6 2.072(2) 2.119 2.0766(16) 2.118 2.0784(15) 2.119 2.118
N1-Ru-N2 79.68(8) 79.23 79.80(7) 79.28 79.84(6) 79.28 79.33
N1-Ru-N3 159.22(8) 158.46 159.53(7) 158.56 159.10(6) 158.59 158.72
N2-Ru-N5 178.29(9) 179.85 178.19(7) 179.91 177.18(6) 179.95 179.92
N4-Ru-N5 87.51(8) 87.55 87.33(6) 87.28 87.34(6) 87.54 87.31
N4-Ru-N6 174.70(8) 175.12 174.83(6) 174.56 174.74(6) 175.04 174.58

Figure 2. Molecular structures of cations of a) [2]2+ and b) [3]2+ in the
solid state (CH hydrogen atoms omitted).

Figure 3. Arrangement of cations and the two nearest [PF6]
� counterions

of a) [2]2+ and b) [3]2+ in the solid state (red: tpy, blue: ddpd, CH hydro-
gen atoms omitted). Distances between the phosphorus atoms and the
center of the surrounding pyridine rings are indicated in �.
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tron oxidation of [4]2+ to [4]3+ at 0.73 V is assigned to the
RuII/III redox couple in analogy to similar complexes.[7,53,54, 61]

To further confirm this assignment, DFT calculations
(B3LYP/LANL2DZ, IEFPCM, CH3CN) were performed on
singly oxidized species [1]3+–[4]3+ and on bis ACHTUNGTRENNUNG(tpy) rutheni-
um reference compounds [5]3+–[7]3+ (without (PF6)

� coun-
terions, multiplicity M=2). Indeed, the spin density is large-
ly located on the ruthenium atom with Mulliken spin densi-
ties calculated as 0.85, 0.78, 0.83, 0.77, 0.88, 0.88, and 0.76
for [1]3+–[7]3+ , respectively (Figure S37, the Supporting In-
formation). For [2]3+ , [4]3+ , and [7]3+ bearing NH2 groups, a
small amount of spin density is delocalized onto the nitro-
gen atom of the NH2 group (Mulliken spin density on N:
0.06, 0.07, and 0.11), which underlines the electron-donating
character of the amino group in these complexes
(Figure 4).[25,53, 54] This electron donation is experimentally
clearly observed in the oxidation potentials of complexes
with and without an NH2 group [2]2+/[1]2+ , [4]2+/[3]2+ and
[7]2+/[6]2+ (Table 2).[7,53,54, 61] On the other hand, comparing
the RuII/III potential of complexes with one or three ester
substituents [1]2+/[3]2+ and [2]2+/[4]2+ reveals that their
electron-withdrawing nature hampers the largely metal-cen-
tered oxidation by roughly 0.1 V.

The second experimentally observed oxidation of [1]2+

–[4]2+ at 1.70–1.80 V is irreversible. DFT calculations of
doubly oxidized complexes [1]4+–[4]4+ (M= 3) and refer-
ence compounds [5]4+–[7]4+ are depicted in Figure S38 (the
Supporting Information). The spin density in bisACHTUNGTRENNUNG(tpy) com-
plexes [5]4+ and [6]4+ is located almost entirely on the metal
center and for [7]4+ also partly on the NH2 group. However,
in ddpd complexes [1]4+–[4]4+ a significant amount of spin
density is delocalized onto the nitrogen atoms of the NCH3

groups. Therefore, we assign the second oxidation in com-
plexes [1]2+–[4]2+ to the irreversible oxidation of the NCH3

groups of the ddpd ligands. Again, the second oxidation po-
tential of NH2-containing ddpd complexes [2]2+ and [4]2+ is
lower than that of their NH2-free counterparts [1]2+ and
[3]2+ , respectively (Table 2).

Two reduction waves are observed for [1]2+–[4]2+ and as-
signed to ligand-based reductions.[53,61] The first reduction is
clearly centered on the tpy ligand as it is strongly affected
by the number of ester substituents on the tpy ligand ([1]2+

/[3]2+ ; [2]2+/[4]2+) and only marginally affected by the pres-
ence of NH2 groups on the ddpd ligand ([1]2+/[2]2+ ; [3]2+

/[4]2+). The second reduction follows the trend of the first
reduction, with triesters [3]+ and [4]+ being much more
easily reduced than [1]+ and [2]+ (Table 2). This leads to
the conclusion that both the first and the second reduction
are related to the tpy ligands.

DFT calculated spin densities of the singly reduced spe-
cies [1]+–[7]+ (M= 2) and doubly (M=3) reduced species
[1]0–[7]0 are depicted in Figures S39 and S40 of the Support-
ing Information, respectively. As spin densities are mainly
localized on the tpy ligand(s) in all cases the experimental
assignment to tpy reductions is confirmed. In some cases the
singlet species [1]0–[7]0 (M=1) are calculated slightly lower
in energy than their triplet counterparts (M=3). Thus, for a
pictorial comparison, the highest occupied molecular orbi-
tals (HOMOs) of these singlet species were also calculated
(the Supporting Information, Figure S40). The HOMOs of
[1]0–[4]0 (M=1) are fully localized on the (ROOC)n-tpy
ligand leading to the same conclusion as the spin density in
the triplet species.

Exemplarily, complex [2]2+ was chemically oxidized by
ammonium cerium(IV) nitrate to [2]3+ and reduced by deca-
methylcobaltocene to [2]+ . EPR spectra of the resulting rad-
icals were measured at 77 K. The radical [2]3+ gives a rhom-
bic signal (g1,2,3 =2.4440, 2.2694, 2.0300; Dg=0.4140 by spec-
tral simulation; Figure S41, the Supporting Information).
This signal is in full accordance with similar complexes of
RuIII[52] and the DFT calculations of [2]3+ (Figure S37, the
Supporting Information). For the one-electron-reduced radi-
cal [2]+ a less rhombic signal is obtained (g1,2,3 = 2.0089,
1.9865, 1.9720; Dg=0.0387 by spectral simulation; Fig-
ure S42, the Supporting Information). The reduced g aniso-
tropy points to a ligand-based reduction with some rutheni-
um admixture,[25,52] which is fully corroborated by DFT cal-
culations for [2]+ (Mulliken spin density of 0.10 on Ru; Fig-
ure S39, the Supporting Information).

Table 2. Electrochemical data[a] of complexes [1] ACHTUNGTRENNUNG[PF6]2–[7] ACHTUNGTRENNUNG[PF6]2.

E1/2

ddpd/ddpd+

E1/2

RuII/RuIII
E1/2

tpy/tpy�

[1] ACHTUNGTRENNUNG[PF6]2
[a] +1.80[b] +0.81 �1.47, �2.09[b]

[2] ACHTUNGTRENNUNG[PF6]2
[a] +1.73[b] +0.64 �1.50, �2.11,[b] �2.21[b]

[3] ACHTUNGTRENNUNG[PF6]2
[a] +1.80[b] +0.92 �1.25,[b] �1.70[b]

[4] ACHTUNGTRENNUNG[PF6]2
[a] +1.70[b] +0.73 �1.32, �1.75

[5] ACHTUNGTRENNUNG[PF6]2
[46][a] – +0.92 �1.67

[6] ACHTUNGTRENNUNG[PF6]2
[7][c] – +0.96 �1.27, �1.45

[7] ACHTUNGTRENNUNG[PF6]2
[53, 70][a] – +0.68 �1.54, �1.99

[a] In CH3CN in V versus Fc/Fc+ . [b] Irreversible, Ep given. [c] No sol-
vent denoted.

Figure 4. Cyclic voltammogram (top) and square wave voltammogram
(bottom) of [4] ACHTUNGTRENNUNG[PF6]2 in CH3CN; 0.1 m [nBu4] ACHTUNGTRENNUNG[PF6]. The inset structures
show the DFT calculated spin densities (contour value 0.01 au) of the re-
duced and oxidized species [4]+ and [4]3+ , respectively.
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In summary, oxidation occurs at the ruthenium center
(plus some ddpd-NH2 admixture for [2]2+ and [4]2+), where-
as reduction is confined to the tpy ligand. Consequently, oxi-
dation is favored by NH2 substitution at ddpd, whereas re-
duction is facilitated by COOR substitution at tpy leading
to the smallest difference between oxidation and reduction
potentials in [4]2+ in the series [1]2+–[4]2+ (Table 2). This
electronic situation should also be reflected in the optical
properties.

Optical properties of [1] ACHTUNGTRENNUNG[PF6]2–[4]ACHTUNGTRENNUNG[PF6]2 and reference com-
plexes : Experimental UV/Vis data together with time-de-
pendent (TD) DFT (IEFPCM, CH3CN) calculated stick
spectra showing the oscillator strength f of the calculated
transitions are graphically depicted in Figure 5 and numeri-
cally listed in Table 3.

The absorption spectra of [1]ACHTUNGTRENNUNG[PF6]2–[4]ACHTUNGTRENNUNG[PF6]2 in acetoni-
trile show ligand-centered p!p* transitions below l=

350 nm. In the visible spectral region characteristic metal-to-
ligand charge transfer (MLCT) bands with maxima at lmax =

517–546 nm and further maxima (or shoulders) at around l

�470, 600, and 665 nm are found. Similar to the electro-
chemical data, the MLCT maxima are affected by the ligand
type and the ligand-substitution pattern.

Replacing a tpy ligand by ddpd ([6]2+![1]2+ ; [7]2+![2]2+

) causes a bathochromic shift of the MLCT band (485[7]!
517 nm;[61] 502[53]!525 nm) due to the electron-donating
NCH3 groups, which raise the energy of the (mainly rutheni-
um-centered) HOMO, leaving the lowest occupied molecu-
lar orbital (LUMO) of the tpy acceptor essentially unaffect-
ed. This results in a smaller HOMO–LUMO gap (Table 3).
Attaching electron-donating NH2 groups to the ddpd ligand
further decreases the HOMO–LUMO gap ([1] ACHTUNGTRENNUNG[PF6]2![2]-ACHTUNGTRENNUNG[PF6]2; [3]ACHTUNGTRENNUNG[PF6]2![4]ACHTUNGTRENNUNG[PF6]2, Table 3, Figure 6). Installing
more electron-withdrawing ester substituents at the acceptor
tpy ligand also results in bathochromically shifted MLCTACHTUNGTRENNUNGabsorptions ([1]2+![3]2+ ; [2]2+![4]2+ , Table 3, Figure 5).
The strongest push–pull combination is realized in [4]2+ ,

which displays its MLCT band at the lowest energy in
the reported series, consistent with the redox data. We note
that [1]2+–[4]2+ have more structured MLCT absorption
bands than their bis ACHTUNGTRENNUNG(tpy) counterparts [6]2+ and [7]2+ .ACHTUNGTRENNUNGExtinction ACHTUNGTRENNUNGcoefficients at the band maxima of [1]2+–[4]2+

are significantly lower than for [6]2+ and [7]2+ ,[7,53, 54] which
might be due to the fact that the low-energy MLCT excita-
tions only involve tpy ligands but no ddpd ligands. The ex-
tinction coefficients of the amino derivatives [2]2+ , [4]2+ ,

Table 3. UV/Vis data of complexes [1] ACHTUNGTRENNUNG[PF6]2–[7] ACHTUNGTRENNUNG[PF6]2 in CH3CN and
TD-DFT data (B3LYP/LANL2DZ, IEFPCM in CH3CN) data.

Experimental DFT[a]

MLCT lmax [nm]
(e ACHTUNGTRENNUNG[m�1 cm�1])

p!p* lmax [nm]
(e ACHTUNGTRENNUNG[m�1 cm�1])

l [nm] (f)

[1] ACHTUNGTRENNUNG[PF6]2 630 (1000, sh),
582 (1900, sh),
517 (7500),
473 (5700, sh)

319 (28800),
276 (34700),
236 (29900),
205 (31500)

596.70 (0.0116),
507.85 (0.0576),
478.37 (0.0215),
444.82 (0.1188)

[2] ACHTUNGTRENNUNG[PF6]2 648 (1200, sh),
595 (2200, sh),
525 (8230),
475 (6300, sh)

323 (26700),
273 (42000),
238 (43600)

642.20 (0.0167),
623.45 (0.0072),
517.71 (0.0649),
508.21 (0.0198),
450.24 (0.0937),
450.08 (0.0516)

[3] ACHTUNGTRENNUNG[PF6]2 687 (800, sh),
603 (3100, sh),
539 (6360),
508 (5400, sh),
475 (5060)

340 (31000),
292 (34200),
210 (52400)

631.34 (0.0356),
625.10 (0.0106),
545.59 (0.0283),
510.71 (0.0451),
464.10 (0.0174),
461.70 (0.0405),
423.32 (0.0725),
416.11 (0.1591)

[4] ACHTUNGTRENNUNG[PF6]2 696 (1200, sh),
622 (3700, sh),
546 (7810),
479 (5960)

341 (32000),
292 (37200),
223 (45600)

674.37 (0.0139),
638.74 (0.0352),
553.25 (0.0300),
543.00 (0.0428),
476.16 (0.0226),
468.56 (0.0175),
445.44 (0.0797),
426.62 (0.0214),
419.40 (0.1538)

[5] ACHTUNGTRENNUNG[PF6]2
[49] 476 (14400) 308 (57400),

269 (38800)
555.80 (0.0063),
489.74 (0.0144),
471.01 (0.1314),
441.43 (0.0262),
426.47 (0.1782),
425.02 (0.0372),
415.02 (0.0447)

[6] ACHTUNGTRENNUNG[PF6]2
[7] 485 (18140) 309 (51690),

272 (42450),
225 (39620)

502.22 (0.0151),
502.22 (0.0151),
456.98 (0.0526),
429.73 (0.1659),
428.54 (0.0190),
428.54 (0.0192),
425.14 (0.0297),
425.14 (0.0297)

[7] ACHTUNGTRENNUNG[PF6]2
[53] 502 (19080) 318 (37610),

306 (34760),
274 (50990),
236 (42800)

572.52 (0.0064),
483.95 (0.1485),
453.79 (0.0593),
446.09 (0.0838),
439.61 (0.0411),
432.21 (0.1618)

[a] Highest calculated oscillator strengths f at l>400 nm (TD-DFT,
IEFPCM, CH3CN). For a complete list see the Supporting Information.

Figure 5. Experimental UV/Vis spectra and calculated stick spectra (TD-
DFT, IEFPCM, CH3CN) of [1]2+–[4]2+ in CH3CN.
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and [7]2+ are consistently larger than that of their respective
NH2-free parent complexes [1]2+ , [3]2+ , and [6]2+ . This is
based on the enlarged chromophore system, which extends
onto the NH2 group in [2]2+ , [4]2+ , and [7]2+ .

The Kohn–Sham frontier molecular orbitals have been
calculated by using DFT (B3LYP/LANL2DZ, IEFPCM,
CH3CN) for [1]2+–[4]2+ and their energies are presented in
Figure 6. Figure 7 exemplarily depicts the frontier molecular

orbitals of [2]2+ . HOMO to HOMO-2 are essentially ruthe-
nium-centered corresponding to the t2g orbitals in Oh sym-
metry, whereas LUMO and LUMO+1 are localized on the
tpy ligand.[55] The “eg” orbitals LUMO+11 and LUMO + 13
are found at a higher energy. Introduction of an NH2 group
at the ddpd ligand ([1]2+![2]2+) raises the HOMO energy
by DEHOMO =0.21 eV, whereas the LUMO energy is hardly
affected (DELUMO = 0.05 eV). Similar values are calculated
for the pair [3]2+![4]2+ (DEHOMO =0.23; DELUMO =0.07 eV).
Installing more ester substituents at the tpy ligand lowers

the LUMO energy more than the HOMO energy ([1]2+!
[3]2+ : DELUMO =0.29; DEHOMO =0.17 eV and [2]2+![4]2+ :
DELUMO = 0.27; DEHOMO =0.15 eV) resulting in a net smaller
HOMO–LUMO gap consistent with a bathochromically
shifted MLCT absorption (Figures 5 and 6). The HOMO of
the NH2-substituted ddpd complexes [2]2+ and [4]2+ extends
onto the NH2 group similar to that of [7]2+ and thus enhan-
ces the transition dipole moment leading to higher extinc-
tion coefficients (Table 3).[54]

The absorption spectra of [1]2+–[4]2+ were also estimated
by TD-DFT calculations including a polarizable solvent con-
tinuum model.[55,71,72] The characteristic experimental band-
shape with four discernible features (Table 3, Figure 5) is re-
produced as MLCT transitions originating from the metal-
centered orbitals (HOMO to HOMO-2) to the tpy-based p*
orbitals (LUMO and LUMO + 1). For [2]2+ the MLCT band
is composed of four sets of transitions centered at 450.1 (f=

0.0516)/450.2 (f=0.0937), 508.2 (f =0.0198)/517.5 (f=

0.0649), 623.5 (f= 0.0072), and 642.2 nm (f= 0.0167). The
bathochromic shift and the shape of the MLCT band of
[4]2+ is also fully reproduced by the TD-DFT calculation by
468.6 (f=0.0175)/476.2 (f =0.0226), 543.0 (f= 0.0428)/553.3
(f=0.0300), 638.7 (f= 0.0352), and 674.4 (f =0.0139). Fur-
thermore, the individual sum of oscillator strengths Sf at l>

400 nm increases by attaching an amino group (Sf= 0.2408
([1]2+)!0.2564 ([2]2+) and Sf=0.4153 ([3]2+)!0.4410 ([4]2+

)). The total experimental integrated intensity sI of the
MLCT absorption bands was calculated on an energy scale
(cm�1). In the range l=400–1000 nm (25 000–10 000 cm�1),
the integrated intensity sI increases in the same direction
(sI= 3.57 � 107

m
�1 cm�2 ([1]2+)!4.01 � 107

m
�1 cm�2 ([2]2+)

and sI= 4.58 �107
m
�1 cm�2 ([3]2+)!5.86 � 107

m
�1 cm�2 ([4]2+

)). The high absorptivity in the visible spectral region up to
700 nm of the amino-substituted complexes [2]2+ and [4]2+

would be especially beneficial for harvesting the low-energy
red light in dye-sensitized solar cells. For reference com-
pounds [5]2+–[7]2+ , the sums of the oscillator strengths Sf at
l>400 nm (Sf=0.3463 ([5]2+) <Sf= 0.4395 ([6]2+) <Sf=

0.5026 [7]2+) is also nicely in accordance with the trend of
their respective experimental extinction coefficients of their
lowest-energy MLCT band (Table 3).

Emission data of [1] ACHTUNGTRENNUNG[PF6]2–[7]ACHTUNGTRENNUNG[PF6]2 are summarized in
Table 4. In a solution of CH3CN at room temperature, com-
plexes [1]2+–[4]2+ emit red to near-infrared light with emis-
sion maxima at lmax>720 nm bathochromically shifted in
the series [1]2+< [3]2+ < [2]2+< [4]2+ (lmax =729, 744, 762,
and 788 nm; Figure 8). Both the amino groups at the push-
substituted side and the ester groups at the pull-substituted
side act in a cooperative manner and lower the energy of
the emitting 3MLCT state. The mixed ligand complex [2]2+

emits at significantly lower energy than the bis ACHTUNGTRENNUNG(tpy) complex
[7]2+ ([2]2+ : lmax = 762 nm; [7]2+ : lmax = 734 nm), which is es-
sentially due to the electron-donating NCH3 groups present
in the ddpd ligand.

Emission energies were estimated by using DFT calcula-
tions (B3LYP/LANL2DZ, IEFPCM, CH3CN) as energy dif-
ference of the energy of the optimized 3MLCT state and the

Figure 6. Energies of relevant frontier molecular orbitals (HOMO-2,
HOMO-1, HOMO, LUMO, and LUMO +1) of [1]2+–[4]2+ .

Figure 7. Relevant Kohn–Sham frontier molecular orbitals (contour value
0.06 au) of [2]2+ (CH hydrogen atoms omitted).
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energy of the singlet ground state at the 3MLCT state geom-
etry. Figure 9 shows a clear correlation of the DFT-calculat-
ed values of [1]2+–[7]2+ with the experimentally determined
ones. Thus, the DFT derived conclusions corroborate the ex-
perimental findings and underpin the successful push–pull
concept to manipulate absorption and emission energies.

All mixed ligand complexes [1]2+–[4]2+ display high room
temperature emission quantum yields and long 3MLCT-state
lifetimes in fluid solution in comparison to the essentially
non-emissive bis ACHTUNGTRENNUNG(tpy) complex [5]2+ (Table 4). Recently, cy-
clometalated ligands as strong donors in ruthenium(II) com-
plexes have been reported with quantum yields of 0.001–
0.025 % and lifetimes of 1–30 ns.[73,74] The significantly
higher values for [1]2+–[4]2+ are based on a synergetic effect
of the push–pull substitution (lower 3MLCT state) and the
stronger ligand field imposed by the ddpd ligand with the
large bite angle (higher 3MC state). However, for the low-
energy emitting complexes [2]2+ and [4]2+ a further effect is
noted. The lower emission energy of the amino-substituted
complexes renders them susceptible to radiationless deacti-
vation to the ground state (energy-gap law[62–64]) especially
due to the presence of high-energy oscillators such as the
N�H stretch (�3450 cm�1). This detrimental effect of the
NH2 group significantly reduces the quantum yield and
room temperature 3MLCT lifetime ([1]2+![2]2+ t295K =

722!149 ns and [3]2+![4]2+ t295K = 841!136 ns; Fig-

ure 10 a). The effect of the N�
H oscillators is removed by
deuteration of the NH2 groups
in [2]2+ and [4]2+ . Successful
deuteration is proven by the ab-
sence of amine resonances in
the 1H NMR spectra, by the ab-
sence of N�H bands in the
solid state IR spectra and by
the appearance of correspond-
ing N�D bands ([2D]2+ : 2631/
2477 cm�1 (asymmetric/symmet-
ric); [4D]2+ : 2629/2475 cm�1

(asymmetric/symmetric)) in the solid-state IR spectra.
Hence, high-energy N�H oscillators (�3450 cm�1) are re-
placed by lower-energy N�D oscillators (�2630 cm�1). In-
tersystem crossing from the 3MLCT state to the 1GS ground
state is feasible through the second vibrational NH overtone
of the 1GS ([2]2+/[4]2+) and through the third ND overtone
([2D]2+/[4D]2+ ; Figure 11). As multiphonon deactivation is
more probable for fewer phonons, the deuterated deriva-
tives are less prone to quenching by high-energy vibrations
(Figure 11). Indeed, deuteration of the amino group signifi-
cantly increases the quantum yields ([2]2+![2D]2+ : F=

0.042!0.100 %; [4]2+![4D]2+ : F=0.052!0.073 %). Possi-
bly, the replacement of C�H in the ligands by C�D would
further improve the quantum yield and lifetime but this is
beyond the scope of this study.[75–78]

3MLCT lifetimes for [1]2+–[4]2+ (t77K =3309, 1123, 3251,
1002 ns) at 77 K in frozen butyronitrile are higher than
room temperature lifetimes by a factor of 4–8 (Table 4,
Figure 10) showing that deactivation through thermally ac-
cessible 3MC states is still a deactivation pathway at room
temperature in fluid solution. The presence of an amino
group reduces t77K by a factor of approximately three ([1]2+

Table 4. Experimental and DFT calculated emission data of complexes [1] ACHTUNGTRENNUNG[PF6]2–[7] ACHTUNGTRENNUNG[PF6]2.

Experimental DFT[d]

lmax,295K
[a] [nm]

(Emax,295K [eV])
F295K

[a] [%]ACHTUNGTRENNUNG(lex [nm])
t295K

[ns]
lmax,77K

[b][nm]
(Emax,77K [eV])

t77K
[b]

[ns]
tTA

[b,c]

[ps]
lmax,298K

[a] [nm]
(Emax,298K [eV]

[1] ACHTUNGTRENNUNG[PF6]2 729 (1.70) 0.45 (469.0) 722[b] 707 (1.75) 3309 9.3 932 (1.33)
[2] ACHTUNGTRENNUNG[PF6]2 762 (1.63) 0.042 (474.5) 149[b] 749 (1.66) 1123 8.4 1047 (1.18)
[3] ACHTUNGTRENNUNG[PF6]2 744 (1.67) 1.1 (467.5) 841[b] 728 (1.70) 3251 16.7 979 (1.27)
[4] ACHTUNGTRENNUNG[PF6]2 788 (1.57) 0.052 (467.5) 136[b] 779 (1.59) 1002 7.5 1181 (1.05)
[5] ACHTUNGTRENNUNG[PF6]2

[49] 629 (1.97) �0.0005 (n.a.) �0.1–0.2[e] n.a. 10600 n.a. 716 (1.73)
[6] ACHTUNGTRENNUNG[PF6]2

[7][f] 667 (1.86) 0.027 (n.a.) 32 n.a. n.a. 8.7 816 (1.52)
[7] ACHTUNGTRENNUNG[PF6]2

[54] 734 (1.69) 0.18 (n.a.) 34[a] 702 (1.77) n.a. 7.2 916 (1.35)

[a] In CH3CN. [b] In PrCN. [c] Time constants from picosecond TA spectroscopy at 295 K. [d] Calculated from
the energy difference of the optimized 3MLCT state and the singlet state with 3MLCT geometry. [e] Various
solvents. [f] No solvent denoted.

Figure 8. Normalized emission spectra of [1] ACHTUNGTRENNUNG[PF6]2–[4] ACHTUNGTRENNUNG[PF6]2 in CH3CN at
room temperature.

Figure 9. DFT calculated and experimental emission energies (Emax at
295 K) of [1]2+–[4]2+ and reference compounds [5]2+–[7]2+ in CH3CN.
Experimental emission data of [5]2+ and [6]2+ were taken from the litera-
ture.[7, 49]
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![2]2+ ; [3]2+![4]2+). Emission maxima at 77 K are shifted
to higher energy (DE=0.02–0.05 eV) compared with room
temperature values because the excited state is less stabi-
lized in the frozen matrix than in solution, which also pro-
longs the lifetime at low temperature (energy-gap law).

In summary, emission quantum yields and 3MLCT life-
times are improved by 1) using the push–pull concept de-
creasing the energy of the 3MLCT state and 2) increasing
the ligand bite angle to strengthen the ligand field and thus
raising the energy of the deactivating 3MC state. The first
approach, however, seems to reach its limits at around
750 nm emission energy due to the energy-gap law in this
type of complexes, especially when high-energy oscillators
are present.

DFT modeling of excited triplet states : Relevant electronic
triplet states 3MLCT and 3MC have been successfully mod-
eled by DFT methods for all complexes [1]2+–[7]2+

(Figure 12), except for the 3MC state of [4]2+ , which we
were unable to localize. It appears that the 3MC state of
[4]2+ corresponds only a very shallow minimum, which con-
nects to the 3MLCT state without a significant barrier. In
addition, we were able to locate the transition states (3TS)
for the excited state equilibrium between 3MLCT and 3MC

Figure 10. Monoexponential emission decay of [1]2+–[4]2+ in PrCN a) at
295 K and b) at 77 K.

Figure 11. Proposed radiationless deactivation from the vibrationally re-
laxed 3MLCT states of [2]2+ and [4]2+ (estimated by lmax,emiss at 295 K)
into their respective ground states (1GS) in the presence of a) N�H and
b) N�D harmonic oscillators.

Figure 12. Geometries, relative energies, and spin densities of triplet
states (3MLCT and 3MC) as well as the connecting transition state (3TS)
of [1]2+–[7]2+ . Contour value 0.01; energies in kJ mol�1; hydrogen atoms
are omitted.
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states for all complexes [1]2+–[7]2+ except [4]2+ . Optimized
geometries and spin densities of the triplet states are depict-
ed in Figure 12 together with their energy relative to the
3MLCT state. Selected bond lengths and angles are summar-
ized in Table S10 (the Supporting Information). For com-
plexes [1]2+–[7]2+ (except [5]2+), the Ru�N2 bond is slightly
elongated (0.02–0.05 �) from the 1GS to the 3MLCT state,
whereas the Ru�N5 bond trans to N2 is slightly shortened
(0.01–0.06 �). Consequently, bite angles of the ester substi-
tuted tpy ligand (N1-Ru-N2, N2-Ru-N3) in the 3MLCT state
(77–78 8) are slightly smaller than in the 1GS state (79 8).
The majority of the spin density in the 3MLCT state is locat-
ed on the ester substituted tpy ligand and on the ruthenium
atom as can be seen from Mulliken spin density values
(Table S11, the Supporting Information) and spin densities
(Figure 12). The elongation of the Ru�N2 bond as well as
the spin density distribution clearly demonstrate that the ex-
cited 3MLCT state is located on both the ruthenium atom as
well as on the tpy ligand as expected from electrochemical
and optical investigations.

Geometries of 3MC states are obtained as local energy
minima. The Ru�N bond lengths of the ester substituted tpy
ligand of [1]2+–[4]2+ , [6]2+ and [7]2+ are significantly longer
in the 3MC state than in the 3MLCT state, whereas for the
second ligand (ddpd or tpy) the Ru�N bond lengths change
only marginally. N-Ru-N angles with the ester-substituted
tpy ligand are smaller due to the larger distance between
the ruthenium atom and the ester-substituted ligand. Fur-
thermore, dihedral angles (N1-C-C-N2 and N2-C-C-N3) of
the ester substituted tpy ligand are significantly larger in the
3MC state than in the 1GS and 3MLCT states. Spin density
plots (Figure 12) and Mulliken spin densities (Table S11,
Supporting Information) show that the 3MC state is predom-
inantly located on the ruthenium atom with only small con-
tributions from both ligands, which corresponds to the ex-
pected spin density of a “ACHTUNGTRENNUNG(t2g)

5(eg)
1” electronic configuration

(see “eg” orbitals LUMO + 11 and LUMO + 13 in Figure 7).
All 3MC states are calculated to be higher in energy than
corresponding 3MLCT states. For bis ACHTUNGTRENNUNG(tpy) complexes [6]2+

and [7]2+ the energy difference amounts to 15.4 and
26.8 kJ mol�1, respectively. Substituting one tpy ligand in
[6]2+ and [7]2+ by a ddpd ligand ([1]2+ and [2]2+) raises the
energy difference between the 3MC and the 3MLCT state by
3–6 kJ mol�1 ([6]2+![1]2+ : 15.4!21.0 kJ mol�1; [7]2+![2]2+ :
26.8!30.0 kJ mol�1). This finding is in accordance with ex-
perimental 3MLCT lifetimes, which are higher for the ddpd
complexes [1]2+ and [2]2+ compared with [6]2+ and [7]2+

(Table 4). Additionally, the 3MC–3MLCT energy difference
of a given complex type dramatically increases by push–pull
substitution ([7]2+ (26.8 kJ mol�1)> [6]2+ (15.4 kJ mol�1)>
[5]2+ (0.2 kJ mol�1); [2]2+ (30.0 kJ mol�1)� [3]2+

(27.9 kJ mol�1)> [1]2+ (21.0 kJ mol�1)). The calculated transi-
tion states 3TS are more similar to the 3MC than to the
3MLCT states with respect to energies, bond lengths, N-Ru-
N angles and N-C-C-N dihedral angles as well as from spin
density distributions, suggesting a late transition state on the
reaction coordinate. The homoleptic complex [Ru ACHTUNGTRENNUNG(tpy)2]

2+

([5]2+) is unique when compared with heteroleptic ana-
logues due to its higher symmetry. In the 1GS, both ligands
have similar Ru�N bond lengths, whereas in the 3MLCT
state, one central pyridine nitrogen atom moves towards
and the other central pyridine nitrogen atom moves away
from the ruthenium atom, indicating that the excited state is
distorted and the spin density is localized on one of the two
tpy ligands. Spin densities are higher on the tpy ligand with
the shorter central Ru�N bond. With respect to the 3TS and
the 3MC state, complex [5]2+ is similar to the aforemen-
tioned heteroleptic complexes.[79]

Early-time dynamics by transient absorption spectroscopy :
Before reaching the 3MLCT state and its thermal equilibra-
tion with the 3MC state, the Franck–Condon excited 1MLCT
state has to undergo localization of the excited electron
onto a single oligopyridyl ligand, intersystem crossing (ISC),
solvent reorganization, and vibrational relaxation.[1] Early-
time dynamics occurring shortly after excitation to the
Franck–Condon state and before reaching the emitting
3MLCT state and the deactivating 3MC state were probed
by picosecond transient absorption (TA) spectroscopy for
[1]2+–[4]2+ , and [6]2+ and [7]2+ at 298 K in CH3CN (pulse
lexc =400–425 nm). The TA spectra of [2]2+ and [7]2+ are ex-
emplarily depicted in Figure 13 (Figures S43–S46 in the Sup-
porting Information for [1]2+ , [3]2+ , [4]2+ , and [6]2+). All
complexes exhibit ground-state bleaching from 480 to
550 nm and absorption features of the MLCT state from 550
to 1000 nm similar to the reported data of [Ru ACHTUNGTRENNUNG(tpy)2]

2+ in
CH3CN.[49,80]

To assign absorption and bleaching in the TA spectra,
UV/Vis spectra of chemically oxidized and reduced [2]2+

were recorded (Figure S47, the Supporting Information). In
[2]3+ the MLCT band at 450–550 nm is replaced by LMCT
bands at 600–950 nm with maxima at 647 (4300 m

�1 cm�1)
and at 770 nm (3100 m

�1 cm�1).[34] In the reduced form [2]+

absorption bands appear at 372 (27500 m
�1 cm�1) and 466 nm

(18 600 m
�1 cm�1). Similar absorptions are also present in the

spectra of reduced [Ru ACHTUNGTRENNUNG(tpy)2]
2+ complexes.[25,52] A third ab-

sorption band of [2]+ is found at 695 nm (4100 m
�1 cm�1).

The absorption features of [2]+ are tentatively assigned to
the coordinated tpy radical ligand. The difference spectrum
“[2]2+–1=2 ([2]3+ + [2]+)” emulates the TA spectrum concern-
ing ground state bleach at 530 nm and excited state absorp-
tion at 560–900 nm (Figure 13). Thus, the excited 3MLCT
state of [2]2+ is well formulated by [RuIIIACHTUNGTRENNUNG(ddpd-
NH2)(EtOOC-tpy(�))]2+ , with the spin density localized on
the tpy ligand and a RuIII center.

Time-resolved transient absorption features evolve within
the first picoseconds after the laser pulse. The time con-
stants of [1]2+–[4]2+ , and [6]2+ and [7]2+ are summarized in
Table 4. TA spectra of [Ru ACHTUNGTRENNUNG(bpy)3]

2+ had revealed that no
significant changes occur in the spectrum within �0.3 ps
after a laser pulse with lexc = 475 nm.[81] On the other hand,
time constants of 5 ps had been observed by TA measure-
ments for [Ru ACHTUNGTRENNUNG(dmb)3]

2+ (dmb =4,4’-dimethyl-2,2’-bipyri-
dine) when irradiated at 400 nm and had been assigned to
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vibrational cooling within the 3MLCT state.[82] A time con-
stant of 2 ps had been found for [Ru ACHTUNGTRENNUNG(tpy)2]

2+ and had been
assigned to the equilibrium between 3MLCT and 3MC states.
This interpretation is clearly not applicable for [1]2+–[4]2+ ,
and [6]2+ and [7]2+ because the 3MLCT/3MC equilibration
occurs in the nanosecond regime. For heteroleptic [Ru ACHTUNGTRENNUNG(tpy)-ACHTUNGTRENNUNG(ttpy)]2+ (ttpy= 4’-(4-methylphenyl)-2,2’;6’,2’’-terpyridine) a
3 ps dynamics had been discussed to be an interACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand elec-
tron-transfer process.[80] Whatever the exact nature of the
observed dynamics in [1]2+–[4]2+ and [6]2+ and [7]2+ (locali-
zation of the electron on the tpy ligand, ISC, or vibrational
relaxation within MLCT states), all these processes together
from the 1MLCT Franck–Condon state to the thermalized
3MLCT state are completed within several picoseconds in
all cases. The thermalized 3MLCT state equilibrates with the
3MC state, relaxes to the ground state by radiationless deac-
tivation through high-energy oscillators, or emits a photon.

Conclusion

Heteroleptic bis(tridentate) ruthenium(II) complexes [1]2+

–[4]2+ with long 3MLCT lifetimes (up to 841 ns) and high
quantum yields (up to 1.1 %) have been synthesized by
using the combination of an electron-accepting tpy and an

electron-donating ddpd ligand. The favorable push–pull sub-
stitution of the complexes leads to a small HOMO–LUMO
gap, a spatial separation of the frontier orbitals, and to low-
energy absorption and emission. The large 88 8 bite angle of
ddpd ligands induces a strong ligand field and increases the
energy difference between 3MLCT and 3MC states, thus re-
ducing radiationless decay pathways through the latter state.
Excited states of [1]2+–[4]2+ have been probed experimen-
tally by using ultrafast transient absorption spectroscopy
and theoretically by DFT calculations. The 1MLCT!
3MLCT relaxation occurs within picoseconds, whereas the
3MLCT!3MC equilibration is shifted to the nanosecond
timescale (Scheme 1). The fairly long lifetime of >100 ns of
the 3MLCT state of complexes [1]2+–[4]2+ should allow for
efficient electron-transfer processes in solution or at semi-
conductor interfaces. Furthermore, the quantum yields to-
gether with the functional groups present will allow labeling
applications in the field of luminescent sensors and in other
luminescent devices. Future applications of [1]2+–[4]2+ are
dye-sensitized solar cells, light-emitting electrochemical
cells, labeling, and photocatalysis. This research is currently
being pursued in our group and results will be reported in
due course.

Experimental Section

General procedures : Dioxane, diethyl ether, and petroleum ether
(b.p. 40–60 8C) were distilled from sodium, CH3CN and CH2Cl2 from
CaH2, and THF from potassium under an argon atmosphere. All reagents
were used as received from commercial suppliers (Acros and Sigma–Al-
drich). Microwave heating was performed in a Discover Benchmate Plus
(CEM Synthesis) single-mode microwave cavity, producing continuous ir-
radiation at 2.455 GHz with 100 W (maximum power). Reaction mixtures
were stirred with a magnetic stir bar during irradiation. The temperature
and irradiation power were monitored during the course of the reaction.
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 res-
onances are reported in ppm versus the solvent signal as an internal
standard (CD3CN (1H, d= 1.94; 13C, d= 1.24 ppm); CD2Cl2 (1H, d=5.32);
[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 as KBr or CsI disks. Electrochemical experiments
were carried out on a Bio Logic SP-50 voltammetric analyzer using plati-
num wires as counter- and working electrodes and 0.01 m Ag/AgNO3 as
reference electrode. The measurements were carried out at a scan rate of
100–333 mVs�1 for cyclic voltammetry experiments and at 25–333 mVs�1

for square-wave voltammetry experiments using 0.1m [nBu4N] ACHTUNGTRENNUNG[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 =90�5 mV under experimental conditions). UV/Vis/near-IR
spectra were recorded on a Varian Cary 5000 spectrometer using 1.0 cm
cells (Hellma, Suprasil). Emission spectra were recorded on a Varian
Cary Eclipse spectrometer. Quantum yields were determined by compar-
ing the areas under the emission spectra on an energy scale cm�1 record-
ed for optically matched solutions of the sample and the reference
F([Ru ACHTUNGTRENNUNG(bpy)3]Cl2) =0.094 in deaerated CH3CN.[83] Time-resolved photolu-
minescence measurements were recorded with a gated intensified charge-
coupled device camera (Andor IStar iCCD Detector DH740 ICCD) con-
nected to a spectrograph (Andor Shamrock SR-303i) employing gratings
with 150 or 300 lines per millimeter. Photoexcitation at wavelengths cor-
responding to the maximum absorption of the complexes in solution was

Figure 13. Transient absorption spectra of a) [2]2+ (pulse lexc =425 nm,
2050 nJ) with difference spectrum “[2]2+�1=2([2]3+ + [2]+)” and b) [7]2+

(pulse lexc =400 nm, 2600 nJ) in PrCN at 295 K.
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provided by 10 ns pulses of an optical parametric oscillator (GWU
VisIR2 OPO System) pumped by the third harmonic of a Nd:YAG Laser
(Spectra-Physics Quanta Ray-INDI) at a repetition rate of 10 Hz. Solu-
tions (c= 5�10�6

m) in degased butyronitrile were prepared under a nitro-
gen atmosphere. The measurements were performed at 295 and 77 K in a
self-made indium sealed brass cuvette with quartz windows and an opti-
cal path of 1 mm. Single exponentials were used to fit the experimental
data. Transient absorption measurements were performed with a home-
built pump-probe setup.[84] To measure a time range up to 3 ns with a res-
olution of �100 fs, the output of a commercial titanium:sapphire amplifi-
er (Coherent LIBRA HE, 3.5 mJ, 1 kHz, 100 fs) was split with one por-
tion used to generate a 400–425 nm excitation pulse using an optical
parametric amplifier (Coherent OPerA Solo), and another used to gener-
ate a 1300 nm seed pulse (output of an optical parametric amplifier (Co-
herent OPerA Solo)) for white-light generation in the visible to NIR
(500–1000 nm) in a c-cut 3 mm thick sapphire window. The variable delay
of up to 3 ns between pump and probe was introduced by using a broad-
band retroreflector mounted on a mechanical delay stage. The excitation
pulse was chopped at 500 Hz, while the white light pulses were dispersed
onto a linear silicon (Hamamatsu NMOS linear image sensor S3901)
photodiode. The array was read out at 1 kHz. Adjacent diode readings
corresponding to the transmission of the sample after an excitation pulse
and without an excitation pulse were used to calculate DT/T. Samples
were excited with fluences between 50 and 500 mJ cm�2. No fluence de-
pendent kinetics were observed. The complexes were dissolved in de-
gased butyronitrile (c=0.2–0.6 mm) under a nitrogen atmosphere and
measured in a quartz cuvette with 1 mm optical path length. Field de-
sorption (FD) mass spectra were recorded on a FD Finnigan MAT90
spectrometer. ESI mass spectra were recorded on a Micromass Q-TOF-
Ultima spectrometer. X-band CW ESR spectra were measured on a Min-
iscope MS 300 (Magnettech GmbH, Germany). 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 EasySpin.[85] Elemental analyses were per-
formed by 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 ef-
fects using MoKa radiation (l=0.71073 �) at 173(2) K. The diffraction
frames were integrated using the SAINT package, and most were cor-
rected for absorption with MULABS.[86, 87] The structures were solved by
direct methods and refined by the full-matrix method based on F2 using
the SHELXTL software package.[88, 89] All non-hydrogen atoms were re-
fined anisotropically, whereas the positions of all hydrogen atoms were
generated with appropriate geometric constraints and allowed to ride on
their respective parent carbon atoms with fixed isotropic thermal param-
eters. The asymmetric unit of a crystal of [3] ACHTUNGTRENNUNG[PF6]2 contains one molecule
of an acetonitrile solvent and one molecule of diethylether. Both [PF6]

�

counterions and one ester group are disordered over two positions (site
occupancy 0.55:0.45 (P1); 0.68:0.32 (P2); 0.76:0.24 (ester)). In the refine-
ment one [PF6]

� counterion (P1) of [3] ACHTUNGTRENNUNG[PF6]2 restraints were applied
(same, simu, delu). Crystallographic data (excluding structure factors) for
the structure reported in this paper have been deposited as CCDC-
930312 ([2] ACHTUNGTRENNUNG[PF6]2), CCDC-930313 ([3] ACHTUNGTRENNUNG[PF6]2), CCDC-930310 (8) and
CCDC-930311 (9). These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_-
request/cif. .

DFT calculations : Calculations were performed by using the Gaussi-
an 09/DFT[90] series of programs. The B3LYP formulation of DFT was
used employing the LANL2DZ basis set.[90] No symmetry constraints
were imposed on the molecules. The presence of energy minima or first
order saddle points was checked by analytical frequency calculations. The
integral-equation-formalism polarizable continuum model (IEFPCM,
CH3CN) was employed for solvent modeling. As data obtained including
solvent modeling reproduced the experimental results better than those
without solvent modeling the IEFPCM formalism is used in all calcula-
tions in this paper. In TD-DFT calculations at least 100 singlet transitions
(n�100) were calculated. For thermodynamic energy values, the sum of

electronic and thermal free-energies (T= 298.15 K) from the output file
was used. All calculations were performed without explicit counterions
and solvent molecules.

Syntheses : The synthesis of [Ru ACHTUNGTRENNUNG(ddpd)(EtOOC-tpy)]ACHTUNGTRENNUNG[PF6]2 ([1] ACHTUNGTRENNUNG[PF6]2),
[RuCl3(EtOOC-tpy)] (12) and ddpd (11) have been reported previous-
ly.[61] [(RuCl3 ACHTUNGTRENNUNG{(MeOOC)3-tpy}] (13) was synthesized according to litera-
ture procedures.[55, 66, 67] Syntheses of 8, 4-amino-2,6-dibromopyridine, 9
and 10 can be found in the Supporting Information.

[Ru ACHTUNGTRENNUNG(ddpd-NH2)(EtOOC-tpy)]ACHTUNGTRENNUNG[PF6]2 ([2] ACHTUNGTRENNUNG[PF6]2): [RuCl3(EtOOC-tpy)]
(12, 103.7 mg, 0.2022 mmol, 1.0 equiv) and 10 (95.4 mg, 0.219 mmol,
1.1 equiv) were suspended in ethanol (15 mL). The dark red-brown sus-
pension was ultrasonicated for 1 min and N-ethylmorpholine (0.15 mL,
1.2 mmol, 5.9 equiv) was added. The mixture was heated to reflux in a
laboratory microwave oven for 30 min (80 8C). The mixture was filtered
over Celite (1.5 cm; Ø 3.5 cm) and rinsed with ethanol. The solvent was
removed under reduced pressure, and the dark-purple solid was dissolved
in ethanol (5 mL). Addition of diethylether (50 mL) resulted in the pre-
cipitation of a dark-purple solid, which was filtered and dissolved in etha-
nol (25 mL). Hydrazine hydrate (50 mL, 1.0 mmol, 5.1 equiv) was added
and the mixture was heated to reflux (16 h). After cooling to room tem-
perature a second portion of hydrazine hydrate (70 mL, 1.4 mmol,
7.1 equiv) was added. The mixture was heated to reflux (17 h), cooled to
room temperature and the solvent was removed under reduced pressure.
The dark purple solid was dissolved in ethanol (2 mL) and precipitated
by adding diethylether (26 mL). The solid was filtered and dissolved in
water (11 mL). The dark-purple product was precipitated by the addition
of an aqueous solution of NH4PF6 (166.2 mg, 1.020 mmol, 5.0 equiv,
13 mL). The precipitate was filtered, washed with water (10 mL) and di-
ethyl ether (30 mL) and dried under reduced pressure. A dark-purple
powder was obtained. Yield: 155.2 mg (0.1548 mmol, 77 %). 1H NMR
(CD3CN, 300 K): d =8.95 (s, 2 H, H2), 8.54 (m, 2H, H5), 8.15 (m, 2 H, H8),
8.00 (m, 2H, H6), 7.58 (m, 2 H, H11), 7.48 (m, 2H, H7), 7.12 (m, 2 H, H12),
6.80 (s, 2H, H15), 6.54 (m, 2H, H10), 6.38 (m, 2 H, H9), 5.72 (br, s, 2H,
NH2), 4.57 (q, 3JHH =7.1 Hz, 2H, CH2CH3), 3.36 (s, 6H, NCH3), 1.51 ppm
(t, 3JHH =7.1 Hz, 3H, CH2CH3); 13C{1H} NMR (CD3CN, 300 K): d=165.0
(s, C=O), 160.2 (s, C13), 160.0 (s, C16), 159.1 (s, C3), 158.8 (s, C4), 156.8 (s,
C14), 155.0 (s, C8), 149.3 (s, C9), 140.0 (s, C11), 138.8 (s, C6), 135.1 (s, C1),
127.8 (s, C7), 125.4 (s, C5), 123.6 (s, C2), 121.1 (s, C10), 116.2 (s, C12), 98.7
(s, C15), 63.5 (s, CH2CH3), 41.4 (s, NCH3), 14.5 ppm (s, CH2CH3); 1H-15N
HMBC (CD3CN, 300 K): d =297.2 (Ne), 238.6 (Nd), 212.7 (Na), 183.1
(Nc), 90.1 (Nb), 72.1 ppm (NH2) ppm; MS (ESI+): m/z 356.6 (100 %)
[M�2PF6]

2+ , 858.2 (25 %) [M�PF6]
+ ; HR-MS (ESI+): m/z calcd for

C35H33F6N9O2P
96Ru+ : 852.1475; found: 852.1500; IR (CsI): ñ=3468 (m,

NH), 3400 (m, NH), 3240 (w, NH), 3125 (w, NH, CH), 2920 (m, CH),
2853 (w, CH), 1726 (s, C=O), 1641 (s, NH2, NH, C=C), 1620 (s, NH, C=

N), 1605 (s, NH, C=N), 1574 (m, NH, C=N), 1462 (s, CH3, CH2), 1433 (s,
CH3, CH2), 1367 (s, CH3), 1344 (s, C-N), 1327 (s, C-N), 1281 (s, C-N, C-
O-C), 1254 (s, C-N, C-O-C), 1170 (m, C-N, C-O-C), 1132 (m, C-N, C-O-
C), 1097 (m, C-O-C), 1049 (m, C-O-C), 1026 (m, C-O-C), 966 (w), 843
(vs, PF), 781 (m), 767 (m), 650 (w), 613 (w), 559 (s), 527 cm�1 (w); UV/
Vis (CH3CN): labs (e)=525 (8230), 323 (26 700), 273 (42 000), 238 nm
(43 600 m

�1 cm�1); emission (CH3CN, 295 K, lexc =525 nm): lemiss =762 nm
[t =149(2) ns]; emission (CH3CH2CH2CN, 77 K, lexc =525 nm): lemiss =

749 nm [t= 1123(9) ns]; F (CH3CN, lexc =474.5 nm, 295 K): 0.00042 %;
CV (CH3CN): E1/2 = ++1.73 (1e, irrev.), +0.64 (1e, rev.), �1.50 (1e, rev.),
�2.11 (1e, irrev.), �2.21 (1e, irrev.) vs. Fc/Fc+; elemental analysis calcd
(%) for C35H33F12N9O2P2Ru·1=2Et2O: C 42.74, H 3.68, N 12.12; found: C
42.97, H 3.48, N 11.96.

[Ru ACHTUNGTRENNUNG(ddpd) ACHTUNGTRENNUNG{(MeOOC)3-tpy}] ACHTUNGTRENNUNG[PF6]2 ([3] ACHTUNGTRENNUNG[PF6]2): A solution of 11
(524.7 mg, 1.801 mmol, 2.1 equiv) in methanol (40 mL) was added to
[RuCl3 ACHTUNGTRENNUNG{(MeOOC)3-tpy}] (13, 523.1 mg, 0.851 mmol, 1.0 equiv). N-ethyl-
morpholine (1.50 mL, 11.9 mmol, 13.9 equiv) was added, the black mix-
ture was ultrasonicated (1 min) and heated to reflux in a laboratory mi-
crowave oven for 30 min (70 8C). A dark purple-brown solution was ob-
tained which was filtered over Celite (1.5 cm; Ø 3.0 cm) and rinsed with
methanol. The solvent was removed under reduced pressure, and the vis-
cous dark purple-brown residue was dissolved in methanol (10 mL). Ad-
dition of an aqueous solution of NH4PF6 (5.768 g, 35.39 mmol, 41.6 equiv,
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100 mL) led to the precipitation of a dark purple-brown solid which was
filtered and washed with a dilute aqueous solution of NH4PF6 (50.5 mg in
100 mL; pale-brown filtrate). The filtrate was washed with dioxane (
�200 mL) until the filtrate was colorless (the color of the filtrate turned
from dark-green to colorless). The black residue on the filter paper was
redissolved in acetone. The solvent of the dark purple solution was re-
moved under reduced pressure and the residue was dissolved in CH3CN,
filtered again and the filter was washed with CH3CN (a dark-green resi-
due remained on the filter paper). The solvent was removed under re-
duced pressure and the residue was dissolved in acetone (10 mL). Diox-
ane (90 mL) was added and the mixture was concentrated to half of its
volume under reduced pressure. The suspension was filtered (greenish fil-
trate). The solid residue was dried in vacuo. AgNO3 (0.5025 g,
2.958 mmol, 3.5 equiv) and absolute CH3CN (43 mL) were added and the
solution was heated to reflux (30 min) under an argon atmosphere. After
cooling to room temperature AgCl was filtered and washed with CH3CN.
The solvent of the combined filtrates was removed under reduced pres-
sure and the residue was dissolved in CH3CN (14 mL). An aqueous solu-
tion of NH4PF6 (1.037 g, 6.362 mmol, 7.5 equiv, 10 mL) was added and
the dark-purple product precipitated. CH3CN was removed under re-
duced pressure and the suspension was filtered, washed with diethyl
ether, and dried in vacuo. A dark-purple powder was obtained. Yield:
464 mg (0.426 mmol, 50%). 1H NMR (CD3CN, 300 K): d=9.17 (s, 2 H,
H2), 8.99 (m, 2H, H5), 8.30 (t, 3JHH =8.2 Hz, 1 H, H16), 8.28 (m, 2H, H8),
7.91 (m, 2 H, H7), 7.62 (m, 2 H, H11), 7.60 (d, 3JHH =8.2 Hz, 2H, H15), 7.19
(m, 2 H, H12), 6.56 (m, 2H, H10), 6.36 (m, 2H, H9), 4.13 (s, 3H, H19), 3.99
(s, 6H, H18), 3.48 ppm (s, 6H, NCH3); 13C{1H} NMR (CD3CN, 300 K): d=

165.2 (s, C=Ocenter), 164.8 (s, C=Oouter), 159.7 (s, C4), 159.5 (s, C13), 159.3
(s, C3), 157.1 (s, C14), 155.8 (s, C8), 149.2 (s, C9), 142.1 (s, C16), 140.4 (s,
C11), 140.0 (s, C6), 136.4 (s, C1), 126.8 (s, C7), 124.8 (s, C2), 124.7 (s, C5),
121.6 (s, C10), 116.6 (s, C12), 113.7 (s, C15), 54.1 (s, OCH3

center), 53.9 (s,
OCH3

outer), 41.7 ppm (s, NCH3); 1H-15N HMBC (CD3CN, 300 K): d=

294.4 (Ne), 249.1 (Nd), 216.2 (Nc), 209.2 (Na), 92.0 (Nb) ppm. MS (ESI+):
m/z= 400.2 (84 %) [M�2 PF6]

2+ , 945.3 (100 %) [M�PF6]
+ ; HR-MS

(ESI+): m/z calcd for C38H34F6N8O6P
96Ru+ : 939.1319; found: 939.1343;

IR (CsI): ñ =3120 (w, CH), 2959 (w, CH), 2922 (w, CH), 2853 (w, CH),
1734 (s, C=O), 1607 (m, C=N), 1582 (w, C=N), 1491 (m, C=N), 1450 (m,
CH3), 1408 (m, CH3), 1358 (s, CH3, C-N), 1337 (s, C-O-C), 1308 (m, C-N,
C-O-C), 1238 (s, C-N, C-O-C), 1165 (w, C-N, C-O-C), 1123 (m, C-N, C-
O-C), 1099 (m, C-N), 841 (vs, PF), 768 (m), 727 (w), 613 (w), 559 (s), 538
(w), 467 (w), 444 (w), 349 (w) cm�1; UV/Vis (CH3CN): labs (e)=539
(6360), 475 (5060), 340 (31 000), 292 (34 200), 210 nm (52 400 m

�1 cm�1);
emission (CH3CN, 295 K, lexc =539 nm): lemiss = 744 nm [t=841(26) ns].
Emission (CH3CH2CH2CN, 77 K, lexc =539 nm): lemiss =728 nm [t=

3251(55) ns]; F (CH3CN, lexc =467.5 nm, 295 K): 0.011 %; CV (CH3CN):
E1/2 = ++1.80 (1e, irrev.), +0.92 (1e, rev.), �1.25 (1e, irrev.), �1.70 (1e,
irrev.) vs. Fc/Fc+ ; elemental analysis calcd (%) for
C38H34F12N8O6P2Ru·H2O·1=2Et2O: C 41.97, H 3.61, N 9.79; found: C 41.22,
H 3.33, N 8.79.

[Ru ACHTUNGTRENNUNG(ddpd-NH2) ACHTUNGTRENNUNG{(EtOOC)3-tpy}] ACHTUNGTRENNUNG[PF6]2 [4] ACHTUNGTRENNUNG[PF6]2 : [RuCl3ACHTUNGTRENNUNG{(MeOOC)3-
tpy}] (13, 141.9 mg, 0.2308 mmol, 1.0 equiv) and ddpd-phthalimide (10,
98.6 mg, 0.2259 mmol, 1.0 equiv) were placed in a flask and ethanol
(15 mL) was added. The dark red-brown suspension was ultrasonicated
(1 min) and N-ethylmorpholine (0.15 mL, 1.2 mmol, 5.2 equiv) was
added. The mixture was heated to reflux in a laboratory microwave oven
for 30 min (80 8C). A dark-purple solution was obtained that was filtered
over Celite (1.5 cm; diameter 3.5 cm) and rinsed with ethanol. The sol-
vent was removed under reduced pressure, the solid residue was dis-
solved in CH3CN (5 mL) and precipitated by the addition of diethyl
ether (100 mL). After filtration and washing with diethyl ether half of
the obtained solid was used for further treatment. The solid was dissolved
in ethanol (25 mL) and hydrazine hydrate (1.00 mL, 20.6 mmol,
178 equiv) was added. The mixture was heated to reflux (18 h). After
cooling to room temperature the solvent was removed under reduced
pressure. The dark-purple solid was dissolved in water (13 mL) and a
dark-purple solid was precipitated by the addition of an aqueous NH4PF6

(1.088 g, 6.675 mmol, 58 equiv, 10 mL) solution. A pH of 7 was adjusted
with concentrated H2SO4, the suspension was filtered and the solid was
washed with water. The solid was dissolved in CH3CN (2.5 mL) and pre-

cipitated by the addition of dioxane (25 mL). After filtration and washing
with distilled dioxane and distilled diethyl ether, the solid was dried in a
vacuo and dissolved in absolute ethanol (25 mL). Concentrated H2SO4

(0.25 mL) was added and the mixture was heated to reflux (21 h). After
cooling to room temperature, an aqueous solution of NH4PF6 (1.552 g,
9.521 mmol, 84 equiv, 10 mL) was added. Ethanol was removed under re-
duced pressure and the precipitate was filtered, washed with water and
dried in a vacuo. A dark-purple powder was obtained. Yield: 19.9 mg
(0.0187 mmol, 17 %). 1H NMR (CD3CN, 300 K): d=9.15 (s, 2H, H2), 8.96
(m, 2H, H5), 8.31 (m, 2H, H8), 7.91 (m, 2 H, H7), 7.59 (m, 2H, H11), 7.13
(m, 2 H, H12), 6.82 (s, 2H, H15), 6.52 (m, 2H, H10), 6.30 (m, 2H, H9), 5.77
(br, s, 2H, NH2), 4.60 (q, 3JHH =7.1 Hz, 2H, CH2CH3

center), 4.45 (q, 3JHH =

7.1 Hz, 4 H, CH2CH38
uter), 3.36 (s, 6 H, NCH3), 1.54 (t, 3JHH =7.1 Hz, 3 H,

CH2CH3
center), 1.41 ppm (q, 3JHH =7.1 Hz, 6 H, CH2CH3

outer); 13C{1H}
NMR (CD3CN, 300 K): d =164.8 (s, C=Ocenter), 164.4 (s, C=Oouter), 160.0
(s, C13), 159.8 (s, C4), 159.6 (s, C3), 159.3 (s, C16), 156.7 (s, C14), 155.7 (s,
C8), 149.2 (s, C9), 140.3 (s, C11), 140.0 (s, C6), 135.8 (s, C1), 126.7 (s, C7),
124.6 (s, C2), 124.4 (s, C5), 121.2 (s, C10), 116.5 (s, C12), 98.8 (s, C15), 63.6
(s, CH2CH3

center), 63.5 (s, CH2CH3
outer), 41.3 (s, NCH3), 14.6 (s,

CH2CH3
center), 14.4 ppm (s, CH2CH3

outer); 1H-15N HMBC (CD3CN, 300 K):
d=296.6 (Ne), 249.7 (Nd), 209.9 (Na), 181.7 (Nc), 89.5 (Nb), 72.7 ppm
(NH2); MS (ESI+): m/z =428.6 (100 %) [M�2 PF6]

2+ , 1002.2 (55 %)
[M�PF6]

+ ; HR-MS (ESI+): m/z calcd for C41H41F6N9O6P
96Ru+ :

996.1898; found: 996.1891; IR (CsI): ñ =3109 (w, CH), 2957 (w, CH),
2926 (m, CH), 2855 (w, CH), 1726 (s, C=O), 1636 (m, NH, C=C, C=N),
1607 (m, NH, C=N), 1574 (w, NH, C=N), 1556 (w, NH, C=N), 1464 (m,
CH), 1441 (w, CH), 1408 (m), 1364 (s, CH, C-N), 1325 (s, C-O-C), 1304
(m, C-N, C-O-C), 1238 (s, C-N, C-O-C), 1169 (w, C-N, C-O-C), 1117 (m,
C-N, C-O-C), 1051 (w, C-N, C-O-C), 1016 (w, C-O-C), 843 (vs, PF), 768
(w), 615 (w), 559 (m) cm�1; UV/Vis (CH3CN): labs (e) =546 (7810), 479
(5960), 341 (32 000), 292 (37 200), 223 nm (45 600 m

�1 cm�1); emission
(CH3CN, 295 K, lexc =546 nm): lemiss =788 nm [t=136(3) ns]; emission
(CH3CH2CH2CN, 77 K, lexc =546 nm): lemiss =779 nm [t=1002(17) ns]; F

(CH3CN, lexc =467.5 nm, 295 K): 0.00052 %; CV (CH3CN): E1/2 = ++1.70
(1e, irrev.), +0.73 (1e, rev.), �1.32 (1e, rev.), �1.75 (1e, rev.) vs. Fc/Fc+ ;
elemental analysis calcd (%) for C41H41F12N9O6P2Ru·5EtOH: C 44.48, H
5.20, N 9.15; found: C 44.76, H 5.06, N 8.78.

Anion exchange with D-TRISPHAT: 1H NMR spectra of [2] ACHTUNGTRENNUNG[PF6]2

(2.7 mg, 2.7 mmol, 1 equiv) in CD3CN (0.55 mL) were measured before
and after addition of tetra ACHTUNGTRENNUNG(n-butyl)ammonium ACHTUNGTRENNUNG(D-tris(tetrachloro-1,2-ben-
zenediolato) phosphate(V)) (4.8 mg, 4.7 mmol, 1.8 equiv). A small but
clear splitting of around Dd =0.01 ppm is obtained for the proton reso-
nances of H2, H15, NH2, CH2, NCH3, and CH3

ethyl in the presence of (D-
TRISPHAT)� (see Figure 1). The 31P NMR spectrum revealed no split-
ting of the phosphorus resonance of (D-TRISPHAT)� at d=�81.6 ppm.

Deuteration : A few milligrams of [2] ACHTUNGTRENNUNG[PF6]2 or [4] ACHTUNGTRENNUNG[PF6]2 were dissolved in
dry CD3CN (0.5 mL). D2O (99.96 % D; 2–3 drops) was then added. A
proton NMR spectrum revealed the instantaneous absence of the NH2

resonance due to proton–deuterium exchange. The solvent was removed
under reduced pressure and the resulting deuterated complex was kept
under a dry argon atmosphere. Solid-state IR spectra of [2D] ACHTUNGTRENNUNG[PF6]2 or
[4D] ACHTUNGTRENNUNG[PF6]2 revealed the presence of N�D vibrational bands and the ab-
sence of N�H vibrational bands (the Supporting information, Figures S48
and S49).

[2D]ACHTUNGTRENNUNG[PF6]2 : IR (CsI): ñ= 3120 (w, CH), 2984 (w, CH), 2924 (w, CH), 2851
(w, CH), 2631 (w, NDasym), 2477 (w, NDsym), 1728 (s, C=O), 1628 (s, C=C,
C=N), 1605 (s, C=N), 1574 (m, C=N), 1477 (s, CH), 1462 (s, CH), 1435
(m, CH3, CH2), 1368 (m, CH3), 1344 (s, C-N), 1335 (s, C-N), 1283 (s, C-N,
C-O-C), 1258 (s, C-N, C-O-C), 1175 (m, C-N, C-O-C), 1134 (m, C-N, C-
O-C), 1105 (w, C-O-C), 1047 (m, C-O-C), 1026 (w, C-O-C), 1013 (w, C-
O-C), 980 (w), 843 (vs, PF), 781 (m), 766 (s), 557 (s), 527 cm�1 (w); F

(CH3CN, lexc =472.2 nm, 295 K): 0.0010 %.

[4D]ACHTUNGTRENNUNG[PF6]2 : IR (CsI): ñ =3105 (w, CH), 2955 (m, CH), 2926 (m, CH),
2855 (m, CH), 2629 (w, NDasym), 2475 (w, NDsym), 1732 (s, C=O), 1628 (s,
C=C, C=N), 1607 (m, C=N), 1576 (w, C=N), 1553 (w, C=N), 1464 (s,
CH), 1416 (w, CH), 1371 (m, CH, C-N), 1310 (s, C-N, C-O-C), 1246 (s, C-
N, C-O-C), 1184 (m, C-N, C-O-C), 1134 (s, C-N, C-O-C), 1049 (w, C-N,
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C-O-C), 1024 (w, C-O-C), 986 (m), 843 (vs, PF), 768 (m), 557 cm�1 (s); F

(CH3CN, lexc =477.4 nm, 295 K): 0.00073 %.

Oxidation and reduction of [2] ACHTUNGTRENNUNG[PF6]2 : For UV/Vis oxidation measure-
ments a solution of [2] ACHTUNGTRENNUNG[PF6]2 (7.7 � 10�5

m) was titrated with a solution of
(NH4)2[Ce ACHTUNGTRENNUNG(NO3)6] (3.0 �10�2

m) in 0.5m trifluoroacetic acid in water. UV/
Vis reduction measurements were performed by titration of a solution of
[2] ACHTUNGTRENNUNG[PF6]2 (1.3 � 10�4

m, 0.5 mL) with a solution of [Co ACHTUNGTRENNUNG(Cp*)2] (2.0 �10�3
m)

in CH3CN. For EPR oxidation measurements a solution of (NH4)2[Ce-ACHTUNGTRENNUNG(NO3)6] (5.0 �10�2
m, 3.1 equiv) was added to a solution of [2] ACHTUNGTRENNUNG[PF6]2 (1.3 �

10�3
m, 0.5 mL) in CH3CN. EPR reduction was performed by addition of

a solution of [CoACHTUNGTRENNUNG(Cp*)2] (1.0 � 10�2
m, 3.0 equiv) to a solution of [2] ACHTUNGTRENNUNG[PF6]2

(1.7 �10�3
m) in CH3CN. For all EPR measurements the solution was im-

mediately frozen to 77 K in an EPR tube. [2]+ : EPR: g1,2,3 =2.0089,
1.9865, 1.9720; Dg=0.0387 by spectral simulation; Figure S42, the Sup-
porting Information). [2]3+ : EPR: g1,2,3 =2.4440, 2.2694, 2.0300; Dg=

0.4140 by spectral simulation; Figure S41, the Supporting Information).
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Light-emitting electrochemical cells (LECs) with a simple de-
vice structure were prepared by using heteroleptic bis(tri-
dentate) ruthenium(II) complexes [1](PF6)2–[3](PF6)2 as emit-
ters. The push-pull substitution shifts the emission energy to
low energy, into the NIR region. The devices emit deep red
light up to a maximum emission wavelength of 755 nm [CIE
(International Commission on Illumination) coordinates: x =
0.731, y = 0.269 for [3](PF6)2], which, to the best of our knowl-
edge, is the lowest emission energy for LECs containing

Introduction

Light-emitting electrochemical cells (LECs) provide a
low-cost alternative to conventional organic light emitting
devices (OLEDs) due to their simple device structures and
solution processability. LECs feature an ionic emitting layer
that enables low turn-on and driving voltages, as well as
independence of the work function of electrode materi-
als.[1–6] LECs introduced in 1995 by Pei contained organic
polymers as emitters.[7,8] While for all-organic emitters spin
statistics predicts a maximum internal quantum efficiency
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bis(tridentate) ruthenium(II) complexes. A device structure of
ITO/PEDOT:PSS/ruthenium(II) complex/Ag was used, and
the thickness of the emitting layer was measured by AFM
[ITO: indium tin oxide, PEDOT: poly(3,4-ethylenedioxythio-
phene), PSS: poly(styrenesulfonate), AFM: atomic force mi-
croscopy]. To enhance the external quantum efficiency
(EQE), cells were fabricated with and without poly(methyl
methacrylate) (PMMA) as additive in the emitting layer.

of 25%, transition metal complexes have a theoretical limit
of 100 %, because in the latter both singlet and triplet exci-
tons can lead to light emission.[9–12] The first LEC with an
ionic transition metal complex was reported in 1996 by Lee
employing a [Ru(phen)3]2+ derivative as emitter (phen: 1,10-
phenanthroline).[13] The use of ruthenium(II) complexes as
emitters is reasonable because of their outstanding photo-
physical and electrochemical properties combined with their
high thermal and chemical stabilities.[14] So far [Ru-
(bpy)3]2+ (bpy: 2,2�-bipyridine) and its analogues are the
most studied ruthenium(II) polypyridine complexes because
they have high 3MLCT (MLCT: metal-to-ligand charge
transfer) excited state lifetimes (τ ≈ 1 μs) and luminescence
quantum yields (Φ ≈ 10 %) at room temperature in solu-
tion.[14–16] [Ru(bpy)3]2+ and its derivatives have already been
used in LECs showing high external quantum efficiencies
(EQEs) of up to 6.4%.[17–20]

However, [Ru(bpy)3]2+ is chiral (Δ, Λ), and unsymmetri-
cal substitution of bpy ligands leads to the formation of
stereoisomers, which complicates synthetic procedures.[21,22]

The formation of stereoisomers can be avoided by using
tridentate, meridional coordinating ligands. For instance
achiral [Ru(tpy)2]2+ (tpy: 2,2�;6�,2��-terpyridine) gives rise
to only a single isomer even in the case of unsymmetrical
substitution of the tpy 4�-positions.[23] Additionally, the tri-
dentate coordination provides a higher photostability and
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chemical stability relative to the bidentate mode.[24,25] This
should prevent thermal and photoinduced ligand exchange,
favoring longevity of luminescent and solar cell de-
vices.[26–29] Degradation products due to ligand loss have
been identified in LECs with [Ru(bpy)3]2+ complexes,
namely bis(aqua)complex [Ru(bpy)2(H2O)2]2+ and oxido-
bridged dimer [{Ru(bpy)2(H2O)}2O]4+, which have been
formed by photoaquation in the presence of water.[6,30–32]

A better stabilization towards (photo) ligand substitution
might be achieved by using tridentate ligands.

Unfortunately, excited state features of [Ru(tpy)2]2+ in
solution are very unfavorable (τ ≈ 0.1–0.2 ns, Φ � 0.0005 %)
because of rapid radiationless deactivation of the radiative
3MLCT states via thermally accessible 3MC states (MC:
metal-centered; Figure 1).[33,34] Increased excited state life-
times τ and quantum yields Φ have been obtained by struc-
turally modifying [Ru(tpy)2]2+ in order to increase the en-
ergy difference between the 3MLCT and 3MC states and
hence to avoid radiationless deactivation via the latter
states. Push-pull substitution like that in [(EtOOC-tpy)-
Ru(tpy-NH2)]2+ ([1](PF6)2, Figure 2) is favorable, as the
electron-withdrawing ester group lowers the energy of the
3MLCT state while the electron-donating amino group in-
creases the energy of the 3MC state, thus reducing radia-
tionless deactivation via the latter state and enhancing the
excited state lifetime and luminescence quantum yield sig-
nificantly (τ = 34 ns, Φ = 0.18 %).[23,35–37] Another strategy
employs a strong ligand field to increase the energy differ-
ence between the 3MLCT and 3MC states. This can be
achieved by N–Ru–N bite angles of 90° as in an ideal octa-
hedron allowing for an optimal overlap of ruthenium and
nitrogen orbitals. The N–Ru–N bite angle of tpy is 79° be-
cause its five-membered chelate rings result in a suboptimal
orbital overlap.[38] Hammarström et al. designed a complex
{[Ru(dqp)2]2+; dpq: 2,6-di(quinolin-8-yl)pyridine} with six-
membered chelate rings and 90° bite angles featuring high
room-temperature lifetime and quantum yield in solution (τ
= 3.0 μs, Φ = 2%).[39,40] The substituted complex [Ru(dpq-
COOEt)2]2+ with ester substituents on the 4�-positions
reaches even higher values (τ = 5.5 μs, Φ = 7%).[41] Ruben
et al. incorporated carbonyl bridges between the pyridine
rings of [Ru(tpy)2]2+ and thus obtained six-membered che-
late rings and 90° bite angles leading to high 3MLCT life-
times and, to the best of our knowledge, to the highest re-

Figure 1. Jablonski diagram of ruthenium(II) polypyridine com-
plexes (GS: ground state, MLCT: metal-to-ligand charge transfer,
ISC: intersystem crossing, MC: metal centered).
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ported quantum yield of bis(tridentate) ruthenium(II) com-
plexes (τ = 3.3 μs, Φ = 30%).[42] Bis(tridentate) ruth-
enium(II) complexes have been incorporated in LECs, but
until now only complexes with small bite angles (ca. 79°)
and hence low solution luminescence quantum yields have
been utilized, leading to low EQEs (� 0.1%) of the de-
vices.[43–45]

Figure 2. Bis(tridentate) ruthenium(II) oligopyridine complexes
[1](PF6)2–[3](PF6)2.

In this paper, we incorporate bis(tridentate) ruth-
enium(II) complexes [1](PF6)2–[3](PF6)2 as low-energy emit-
ters in LECs (Figure 2). [1](PF6)2–[3](PF6)2 are photostable
and chemically stable as a result of their tridentate coordi-
nation mode; they feature a sophisticated push-pull substi-
tution with high directionality due to electron-withdrawing
ester and electron-donating amino groups.[35–37,46–48] The
push-pull substitution lowers the HOMO–LUMO gap (and
hence increases the energy difference between the 3MLCT
and 3MC states) and leads to emission in the red spectral
region (λem = 729–744 nm, Table 1).[35,36,46,47] Red light and
NIR emission are particularly favorable for noninvasive
bioimaging, telecommunication, night-vision-readable dis-
plays, downconversion and triplet–triplet annihilation up-
conversion.[1,2,49–57] However, according to the energy gap
law, low-energy emission is correlated to low luminescence
quantum yields and short luminescence lifetimes due to ef-
fective radiationless deactivation into the ground state.[58–60]

In spite of their low emission energy, complexes [1](PF6)2–
[3](PF6)2 possess comparably high luminescence lifetimes
and quantum yields at room temperature in solution (τ =
34, 722, and 841 ns; Φ = 0.18, 0.45, and 1.1 %, Table 1).
While complex [1](PF6)2 consists of two tpy ligands with
79° N–Ru–N bite angles, complexes [2](PF6)2 and [3](PF6)2

consist of a tpy ligand and a ddpd ligand (ddpd: N,N�-di-
methyl-N,N�-dipyridin-2-ylpyridine-2,6-diamine).[35,46,47]

The larger bite angle (88°) of the latter ligand favors the
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high luminescence lifetimes and quantum yields of [2]-
(PF6)2 and [3](PF6)2 (Φ = 0.45 and 1.1 %, Table 1) and their
choice as red light to NIR emitters in LECs.

Table 1. Electrochemical and photophysical properties of com-
plexes [1](PF6)2–[3](PF6)2.[35–37,46]

[1](PF6)2 [2](PF6)2 [3](PF6)2

E1/2
ox /V[a] +0.68 +0.81 +0.92

E1/2
red /V[a] –1.54, –1.47, –1.25[b],

–1.99 –2.09[b] –1.70[b]

λabs /nm (ε/m–1 cm–1)[c] 502 (19080) 517 (7500) 539 (6360),
475 (5060)

λem,295 K /nm[c] 734 729 744
Φ295 K /%[c] 0.18 0.45 1.1
τ295 K /ns 34[c] 722[d] 841[d]

[a] In 0.1 m [nBu4N][PF6] in CH3CN vs. Fc/Fc+. [b] Irreversible, Ep

given. [c] In CH3CN. [d] In PrCN.

Results and Discussion

The electrochemical and photophysical properties of
complexes [1](PF6)2–[3](PF6)2 have been described pre-
viously and are summarized in Table 1.[35–37,46] The oxi-
dation potential, E1/2

ox, follows the order [1](PF6)2 �
[2](PF6)2 � [3](PF6)2 (Table 1). [1](PF6)2 is oxidized at the
lowest potential because of the electron-donating effect of
the NH2 substituent. [3](PF6)2 is oxidized at the highest po-
tential because of the electron-withdrawing effect of the
three ester groups.[46] The first reduction potential, E1/2

red,
follows the same order [1](PF6)2 � [2](PF6)2 � [3](PF6)2

(Table 1) for the same reasons as those for the trend in
E1/2

ox. The oxidation of [1](PF6)2–[3](PF6)2 is reversible on
the time scale of electrochemical experiments, while re-
duction is only reversible for [1](PF6)2 and [2](PF6)2 on this
time scale. The reduction of [3](PF6)2 seems to be only qua-
sireversible.[35,36,46] Thus, for all complexes sufficient revers-
ibility in oxidation and reduction processes is given for the
application in LECs.

HOMO and LUMO energies of emitting compounds
[1](PF6)2–[3](PF6)2 were estimated from electrochemical re-
dox potentials (Table 1) and are depicted in Figure 3.[61]

The parent [Ru(tpy)2]2+ complex has a HOMO–LUMO en-
ergy gap of ΔE = 2.59 eV with EHOMO = –6.00 eV and
ELUMO = –3.41 eV.[23] The effect of donor–acceptor substi-
tution in [1](PF6)2 can be clearly seen as the electron-with-
drawing ester group lowers the LUMO energy (ELUMO =
–3.54 eV) while the electron-donating amino group raises
the HOMO energy (EHOMO = –5.76 eV) resulting in a
smaller ΔE = 2.22 eV compared to that of [Ru(tpy)2]2+.
[2](PF6)2 and [3](PF6)2 have lower HOMO and LUMO en-
ergies than [1](PF6)2 because of the strong electron-donat-
ing effect of the primary amino group present in [1]-
(PF6)2.[35–37,46] [3](PF6)2 has even lower HOMO and
LUMO energies than [2](PF6)2, which results from the elec-
tron-withdrawing character of the additional ester groups
on the tpy ligand. The push-pull effect is most pronounced
in [3](PF6)2, leading to the smallest HOMO–LUMO energy
gap in this series (EHOMO = –6.00 eV, ELUMO = –3.83 eV,
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ΔE = 2.17 eV). HOMO and LUMO energies were also ob-
tained by DFT calculations and are summarized in Fig-
ure 3.

Figure 3. HOMO and LUMO levels of complexes [1](PF6)2–
[3](PF6)2 from experimentally determined redox potentials in
CH3CN[35,46] and from DFT calculations (B3LYP/LANL2DZ,
IEFPCM, CH3CN).

HOMO energies calculated by DFT (B3LYP/
LANL2DZ, IEFPCM, CH3CN) are lower (0.2–0.3 eV) and
LUMO energies are higher (0.3–0.4 eV) than values ob-
tained from electrochemical data. Nevertheless, the trend of
the HOMO and LUMO energies (EHOMO and ELUMO) is
correctly reproduced: [1]2+ � [2]2+ � [3]2+.

The injection of electrons and holes from opposite elec-
trodes leads to the formation of radical species. Electron
capture and loss both occur on the doubly charged ruth-
enium complex cation. Reduction is located at the ester-
substituted tpy ligands, while oxidation is essentially con-
fined to the ruthenium center.[35,46–48] Spin densities calcu-
lated by DFT are exemplarily depicted for complex [3]2+ in
its reduced and oxidized forms ([3]+ and [3]3+; Figures 4a
and 4b). The plot illustrates the location of reduction and
oxidation processes in [3]2+. Electron transfer from [3]+ to
[3]3+ leads to one 1,3MLCT excited state species 1,3[3]2+ and
[3]2+ in the ground state.[62] The excited 1MLCT state un-
dergoes efficient ISC to the 3MLCT state (Figure 1).[16] Fi-
nally, the 3MLCT state emits light upon returning to the
singlet ground state [3]2+ (Figure 1). The spin density of
3[3]2+ is located on both the ruthenium center and the ester-
substituted tpy ligand (Figure 4c), which is in accord with
a ruthenium(III) center and a one-electron-reduced tpy li-
gand.

LECs incorporating [1](PF6)2–[3](PF6)2 were built with a
configuration of ITO/PEDOT:PSS/ruthenium(II) complex/
Ag [Figure 5; ITO: indium tin oxide; PEDOT: poly(3,4-
ethylenedioxythiophene); PSS: poly(styrenesulfonate)].
PEDOT:PSS was found to increase reproducibility[45] and
shows a HOMO energy level of EHOMO = –5.1 eV.[63] Ag
was used as cathode material because it greatly improves
lifetimes of LECs compared to other electrode materials
like Al.[20] Cells were fabricated with and without 20%
(w/w) PMMA in the emitting layer [PMMA: poly(methyl
methacrylate)]. PMMA acts as insulator, improves the film
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Figure 4. Spin densities of (a) one-electron-reduced complex [3]+,
(b) one-electron-oxidized complex [3]3+ and (c) the lowest excited
triplet species 3MLCT of [3]2+ in CH3CN calculated by DFT
(B3LYP/LANL2DZ, IEFPCM, contour value 0.01 a. u.). Hydro-
gen atoms are omitted.

quality, and increases the distance between ruthenium(II)
complexes to avoid self-quenching processes to enhance the
EQE and to prolong device lifetimes.[18,20,44,45,64] The PE-
DOT:PSS and ruthenium(II) complex layers were spin-
coated onto an ITO substrate. The Ag cathode was de-
posited in vacuo by thermal evaporation. The thicknesses of
the PEDOT:PSS and the ruthenium complex:PMMA layers
were determined by AFM measurements after scratching
the layer with a razor (AFM: atomic force microscopy). The
thicknesses are 45 �5 nm (PEDOT:PSS), 229 �19 nm (to-
tal thickness of PEDOT:PSS and ruthenium complex with-
out PMMA), and 237�23 nm (total thickness of PE-
DOT:PSS and ruthenium complex with PMMA). Figure 6
shows a representative AFM image of the scratched LEC
with [1](PF6)2 and PMMA. AFM images for all scratched
LECs are depicted in the Supporting Information (Fig-
ure S1).

Figure 5. General device structure of the LECs and photograph of
the LEC with [1](PF6)2 without PMMA.

A voltage of 3 V was applied to each cell for at least
10 min. The LEC incorporating complex [2](PF6)2 (without
PMMA) shows red light emission. The other cells did not
emit under these conditions. For these cells, a higher voltage
on a new pixel was applied in steps of 0.5–1 V until emis-
sion was observed. LEC characteristics are summarized in
Table 2. The reported voltage is the minimum voltage for
which emission is observed, and all other data refer to this
voltage. Cells with [1](PF6)2 without PMMA do not emit
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Figure 6. AFM image taken in intermittent contact mode of a
scratched PEDOT:PSS/[1](PF6)2 with PMMA layer. (a) Topograph-
ical height scan with indicated cross section. (b) Height profile
along the indicated cross section.

up to a voltage of 6 V. When PMMA is present, the LEC
with [1](PF6)2 emits with a turn on voltage of 4 V. The driv-
ing voltages are generally a few volts higher for cells with
PMMA, which is consistent with the insulating character
of PMMA.[20] Emission wavelengths of the devices are fully
comparable to the emissions in solution and differ only by
ΔE =� 0.02 eV (Tables 1 and 2, Figures S2 and S3).
[3](PF6)2 features a slightly redshifted electroluminescence
in LECs in the absence of PMMA (Figure S4, Tables 1 and
2). Figure 7a exemplarily depicts the emission spectra of
[2](PF6)2 in CH3CN and in LECs with and without
PMMA.

The longest emission wavelength maximum (λem,max =
755 nm) was obtained for the LEC with [3](PF6)2 without
PMMA at an applied voltage of 4 V. To the best of our
knowledge, this is the longest emission wavelength of a LEC
with a mononuclear bis(tridentate) ruthenium(II) complex.
The CIE (International Commission on Illumination) coor-
dinates[65] of the emitted light are given in Table 2 and in
all cases correspond to deep red light at the edge of the CIE
chromaticity diagram. Light intensity, current density, and
EQE curves are plotted against time (Supporting Infor-
mation, Figures S4–S7). Exemplarily, Figure 7b shows the
EQE-intensity-current density vs. time plots for the LEC
with [2](PF6)2 without PMMA at an applied voltage of 3 V.
All values increase at initial stages until they reach a maxi-
mum after a few minutes. Then they slowly decrease as typi-
cally observed for this kind of LECs.[44,45] Maximum light
emission occurs after tem,max = 2–14 min. Devices with
PMMA should have a higher tem,max than devices without
PMMA, because PMMA hinders ion migration and forma-
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Table 2. LEC device characteristics for complexes [1](PF6)2–[3](PF6)2.

[1](PF6)2 [2](PF6)2 [3](PF6)2

without PMMA with PMMA[a] without PMMA with PMMA[a] without PMMA with PMMA[a]

Height of emitting layer /nm 182�16 190�12 168�33 191�31 193�27 194�12
U /V – 4 3 6 4 5
λem,max,LEC /nm – 733(6V) 731 722 755 745
λem,max,acetonitrile /nm 734 734 729 729 744 744
tem,max /min – ca. 11–14 13 2 9 4
Lmax /cdm–2 – 0.32 1.81 3.36 0.75 0.64
tcurrent,max /min – 13 31 3 8 8
Id,max /mA cm–2 – 313 103 518 213 231
EQEmax /% – 0.001 0.016 0.028 0.007 0.013
tEQE,max /min – 14–15 10 1 9 1
CIE coordinates (x, y) – 0.709, 0.291 0.725, 0.275 0.717, 0.283 0.731, 0.269 0.729; 0.271

[a] 20 % (w/w).

Figure 7. (a) Normalized emission spectra of [2](PF6)2 (black
squares: CH3CN solution; red hollow circles: LEC with PMMA,
6 V; blue stars: LEC without PMMA, 3 V). (b) Current density
(black squares), emission intensity (red hollow circles), and EQE
(blue stars) as a function of time in the LEC with [2](PF6)2 without
PMMA at an applied voltage of 3 V.

tion of electric double layers. However, a smaller tem,max

value is measured for devices with PMMA than for those
without PMMA (see LECs with [2](PF6)2 and [3](PF6)2,
Table 2). The higher voltages applied for devices with
PMMA to compensate the insulating behavior of PMMA
might be responsible for this observation.[6] Luminances L
were calculated with Equation (1), which assumes that the
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device was a Lambertian source and a calibrated Si photo-
diode was placed at an angle normal to the device sur-
face.[66,67]

(1)

where Km = 683 lmW–1 at 555 nm, I: current, R: dis-
tance between LEC and photodiode, ALEC: area of the
limiting aperture, Aphotodiode: area of the photodiode, V(λ):
photopic response curve, Semission(λ): emission spectrum,
Sresponsivity(λ): responsivity of the Si photodiode, λ: wave-
length).

The highest luminance is L = 3.4 cd m–2 for the LEC with
[2](PF6)2 with PMMA at an applied voltage of 6 V. The
smaller luminance of LECs with [1](PF6)2 (L = 0.3 cdm–2)
is likely due to the lower luminescence quantum yield of
[1](PF6)2 in solution (Table 2). The lower luminance of
[3](PF6)2 (L ≈ 0.7 cdm–2) might be due to the small overlap
of its NIR emission (λem ≈ 750 nm) with the human eye
response curve (Figure S8). The current density reaches its
maximum after tcurrent,max = 3–31 min. For LECs with com-
plex [3](PF6)2 there is no clear dependency of tcurrent,max on
the voltage or the presence of PMMA. In contrast,
tcurrent,max values in LECs with [2](PF6)2 are smaller at high
voltages (6 V, 3 min) and larger at lower voltages (3 V,
31 min), which confirms that ion migration is faster at
higher voltages.[6] Current densities are in the range Id =
103–518 mA cm–2, which is consistent with previously re-
ported LECs with a bis(terpyridine)ruthenium(II) complex
(ca. 200–300 mA cm–2).[44] As expected, current densities
are high for high applied voltages (Table 2). EQE values are
0.001–0.028%. The highest EQE value (0.028 %) is obtained
for the LEC with [2](PF6)2 with PMMA. LECs containing
[1](PF6)2 only lead to a small EQE (0.001%), which is prob-
ably caused by the smaller solution quantum yield of
[1](PF6)2 relative to those of [2](PF6)2 and [3](PF6)2

(Table 1). The maximum EQE of the LEC with [3](PF6)2

(0.013%) is less than the EQE for the LEC with [2](PF6)2

(0.028%), which is in contrast to the relative emission quan-
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tum yields (Table 1 and Table 2). Possibly this observation
can be explained by the redshifted emission of [3](PF6)2 (λ
= 745–755 nm) within the LEC compared to its emission in
solution (λ = 744 nm, Figure S5, Table 1 and Table 2). The
low-energy emissive state might be prone to enhanced radi-
ationless deactivation according to the energy gap law.[58–60]

Interestingly, [2](PF6)2 shows no redshifted emission in the
LECs (Figure 7a, Table 1 and Table 2).

For OLEDs, saturation and quenching effects like trip-
let–triplet annihilation resulting from high luminescence
lifetimes and high current densities can lead to decreasing
EQEs.[68] Typically, luminescent emitters are doped into
host matrices like PMMA or CBP in order to enhance the
EQE [CBP: 4,4�-bis(9-carbazolyl)-2,2�-biphenyl]. For in-
stance, fac-Ir(ppy)3 (ppy: 2-phenylpyridine) features life-
times of 1.4 μs (less than 0.1 w/w% in PMMA) to 630 ns
(8 w/w% in CBP), which is regarded sufficiently short to
avoid saturation and quenching effects up to a current den-
sity of Id = 1000 mA cm–2.[69,70] Saturation thresholds for
the current density also depend on the concentration of the
dopant. For PtOEP (PtOEP: 2,3,7,8,12,13,17,18-octaethyl-
porphyrine platinum) with a phosphorescence lifetime of τ
≈ 30 μs, the critical current density rises from Id = 40 (1 w/
w% in CBP) to 800 mAcm–2 (16 w/w% in CBP).[71] For
neat films of fac-Ir(ppy)3 the EQE drops to 0.8% with a
concomitant drop in phosphorescence lifetime to τ ≈ 100 ns
relative to doped devices.[72] This drop is caused by self-
quenching due to Ir(ppy)3–Ir(ppy)3 exciton interac-
tions.[68,73] In neat films of fac-Ir(ppy)3 critical current
densities for quenching mechanisms like triplet–triplet anni-
hilation are reported to be in the range Id = 500–
1400 mA cm–2.[74,75] However, depending on the device
structure, a decrease of EQE in neat films of fac-Ir(ppy)3

can already be observed at current densities of Id ≈
300 mAcm–2.[76] In LECs such quenching effects have also
been studied in a few cases apart from the above-mentioned
deactivation due to ligand loss and the formation of aqua
complexes. The cationic iridium(III) complex [Ir(ppy)2-
(pzpy)]PF6 [pzpy: 2-(1H-pyrazol-1-yl)pyridine] was tested
in a LEC. The doping of this complex into a PMMA film
(5 w/w %) increases its luminescence quantum yield (Φ = 23
� 61%) and lifetime (τ = 1.6 � 3.3 μs). However, lumines-
cence quantum yield and lifetime drop dramatically when
going from the doped (5 w/w % in PMMA) to the neat film
(Φ = 3%, τ = 0.2 μs), which is attributed to the efficient
excited state quenching in the neat film.[77] Quenching ef-
fects in LECs also depend on the thickness of the (neat)
emitting layer. The EQE of a LEC with [Ru(bpy)3](PF6)2

decreases monotonically from 1 % for a 192 nm thick com-
plex layer to less than 0.01 % for a 46 nm thick layer. The
quenching is believed to occur by triplet–triplet annihilation
and higher charge carrier densities near the electrode sur-
faces.[78–80] Self-quenching can be avoided by using steri-
cally demanding substituents.[81,82] As a result of the high
local concentration (neat or 80 w/w%), high current densi-
ties (up to 518 mAcm–2), and high solution luminescence
lifetimes (up to 841 ns), saturation and quenching effects
might also be present in our LECs. Indeed, dilution with
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PMMA has a positive effect on the EQE. In LECs with
[2](PF6)2 and [3](PF6)2, the EQE is increased by a factor of
two by using PMMA.[20,83] The maximum values of the
EQE are obtained after 1–15 min. In LECs with PMMA of
[2](PF6)2 and [3](PF6)2, the maximum EQE is reached after
only one minute, which is attributed to the fast ion mi-
gration and rapid device degradation due to the high ap-
plied voltages of 5–6 V.[6]

Conclusions

Heteroleptic bis(tridentate) ruthenium(II) complexes
[1](PF6)2–[3](PF6)2 (Figure 1) were used as emitters in LECs
with a ITO/PEDOT:PSS/ruthenium(II) complex/Ag device
structure. Red to NIR light emission was observed in the
solid-state devices (λem = 722–755 nm; CIE: x = 0.709–
0.731, y = 0.291–0.269). To the best of our knowledge, these
are the lowest emission energies for LECs containing bis-
(tridentate) ruthenium(II) complexes. The low-energy emis-
sion is favored by the pronounced push-pull character of
the complexes, which results in a small HOMO–LUMO
gap. PMMA as additive (20% w/w) in the ruthenium com-
plex layer requires higher driving voltages but yields higher
external quantum efficiencies. Future perspectives include
the steric protection of the ruthenium core by bulkier li-
gands to prevent a change in the coordination sphere by
ligand substitution and self-quenching as well as the usage
of other counterions to investigate their effect on the LEC
performance.

Experimental Section
General Procedures: Complexes [1](PF6)2–[3](PF6)2 were prepared
as described previously.[35,36,46,47] Before spin-coating, the com-
plexes were further purified by reversed phase HPLC with a
JASCO semipreparative HPLC system with a Reprosil C18 column
(5 μm) by using CH3CN/water (96:4, v/v) as an eluent
(10 mLmin–1) and UV/Vis detection at 502–539 nm. Patterned ITO
glass substrates, which were cleaned in an ultrasonic bath, sequen-
tially with acetone, isopropyl alcohol, and deionized water, were
treated with UV/O3 for 10 min before spin-coating. PEDOT:PSS
(1:6 weight%, Al 4083; suspension in water; 1.3–1.7% solid con-
tent) was filtered (HP, 0.45 μm) and spin-coated (4000 rpm, 30 s,
4 s acceleration) onto the ITO substrate. After drying (1 h, 120 °C
under reduced pressure), the substrate was transferred into an ar-
gon atmosphere. Ruthenium complexes (10 mgmL–1) and PMMA
(0 or 2 mgmL–1, MW 120000) were dissolved in acetonitrile in an
argon atmosphere and spin-coated onto the PEDOT:PSS layer
(1000 rpm, 20 s, no acceleration). Silver electrodes were vapor-de-
posited on the substrates under a pressure of 3 � 10–6 Torr. The
current–voltage characteristics were measured by using a source
measurement unit (Keithley 236). The luminance and efficiencies
were calculated from photocurrent measurement data obtained
with a calibrated Si photodiode (Hamamatsu S5227–1010BQ).
Electroluminescence spectra of the devices were obtained by an
ICCD camera through an ARC 275 monochromator. AFM mea-
surements were conducted in intermittent contact mode with two
different instruments: A Veeco Dimension AFM was used for the
measurement of the total height of the PEDOT:PSS and the
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emitting layers and a XE-100 AFM was used to measure the thick-
ness of the PEDOT:PSS layer. The spin-coated PEDOT:PSS and
PEDOT:PSS-ruthenium complex layers were scratched with a
razor, and the thickness of the layers was determined by the
measured height differences.

DFT Studies: The DFT calculations were carried out with the
Gaussian 09/DFT[84] series of programs. The LANL2DZ basis
set[84] was used in the B3LYP formulation of DFT. No symmetry
constraints were imposed on the molecules. The presence of energy
minima was checked by analytical frequency calculations. The inte-
gral-equation-formalism polarizable continuum model (IEFPCM,
CH3CN) was employed for solvent modeling in all calculations.
All calculations were performed without explicit counterions and
solvent molecules.

Supporting Information (see footnote on the first page of this arti-
cle): AFM images of scratched PEDOT:PSS/ruthenium com-
plex:PMMA layers; emission spectra of [1](PF6)2 and [3](PF6)2 in
solution and in LECs; current density vs. EQE intensity curves of
the LECs; human eye response curve and emission spectra of
[1](PF6)2–[3](PF6)2 in LECs.
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Stable push-pull substituted heteroleptic bis(tridentate) ruth-
enium(II) polypyridine complexes with COOH or 2,2�-bipyr-
idine anchor groups have been prepared and characterized
by 1H, 13C and 15N NMR 1D and 2D spectroscopy, infrared
spectroscopy, elemental analysis, high-resolution ESI mass
spectrometry, electrochemistry, UV/Vis absorption spec-
troscopy, luminescence spectroscopy, and density functional
calculations. The complexes feature a pronounced electronic
directionality and high absorption wavelengths up to λmax =
544 nm extending to 720 nm as a result of favorable push-
pull substitutions. A remarkable photostability in the pres-
ence of water and coordinating ions (I–) was discovered for
the tridentate complexes when compared with the standard

Introduction

Dye-sensitized solar cells (DSSCs) were introduced in
1991 by O’Regan and Grätzel[1] and provide a promising
class of light-to-energy conversion systems.[2–8] In a typical
DSSC, molecular dyes are adsorbed onto a nanoporous in-
organic semiconductor electrode (e.g., TiO2, ZnO). After
being excited by light, the dyes inject electrons into the con-
duction band of the semiconductor. A redox electrolyte
(typically I–/I3

–) regenerates the dye and diffuses to the
counter electrolyte where positive charges are collected.
DSSCs are an attractive alternative to conventional silicon-
based solar cells due to low-cost of fabrication and the pos-
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ruthenium sensitizer N719 and tris(bidentate) [Ru(bpy)3]-
(PF6)2, which are highly photolabile under the same condi-
tions (photodissociation/photosubstitution). The complexes
were studied as photosensitizers in dye-sensitized solar cells.
The incident photon-to-current conversion efficiency follows
the absorption spectra into the NIR region. However, the
high positive charge of the complexes (2+) favors the recom-
bination of the injected electrons with I3

– of the redox electro-
lyte, which is evidenced by high dark currents and short
electron recombination lifetimes, leading to low cell perform-
ances compared with cells with the negatively charged N719
dye.

sibility to finely tune the sensitizers, cell morphologies, and
redox mediators.[2–8] Currently, the highest power conver-
sion efficiency amounts to η = 12.3% under full air mass
1.5 (AM 1.5) solar light using a designed zinc porphyrin as
sensitizer in concert with an organic dye as cosensitizer.[9]

Polypyridine complexes of ruthenium(II) have emerged as a
prominent class of sensitizers for DSSCs due to their useful
photophysical properties,[10] high cell efficiencies, and long-
term stabilities.[2–8] Well-known standard ruthenium(II)
sensitizers for DSSCs are N719 (Bu4N)2[Ru(Hdcbpy)2-
(NCS)2][11,12] and the so-called black dye (Bu4N)3-
[Ru(Htctpy)(NCS)3],[13] reaching solar cell efficiencies of η
= 10–11 % under full AM 1.5 (dcbpy = 4,4�-dicarboxy-2,2�-
bipyridine, tctpy = 4,4�,4��-tricarboxy-2,2�;6�,2��-terpyrid-
ine). However, the presence of monodentate ligands in these
complexes is a key detrimental factor reducing the long-
term stability in DSSCs. Monodentate ligands, such as
NCS– and pyridine, support thermal- and photo-induced
isomerization and ligand-exchange reactions, leading to dye
species with lower cell efficiencies.[14–21] The replacement of
monodentate ligands in DSSCs is realized in complexes
with tris(bidentate) and bis(tridentate) coordination and of-
fers a better opportunity for tuning the sensitizer proper-
ties.[5,22] The two NCS– ligands of N719 can be replaced by
one bidentate cyclometalated 2-phenylpyridine ligand,
reaching DSSC efficiencies of η = 10.1%.[5,20,23] In another
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strategy, a NCS–-free complex with bidentate 2-pyridylpyr-
azole ligands achieves an efficiency of η = 9.5% in a
DSSC.[4,24] However, even ruthenium complexes with bi-
dentate ligands such as 4,4�-bi-1,2,3-triazolate suffer from
photoinduced ligand loss or photoisomerization.[25,26] Li-
gand loss is also known for [Ru(bpy)3]2+ in light-emitting
electrochemical cells, leading to degradation products such
as [Ru(bpy)2(H2O)2]2+ and the oxido-bridged ruth-
enium(III) dimer [(Ru(bpy)2(H2O))2(μ-O)]4+.[27–30] More-
over, tris(bidentate) complexes are chiral, thus dia-
stereomers can be formed in the case of unsymmetrically
substituted ligands, leading to complex synthetic pro-
cedures.[3,31,32] The presence of stereoisomers can be cir-
cumvented with bis(tridentate) complexes such as [Ru-
(tpy)2]2+, which are achiral, even when the ligands are func-
tionalized unsymmetrically in the 4�-positions (tpy =
2,2�;6�,2��-terpyridine).[33] Tridentate chelate complexes are
expected to feature higher photo- and chemical-stability
compared with bidentate chelates.[34,35] The drawback of
[Ru(tpy)2]2+ is its fast excited state deactivation via 3MC
states with a time constant of τ = 0.1–0.2 ns,[36–38] thus com-
peting with electron injection into semiconductor electrodes
(MC = metal-centered).[39,40] The detrimental effect of radi-
ationless deactivation via 3MC states can be avoided by sub-
stitution at the 4�-positions of tpy. In 4�-substituted
[(EtOOC-tpy)Ru(tpy)]2+, the electron-withdrawing ester
group stabilizes the 3MLCT state with respect to the 3MC
state, thus radiationless deactivation via the latter state is
hampered (MLCT = metal-to-ligand charge transfer).[41,42]

This is reflected by the enhanced excited state lifetime of τ
= 32 ns, which is sufficiently long for quantitative charge
injection into TiO2.[39,40] The ester group also reduces the
HOMO–LUMO gap because it effectively reduces the
LUMO energy. This is beneficial due to the redshift of the
absorption maximum (λ = 485 nm) compared with [Ru-
(tpy)2]2+ (λ = 476 nm), thus enabling the harvest of lower
energy photons.[38,42] The carboxylic acid analogue
[(HOOC-tpy)Ru(tpy)]2+ has been incorporated into DSSCs.
Efficiencies were not reported, but the incident photon-to-
current conversion efficiency (IPCE) shows a maximum of
35 % at λ = 500 nm.[43] The phosphonic acid derivative
[(H2O3P-tpy)Ru(tpy)]2+ reaches only a low DSSC efficiency
of η = 0.17 %, which has been attributed to the low injection
yield.[44] Push-pull substituted [(HOOC-tpy)Ru(tpy-
NH2)]2+ ([4](PF6)2, Figure 1) features both an electron-
withdrawing and an electron-donating moiety. The excited
state lifetime is further enhanced (τ = 34 ns) and the ab-
sorption is redshifted (λ = 502 nm) because the electron-
donating NH2 group destabilizes both the HOMO and the
3MC state.[41,45–47] Asymmetric substitution with a carbox-
ylic acid and an amino group offers the possibility for or-
thogonal functionalization. Bis(tridentate) ruthenium(II)
complexes have been used in donor-acceptor arrays with
photoinduced charge-separated states.[48] Complex [4]-
(PF6)2 has been covalently linked to ferrocene, PtII and ReI

complexes, which show photoinduced electron trans-
fer.[45,49,50] Light-induced charge separation has been
achieved by using [4](PF6)2 as a chromophore in a donor-

Eur. J. Inorg. Chem. 2014, 2720–2734 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2721

chromophore-acceptor nanocomposite with triphenylamine
as donor and ZnO nanorods as acceptor.[51] The push-pull
character of [4](PF6)2 can be further intensified by the in-
clusion of additional electron-withdrawing groups on the
acceptor ligand as well as electron-donating groups on the
donor ligand. This has been shown by our group employing
a tpy acceptor ligand containing one or three ester groups
and a ddpd donor ligand featuring two or three amine func-
tionalities (ddpd = N,N�-dimethyl-N,N�-dipyridin-2-ylpyr-
idine-2,6-diamine). The absorption is redshifted up to λ =
546 nm, while maintaining excited state lifetimes of
τ�100 ns in spite of increased radiationless deactivation
due to the energy gap law.[41,52–54] In these dyes, a direc-
tional electron transfer is enforced by spatially separated
and orthogonal frontier orbitals.[41,55]

Figure 1. Bis(tridentate) ruthenium(II) oligopyridine complexes
[1](PF6)2 – [6](PF6)2 and reference dye N719. Atom numbering for
NMR assignments.
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Cyclometalation is another striking tool that can be used
to create a push-pull situation in ruthenium(II) complexes
and to shift the absorption further into the red spectral re-
gion. Spatially separated frontier orbitals are obtained
when the cyclometalated functionality is situated face to
face with the anchoring ligand with the HOMO located on
the cyclometalated ligand and the metal center while the
LUMO is located on the anchoring ligand.[56] The donor–
acceptor motive was also realized by Berlinguette et al. in
a bis(tridentate) ruthenium(II) complex with tctpy as ac-
ceptor ligand and a cyclometalating pbpy ligand with a tri-
arylamine substituent (pbpy = 6-phenyl-2,2�-bipyridine).
After the injection of an electron into TiO2, the positive
charge is shifted away from the TiO2 surface towards the
appended triarylamine moiety, thus avoiding charge recom-
bination and reaching a DSSC efficiency of η = 8.0%.[57]

Recently, bis(tridentate) ruthenium(II) complexes with a di-
anionic donor ligand [2,6-bis(5-pyrazolyl)pyridine] and
tctpy acceptor ligand have been presented in DSSCs with
efficiencies up to η = 10.7%.[58,59] The use of ruthenium(II)
complexes with two tridentate ligands has a favorable effect
on the long-term stability of DSSCs.[4,60,61]

In this work, we present the synthesis of three novel,
push-pull substituted bis(tridentate) ruthenium(II) com-
plexes [1](PF6)2 – [3](PF6)2 together with three previously
reported, push-pull-substituted bis(tridentate) complexes
[4](PF6)2 – [6](PF6)2 and their performance in DSSCs in
comparison with the standard ruthenium(II) sensitizer
N719 (Figure 1).[45,49,50,62] Binding to TiO2 occurs through
carboxylic acid/carboxylate groups {[1](PF6)2 – [4](PF6)2,
N719} and for the first time complexes with bidentate 2,2�-
bpy as anchor {[5](PF6)2, [6](PF6)2} were used in DSSCs.
Dicarboxylic acid[63] and bidentate acetylacetonato[64,65] or
catecholato[39,66,67] anchors have been employed previously.
Bidentate bpy anchors might be favored compared with
monodentate pyridine anchors because dye desorption from
the semiconductor is a critical issue for the long-term sta-
bility of DSSCs.[68] The photostability under irradiation
(λexc = 400 and 500 nm) of ethyl esters [1Et](PF6)2 and
[4Et](PF6)2 was studied and compared to that of [Ru(bpy)3]-
(PF6)2 and N719. In addition, the stability of the ruth-
enium(III) complexes [1Et]3+, [4Et]3+, [Ru(bpy)3]3+, and oxi-
dized N719 was investigated by spectroelectrochemical
measurements.

Results and Discussion

Synthesis and Analytical Characterization

The ester analogues of complexes [1](PF6)2 – [3](PF6)2 as
well as complexes [4](PF6)2 – [6](PF6)2 have been reported
previously.[41,45,49,50,55] Complexes [1](PF6)2 and [2](PF6)2

have been synthesized by hydrolysis of their respective ester
derivatives with sulfuric acid.[41,55] [3](PF6)2 has been ob-
tained in a microwave-assisted reaction of [(MeOOC)3-tpy]-
RuCl3[13,69–71] and ddpd-4�-phthalimide[41] in methanol with
N-ethylmorpholine as reducing agent. Subsequently, the es-
ter groups and the phthalimide protecting group were hy-
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drolyzed in a single step by acidic treatment. Finally,
[1](PF6)2 – [3](PF6)2 were precipitated by addition of
[NH4](PF6) and obtained as (PF6)– salts. Complexes
[1](PF6)2 – [3](PF6)2 were characterized by ESI and HR-
ESI mass spectrometry, infrared, 1H, 13C and 15N NMR
1D and 2D spectroscopy, and by elemental analysis. The
ion peaks for [M – PF6]+ and [M – 2PF6]2+ were found in
the ESI mass spectra of [1](PF6)2 – [3](PF6)2 with m/z values
and isotope distributions being in excellent accord with
theoretical values. Additionally, HRMS (ESI) clearly con-
firmed the molecular formulae of all complex cations (see
Experimental Section). 1H, 13C and 15N NMR spectro-
scopic data of [1](PF6)2 – [3](PF6)2 corroborate that the
structural integrity remained intact during the harsh syn-
thetic conditions (reflux, acidic medium) by showing only
a single stereoisomer (meridional), similar to their ester de-
rivatives (Tables S1–S3 in the Supporting Information; see
Figure 1 for atom assignment).[41,55] NMR spectra of
[1](PF6)2 – [3](PF6)2 do not differ significantly from the
spectra of their respective ester derivatives,[41,55] with the
exception that the resonances for the alkyl ester groups were
not present. The resonances of all pyridine protons of
[1](PF6)2 – [3](PF6)2 appear in the expected range between
δ = 6.2 and 9.2 ppm. The highest chemical shift originates
from to H-2 (δ = 8.99–9.15 ppm), due to the electron-with-
drawing COOH moiety at the central pyridine of the tpy
ligand. The addition of two carboxylic acid groups
{[1](PF6)2 � [2](PF6)2} strengthens the electron-accepting
character of the tpy ligand, which is reflected in the down-
field shift of H-5 and H-7 by about 0.4 ppm. The protons
of the NCH3 group of the ddpd ligand appear as a singlet
at δ = 3.4–3.5 ppm. The amino protons of [3](PF6)2 reso-
nate at δ = 5.75 ppm. The electron-donating character of
the NH2 group is clearly seen in the high-field shift of the
H-15 resonance for [3](PF6)2 (δ = 6.81 ppm) compared with
[2](PF6)2 (δ = 7.58 ppm).[72] For [1](PF6)2 – [3](PF6)2 an in-
terligand nuclear Overhauser effect is observed between
proton H-8 of the tpy ligand and the NCH3 protons of the
ddpd ligand, supporting the twisted meridional coordina-
tion of the ddpd ligand, with the two NCH3 groups lying
above and below the plane of the tpy ligand.[41,55] 13C{1H}
NMR spectra of [1](PF6)2 – [3](PF6)2 show resonances for
all carbon atoms, including quaternary carbon atoms. All
carbon atoms were assigned unambiguously on the basis
of 2D NMR correlation spectroscopic methods (HMQC,
HMBC) and appear with expected chemical shifts (Table S2
in the Supporting Information). Again, the electron-donat-
ing effect of the NH2 group of [3](PF6)2 is revealed when
comparing the chemical shifts of C-15 {δ = 113.7 ([2]-
(PF6)2)� 98.8 ppm ([3](PF6)2)}. 15N NMR chemical shifts
of [1](PF6)2 – [3](PF6)2 were recorded with 15N-1H HMBC
spectroscopy and also underline the electron-withdrawing
effect of two additional COOH groups {δ(Nd) = 238.3 ([1]-
(PF6)2) �249.5 ppm ([2](PF6)2)} and the electron-
donating character of the NH2 group {δ(Nc) = 216.3
([2](PF6)2) �181.6 ppm ([3](PF6)2)}. IR spectra of [1]-
(PF6)2 – [3](PF6)2 in CsI disks were recorded, and these
feature characteristic bands of the functional groups and
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counterions. Broad bands at ν̃ = 3440–3443 cm–1 arise from
OH stretching vibrations. Absorption bands at ν̃ = 1713–
1728 cm–1 are assigned to C=O stretching vibrations, and
very strong bands at ν̃ = 839–843 cm–1 are caused by PF
stretching vibrations of the (PF6)– counterions.

Electrochemical Properties of [1](PF6)2 –
[3](PF6)2

Cyclic and square wave voltammetry in CH3CN and
[nBu4N](PF6) as supporting electrolyte have been per-
formed for complexes [1](PF6)2 – [3](PF6)2 (Figures S1–S3
in the Supporting Information). The FcH/FcH+ redox cou-
ple was used as internal reference. Electrochemical data of
[1](PF6)2 – [6](PF6)2 and N719 are summarized in Table 1.
The one-electron oxidation of [1](PF6)2 – [3](PF6)2 is revers-
ible and occurs at E1/2 = 0.81, 0.87, and 0.71 V, respectively,
which essentially matches the oxidation potentials of the
corresponding ester counterparts.[41] The oxidation is as-
signed to the RuII/RuIII redox couple.[41,55] Spin density
plots of the DFT optimized one-electron oxidized com-
plexes corroborate the ruthenium-centered oxidation (Fig-
ure 2). [1](PF6)2 (E1/2 = 0.81 V) is more easily oxidized than
[2](PF6)2 (E1/2 = 0.87 V) due to the two additional electron-
withdrawing COOH groups of the latter. [3](PF6)2 (E1/2 =
0.71 V) is more easily oxidized than [2](PF6)2 (E1/2 =
0.87 V) due to the electron-donating NH2 group of [3]-
(PF6)2. In [3]3+, a small amount of spin density is also lo-
cated on the NH2 group, similar to complexes [4]3+ and
[6]3+, with Mulliken spin densities on the amino nitrogen
atom of 0.07, 0.11, and 0.12, respectively (Figure 2).[45,55]

Reduction of [1](PF6)2 – [3](PF6)2 is irreversible and ini-
tially occurs at Ep = –1.50, –1.37, and –1.53 V, respectively,
and is confined to the acid-substituted tpy ligand, which is
illustrated by spin density plots of the one-electron reduced
species [1]+, [2]+, and [3]+ (Figure S4 in the Supporting In-
formation).[41] Because the ester derivatives of [1](PF6)2 –
[3](PF6)2 show reversible reductions, the irreversibility is as-
sociated with the COOH group.[41,55] The reduced radical
ligand (tpy-COOH)·– has a higher proton affinity compared
with tpy-COOH. This might lead to the protonation reac-
tion (tpy-COOH)·– + H+ � [tpy-C(OH)2]· and explains the
irreversibility of the reduction in complexes [1](PF6)2 –
[3](PF6)2. Reductive H2 evolution, as in the reaction
R-COOH + e– �R-COO– + 1/2 H2, has also been reported

Table 1. Electrochemical data of complexes [1](PF6)2 – [6](PF6)2

and reference compound N719 in CH3CN (E1/2 given in V vs. FcH/
FcH+).

E1/2 (RuII/RuIII) E1/2 (tpy/tpy·–)

[1](PF6)2 +0.810 –1.500[a]

[2](PF6)2 +0.870 –1.370[a]

[3](PF6)2 +0.710 –1.530[a]

[4](PF6)2
[45] +0.680 –1.540[a]

[5](PF6)2
[49] +0.915 –1.565

[6](PF6)2
[50] +0.680 –1.505

N719[12][b] +0.500 –1.790

[a] Irreversible, Ep given. [b] In DMF.
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to be responsible for the irreversible reduction of carboxylic
acids attached to bpy.[73] Complex [2](PF6)2 is more easily
reduced than [1](PF6)2 due to the additional electron-with-
drawing COOH groups of the former. [3](PF6)2 is reduced
at lower potential than [2](PF6)2 due to presence of the elec-
tron-donating NH2 group.[41]

Figure 2. Spin densities of ruthenium(III) complexes [1]3+ – [6]3+

and one-electron oxidized N719 (contour value 0.005 a. u.; CH
hydrogen atoms omitted).

Optical Properties of [1](PF6)2 – [3](PF6)2

Figure 3 depicts experimental UV/Vis spectra of
[1](PF6)2 – [3](PF6)2 in CH3CN. The data are summarized
together with complexes [4](PF6)2 – [6](PF6)2 and N719 in
Table 2. Intense bands at λ� 400 nm are assigned to π�π*
transitions of the ligands. The bands in the visible spectral
range are predominantly of MLCT parentage. [1](PF6)2 fea-
tures its MLCT band maximum at λ = 517 nm (ε =
8110 m–1 cm–1) with a high-energy shoulder at λ = 472 nm
and two low-energy shoulders at λ = 583 and 635 nm. The
spectrum of [2](PF6)2 shows two maxima at λ = 537 (ε =
6600 m–1 cm–1) and 473 nm (ε = 5820 m–1 cm–1) and two
shoulders at λ = 608 and 661 nm. A distinct redshift com-
pared with [1](PF6)2 can be noticed. This is due to the
smaller HOMO–LUMO energy gap in the case of [2]-
(PF6)2 caused by the additional COOH groups lowering the
LUMO energy by a greater extent than the HOMO energy

Figure 3. Experimental UV/Vis spectra in CH3CN and calculated
stick spectra (TD-DFT, B3LYP/LANL2DZ, IEFPCM in CH3CN)
of [1]2+ – [3]2+.
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([1]2+�[2]2+: ΔELUMO = 0.30; ΔEHOMO = 0.19 eV by DFT;
Figure 4). For [3](PF6)2, the HOMO–LUMO gap is further

Table 2. UV/Vis data of complexes [1](PF6)2 – [6](PF6)2 and refer-
ence compound N719 in CH3CN and TD-DFT data (B3LYP/
LANL2DZ, IEFPCM in CH3CN).

Experimental DFT[a]

π�π* MLCT λ [nm]
λmax [nm] λmax [nm] (f)
(ε [m–1 cm–1]) (ε [m–1 cm–1])

[1](PF6)2 319 (31200), 635 (970, sh), 627.28 (0.0064),
279 (37600), 583 (2080, sh), 609.06 (0.0119),
221 (37500) 517 (8110), 514.10 (0.0653),

472 (6060, sh) 479.27 (0.0233),
446.70 (0.1147),
438.60 (0.0114)

[2](PF6)2 340 (34400), 661 (1010, sh), 641.06 (0.0337),
291 (37100), 608 (2960, sh), 634.53 (0.0100),
211 (55300) 537 (6600), 552.49 (0.0261),

473 (5820) 515.85 (0.0423),
467.83 (0.0155),
466.40 (0.0273),
432.33 (0.0718),
425.85 (0.1511)

[3](PF6)2 340 (30400), 680 (1400, sh), 689.49 (0.0137),
292 (34400), 610 (3540, sh), 651.28 (0.0319),
217 (59900) 544 (6690), 562.06 (0.0276),

480 (5090) 550.87 (0.0400),
480.21 (0.0260),
455.99 (0.0768),
433.95 (0.0681),
426.03 (0.0142),
405.47 (0.0608)

[4](PF6)2
[45] 318 (41100), 570 (1900, sh), 585.50 (0.0053),

306 (38000), 501 (20700), 486.60 (0.1460),
274 (55700), 467 (14400, sh) 451.84 (0.0719),
236 (46700) 443.55 (0.0837),

439.16 (0.0402),
431.24 (0.1507)

[5](PF6)2
[49] 305 (56800), 493 (24400) 555.74 (0.0059),

276 (77800) 490.41 (0.0137),
475.62 (0.2638),
452.00 (0.0416),
432.90 (0.0382),
430.92 (0.2257),
427.40 (0.0372)

[6](PF6)2
[50] 313 (43900, sh), 502 (23000) 562.43 (0.0079),

278 (63900) 485.06 (0.1427),
457.57 (0.0134),
456.09 (0.0963),
448.27 (0.0421),
446.75 (0.0828),
435.76 (0.1837)

N719[11] 312 (49100)[b] 535 (14700)[b], 682.20 (0.0586),
395 (14300)[b] 653.33 (0.0131),

591.98 (0.1223),
541.43 (0.0857),
473.58 (0.0312),
455.74 (0.0595),
449.54 (0.0443),
440.46 (0.0180),
435.66 (0.0298),
433.88 (0.0260),
414.86 (0.0149),
408.02 (0.0087)

[a] Highest calculated oscillator strengths f at λ� 400 nm (TD-
DFT, B3LYP/LANL2DZ, IEFPCM in CH3CN). For a complete
list see the Supporting Information. [b] In ethanol.
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reduced because the addition of the electron-donating NH2

group raises the HOMO energy more than the LUMO en-
ergy ([2]2+ � [3]2+: ΔELUMO = 0.05; ΔEHOMO = 0.22 eV by
DFT; Figure 4). This can be seen in the electronic spectra
because the absorption bands of [3](PF6)2 are further red-
shifted compared with those of [2](PF6)2 (Table 2, Fig-
ure 3). Calculated stick spectra were obtained by time-de-
pendent DFT calculations including solvent modeling (TD-
DFT, B3LYP/LANL2DZ, IEFPCM in CH3CN) and these
appropriately reproduce the experimental spectra (Fig-
ure 3). For example, the bands and shoulders of the experi-
mental spectrum of [3]2+ at λ = 680, 610, 544 and 480 nm
appear as calculated transitions at λ = 689.5 (f = 0.0137),
651.3 (f = 0.0319), 562.1 (f = 0.0319)/550.9 (f = 0.0400) and
480.2 (f = 0.0260)/456.0 nm (f = 0.0768). Absorptions at
λ�400 nm arise predominantly from transitions from
metal-centered “t2g” orbitals (HOMO, HOMO–1 and
HOMO–2) to tpy-based π* orbitals (LUMO and
LUMO+1). Relevant Kohn–Sham frontier molecular orbit-
als are depicted for [3]2+ in Figure 5. The unoccupied “eg”

Figure 4. DFT (B3LYP/LANL2DZ, IEFPCM in CH3CN) calcu-
lated frontier orbital energies of [1]2+ – [3]2+.

Figure 5. Relevant Kohn–Sham frontier molecular orbitals (con-
tour value 0.06 a. u.) of [3]2+ (CH hydrogen atoms omitted).
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orbitals of the d-manifold (LUMO+13 and LUMO+14) ap-
pear at higher energy.

In a more detailed analysis, we compare the frontier or-
bitals (HOMO–3 to LUMO+3) that are relevant for transi-
tions at λ �400 nm, as calculated by TD-DFT calculations
for complexes [1]2+ – [6]2+ and N719 (Figures S5–S6 in the
Supporting Information). HOMO, HOMO–1, and
HOMO–2 of complexes [1]2+ – [6]2+ are located at the metal
center, formally corresponding to “t2g” orbitals. For com-
plexes [3]2+, [4]2+, and [6]2+, the p(N) orbitals of the NH2

substituent also contribute to the HOMO.[41,62] This is re-
garded as being beneficial for directional electron injection
into solid semiconductors, e.g., TiO2.[2–4] HOMO-3 of com-
plexes [1]2+ – [4]2+ is situated at the remote amine donor
ligand, which also favors directional electron injection into
TiO2. Similarly, HOMO to HOMO–2 of N719 are metal-
centered, but large contributions from the NCS– ligands are
present. HOMO-3 of N719 is even essentially NCS–-based.
LUMO to LUMO+3 of [1]2+ – [3]2+ and N719 are mainly
located at the anchoring ligand and should therefore facili-
tate electron injection.[2–4] In contrast, LUMO to LUMO+3
of [4]2+ – [6]2+ are distributed over both tpy ligands. In the
case of [5]2+, the LUMO is not even located on the anchor
ligand as is the case for all other complexes (Figure S6).
Thus, for complexes [4]2+ – [6]2+, the local separation of
frontier orbitals is less pronounced and might retard ef-
ficient charge injection into TiO2.

The individual sum of oscillator strengths Σf at
λ�400 nm increases by attaching two COOH groups
{Σf = 0.2368 ([1]2+)�0.3849 ([2]2+)} as well as by attaching
an amino group {Σf = 0.3849 ([2]2+) �0.4619 ([3]2+)},
which is a behavior similar to the ester derivatives and is
due to the enlargement of the chromophoric system.[41]

The total experimental integrated intensity �I was calcu-
lated in the visible spectral range (λ = 400–800 nm) on
an energy scale (cm–1) and increases in the same order
{�I = 3.77�107 m–1 cm–2 ([1](PF6)2)� 4.69�107 m–1 cm–2

([2](PF6)2) �5.16� 107 m–1 cm–2 ([3](PF6)2)}. This in-
creased absorptivity favors photon collection over the entire
spectral range.

DFT-calculated spin densities of the emissive 3MLCT
states of complexes [1]2+ – [6]2+ and N719[12,74] are illus-
trated in Figure 6. For all complexes, the spin density is
distributed over both the ruthenium atom and the carbonyl-
substituted polypyridine ligand. For all complexes except

Figure 6. Spin densities of the 3MLCT state of [1]2+ – [6]2+ and
N719 (contour value 0.01 a. u.; CH hydrogen atoms omitted).
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[5]2+, spin density is transferred towards the anchor groups
in the 3MLCT state compared with the ground state. This
is beneficial for efficient charge injection into semi-
conductors.[2–4] For [5]2+ however, the carbonyl-substituted
terpyridine ligand is opposite to the bpy anchor group,
which should be rather detrimental for charge injection (see
below).[4]

Figure 7 compares the experimental UV/Vis spectra of
[1](PF6)2 – [6](PF6)2 and N719 in CH3CN/tBuOH (1:1)
solution. [2](PF6)2 features a very similar absorption maxi-
mum to that of N719, with additional low energy shoulders
at λ = 661 and 608 nm. The absorption maxima of [3]-
(PF6)2 are even bathochromically shifted with respect to
those of N719 (Table 2).

Figure 7. (a) Normalized experimental UV/Vis spectra of [1]-
(PF6)2 – [6](PF6)2 and N719 in CH3CN/tBuOH (1:1); (b) IPCE of
cells with [1](PF6)2 – [6](PF6)2 and N719.

Emission of [1](PF6)2 – [3](PF6)2 in CH3CN at 295 K oc-
curs at λ = 732, 743, and 771 nm, respectively. The redshift
of the emission wavelength in the series [1](PF6)2, [2](PF6)2,
[3](PF6)2 is due to the consecutive lowering of the HOMO–
LUMO gap, as already discussed for absorption (see above,
Figure 4). Emission quantum yields of [1](PF6)2 – [3](PF6)2

were measured in deaerated CH3CN at 295 K. The quan-
tum yield of [3](PF6)2 (Φ = 0.067%) is similar to its ester
derivative (Φ = 0.052%).[41] In contrast, the quantum yields
of [1](PF6)2 (Φ = 0.068 %) and [2](PF6)2 (Φ = 0.590%) are
smaller by a factor of 2–7 compared with their ester deriva-
tives,[41,75] which is due to the presence of carboxylic acid
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functionalities. Carboxylic acids are known to form hydro-
gen-bonding networks, and proton transfer along hydrogen
bonds can be responsible for excited-state deactiva-
tion.[76–80] Furthermore, excited-state deactivation can oc-
cur through high energy oscillators (O–H, N–H), typically
leading to smaller quantum yields.[41,45] For [3](PF6)2, we
assume that efficient excited-state deactivation already oc-
curs through N–H oscillators and clearly does not increase
significantly by additional deactivation through the three
extra O–H oscillators. This would explain the similar quan-
tum yields of [3](PF6)2 and its ester derivative.[41]

For example, the excited state pKa* [pKa* = pKa +
0.625� T–1 � (ν̃ – ν̃�)] was calculated for complex [1](PF6)2

from the ground state pKa and the 0–0 transitions of [1]2+

(ν̃�/cm–1) and the deprotonated (ν̃/cm–1) form [1–H]+.[81] 0–
0 transitions were estimated from the intersection points of
the normalized absorption and emission spectrum, which
were found at λ = 659 and 621 nm for [1]2+ and [1–H]+,
respectively. The ground state pKa amounts to 2.3 and the
excited state pKa* to 4.3 (T = 295 K). A similar difference
between pKa (3.0) and pKa* (4.85) was found in [Ru(bpy)2-
(bpy-4-COOH)]2+.[82] The lower acidity of the excited state
compared to the ground state corroborates the metal-to-
ligand charge transfer character of the excited state men-
tioned above.[81]

Photostability Tests

Photostability tests were conducted to investigate pos-
sible ligand loss during DSSC operation. The ethyl ester
derivatives [1Et](PF6)2 and [4Et](PF6)2 of carboxylic acids
[1](PF6)2 and [4](PF6)2 as well as N719 and [Ru(bpy)3]-
(PF6)2 were continuously irradiated under an Ar atmo-
sphere in 0.1 m [nBu4N]I in CH3CN/H2O (98:2, v/v) at λexc

= 400 and 500 nm. The solutions of [1Et](PF6)2, [4Et]-
(PF6)2, N719, and [Ru(bpy)3](PF6)2 were isoabsorptive at
the respective irradiation wavelength. The presence of water
and potentially coordinating iodide simulates DSSCs condi-
tions, with I– being present in the liquid electrolyte and H2O
penetrating into the cell. The emission intensity of the com-
plexes was measured over a period of at least 4 h and com-
pared to the evolution of the emission intensity of N719
and [Ru(bpy)3](PF6)2 (Figure 8). In the absence of coordi-
nating anions, [Ru(bpy)3](PF6)2 is photoinert.[83,84] How-
ever, in the presence of coordinating anions such as Cl–,
Br–, I–, SCN–, or NO3

–, [Ru(bpy)3]2+ readily undergoes
photoinduced ligand substitution, photooxygenation (in the
presence of O2), and photoracemization.[83–87] When irradi-
ated at λexc = 400 nm, the normalized emission intensities
of N719 and [Ru(bpy)3](PF6)2 drop within 4 h to 68 and
5 % of the initial emission intensity, respectively (Figure 8,
a). In contrast, for [1Et](PF6)2 and [4Et](PF6)2, more than
95% of the initial emission intensity is maintained after the
same irradiation time under identical conditions. Irradia-
tion at λexc = 500 nm shows similar results, with a drop in
the initial emission intensity to 79 and 47% for N719 and
[Ru(bpy)3](PF6)2, respectively, after 5 h (Figure 8, b). Under
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the same conditions, [1Et](PF6)2 and [4Et](PF6)2 retain more
than 97 % of the initial emission intensity. The results
clearly show that under the applied conditions bis(tri-
dentate) complexes [1Et](PF6)2 and [4Et](PF6)2 are much
more photostable than N719 and [Ru(bpy)3](PF6)2, which
is a result of the tridentate coordination compared with
mono- and bidentate modes.[14–21,88]

Figure 8. Normalized emission intensities of [1Et](PF6)2, [4Et]-
(PF6)2, N719, and [Ru(bpy)3](PF6)2 in 0.1 m [nBu4N]I in CH3CN/
H2O (98:2, v%) under continuous irradiation at (a) λexc = 400 and
(b) λexc = 500 nm.

Photodecomposition products of [Ru(bpy)3]2+ were in-
deed detected when a solution of [Ru(bpy)3](PF6)2 (11 mm)
was irradiated at λexc = 400 nm in the presence of
[nBu4N]I (2.2 equiv.) and trace amounts of H2O. 1H NMR
spectra reveal resonances corresponding to the noncoordi-
nated 2,2�-bipyridine ligand (Figure S7 in the Supporting
Information). The ESI+ mass spectrum after irradiation
shows signals with characteristic ruthenium isotope pat-
terns at m/z = 559.0 [Ru(bpy)2(H2O)I]+, 541.0 [Ru-
(bpy)2I]+, 467.1 [Ru(bpy)2(H2O)2(OH)]+, and 449.1
[Ru(bpy)2(H2O)(OH)]+ in addition to intense signals for in-
tact [Ru(bpy)3]2+ (Figure S8 in the Supporting Infor-
mation). Hence, one bpy ligand of [Ru(bpy)3]2+ is efficiently
photo-substituted by H2O and/or I–. The high photosta-
bility of ruthenium(II) complexes with bis(tridentate) coor-
dination should thus be favorable in applications such as
DSSCs and light-emitting devices.[3,4,27–30,60,61]
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Photodecomposition products of N719 could be detected
when a solution of N719 (4.4 mm) was irradiated at λexc =
400 nm in the presence of [nBu4N]I (4.5 equiv.) and H2O.
1H NMR spectra after irradiation show new signals with
similar resonances (Δδ�0.1 ppm) to those obtained from
N719 (Figure S9 in the Supporting Information). No sig-
nals from degradation compounds could be observed in
FD, ESI+, or ESI– mass spectra. However, the small
changes of the chemical shifts indicate that both dcbpy li-
gands remain coordinated and that NCS– ligands are re-
placed by I– or by H2O.[11] This is reasonable because NCS–

coordinates in a monodentate fashion and is substituted
faster than the bidentate dcbpy ligand. Indeed, for N719
and related compounds, the photochemical and thermal
substitution of both NCS– by I– and other monodentate
ligands has previously been reported.[17,19,20,89,90]

Redox Stability

The redox stability of sensitizers is an important issue in
DSSCs because electron injection leads to ruthenium(III)
complexes, which can be prone to ligand exchange reac-
tions. The ethyl esters of [1Et]2+ and [4Et]2+ were oxidized
and the stability of the oxidized species ([1Et]3+ and [4Et]3+)
in the presence of coordinating OH– ions was investigated
by spectroelectrochemical measurements. Oxidized N719
and [Ru(bpy)3]3+ were used for comparison. The ruth-
enium(II) complexes were oxidized to ruthenium(III) by
gradually increasing the potential and then reduced back to
the starting ruthenium(II) complexes by gradually lowering
the potential. The reactions were monitored by following
changes to the UV/Vis spectra. Figure 9 exemplarily shows
that, upon oxidation of [4Et]2+ to [4Et]3+, the MLCT band
disappears while a LMCT band at λ = 729 nm (ε =
5120 m–1 cm–1) appears.[46] Isosbestic points at λ = 581, 431,
340, 292, 283, 272, and 241 nm reveal a clean conversion
from [4Et]2+ into [4Et]3+.[46] Upon lowering the potential, the
spectra clearly show a clean reduction back to [4Et]2+ with
the same isosbestic points as for the oxidation and a perfect
overlap with the spectra of the initial ruthenium(II) com-
plex could be achieved.

Experiments with [1Et](PF6)2 and [Ru(bpy)3](PF6)2 show
essentially the same spectral behavior upon oxidation and
back reduction (Figures S10–S11 in the Supporting Infor-
mation). LMCT bands for the oxidized complexes [1Et]3+,
N719ox, and [Ru(bpy)3]3+ appear at λ = 702 (shoulder; ε =
770 m–1 cm–1), λ = 662 (shoulder; ε = 860 m–1 cm–1), and
662 nm (ε = 370 m–1 cm–1), respectively. The smaller LMCT
band intensity of [1Et]3+, N719ox, and [Ru(bpy)3]3+ com-
pared with NH2-substituted [4Et]3+ is due to the strong elec-
tron-donating character of the primary amino group of
[4Et]3+. Isosbestic points for [1Et](PF6)2 appear at λ = 664,
423, 373, 352, 296, 285, and 258 nm and for [Ru(bpy)3]-
(PF6)2 at λ = 573, 329, 298, and 267 nm.

During the oxidation of N719, isosbestic points were ob-
served at λ = 316, 333, and 550 nm (Figure S12a). However,
during the back reduction, no isosbestic points were ob-
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Figure 9. UV/Vis spectra of (a) the electrochemical oxidation (E =
600�1000 mV) and (b) back reduction (E = 1000 �600 mV) of
[4Et](PF6)2 in an OTTLE cell in 10–3 m NaOH and 0.1 m
[nBu4N](PF6) in CH3CN/H2O (98:2, v/v). Black arrows indicate
isosbestic points.

served. The spectrum of N719 before oxidation (E =
200 mV, Figure S12 a) features maxima at λmax = 249 (ε =
31810 m–1 cm–1), 308 (ε = 44640 m–1 cm–1), 374 (ε =
14090 m–1 cm–1), and 512 nm (ε = 12270 m–1 cm–1) whereas
the spectrum after gradually increasing and then lowering
the potential (E = 200 mV, Figure S12b) features maxima
at λmax = 249 (ε = 33190 m–1 cm–1), 307 (ε = 47040 m–1 cm–1),
372 (ε = 14700 m–1 cm–1), and 508 nm (ε = 12270 m–1 cm–1)
indicating that the majority of N719 could be recovered and
a small part of oxidized N719 underwent side reactions. In-
deed the oxidation of the ester-protected analogue of N719
is irreversible, and desulfuration of the NCS– ligands has
been reported.[90] In essence, [1Et]3+, [4Et]3+, and [Ru-
(bpy)3]3+ are stable in the presence of coordinating OH–.
No hint of instability of the ruthenium(III) complexes
could be found on the electrochemical time-scale under the
applied conditions. In contrast, oxidized N719 is less stable
and undergoes irreversible side reactions. Thus, compared
with N719, our bis(tridentate) ruthenium(II) complexes fea-
ture a superior redox stability, which is important for appli-
cations such as DSSCs.[2]
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Device Testing

DSSCs were prepared with a FTO/TiO2/dye/electrolyte/
Pt/FTO structure. As redox electrolyte the I–/I3

– redox cou-
ple in CH3CN was used. Ground state (1GS) and excited
state (3MLCT and 1MLCT) energy levels of sensitizers
[1](PF6)2 – [6](PF6)2 at E = –5.89, –4.20, –3.49 ([1](PF6)2),
–5.95, –4.28, –3.64 ([2](PF6)2), –5.79, –4.18, –3.51 ([3]-
(PF6)2), –5.74, –4.06, –3.26 ([4](PF6)2), –6.00, –4.15, –3.48
([5](PF6)2), –5.58, –4.09, –3.26 eV ([6](PF6)2) and N719 at
–5.58, –4.09, –3.26 eV are depicted together with the con-
duction band edge of TiO2 (E = –3.94 eV) and the redox
potential of the I–/I2

– redox couple (E = –5.24 eV), which
is assumed to be responsible for dye regeneration in the
I–/I3

– system (Figure 10).[5,91] 1GS energies were derived
from experimental RuII/RuIII redox potentials, 1MLCT
state energies were estimated from lowest energy absorption
maxima in solution (Table 2) and 3MLCT state energies
from the room temperature emission maxima in solu-
tion.[11,45,49,50] 1MLCT state energies are higher in energy
than the TiO2 conduction band edge by ΔE = 0.30–0.68 eV.
Thus, injection of electrons into the TiO2 conduction band
is thermodynamically feasible from hot and thermally
equilibrated 1MLCT states for all tested dyes.[39] Typically,
electron injection occurs on the femto to picosecond times-
cale with high efficiency.[39,40] In contrast, injection from
thermally equilibrated 3MLCT states would be thermody-
namically uphill for all dyes by ΔE = 0.13–0.34 eV. Injection
rates from vibrationally hot 3MLCT states depend on the
vibrational state and the relaxation rate to the vibrational
ground state. Vibrational cooling in complexes of type
[1](PF6)2 – [4](PF6)2 occurs on the timescale of several pico-
seconds.[41] The 1GS energies of all dyes is lower than the
I–/I2

– redox potential by ΔE = 0.34–0.76 eV and therefore
allows for the regeneration of oxidized dyes.

Figure 10. Energy levels of the ground state (1GS) and excited
states (1MLCT and 3MLCT) of [1](PF6)2 – [6](PF6)2 and N719, the
conduction band edge of TiO2, and the I2

–/I– redox potential.

Dye loadings of [1](PF6)2 – [6](PF6)2 and N719 on TiO2

were measured by the difference of absorption maxima of
the dipping solution (CH3CN/tBuOH, 1:1) before and after
dipping of the TiO2 electrodes. Whereas high dye loading
was obtained for [1](PF6)2 – [4](PF6)2 and N719 (6–
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11 �10–8 mol cm–2), the dye loading for [5](PF6)2

(1�10–8 molcm–2) and [6](PF6)2 (3 �10–8 mol cm–2) re-
mained low (Table 3). This can be explained by the nature
of the anchor group, which are 2,2�-bpy anchors for
[5](PF6)2 and [6](PF6)2 and carboxylic acids and carboxyl-
ate anchors for [1](PF6)2 – [4](PF6)2 and N719. So far, only
para-substituted pyridine anchors have been used for bind-
ing to TiO2 and, to the best of our knowledge, this is the
first example of a 2,2�-bpy anchor.[92,93] The low dye load-
ings with our 2,2�-bpy anchor might have two reasons: One
reason could be that both pyridines in 2,2�-bpy hinder each
other sterically in binding to TiO2 due to the 2,2�-consti-
tution, resulting in low dye loadings for [5](PF6)2 and
[6](PF6)2. A carboxylic acid/carboxylate anchor might be
able to bind to TiO2 surface atoms that are not sufficiently
accessible for a 2,2�-bpy anchor. The dye loading of [6]-
(PF6)2 is higher than of [5](PF6)2, which is due to the more
electron-rich bpy moiety in [6](PF6)2 in which bpy is bound
to the nitrogen atom of the amide functionality. In contrast,
bpy is bound to the carbonyl carbon atom of the amide
functionality in complex [5](PF6)2. The more electron-rich
bpy of [6](PF6)2 might form stronger interactions to the
electrophilic surface Ti ions of TiO2. A second reason might
be the larger area per molecule required for binding of
[5](PF6)2 and [6](PF6)2 to the TiO2 surface compared with
[1](PF6)2 – [4](PF6)2 and N719, which is due to the canted
orientation with respect to the surface. In addition, the 2,2�-
bpy anchor has more steric bulk than a carboxylic acid/
carboxylate anchor.

Table 3. Characteristics of the DSSCs with [1](PF6)2 – [6](PF6)2 and
reference compound N719.

Dye loading Uoc Isc Fill factor η IPCE [%]
[molcm–2] [V] [mAcm–2] [%] [%] (λmax [nm])

[1](PF6)2 5.6�10–8 0.41 0.50 63 0.13 2.2 (510)
[2](PF6)2 9.7�10–8 0.49 0.75 70 0.26 3.6 (520)
[3](PF6)2 8.7�10–8 0.45 0.74 67 0.22 3.3 (530)
[4](PF6)2 11.0�10–8 0.49 0.48 62 0.15 2.2 (500)
[5](PF6)2 1.0�10–8 0.44 0.24 61 0.06 0.5 (510)
[6](PF6)2 2.6�10–8 0.46 0.59 61 0.18 3.0 (500)
N719 6.4�10–8 0.76 9.30 71 5.03 51.6 (520)

IPCE were measured (Figure 7, b, Table 3) and these
nicely follow the absorption spectrum of the respective
dipping solution (Figure S13). The maximum IPCE of
3.7% was obtained for the cell with [2](PF6)2 at λ ≈ 520 nm.
For the cell with [3](PF6)2, the maximum IPCE (3.3%) is
redshifted to λ ≈ 530 nm, whereas for the cell with [1]-
(PF6)2 it is blueshifted to λ ≈ 510 nm. This is consistent with
the tendency for λmax in the solution absorption mentioned
above: [3](PF6)2 � [2](PF6)2 � [1](PF6)2. The cell with
[2](PF6)2 features higher IPCE and efficiency than the cell
with [1](PF6)2 and [3](PF6)2. This can be ascribed to the
higher dye loading (Table 3) in the case of [2](PF6)2 and the
less intimate contact to TiO2 in the case of [1](PF6)2 due to
the presence of only one carboxylic acid anchor group.[94]

The IPCE maxima of cells with [4](PF6)2 (2.2%), [5](PF6)2

(0.6 %), and [6](PF6)2 (3.0%) are at λ ≈ 500–510 nm, which
is consistent with the respective absorption maxima in solu-
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tion (Table 2). The reference cell with N719 features a maxi-
mum IPCE of 51.6% at λ ≈ 520 nm. The maximum IPCE
of the cell with [5](PF6)2 remains low (0.5% at 510 nm) due
to the low dye loading (Table 3) and the poor electronic
directionality of complex [5](PF6)2, as already discussed
(Figure S6).

Current-voltage curves of DSSCs with [1](PF6)2 –
[6](PF6)2 are depicted in Figure 11 and data are listed in
Table 3. Open circuit voltages of cells with [1](PF6)2 –
[6](PF6)2 reach values of Uoc = 0.41–0.49 V compared with
Uoc = 0.76 V for the cell with N719. Short circuit currents
are low for cells with [1](PF6)2 – [6](PF6)2 (Isc = 0.2–
0.8 mA cm–2) whereas the cell with N719 features a much
higher value (Isc = 9.3 mAcm–2). Fill factors amount to 61–
71 % for all cells, with the highest fill factor belonging to
the one with N719. At the maximum power point, the cell
with N719 has an efficiency of η = 5.03%. Nazeeruddin,
Angelis et al. have reported a maximum efficiency of 11.2%
for the N719 dye, which is attributed to the optimized cell
building procedure, including the addition of tetra-n-butyl-
ammonium chenodeoxycholic acid salt to the dipping solu-
tion.[12] Efficiencies of cells with [1](PF6)2 – [6](PF6)2 are
much lower (η = 0.06–0.26 %) than for the cell with N719
under the same conditions (η = 5.03%), which is primarily
due to the poor short circuit current in these cells. The low
efficiency of the cell with [5](PF6)2 can further be attributed
to the low dye loading (Table 3) as well as to the poor elec-
tronic directionality (Figure S6).

Figure 11. Current-voltage characteristics of DSSCs containing
complexes [1](PF6)2 – [6](PF6)2.

A reverse bias was applied to all cells to measure the
dark currents. Recombination was shown to be negligible
at the TiO2-dye interface when the I3

–/I– redox couple was
used because regeneration of the oxidized dye is signifi-
cantly faster than back electron transfer from TiO2 to the
oxidized dye.[95,96] Instead, efficient recombination is sup-
posed to occur at the TiO2-electrolyte interface.[95] The re-
combination efficiency depends on the excitation intensity,
the electrolyte composition, and the presence of dyes and
additives.[96,97] Figure 12 shows that for the cell with N719
a significantly higher voltage is necessary to produce the
same amount of dark current compared with cells contain-
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ing complexes [1](PF6)2 – [6](PF6)2. This can be explained
by the twofold positive charge of the complex cations of
[1](PF6)2 – [6](PF6)2 as compared to the twofold negative
charge of N719 (Figure 1). Electrostatic interactions be-
tween the cationic complexes and I3

– favor a higher concen-
tration of I3

– near the TiO2 surface than in the bulk solu-
tion, which leads to an enhanced recombination rate.[95,98]

In contrast, the negative charge of N719 effectively repels
I3

– ions from the TiO2 surface. Consequently, it is not sur-
prising that all top-performing dyes are neutral or even neg-
atively charged.[6–9] Among the cells with [1](PF6)2 –
[6](PF6)2, the cell with [4](PF6)2 shows the smallest dark
current (Figure 12). This is possibly due to the high dye
loading of [4](PF6)2, which acts as a blocking layer and re-
duces recombination at the TiO2-electrolyte interface
(Table 3).[96] Indeed, the dye loading order of [1](PF6)2 –
[4](PF6)2 is the inverse of the amount of dark current
(Table 3, Figure 12). Regarding the low dye loading of
[5](PF6)2 and [6](PF6)2, one would expect a high dark cur-
rent for cells with these dyes. However, the amount of dark
current of cells with [5](PF6)2 and [6](PF6)2 is moderate and
can be compared to the cell with [2](PF6)2.

Figure 12. Dark current characteristics of DSSCs with complexes
[1](PF6)2 – [6](PF6)2 and N719.

Two reasons might be responsible for this effect: (1) Dyes
can also protonate (or deprotonate) the TiO2 surface, shift-
ing the conduction band edge of TiO2 to lower (or higher)
energy, which influences recombination rates.[95,96,99] Pro-
tonation of TiO2 by protons from N719 was found to in-
crease the dark current, which might be due to the en-
hanced concentration of I3

– near the surface.[95,96] [1]-
(PF6)2 – [4](PF6)2 are even more acidic than N719 [N719:
pKa1 = 3.5, pKa2 = 4.2; [4](PF6)2: pKa = 2.7; [1](PF6)2: pKa

= 2.3][45,100] and therefore protonate the TiO2 surface, which
lowers the energy of the conduction band. [5](PF6)2 and
[6](PF6)2 cannot protonate the TiO2 surface, which might
lower the dark current in cells with these complexes. (2) The
steric effect of [5](PF6)2 and [6](PF6)2 might suppress the
dark current due to their steric bulk, as discussed above.

Electron recombination lifetimes τ of cells with [1]-
(PF6)2 – [6](PF6)2 and N719 were determined experimen-
tally by intensity-modulated photovoltage spectroscopy and
the results corroborate the rationals derived from the dark

134



www.eurjic.org FULL PAPER

current measurements (Figure 13).[101,102] Cells with
[1](PF6)2 – [6](PF6)2 feature significantly smaller recombi-
nation lifetimes than the cell with N719. Because low re-
combination lifetimes result in charge carrier losses and,
hence, in smaller short-circuit photocurrents,[4] the observed
recombination dynamics explains the poor performance of
cells with complexes [1](PF6)2 – [6](PF6)2 compared with
the cell with N719 (Table 3). The cell with [4](PF6)2 features
the smallest recombination rate constant among our bis(tri-
dentate) complexes, followed by the cell with [2](PF6)2 (Fig-
ure 12 and Figure 13). This might again be due to the high
dye loading of [4](PF6)2 [and [2](PF6)2] as discussed above
(Table 3).[96] The lower dye loadings of [1](PF6)2, [3](PF6)2,
[5](PF6)2, and [6](PF6)2 cannot effectively protect the TiO2

surface from I3
– and might be responsible for the high re-

combination rates. Successful strategies to suppress recom-
bination are manifold and include the use of additional ox-
idic blocking layers, TiO2 underlayers, coadsorbents, and
sterically demanding dyes as surface protection.[96,103,104]

Figure 13. Electron recombination lifetimes τ vs. the open-circuit
voltage UOC of DSSCs with complexes [1](PF6)2 – [6](PF6)2 and
N719.

Conclusions

Push-pull substituted heteroleptic bis(tridentate) ruth-
enium(II) polypyridine chromophores [1](PF6)2 – [3](PF6)2

(Figure 1) have been synthesized and fully characterized by
ESI and HR-ESI mass spectrometry, infrared, 1H, 13C and
15N NMR 1D and 2D spectroscopy, elemental analysis,
electrochemistry, UV/Vis absorption and emission spec-
troscopy. The pronounced donor–acceptor substitution in-
duces a small HOMO–LUMO gap, which shifts the absorp-
tion to lower energy (up to λmax = 544 nm and extending
to 720 nm). The push-pull character is introduced by a tpy
acceptor ligand featuring one or three carboxylic acid func-
tionalities as electron-withdrawing components and a tpy/
ddpd donor ligand featuring two or three amino functional-
ities as electron-donating components. DFT calculations
show spatially separated and orthogonal frontier orbitals
with a high electronic directionality. Irradiation experi-
ments reveal a high photostability for our bis(tridentate)
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complexes under conditions where N719 and tris(bidentate)
[Ru(bpy)3](PF6)2 undergo photodecomposition. Oxidation
experiments revealed a superior stability of bis(tridentate)
complexes as compared with N719. Complexes [1](PF6)2 –
[6](PF6)2 (Figure 1) were tested as photosensitizers for TiO2

in dye-sensitized solar cells with an I–/I3
– redox electrolyte.

For the first time, 2,2�-bipyridine groups were used as an-
chors to TiO2 {[5](PF6)2 and [6](PF6)2}. Power conversion
efficiencies up to η = 0.26% under full AM 1.5 were ob-
tained compared to η = 5.0% for the standard sensitizer
N719 under our conditions. The twofold positive charge of
our complexes contrasts with the twofold negative charge
of N719. Consequently, the concentration of I3

– near the
TiO2 electrode is increased and favors electron recombina-
tion. High dark currents and high recombination rates were
measured for DSSCs with complexes [1](PF6)2 – [6](PF6)2,
which rationalize the low cell performances.

Future perspectives are the use of negatively charged, cy-
clometalated, tridentate ligands, alkylated ligands, or triary-
lamine substituted ligands derived from tpy and ddpd,
which can be used to redshift and broaden the absorption
spectrum, to increase the push-pull characteristics and to
decrease the overall positive charge of our complexes while
retaining the excellent photo- and redox-stability.

Experimental Section

General Procedures: Diethyl ether was distilled from sodium, and
acetonitrile from CaH2 under an argon atmosphere. All reagents
were used without further treatment from commercial suppliers
(Acros and Sigma–Aldrich). Microwave heating was performed
with a Discover Benchmate Plus (CEM Synthesis) single-mode mi-
crowave cavity, producing continuous irradiation at 2.455 GHz
with 100 W (maximum power). NMR spectra were recorded with
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 vs. the solvent signal as an internal standard
[CH3CN (1H, δ = 1.94 ppm; 13C, δ = 1.24 ppm)] or vs. external
CH3NO2 [90% in CDCl3, δ = 380.23 ppm vs. NH3(l)] and refer-
enced to NH3 (15N, δ = 0 ppm). Figure 1 shows the atom number-
ing for NMR signal assignment. IR spectra were recorded with a
BioRad Excalibur FTS 3100 spectrometer as CsI disks. Electro-
chemical experiments were carried out with a Bio Logic SP-50 vol-
tammetric analyzer using platinum wires as counter- and working-
electrodes and 0.01 m Ag/AgNO3 as reference electrode. The mea-
surements were performed with a scan rate of 50–333 mV s–1 for
cyclic voltammetry experiments and 100–200 mVs–1 for square-
wave voltammetry experiments using 0.1 m [nBu4N](PF6) as the
supporting electrolyte and a 10–3 m solution of the sample in anhy-
drous and degassed CH3CN. Potentials are referenced to the ferro-
cene/ferrocenium couple (E1/2 = 86 �5 mV under our experimental
conditions). UV/Vis/near-IR spectra were recorded with a Varian
Cary 5000 or a Jasco V-670 spectrometer using 1.0 cm cells
(Hellma, Suprasil). Emission spectra were recorded with a Varian
Cary Eclipse spectrometer. Quantum yields were determined by
comparing the areas under the emission spectra on an energy scale
(cm–1) recorded for optically matched solutions of the sample and
the reference [Ru(bpy)3]Cl2 (Φ = 9.4% in deaerated CH3CN).[105]

ESI mass spectra were recorded with a Micromass Q-TOF-Ultima
spectrometer. Elemental analyses were performed by the microana-
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lytical laboratory of the chemical institutes of the University of
Mainz.

Photostability: Photostability measurements were conducted at
room temperature under an Ar atmosphere in 0.1 m [nBu4N]I in
CH3CN/H2O (98:2, v/v) at λexc = 400 and 500 nm, respectively. The
concentrations of the solutions were adjusted to ensure the same
absorption at the corresponding excitation wavelength. The con-
centrations of [1Et](PF6)2, [4Et](PF6)2, N719, and [Ru(bpy)3](PF6)2

for the irradiation at λexc = 400 nm were 3.94 �10–5, 1.97�10–5,
0.82 �10–5, and 0.96 �10–5 m and for the irradiation at λexc =
500 nm 3.83 �10–6, 1.02 �10–6, 2.23 �10–6, and 9.89�10–6 m,
respectively. As light sources, a Bivar LED (108A-713–5059,
400 nm) and a Sloan LED (L5-BG1G, 500 nm) were used in com-
bination with a 40 W supply. Photodecomposition products of
[Ru(bpy)3](PF6)2 were found when [Ru(bpy)3](PF6)2 (9.4 mg,
0.011 mmol, 1.0 equiv.) and [nBu4N]I (9.0 mg, 0.024 mmol,
2.2 equiv.) were dissolved in CD3CN (1.0 mL) and irradiated for
5 d at λexc = 400 nm. Before and after irradiation, NMR spectra
were measured and their analysis revealed the formation of non-
coordinated 2,2�-bipyridine during the irradiation. ESI+ mass spec-
tra were measured with the same solution. Photodecomposition
products of N719 were found when N719 (3.9 mg, 0.0033 mmol,
1.0 equiv.) and [nBu4N]I (5.5 mg, 0.015 mmol, 4.5 equiv.) were dis-
solved in CD3CN/H2O (14:1, 0.75 mL) and irradiated for 4 d at
λexc = 400 nm. Before and after irradiation, NMR spectra were
measured and reveal the formation of a new complex, in which
presumably both NCS– ligands are substituted by I– or H2O. No
signals with ruthenium isotope pattern could be found in FD, ESI+,
or ESI– mass spectra.

Redox Stability: The chemical stabilities of electrochemically oxid-
ized complexes were measured at room temperature in a 10–3 m

NaOH and 0.1 m [nBu4N](PF6) in CH3CN/H2O (98:2, v/v) with
ruthenium complex concentrations of 2 �10–4 m. The optical path-
length of the OTTLE cell was 1 mm. A platinum mesh was used
as working electrode, a platinum wire as counter electrode, and
0.01 m Ag/AgNO3 as reference electrode. Electrical potentials were
applied for at least 2 min before UV/Vis spectra were recorded.

DFT Calculations: Calculations were performed by using the
Gaussian09/DFT[106]series of programs. The B3LYP formulation of
DFT was used, employing the LANL2DZ basis set.[106] No sym-
metry 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 in CH3CN) was employed for solvent modeling. In TD-
DFT calculations, at least 50 singlet transitions (n �50) were calcu-
lated. All calculations were performed without explicit counterions
and solvent molecules.

Materials and Fabrication of Dye-Sensitized Solar Cells: A TiO2

blocking layer was prepared by spin coating a 2 wt.-% solution
of bis(ethyl acetoacetato)-diisopropoxide titanium(IV) in n-butanol
onto a FTO glass (TEC 8, Pilkington) followed by sintering at
500 °C for 15 min. The nanostructured TiO2 layer was fabricated
by doctor blading commercial TiO2 paste (18NR-T, Dyesol) onto
the TiO2 layered FTO substrate followed by sintering at 500 °C for
15 min. The TiO2 particle size was around 20 nm and the TiO2

layer thickness was 7 μm as measured by a surface profiler (alpha-
step IQ, Tencor). The TiO2 electrodes were dipped into 0.3 mm

solutions of ruthenium complexes in acetonitrile/tert-butyl alcohol
(1:1) for 18 h at 25 °C, washed with acetonitrile and dried with an
air stream. Dye loadings on TiO2 were determined by the absorp-
tion difference of the dipping solution before and after dipping of
a TiO2 layer with a defined area of 2.6 cm2. The N719 dye, bis-
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(tetra-n-butylammonium)-cis-di(isothiocyanato)bis(2,2�-bipyrid-
yl-4,4�-dicarboxylato)ruthenium(II), (Solaronix) was used as refer-
ence. For cell measurements, an active TiO2 area of 0.25 cm2 was
used. Pt counter electrodes were fabricated by thermal decomposi-
tion of 0.01 m H2PtCl6 (Sigma–Aldrich) in isopropanol (Sigma–
Aldich) and were spun onto FTO substrates followed by sintering
at 500 °C for 15 min. Two small holes were made in the Pt counter
electrodes with a drill. A Surlyn film (25 μm, Solaronix) was sand-
wiched between the TiO2 and the Pt electrode. The electrolyte was
filled into the cell through one of the two holes and sealed with a
Surlyn film and a cover glass. The electrolyte is a mixture of 1-
methyl-3-propylimidazolium iodide (0.6 m) and iodine (0.05 m) in
acetonitrile.

Characterization: The current-voltage curves of the cells were mea-
sured with a Keighley Model 2400 source meter and a solar simula-
tor with a 300 W xenon arc-lamp (Newport) under 1 sun illumina-
tion (AM 1.5, 100 mW cm–2). The light intensity was calibrated by
a silicon solar cell (PV measurements, Inc.) A shading mask was
placed on the residual area of the front side FTO substrate except
for the 0.25 cm2 TiO2 active area to prevent overestimation of the
power conversion efficiency. Electron recombination lifetimes were
characterized by intensity-modulated photovoltage spectroscopy
using IM6 (Zahner) under an open circuit condition. A white light-
emitting diode (LED, λemiss = 603 nm, Δλ = 105 nm) was used as
the modulated light source to ensure a homogeneous distribution
of the illumination of the TiO2 photoanodes. The applied light in-
tensities ranged from 250 to 7 Wm–2.

Syntheses: The syntheses of [4](PF6)2 – [6](PF6)2 have been reported
previously.[45,49,50,62]

[Ru(ddpd)(HOOC-tpy)](PF6)2 ([1](PF6)2): [Ru(ddpd)(EtOOC-
tpy)](PF6)2

[55] (119.6 mg, 0.121 mmol, 1.0 equiv.) was dissolved in
CH3CN (20 mL) and a mixture of conc. H2SO4 (20 mL) and water
(50 mL) was added. The solution was heated to reflux (15 h). After
cooling to room temperature, the mixture was neutralized with sat-
urated NaOH solution and the solvent was removed under reduced
pressure. CH3CN (100 mL) was added, the suspension was ultra-
sonicated (1 min), filtered, and washed with CH3CN (75 mL). The
solvent was removed under reduced pressure and the precipitate
was dissolved in water (10 mL). The pH was adjusted to 1.0 with
conc. H2SO4. The addition of an acidic aqueous solution of
[NH4](PF6) (127.8 mg, 0.785 mmol, 6.5 equiv; 5 mL water; the pH
was adjusted to 1.0 with conc. H2SO4) led to precipitation of a
dark-purple solid, which was filtered and washed with cold water
(ca. 10 mL). The solid was dissolved in CH3CN (1 mL) and precipi-
tated by the addition of Et2O (10 mL). After filtration, washing
with Et2O (10 mL), and drying under reduced pressure a dark-pur-
ple solid was obtained, yield 88.3 mg (0.092 mmol, 76%). 1H NMR
(CD3CN, 300 K): δ = 8.99 (s, 2 H, H-2), 8.56 (m, 2 H, H-5), 8.27
(t, 3JH,H = 8.2 Hz, 1 H, H-16), 8.11 (m, 2 H, H-8), 8.01 (m, 2 H,
H-6), 7.61 (m, 2 H, H-11), 7.56 (d, 3JH,H = 8.2 Hz, 2 H, H-15),
7.47 (m, 2 H, H-7), 7.17 (m, 2 H, H-12), 6.58 (m, 2 H, H-10), 6.44
(m, 2 H, H-9), 3.47 (s, 6 H, CH3N) ppm, no resonance for OH was
observed. 13C{1H} NMR (CD3CN, 300 K): δ = 165.7 (s, C=O),
159.8 (s, C-13), 159.5 (s, C-3), 158.7 (s, C-4), 157.2 (s, C-14), 155.1
(s, C-8), 149.4 (s, C-9), 141.7 (s, C-16), 140.1 (s, C-11), 139.1 (s, C-
6), 137.1 (s, C-1), 127.9 (s, C-7), 125.7 (s, C-5), 124.1 (s, C-2), 121.4
(s, C-10), 116.3 (s, C-12), 113.5 (s, C-15), 41.8 (s, CH3N) ppm. 1H-
15N HMBC (CD3CN, 300 K): δ = 293.6 (Ne), 238.3 (Nd), 218.4
(Nc), 212.1 (Na), 92.1 (Nb) ppm. MS (ESI+): m/z (%) = 335.1 (27)
[M – 2 PF6]2+, 625.1 (7) [M – H – CO2 – PF6]+, 815.1 (100) [M –
PF6]+. HRMS (ESI+): m/z calcd. for C33H28F6N8O2P96Ru+

809.1053; found 809.1056. IR (CsI): ν̃ = 3443 (br., m, OH), 3088
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(w, CH), 2926 (w, CH), 1728 (m, C=O), 1601 (s, C=N), 1582 (m,
C=N), 1489 (m, C=N), 1450 (s), 1364 (m), 1341 (m), 1279 (m),
1234 (m), 1138 (m), 1097 (m), 1043 (w), 1022 (w), 949 (w), 839
(vs, PF), 798 (m), 777 (m), 752 (m), 559 (s), 527 (w) cm–1. UV/Vis
(CH3CN): λabs (ε, m–1 cm–1) = 517 (8110), 319 (31200), 279 (37600),
221 (37500) nm. Emission (CH3CN, 295 K, λexc = 517 nm): λemiss

= 732 nm. Φ(CH3CN, λexc = 468 nm, 295 K): 0.068%. CV
(CH3CN): E1/2 = +0.81 (1e, rev.), –1.50 (1e, irrev.) V vs. Fc/Fc+.
C33H28F12N8O2P2Ru·0.8H2O·0.3Et2O: calcd. C 41.23, H 3.30, N
11.25; found C 40.94, H 2.99, N 10.87.

[Ru(ddpd){(HOOC)3-tpy}](PF6)2 ([2](PF6)2): [Ru(ddpd){(MeOOC)3-
tpy}](PF6)2

[41] (114.7 mg, 0.1053 mmol, 1.0 equiv.) was dissolved in
CH3CN (4 mL) and a mixture of conc. H2SO4 (4 mL) and water
(10 mL) was added. The solution was heated to reflux (20 h). After
cooling to room temperature, CH3CN was removed under reduced
pressure. The pH was adjusted to 1.0 with saturated aqueous
NaOH solution. The addition of an acidic aqueous solution of
[NH4](PF6) (646.0 mg, 3.963 mmol, 37.6 equiv; 10 mL water; the
pH was adjusted to 1.0 with conc. H2SO4) led to the precipitation
of a dark-purple solid, which was filtered and washed with an
acidic aqueous solution of [NH4](PF6) (20.0 mg, 0.123 mmol, 1.2
equiv; 20 mL water; the pH was adjusted to 1.0 with conc. H2SO4).
The solid was dried under reduced pressure to give a dark-purple
powder, yield 55.5 mg (0.053 mmol, 50%). 1H NMR (CD3CN,
300 K): δ = 9.15 (s, 2 H, H-2), 8.97 (m, 2 H, H-5), 8.29 (t, 3JH,H =
8.2 Hz, 1 H, H-16), 8.26 (m, 2 H, H-8), 7.89 (m, 2 H, H-7), 7.61
(m, 2 H, H-11), 7.58 (d, 3JH,H = 8.2 Hz, 2 H, H-15), 7.18 (m, 2 H,
H-12), 6.56 (m, 2 H, H-10), 6.36 (m, 2 H, H-9), 3.47 (s, 6 H,
CH3N) ppm, no resonance for OH was observed. 13C{1H} NMR
(CD3CN, 300 K): δ = 165.1 (s, C=Ocenter), 164.7 (s, C=Oouter), 159.7
(s, C-3), 159.6 (s, C-13), 159.2 (s, C-4), 157.1 (s, C-14), 155.8 (s, C-
8), 149.2 (s, C-9), 142.1 (s, C-16), 140.4 (s, C-11), 140.1 (s, C-6),
136.6 (s, C-1), 127.1 (s, C-7), 125.0 (s, C-2), 124.9 (s, C-5), 121.6 (s,
C-10), 116.6 (s, C-12), 113.7 (s, C-15), 41.7 (s, CH3N) ppm. 1H-15N
HMBC (CD3CN, 300 K): δ = 293.9 (Ne), 249.5 (Nd), 216.3 (Nc),
209.0 (Na) ppm, Nb was not observed. MS (ESI+): m/z (%) = 379.1
(100) [M – 2 PF6]2+, 903.1 (80) [M – PF6]+. HRMS (ESI+): m/z
calcd. for C35H28F6N8O6P96Ru+ 897.0850; found 897.0836. IR
(CsI): ν̃ = 3440 (br., m, OH), 3105 (w, CH), 2928 (w, CH), 2855
(w, CH), 1726 (m, C=O), 1605 (m, C=N), 1543 (w, C=N), 1489 (w,
C=N), 1450 (m), 1404 (m), 1360 (vs), 1234 (s), 1138 (m), 1115 (m),
1099 (s), 843 (vs, PF), 800 (w), 777 (m), 752 (w), 679 (w), 615 (w),
559 (w) cm–1. UV/Vis (CH3CN): λabs (ε, m–1 cm–1) = 537 (6600),
473 (5820), 340 (34400), 291 (37100), 211 (55300) nm. Emission
(CH3CN, 295 K, λexc = 537 nm): λemiss = 743 nm. Φ(CH3CN, λexc

= 467.5 nm, 295 K): 0.59%. CV (CH3CN): E1/2 = +0.87 (1e, rev.),
–1.37 (1e, irrev.) V vs. Fc/Fc+. C35H28F12N8O6P2Ru·0.3H2O: calcd.
C 39.92, H 2.74, N 10.64; found C 40.51, H 3.36, N 10.36.

[Ru(ddpd-NH2){(HOOC)3-tpy}](PF6)2 ([3](PF6)2): {(MeOOC)3-
tpy}RuCl3[13,69–71] (222.3 mg, 0.3616 mmol, 1.00 equiv.) and ddpd-
4�-phthalimide[41] (162.7 mg, 0.3728 mmol, 1.03 equiv.) were sus-
pended in methanol (20 mL), ultrasonicated (1 min), and N-ethyl-
morpholine (0.40 mL, 3.2 mmol, 8.7 equiv.) was added. The dark-
green to brown mixture was heated to reflux in a laboratory micro-
wave oven for 45 min (75 °C). After cooling to room temperature,
the mixture was filtered through Celite (1.5 cm; Ø 3.0 cm) and
rinsed with methanol. The solvent was removed under reduced
pressure and the residue was dissolved in conc. HCl/H2O (2:1,
150 mL) and heated to reflux (15 h). After cooling to room tem-
perature, the pH was carefully adjusted to 0.9 with saturated
NaOH solution. The addition of an acidic aqueous solution of
[NH4](PF6) (1.0 g, 6.1 mmol, 17 equiv., 100 mL H2O, adjusted to
pH 0.9 with conc. H2SO4) led to the precipitation of a dark-purple
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solid, which was filtered and washed with an acidic aqueous solu-
tion of [NH4](PF6) (100 mg, 0.613 mmol, 1.7 equiv., 100 mL H2O,
adjusted to pH 0.9 with conc. H2SO4). The solid was dried under
reduced pressure to give a dark-purple powder, yield 95.1 mg
(0.0895 mmol, 25%). 1H NMR (CD3CN, 300 K): δ = 9.12 (s, 2 H,
H-2), 8.94 (m, 2 H, H-5), 8.30 (m, 2 H, H-8), 7.89 (m, 2 H, H-7),
7.58 (m, 2 H, H-11), 7.12 (m, 2 H, H-12), 6.81 (s, 2 H, H-15), 6.52
(m, 2 H, H-10), 6.29 (m, 2 H, H-9), 5.75 (br. s, 2 H, NH2), 3.36 (s,
6 H, CH3N) ppm, no resonance for OH was observed. 13C{1H}
NMR (CD3CN, 300 K): δ = 165.3 (s, C=Ocenter), 164.8 (s,
C=Oouter), 160.0 (s, C-13), 159.8 (s, C-4), 159.5 (s, C-3), 159.3 (s,
C-16), 156.7 (s, C-14), 155.7 (s, C-8), 149.2 (s, C-9), 140.3 (s, C-11),
139.7 (s, C-6), 135.5 (s, C-1), 127.0 (s, C-7), 124.9 (s, C-2), 124.7 (s,
C-5), 121.2 (s, C-10), 116.5 (s, C-12), 98.8 (s, C-15), 41.3 (s,
CH3N) ppm. 1H-15N HMBC (CD3CN, 300 K): δ = 296.9 (Ne),
249.9 (Nd), 210.0 (Na), 181.6 (Nc), 72.2 (NH2) ppm, Nb was not
observed. MS (ESI+): m/z (%) = 386.6 (38) [M – 2 PF6]2+,
918.1 (100) [M – PF6]+. HRMS (ESI+): m/z calcd. for
C35H29F6N9O6P96Ru+ 912.0959; found 912.0914. IR (CsI): ν̃ =
3443 (br., s, OH), 3098 (w, CH), 2959 (w, CH), 2926 (w, CH), 2855
(w, CH), 1713 (m, C=O), 1605 (vs, NH, C=N), 1539 (m, C=N),
1462 (s), 1437 (m), 1404 (s), 1360 (vs), 1234 (m), 1167 (m), 1117
(m), 1097 (vs), 968 (w), 841 (vs, PF), 781 (m), 756 (m), 727 (w),
696 (w), 683 (w), 667 (w), 648 (w), 613 (s), 561 (s), 530 (w), 505
(w), 482 (w), 451 (w), 347 (w) cm–1. UV/Vis (CH3CN): λabs (ε,
m–1 cm–1) = 544 (6690), 480 (5090), 340 (30400), 292 (34400), 217
(59900) nm. Emission (CH3CN, 295 K, λexc = 544 nm): λemiss =
771 nm. Φ(CH3CN, λexc = 509 nm, 295 K): 0.067%. CV (CH3CN):
E1/2 = +0.71 (1e, rev.), –1.53 (1e, irrev.) V vs. Fc/Fc+.
C35H29F12N9O6P2Ru·3CH3OH: calcd. C 39.39, H 3.57, N 10.88;
found C 39.96, H 3.67, N 11.22.

Supporting Information (see footnote on the first page of this arti-
cle): Tabulated 1H, 13C and 15N NMR chemical shifts in CD3CN;
cyclic and square-wave voltammograms of [1](PF6)2 – [3](PF6)2;
spin densities of [1]+ – [6]+ and reduced N719; frontier molecular
orbitals of [1]2+ – [6]2+ and N719. 1H NMR spectra of [Ru(bpy)3]-
(PF6)2/[nBu4N]I before and after irradiation. ESI mass spectrum of
[Ru(bpy)3](PF6)2/[nBu4N]I after irradiation. 1H NMR spectra of
N719/[nBu4N]I before and after irradiation. UV/Vis spectra of the
electrochemical oxidation and back reduction of [1](PF6)2;
[Ru(bpy)3](PF6)2 and N719 in the presence of NaOH; IPCE plots
of cells with [1](PF6)2 – [6](PF6)2 and N719; DFT (B3LYP/
LANL2DZ, IEFPCM, CH3CN) optimized geometries of [1]2+ –
[6]2+ and N719 (singlet) and [1]3+ – [6]3+, and oxidized N719 (doub-
let); results of TD-DFT calculations of [1]2+ – [6]2+ and N719 (sing-
let).
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In the following the full supporting information of all manuscripts and publications is reproduced 

herein expect published DFT optimized cartesian coordinates and published results of TD-DFT 
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Figure S1. Relevant DFT-calculated Kohn-Sham frontier molecular orbitals (B3LYP/LANL2DZ, IEFPCM, 
H2O, contour value 0.06 a.u., CH hydrogen atoms omitted) and energy levels of frontier molecular orbitals of 
[1]2+. 
 

 
Figure S2. Relevant DFT-calculated Kohn-Sham frontier molecular orbitals (B3LYP/LANL2DZ, IEFPCM, 
H2O, contour value 0.06 a.u., CH hydrogen atoms omitted) and energy levels of frontier molecular orbitals of 
[1]3+. 
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Figure S3. ESI+ mass spectrum of [1](PF6)2 0.5 M TFA in CH3CN:H2O (200:1) before addition of 
(NH4)2[Ce(NO3)6]. 
 
 

 
Figure S4. ESI+ mass spectrum of [1](PF6)2 0.5 M TFA in CH3CN:H2O (200:1) 2 d after oxidation with 2.0 equiv 
(NH4)2[Ce(NO3)6]. 
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Figure S5. ESI+ mass spectrum of [1](PF6)2 in 0.5 M HNO3 in H2O before addition of (NH4)2[Ce(NO3)6]. 

 
 
 

 
Figure S6. ESI+ mass spectrum of [1](PF6)2 in 0.5 M HNO3 in H2O 2 d after oxidation with 2.0 equiv 
(NH4)2[Ce(NO3)6]. 
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Figure S7. ESI+ mass spectrum of [1](PF6)2 in 0.1 M H2SO4 in H2O before addition of Ce(SO4)2 • 4 H2O. 

 
 

 
Figure S8. ESI+ mass spectrum of [1](PF6)2 in 0.1 M H2SO4 in H2O 2 d after oxidation with 2.0 equiv Ce(SO4)2 • 
4 H2O. 
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Preparation of the IrCl(PEt3)3 solution[1]: [Ir(COE)2Cl]2 (178.3 mg, 0.199 mmol, 1.0 equiv) was dissolved in 
abs. THF (17 ml; COE = cyclooctene). The orange solution turned red when a solution of PEt3 (1 M in THF, 
1.2 ml, 1.2 mmol, 6.0 equiv) was added. The mixture was stirred for 4 h at room temperature. Then the solvent 
and excess PEt3 were removed under reduced pressure. The red solid was dissolved in 7.2 ml d8-THF and a red 
solution of IrCl(PEt3)3 was obtained (55 mM). IrCl(PEt3)3 reversibly reacts with O2 under formation of 
IrCl(O2)(PEt3)3.

[2] Figure S9 shows 31P-NMR spectra before and after bubbling an excess of air through the 
solution. 
 
 

 
Figure S9. 31P-NMR spectra, structures and phosphorus atom numbering of IrCl(PEt3)3 and IrCl(O2)(PEt3)3 in d8-
THF. 
 
 
IrCl(PEt3)3 and its oxygen adduct IrCl(O2)(PEt3)3 show the following 31P-NMR characteristics in accordance 
with literature data[2]:  
 
IrCl(PEt3)3: 

31P-NMR (d8-THF, 162 MHz): δ = 10.5 (d, 24.0 Hz, 2 P, P2), 9.0 ppm (t, 24.0 Hz, 1 P, P1). 
IrCl(O2)(PEt3)3: 

31P-NMR (d8-THF, 162 MHz): δ = –15.5 (t, 15.6 Hz, 1 P, P3), –16.8 ppm (d, 15.6 Hz, 2 P, P4). 
 
[1]  A. L. Casalnuovo, J. C. Calabrese, D. Milstein, J. Am. Chem. Soc. 1988, 110, 6738–6744. 
[2]  S. W. Kohl, L. Weiner, L. Schwartsburd, L. Konstantinovski, L. J. W. Shimon, Y. Ben-David, M. A. 
 Iron, D. Milstein, Science 2009, 324, 74–77. 
 
 
DFT-optimized Cartesian Coordinates of [1]2+ (singlet) in H2O in Å. 
 
6        2.345932000      1.227034000      0.000056000 
6        3.745880000      1.259502000      0.000365000 
6        4.457632000      0.040748000     -0.000607000 
6        3.767095000     -1.189673000     -0.001892000 
6        2.365520000     -1.177243000     -0.002196000 
7        1.693729000      0.019176000     -0.001193000 
1        4.294158000      2.194070000      0.001415000 
1        4.324431000     -2.117441000     -0.002560000 
6       -0.835580000      3.076620000      0.002348000 
6       -0.460851000      4.427858000      0.003143000 
6        0.907443000      4.756607000      0.002939000 
6        1.858166000      3.722892000      0.001951000 
6        1.429494000      2.385531000      0.001186000 
7        0.079193000      2.072608000      0.001377000 
1        1.227783000      5.793175000      0.003513000 
1       -1.878145000      2.782458000      0.002503000 
1       -1.226559000      5.195430000      0.003888000 
1        2.916408000      3.956674000      0.001746000 
6        1.467855000     -2.350346000     -0.003413000 
6        1.917532000     -3.680929000     -0.004957000 
6        0.983156000     -4.729462000     -0.006189000 
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6       -0.390209000     -4.422276000     -0.005929000 
6       -0.786061000     -3.077170000     -0.004353000 
7        0.112761000     -2.058854000     -0.003045000 
1        1.319705000     -5.760874000     -0.007345000 
1        2.979327000     -3.898074000     -0.005214000 
1       -1.143852000     -5.201712000     -0.006903000 
1       -1.833062000     -2.799455000     -0.004113000 
6       -2.983720000     -0.020585000      1.194604000 
6       -4.378794000     -0.033018000      1.229899000 
6       -5.109048000     -0.038835000      0.003570000 
6       -4.380885000     -0.030577000     -1.223984000 
6       -2.985756000     -0.018227000     -1.190997000 
7       -2.317904000     -0.013952000      0.001238000 
1       -4.913161000     -0.038252000      2.173097000 
1       -4.916806000     -0.033900000     -2.166312000 
6        0.186433000      0.006603000      3.076521000 
6       -0.199143000      0.003739000      4.424349000 
6       -1.569786000     -0.007922000      4.740206000 
6       -2.510304000     -0.016414000      3.696871000 
6       -2.072287000     -0.012993000      2.363113000 
7       -0.719180000     -0.001370000      2.063633000 
1       -1.900198000     -0.010319000      5.773655000 
1        1.232300000      0.015463000      2.794756000 
1        0.560457000      0.010505000      5.197878000 
1       -3.570482000     -0.025372000      3.920904000 
6       -2.076289000     -0.008267000     -2.361029000 
6       -2.516561000     -0.009302000     -3.694056000 
6       -1.577793000      0.001323000     -4.738951000 
6       -0.206622000      0.012755000     -4.425363000 
6        0.181212000      0.013196000     -3.078183000 
7       -0.722688000      0.003047000     -2.063788000 
1       -1.909929000      0.000720000     -5.771849000 
1       -3.577117000     -0.018091000     -3.916305000 
1        0.551691000      0.021151000     -5.200140000 
1        1.227546000      0.021834000     -2.798148000 
44      -0.295512000      0.003541000     -0.000426000 
8        6.613661000      1.148068000      0.000993000 
6        5.945539000      0.095901000     -0.000097000 
8        6.523325000     -1.152892000     -0.000961000 
7       -6.479088000     -0.052174000      0.004733000 
1       -7.003176000     -0.059026000      0.869213000 
1        7.507019000     -1.110604000     -0.000592000 
1       -7.004664000     -0.057368000     -0.858853000 
 
DFT-optimized Cartesian Coordinates of [1]3+ (doublet) in H2O in Å. 
 
6        2.339086000      1.039146000     -0.685533000 
6        3.739758000      1.074493000     -0.729207000 
6        4.463091000      0.088631000     -0.031293000 
6        3.792121000     -0.906525000      0.704129000 
6        2.389118000     -0.896918000      0.720919000 
7        1.708088000      0.061586000      0.028784000 
1        4.274110000      1.835121000     -1.284964000 
1        4.359712000     -1.655902000      1.239366000 
6       -0.870021000      2.516129000     -1.690720000 
6       -0.520860000      3.628289000     -2.470061000 
6        0.838217000      3.912334000     -2.686782000 
6        1.812614000      3.076093000     -2.115372000 
6        1.411503000      1.975842000     -1.345461000 
7        0.072179000      1.705452000     -1.144978000 
1        1.136203000      4.766336000     -3.285152000 
1       -1.907136000      2.268239000     -1.506695000 
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1       -1.303911000      4.248245000     -2.890377000 
1        2.865052000      3.282726000     -2.267564000 
6        1.510705000     -1.837403000      1.440767000 
6        1.968807000     -2.888834000      2.246231000 
6        1.038235000     -3.711290000      2.904151000 
6       -0.334712000     -3.458362000      2.743588000 
6       -0.742064000     -2.392859000      1.927970000 
7        0.158100000     -1.603877000      1.287274000 
1        1.380219000     -4.528150000      3.530181000 
1        3.031124000     -3.064935000      2.364798000 
1       -1.084390000     -4.066563000      3.235833000 
1       -1.791538000     -2.172277000      1.781441000 
6       -3.047620000      0.619232000      0.881476000 
6       -4.430285000      0.593050000      0.841876000 
6       -5.087221000     -0.159489000     -0.190182000 
6       -4.289174000     -0.867637000     -1.153707000 
6       -2.910685000     -0.811622000     -1.062421000 
7       -2.311269000     -0.076752000     -0.058078000 
1       -5.023263000      1.128601000      1.573175000 
1       -4.777814000     -1.434219000     -1.936843000 
6        0.018097000      1.834016000      2.523547000 
6       -0.439460000      2.620729000      3.592072000 
6       -1.822798000      2.765103000      3.788306000 
6       -2.711738000      2.117848000      2.911674000 
6       -2.202654000      1.343295000      1.860725000 
7       -0.837079000      1.211158000      1.676822000 
1       -2.205606000      3.367499000      4.604990000 
1        1.077151000      1.701628000      2.342299000 
1        0.278919000      3.102258000      4.245130000 
1       -3.781402000      2.219432000      3.050170000 
6       -1.938074000     -1.482072000     -1.960884000 
6       -2.305505000     -2.297673000     -3.038495000 
6       -1.305970000     -2.894669000     -3.828407000 
6        0.043684000     -2.662829000     -3.516973000 
6        0.357266000     -1.838748000     -2.424889000 
7       -0.604120000     -1.259323000     -1.665899000 
1       -1.580086000     -3.527515000     -4.665550000 
1       -3.350693000     -2.471569000     -3.263944000 
1        0.844059000     -3.105619000     -4.098027000 
1        1.386567000     -1.643156000     -2.153487000 
44      -0.343847000     -0.000946000      0.018047000 
8        6.602531000      0.991666000     -0.722116000 
6        5.958249000      0.132976000     -0.095147000 
8        6.538920000     -0.884108000      0.616252000 
7       -6.436200000     -0.202405000     -0.258185000 
1       -7.017448000      0.294498000      0.407405000 
1        7.522858000     -0.865411000      0.579343000 
1       -6.913190000     -0.730631000     -0.980240000 
 
DFT-optimized Cartesian Coordinates of [1 – H]2+ (doublet) in H2O in Å. 
 
6        2.377101000      1.013332000     -0.668955000 
6        3.778779000      1.032189000     -0.707309000 
6        4.499932000      0.046337000     -0.005207000 
6        3.804674000     -0.934696000      0.729049000 
6        2.402460000     -0.916682000      0.739834000 
7        1.729948000      0.044846000      0.042725000 
1        4.332688000      1.780679000     -1.260428000 
1        4.378176000     -1.678981000      1.267726000 
6       -0.815690000      2.534668000     -1.673416000 
6       -0.452427000      3.644414000     -2.448336000 
6        0.911256000      3.910439000     -2.663619000 
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6        1.874029000      3.059699000     -2.095083000 
6        1.459640000      1.961031000     -1.328811000 
7        0.116285000      1.708595000     -1.131234000 
1        1.220599000      4.762803000     -3.258818000 
1       -1.855851000      2.298766000     -1.490046000 
1       -1.226746000      4.276672000     -2.866608000 
1        2.929768000      3.251271000     -2.244188000 
6        1.509866000     -1.846644000      1.457062000 
6        1.953317000     -2.901940000      2.266703000 
6        1.012825000     -3.713664000      2.922773000 
6       -0.357869000     -3.447628000      2.757825000 
6       -0.750971000     -2.380043000      1.939338000 
7        0.159778000     -1.601642000      1.298906000 
1        1.344533000     -4.533049000      3.551294000 
1        3.013989000     -3.086564000      2.386990000 
1       -1.114994000     -4.047645000      3.248808000 
1       -1.797636000     -2.148704000      1.788300000 
6       -3.032962000      0.627495000      0.862096000 
6       -4.416298000      0.605842000      0.813787000 
6       -5.068218000     -0.143749000     -0.222693000 
6       -4.266087000     -0.854059000     -1.180787000 
6       -2.887331000     -0.801402000     -1.080521000 
7       -2.294076000     -0.068959000     -0.072864000 
1       -5.012413000      1.142796000      1.541590000 
1       -4.751239000     -1.419283000     -1.967160000 
6        0.029757000      1.828567000      2.522308000 
6       -0.430115000      2.615938000      3.589357000 
6       -1.814093000      2.765139000      3.778739000 
6       -2.701323000      2.122518000      2.896947000 
6       -2.190164000      1.347003000      1.847485000 
7       -0.823870000      1.209909000      1.671169000 
1       -2.198623000      3.368026000      4.594306000 
1        1.088873000      1.690885000      2.344345000 
1        0.286557000      3.094241000      4.246710000 
1       -3.771319000      2.228142000      3.030107000 
6       -1.909434000     -1.473442000     -1.974149000 
6       -2.272431000     -2.284210000     -3.056914000 
6       -1.269700000     -2.880764000     -3.843416000 
6        0.078902000     -2.653131000     -3.524219000 
6        0.388300000     -1.833973000     -2.427108000 
7       -0.576011000     -1.255765000     -1.670987000 
1       -1.540785000     -3.509708000     -4.684539000 
1       -3.316721000     -2.454269000     -3.289473000 
1        0.881218000     -3.095220000     -4.103176000 
1        1.416090000     -1.639839000     -2.148383000 
44      -0.323185000     -0.001760000      0.017989000 
8        6.591218000      0.958849000     -0.754994000 
6        6.036521000      0.042728000     -0.037284000 
8        6.615892000     -0.876875000      0.656064000 
7       -6.418193000     -0.182116000     -0.300060000 
1       -7.001617000      0.316883000      0.361604000 
1       -6.891791000     -0.708194000     -1.025488000 
 
DFT-optimized Cartesian Coordinates of [1 – 2 H]+ (doublet) in H2O in Å. 
 
6       -2.354807000      1.196201000     -0.007843000 
6       -3.757813000      1.218302000     -0.010102000 
6       -4.466861000     -0.000135000     -0.005773000 
6       -3.757735000     -1.218517000      0.000699000 
6       -2.354733000     -1.196312000      0.002612000 
7       -1.695544000     -0.000031000     -0.001650000 
1       -4.321707000      2.143137000     -0.015157000 
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1       -4.321581000     -2.143390000      0.004068000 
6        0.814288000      3.071276000     -0.012058000 
6        0.428859000      4.419245000     -0.017688000 
6       -0.941394000      4.736782000     -0.020334000 
6       -1.884451000      3.695719000     -0.017261000 
6       -1.446611000      2.362234000     -0.011613000 
7       -0.095461000      2.062843000     -0.009040000 
1       -1.269644000      5.770826000     -0.024615000 
1        1.859463000      2.787636000     -0.009721000 
1        1.189413000      5.191677000     -0.019843000 
1       -2.944772000      3.918674000     -0.019121000 
6       -1.446470000     -2.362279000      0.009083000 
6       -1.884229000     -3.695790000      0.014471000 
6       -0.941108000     -4.736782000      0.020679000 
6        0.429123000     -4.419148000      0.021477000 
6        0.814470000     -3.071153000      0.015905000 
7       -0.095338000     -2.062792000      0.009738000 
1       -1.269298000     -5.770846000      0.024875000 
1       -2.944536000     -3.918823000      0.013913000 
1        1.189723000     -5.191522000      0.026302000 
1        1.859626000     -2.787437000      0.016529000 
6        2.979720000     -0.005418000     -1.204260000 
6        4.364031000     -0.005644000     -1.232273000 
6        5.116919000     -0.000040000      0.011111000 
6        4.358481000      0.005494000      1.246991000 
6        2.975382000      0.005363000      1.215383000 
7        2.301977000      0.000008000      0.003738000 
1        4.905951000     -0.009971000     -2.172394000 
1        4.912872000      0.009684000      2.178052000 
6       -0.193729000     -0.014215000     -3.076047000 
6        0.187173000     -0.019897000     -4.425185000 
6        1.557023000     -0.020809000     -4.745541000 
6        2.503148000     -0.016126000     -3.707298000 
6        2.068620000     -0.010564000     -2.372521000 
7        0.718137000     -0.009543000     -2.070252000 
1        1.882783000     -0.025092000     -5.780445000 
1       -1.237848000     -0.013372000     -2.788110000 
1       -0.574772000     -0.023451000     -5.196265000 
1        3.562311000     -0.016789000     -3.936209000 
6        2.060991000      0.010606000      2.380080000 
6        2.491948000      0.016236000      3.716115000 
6        1.542977000      0.021022000      4.751569000 
6        0.173804000      0.020174000      4.427349000 
6       -0.203363000      0.014447000      3.077285000 
7        0.711419000      0.009660000      2.073878000 
1        1.865813000      0.025325000      5.787407000 
1        3.550763000      0.016859000      3.946666000 
1       -0.590193000      0.023813000      5.196413000 
1       -1.246694000      0.013669000      2.786490000 
44       0.333881000      0.000043000      0.001077000 
8       -6.574519000      1.156473000     -0.016102000 
6       -6.002325000     -0.000205000     -0.008205000 
8       -6.574424000     -1.156942000     -0.002256000 
7        6.461372000      0.000483000      0.093263000 
1        6.909218000     -0.003548000     -0.837938000 
 
DFT-optimized Cartesian Coordinates of [Ru(κ2-H2N-tpy)(κ3-HOOC-tpy)(H2O)]3+ (doublet) in H2O in Å. 
 
6       -2.528788000      1.228951000      0.418211000 
6       -3.909906000      1.429337000      0.292727000 
6       -4.663957000      0.494960000     -0.445550000 
6       -4.046609000     -0.620696000     -1.041993000 
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6       -2.657994000     -0.776191000     -0.898003000 
7       -1.953797000      0.146242000     -0.183950000 
1       -4.408483000      2.275737000      0.748936000 
1       -4.643985000     -1.331892000     -1.596759000 
6        0.683358000      2.283634000      1.883320000 
6        0.372386000      3.429128000      2.631127000 
6       -0.953381000      3.895736000      2.641661000 
6       -1.937778000      3.202500000      1.912813000 
6       -1.575857000      2.063867000      1.182525000 
7       -0.262537000      1.625177000      1.169014000 
1       -1.221987000      4.778825000      3.211402000 
1        1.688148000      1.882230000      1.848526000 
1        1.154026000      3.932794000      3.187483000 
1       -2.965298000      3.545625000      1.924453000 
6       -1.824848000     -1.864522000     -1.451941000 
6       -2.330202000     -2.917305000     -2.226683000 
6       -1.450185000     -3.897822000     -2.718466000 
6       -0.079482000     -3.800227000     -2.426121000 
6        0.373921000     -2.726802000     -1.644173000 
7       -0.473209000     -1.783765000     -1.165758000 
1       -1.830102000     -4.716559000     -3.319897000 
1       -3.388230000     -2.977353000     -2.450535000 
1        0.631625000     -4.531388000     -2.792107000 
1        1.423898000     -2.615033000     -1.409338000 
6        3.304158000      0.166376000     -0.518955000 
6        4.510538000     -0.535635000     -0.597531000 
6        4.681222000     -1.784593000      0.060298000 
6        3.609722000     -2.209525000      0.888128000 
6        2.420439000     -1.485856000      0.912420000 
7        2.200061000     -0.349962000      0.142437000 
1        5.331280000     -0.123520000     -1.172155000 
1        3.716651000     -3.109497000      1.479880000 
6        2.427899000      3.347346000     -2.357521000 
6        3.549567000      4.154001000     -2.151006000 
6        4.593837000      3.649120000     -1.355117000 
6        4.495429000      2.356194000     -0.812246000 
6        3.356709000      1.564184000     -1.067155000 
7        2.359939000      2.100697000     -1.824780000 
1        5.471321000      4.253482000     -1.150859000 
1        1.572141000      3.670270000     -2.937676000 
1        3.591412000      5.144527000     -2.586942000 
1        5.284802000      1.974548000     -0.177881000 
6        1.317649000     -1.878965000      1.823163000 
6        1.471468000     -2.789569000      2.883975000 
6        0.385474000     -3.058858000      3.731184000 
6       -0.841545000     -2.407317000      3.508316000 
6       -0.941817000     -1.514641000      2.437171000 
7        0.112656000     -1.259215000      1.617457000 
1        0.498477000     -3.757566000      4.553268000 
1        2.423144000     -3.270993000      3.066529000 
1       -1.701695000     -2.582299000      4.143589000 
1       -1.868951000     -0.997756000      2.228411000 
8       -6.736137000      1.691419000     -0.066289000 
6       -6.138487000      0.725137000     -0.570846000 
8       -6.756588000     -0.250871000     -1.307343000 
7        5.826583000     -2.506240000     -0.062788000 
1        6.589812000     -2.185984000     -0.645036000 
1       -7.727119000     -0.108508000     -1.396256000 
1        5.949974000     -3.385040000      0.423616000 
44       0.036013000     -0.039396000     -0.068002000 
1        1.405432000      1.560687000     -1.950646000 
1       -0.632442000      1.154297000     -2.318534000 
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8        0.163482000      0.948394000     -1.789268000 
 
DFT-optimized Cartesian Coordinates of "["[Ru(κ3-H2N-tpy)(κ3-HOOC-tpy)]3+ + H2O" (doublet) in H2O 
in Å. 
 
6       -2.255210000     -0.095835000      1.223861000 
6       -3.650869000     -0.213871000      1.263436000 
6       -4.352203000     -0.352928000      0.051528000 
6       -3.664856000     -0.359978000     -1.175894000 
6       -2.267526000     -0.239205000     -1.161610000 
7       -1.606993000     -0.124922000      0.024696000 
1       -4.198513000     -0.199847000      2.197784000 
1       -4.215626000     -0.456252000     -2.102223000 
6        0.913505000      0.320855000      3.036137000 
6        0.542108000      0.422064000      4.384127000 
6       -0.818827000      0.343315000      4.725933000 
6       -1.772659000      0.166624000      3.709140000 
6       -1.350186000      0.068565000      2.376245000 
7       -0.008627000      0.142659000      2.055567000 
1       -1.133978000      0.420366000      5.760855000 
1        1.952730000      0.374394000      2.738704000 
1        1.308905000      0.559883000      5.137311000 
1       -2.826241000      0.110511000      3.954979000 
6       -1.375578000     -0.211890000     -2.334963000 
6       -1.815668000     -0.269762000     -3.664347000 
6       -0.876133000     -0.205182000     -4.707376000 
6        0.488346000     -0.079824000     -4.394309000 
6        0.877645000     -0.025441000     -3.048579000 
7       -0.030773000     -0.095555000     -2.041625000 
1       -1.204456000     -0.248190000     -5.740169000 
1       -2.872190000     -0.358562000     -3.886303000 
1        1.244806000     -0.023699000     -5.168222000 
1        1.920351000      0.067206000     -2.773297000 
6        3.099225000      1.124915000     -0.074121000 
6        4.483456000      1.138899000     -0.090854000 
6        5.196291000     -0.105422000     -0.040146000 
6        4.451911000     -1.333381000      0.029301000 
6        3.069604000     -1.286935000      0.044486000 
7        2.415814000     -0.072657000     -0.007984000 
1        5.033477000      2.070725000     -0.143121000 
1        4.982617000     -2.276917000      0.071320000 
6       -0.060849000      3.023940000     -0.153708000 
6        0.346765000      4.367920000     -0.221378000 
6        1.716705000      4.674036000     -0.239845000 
6        2.653187000      3.625604000     -0.191422000 
6        2.200720000      2.301892000     -0.124946000 
7        0.845346000      2.015785000     -0.106177000 
1        2.054651000      5.703596000     -0.291398000 
1       -1.118800000      2.769000000     -0.140813000 
1       -0.406591000      5.146489000     -0.258323000 
1        3.714626000      3.842180000     -0.206062000 
6        2.149367000     -2.449583000      0.118917000 
6        2.578941000     -3.781044000      0.183758000 
6        1.626757000     -4.814077000      0.258936000 
6        0.260664000     -4.488407000      0.268815000 
6       -0.115910000     -3.138206000      0.200623000 
7        0.799652000     -2.141823000      0.125458000 
1        1.949336000     -5.848437000      0.309737000 
1        3.636022000     -4.017704000      0.177936000 
1       -0.504494000     -5.253548000      0.327689000 
1       -1.159546000     -2.851759000      0.207584000 
8       -6.499764000     -0.485589000      1.165080000 
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6       -5.841697000     -0.478822000      0.109796000 
8       -6.405690000     -0.583527000     -1.135486000 
7        6.548310000     -0.126336000     -0.057280000 
1        7.091070000      0.728159000     -0.105680000 
1       -7.386821000     -0.663704000     -1.105979000 
1        7.064845000     -0.997689000     -0.024643000 
44       0.442632000     -0.052313000      0.009353000 
1       -3.656912000      3.048101000     -0.982642000 
1       -3.654450000      3.192280000      0.606575000 
8       -3.151029000      2.868133000     -0.165969000 
 
Results of the TD-DFT (singlet) calculation of [1]2+ in H2O. 
 
Excited State   1:      Singlet-A      1.9750 eV  627.78 nm  f=0.0000  <S**2>=0.000 
     141 ->145        -0.10870 
     144 ->145         0.69246 
Excited State   2:      Singlet-A      2.1153 eV  586.12 nm  f=0.0052  <S**2>=0.000 
     143 ->145         0.69916 
Excited State   3:      Singlet-A      2.5469 eV  486.80 nm  f=0.1455  <S**2>=0.000 
     142 ->145         0.57686 
     143 ->146         0.31690 
     143 ->148        -0.11544 
     144 ->147         0.20329 
Excited State   4:      Singlet-A      2.5876 eV  479.15 nm  f=0.0007  <S**2>=0.000 
     144 ->146         0.68512 
     144 ->148        -0.12805 
Excited State   5:      Singlet-A      2.7334 eV  453.59 nm  f=0.0001  <S**2>=0.000 
     143 ->147         0.51478 
     144 ->146         0.12725 
     144 ->148         0.45975 
Excited State   6:      Singlet-A      2.7443 eV  451.79 nm  f=0.0721  <S**2>=0.000 
     143 ->146        -0.24029 
     143 ->148         0.27371 
     144 ->147         0.59561 
Excited State   7:      Singlet-A      2.7968 eV  443.31 nm  f=0.0831  <S**2>=0.000 
     143 ->147        -0.47471 
     144 ->148         0.50770 
Excited State   8:      Singlet-A      2.8227 eV  439.25 nm  f=0.0399  <S**2>=0.000 
     142 ->146         0.68338 
     142 ->148        -0.13124 
Excited State   9:      Singlet-A      2.8327 eV  437.69 nm  f=0.0000  <S**2>=0.000 
     142 ->147         0.70338 
Excited State  10:      Singlet-A      2.8766 eV  431.00 nm  f=0.1498  <S**2>=0.000 
     142 ->145        -0.23294 
     143 ->146         0.55124 
     143 ->148         0.35878 
Excited State  11:      Singlet-A      2.9978 eV  413.59 nm  f=0.0002  <S**2>=0.000 
     142 ->146         0.13946 
     142 ->148         0.68534 
Excited State  12:      Singlet-A      3.2041 eV  386.95 nm  f=0.0000  <S**2>=0.000 
     142 ->145         0.26190 
     143 ->146        -0.17335 
     143 ->148         0.51695 
     143 ->153         0.19386 
     144 ->147        -0.27442 
Excited State  13:      Singlet-A      3.3095 eV  374.63 nm  f=0.0000  <S**2>=0.000 
     144 ->149         0.69057 
Excited State  14:      Singlet-A      3.5000 eV  354.24 nm  f=0.0025  <S**2>=0.000 
     144 ->150         0.70082 
Excited State  15:      Singlet-A      3.5055 eV  353.69 nm  f=0.0000  <S**2>=0.000 
     143 ->154         0.68831 
Excited State  16:      Singlet-A      3.5162 eV  352.61 nm  f=0.0227  <S**2>=0.000 
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     139 ->145        -0.25148 
     143 ->149         0.64439 
Excited State  17:      Singlet-A      3.6070 eV  343.73 nm  f=0.0000  <S**2>=0.000 
     141 ->145         0.69083 
     144 ->145         0.10958 
Excited State  18:      Singlet-A      3.6122 eV  343.24 nm  f=0.0862  <S**2>=0.000 
     142 ->149         0.68142 
Excited State  19:      Singlet-A      3.6767 eV  337.22 nm  f=0.0172  <S**2>=0.000 
     140 ->145         0.68809 
     143 ->149         0.10246 
Excited State  20:      Singlet-A      3.6851 eV  336.45 nm  f=0.0047  <S**2>=0.000 
     143 ->150         0.18307 
     144 ->151         0.67215 
Excited State  21:      Singlet-A      3.6985 eV  335.23 nm  f=0.0019  <S**2>=0.000 
     142 ->154        -0.16061 
     144 ->153         0.67319 
Excited State  22:      Singlet-A      3.7257 eV  332.78 nm  f=0.0433  <S**2>=0.000 
     143 ->150         0.66581 
     144 ->151        -0.19306 
Excited State  23:      Singlet-A      3.7552 eV  330.17 nm  f=0.0536  <S**2>=0.000 
     139 ->145        -0.30303 
     142 ->150         0.53909 
     142 ->153        -0.12772 
     143 ->149        -0.10597 
     144 ->154        -0.25204 
Excited State  24:      Singlet-A      3.7665 eV  329.18 nm  f=0.2028  <S**2>=0.000 
     139 ->145         0.52022 
     142 ->150         0.20038 
     143 ->149         0.22205 
     143 ->152        -0.17578 
     144 ->154        -0.23572 
     144 ->158        -0.13462 
Excited State  25:      Singlet-A      3.7762 eV  328.33 nm  f=0.0000  <S**2>=0.000 
     144 ->152         0.69464 
Excited State  26:      Singlet-A      3.7887 eV  327.25 nm  f=0.0455  <S**2>=0.000 
     139 ->145         0.10903 
     141 ->154        -0.12333 
     142 ->150         0.40099 
     142 ->153         0.15864 
     144 ->154         0.47164 
     144 ->158         0.17466 
Excited State  27:      Singlet-A      3.8519 eV  321.88 nm  f=0.0173  <S**2>=0.000 
     140 ->147         0.23051 
     143 ->151         0.65801 
Excited State  28:      Singlet-A      3.9279 eV  315.65 nm  f=0.0000  <S**2>=0.000 
     142 ->151         0.70602 
Excited State  29:      Singlet-A      3.9370 eV  314.92 nm  f=0.0001  <S**2>=0.000 
     142 ->154         0.62189 
     142 ->158        -0.26124 
     144 ->153         0.15388 
Excited State  30:      Singlet-A      3.9710 eV  312.23 nm  f=0.0709  <S**2>=0.000 
     139 ->145         0.17217 
     142 ->153        -0.44057 
     143 ->152         0.48006 
     144 ->154         0.10257 
     144 ->158         0.14432 
Excited State  31:      Singlet-A      3.9882 eV  310.88 nm  f=0.0706  <S**2>=0.000 
     139 ->145         0.11096 
     142 ->153         0.45465 
     143 ->152         0.45862 
     144 ->158        -0.21776 
Excited State  32:      Singlet-A      4.0502 eV  306.12 nm  f=0.0085  <S**2>=0.000 
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     142 ->152         0.69614 
Excited State  33:      Singlet-A      4.0790 eV  303.95 nm  f=0.0377  <S**2>=0.000 
     140 ->147         0.15337 
     141 ->146         0.58621 
     141 ->148         0.32934 
     143 ->151        -0.11653 
Excited State  34:      Singlet-A      4.1049 eV  302.04 nm  f=0.0022  <S**2>=0.000 
     140 ->146        -0.11582 
     141 ->147         0.54619 
     143 ->153         0.37082 
     144 ->147         0.11367 
     144 ->155        -0.10703 
Excited State  35:      Singlet-A      4.1417 eV  299.35 nm  f=0.0818  <S**2>=0.000 
     140 ->147         0.26880 
     141 ->146        -0.37987 
     141 ->148         0.50095 
     143 ->151        -0.12920 
Excited State  36:      Singlet-A      4.1720 eV  297.18 nm  f=0.0001  <S**2>=0.000 
     139 ->146        -0.13244 
     140 ->146         0.66731 
     140 ->148        -0.12635 
     141 ->147         0.12697 
Excited State  37:      Singlet-A      4.2541 eV  291.45 nm  f=0.3151  <S**2>=0.000 
     140 ->147         0.57867 
     141 ->148        -0.34301 
     143 ->151        -0.16253 
Excited State  38:      Singlet-A      4.2675 eV  290.53 nm  f=0.0008  <S**2>=0.000 
     136 ->145         0.65669 
     136 ->149         0.22666 
Excited State  39:      Singlet-A      4.2763 eV  289.94 nm  f=0.0130  <S**2>=0.000 
     141 ->158        -0.16381 
     142 ->153         0.20544 
     144 ->154        -0.30325 
     144 ->158         0.56756 
Excited State  40:      Singlet-A      4.2922 eV  288.86 nm  f=0.0180  <S**2>=0.000 
     140 ->146         0.10292 
     140 ->148         0.19368 
     141 ->147        -0.37843 
     142 ->145        -0.12919 
     143 ->153         0.49101 
Excited State  41:      Singlet-A      4.3518 eV  284.90 nm  f=0.0465  <S**2>=0.000 
     139 ->147         0.70015 
Excited State  42:      Singlet-A      4.4032 eV  281.58 nm  f=0.0314  <S**2>=0.000 
     137 ->145        -0.20112 
     139 ->146         0.51274 
     139 ->148         0.38877 
     140 ->146         0.10739 
     140 ->148         0.15620 
Excited State  43:      Singlet-A      4.4537 eV  278.39 nm  f=0.0000  <S**2>=0.000 
     138 ->145         0.70297 
Excited State  44:      Singlet-A      4.4662 eV  277.60 nm  f=0.0925  <S**2>=0.000 
     137 ->145         0.30491 
     139 ->146        -0.30659 
     139 ->148         0.49830 
     140 ->148         0.22595 
Excited State  45:      Singlet-A      4.5271 eV  273.87 nm  f=0.1573  <S**2>=0.000 
     139 ->148        -0.26896 
     140 ->148         0.57427 
     141 ->147         0.14123 
     143 ->153        -0.18681 
     144 ->155        -0.12126 
Excited State  46:      Singlet-A      4.6147 eV  268.67 nm  f=0.0024  <S**2>=0.000 
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     142 ->154         0.25091 
     142 ->158         0.64013 
Excited State  47:      Singlet-A      4.6307 eV  267.74 nm  f=0.3221  <S**2>=0.000 
     137 ->145         0.58807 
     139 ->146         0.30995 
     139 ->148        -0.11426 
Excited State  48:      Singlet-A      4.7889 eV  258.90 nm  f=0.0000  <S**2>=0.000 
     141 ->149         0.67820 
     143 ->158        -0.14964 
Excited State  49:      Singlet-A      4.8280 eV  256.80 nm  f=0.0000  <S**2>=0.000 
     141 ->149         0.15706 
     143 ->158         0.66443 
Excited State  50:      Singlet-A      4.8325 eV  256.56 nm  f=0.0156  <S**2>=0.000 
     139 ->149         0.32655 
     140 ->149         0.60284 
 
Results of the TD-DFT (doublet) calculation of [1]3+ in H2O. 
 
Excited State   1:  2.008-A      0.3658 eV 3388.97 nm  f=0.0009  <S**2>=0.758 
    139B ->144B        0.26181 
    141B ->144B       -0.19275 
    143B ->144B        0.91551 
    143B ->147B       -0.10577 
Excited State   2:  2.007-A      0.5367 eV 2310.28 nm  f=0.0000  <S**2>=0.757 
    127B ->144B        0.10736 
    137B ->144B       -0.10498 
    142B ->144B        0.96680 
    142B ->147B       -0.11855 
 Excited State   3:  2.122-A      1.8129 eV  683.89 nm  f=0.1535  <S**2>=0.876 
    144A ->146A        0.18133 
    141B ->144B        0.93145 
    143B ->144B        0.21801 
 Excited State   4:  2.110-A      1.8555 eV  668.19 nm  f=0.0118  <S**2>=0.863 
    139B ->144B        0.48220 
    140B ->144B        0.83199 
    143B ->144B       -0.20153 
 Excited State   5:  2.042-A      2.0387 eV  608.17 nm  f=0.0011  <S**2>=0.793 
    139B ->144B        0.81370 
    140B ->144B       -0.52923 
    141B ->144B        0.13497 
    143B ->144B       -0.17997 
 Excited State   6:  3.092-A      2.6440 eV  468.92 nm  f=0.0061  <S**2>=2.140 
    140A ->147A        0.12066 
    141A ->145A       -0.18966 
    141A ->147A        0.16086 
    142A ->145A       -0.29651 
    143A ->145A        0.11777 
    143A ->147A       -0.16660 
    138B ->144B        0.53468 
    139B ->146B       -0.17131 
    140B ->146B        0.16444 
    142B ->145B        0.50119 
    143B ->145B       -0.25299 
    143B ->146B        0.15189 
 Excited State   7:  2.586-A      2.6460 eV  468.58 nm  f=0.0013  <S**2>=1.422 
    141A ->145A        0.14130 
    141A ->147A       -0.11314 
    142A ->145A        0.22506 
    138B ->144B        0.81745 
    139B ->146B        0.10435 
    140B ->146B       -0.11907 
    142B ->145B       -0.28673 
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    143B ->145B        0.18022 
    143B ->146B       -0.10932 
Excited State   8:  3.309-A      2.6728 eV  463.88 nm  f=0.0006  <S**2>=2.488 
    142A ->145A       -0.23286 
    143A ->145A       -0.31601 
    140B ->145B        0.21285 
    141B ->145B       -0.13785 
    142B ->145B        0.23888 
    143B ->145B        0.77350 
Excited State   9:  2.050-A      2.7676 eV  447.98 nm  f=0.0000  <S**2>=0.801 
    137B ->144B        0.98046 
    142B ->144B        0.12704 
Excited State  10:  3.456-A      2.8968 eV  428.00 nm  f=0.0000  <S**2>=2.737 
    128A ->150A       -0.11573 
    140A ->149A        0.10119 
    140A ->150A       -0.29653 
    143A ->149A        0.18061 
    143A ->150A       -0.51427 
    144A ->150A       -0.16550 
    139B ->152B        0.19455 
    141B ->152B       -0.12517 
    143B ->149B       -0.10247 
    143B ->152B        0.58235 
    143B ->154B        0.27497 
Excited State  11:  2.568-A      2.9434 eV  421.23 nm  f=0.0001  <S**2>=1.398 
    141A ->145A       -0.28017 
    142A ->145A        0.14813 
    143A ->145A        0.69651 
    144A ->145A        0.16119 
    139B ->145B        0.28202 
    140B ->145B       -0.16188 
    143B ->145B        0.47082 
Excited State  12:  3.417-A      3.0158 eV  411.11 nm  f=0.0075  <S**2>=2.669 
    138A ->145A        0.14716 
    140A ->147A       -0.11423 
    141A ->147A       -0.25876 
    142A ->145A       -0.23245 
    142A ->147A        0.12603 
    143A ->146A        0.13532 
    143A ->147A        0.33923 
    143A ->148A       -0.13566 
    137B ->145B       -0.13941 
    139B ->146B        0.19530 
    140B ->146B       -0.24146 
    140B ->147B       -0.10522 
    142B ->145B        0.49361 
    143B ->146B       -0.37841 
    143B ->148B       -0.11454 
Excited State  13:  3.373-A      3.0429 eV  407.46 nm  f=0.0059  <S**2>=2.594 
    136A ->146A       -0.13093 
    139A ->146A        0.15298 
    140A ->148A       -0.16651 
    141A ->148A        0.33865 
    142A ->148A       -0.13341 
    143A ->147A        0.12169 
    143A ->148A        0.37896 
    144A ->146A        0.11787 
    144A ->148A        0.17445 
    134B ->144B        0.13486 
    138B ->144B        0.13186 
    138B ->147B       -0.15508 
    139B ->147B        0.13004 
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    139B ->148B       -0.11718 
    140B ->147B        0.21938 
    140B ->148B       -0.29254 
    141B ->148B       -0.10323 
    142B ->145B        0.14644 
    143B ->146B       -0.10926 
    143B ->147B       -0.24039 
    143B ->148B        0.33938 
Excited State  14:  3.217-A      3.0813 eV  402.38 nm  f=0.0054  <S**2>=2.337 
    139A ->148A        0.14126 
    141A ->146A        0.19346 
    143A ->146A        0.34775 
    143A ->147A       -0.12636 
    143A ->148A        0.10827 
    144A ->145A       -0.24086 
    144A ->146A        0.27921 
    144A ->148A       -0.20096 
    135B ->144B       -0.26193 
    138B ->148B       -0.12251 
    139B ->144B        0.10581 
    140B ->147B       -0.12880 
    141B ->148B       -0.19969 
    143B ->147B        0.47774 
    143B ->148B        0.19931 
Excited State  15:  2.510-A      3.0832 eV  402.13 nm  f=0.0002  <S**2>=1.325 
    136A ->145A        0.10065 
    139A ->145A        0.13035 
    140A ->145A        0.15936 
    141A ->145A        0.13064 
    144A ->145A        0.89167 
    139B ->145B       -0.15911 
    140B ->145B        0.11879 
    143B ->147B        0.13156 
Excited State  16:  3.055-A      3.1709 eV  391.00 nm  f=0.0008  <S**2>=2.083 
    140A ->145A        0.45147 
    141A ->145A        0.28698 
    142A ->145A       -0.13040 
    143A ->145A        0.53433 
    144A ->145A       -0.24683 
    139B ->145B       -0.40701 
    140B ->145B        0.33275 
    142B ->146B        0.10895 
Excited State  17:  3.453-A      3.1864 eV  389.11 nm  f=0.0010  <S**2>=2.731 
    127A ->150A       -0.10798 
    138A ->150A        0.10979 
    141A ->150A       -0.24585 
    142A ->149A        0.20008 
    142A ->150A       -0.57020 
    142B ->149B       -0.10855 
    142B ->152B        0.61066 
    142B ->154B        0.28870 
Excited State  18:  2.041-A      3.2040 eV  386.96 nm  f=0.0000  <S**2>=0.792 
    136B ->144B        0.99860 
Excited State  19:  2.304-A      3.2309 eV  383.74 nm  f=0.0252  <S**2>=1.078 
    142A ->145A        0.11810 
    144A ->146A        0.42397 
    134B ->144B       -0.22185 
    135B ->144B        0.79032 
    141B ->147B        0.13368 
    143B ->147B        0.17595 
Excited State  20:  2.543-A      3.2503 eV  381.45 nm  f=0.0239  <S**2>=1.367 
    139A ->148A        0.10151 
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    141A ->146A        0.13863 
    143A ->146A        0.25853 
    144A ->146A       -0.46182 
    144A ->148A       -0.24144 
    134B ->144B        0.43694 
    135B ->144B        0.48031 
    141B ->144B        0.13202 
    141B ->148B       -0.28629 
Excited State  21:  2.809-A      3.3091 eV  374.68 nm  f=0.0256  <S**2>=1.723 
    141A ->145A        0.11404 
    141A ->148A       -0.11786 
    142A ->145A        0.27456 
    143A ->146A        0.11624 
    143A ->148A       -0.15315 
    144A ->148A        0.53025 
    131B ->144B       -0.12220 
    134B ->144B        0.40026 
    141B ->147B       -0.17554 
    141B ->148B        0.29260 
    142B ->145B        0.19186 
    143B ->147B        0.16959 
    143B ->148B        0.31225 
Excited State  22:  2.538-A      3.3234 eV  373.07 nm  f=0.0714  <S**2>=1.360 
    141A ->145A        0.18912 
    142A ->145A        0.45056 
    143A ->146A       -0.19706 
    144A ->146A        0.22140 
    144A ->148A       -0.36023 
    126B ->144B       -0.10475 
    134B ->144B        0.35127 
    135B ->144B       -0.18647 
    141B ->147B        0.22787 
    142B ->145B        0.32912 
    143B ->146B        0.29040 
    143B ->148B       -0.17173 
Excited State  23:  2.083-A      3.3374 eV  371.50 nm  f=0.0008  <S**2>=0.835 
    127B ->144B       -0.16182 
    128B ->144B       -0.10050 
    130B ->144B        0.16340 
    132B ->144B       -0.15240 
    133B ->144B        0.91000 
    134B ->144B       -0.13166 
    142B ->144B        0.10096 
    142B ->147B        0.12584 
Excited State  24:  2.034-A      3.3931 eV  365.40 nm  f=0.0001  <S**2>=0.784 
    128A ->150A        0.10177 
    140A ->150A        0.30191 
    143A ->149A       -0.19602 
    143A ->150A        0.57043 
    143A ->155A       -0.11938 
    144A ->150A        0.13240 
    139B ->152B        0.16283 
    141B ->145B       -0.10377 
    141B ->152B       -0.10802 
    143B ->149B       -0.11152 
    143B ->152B        0.53291 
    143B ->154B        0.24984 
Excited State  25:  2.375-A      3.4026 eV  364.38 nm  f=0.0004  <S**2>=1.160 
    141A ->145A       -0.12162 
    142A ->145A       -0.31509 
    143A ->146A       -0.28799 
    144A ->146A        0.15601 
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    133B ->144B        0.11419 
    134B ->144B        0.57490 
    139B ->146B       -0.12350 
    141B ->147B        0.12836 
    141B ->148B        0.10331 
    142B ->145B       -0.28324 
    143B ->146B       -0.39710 
    143B ->147B        0.18850 
    143B ->148B       -0.12237 
Excited State  26:  2.279-A      3.5016 eV  354.08 nm  f=0.0192  <S**2>=1.049 
    141A ->146A       -0.17362 
    142A ->150A       -0.10596 
    143A ->146A       -0.44952 
    143A ->147A        0.13111 
    144A ->146A       -0.34208 
    144A ->148A       -0.18543 
    128B ->144B       -0.12354 
    129B ->144B       -0.10320 
    134B ->144B       -0.15452 
    139B ->147B        0.16466 
    140B ->147B        0.12409 
    141B ->148B       -0.11907 
    143B ->144B        0.13443 
    143B ->147B        0.49394 
    143B ->148B        0.34590 
Excited State  27:  2.826-A      3.5159 eV  352.64 nm  f=0.0056  <S**2>=1.746 
    140A ->145A        0.10080 
    141A ->145A        0.13970 
    140B ->145B       -0.12894 
    141B ->145B        0.92432 
    142B ->146B        0.15841 
    143B ->145B        0.16012 
Excited State  28:  2.274-A      3.5402 eV  350.22 nm  f=0.0357  <S**2>=1.042 
    136A ->150A       -0.11486 
    139A ->150A       -0.12264 
    140A ->145A        0.21511 
    141A ->145A        0.37874 
    142A ->145A       -0.12406 
    144A ->149A        0.10654 
    144A ->150A       -0.28530 
    139B ->145B        0.29855 
    140B ->145B       -0.46496 
    141B ->145B       -0.29446 
    142B ->146B        0.47264 
Excited State  29:  2.935-A      3.5863 eV  345.72 nm  f=0.0298  <S**2>=1.904 
    140A ->147A       -0.20064 
    141A ->147A       -0.14104 
    142A ->145A       -0.36314 
    142A ->147A        0.10984 
    143A ->148A        0.14571 
    144A ->150A       -0.17518 
    126B ->144B        0.10141 
    134B ->144B        0.13766 
    139B ->146B        0.33439 
    140B ->146B       -0.19878 
    142B ->145B       -0.12745 
    142B ->146B       -0.17647 
    143B ->146B        0.59614 
    143B ->147B        0.15818 
Excited State  30:  2.614-A      3.5994 eV  344.45 nm  f=0.0042  <S**2>=1.458 
    133A ->150A        0.12250 
    136A ->150A        0.18790 
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    139A ->150A        0.20730 
    141A ->145A       -0.12436 
    143A ->150A       -0.10825 
    144A ->149A       -0.18908 
    144A ->150A        0.50478 
    133B ->144B        0.12475 
    139B ->146B        0.11905 
    142B ->146B        0.51083 
    142B ->147B       -0.28502 
    142B ->148B       -0.11665 
    143B ->146B        0.19046 
Excited State  31:  2.761-A      3.6193 eV  342.56 nm  f=0.0183  <S**2>=1.656 
    136A ->150A        0.11842 
    139A ->150A        0.13189 
    141A ->145A        0.18827 
    142A ->146A        0.16014 
    144A ->149A       -0.11672 
    144A ->150A        0.32618 
    127B ->144B       -0.16047 
    133B ->144B       -0.21421 
    139B ->145B        0.12364 
    140B ->145B       -0.15368 
    142B ->144B        0.13619 
    142B ->147B        0.64238 
    142B ->148B        0.35417 
Excited State  32:  3.373-A      3.6349 eV  341.09 nm  f=0.0033  <S**2>=2.595 
    140A ->145A       -0.29119 
    141A ->145A        0.36535 
    142A ->145A       -0.13490 
    143A ->145A        0.16462 
    139B ->145B        0.58287 
    140B ->145B        0.54706 
    143B ->145B       -0.14313 
Excited State  33:  2.477-A      3.6474 eV  339.93 nm  f=0.0154  <S**2>=1.284 
    140A ->145A       -0.30875 
    141A ->145A        0.51338 
    142A ->145A       -0.19004 
    142A ->147A        0.15467 
    143A ->145A        0.12840 
    144A ->150A        0.18833 
    139B ->145B       -0.23445 
    140B ->145B       -0.39499 
    142B ->146B       -0.39712 
    142B ->147B       -0.18493 
    142B ->148B       -0.20720 
Excited State  34:  3.158-A      3.6584 eV  338.90 nm  f=0.0095  <S**2>=2.243 
    139A ->148A       -0.18786 
    140A ->146A        0.41850 
    140A ->148A       -0.11131 
    141A ->146A       -0.29707 
    143A ->146A        0.46315 
    144A ->147A        0.10864 
    144A ->148A       -0.17145 
    139B ->147B        0.28695 
    140B ->147B        0.36175 
    141B ->148B        0.10902 
    143B ->147B        0.12838 
    143B ->148B       -0.21507 
Excited State  35:  2.823-A      3.6680 eV  338.02 nm  f=0.0178  <S**2>=1.743 
    139A ->146A       -0.10496 
    139A ->148A       -0.10190 
    140A ->147A       -0.12715 
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    140A ->148A        0.18342 
    141A ->148A       -0.14974 
    143A ->146A        0.16940 
    143A ->147A       -0.22174 
    144A ->147A       -0.21358 
    144A ->148A       -0.31514 
    139B ->148B        0.20734 
    140B ->146B       -0.10778 
    140B ->148B        0.23925 
    141B ->147B        0.14980 
    141B ->148B        0.16854 
    143B ->146B       -0.14723 
    143B ->147B       -0.33599 
    143B ->148B        0.49374 
Excited State  36:  2.777-A      3.6886 eV  336.13 nm  f=0.0863  <S**2>=1.678 
    138A ->147A        0.11174 
    140A ->145A        0.57849 
    141A ->147A        0.13170 
    142A ->147A        0.27901 
    143A ->145A       -0.18413 
    144A ->150A        0.16844 
    130B ->144B       -0.10100 
    137B ->146B       -0.10745 
    139B ->145B        0.34466 
    142B ->146B       -0.36306 
    143B ->149B        0.18611 
Excited State  37:  3.466-A      3.6975 eV  335.32 nm  f=0.0002  <S**2>=2.754 
    137A ->145A        0.64327 
    137A ->149A        0.25929 
    137A ->154A       -0.13375 
    137A ->159A        0.12887 
    136B ->145B       -0.60761 
    136B ->149B       -0.25818 
    136B ->154B        0.10442 
    136B ->159B       -0.12562 
Excited State  38:  2.322-A      3.7110 eV  334.10 nm  f=0.0010  <S**2>=1.098 
    139A ->147A        0.12243 
    144A ->146A        0.18867 
    144A ->147A        0.90395 
    144A ->148A       -0.15602 
    143B ->148B        0.16108 
Excited State  39:  3.396-A      3.7378 eV  331.70 nm  f=0.0095  <S**2>=2.633 
    140A ->145A        0.18296 
    140A ->155A       -0.25395 
    141A ->155A        0.10023 
    142A ->155A        0.20584 
    143A ->149A        0.11905 
    143A ->155A       -0.46898 
    144A ->155A       -0.14945 
    139B ->155B        0.17325 
    141B ->155B       -0.10650 
    142B ->146B       -0.10470 
    142B ->147B       -0.13903 
    142B ->148B       -0.10181 
    142B ->155B       -0.24661 
    143B ->149B       -0.10726 
    143B ->155B        0.54683 
Excited State  40:  3.333-A      3.7452 eV  331.04 nm  f=0.0205  <S**2>=2.527 
    134A ->151A       -0.11770 
    135A ->149A       -0.10684 
    138A ->147A       -0.25401 
    140A ->145A        0.32754 
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    140A ->154A        0.16247 
    141A ->145A       -0.12597 
    141A ->154A        0.13172 
    142A ->155A       -0.13700 
    143A ->149A        0.21694 
    143A ->150A        0.11130 
    143A ->155A        0.16223 
    133B ->150B        0.10704 
    135B ->149B       -0.10232 
    137B ->146B        0.25566 
    139B ->154B       -0.17266 
    140B ->145B       -0.16789 
    140B ->154B        0.11571 
    142B ->146B       -0.16583 
    142B ->148B       -0.10768 
    142B ->150B        0.10288 
    142B ->155B        0.16464 
    143B ->149B       -0.28288 
    143B ->155B       -0.19713 
Excited State  41:  3.450-A      3.7580 eV  329.92 nm  f=0.0000  <S**2>=2.726 
    128A ->155A       -0.10066 
    138A ->155A        0.10536 
    140A ->155A       -0.14790 
    141A ->155A       -0.22194 
    142A ->155A       -0.52854 
    143A ->155A       -0.21703 
    142B ->152B        0.12443 
    142B ->155B        0.63175 
    143B ->155B        0.26339 
Excited State  42:  2.522-A      3.7653 eV  329.28 nm  f=0.0007  <S**2>=1.340 
    141A ->146A        0.36079 
    142A ->146A        0.87440 
    142A ->147A       -0.12800 
    142B ->147B       -0.19219 
Excited State  43:  2.765-A      3.8051 eV  325.84 nm  f=0.0352  <S**2>=1.661 
    139A ->146A       -0.10283 
    140A ->147A        0.36154 
    140A ->148A        0.11157 
    141A ->147A        0.18067 
    141A ->148A       -0.12315 
    142A ->147A       -0.11645 
    143A ->146A        0.15224 
    143A ->147A        0.61337 
    143A ->148A        0.13632 
    144A ->147A       -0.14239 
    126B ->144B        0.10614 
    131B ->144B        0.13066 
    137B ->145B       -0.10879 
    139B ->146B       -0.13749 
    142B ->145B       -0.11047 
    143B ->146B        0.18770 
    143B ->148B        0.14781 
    143B ->150B        0.15292 
Excited State  44:  2.209-A      3.8087 eV  325.53 nm  f=0.0013  <S**2>=0.970 
    142A ->147A        0.12262 
    127B ->144B       -0.35135 
    128B ->144B       -0.25294 
    130B ->144B        0.75166 
    132B ->144B        0.28978 
    133B ->144B       -0.14389 
    142B ->147B       -0.26924 
Excited State  45:  2.938-A      3.8446 eV  322.49 nm  f=0.0012  <S**2>=1.908 
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    130B ->144B       -0.14613 
    132B ->144B       -0.14972 
    142B ->146B       -0.17132 
    142B ->147B       -0.48784 
    142B ->148B        0.79837 
Excited State  46:  3.257-A      3.8510 eV  321.95 nm  f=0.0062  <S**2>=2.402 
    129A ->147A       -0.10828 
    138A ->145A        0.49979 
    140A ->148A       -0.10099 
    143A ->147A       -0.35202 
    143A ->148A       -0.14291 
    131B ->144B        0.27412 
    137B ->145B       -0.47258 
    143B ->148B        0.12364 
    143B ->150B        0.11168 
Excited State  47:  2.226-A      3.8702 eV  320.36 nm  f=0.0007  <S**2>=0.989 
    144A ->148A        0.22108 
    127B ->144B        0.10916 
    128B ->144B       -0.18069 
    129B ->144B       -0.57438 
    131B ->144B        0.67093 
    132B ->144B        0.11771 
Excited State  48:  2.427-A      3.8839 eV  319.22 nm  f=0.0291  <S**2>=1.222 
    138A ->145A        0.14483 
    139A ->146A       -0.10668 
    140A ->148A        0.26634 
    141A ->148A       -0.16837 
    143A ->147A       -0.15474 
    143A ->148A        0.48991 
    144A ->146A       -0.14148 
    144A ->147A        0.10203 
    144A ->148A        0.22580 
    126B ->144B       -0.36068 
    128B ->144B       -0.10106 
    131B ->144B       -0.15619 
    134B ->144B       -0.17491 
    141B ->147B        0.22403 
    143B ->147B        0.10495 
    143B ->148B       -0.30332 
    143B ->153B       -0.12053 
Excited State  49:  2.314-A      3.8992 eV  317.97 nm  f=0.0201  <S**2>=1.089 
    138A ->145A       -0.13695 
    142A ->150A        0.17608 
    144A ->146A       -0.17155 
    126B ->144B       -0.25726 
    127B ->144B       -0.23415 
    128B ->144B        0.45334 
    129B ->144B        0.35388 
    131B ->144B        0.38179 
    137B ->145B        0.14624 
    141B ->146B       -0.10928 
    141B ->147B        0.24331 
    142B ->152B        0.14495 
    143B ->147B        0.22593 
    143B ->148B        0.12755 
Excited State  50:  2.154-A      3.9215 eV  316.16 nm  f=0.0289  <S**2>=0.910 
    141A ->147A        0.15542 
    142A ->147A        0.36853 
    127B ->144B        0.34077 
    128B ->144B        0.16720 
    129B ->144B        0.10568 
    132B ->144B        0.69256 
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    133B ->144B        0.17356 
    139B ->145B       -0.10195 
    142B ->146B        0.11614 
    142B ->147B        0.15366 
    142B ->148B        0.26673 
Excited State  51:  2.394-A      3.9244 eV  315.93 nm  f=0.0965  <S**2>=1.182 
    141A ->147A        0.30638 
    142A ->147A        0.66361 
    142A ->148A       -0.16198 
    125B ->144B        0.10804 
    127B ->144B       -0.15008 
    132B ->144B       -0.42499 
    139B ->145B       -0.19845 
    142B ->146B        0.20020 
    143B ->149B       -0.14801 
Excited State  52:  2.739-A      3.9655 eV  312.66 nm  f=0.0402  <S**2>=1.626 
    139A ->146A       -0.12540 
    140A ->146A       -0.20781 
    140A ->148A       -0.16260 
    141A ->146A        0.21919 
    141A ->148A        0.13269 
    142A ->150A       -0.14352 
    143A ->146A        0.16728 
    143A ->148A       -0.26217 
    144A ->146A       -0.14711 
    126B ->144B       -0.32354 
    128B ->144B       -0.13151 
    129B ->144B       -0.18135 
    131B ->144B       -0.16104 
    139B ->148B       -0.16561 
    140B ->148B       -0.18914 
    141B ->146B       -0.20796 
    141B ->147B        0.29384 
    141B ->148B        0.34341 
    142B ->152B       -0.12462 
    143B ->151B       -0.12138 
Excited State  53:  2.503-A      3.9753 eV  311.89 nm  f=0.0059  <S**2>=1.316 
    136A ->146A       -0.13336 
    140A ->146A        0.11917 
    141A ->146A       -0.19471 
    143A ->148A       -0.36754 
    144A ->146A       -0.16950 
    144A ->148A        0.18623 
    126B ->144B        0.45307 
    131B ->144B       -0.14979 
    141B ->147B        0.51021 
    141B ->148B       -0.21789 
Excited State  54:  3.311-A      4.0051 eV  309.57 nm  f=0.0049  <S**2>=2.490 
    132A ->145A        0.15641 
    132A ->149A        0.12483 
    134A ->145A        0.29438 
    138A ->145A        0.15843 
    140A ->151A        0.19437 
    141A ->149A       -0.11071 
    141A ->151A        0.12494 
    142A ->149A       -0.21829 
    143A ->147A        0.22278 
    129B ->144B        0.12747 
    132B ->145B       -0.16498 
    132B ->149B       -0.12798 
    133B ->145B       -0.26674 
    137B ->145B       -0.15199 
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    139B ->146B        0.10199 
    139B ->150B       -0.20995 
    139B ->153B       -0.10561 
    141B ->148B        0.12681 
    142B ->149B        0.30895 
    142B ->154B        0.12201 
    143B ->146B       -0.13536 
    143B ->150B       -0.17778 
Excited State  55:  2.718-A      4.0237 eV  308.14 nm  f=0.0114  <S**2>=1.597 
    139A ->153A        0.10836 
    140A ->146A       -0.15173 
    141A ->146A        0.25316 
    142A ->146A       -0.10731 
    142A ->150A        0.20843 
    143A ->147A       -0.15705 
    143A ->148A        0.13646 
    144A ->146A       -0.12593 
    126B ->144B        0.38296 
    141B ->146B       -0.14067 
    141B ->147B       -0.21697 
    141B ->148B        0.25991 
    142B ->145B        0.10339 
    142B ->149B       -0.14865 
    142B ->152B        0.17652 
    143B ->147B        0.21236 
    143B ->148B       -0.12593 
    143B ->153B       -0.11587 
Excited State  56:  2.019-A      4.0289 eV  307.73 nm  f=0.0002  <S**2>=0.770 
    137A ->145A        0.64634 
    137A ->149A        0.18379 
    136B ->145B        0.67950 
    136B ->149B        0.20658 
Excited State  57:  2.689-A      4.0349 eV  307.28 nm  f=0.0010  <S**2>=1.558 
    141A ->148A        0.35548 
    142A ->147A        0.19693 
    142A ->148A        0.87458 
Excited State  58:  2.051-A      4.0492 eV  306.19 nm  f=0.0062  <S**2>=0.802 
    125B ->144B        0.95603 
Excited State  59:  3.050-A      4.0678 eV  304.80 nm  f=0.0062  <S**2>=2.076 
    136A ->146A       -0.12208 
    139A ->146A        0.15437 
    139A ->153A        0.14009 
    140A ->146A       -0.13591 
    140A ->152A        0.13766 
    140A ->153A        0.10349 
    141A ->146A       -0.12472 
    141A ->152A       -0.10565 
    142A ->150A       -0.22421 
    143A ->146A        0.19952 
    143A ->148A       -0.19711 
    144A ->146A        0.10711 
    129B ->144B        0.20436 
    131B ->144B        0.11234 
    138B ->147B       -0.16480 
    139B ->151B       -0.12833 
    140B ->147B       -0.10423 
    140B ->151B       -0.14392 
    141B ->146B        0.35275 
    141B ->147B       -0.11529 
    141B ->148B       -0.12909 
    142B ->149B        0.11148 
    142B ->152B       -0.19646 
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    142B ->154B       -0.10080 
    143B ->150B        0.12599 
Excited State  60:  3.132-A      4.0812 eV  303.79 nm  f=0.0001  <S**2>=2.203 
    133A ->152A       -0.10326 
    135A ->152A       -0.10262 
    136A ->146A       -0.13549 
    136A ->148A       -0.10159 
    139A ->145A       -0.23108 
    139A ->151A        0.10056 
    139A ->152A        0.15657 
    139A ->153A       -0.11200 
    140A ->146A        0.14086 
    140A ->152A       -0.19190 
    141A ->152A        0.14773 
    142A ->150A       -0.10994 
    143A ->146A       -0.16387 
    143A ->148A       -0.14467 
    144A ->148A       -0.13196 
    128B ->144B       -0.20324 
    129B ->144B        0.15514 
    131B ->144B        0.20987 
    134B ->151B        0.11672 
    138B ->148B       -0.17519 
    138B ->151B        0.11449 
    139B ->151B        0.12935 
    140B ->151B        0.15711 
    141B ->148B        0.31767 
    141B ->151B        0.13669 
    143B ->148B       -0.14230 
    143B ->150B        0.13719 
    143B ->151B        0.10782 
Excited State  61:  2.588-A      4.0844 eV  303.55 nm  f=0.0007  <S**2>=1.424 
    132A ->145A       -0.12337 
    139A ->145A        0.59235 
    141A ->149A        0.10050 
    142A ->150A       -0.15796 
    144A ->145A       -0.10548 
    126B ->144B        0.11688 
    128B ->144B       -0.34539 
    129B ->144B        0.38471 
    130B ->144B       -0.10387 
    131B ->144B        0.24084 
    132B ->145B        0.12647 
    142B ->152B       -0.19048 
Excited State  62:  2.789-A      4.0861 eV  303.43 nm  f=0.0006  <S**2>=1.694 
    132A ->145A        0.11667 
    136A ->145A        0.11366 
    139A ->145A        0.71376 
    143A ->148A       -0.12850 
    144A ->145A       -0.12884 
    126B ->144B       -0.12265 
    128B ->144B        0.22951 
    129B ->144B       -0.27611 
    131B ->144B       -0.13675 
    132B ->145B       -0.12010 
    142B ->152B        0.12196 
    143B ->150B        0.10416 
Excited State  63:  2.488-A      4.1145 eV  301.34 nm  f=0.0017  <S**2>=1.297 
    132A ->145A       -0.12135 
    138A ->145A        0.12791 
    141A ->146A       -0.12435 
    142A ->150A       -0.23544 
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    126B ->144B        0.24598 
    128B ->144B        0.50058 
    129B ->144B       -0.25998 
    130B ->144B        0.16130 
    132B ->145B        0.12188 
    137B ->145B       -0.12155 
    140B ->146B        0.12111 
    141B ->146B        0.21408 
    141B ->148B        0.26917 
    142B ->152B       -0.26366 
    142B ->155B        0.11047 
Excited State  64:  3.179-A      4.1204 eV  300.91 nm  f=0.0003  <S**2>=2.276 
    132A ->145A        0.16139 
    138A ->145A       -0.10365 
    138A ->151A        0.13255 
    140A ->149A       -0.20251 
    140A ->153A       -0.11875 
    140A ->154A       -0.10243 
    141A ->149A       -0.17477 
    142A ->149A        0.15468 
    142A ->151A        0.17422 
    142A ->154A        0.10679 
    143A ->147A       -0.11601 
    143A ->148A        0.19635 
    143A ->149A        0.12815 
    126B ->144B        0.27814 
    132B ->145B       -0.15955 
    137B ->145B        0.10702 
    137B ->150B       -0.13540 
    139B ->149B        0.25281 
    139B ->153B        0.10290 
    139B ->154B        0.10281 
    140B ->149B       -0.19758 
    140B ->150B       -0.10581 
    141B ->148B        0.12520 
    142B ->150B       -0.17554 
    142B ->154B       -0.12790 
Excited State  65:  2.783-A      4.1295 eV  300.24 nm  f=0.0018  <S**2>=1.687 
    141A ->146A        0.17493 
    142A ->150A        0.16157 
    128B ->144B       -0.14733 
    141B ->146B        0.80602 
    141B ->147B        0.26150 
    141B ->148B        0.20991 
    142B ->152B        0.17191 
    142B ->155B       -0.10565 
Excited State  66:  3.387-A      4.1391 eV  299.54 nm  f=0.0003  <S**2>=2.617 
    132A ->145A       -0.21381 
    134A ->145A       -0.15884 
    134A ->149A       -0.11021 
    138A ->145A        0.12801 
    138A ->151A        0.13832 
    140A ->149A       -0.19759 
    140A ->151A        0.12934 
    140A ->153A        0.10493 
    140A ->154A       -0.11581 
    141A ->149A       -0.19562 
    141A ->151A        0.16229 
    141A ->154A       -0.12213 
    142A ->145A       -0.10977 
    142A ->149A        0.10541 
    143A ->148A       -0.11228 
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    143A ->149A        0.14117 
    126B ->144B       -0.14763 
    128B ->145B        0.11664 
    132B ->145B        0.21718 
    133B ->145B        0.12991 
    133B ->149B        0.10470 
    137B ->145B       -0.13612 
    137B ->150B       -0.13956 
    139B ->149B        0.24427 
    139B ->150B       -0.13342 
    139B ->154B        0.11977 
    140B ->149B       -0.19798 
    140B ->150B        0.10784 
    142B ->150B       -0.18195 
    142B ->154B        0.12882 
    143B ->149B       -0.11385 
Excited State  67:  2.569-A      4.1651 eV  297.67 nm  f=0.0665  <S**2>=1.400 
    139A ->146A        0.12497 
    140A ->146A        0.26503 
    141A ->146A        0.49833 
    141A ->147A       -0.15492 
    142A ->146A       -0.21857 
    142A ->150A       -0.20259 
    144A ->148A        0.13259 
    126B ->144B        0.11553 
    128B ->144B        0.17170 
    138B ->147B       -0.10374 
    139B ->146B       -0.17327 
    139B ->147B        0.10190 
    140B ->146B       -0.29657 
    140B ->147B        0.24698 
    140B ->148B        0.15773 
    141B ->147B        0.19404 
    141B ->148B       -0.15188 
    142B ->152B       -0.20255 
Excited State  68:  2.856-A      4.1918 eV  295.78 nm  f=0.0591  <S**2>=1.789 
    139A ->146A       -0.12673 
    140A ->146A        0.60398 
    140A ->147A       -0.17175 
    141A ->146A        0.23564 
    142A ->146A       -0.12058 
    142A ->155A        0.16609 
    143A ->146A       -0.11624 
    139B ->146B        0.24820 
    140B ->146B        0.35981 
    140B ->147B       -0.23868 
    140B ->151B       -0.11608 
    140B ->153B       -0.10021 
    142B ->155B        0.17846 
Excited State  69:  3.101-A      4.2227 eV  293.61 nm  f=0.0277  <S**2>=2.154 
    136A ->146A       -0.20851 
    139A ->146A        0.44415 
    139A ->152A       -0.18767 
    140A ->151A        0.12571 
    140A ->153A       -0.16174 
    141A ->147A       -0.10989 
    141A ->151A       -0.14346 
    141A ->153A        0.17546 
    143A ->153A        0.11441 
    144A ->146A       -0.11719 
    138B ->147B       -0.27336 
    138B ->148B       -0.17594 
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    138B ->151B       -0.13934 
    139B ->146B        0.15339 
    139B ->150B       -0.12877 
    139B ->153B        0.14938 
    140B ->146B        0.29286 
    140B ->147B       -0.11842 
    140B ->150B       -0.16470 
    140B ->153B        0.18835 
    141B ->147B        0.10445 
    141B ->148B        0.11653 
    141B ->151B       -0.15884 
Excited State  70:  3.246-A      4.2300 eV  293.11 nm  f=0.0199  <S**2>=2.383 
    140A ->146A       -0.21909 
    140A ->147A       -0.34913 
    141A ->146A        0.11548 
    141A ->147A        0.39785 
    141A ->148A       -0.12828 
    142A ->147A       -0.15349 
    142A ->155A       -0.17063 
    143A ->147A        0.14109 
    143A ->151A        0.10231 
    139B ->146B        0.26329 
    139B ->147B        0.17175 
    139B ->148B        0.10674 
    140B ->146B        0.33095 
    140B ->147B        0.21459 
    140B ->148B        0.24457 
    142B ->155B       -0.16454 
    143B ->150B       -0.13373 
Excited State  71:  2.209-A      4.2521 eV  291.58 nm  f=0.0020  <S**2>=0.970 
    139A ->146A        0.10703 
    140A ->147A       -0.37566 
    141A ->147A        0.42460 
    141A ->148A       -0.10522 
    141A ->155A        0.11126 
    142A ->147A       -0.15640 
    142A ->155A        0.25740 
    139B ->146B       -0.30938 
    139B ->148B       -0.10106 
    140B ->146B       -0.42017 
    140B ->147B       -0.21284 
    140B ->148B       -0.16871 
    142B ->155B        0.25080 
    143B ->150B       -0.14360 
Excited State  72:  2.863-A      4.2600 eV  291.04 nm  f=0.0224  <S**2>=1.799 
    135A ->145A       -0.11163 
    138A ->147A       -0.21359 
    141A ->154A        0.12052 
    142A ->147A        0.10760 
    143A ->154A       -0.13767 
    127B ->144B        0.41623 
    130B ->144B        0.30757 
    132B ->144B       -0.24085 
    133B ->146B        0.10094 
    137B ->146B        0.18721 
    140B ->154B        0.10341 
    143B ->149B        0.54828 
    143B ->154B        0.17971 
Excited State  73:  2.541-A      4.2694 eV  290.40 nm  f=0.0155  <S**2>=1.364 
    138A ->147A        0.17647 
    143A ->154A        0.10551 
    127B ->144B        0.58251 
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    129B ->144B        0.11268 
    130B ->144B        0.41237 
    132B ->144B       -0.31152 
    137B ->146B       -0.15769 
    143B ->149B       -0.37347 
    143B ->154B       -0.14217 
Excited State  74:  2.222-A      4.2808 eV  289.63 nm  f=0.0811  <S**2>=0.984 
    127A ->155A        0.10044 
    140A ->146A       -0.17415 
    140A ->147A        0.10329 
    141A ->146A        0.10222 
    141A ->155A        0.22329 
    142A ->155A        0.51792 
    139B ->146B        0.17176 
    140B ->147B        0.38033 
    140B ->148B        0.23083 
    142B ->155B        0.49974 
    143B ->150B        0.10645 
    143B ->151B       -0.11449 
Excited State  75:  3.008-A      4.3215 eV  286.90 nm  f=0.0358  <S**2>=2.012 
    139A ->152A       -0.11923 
    140A ->147A       -0.17581 
    140A ->148A        0.18260 
    141A ->147A        0.29579 
    141A ->148A        0.14613 
    141A ->153A        0.11128 
    142A ->147A       -0.12547 
    143A ->151A       -0.18631 
    137B ->145B        0.16731 
    138B ->151B       -0.11928 
    139B ->146B        0.31570 
    139B ->147B       -0.39011 
    139B ->148B       -0.11540 
    140B ->147B        0.19454 
    140B ->153B        0.14378 
    141B ->151B       -0.10188 
    143B ->150B        0.43887 
Excited State  76:  2.838-A      4.3436 eV  285.44 nm  f=0.0123  <S**2>=1.764 
    138A ->145A       -0.11021 
    139A ->146A       -0.16575 
    140A ->146A       -0.13680 
    140A ->147A       -0.19616 
    140A ->148A        0.31433 
    141A ->148A        0.30441 
    142A ->148A       -0.13891 
    143A ->151A       -0.11969 
    139B ->146B       -0.19194 
    139B ->147B        0.50444 
    139B ->148B        0.28746 
    140B ->146B        0.19613 
    140B ->147B       -0.22524 
    140B ->148B       -0.14246 
    143B ->150B        0.23501 
    143B ->153B       -0.10032 
Excited State  77:  2.879-A      4.3519 eV  284.90 nm  f=0.0001  <S**2>=1.822 
    138B ->145B        0.99330 
Excited State  78:  2.036-A      4.3658 eV  283.99 nm  f=0.0001  <S**2>=0.787 
    126A ->155A        0.12605 
    133A ->155A        0.17086 
    136A ->155A        0.25666 
    139A ->155A        0.29818 
    143A ->155A       -0.16950 
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    144A ->150A       -0.12028 
    144A ->155A        0.78030 
    123B ->144B        0.14194 
    124B ->144B        0.22187 
Excited State  79:  3.078-A      4.3692 eV  283.77 nm  f=0.0120  <S**2>=2.119 
    138A ->145A        0.11645 
    140A ->147A        0.24166 
    140A ->148A        0.44758 
    141A ->148A        0.45982 
    141A ->151A       -0.12712 
    142A ->148A       -0.20822 
    143A ->148A       -0.14711 
    143A ->151A        0.15075 
    139B ->147B       -0.18506 
    140B ->150B       -0.14813 
    142B ->149B       -0.17179 
    143B ->150B       -0.35447 
    143B ->153B       -0.13693 
Excited State  80:  2.159-A      4.3897 eV  282.45 nm  f=0.0325  <S**2>=0.916 
    138A ->145A        0.34927 
    140A ->147A        0.41559 
    141A ->147A        0.25083 
    142A ->147A       -0.12201 
    143A ->147A       -0.12504 
    137B ->145B        0.33908 
    139B ->146B        0.37677 
    139B ->147B        0.40396 
    140B ->146B       -0.23398 
    140B ->147B       -0.25946 
Excited State  81:  2.702-A      4.4287 eV  279.96 nm  f=0.0624  <S**2>=1.575 
    134A ->147A        0.19963 
    135A ->145A        0.26122 
    143A ->149A        0.43277 
    143A ->150A        0.13606 
    143A ->154A        0.10490 
    144A ->149A        0.26732 
    133B ->146B       -0.18102 
    135B ->145B        0.33007 
    135B ->149B       -0.10742 
    139B ->154B        0.10900 
    143B ->149B        0.49571 
Excited State  82:  2.554-A      4.4343 eV  279.60 nm  f=0.0236  <S**2>=1.380 
    138A ->145A        0.13101 
    139A ->146A       -0.14113 
    140A ->147A        0.14366 
    140A ->148A       -0.27191 
    141A ->148A       -0.14505 
    143A ->153A        0.13076 
    139B ->147B       -0.17781 
    139B ->148B        0.63204 
    140B ->147B        0.17801 
    140B ->148B       -0.45826 
    142B ->149B       -0.10003 
    143B ->153B       -0.14311 
Excited State  83:  3.190-A      4.4402 eV  279.23 nm  f=0.0136  <S**2>=2.294 
    132A ->145A        0.21258 
    134A ->145A       -0.15895 
    135A ->147A       -0.10424 
    136A ->146A        0.11862 
    139A ->146A        0.29868 
    140A ->148A        0.23586 
    141A ->151A        0.10681 
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    143A ->151A       -0.10056 
    143A ->152A       -0.10056 
    143A ->153A       -0.13777 
    132B ->145B       -0.20989 
    133B ->145B        0.18642 
    137B ->145B        0.11025 
    139B ->147B       -0.12013 
    139B ->148B        0.31259 
    140B ->147B        0.12140 
    140B ->148B       -0.13192 
    140B ->150B        0.13476 
    141B ->147B        0.11911 
    143B ->150B       -0.25557 
    143B ->151B        0.17861 
    143B ->153B        0.30253 
Excited State  84:  3.341-A      4.4511 eV  278.55 nm  f=0.0177  <S**2>=2.540 
    132A ->145A       -0.12606 
    133A ->148A        0.11114 
    135A ->146A        0.19576 
    136A ->148A       -0.10989 
    136A ->153A       -0.10666 
    140A ->146A       -0.16657 
    141A ->152A       -0.16522 
    143A ->152A       -0.34218 
    132B ->145B        0.12362 
    134B ->148B        0.12405 
    135B ->147B       -0.12007 
    138B ->153B        0.12084 
    139B ->148B       -0.10942 
    140B ->148B        0.12587 
    140B ->151B       -0.17403 
    141B ->151B       -0.16922 
    143B ->151B        0.54188 
Excited State  85:  2.569-A      4.4547 eV  278.32 nm  f=0.0011  <S**2>=1.399 
    136A ->145A       -0.58339 
    139A ->145A        0.17775 
    144A ->149A        0.66295 
    144A ->150A        0.22591 
Excited State  86:  2.910-A      4.4593 eV  278.03 nm  f=0.0361  <S**2>=1.868 
    127A ->145A        0.12982 
    130A ->145A        0.16889 
    132A ->145A       -0.21059 
    132A ->149A       -0.12791 
    138A ->145A        0.23258 
    140A ->151A       -0.10904 
    127B ->145B       -0.12699 
    130B ->145B       -0.16055 
    132B ->145B        0.20722 
    132B ->149B        0.14522 
    137B ->145B        0.36494 
    139B ->147B       -0.10288 
    139B ->148B        0.14994 
    142B ->149B        0.52624 
    142B ->152B        0.12077 
    143B ->150B       -0.17620 
Excited State  87:  2.700-A      4.4817 eV  276.65 nm  f=0.1190  <S**2>=1.573 
    132A ->145A       -0.17189 
    134A ->145A        0.13280 
    136A ->146A        0.18288 
    138A ->145A       -0.24382 
    139A ->146A        0.28558 
    140A ->147A        0.13124 
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    140A ->148A        0.37536 
    141A ->148A       -0.11526 
    143A ->151A        0.21715 
    122B ->144B       -0.11099 
    132B ->145B        0.16630 
    133B ->145B       -0.18889 
    137B ->145B       -0.25194 
    140B ->148B       -0.30383 
    141B ->147B        0.11250 
    143B ->150B        0.24033 
    143B ->153B        0.15732 
Excited State  88:  2.598-A      4.5121 eV  274.78 nm  f=0.0013  <S**2>=1.437 
    136A ->145A        0.70991 
    139A ->145A       -0.10155 
    143A ->149A       -0.11453 
    143A ->155A        0.11739 
    144A ->149A        0.56273 
    144A ->150A        0.17928 
    143B ->155B        0.11862 
Excited State  89:  2.401-A      4.5163 eV  274.53 nm  f=0.0349  <S**2>=1.191 
    130A ->145A        0.10477 
    136A ->145A       -0.11108 
    138A ->145A       -0.26169 
    140A ->148A       -0.23963 
    141A ->147A        0.10065 
    141A ->148A        0.29639 
    142A ->148A       -0.11674 
    142A ->149A       -0.13102 
    143A ->148A        0.16153 
    143A ->151A       -0.10646 
    144A ->146A       -0.10854 
    144A ->149A       -0.10004 
    144A ->152A        0.13601 
    122B ->144B        0.10771 
    137B ->145B       -0.18593 
    139B ->146B        0.10375 
    139B ->147B       -0.10671 
    139B ->148B        0.36946 
    140B ->146B       -0.13153 
    140B ->147B       -0.20835 
    140B ->148B        0.27929 
    142B ->149B       -0.13532 
    143B ->153B        0.29833 
Excited State  90:  3.196-A      4.5385 eV  273.18 nm  f=0.0002  <S**2>=2.303 
    129A ->146A        0.11800 
    131A ->146A       -0.11646 
    136A ->148A       -0.14924 
    139A ->148A        0.60922 
    139A ->151A       -0.10710 
    139A ->153A        0.12019 
    140A ->146A        0.15123 
    140A ->152A        0.13514 
    141A ->146A       -0.11890 
    141A ->152A       -0.15285 
    129B ->147B        0.10274 
    138B ->147B        0.18693 
    138B ->148B       -0.28227 
    139B ->147B        0.15042 
    139B ->151B       -0.14359 
    140B ->147B        0.11894 
    140B ->151B       -0.16801 
    143B ->151B       -0.26655 
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Excited State  91:  2.711-A      4.5748 eV  271.02 nm  f=0.0688  <S**2>=1.587 
    134A ->145A       -0.20608 
    138A ->145A       -0.13728 
    141A ->147A        0.11993 
    143A ->151A        0.42463 
    144A ->151A        0.33811 
    130B ->145B        0.11634 
    133B ->145B        0.14067 
    137B ->145B       -0.18684 
    139B ->148B        0.10836 
    142B ->149B        0.53096 
    143B ->150B        0.13617 
Excited State  92:  3.094-A      4.5811 eV  270.64 nm  f=0.0185  <S**2>=2.143 
    134A ->147A       -0.17682 
    135A ->145A       -0.38755 
    138A ->147A        0.10494 
    143A ->149A        0.62221 
    143A ->150A        0.17525 
    143A ->154A        0.14245 
    133B ->146B        0.18466 
    135B ->145B       -0.29284 
    137B ->146B       -0.13203 
    142B ->150B        0.14330 
    143B ->154B       -0.19919 
Excited State  93:  2.707-A      4.6008 eV  269.48 nm  f=0.0389  <S**2>=1.581 
    127A ->145A        0.11175 
    130A ->145A        0.16220 
    136A ->146A       -0.20034 
    138A ->145A       -0.10954 
    139A ->146A       -0.23619 
    139A ->147A       -0.12527 
    141A ->148A       -0.13819 
    142A ->149A       -0.21082 
    143A ->153A       -0.10485 
    144A ->151A        0.58161 
    127B ->145B       -0.12052 
    130B ->145B       -0.16121 
    133B ->145B        0.10515 
    140B ->148B       -0.13258 
    141B ->148B       -0.10251 
    142B ->149B       -0.18239 
    143B ->150B       -0.24949 
Excited State  94:  2.872-A      4.6015 eV  269.44 nm  f=0.0536  <S**2>=1.812 
    134A ->145A        0.19110 
    135A ->147A        0.11324 
    136A ->146A       -0.11210 
    138A ->145A        0.27870 
    141A ->147A       -0.13741 
    142A ->149A        0.19786 
    143A ->153A       -0.23649 
    144A ->151A        0.38355 
    144A ->152A        0.12014 
    133B ->145B       -0.21439 
    135B ->146B        0.10520 
    137B ->145B        0.20015 
    139B ->146B       -0.16383 
    142B ->149B       -0.19314 
    143B ->150B        0.26265 
    143B ->151B       -0.10393 
    143B ->153B        0.30913 
Excited State  95:  2.548-A      4.6265 eV  267.99 nm  f=0.1021  <S**2>=1.373 
    136A ->146A        0.30207 
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    139A ->146A        0.26549 
    139A ->147A       -0.16673 
    140A ->148A       -0.12904 
    141A ->148A        0.13460 
    143A ->151A       -0.29917 
    143A ->153A        0.28562 
    144A ->151A        0.52475 
    144A ->152A       -0.11590 
    122B ->144B       -0.11257 
    138B ->147B        0.18531 
    140B ->148B        0.11500 
    141B ->147B        0.11117 
    141B ->148B        0.15244 
    143B ->153B       -0.16342 
Excited State  96:  2.082-A      4.6441 eV  266.97 nm  f=0.0010  <S**2>=0.834 
    136A ->145A       -0.23454 
    140A ->155A        0.25092 
    143A ->150A        0.14326 
    143A ->155A        0.58385 
    144A ->155A        0.11239 
    124B ->144B       -0.19452 
    127B ->144B        0.12060 
    139B ->155B        0.13940 
    141B ->152B       -0.10369 
    141B ->155B       -0.11807 
    142B ->150B        0.11415 
    143B ->152B        0.10675 
    143B ->155B        0.56539 
Excited State  97:  2.851-A      4.6627 eV  265.90 nm  f=0.0034  <S**2>=1.782 
    143A ->149A       -0.14332 
    137B ->150B       -0.12221 
    139B ->149B        0.16334 
    140B ->149B       -0.15450 
    142B ->150B        0.86334 
    142B ->153B       -0.15165 
    143B ->154B       -0.15530 
Excited State  98:  2.913-A      4.6745 eV  265.23 nm  f=0.0064  <S**2>=1.872 
    143A ->149A        0.17966 
    124B ->144B       -0.10228 
    137B ->146B       -0.19861 
    139B ->149B       -0.11100 
    140B ->149B        0.11050 
    142B ->150B        0.23332 
    142B ->153B       -0.10621 
    143B ->149B       -0.15621 
    143B ->151B       -0.10205 
    143B ->152B       -0.37767 
    143B ->154B        0.72252 
Excited State  99:  3.075-A      4.6797 eV  264.94 nm  f=0.0586  <S**2>=2.114 
    133A ->148A       -0.16222 
    135A ->146A       -0.25219 
    136A ->148A        0.29142 
    139A ->146A       -0.10418 
    139A ->148A        0.38242 
    144A ->152A       -0.18505 
    134B ->147B        0.16947 
    134B ->148B       -0.17036 
    135B ->147B        0.24952 
    139B ->147B        0.11034 
    143B ->151B        0.50098 
    143B ->153B        0.25307 
    143B ->154B        0.12899 
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10.3 Dinuclear Bis(terpyridine)ruthenium(II) Complexes by Amide 

 Coupling of Ruthenium Amino Acids: Synthesis and Properties 

  

 

 A. Breivogel, K. Hempel, K. Heinze, Inorg. Chim. Acta 2011, 374, 152–162. 

 

 DOI: 10.1016/j.ica.2011.03.046 

 

 Reprinted with permission from Elsevier, Copyright © 2011. 

 

 DFT-optimized (B3LYP/LANL2DZ) cartesian coordinates of 3a and 3b (singlet) and 1b+, 3a+ 

 and 3b+ (doublet) can be found in the online supporting information. 
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Dinuclear Bis(terpyridine)ruthenium(II) Complexes by Amide Coupling of 

Ruthenium Amino Acids: Synthesis and Properties 
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Supporting Information 

 

Fig. S1. MO scheme of 3a (contour level 0.07 a.u.). 

 

 

Fig. S2. Relevant DFT calculated metrical parameters of a model of 1b (red) and [1b]
+
 

(green, in parentheses) (distances in Å).  
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10.4 Light-induced Charge Separation in a Donor-Chromophore-Acceptor 

 Nanocomposite Poly[TPA-Ru(tpy)2]@ZnO 

  

 

 L. zur Borg, A. L. Domanski, A. Breivogel, M. Bürger, R. Berger, K. Heinze, R. Zentel, J. 

 Mater. Chem. C 2013, 1, 1223–1230. 

 

 DOI: 10.1039/c2tc00535b 

 

 Reprinted with permission from The Royal Society of Chemistry, Copyright © 2013. 
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Supporting Information 

 

 

Light-Induced Charge Separation in a Donor-Chromophore-Acceptor 
Nanocomposite Poly[TPA-Ru(tpy)2]@ZnO 

 

 

Fig. S1  FT-IR spectrum of [(H2N-Gly-CONH-tpy)Ru(tpy-CONH-Gly-COOH)](PF6)2 (A) 

Fig. S2  19F NMR spectra of P2 and P3a 

Fig. S3  FT-IR spectra of P2, P3a and P3b 

Fig. S4  TEM images 

Fig. S5  Topography image of P3a@ZnO 

Fig. S6  KPFM images of P3b@ZnO 

Fig. S7  Atom numbering of A used for NMR assignments 

Fig. S8  UV-Vis spectrum of P3b in THF 
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10.5 A Heteroleptic Bis(tridentate)ruthenium(II) Polypyridine Complex 

 with Improved Photophysical Properties and Integrated 

 Functionalizability 

  

 

 A. Breivogel, C. Förster, K. Heinze, Inorg. Chem. 2010, 49, 7052–7056. 

 

 DOI: 10.1021/ic1007236 

 

 Reprinted with permission from the American Chemical Society, Copyright © 2010. 

 

 DFT-optimized (B3LYP/LANL2DZ, IEFPCM in CH3CN) cartesian coordinates of cis-fac-

 [Ru(ddpd)2]
2+, trans-fac-[Ru(ddpd)2]

2+, mer-[Ru(ddpd)2]
2+, [8]2+ (singlet ground state and 

 3MLCT state) and results of the TD-DFT (B3LYP/LANL2DZ, gasphase and IEFPCM in 

 CH3CN) calculation of [8]2+ (singlet) can be found in the online supporting information. 
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Figure S1. Atom numbering of the dication of 8. 
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Table S1. Crystal and structure refinement data for 8. 

 8 

Empirical formula C37H35F12N9O2P2Ru 

Formula weight 1028.75 

Crystal color, habit orange-brown plate 

Crystal dimensions / mm 0.20  0.20  0.10 

Crystal system triclinic 

Space group P1-bar 

a / Å 11.9005(9) 

b / Å 13.2663(10) 

c / Å 14.7564(11) 

 / ° 68.413(2) 

 / ° 73.337(2) 

 / ° 73.704(2) 

V / Å
3
 2034.8(3) 

Z 2 

F(000) 1036 

Density (calcd) / g cm
–3

 1.679 

Absorption coefficient  / mm
–1 0.567 (MULABS) 

Theta range / ° 1.52 – 28.12 

Index ranges –15  ≤ h ≤ 15 

–17  ≤ k ≤ 17 

–19  ≤ l ≤ 19 

Reflections collected 44719 

Independent reflections  9793 (Rint = 0.1026) 

Observed reflections 9793 

Parameters 632 

Max. / min. transmission 1.2702 / 0.8205 

Goodness-of-fit on F
2
 0.931 

Largest difference peak and hole / e Å
–3

 0.51 / –1.26 

R1 (I > 2(I)) 0.0391 

R1 (all data) 0.0781 

wR2 (I > 2(I)) 0.0614 

wR2 (all data) 0.0842 
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Table S2. Bond lengths / Å and angles / ° of 8. 

_________________________ 

Ru(1)-N(2)    1.944(2)  

Ru(1)-N(6)    2.072(2)  

Ru(1)-N(4)    2.076(2)  

Ru(1)-N(3)    2.078(2)  

Ru(1)-N(5)    2.078(2)  

Ru(1)-N(1)    2.079(2)  

N(1)-C(101)   1.348(3)  

N(1)-C(105)   1.378(3)  

N(2)-C(110)   1.360(3)  

N(2)-C(106)   1.366(3)  

N(3)-C(115)   1.349(3)  

N(3)-C(111)   1.373(3)  

C(101)-C(102) 1.378(4)  

C(101)-H(10A) 0.9500  

C(102)-C(103) 1.382(4)  

C(102)-H(10B) 0.9500  

C(103)-C(104) 1.384(4)  

C(103)-H(10C) 0.9500  

C(104)-C(105) 1.379(4)  

C(104)-H(10D) 0.9500  

C(105)-C(106) 1.479(4)  

C(106)-C(107) 1.376(3)  

C(107)-C(108) 1.388(4)  

C(107)-H(10E) 0.9500  

C(108)-C(109) 1.397(4)  

C(108)-C(116) 1.488(4)  

C(109)-C(110) 1.379(3)  

C(109)-H(10F) 0.9500  

C(110)-C(111) 1.476(4)  

C(111)-C(112) 1.382(4)  

C(112)-C(113) 1.381(4)  

C(112)-H(11A) 0.9500  

C(113)-C(114) 1.383(4)  

C(113)-H(11B) 0.9500  

C(114)-C(115) 1.373(4)  

C(114)-H(11C) 0.9500  

C(115)-H(11D) 0.9500  

C(116)-O(1)   1.210(3)  

C(116)-O(2)   1.329(3)  

C(117)-O(2)   1.457(3)  

C(117)-C(118) 1.497(4)  

C(117)-H(11E) 0.9900  

C(117)-H(11F) 0.9900  

C(118)-H(11G) 0.9800  

C(118)-H(11H) 0.9800  

C(118)-H(11I) 0.9800  

N(4)-C(201)   1.352(3)  

N(4)-C(205)   1.357(3)  

N(5)-C(211)   1.360(3)  

N(5)-C(207)   1.361(3)  

N(6)-C(213)   1.349(3)  

N(6)-C(217)   1.359(3)  

C(201)-C(202) 1.363(4)  

C(201)-H(20A) 0.9500  

C(202)-C(203) 1.374(4)  

C(202)-H(20B) 0.9500  

C(203)-C(204) 1.375(4)  

C(203)-H(20C) 0.9500  

C(204)-C(205) 1.391(4)  

C(204)-H(20D) 0.9500  

C(205)-N(7)   1.401(3)  

N(7)-C(207)   1.412(3)  

N(7)-C(206)   1.473(3)  

C(206)-H(20E) 0.9800  

C(206)-H(20F) 0.9800  

C(206)-H(20G) 0.9800  

C(207)-C(208) 1.384(4)  

C(208)-C(209) 1.378(4)  
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C(208)-H(20H) 0.9500  

C(209)-C(210) 1.370(4)  

C(209)-H(20I) 0.9500  

C(210)-C(211) 1.381(3)  

C(210)-H(21A) 0.9500  

C(211)-N(8)   1.410(3)  

N(8)-C(213)   1.407(3)  

N(8)-C(212)   1.478(3)  

C(212)-H(21B) 0.9800  

C(212)-H(21C) 0.9800  

C(212)-H(21D) 0.9800  

C(213)-C(214) 1.395(3)  

C(214)-C(215) 1.370(4)  

C(214)-H(21E) 0.9500  

C(215)-C(216) 1.387(4)  

C(215)-H(21F) 0.9500  

C(216)-C(217) 1.367(4)  

C(216)-H(21G) 0.9500  

C(217)-H(21H) 0.9500  

P(1)-F(13)    1.565(5)  

P(1)-F(16)    1.576(4)  

P(1)-F(15)    1.582(5)  

P(1)-F(14)    1.587(5)  

P(1)-F(12)    1.598(5)  

P(1)-F(11)    1.603(5)  

P(1A)-F(14A)  1.566(12)  

P(1A)-F(15A)  1.582(12)  

P(1A)-F(16A)  1.582(12)  

P(1A)-F(13A)  1.583(13)  

P(1A)-F(12A)  1.589(13)  

P(1A)-F(11A)  1.610(13)  

P(2)-F(26)    1.571(2)  

P(2)-F(24)    1.583(2)  

P(2)-F(23)    1.595(2)  

P(2)-F(25)    1.597(2)  

P(2)-F(22)    1.602(2)  

P(2)-F(21)    1.6022(18)  

N(300)-C(301) 1.134(5)  

C(301)-C(302) 1.452(6)  

C(302)-H(30A) 0.9800  

C(302)-H(30B) 0.9800  

C(302)-H(30C) 0.9800  

   

N(2)-Ru(1)-N(6)      91.95(8)  

N(2)-Ru(1)-N(4)      92.92(8)  

N(6)-Ru(1)-N(4)     174.70(8)  

N(2)-Ru(1)-N(3)      79.57(8)  

N(6)-Ru(1)-N(3)      88.88(8)  

N(4)-Ru(1)-N(3)     89.94(8)  

N(2)-Ru(1)-N(5)     178.29(9)  

N(6)-Ru(1)-N(5)      87.68(8)  

N(4)-Ru(1)-N(5)      87.51(8)  

N(3)-Ru(1)-N(5)     102.09(8)  

N(2)-Ru(1)-N(1)      79.68(8)  

N(6)-Ru(1)-N(1)      90.94(8)  

N(4)-Ru(1)-N(1)      92.00(8)  

N(3)-Ru(1)-N(1)     159.22(8)  

N(5)-Ru(1)-N(1)      98.66(8)  

C(101)-N(1)-C(105)  117.4(2)  

C(101)-N(1)-Ru(1)   129.34(19)  

C(105)-N(1)-Ru(1)   113.22(16)  

C(110)-N(2)-C(106)  121.1(2)  

C(110)-N(2)-Ru(1)   119.27(17)  

C(106)-N(2)-Ru(1)   119.59(17)  

C(115)-N(3)-C(111)  116.7(2)  

C(115)-N(3)-Ru(1)   129.85(18)  

C(111)-N(3)-Ru(1)   113.38(16)  

N(1)-C(101)-C(102)  123.1(3)  

N(1)-C(101)-H(10A)  118.5  

C(102)-C(101)-H(10A)118.5  

C(101)-C(102)-C(103)119.2(3)  
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C(101)-C(102)-H(10B)120.4  

C(103)-C(102)-H(10B)120.4  

C(102)-C(103)-C(104)118.8(3)  

C(102)-C(103)-H(10C)120.6  

C(104)-C(103)-H(10C)120.6  

C(105)-C(104)-C(103)119.8(3)  

C(105)-C(104)-H(10D)120.1  

C(103)-C(104)-H(10D)120.1  

N(1)-C(105)-C(104)  121.6(2)  

N(1)-C(105)-C(106)  114.7(2)  

C(104)-C(105)-C(106)123.7(2)  

N(2)-C(106)-C(107)  120.3(2)  

N(2)-C(106)-C(105)  112.6(2)  

C(107)-C(106)-C(105)126.8(2)  

C(106)-C(107)-C(108)119.4(2)  

C(106)-C(107)-H(10E)120.3  

C(108)-C(107)-H(10E)120.3  

C(107)-C(108)-C(109)119.7(2)  

C(107)-C(108)-C(116)122.7(2)  

C(109)-C(108)-C(116)117.5(2)  

C(110)-C(109)-C(108)119.4(2)  

C(110)-C(109)-H(10F)120.3  

C(108)-C(109)-H(10F)120.3  

N(2)-C(110)-C(109)  120.1(2)  

N(2)-C(110)-C(111)  113.0(2)  

C(109)-C(110)-C(111)126.9(2)  

N(3)-C(111)-C(112)  122.1(2)  

N(3)-C(111)-C(110)  114.5(2)  

C(112)-C(111)-C(110)123.4(2)  

C(113)-C(112)-C(111)119.9(3)  

C(113)-C(112)-H(11A)120.1  

C(111)-C(112)-H(11A)120.1  

C(112)-C(113)-C(114)118.3(3)  

C(112)-C(113)-H(11B)120.9  

C(114)-C(113)-H(11B)120.9  

C(115)-C(114)-C(113)119.6(3)  

C(115)-C(114)-H(11C)120.2  

C(113)-C(114)-H(11C)120.2  

N(3)-C(115)-C(114)  123.4(3)  

N(3)-C(115)-H(11D)  118.3  

C(114)-C(115)-H(11D)118.3  

O(1)-C(116)-O(2)124.4(2)  

O(1)-C(116)-C(108)  122.8(3)  

O(2)-C(116)-C(108)  112.8(2)  

O(2)-C(117)-C(118)  107.5(2)  

O(2)-C(117)-H(11E)  110.2  

C(118)-C(117)-H(11E)110.2  

O(2)-C(117)-H(11F)  110.2  

C(118)-C(117)-H(11F)110.2  

H(11E)-C(117)-H(11F)108.5  

C(117)-C(118)-H(11G)109.5  

C(117)-C(118)-H(11H)109.5  

H(11G)-C(118)-H(11H)109.5  

C(117)-C(118)-H(11I)109.5  

H(11G)-C(118)-H(11I)109.5  

H(11H)-C(118)-H(11I)109.5  

C(116)-O(2)-C(117)  115.3(2)  

C(201)-N(4)-C(205)  117.9(2)  

C(201)-N(4)-Ru(1)   121.68(17)  

C(205)-N(4)-Ru(1)   120.40(17)  

C(211)-N(5)-C(207)  117.8(2)  

C(211)-N(5)-Ru(1)   121.56(16)  

C(207)-N(5)-Ru(1)   120.61(18)  

C(213)-N(6)-C(217)  117.9(2)  

C(213)-N(6)-Ru(1)   121.10(16)  

C(217)-N(6)-Ru(1)   120.51(18)  

N(4)-C(201)-C(202)  123.7(3)  

N(4)-C(201)-H(20A)  118.1  

C(202)-C(201)-H(20A)118.1  

C(201)-C(202)-C(203)118.3(3)  

C(201)-C(202)-H(20B)120.8  
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C(203)-C(202)-H(20B)120.8  

C(202)-C(203)-C(204)119.5(3)  

C(202)-C(203)-H(20C)120.3  

C(204)-C(203)-H(20C)120.3  

C(203)-C(204)-C(205)120.0(3)  

C(203)-C(204)-H(20D)120.0  

C(205)-C(204)-H(20D)120.0  

N(4)-C(205)-C(204)  120.6(2)  

N(4)-C(205)-N(7)    117.9(2)  

C(204)-C(205)-N(7)  121.5(2)  

C(205)-N(7)-C(207)  121.9(2)  

C(205)-N(7)-C(206)  115.7(2)  

C(207)-N(7)-C(206)  115.8(2)  

N(7)-C(206)-H(20E)  109.5  

N(7)-C(206)-H(20F)  109.5  

H(20E)-C(206)-H(20F)109.5  

N(7)-C(206)-H(20G)  109.5  

H(20E)-C(206)-H(20G)109.5  

H(20F)-C(206)-H(20G)109.5  

N(5)-C(207)-C(208)  122.4(2)  

N(5)-C(207)-N(7)117.2(2)  

C(208)-C(207)-N(7)  120.4(2)  

C(209)-C(208)-C(207)118.7(3)  

C(209)-C(208)-H(20H)120.7  

C(207)-C(208)-H(20H)120.7  

C(210)-C(209)-C(208)119.7(3)  

C(210)-C(209)-H(20I)120.2  

C(208)-C(209)-H(20I)120.2  

C(209)-C(210)-C(211)119.7(3)  

C(209)-C(210)-H(21A)120.2  

C(211)-C(210)-H(21A)120.2  

N(5)-C(211)-C(210)  121.8(2)  

N(5)-C(211)-N(8)    117.5(2)  

C(210)-C(211)-N(8)  120.7(2)  

C(213)-N(8)-C(211)  123.0(2)  

C(213)-N(8)-C(212)  116.0(2)  

C(211)-N(8)-C(212)  115.5(2)  

N(8)-C(212)-H(21B)  109.5  

N(8)-C(212)-H(21C)  109.5  

H(21B)-C(212)-H(21C)109.5  

N(8)-C(212)-H(21D)  109.5  

H(21B)-C(212)-H(21D)109.5  

H(21C)-C(212)-H(21D)109.5  

N(6)-C(213)-C(214)  121.0(2)  

N(6)-C(213)-N(8)    118.5(2)  

C(214)-C(213)-N(8)  120.5(2)  

C(215)-C(214)-C(213)119.9(3)  

C(215)-C(214)-H(21E)120.0  

C(213)-C(214)-H(21E)120.0  

C(214)-C(215)-C(216)119.4(3)  

C(214)-C(215)-H(21F)120.3  

C(216)-C(215)-H(21F)120.3  

C(217)-C(216)-C(215)118.2(3)  

C(217)-C(216)-H(21G)120.9  

C(215)-C(216)-H(21G)120.9  

N(6)-C(217)-C(216)  123.4(3)  

N(6)-C(217)-H(21H)  118.3  

C(216)-C(217)-H(21H)118.3  

F(13)-P(1)-F(16)    89.8(4)  

F(13)-P(1)-F(15)    179.2(4)  

F(16)-P(1)-F(15)     91.0(4)  

F(13)-P(1)-F(14)     89.8(4)  

F(16)-P(1)-F(14)    179.6(4)  

F(15)-P(1)-F(14)     89.4(4)  

F(13)-P(1)-F(12)     89.9(5)  

F(16)-P(1)-F(12)     89.7(4)  

F(15)-P(1)-F(12)     90.2(4)  

F(14)-P(1)-F(12)     90.3(4)  

F(13)-P(1)-F(11)     90.6(5)  

F(16)-P(1)-F(11)     90.6(5)  

F(15)-P(1)-F(11)     89.3(5)  
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F(14)-P(1)-F(11)     89.5(5)  

F(12)-P(1)-F(11)    179.4(6)  

F(14A)-P(1A)-F(15A)  92.3(12)  

F(14A)-P(1A)-F(16A) 175.2(12)  

F(15A)-P(1A)-F(16A)  92.3(11)  

F(14A)-P(1A)-F(13A)  90.4(11)  

F(15A)-P(1A)-F(13A) 177.1(13)  

F(16A)-P(1A)-F(13A)  85.0(11)  

F(14A)-P(1A)-F(12A)  90.2(12)  

F(15A)-P(1A)-F(12A)  93.1(12)  

F(16A)-P(1A)-F(12A)  91.1(13)  

F(13A)-P(1A)-F(12A)  87.9(12)  

F(14A)-P(1A)-F(11A)  89.0(13)  

F(15A)-P(1A)-F(11A)  89.3(13)  

F(16A)-P(1A)-F(11A)  89.5(12)  

F(13A)-P(1A)-F(11A)  89.8(13)  

F(12A)-P(1A)-F(11A) 177.6(16)  

F(26)-P(2)-F(24)     91.86(14)  

F(26)-P(2)-F(23)    178.61(13)  

F(24)-P(2)-F(23)     89.13(12)  

F(26)-P(2)-F(25)     91.54(14)  

F(24)-P(2)-F(25)     91.20(12)  

F(23)-P(2)-F(25)     89.41(12)  

F(26)-P(2)-F(22)     90.24(14)  

F(24)-P(2)-F(22    )177.72(13)  

F(23)-P(2)-F(22)     88.76(12)  

F(25)-P(2)-F(22)     89.65(12)  

F(26)-P(2)-F(21)     89.96(12)  

F(24)-P(2)-F(21)     89.76(11)  

F(23)-P(2)-F(21)     89.07(10)  

F(25)-P(2)-F(21)    178.18(13)  

F(22)-P(2)-F(21)     89.33(10)  

N(300)-C(301)-C(302) 176.9(5)  

C(301)-C(302)-H(30A) 109.5  

C(301)-C(302)-H(30B) 109.5  

H(30A)-C(302)-H(30B) 109.5  

C(301)-C(302)-H(30C) 109.5  

H(30A)-C(302)-H(30C) 109.5  

H(30B)-C(302)-H(30C) 109.5 
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Figure S2. IR spectrum of 8 in KBr. 
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Figure S3. UV/Vis absorption and emission spectrum (exc = 517 nm) of 8 in CH3CN at 295 K. 
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Figure S4. 
1
H NMR spectrum of 8 in CD3CN (top: full spectrum; bottom: zoom). 
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Figure S5. 
13

C{
1
H} NMR spectrum of 8 in CD3CN (top: full spectrum; bottom: zoom). 
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 S11 

Figure S6. HH-COSY of 8 in CD3CN. 

 

Figure S7. NOESY of 8 in CD3CN. 
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 S12 

Figure S8. CH-COSY of 8 in CD3CN. 

 

Figure S9. 
13

C-
1
H HMBC of 8 in CD3CN. 
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Figure S10. 
15

N-
1
H HMBC of 8 in CD3CN. 
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 S22 

Graphical representation of some relevant frontier orbitals of 8. 

 

#MO E / eV contour value 0.06 a.u. qualitative description 

160 -11.884 

 

ddpd (NMe+pyterminal) + dyz 

161 -11.352 

 

ddpd (NMe+pycentral) + dxy 

162 -11.083 

 

dxz 

163 -10.838 

 

ddpd (NMe) + dxy 

164 -10.798 

(HOMO) 

 

ddpd (NMe) + dyz 
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165 -7.779 

(LUMO) 

 

*(tpy-COOEt) 

 

166 -7.424 

 

*(tpy-COOEt) 

167 -6.618 

 

*(ddpd) 

168 -6.577 

 

*(tpy-COOEt) 

169 -6.548  *(tpy-COOEt+ddpd) 

170 -6.452 

 

*(ddpd) 
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171 -6.357 

 

*(tpy-COOEt+ddpd) 

172 -6.187  *(tpy-COOEt) 

173 -6.020  *(ddpd) 

174 -5.723  *(ddpd) 

175 -5.679 

 

*(ddpd) 

176 -5.110 

 

dx
2

-y
2
 

177 -4.794  *(tpy-COOEt) 

178 -4.619 

 

dz
2
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Cartesian Coordinates of Ni(CO)3L complexes 

 

L = N(central pyridine)-ddpd:    = 2017 cm
–1

; d(C-O) = 1.1776 Å 

 

6       -1.192199000      1.057845000     -0.602639000 

6       -1.697181000      2.378356000     -0.678960000 

6       -0.825367000      3.446807000     -0.438169000 

6        0.535284000      3.204164000     -0.201082000 

6        0.989100000      1.865741000     -0.169386000 

7        0.113752000      0.811282000     -0.268176000 

1       -2.728587000      2.551799000     -0.958313000 

1        1.235503000      4.022932000     -0.094502000 

6       -5.473083000     -0.958263000     -1.281627000 

6       -6.146247000     -0.278924000     -0.254916000 

6       -5.377153000      0.527369000      0.612285000 

6       -3.995895000      0.635688000      0.417157000 

6       -3.402769000     -0.066240000     -0.666871000 

7       -4.137655000     -0.856671000     -1.490775000 

1       -5.845745000      1.047151000      1.443935000 

1       -6.008550000     -1.610381000     -1.967309000 

1       -7.218301000     -0.389967000     -0.128411000 

1       -3.386454000      1.215258000      1.101170000 

6        3.040139000      0.557851000     -0.674111000 

6        2.548525000      0.002814000     -1.884719000 

6        3.311231000     -0.975008000     -2.534425000 

6        4.542699000     -1.385650000     -1.982674000 

6        4.958791000     -0.771504000     -0.791233000 

7        4.230954000      0.174948000     -0.152067000 

1        2.951583000     -1.409635000     -3.463633000 

1        1.608958000      0.338984000     -2.304192000 

1        5.154917000     -2.145707000     -2.456725000 

1        5.902433000     -1.037881000     -0.321846000 

7       -2.008536000     -0.051463000     -0.909034000 

6       -1.454588000     -1.144950000     -1.744886000 

1       -0.367283000     -1.103242000     -1.694291000 

1       -1.795653000     -2.112858000     -1.369475000 

1       -1.798518000     -1.043614000     -2.780800000 

7        2.355807000      1.593773000      0.018702000 

6        3.157844000      2.527373000      0.842551000 

1        2.571550000      2.862134000      1.703304000 

1        4.037020000      1.987238000      1.192814000 

1        3.487830000      3.402031000      0.262402000 

1       -1.192113000      4.468281000     -0.496084000 

28       0.485328000     -0.897765000      1.134868000 

6       -1.150388000     -1.362065000      1.777693000 

6        1.504902000     -0.140656000      2.438177000 

6        1.314170000     -2.312051000      0.352032000 

8       -2.130302000     -1.759076000      2.297063000 

8        2.144125000      0.250679000      3.346037000 

8        1.835560000     -3.299150000     -0.023109000 
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L = N(terminal pyridine)-ddpd:    = 2016 cm
–1

; d(C-O) = 1.1780 Å 

 

6       -2.738332000      1.560588000     -0.186873000 

6       -3.012743000      2.931350000     -0.457625000 

6       -1.997339000      3.866410000     -0.217368000 

6       -0.745507000      3.468484000      0.279624000 

6       -0.552959000      2.085098000      0.515395000 

7       -1.528110000      1.175449000      0.284611000 

1       -3.964883000      3.252281000     -0.856848000 

1        0.031290000      4.197700000      0.466482000 

6       -4.447703000     -2.956659000     -0.249348000 

6       -3.243545000     -3.600233000     -0.571880000 

6       -2.121379000     -2.785573000     -0.832208000 

6       -2.231142000     -1.391457000     -0.754678000 

6       -3.489759000     -0.823767000     -0.417448000 

7       -4.570423000     -1.610624000     -0.174332000 

1       -1.166782000     -3.230798000     -1.101512000 

1       -5.351406000     -3.525300000     -0.042735000 

1       -3.189562000     -4.683032000     -0.624343000 

1       -1.377504000     -0.756595000     -0.934651000 

6        0.790332000      0.276276000      1.523583000 

6       -0.109657000     -0.161232000      2.524586000 

6        0.088290000     -1.399677000      3.140482000 

6        1.199453000     -2.182246000      2.761478000 

6        2.036526000     -1.700322000      1.752561000 

7        1.826899000     -0.510169000      1.113385000 

1       -0.595247000     -1.741432000      3.912634000 

1       -0.939140000      0.476955000      2.801142000 

1        1.407794000     -3.140147000      3.226517000 

1        2.895712000     -2.270938000      1.419187000 

7       -3.731575000      0.581361000     -0.374195000 

6       -5.126955000      1.045590000     -0.540957000 

1       -5.273430000      1.517152000     -1.522974000 

1       -5.777095000      0.176909000     -0.455264000 

1       -5.388039000      1.764344000      0.244408000 

7        0.681281000      1.582486000      0.973534000 

6        1.830164000      2.497523000      1.119693000 

1        1.645656000      3.239585000      1.911368000 

1        2.714485000      1.916006000      1.381052000 

1        2.037042000      3.023169000      0.181172000 

1       -2.181427000      4.918039000     -0.422480000 

28       2.897774000     -0.278308000     -0.705140000 

6        1.970163000      0.849428000     -1.792671000 

6        4.564682000      0.324220000     -0.311884000 

6        2.946051000     -1.940390000     -1.447871000 

8        5.665810000      0.700454000     -0.125179000 

8        3.019127000     -2.969049000     -2.017776000 

8        1.432128000      1.562188000     -2.559520000 
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L = NH3:    = 2022 cm
–1

; d(C-O) = 1.1779 Å 

 

7        0.010502000      0.006530000      2.247972000 

28       0.000827000     -0.000425000      0.113981000 

6        1.741517000     -0.076465000     -0.406532000 

6       -0.938262000     -1.471886000     -0.395239000 

6       -0.808274000      1.544182000     -0.401231000 

8       -1.537721000     -2.401312000     -0.800521000 

8       -1.320030000      2.523850000     -0.808483000 

8        2.844968000     -0.126842000     -0.815548000 

1        0.439625000     -0.861521000      2.565872000 

1        0.551497000      0.813916000      2.554989000 

1       -0.955418000      0.073256000      2.566290000 

 

 

L = CH3CN:    = 2029 cm
–1

; d(C-O) = 1.1759 Å 

 

28      -0.493126000      0.000188000      0.000042000 

6       -1.019284000     -0.764509000      1.570875000 

6       -1.014613000     -0.978525000     -1.448953000 

6       -1.013966000      1.744563000     -0.124384000 

8       -1.422046000     -1.248258000      2.564164000 

8       -1.414117000     -1.597775000     -2.365347000 

8       -1.413083000      2.847898000     -0.203117000 

6        4.191001000     -0.001721000      0.002217000 

1        4.571096000      0.593705000      0.839816000 

1        4.570675000     -1.024970000      0.099109000 

1        4.570967000      0.425908000     -0.932317000 

6        2.726395000     -0.001323000      0.002291000 

7        1.553079000     -0.000820000      0.002048000 
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L = CH3NC:    = 2026 cm
–1

; d(C-O) = 1.1746 Å 

 

28      -0.457112000      0.000276000     -0.000197000 

6       -1.034001000     -0.136895000      1.734395000 

6       -1.028171000     -1.436217000     -0.985532000 

6       -1.035554000      1.569530000     -0.750348000 

6        1.459999000      0.002733000      0.000894000 

8       -1.406675000     -0.225082000      2.844827000 

8       -1.397053000     -2.356070000     -1.616016000 

8       -1.409862000      2.574065000     -1.230495000 

7        2.645858000      0.003477000      0.001129000 

6        4.076084000      0.003322000      0.001596000 

1        4.452180000      0.841387000      0.598785000 

1        4.451976000     -0.932919000      0.428959000 

1        4.452567000      0.101326000     -1.022680000 

 

L = NMe3:    = 2018 cm
–1

; d(C-O) = 1:1783 Å 

 

7        1.630255000     -0.002271000      0.000256000 

28      -0.533608000      0.001320000     -0.000344000 

6       -1.061949000      1.729122000     -0.180847000 

6       -1.067140000     -1.018648000     -1.404455000 

6       -1.067223000     -0.705530000      1.584770000 

8       -1.493372000     -1.666204000     -2.291811000 

8       -1.492311000     -1.152815000      2.588585000 

8       -1.483529000      2.823384000     -0.295984000 

6        2.126237000      0.542377000     -1.302423000 

1        1.755592000      1.562183000     -1.438914000 

1        3.230184000      0.553920000     -1.333168000 

1        1.754163000     -0.075589000     -2.124431000 

6        2.126374000      0.852475000      1.124144000 

1        1.754058000      0.461197000      2.075083000 

1        3.230298000      0.872020000      1.151229000 

1        1.755971000      1.873940000      1.000063000 

6        2.122907000     -1.404137000      0.178729000 

1        1.743234000     -2.032970000     -0.631549000 

1        3.226735000     -1.440883000      0.174784000 

1        1.757468000     -1.803735000      1.128904000 
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L = NHC (1,3-dimethyl-2,3-dihydro-1H-imidazol-2-ylidene):    = 2003 cm
–1

; d(C-O) = 1.1795 Å 

 

28      -0.999909000     -0.038726000      0.005330000 

6       -1.773367000      1.604051000     -0.131304000 

6       -1.488999000     -1.035589000     -1.439149000 

6       -1.488024000     -0.803448000      1.584151000 

8       -1.794347000     -1.667664000     -2.386652000 

8       -1.790182000     -1.283721000      2.617791000 

8       -2.315954000      2.648117000     -0.221294000 

6        0.999683000      0.065109000     -0.000221000 

6        3.185074000      0.815152000     -0.016069000 

6        3.226755000     -0.553869000     -0.011355000 

1        3.982625000      1.540060000     -0.021738000 

1        4.066378000     -1.229766000     -0.013203000 

7        1.827590000      1.176617000     -0.008208000 

7        1.893589000     -0.995136000      0.000280000 

6        1.352213000      2.566868000     -0.007142000 

1        0.778788000      2.775658000     -0.914669000 

1        0.714855000      2.748781000      0.862212000 

1        2.212862000      3.241013000      0.034267000 

6        1.513720000     -2.412900000      0.000235000 

1        0.435997000     -2.484981000      0.146771000 

1        1.776067000     -2.882138000     -0.955295000 

1        2.023158000     -2.940771000      0.814279000 

 

211



 S34 

L = PMe3:    = 2017 cm
–1

; d(C-O) = 1.1774 Å 

 

28      -0.847940000      0.002154000     -0.000741000 

6       -1.341633000     -0.783905000      1.560879000 

6       -1.340990000      1.747530000     -0.102242000 

6       -1.337773000     -0.961554000     -1.460422000 

8       -1.677544000      2.873887000     -0.168144000 

8       -1.671240000     -1.583737000     -2.402781000 

8       -1.678242000     -1.294500000      2.567013000 

6        2.364086000      0.807528000      1.490935000 

1        2.045422000      0.296488000      2.405199000 

1        3.456268000      0.754842000      1.407903000 

1        2.056757000      1.856181000      1.558346000 

6        2.354032000     -1.696646000     -0.041598000 

1        2.038980000     -2.228499000     -0.945164000 

1        3.447198000     -1.608441000     -0.035660000 

1        2.033777000     -2.278701000      0.828799000 

6        2.368328000      0.883224000     -1.443663000 

1        2.050087000      1.930604000     -1.464236000 

1        3.460359000      0.838070000     -1.354179000 

1        2.062725000      0.412731000     -2.383810000 

15       1.527376000      0.001609000      0.000767000 

 

L = PH3:    = 2033 cm
–1

; d(C-O) = 1.1752 Å 

 

28       0.181192000      0.001745000     -0.000798000 

6        0.650749000      1.739721000     -0.271771000 

6        0.683806000     -0.626292000      1.632568000 

6        0.676566000     -1.092629000     -1.368541000 

8        1.054681000     -1.027119000      2.673219000 

8        1.043177000     -1.789048000     -2.241334000 

8        1.000852000      2.848351000     -0.443658000 

15      -2.210295000     -0.022743000      0.008572000 

1       -2.911744000     -1.101275000      0.643921000 

1       -2.933601000      1.053412000      0.623122000 

1       -2.930017000     -0.042118000     -1.232625000 
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L = PF3:    = 2068 cm
–1

; d(C-O) = 1.1682 Å 

 

28       0.795350000      0.000773000     -0.000169000 

6        1.307127000     -0.688236000      1.624481000 

6        1.307109000     -1.061834000     -1.409283000 

6        1.301104000      1.753870000     -0.215532000 

8        1.705158000     -1.723465000     -2.285942000 

8        1.695383000      2.845303000     -0.349779000 

8        1.705110000     -1.117212000      2.635532000 

15      -1.506495000     -0.002249000      0.000480000 

9       -2.371505000     -0.585592000      1.348650000 

9       -2.370092000      1.457763000     -0.168657000 

9       -2.370584000     -0.877472000     -1.179874000 

 

L = pyridine:    = 2020 cm
–1

; d(C-O) = 1.1765 Å 

 

6       -1.756714000     -1.132832000      0.000494000 

6       -3.159507000     -1.176693000      0.000397000 

6       -3.879971000      0.032151000     -0.000549000 

6       -3.163814000      1.243057000     -0.001302000 

6       -1.760138000      1.204903000     -0.001153000 

7       -1.059619000      0.037248000     -0.000313000 

1       -4.966436000      0.030146000     -0.000682000 

1       -3.666515000     -2.136425000      0.001040000 

1       -3.674181000      2.201019000     -0.002007000 

1       -1.176271000      2.118286000     -0.001691000 

28       1.025497000     -0.002772000     -0.000123000 

6        1.524415000     -0.872345000      1.519160000 

6        1.524310000     -0.900744000     -1.502698000 

6        1.643434000      1.707106000     -0.015834000 

8        1.906568000     -1.474600000     -2.457106000 

8        2.128279000      2.780695000     -0.025176000 

8        1.905281000     -1.428758000      2.484359000 

1       -1.166273000     -2.042450000      0.001276000 
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Correlation of A1 stretching frequencies with C-O distances in Ni(CO)3L complexes 
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10.6 Excited State Tuning of Bis(tridentate) Ruthenium(II) Polypyridine 

 Chromophores by Push-Pull Effects and Bite Angle Optimization: A 

 Comprehensive Experimental and Theoretical  Study 

 

 

 A. Breivogel, M. Meister, C. Förster, F. Laquai, K. Heinze, Chem. Eur. J. 2013, 19, 13745–

 13760. 

 

 DOI: 10.1002/chem.201302231 

 

 Reprinted with permission from John Wiley and Sons, Copyright © 2013. 

 

 DFT-optimized (B3LYP/LANL2DZ, IEFPCM in CH3CN) cartesian coordinates of [1 – 7]0 

 (singlet and triplet), [1 – 7]+ [1 – 7]2+ (singlet ground state and 3MLCT state), [1 – 7]2+ (3MC 

 and 3TS state, except for [4]2+), [1 – 7]3+, [1 – 7]4+ and results of the TD-DFT 

 (B3LYP/LANL2DZ, IEFPCM in CH3CN) calculation of [1 – 7]2+ (singlet) can be found 

 in the online supporting information. 
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Synthesis strategy. Initial attempts to synthesize an amino substituted ddpd ligand analogously to the 

straightforward synthesis of 11 in a metal free amination using 4-amino-2,6-dibromopyridine or 4-

amino-2,6-dichloropyridine and N-methylpyridine-2-ylamine failed although a similar procedure for 

the amination of 4-amino-2,6-dichloropyridine with pyrrolidine had been reported.
[1]

 This is probably 

due to the electron donating character of the NH2 group which prevents a nucleophilic attack of N-

methylpyridine-2-ylamine Furthermore, the amine group itself can act as nucleophile. Hence, a 

strategy is necessary to prevent nucleophilic reactivity of the primary amino group and to activate the 

dibromopyridine. Attempts to employ a nitro group as latent amine by using 2,6-dibromo-4-

nitropyridine in a metal free amination reaction with N-methylpyridine-2-ylamine using sodium 

hydride as base only resulted in ipso substitution of the nitro group before the desired bromine 

substitution.
[1,2,3,4]

 Finally, we chose the phthalimido group as protecting group because of its less 

electron withdrawing character compared to the nitro group which should inhibit the undesired ipso 

substitution. The phthalimido protecting group is introduced straightforwardly by treating 4-amino-

2,6-dichloropyridine or its dibromo derivative with phthalic anhydride giving N-protected 8 and 9 in 

56 % and 65 % yield, respectively. Amination of 8 or 9 with N-methylpyridine-2-ylamine using 

sodium hydride or potassium bis(trimethylsilyl) amide (KHMDS) as base in dioxane or in N-

methylpyridine-2-ylamine as solvent using different reaction times and temperatures without a metal 

catalyst did not yield the desired ligand 10. However, using Pd2(dba)3 (dba = dibenzylidene acetone) 

together with P(
t
Bu)3 as precatalyst and KO

t
Bu as base 10 is successfully obtained from 8 or 9 in 5 % 

and 26 % yields, respectively (Scheme 2). Harsher reaction conditions are required for the chloro 

compound 8 compared to the bromo derivative 9 due to the lower reactivity of the chloro derivative 8 

in the oxidative addition to the catalytically active palladium species. However, the starting material 

for 8, 4-amino-2,6-dichloropyridine, is commercially available while the bromo derivative 4-amino-

2,6-dibromopyridine, has to be prepared in three steps from 2,6-dibromopyridine rendering the 

dichloro starting material attractive in spite of its lower reactivity.
[5,6] 

 

Synthesis of 2,6-dichloro-4-phthalimidopyridine (8). Phthalic anhydride (2.338 g, 15.78 mmol, 1.0 

equiv) and 4-amino-2,6-dichloropyridine (3.287 g, 20.17 mmol, 1.3 equiv) were placed in a flask and 

acetic acid (100 ml) was added. The mixture was stirred at room temperature and ultrasonicated until 

the starting materials were completely dissolved. The yellow solution was heated to reflux for 6 h and 

cooled to room temperature. During the cooling process a colorless solid precipitated. The solid was 

filtered, washed with 60 ml of petroleum ether 40 – 60 and dried under reduced pressure. A colourless 

solid was obtained. Single crystals for X-ray diffraction analysis were obtained by slow evaporation of 

an acetone solution of 8. Yield: 2.609 g (8.9 mmol, 56%). 
1
H NMR (d6-DMSO, 300 K): δ = 8.06-8.04 

(m, 2 H, H
2
), 7.98-7.96 (m, 2 H, H

1
), 7.80 (s, 2 H, H

6
) ppm. 

13
C{

1
H} NMR (d6-DMSO, 300 K): δ = 

165.5 (C
4
), 149.4 (s, C

7
), 144.1 (s, C

5
), 135.3 (s, C

1
), 131.0 (s, C

3
), 124.0 (s, C

2
), 119.3 (s, C

6
) ppm. 

1
H-

15
N HMBC (d6-DMSO, 300 K): δ = 294.1 (N

a
), 167.6 (N

b
) ppm. MS (FD): m/z 292.3 (100%) [M]

+
. 

IR (CsI):    3130 (w, CH), 3099 (w, CH), 1788 (m, C=O), 1761 (m, C=O), 1736 (vs, C=O), 1580 (vs, 

C=N), 1549 (s, C=N), 1468 (w), 1433 (s), 1377 (vs), 1354 (vs, C-N), 1232 (s, C-N), 1167 (m, C-N), 

1143 (w, C-N), 1121 (w, C-N), 1097 (m, C-N, C-Cl), 1074 (m, C-N, C-Cl), 988 (w), 932 (w), 885 (w, 

C=C), 858 (m, C=C), 824 (m, C=C), 798 (w, C=C), 789 (w), 714 (s), 663 (w), 638 (m), 613 (w), 596 

(w), 532 (w), 453 (w), 361 (w), 270 (w) cm
–1

. Elemental analysis calcd (%) for C13H6Cl2N2O2: C 

53.27, H 2.06, N 9.56; found: C 52.90, H 2.20, N 8.92. 

 

Synthesis of 4-amino-2,6-dibromopyridine. 4-amino-2,6-Dibromopyridine was synthesized by 

modification of a literature procedure.
[5]

 2,6-Dibromo-4-nitropyridine-N-oxide
[6]

 (303 mg, 1.08 mmol, 

1.0 equiv) and iron powder (301 mg, 5.39 mmol, 5.0 equiv) were suspended in acetic acid. The grey 

suspension was heated to 100 °C and stirred for 1 h. During the heating process the mixture turned 

brown. After cooling to room temperature the mixture was cooled with an ice bath and the pH was 

adjusted to 14 with a concentrated NaOH solution. The mixture was extracted with diethylether (5 × 

10 – 15 ml). The combined organic phases were dried over Na2SO4, filtered and the solvent was 

removed in vacuo. A colorless solid was obtained. Yield: 0.24 g, (0.95 mmol, 88%). 
1
H NMR 

(CD2Cl2, 300 K): δ = 6.69 (s, 2 H, H
aromatic

), 4.43 (s, 2 H, NH2) ppm. MS (FD): m/z 251.9 (100%) [M]
+
. 

 

Synthesis of 2,6-dibromo-4-phthalimidopyridine (9). Phthalic anhydride (2.80 g, 18.9 mmol, 1.0 

equiv) and 4-amino-2,6-dibromopyridine (5.94 g, 23.6 mmol, 1.2 equiv) were placed in a flask and 
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acetic acid (150 ml) was added. The mixture was stirred at room temperature and ultrasonicated. The 

starting materials did not dissolve completely. The yellowish suspension was heated to reflux for 6 h. 

Before starting to reflux, all the components were dissolved (at 60-70 °C) and a yellow solution was 

obtained. The mixture was cooled to room temperature. During the cooling process a colorless solid 

precipitated. The solid was filtered, washed with 50 ml of petroleum ether 40 – 60 and dried in a 

vacuo. A colorless solid was obtained. Single crystals for X-ray diffraction analysis were obtained by 

slow evaporation of an acetone solution of 9. Yield: 4.67 g (12.2 mmol, 65%). 
1
H NMR (d6-DMSO, 

300 K): δ = 8.06-8.03 (m, 2 H, H
2
), 7.98-7.95 (m, 2 H, H

1
), 7.94 (s, 2 H, H

6
) ppm. 

13
C{

1
H} NMR (d6-

DMSO, 300 K): δ = 165.5 (C
4
), 143.1 (s, C

5
), 139.8 (s, C

7
), 135.3 (s, C

1
), 131.1 (s, C

3
), 123.9 (s, C

2
), 

123.3 (s, C
6
) ppm. 

1
H-

15
N HMBC (d6-DMSO, 300 K): δ = 260.5 (N

a
), 166.8 (N

b
) ppm. MS (FD): m/z 

382.1 (100%) [M]
+
. IR (CsI):    3140 (w, CH), 3117 (w, CH), 3090 (w, CH), 3062 (w, CH), 1790 (vs, 

C=O), 1757 (s, C=O), 1734 (s, C=O), 1570 (s, C=N), 1535 (vs, C=N), 1468 (m, C=N), 1423 (vs), 

1348 (vs, C-N), 1231 (vs, C-N), 1165 (s, C-N), 1126 (s, C-N), 1096 (s, C-N), 1070 (vs, C-N, C-Br), 

1016 (w), 982 (m), 962 (w), 906 (w, C=C), 883 (m, C=C), 860 (s, C=C), 824 (w, C=C), 800 (m, C=C), 

770 (s), 717 (vs), 665 (w), 635 (vs), 590 (m), 563 (w), 532 (m), 405 (w), 362 (m), 330 (w), 289 (w), 

224 (w) cm
–1

. Elemental analysis calcd (%) for C13H6Br2N2O2: C 40.87, H 1.58, N 7.33; found: C 

41.79, H 1.57, N 7.43. 

 

Synthesis of ddpd-phthalimide (10) from 2,4-dibromo-4-phthalimidopyridine (9). Under an argon 

atmosphere KOtBu (814.2 mg, 7.6 mmol, 2.6 equiv) was dissolved in absolute dioxane (50 ml). While 

adding methylaminopyridine (0.80 ml, 7.8 mmol, 2.8 equiv) the solution turned yellow. Pd2(dba)3 

(128.2 mg, 0.14 mmol, 0.05 equiv) was added and a black suspension was obtained. Then a solution of 

P(
t
Bu)3 (1 M in toluene, 0.50 ml, 0.50 mmol, 0.18 equiv) was added and the reaction mixture turned 

into a green-brown solution. 2,6-Dibromo-4-phthalimidopyridine (9, 1.060 g, 2.8 mmol, 1.0 equiv) 

was added and dissolved completely. The green-brown solution was heated to 80 °C for 48 h. The 

reaction mixture was a brown solution containing a brown solid. The solvent was removed under 

reduced pressure. The residue was purified by column chromatography (silica gel, petroleum ether 40 

– 60/ethyl acetate 1:2), yielding a light yellow solid. Yield: 312.1 mg (7.2 mmol, 26%). 
1
H NMR 

(CD3CN, 300 K): δ = 8.33 (m, 2 H, H
8
), 7.90 (m, 2 H, H

11
), 7.85 (s, 2 H, H

12
), 7.64 (m, 2 H, H

6
), 7.38 

(m, 2 H, H
5
), 6.96 (m, 2 H, H

7
), 6.79 (s, 2 H, H

2
), 3.55 (s, 6 H, CH3) ppm. 

13
C{

1
H} NMR (CD3CN, 

300 K): δ = 167.6 (s, C
9
) , 158.4 (s, C

4
), 157.6 (s, C

3
), 148.9 (s, C

8
), 143.0 (s, C

1
), 138.0 (s, C

6
), 135.7 

(s, C
12

), 132.7 (s, C
10

), 124.4 (s, C
11

), 118.6 (s, C
7
), 117.1 (s, C

5
), 102.8 (s, C

2
), 36.3 (s, CH3) ppm. 

1
H-

15
N HMBC (CD3CN, 300 K): δ = 287.9 (N

pyridine,outer
), 250.1 (N

pyridine,center
), 169.0 (N

phthalimide
), 98.7 

(NCH3) ppm. MS (FD): m/z 436.5 (100%) [M]
+
. HR-MS (ESI

+
): Calcd for C25H20N6NaO2

+
: m/z 

459.1545. Obsd: m/z 459.1559. IR (CsI):    3055 (w, CH), 2957 (s, CH), 2926 (s, CH), 2854 (s, CH), 

1768 (m, C=O), 1726 (vs, C=O), 1599 (s, C=N), 1472 (vs, CH3, C=N), 1421 (vs, CH3), 1364 (vs, C-N, 

CH3), 1333 (s, C-N), 1290 (s, C-N), 1240 (s, C-N), 1175 (m, C-N), 1144 (m, C-N), 1111 (s, C-N), 

1080 (m, C-N), 989 (m), 961 (w), 881 (m), 851 (w), 798 (m), 777 (s), 743 (m), 716 (s), 673 (w), 636 

(w), 619 (m), 555 (w), 532 (w), 409 (w), 361 (w) cm
–1

. Elemental analysis calcd (%) for C25H20N6O2: 

C 68.80, H 4.62, N 19.25; found: C 68.57, H 4.65, N 18.34. 

 

Synthesis of ddpd-phthalimide (10) from 2,6-dichloro-4-phthalimidopyridine (8). Under an argon 

atmosphere KOtBu (411.0 mg, 3.66 mmol, 2.6 equiv) was dissolved in absolute dioxane (50 ml). 

While adding methylaminopyridine (0.40 ml, 3.9 mmol, 2.8 equiv) the solution turned yellow. 

Pd2(dba)3 (66.8 mg, 0.073 mmol, 0.05 equiv) was added and a black suspension was obtained. Then a 

solution of P(
t
Bu)3 (1 M in toluene, 0.40 ml, 0.40 mmol, 0.30 equiv) was added and the reaction 

mixture turned into a green-brown solution. 2,6-Dichloro-4-phthalimidopyridine (8, 410.1 mg, 1.4 

mmol, 1.0 equiv) was added and dissolved completely. The green-brown solution was heated (80 °C 

for 48 h). An aliquot was taken from the reaction mixture and filtered. An FD mass spectrum of the 

solution did not show a signal for the product, only signals of the starting materials could be found. 

Therefore, the heating of the mixture was continued (90 °C for 48 h). The reaction mixture now was a 

brown solution containing a brown solid. The solvent was removed under reduced pressure. The 

remaining dark brown oil was dissolved in very few dichloromethane and purified by column 

chromatography (silica gel, petroleum ether 40 – 60/ethyl acetate 1:2). A yellow oil was obtained, 

which was dissolved in THF (2 ml) and ice cold petroleum ether 40 – 60 was added. The mixture was 

stored at –30 °C for 18 h. The clear solution was decanted and the solid was dried in a vacuo and 
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purified by column chromatography (silica gel, 1:3:0.05 petroleum ether 40-60/ethyl 

acetate/triethylamine). A light yellow solid was obtained. Yield: 19.2 mg (0.0669 mmol, 5%). 
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Figure S1. IR spectrum of 8 in CsI. 

 

 
 

Figure S2. IR spectrum of 9 in CsI. 

 

 
 

Figure S3. IR spectrum of 10 in CsI. 
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Figure S4. IR spectrum of 11 between KBr plates. 

 

 
 

Figure S5. 
1
H-NMR spectrum of 8 in d6-DMSO (top: full spectrum; inset: zoom). 

 

 
 

Figure S6. 
1
H-NMR spectrum of 9 in d6-DMSO (top: full spectrum; inset: zoom). 

 

 
 

 

 

 

 

 

 

 

 

 

 

223



8 

 

Figure S7. 
1
H-NMR spectrum of 10 in CD3CN (top: full spectrum; bottom: zoom). 

 

 

 
 

Figure S8. 
1
H-NMR spectrum of 11 in CD3CN (top: full spectrum; bottom: zoom). 
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Figure S9. 
13

C{1H} NMR spectrum of 8 in d6-DMSO. 

 

 
 

Figure S10. 
13

C{1H} NMR spectrum of 9 in d6-DMSO. 

 

 
 

Figure S11. 
13

C{1H} NMR spectrum of 10 in CD3CN. 
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Figure S12. 
13

C{1H} NMR spectrum of 11 in CD3CN. 

 

 
 

Figure S13. 
15

N-
1
H HMBC of 8 in d6DMSO. 
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Figure S14. 
15

N-
1
H HMBC of 9 in d6DMSO. 

 

 
 

Figure S15. 
15

N-
1
H HMBC of 10 in CD3CN. 
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Figure S16. 
15

N-
1
H HMBC of 11 in CD3CN. 

 

 
 

Figure S17. Ellipsoid view and atom numbering of 8 (50% probability, 296 K). 

 

 
 

Figure S18. Ellipsoid view and atom numbering of 9 (50% probability, 173 K). 
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Figure S19. 
1
H-NMR spectrum of [2](PF6)2 in CD3CN (top: full spectrum; bottom: zoom). 

 

 

 
 

 

Figure S20. 
1
H-NMR spectrum of [3](PF6)2 in CD3CN (top: full spectrum; bottom: zoom). 
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Figure S21. 
1
H-NMR spectrum of [4](PF6)2 in CD3CN (top: full spectrum; bottom: zoom). 

 

 

 
 

Figure S22. 
13

C{1H} NMR spectrum of [2](PF6)2 in CD3CN (top: full spectrum; bottom: zoom). 
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Figure S23. 
13

C{1H} NMR spectrum of [3](PF6)2 in CD3CN (top: full spectrum; bottom: zoom). 

 

 

 
 

 

Figure S24. 
13

C{1H} NMR spectrum of [4](PF6)2 in CD3CN (top: full spectrum; bottom: zoom). 
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Figure S25. 
15

N-
1
H HMBC of [2](PF6)2 in CD3CN. 

 
 

Figure S26. 
15

N-1H HMBC of [3](PF6)2 in CD3CN. 
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Figure S27. 
15

N-
1
H HMBC of [4](PF6)2 in CD3CN. 

 
 

Figure S28. IR spectrum of [2](PF6)2 in CsI. 

 

 
 

 

 

 

 

 

 

 

 

 

 

233



18 

 

Figure S29. IR spectrum of [3](PF6)2 in CsI. 

 

 
 

Figure S30. IR spectrum of [4](PF6)2 in CsI. 

 

 
 

Figure S31. Ellipsoid view of [2](PF6)2 (50% probability, 173 K). 
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Figure S32. Ellipsoid view of [3](PF6)2 (50% probability, 173 K). 

 

 
 

 

Figure S33. 
1
H NMR spectra of selected signals of [2](PF6)2 CD3CN without and with Δ–TRISPHAT. 
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Figure S34. Cyclic voltammograms (CV) and square wave voltammograms (SWV) of [1](PF6)2
[a]

. 

 

 
[a] in CH3CN; 0.1 M (nBu4)(PF6); in V versus Fc/Fc

+
. 

 

Figure S35. Cyclic voltammograms (CV) and square wave voltammograms (SWV) of [2](PF6)2
[a]

. 

 

 
[a] in CH3CN; 0.1 M (nBu4)(PF6); in V versus Fc/Fc

+
. 
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Figure S36. Cyclic voltammograms (CV) and square wave voltammograms (SWV) of [3](PF6)2
[a]

. 

 
[a] in CH3CN; 0.1 M (nBu4)(PF6); in V versus Fc/Fc

+
. 
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Figure S37. Spin density of one-electron oxidized species [1]
3+

 – [4]
3+

 and reference compounds [5]
3+

 

– [7]
3+

 in CH3CN (b3lyp/lanl2dz, iefpcm, contour value 0.01 a. u.). Hydrogen atoms are omitted for 

clarity. 

 

  
[1]3+ [2]3+

 

  
[3]3+

 [4]3+
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[7]3+
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Figure S38. Spin density of two-electron oxidized species [1]
4+

 – [4]
4+

 and reference compounds [5]
4+

 

– [7]
4+

in CH3CN (b3lyp/lanl2dz, iefpcm, contour value 0.01 a. u.). Hydrogen atoms are omitted for 

clarity. 
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Figure S39. Spin density of one-electron reduced species [1]
+
 – [4]

+
 and reference compounds [5]

+
 – 

[7]
+
 in CH3CN (b3lyp/lanl2dz, iefpcm, contour value 0.01 a. u.). Hydrogen atoms are omitted for 

clarity. 
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Figure S40. Two-electron reduced species [1]
0
 – [4]

0
 and reference compounds [5]

0
 – [7]

0
 CH3CN 

(b3lyp/lanl2dz, iefpcm). Left: HOMOs of singlet species (M = 1, contour value 0.06 a. u.). Right: 

Spin density of triplet species (M = 3, contour value 0.01 a. u.). In parentheses is shown the relative 

energy of singlet and triplet species. Hydrogen atoms are omitted for clarity. 

 

  
[1]0 (singlet, 0 kJ mol-1) [1]0 (triplet, 2.7 kJ mol-1) 

  
[2]0 (singlet, 0 kJ mol-1) [2]0 (triplet, 1.5 kJ mol-1) 

  
[3]0 (singlet, 8.4 kJ mol-1) [3]0 (triplet, 0 kJ mol-1) 

  
[4]0 (singlet, 9.4 kJ mol-1) [4]0 (triplet, 0 kJ mol-1) 
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[5]0 (singlet, 22.6 kJ mol-1) [5]0 (triplet, 0 kJ mol-1) 

  
[6]0 (singlet, 26.1 kJ mol-1) [6]0 (triplet, 0 kJ mol-1) 

  
[7]0 (singlet, 21.7 kJ mol-1) [7]0 (triplet, 0 kJ mol-1) 

 

 

Figure S41. X-band EPR spectrum of [2]
3+

 in 0.5 M trifluoroacetic acid in CH3CN at 77 K. Black: 

measurement; red: simulation. 
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Figure S42. X-band EPR spectrum of [2]
+
 in CH3CN at 77 K. Black: measurement; red: simulation. 

 

 
 

Figure S43. Transient absorption spectra of [1](PF6)2 in PrCN at room temperature (pulse exc = 425 

nm, 1900 nJ). 

 

 
 

Figure S44. Transient absorption spectra of [3](PF6)2 in PrCN at room temperature (pulse exc = 400 

nm, 2200 nJ). 
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Figure S45. Transient absorption spectra of [4](PF6)2 in PrCN at room temperature (pulse exc = 420 

nm, 3800 nJ). 

 

 
 

Figure S46. Transient absorption spectra of [6](PF6)2 in PrCN at room temperature (pulse exc = 425 

nm, 2050 nJ). 

 

 
 

 

Figure S47. UV/Vis spectra of reduced and oxidized [2](PF6)2 in different solvents. 
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Figure S48. IR spectrum (CsI) of [2
D
](PF6)2. 

 

 
 

Figure S49. IR spectrum (CsI) of [4
D
](PF6)2. 

 

 
 

Table S1. Crystal and structure refinement data for 8 and 9 from X-ray analysis. 

 

 8 9 

Empirical formula C13H6Cl2N2O2 C13H6Br2N2O2 

Formula weight 293.10 382.02 

Crystal color, habit colourless block colourless plate 

Crystal dimensions / mm 0.85 x 0.52 x 0.30 0.98 x 0.37 x 0.10 

Crystal system orthorhombic orthorhombic 

Space group Pbcn Pbcn 

a / Å 7.2514(5) 7.2704(14) 

b / Å 12.1612(8) 12.246(2) 

c / Å 13.5025(9) 14.167(3) 

α / ° 90 90 

β / ° 90 90 

γ / ° 90 90 

V / Å
3
 1190.73(14)  1261.3(4)  

Z 4 4 
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F(000) 592 736 

Density (calcd) / g cm
-3

 1.635 2.012 

Absorption coefficient µ / mm
-1

 0.542 (MULABS) 6.424 (MULABS) 

Theta range / ° 3.02 – 27.94 2.88 – 27.87 

Index ranges -9 ≤ h ≤ 9 -9 ≤ h ≤ 9 

 -15 ≤ k ≤ 15 -16 ≤ k ≤ 16 

 -17 ≤ l ≤ 17 -18 ≤ l ≤ 17 

Reflections collected 12886 11138 

Independent reflections 1424 (Rint = 0.0868) 1513 (Rint = 0.1152) 

Observed reflections 1424 1513 

Parameters 89 88 

Max. / min. transmission 0.8543 / 0.6558 0.5659 / 0.0616 

Goodness-of-fit on F
2
 1.080 1.048 

Largest difference peak and hole / e Å
-3

 0.385 / -0.360 1.258 / -1.038 

R1 (I>2σ(I)) 0.0302 0.0478 

R1 (all data) 0.0331 0.0684 

wR2 (I>2σ(I)) 0.0732 0.1316 

wR2 (all data) 0.0752 0.1494 

 

Table S2. Bond lengths / Å and angles / ° of 8 from X-ray crystal analysis. 

 

            Cl(1)-C(1)                    1.7376(11)  

            O(1)-C(4)                     1.2038(14)  

            N(2)-C(3)                     1.4163(19)  

            N(2)-C(4)#1                   1.4232(13)  

            N(2)-C(4)                     1.4232(13)  

            C(5)-C(5)#1                   1.386(2)  

            C(5)-C(6)                     1.3877(16)  

            C(5)-C(4)                     1.4830(15)  

            C(1)-N(1)                     1.3305(13)  

            C(1)-C(2)                     1.3841(15)  

            C(2)-C(3)                     1.3929(13)  

            C(2)-H(2)                     0.9300  

            C(3)-C(2)#1                   1.3929(13)  

            C(6)-C(7)                     1.3928(17)  

            C(6)-H(6)                     0.9300  

            C(7)-C(7)#1                   1.395(3)  

            C(7)-H(7)                     0.9300  

            N(1)-C(1)#1                   1.3305(13)  

   

            C(3)-N(2)-C(4)#1            124.24(6)  

            C(3)-N(2)-C(4)              124.24(6)  

            C(4)#1-N(2)-C(4)            111.52(13)  

            C(5)#1-C(5)-C(6)            121.65(7)  

            C(5)#1-C(5)-C(4)            109.03(6)  

            C(6)-C(5)-C(4)              129.32(11)  

            N(1)-C(1)-C(2)              125.61(10)  

            N(1)-C(1)-Cl(1)             114.77(8)  

            C(2)-C(1)-Cl(1)             119.62(8)  

            C(1)-C(2)-C(3)              116.43(10)  

            C(1)-C(2)-H(2)              121.8  

            C(3)-C(2)-H(2)              121.8  

            O(1)-C(4)-N(2)              125.28(11)  

            O(1)-C(4)-C(5)              129.50(10)  

            N(2)-C(4)-C(5)              105.21(9)  

            C(2)#1-C(3)-C(2)            120.31(14)  
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            C(2)#1-C(3)-N(2)            119.84(7)  

            C(2)-C(3)-N(2)              119.84(7)  

            C(5)-C(6)-C(7)              117.02(12)  

            C(5)-C(6)-H(6)              121.5  

            C(7)-C(6)-H(6)              121.5  

            C(6)-C(7)-C(7)#1            121.32(7)  

            C(6)-C(7)-H(7)              119.3  

            C(7)#1-C(7)-H(7)            119.3  

            C(1)#1-N(1)-C(1)            115.59(13) 

 

Table S3. Bond lengths / Å and angles / ° of 9 from X-ray crystal analysis. 

 

            Br(1)-C(1)                    1.899(5)  

            O(1)-C(4)                     1.210(7)  

            N(1)-C(1)                     1.329(6)  

            N(1)-C(1)#1                   1.329(6)  

            N(2)-C(4)                     1.419(6)  

            N(2)-C(4)#1                   1.419(6)  

            N(2)-C(3)                     1.423(9)  

            C(1)-C(2)                     1.395(7)  

            C(2)-C(3)                     1.389(6)  

            C(2)-H(2)                     0.9500  

            C(3)-C(2)#1                   1.389(6)  

            C(4)-C(5)                     1.488(7)  

            C(5)-C(5)#1                   1.374(11)  

            C(5)-C(6)                     1.397(7)  

            C(6)-C(7)                     1.403(8)  

            C(6)-H(6)                     0.9500  

            C(7)-C(7)#1                   1.372(13)  

            C(7)-H(7)                     0.9500  

   

            C(1)-N(1)-C(1)#1            116.6(6)  

            C(4)-N(2)-C(4)#1            111.4(6)  

            C(4)-N(2)-C(3)              124.3(3)  

            C(4)#1-N(2)-C(3)            124.3(3)  

            N(1)-C(1)-C(2)              124.9(5)  

            N(1)-C(1)-Br(1)             115.6(4)  

            C(2)-C(1)-Br(1)             119.5(4)  

            C(3)-C(2)-C(1)              116.2(5)  

            C(3)-C(2)-H(2)              121.9  

            C(1)-C(2)-H(2)              121.9  

            C(2)#1-C(3)-C(2)            121.1(6)  

            C(2)#1-C(3)-N(2)            119.5(3)  

            C(2)-C(3)-N(2)              119.5(3)  

            O(1)-C(4)-N(2)              125.5(5)  

            O(1)-C(4)-C(5)              129.2(5)  

            N(2)-C(4)-C(5)              105.2(5)  

            C(5)#1-C(5)-C(6)            122.3(3)  

            C(5)#1-C(5)-C(4)            109.0(3)  

            C(6)-C(5)-C(4)              128.6(5)  

            C(5)-C(6)-C(7)              115.4(6)  

            C(5)-C(6)-H(6)              122.3  

            C(7)-C(6)-H(6)              122.3  

            C(7)#1-C(7)-C(6)            122.2(4)  

            C(7)#1-C(7)-H(7)            118.9  

            C(6)-C(7)-H(7)              118.9 
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Table S4. 
1
H NMR data of [1](PF6)2 – [4](PF6)2 in CD3CN, 400 MHz. 

 [1](PF6)2 [2](PF6)2 [3](PF6)2 [4](PF6)2 

H
2
 8.97 (s, 2 H) 8.95 (s, 2 H) 9.17 (s, 2 H) 9.15 (s, 2 H) 

H
5
 8.56 (s, 2 H) 8.54 (s, 2 H) 8.99 (m, 2 H) 8.96 (m, 2 H) 

H
6
 8.02 (m, 2 H) 8.00 (m, 2 H) - - 

H
7
 7.47 (m, 2 H) 7.48 (m, 2 H) 7.91 (m, 2 H) 7.91 (m, 2 H) 

H
8
 8.11 (m, 2 H) 8.15 (m, 2 H) 8.28 (m, 2 H) 8.31 (m, 2 H) 

H
9
 6.42 (m, 2 H) 6.38 (m, 2 H) 6.36 (m, 2 H) 6.30 (m, 2 H) 

H
10 

6.57 (m, 2 H) 6.54 (m, 2 H) 6.56 (m, 2 H) 6.52 (m, 2 H) 

H
11

 7.61 (m, 2 H) 7.58 (m, 2 H) 7.62 (m, 2 H) 7.59 (m, 2 H) 

H
12

 7.17 (m, 2 H) 7.12 (m, 2 H) 7.19 (m, 2 H) 7.13 (m, 2 H) 

H
15

 7.56 (d, 
3
JHH = 8.2 

Hz, 2 H) 

6.80 (s, 2 H) 7.60 (d, 
3
JHH = 8.2 

Hz, 2 H) 

6.82 (s, 2 H) 

H
16

 8.27 (t, 
3
JHH = 8.2 

Hz, 1 H) 

- 8.30 (t, 
3
JHH = 8.2 

Hz, 1 H) 

- 

NH2 - 5.72 (br, s, 2 H) - 5.77 (br, s, 2 H) 

NCH3 3.46 (s, 6 H) 3.36 (s, 6 H) 3.48 (s, 6 H) 3.36 (s, 6 H) 

CH2CH3
center

 1.52 (t, 
3
JHH = 7.1 

Hz, 3 H) 

1.51 (t, 
3
JHH = 7.1 

Hz, 3 H) 

- 1.54 (t, 
3
JHH = 7.1 

Hz, 3 H) 

CH2CH3
outer

 - - - 1.41 (q,
 3
JHH = 7.1 

Hz, 6 H) 

CH2CH3
center

 4.58 (q, 
3
JHH = 7.1 

Hz, 2 H) 

4.57 (q, 
3
JHH = 7.1 

Hz, 2 H) 

- 4.60 (q,
 3
JHH = 7.1 

Hz, 2 H) 

CH2CH3
outer

 - - - 4.45 (q, 
3
JHH = 7.1 

Hz, 4 H) 

OCH3
center

 - - 4.13 (s, 3 H) - 

OCH3
outer

 - - 3.99 (s, 6 H) - 

 

Table S5. 
13

C{
1
H} NMR data of [1](PF6)2 – [4](PF6)2 in CD3CN, 101 MHz. 

 [1](PF6)2 [2](PF6)2 [3](PF6)2 [4](PF6)2 

C
1
 136.3 135.1 136.4 135.8 

C
2
 123.8 123.6 124.8 124.6 

C
3
 159.7 159.1 159.3 159.6 

C
4
 158.7 158.8 159.7 159.8 

C
5
 125.7 125.4 124.7 124.4 

C
6
 139.2 138.8 140.0 140.0 

C
7 

128.0 127.8 126.8 126.7 

C
8
 155.1 155.0 155.8 155.7 

C
9
 149.4 149.3 149.2 149.2 

C
10

 121.5 121.1 121.6 121.2 

C
11

 140.2 140.0 140.4 140.3 

C
12

 116.3 116.2 116.6 116.5 

C
13

 159.8 160.2 159.5 160.0 

C
14

 157.2 156.8 157.1 156.7 

C
15

 113.6 98.7 113.7 98.8 

C
16

 141.8 160.0 142.1 159.3 

CO
center

 164.9 165.0 165.2 164.8 

CO
outer

 - - 164.8 164.4 

NCH3 41.8 41.4 41.7 41.3 

CH2CH3
center

 14.6 14.5 - 14.6 

CH2CH3
outer

 - - - 14.4 

CH2CH3
center

 63.7 63.5 - 63.6 

CH2CH3
outer

 - - - 63.5 

OCH3
center

 - - 54.1 - 

OCH3
outer

 - - 53.9 - 
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Table S6. 
15

N NMR data of [1](PF6)2 – [4](PF6)2, 10 and 11 in CD3CN, 41 MHz. 

 [1](PF6)2 [2](PF6)2 [3](PF6)2 [4](PF6)2 10 11 EtOOC-tpy 

(in d6-DMSO) 

N
a
 211.6 212.7 209.2 209.9 287.9 285.4 - 

N
b
 92.1 90.1 92.0 89.5 98.7 97.1 - 

N
c
 218.0 183.1 216.2 181.7 250.1 256.1 - 

N
d
 238.0 238.6 249.1 249.7 - - 301.5 

N
e
 294.4 297.2 294.4 296.6 - - 306.6 

NH2 - 72.1 - 72.7 - - - 

phthalimide - - - - 169.0 - - 

 

Table S7. Crystal and structure refinement data for [2](PF6)2 and [3](PF6)2 from X-ray analysis. 

 

 [2](PF6)2 [3](PF6)2 

Empirical formula C37H36F12N10O2P2Ru C44H47F12N9O7P2Ru 

Formula weight 1043.77 1204.92 

Crystal color, habit brown block black block 

Crystal dimensions / mm 0.43 x 0.20 x 0.17 0.25 x 0.11 x 0.11 

Crystal system triclinic triclinic 

Space group P1̄  P1̄  

a / Å 12.0041(5) 12.0767(3) 

b / Å 13.4065(5) 15.4254(4) 

c / Å 14.8818(6) 15.7197(4) 

α / ° 68.1070(10) 64.4150(10) 

β / ° 72.3710(10) 86.9760(10) 

γ / ° 73.7940(10) 69.4790(10) 

V / Å
3
 2080.16(14)  2456.73(11)  

Z 2 2 

F(000) 1052 1224 

Density (calcd) / g cm
-3

 1.666 1.629 

Absorption coefficient µ / mm
-1

 0.556 (MULABS) 0.490 (MULABS) 

Theta range / ° 1.51 – 27.97 2.45 – 27.98 

Index ranges -15 ≤ h ≤ 15 -15 ≤ h ≤ 15 

 -17 ≤ k ≤ 17 -20 ≤ k ≤ 17 

 -19 ≤ l ≤ 19 -20 ≤ l ≤ 20 

Reflections collected 43817 45957 

Independent reflections 9967 (Rint = 0.0373) 11811 (Rint = 0.0376) 

Observed reflections 9967 11811 

Parameters 585 841 

Max. / min. transmission 0.910 / 0.875 0.9481 / 0.8873 

Goodness-of-fit on F
2
 1.019 0.944 

Largest difference peak and hole / e Å
-3

 0.837 / -0.398 0.453 / -0.331 

R1 (I>2σ(I)) 0.0316 0.0300 

R1 (all data) 0.0414 0.0432 

wR2 (I>2σ(I)) 0.0816 0.0704 

wR2 (all data) 0.0855 0.0745 

 

Table S8. Bond lengths / Å and angles / ° of [2](PF6)2 from X-ray crystal analysis. 

 

            Ru(1)-N(2)                    1.9465(16)  

            Ru(1)-N(4)                    2.0750(16)  

            Ru(1)-N(6)                    2.0766(16)  

            Ru(1)-N(1)                    2.0804(17)  

            Ru(1)-N(5)                    2.0806(16)  

            Ru(1)-N(3)                    2.0869(16)  
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            N(1)-C(101)                   1.348(3)  

            N(1)-C(105)                   1.370(3)  

            N(2)-C(106)                   1.366(3)  

            N(2)-C(110)                   1.368(2)  

            N(3)-C(115)                   1.343(3)  

            N(3)-C(111)                   1.375(2)  

            N(4)-C(201)                   1.354(3)  

            N(4)-C(205)                   1.358(2)  

            N(5)-C(207)                   1.362(2)  

            N(5)-C(211)                   1.362(3)  

            N(6)-C(213)                   1.350(3)  

            N(6)-C(217)                   1.361(3)  

            N(7)-C(205)                   1.403(3)  

            N(7)-C(207)                   1.422(3)  

            N(7)-C(206)                   1.479(2)  

            N(8)-C(213)                   1.409(3)  

            N(8)-C(211)                   1.416(2)  

            N(8)-C(212)                   1.473(3)  

            N(9)-C(209)                   1.364(3)  

            N(9)-H(9A)                    0.8800  

            N(9)-H(9B)                    0.8800  

            O(1)-C(116)                   1.210(3)  

            O(2)-C(116)                   1.323(3)  

            O(2)-C(117)                   1.459(3)  

            C(101)-C(102)                 1.390(3)  

            C(101)-H(101)                 0.9500  

            C(102)-C(103)                 1.378(4)  

            C(102)-H(102)                 0.9500  

            C(103)-C(104)                 1.388(3)  

            C(103)-H(103)                 0.9500  

            C(104)-C(105)                 1.384(3)  

            C(104)-H(104)                 0.9500  

            C(105)-C(106)                 1.481(3)  

            C(106)-C(107)                 1.384(3)  

            C(107)-C(108)                 1.394(3)  

            C(107)-H(107)                 0.9500  

            C(108)-C(109)                 1.399(3)  

            C(108)-C(116)                 1.493(3)  

            C(109)-C(110)                 1.380(3)  

            C(109)-H(109)                 0.9500  

            C(110)-C(111)                 1.480(3)  

            C(111)-C(112)                 1.388(3)  

            C(112)-C(113)                 1.378(3)  

            C(112)-H(112)                 0.9500  

            C(113)-C(114)                 1.382(3)  

            C(113)-H(113)                 0.9500  

            C(114)-C(115)                 1.388(3)  

            C(114)-H(114)                 0.9500  

            C(115)-H(115)                 0.9500  

            C(117)-C(118)                 1.493(3)  

            C(117)-H(11A)                 0.9900  

            C(117)-H(11B)                 0.9900  

            C(118)-H(11C)                 0.9800  

            C(118)-H(11D)                 0.9800  

            C(118)-H(11E)                 0.9800  

            C(201)-C(202)                 1.372(3)  
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            C(201)-H(201)                 0.9500  

            C(202)-C(203)                 1.387(3)  

            C(202)-H(202)                 0.9500  

            C(203)-C(204)                 1.376(3)  

            C(203)-H(203)                 0.9500  

            C(204)-C(205)                 1.397(3)  

            C(204)-H(204)                 0.9500  

            C(206)-H(20A)                 0.9800  

            C(206)-H(20B)                 0.9800  

            C(206)-H(20C)                 0.9800  

            C(207)-C(208)                 1.372(3)  

            C(208)-C(209)                 1.393(3)  

            C(208)-H(208)                 0.9500  

            C(209)-C(210)                 1.405(3)  

            C(210)-C(211)                 1.376(3)  

            C(210)-H(210)                 0.9500  

            C(212)-H(21A)                 0.9800  

            C(212)-H(21B)                 0.9800  

            C(212)-H(21C)                 0.9800  

            C(213)-C(214)                 1.404(3)  

            C(214)-C(215)                 1.378(3)  

            C(214)-H(214)                 0.9500  

            C(215)-C(216)                 1.383(4)  

            C(215)-H(215)                 0.9500  

            C(216)-C(217)                 1.371(3)  

            C(216)-H(216)                 0.9500  

            C(217)-H(217)                 0.9500  

            P(1)-F(6)                     1.571(2)  

            P(1)-F(4)                     1.5809(19)  

            P(1)-F(5)                     1.5899(19)  

            P(1)-F(2)                     1.5952(17)  

            P(1)-F(3)                     1.5961(18)  

            P(1)-F(1)                     1.6037(16)  

            P(2)-F(10)                    1.5770(18)  

            P(2)-F(12)                    1.5845(18)  

            P(2)-F(9)                     1.5905(17)  

            P(2)-F(7)                     1.5956(17)  

            P(2)-F(11)                    1.5980(16)  

            P(2)-F(8)                     1.6127(17)  

            N(10)-C(300)                  1.146(5)  

            C(300)-C(301)                 1.418(5)  

            C(301)-H(30A)                 0.9800  

            C(301)-H(30B)                 0.9800  

            C(301)-H(30C)                 0.9800  

   

            N(2)-Ru(1)-N(4)              92.88(7)  

            N(2)-Ru(1)-N(6)              92.02(6)  

            N(4)-Ru(1)-N(6)             174.83(6)  

            N(2)-Ru(1)-N(1)              79.80(7)  

            N(4)-Ru(1)-N(1)              91.53(6)  

            N(6)-Ru(1)-N(1)              90.94(7)  

            N(2)-Ru(1)-N(5)             178.19(7)  

            N(4)-Ru(1)-N(5)              87.33(6)  

            N(6)-Ru(1)-N(5)              87.83(6)  

            N(1)-Ru(1)-N(5)              98.39(6)  

            N(2)-Ru(1)-N(3)              79.74(7)  
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            N(4)-Ru(1)-N(3)              90.38(6)  

            N(6)-Ru(1)-N(3)              88.88(6)  

            N(1)-Ru(1)-N(3)             159.53(7)  

            N(5)-Ru(1)-N(3)             102.05(6)  

            C(101)-N(1)-C(105)          117.89(18)  

            C(101)-N(1)-Ru(1)           128.94(15)  

            C(105)-N(1)-Ru(1)           113.13(13)  

            C(106)-N(2)-C(110)          121.29(17)  

            C(106)-N(2)-Ru(1)           119.25(13)  

            C(110)-N(2)-Ru(1)           119.39(14)  

            C(115)-N(3)-C(111)          117.73(17)  

            C(115)-N(3)-Ru(1)           129.36(14)  

            C(111)-N(3)-Ru(1)           112.90(13)  

            C(201)-N(4)-C(205)          117.78(17)  

            C(201)-N(4)-Ru(1)           121.55(13)  

            C(205)-N(4)-Ru(1)           120.62(14)  

            C(207)-N(5)-C(211)          116.83(17)  

            C(207)-N(5)-Ru(1)           121.21(14)  

            C(211)-N(5)-Ru(1)           121.82(12)  

            C(213)-N(6)-C(217)          118.09(17)  

            C(213)-N(6)-Ru(1)           121.02(13)  

            C(217)-N(6)-Ru(1)           120.63(14)  

            C(205)-N(7)-C(207)          122.30(17)  

            C(205)-N(7)-C(206)          116.09(17)  

            C(207)-N(7)-C(206)          115.46(17)  

            C(213)-N(8)-C(211)          122.15(17)  

            C(213)-N(8)-C(212)          116.24(17)  

            C(211)-N(8)-C(212)          115.65(16)  

            C(209)-N(9)-H(9A)           120.0  

            C(209)-N(9)-H(9B)           120.0  

            H(9A)-N(9)-H(9B)            120.0  

            C(116)-O(2)-C(117)          115.90(17)  

            N(1)-C(101)-C(102)          122.6(2)  

            N(1)-C(101)-H(101)          118.7  

            C(102)-C(101)-H(101)        118.7  

            C(103)-C(102)-C(101)        119.1(2)  

            C(103)-C(102)-H(102)        120.5  

            C(101)-C(102)-H(102)        120.5  

            C(102)-C(103)-C(104)        119.2(2)  

            C(102)-C(103)-H(103)        120.4  

            C(104)-C(103)-H(103)        120.4  

            C(105)-C(104)-C(103)        119.4(2)  

            C(105)-C(104)-H(104)        120.3  

            C(103)-C(104)-H(104)        120.3  

            N(1)-C(105)-C(104)          121.74(19)  

            N(1)-C(105)-C(106)          114.95(18)  

            C(104)-C(105)-C(106)        123.21(19)  

            N(2)-C(106)-C(107)          120.03(18)  

            N(2)-C(106)-C(105)          112.62(17)  

            C(107)-C(106)-C(105)        127.10(19)  

            C(106)-C(107)-C(108)        119.2(2)  

            C(106)-C(107)-H(107)        120.4  

            C(108)-C(107)-H(107)        120.4  

            C(107)-C(108)-C(109)        120.24(19)  

            C(107)-C(108)-C(116)        121.9(2)  

            C(109)-C(108)-C(116)        117.79(19)  
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            C(110)-C(109)-C(108)        118.98(19)  

            C(110)-C(109)-H(109)        120.5  

            C(108)-C(109)-H(109)        120.5  

            N(2)-C(110)-C(109)          120.24(19)  

            N(2)-C(110)-C(111)          112.53(17)  

            C(109)-C(110)-C(111)        127.21(18)  

            N(3)-C(111)-C(112)          121.51(19)  

            N(3)-C(111)-C(110)          115.11(17)  

            C(112)-C(111)-C(110)        123.31(19)  

            C(113)-C(112)-C(111)        119.8(2)  

            C(113)-C(112)-H(112)        120.1  

            C(111)-C(112)-H(112)        120.1  

            C(112)-C(113)-C(114)        118.8(2)  

            C(112)-C(113)-H(113)        120.6  

            C(114)-C(113)-H(113)        120.6  

            C(113)-C(114)-C(115)        119.3(2)  

            C(113)-C(114)-H(114)        120.4  

            C(115)-C(114)-H(114)        120.4  

            N(3)-C(115)-C(114)          122.8(2)  

            N(3)-C(115)-H(115)          118.6  

            C(114)-C(115)-H(115)        118.6  

            O(1)-C(116)-O(2)            124.9(2)  

            O(1)-C(116)-C(108)          122.8(2)  

            O(2)-C(116)-C(108)          112.30(19)  

            O(2)-C(117)-C(118)          107.26(19)  

            O(2)-C(117)-H(11A)          110.3  

            C(118)-C(117)-H(11A)        110.3  

            O(2)-C(117)-H(11B)          110.3  

            C(118)-C(117)-H(11B)        110.3  

            H(11A)-C(117)-H(11B)        108.5  

            C(117)-C(118)-H(11C)        109.5  

            C(117)-C(118)-H(11D)        109.5  

            H(11C)-C(118)-H(11D)        109.5  

            C(117)-C(118)-H(11E)        109.5  

            H(11C)-C(118)-H(11E)        109.5  

            H(11D)-C(118)-H(11E)        109.5  

            N(4)-C(201)-C(202)          124.00(19)  

            N(4)-C(201)-H(201)          118.0  

            C(202)-C(201)-H(201)        118.0  

            C(201)-C(202)-C(203)        117.9(2)  

            C(201)-C(202)-H(202)        121.1  

            C(203)-C(202)-H(202)        121.1  

            C(204)-C(203)-C(202)        119.5(2)  

            C(204)-C(203)-H(203)        120.2  

            C(202)-C(203)-H(203)        120.2  

            C(203)-C(204)-C(205)        119.9(2)  

            C(203)-C(204)-H(204)        120.1  

            C(205)-C(204)-H(204)        120.1  

            N(4)-C(205)-C(204)          120.9(2)  

            N(4)-C(205)-N(7)            118.37(17)  

            C(204)-C(205)-N(7)          120.72(18)  

            N(7)-C(206)-H(20A)          109.5  

            N(7)-C(206)-H(20B)          109.5  

            H(20A)-C(206)-H(20B)        109.5  

            N(7)-C(206)-H(20C)          109.5  

            H(20A)-C(206)-H(20C)        109.5  
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            H(20B)-C(206)-H(20C)        109.5  

            N(5)-C(207)-C(208)          123.4(2)  

            N(5)-C(207)-N(7)            117.05(17)  

            C(208)-C(207)-N(7)          119.52(17)  

            C(207)-C(208)-C(209)        119.52(19)  

            C(207)-C(208)-H(208)        120.2  

            C(209)-C(208)-H(208)        120.2  

            N(9)-C(209)-C(208)          121.0(2)  

            N(9)-C(209)-C(210)          121.3(2)  

            C(208)-C(209)-C(210)        117.75(19)  

            C(211)-C(210)-C(209)        119.6(2)  

            C(211)-C(210)-H(210)        120.2  

            C(209)-C(210)-H(210)        120.2  

            N(5)-C(211)-C(210)          122.87(18)  

            N(5)-C(211)-N(8)            117.20(17)  

            C(210)-C(211)-N(8)          119.93(19)  

            N(8)-C(212)-H(21A)          109.5  

            N(8)-C(212)-H(21B)          109.5  

            H(21A)-C(212)-H(21B)        109.5  

            N(8)-C(212)-H(21C)          109.5  

            H(21A)-C(212)-H(21C)        109.5  

            H(21B)-C(212)-H(21C)        109.5  

            N(6)-C(213)-C(214)          120.85(19)  

            N(6)-C(213)-N(8)            118.79(17)  

            C(214)-C(213)-N(8)          120.3(2)  

            C(215)-C(214)-C(213)        119.6(2)  

            C(215)-C(214)-H(214)        120.2  

            C(213)-C(214)-H(214)        120.2  

            C(214)-C(215)-C(216)        119.5(2)  

            C(214)-C(215)-H(215)        120.2  

            C(216)-C(215)-H(215)        120.2  

            C(217)-C(216)-C(215)        118.3(2)  

            C(217)-C(216)-H(216)        120.9  

            C(215)-C(216)-H(216)        120.9  

            N(6)-C(217)-C(216)          123.5(2)  

            N(6)-C(217)-H(217)          118.3  

            C(216)-C(217)-H(217)        118.3  

            F(6)-P(1)-F(4)               92.00(13)  

            F(6)-P(1)-F(5)               92.28(13)  

            F(4)-P(1)-F(5)               91.68(11)  

            F(6)-P(1)-F(2)               90.12(13)  

            F(4)-P(1)-F(2)              177.40(11)  

            F(5)-P(1)-F(2)               89.74(11)  

            F(6)-P(1)-F(3)              177.87(13)  

            F(4)-P(1)-F(3)               89.25(11)  

            F(5)-P(1)-F(3)               89.41(12)  

            F(2)-P(1)-F(3)               88.59(10)  

            F(6)-P(1)-F(1)               89.80(11)  

            F(4)-P(1)-F(1)               88.94(10)  

            F(5)-P(1)-F(1)              177.81(12)  

            F(2)-P(1)-F(1)               89.55(9)  

            F(3)-P(1)-F(1)               88.50(9)  

            F(10)-P(2)-F(12)             92.45(12)  

            F(10)-P(2)-F(9)              91.37(10)  

            F(12)-P(2)-F(9)              90.93(11)  

            F(10)-P(2)-F(7)              90.30(11)  
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            F(12)-P(2)-F(7)             177.23(12)  

            F(9)-P(2)-F(7)               89.39(10)  

            F(10)-P(2)-F(11)             89.93(10)  

            F(12)-P(2)-F(11)             89.58(11)  

            F(9)-P(2)-F(11)             178.58(10)  

            F(7)-P(2)-F(11)              90.04(10)  

            F(10)-P(2)-F(8)             179.28(12)  

            F(12)-P(2)-F(8)              88.25(11)  

            F(9)-P(2)-F(8)               88.80(10)  

            F(7)-P(2)-F(8)               89.01(10)  

            F(11)-P(2)-F(8)              89.89(10)  

            N(10)-C(300)-C(301)         176.3(4)  

            C(300)-C(301)-H(30A)        109.5  

            C(300)-C(301)-H(30B)        109.5  

            H(30A)-C(301)-H(30B)        109.5  

            C(300)-C(301)-H(30C)        109.5  

            H(30A)-C(301)-H(30C)        109.5  

            H(30B)-C(301)-H(30C)        109.5 

 

Table S9. Bond lengths / Å and angles / ° of [3](PF6)2 from X-ray crystal analysis. 

 

            Ru(1)-N(2)                    1.9481(14)  

            Ru(1)-N(1)                    2.0777(15)  

            Ru(1)-N(8)                    2.0784(15)  

            Ru(1)-N(4)                    2.0800(15)  

            Ru(1)-N(6)                    2.0858(15)  

            Ru(1)-N(3)                    2.0921(15)  

            O(1)-C(4)                     1.199(2)  

            O(2)-C(4)                     1.328(2)  

            O(2)-C(5)                     1.457(2)  

            N(1)-C(1)                     1.349(2)  

            N(1)-C(7)                     1.371(2)  

            N(2)-C(14)                    1.359(2)  

            N(2)-C(8)                     1.364(2)  

            N(3)-C(21)                    1.344(2)  

            N(3)-C(15)                    1.381(2)  

            N(4)-C(22)                    1.352(2)  

            N(4)-C(26)                    1.353(2)  

            N(5)-C(26)                    1.409(2)  

            N(5)-C(28)                    1.415(3)  

            N(5)-C(27)                    1.471(3)  

            N(6)-C(32)                    1.354(2)  

            N(6)-C(28)                    1.358(2)  

            N(7)-C(34)                    1.412(2)  

            N(7)-C(32)                    1.412(3)  

            N(7)-C(33)                    1.472(3)  

            N(8)-C(34)                    1.345(2)  

            N(8)-C(38)                    1.360(2)  

            C(1)-C(2)                     1.383(3)  

            C(1)-H(1A)                    0.9500  

            C(2)-C(3)                     1.388(3)  

            C(2)-H(2A)                    0.9500  

            C(3)-C(6)                     1.388(3)  

            C(3)-C(4)                     1.502(3)  

            C(5)-H(5A)                    0.9800  

            C(5)-H(5B)                    0.9800  

255



40 

 

            C(5)-H(5C)                    0.9800  

            C(6)-C(7)                     1.387(3)  

            C(6)-H(6A)                    0.9500  

            C(7)-C(8)                     1.471(3)  

            C(8)-C(9)                     1.371(3)  

            C(9)-C(10)                    1.393(3)  

            C(9)-H(9A)                    0.9500  

            C(10)-C(13)                   1.389(3)  

            C(10)-C(11)                   1.499(2)  

            C(11)-O(3)                    1.195(2)  

            C(11)-O(4)                    1.331(2)  

            O(4)-C(12)                    1.448(2)  

            C(12)-H(12A)                  0.9800  

            C(12)-H(12B)                  0.9800  

            C(12)-H(12C)                  0.9800  

            C(13)-C(14)                   1.385(2)  

            C(13)-H(13A)                  0.9500  

            C(14)-C(15)                   1.474(3)  

            C(15)-C(16)                   1.380(3)  

            C(16)-C(17)                   1.383(3)  

            C(16)-H(16A)                  0.9500  

            C(17)-C(20)                   1.382(3)  

            C(17)-C(18)                   1.508(4)  

            C(17)-C(18A)                  1.518(9)  

            C(18)-O(5)                    1.196(2)  

            C(18)-O(6)                    1.332(2)  

            O(6)-C(19)                    1.449(2)  

            C(19)-H(19A)                  0.9800  

            C(19)-H(19B)                  0.9800  

            C(19)-H(19C)                  0.9800  

            C(18A)-O(5A)                  1.196(2)  

            C(18A)-O(6A)                  1.332(2)  

            O(6A)-C(19A)                  1.448(2)  

            C(19A)-H(19D)                 0.9800  

            C(19A)-H(19E)                 0.9800  

            C(19A)-H(19F)                 0.9800  

            C(20)-C(21)                   1.391(3)  

            C(20)-H(20A)                  0.9500  

            C(21)-H(21A)                  0.9500  

            C(22)-C(23)                   1.373(3)  

            C(22)-H(22A)                  0.9500  

            C(23)-C(24)                   1.382(3)  

            C(23)-H(23A)                  0.9500  

            C(24)-C(25)                   1.373(3)  

            C(24)-H(24A)                  0.9500  

            C(25)-C(26)                   1.393(3)  

            C(25)-H(25A)                  0.9500  

            C(27)-H(27A)                  0.9800  

            C(27)-H(27B)                  0.9800  

            C(27)-H(27C)                  0.9800  

            C(28)-C(29)                   1.387(3)  

            C(29)-C(30)                   1.368(3)  

            C(29)-H(29A)                  0.9500  

            C(30)-C(31)                   1.375(3)  

            C(30)-H(30A)                  0.9500  

            C(31)-C(32)                   1.391(3)  
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            C(31)-H(31A)                  0.9500  

            C(33)-H(33A)                  0.9800  

            C(33)-H(33B)                  0.9800  

            C(33)-H(33C)                  0.9800  

            C(34)-C(35)                   1.402(3)  

            C(35)-C(36)                   1.370(3)  

            C(35)-H(35A)                  0.9500  

            C(36)-C(37)                   1.378(3)  

            C(36)-H(36A)                  0.9500  

            C(37)-C(38)                   1.370(3)  

            C(37)-H(37A)                  0.9500  

            C(38)-H(38A)                  0.9500  

            P(1)-F(4)                     1.574(2)  

            P(1)-F(3)                     1.586(2)  

            P(1)-F(1)                     1.5881(19)  

            P(1)-F(6)                     1.5973(19)  

            P(1)-F(2)                     1.598(2)  

            P(1)-F(5)                     1.604(2)  

            P(1A)-F(4A)                   1.574(2)  

            P(1A)-F(3A)                   1.586(2)  

            P(1A)-F(1A)                   1.588(2)  

            P(1A)-F(6A)                   1.597(2)  

            P(1A)-F(2A)                   1.598(2)  

            P(1A)-F(5A)                   1.604(2)  

            P(2)-F(9)                     1.513(5)  

            P(2)-F(8)                     1.536(4)  

            P(2)-F(12)                    1.566(6)  

            P(2)-F(11)                    1.595(4)  

            P(2)-F(10)                    1.609(4)  

            P(2)-F(7)                     1.619(7)  

            P(2A)-F(10A)                  1.402(12)  

            P(2A)-F(7A)                   1.38(2)  

            P(2A)-F(9A)                   1.538(12)  

            P(2A)-F(11A)                  1.590(12)  

            P(2A)-F(12A)                  1.635(14)  

            P(2A)-F(8A)                   1.668(12)  

            O(10)-C(41)                   1.417(3)  

            O(10)-C(40)                   1.422(3)  

            C(39)-C(40)                   1.495(4)  

            C(39)-H(39A)                  0.9800  

            C(39)-H(39B)                  0.9800  

            C(39)-H(39C)                  0.9800  

            C(40)-H(40A)                  0.9900  

            C(40)-H(40B)                  0.9900  

            C(41)-C(42)                   1.504(4)  

            C(41)-H(41A)                  0.9900  

            C(41)-H(41B)                  0.9900  

            C(42)-H(42A)                  0.9800  

            C(42)-H(42B)                  0.9800  

            C(42)-H(42C)                  0.9800  

            N(9)-C(44)                    1.125(4)  

            C(43)-C(44)                   1.438(4)  

            C(43)-H(43A)                  0.9800  

            C(43)-H(43B)                  0.9800  

            C(43)-H(43C)                  0.9800  
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            N(2)-Ru(1)-N(1)              79.84(6)  

            N(2)-Ru(1)-N(8)              93.08(6)  

            N(1)-Ru(1)-N(8)              89.97(6)  

            N(2)-Ru(1)-N(4)              92.05(6)  

            N(1)-Ru(1)-N(4)              92.08(6)  

            N(8)-Ru(1)-N(4)             174.74(6)  

            N(2)-Ru(1)-N(6)             177.18(6)  

            N(1)-Ru(1)-N(6)              97.43(6)  

            N(8)-Ru(1)-N(6)              87.59(6)  

            N(4)-Ru(1)-N(6)              87.34(6)  

            N(2)-Ru(1)-N(3)              79.31(6)  

            N(1)-Ru(1)-N(3)             159.10(6)  

            N(8)-Ru(1)-N(3)              89.80(6)  

            N(4)-Ru(1)-N(3)              90.00(6)  

            N(6)-Ru(1)-N(3)             103.44(6)  

            C(4)-O(2)-C(5)              115.64(18)  

            C(1)-N(1)-C(7)              117.70(16)  

            C(1)-N(1)-Ru(1)             129.52(12)  

            C(7)-N(1)-Ru(1)             112.73(12)  

            C(14)-N(2)-C(8)             120.91(15)  

            C(14)-N(2)-Ru(1)            120.10(12)  

            C(8)-N(2)-Ru(1)             118.98(12)  

            C(21)-N(3)-C(15)            117.11(16)  

            C(21)-N(3)-Ru(1)            130.17(13)  

            C(15)-N(3)-Ru(1)            112.71(11)  

            C(22)-N(4)-C(26)            117.40(16)  

            C(22)-N(4)-Ru(1)            122.10(13)  

            C(26)-N(4)-Ru(1)            120.49(13)  

            C(26)-N(5)-C(28)            121.22(16)  

            C(26)-N(5)-C(27)            115.79(17)  

            C(28)-N(5)-C(27)            116.66(17)  

            C(32)-N(6)-C(28)            118.19(16)  

            C(32)-N(6)-Ru(1)            121.50(13)  

            C(28)-N(6)-Ru(1)            120.20(13)  

            C(34)-N(7)-C(32)            121.66(16)  

            C(34)-N(7)-C(33)            115.71(17)  

            C(32)-N(7)-C(33)            115.80(16)  

            C(34)-N(8)-C(38)            117.85(16)  

            C(34)-N(8)-Ru(1)            121.45(12)  

            C(38)-N(8)-Ru(1)            120.59(13)  

            N(1)-C(1)-C(2)              122.74(17)  

            N(1)-C(1)-H(1A)             118.6  

            C(2)-C(1)-H(1A)             118.6  

            C(1)-C(2)-C(3)              119.48(18)  

            C(1)-C(2)-H(2A)             120.3  

            C(3)-C(2)-H(2A)             120.3  

            C(2)-C(3)-C(6)              118.35(17)  

            C(2)-C(3)-C(4)              123.74(18)  

            C(6)-C(3)-C(4)              117.89(18)  

            O(1)-C(4)-O(2)              125.59(19)  

            O(1)-C(4)-C(3)              122.97(19)  

            O(2)-C(4)-C(3)              111.43(18)  

            O(2)-C(5)-H(5A)             109.5  

            O(2)-C(5)-H(5B)             109.5  

            H(5A)-C(5)-H(5B)            109.5  

            O(2)-C(5)-H(5C)             109.5  
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            H(5A)-C(5)-H(5C)            109.5  

            H(5B)-C(5)-H(5C)            109.5  

            C(7)-C(6)-C(3)              119.76(18)  

            C(7)-C(6)-H(6A)             120.1  

            C(3)-C(6)-H(6A)             120.1  

            N(1)-C(7)-C(6)              121.66(17)  

            N(1)-C(7)-C(8)              115.33(16)  

            C(6)-C(7)-C(8)              122.97(17)  

            N(2)-C(8)-C(9)              120.28(17)  

            N(2)-C(8)-C(7)              112.73(16)  

            C(9)-C(8)-C(7)              126.73(17)  

            C(8)-C(9)-C(10)             119.57(17)  

            C(8)-C(9)-H(9A)             120.2  

            C(10)-C(9)-H(9A)            120.2  

            C(13)-C(10)-C(9)            119.85(17)  

            C(13)-C(10)-C(11)           118.90(17)  

            C(9)-C(10)-C(11)            121.24(17)  

            O(3)-C(11)-O(4)             125.45(16)  

            O(3)-C(11)-C(10)            123.65(17)  

            O(4)-C(11)-C(10)            110.88(16)  

            C(11)-O(4)-C(12)            116.29(16)  

            O(4)-C(12)-H(12A)           109.5  

            O(4)-C(12)-H(12B)           109.5  

            H(12A)-C(12)-H(12B)         109.5  

            O(4)-C(12)-H(12C)           109.5  

            H(12A)-C(12)-H(12C)         109.5  

            H(12B)-C(12)-H(12C)         109.5  

            C(14)-C(13)-C(10)           118.96(17)  

            C(14)-C(13)-H(13A)          120.5  

            C(10)-C(13)-H(13A)          120.5  

            N(2)-C(14)-C(13)            120.40(16)  

            N(2)-C(14)-C(15)            112.48(15)  

            C(13)-C(14)-C(15)           127.10(17)  

            C(16)-C(15)-N(3)            121.88(17)  

            C(16)-C(15)-C(14)           122.94(17)  

            N(3)-C(15)-C(14)            115.16(16)  

            C(15)-C(16)-C(17)           120.03(18)  

            C(15)-C(16)-H(16A)          120.0  

            C(17)-C(16)-H(16A)          120.0  

            C(20)-C(17)-C(16)           118.53(18)  

            C(20)-C(17)-C(18)           127.3(2)  

            C(16)-C(17)-C(18)           114.1(2)  

            C(20)-C(17)-C(18A)          109.0(4)  

            C(16)-C(17)-C(18A)          132.5(4)  

            C(18)-C(17)-C(18A)           18.4(4)  

            O(5)-C(18)-O(6)             125.0(2)  

            O(5)-C(18)-C(17)            125.6(3)  

            O(6)-C(18)-C(17)            109.4(2)  

            C(18)-O(6)-C(19)            115.7(2)  

            O(6)-C(19)-H(19A)           109.5  

            O(6)-C(19)-H(19B)           109.5  

            H(19A)-C(19)-H(19B)         109.5  

            O(6)-C(19)-H(19C)           109.5  

            H(19A)-C(19)-H(19C)         109.5  

            H(19B)-C(19)-H(19C)         109.5  

            O(5A)-C(18A)-O(6A)          125.3(2)  
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            O(5A)-C(18A)-C(17)          129.4(6)  

            O(6A)-C(18A)-C(17)          105.2(6)  

            C(18A)-O(6A)-C(19A)         116.0(2)  

            O(6A)-C(19A)-H(19D)         109.5  

            O(6A)-C(19A)-H(19E)         109.5  

            H(19D)-C(19A)-H(19E)        109.5  

            O(6A)-C(19A)-H(19F)         109.5  

            H(19D)-C(19A)-H(19F)        109.5  

            H(19E)-C(19A)-H(19F)        109.5  

            C(17)-C(20)-C(21)           119.28(18)  

            C(17)-C(20)-H(20A)          120.4  

            C(21)-C(20)-H(20A)          120.4  

            N(3)-C(21)-C(20)            123.08(18)  

            N(3)-C(21)-H(21A)           118.5  

            C(20)-C(21)-H(21A)          118.5  

            N(4)-C(22)-C(23)            123.84(19)  

            N(4)-C(22)-H(22A)           118.1  

            C(23)-C(22)-H(22A)          118.1  

            C(22)-C(23)-C(24)           118.2(2)  

            C(22)-C(23)-H(23A)          120.9  

            C(24)-C(23)-H(23A)          120.9  

            C(25)-C(24)-C(23)           119.3(2)  

            C(25)-C(24)-H(24A)          120.3  

            C(23)-C(24)-H(24A)          120.3  

            C(24)-C(25)-C(26)           119.7(2)  

            C(24)-C(25)-H(25A)          120.2  

            C(26)-C(25)-H(25A)          120.2  

            N(4)-C(26)-C(25)            121.50(18)  

            N(4)-C(26)-N(5)             117.52(17)  

            C(25)-C(26)-N(5)            120.95(18)  

            N(5)-C(27)-H(27A)           109.5  

            N(5)-C(27)-H(27B)           109.5  

            H(27A)-C(27)-H(27B)         109.5  

            N(5)-C(27)-H(27C)           109.5  

            H(27A)-C(27)-H(27C)         109.5  

            H(27B)-C(27)-H(27C)         109.5  

            N(6)-C(28)-C(29)            122.04(19)  

            N(6)-C(28)-N(5)             117.37(16)  

            C(29)-C(28)-N(5)            120.58(18)  

            C(30)-C(29)-C(28)           118.8(2)  

            C(30)-C(29)-H(29A)          120.6  

            C(28)-C(29)-H(29A)          120.6  

            C(29)-C(30)-C(31)           120.44(19)  

            C(29)-C(30)-H(30A)          119.8  

            C(31)-C(30)-H(30A)          119.8  

            C(30)-C(31)-C(32)           118.6(2)  

            C(30)-C(31)-H(31A)          120.7  

            C(32)-C(31)-H(31A)          120.7  

            N(6)-C(32)-C(31)            121.90(19)  

            N(6)-C(32)-N(7)             117.66(16)  

            C(31)-C(32)-N(7)            120.44(18)  

            N(7)-C(33)-H(33A)           109.5  

            N(7)-C(33)-H(33B)           109.5  

            H(33A)-C(33)-H(33B)         109.5  

            N(7)-C(33)-H(33C)           109.5  

            H(33A)-C(33)-H(33C)         109.5  
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            H(33B)-C(33)-H(33C)         109.5  

            N(8)-C(34)-C(35)            121.21(18)  

            N(8)-C(34)-N(7)             118.32(17)  

            C(35)-C(34)-N(7)            120.43(18)  

            C(36)-C(35)-C(34)           119.4(2)  

            C(36)-C(35)-H(35A)          120.3  

            C(34)-C(35)-H(35A)          120.3  

            C(35)-C(36)-C(37)           119.9(2)  

            C(35)-C(36)-H(36A)          120.0  

            C(37)-C(36)-H(36A)          120.0  

            C(38)-C(37)-C(36)           118.14(19)  

            C(38)-C(37)-H(37A)          120.9  

            C(36)-C(37)-H(37A)          120.9  

            N(8)-C(38)-C(37)            123.48(19)  

            N(8)-C(38)-H(38A)           118.3  

            C(37)-C(38)-H(38A)          118.3  

            F(4)-P(1)-F(3)               91.47(14)  

            F(4)-P(1)-F(1)               91.13(17)  

            F(3)-P(1)-F(1)               89.86(12)  

            F(4)-P(1)-F(6)               89.95(16)  

            F(3)-P(1)-F(6)               90.52(13)  

            F(1)-P(1)-F(6)              178.84(17)  

            F(4)-P(1)-F(2)              178.42(13)  

            F(3)-P(1)-F(2)               89.90(13)  

            F(1)-P(1)-F(2)               89.67(14)  

            F(6)-P(1)-F(2)               89.24(14)  

            F(4)-P(1)-F(5)               88.87(15)  

            F(3)-P(1)-F(5)              179.53(17)  

            F(1)-P(1)-F(5)               90.46(11)  

            F(6)-P(1)-F(5)               89.16(12)  

            F(2)-P(1)-F(5)               89.76(15)  

            F(4A)-P(1A)-F(3A)            91.47(15)  

            F(4A)-P(1A)-F(1A)            91.12(17)  

            F(3A)-P(1A)-F(1A)            89.86(13)  

            F(4A)-P(1A)-F(6A)            89.96(16)  

            F(3A)-P(1A)-F(6A)            90.52(13)  

            F(1A)-P(1A)-F(6A)           178.84(17)  

            F(4A)-P(1A)-F(2A)           178.43(14)  

            F(3A)-P(1A)-F(2A)            89.90(14)  

            F(1A)-P(1A)-F(2A)            89.66(14)  

            F(6A)-P(1A)-F(2A)            89.24(14)  

            F(4A)-P(1A)-F(5A)            88.87(16)  

            F(3A)-P(1A)-F(5A)           179.54(16)  

            F(1A)-P(1A)-F(5A)            90.46(12)  

            F(6A)-P(1A)-F(5A)            89.16(12)  

            F(2A)-P(1A)-F(5A)            89.76(15)  

            F(9)-P(2)-F(8)               94.5(3)  

            F(9)-P(2)-F(12)              89.1(4)  

            F(8)-P(2)-F(12)              89.7(3)  

            F(9)-P(2)-F(11)             176.5(4)  

            F(8)-P(2)-F(11)              88.7(3)  

            F(12)-P(2)-F(11)             89.5(3)  

            F(9)-P(2)-F(10)              88.3(3)  

            F(8)-P(2)-F(10)             177.2(4)  

            F(12)-P(2)-F(10)             90.7(3)  

            F(11)-P(2)-F(10)             88.5(3)  
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            F(9)-P(2)-F(7)               88.5(3)  

            F(8)-P(2)-F(7)               88.1(3)  

            F(12)-P(2)-F(7)             176.6(4)  

            F(11)-P(2)-F(7)              93.1(3)  

            F(10)-P(2)-F(7)              91.6(3)  

            F(10A)-P(2A)-F(7A)           85.5(13)  

            F(10A)-P(2A)-F(9A)           94.6(10)  

            F(7A)-P(2A)-F(9A)            92.0(11)  

            F(10A)-P(2A)-F(11A)          97.8(11)  

            F(7A)-P(2A)-F(11A)           91.1(11)  

            F(9A)-P(2A)-F(11A)          167.5(12)  

            F(10A)-P(2A)-F(12A)          88.6(9)  

            F(7A)-P(2A)-F(12A)          173.2(14)  

            F(9A)-P(2A)-F(12A)           91.8(7)  

            F(11A)-P(2A)-F(12A)          86.3(7)  

            F(10A)-P(2A)-F(8A)          177.5(10)  

            F(7A)-P(2A)-F(8A)            97.0(13)  

            F(9A)-P(2A)-F(8A)            85.0(10)  

            F(11A)-P(2A)-F(8A)           82.6(8)  

            F(12A)-P(2A)-F(8A)           88.9(7)  

            C(41)-O(10)-C(40)           113.1(2)  

            C(40)-C(39)-H(39A)          109.5  

            C(40)-C(39)-H(39B)          109.5  

            H(39A)-C(39)-H(39B)         109.5  

            C(40)-C(39)-H(39C)          109.5  

            H(39A)-C(39)-H(39C)         109.5  

            H(39B)-C(39)-H(39C)         109.5  

            O(10)-C(40)-C(39)           109.5(2)  

            O(10)-C(40)-H(40A)          109.8  

            C(39)-C(40)-H(40A)          109.8  

            O(10)-C(40)-H(40B)          109.8  

            C(39)-C(40)-H(40B)          109.8  

            H(40A)-C(40)-H(40B)         108.2  

            O(10)-C(41)-C(42)           110.8(2)  

            O(10)-C(41)-H(41A)          109.5  

            C(42)-C(41)-H(41A)          109.5  

            O(10)-C(41)-H(41B)          109.5  

            C(42)-C(41)-H(41B)          109.5  

            H(41A)-C(41)-H(41B)         108.1  

            C(41)-C(42)-H(42A)          109.5  

            C(41)-C(42)-H(42B)          109.5  

            H(42A)-C(42)-H(42B)         109.5  

            C(41)-C(42)-H(42C)          109.5  

            H(42A)-C(42)-H(42C)         109.5  

            H(42B)-C(42)-H(42C)         109.5  

            C(44)-C(43)-H(43A)          109.5  

            C(44)-C(43)-H(43B)          109.5  

            H(43A)-C(43)-H(43B)         109.5  

            C(44)-C(43)-H(43C)          109.5  

            H(43A)-C(43)-H(43C)         109.5  

            H(43B)-C(43)-H(43C)         109.5  

            N(9)-C(44)-C(43)            177.4(4) 
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Table S10. Selected bond lengths / Å and angles / ° of DFT (B3LYP/LANL2DZ, IEFPCM in CH3CN) 

calculated singlet ground state (
1
GS) and triplet excited states (

3
MLCT, 

3
MC, 

3
TS) of [1]

2+
 – [7]

2+
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Ru-N1 Ru-N2 Ru-N3 Ru-N4 Ru-N5 Ru-N6 N1-Ru-N2 N2-Ru-N3 N4-Ru-N5 N5-Ru-N6 N1-C-C-N2 N2-C-C-N3 

[1]2+ - 1GS 2.12 1.98 2.12 2.12 2.11 2.12 79.2 79.2 87.6 87.6 -1.4 -1.4 

[1]2+ - 3MLCT 2.12 2.01 2.12 2.12 2.09 2.10 78.0 77.9 88.2 88.2 -1.5 -2.4 

[1]2+ - 3TS 2.31 2.16 2.30 2.15 2.10 2.11 72.7 73.2 87.1 88.2 10.9 -17.9 

[1]2+ - 3MC 2.36 2.23 2.38 2.13 2.11 2.11 71.1 71.2 87.9 87.9 1.9 -14.3 

[2]2+ - 1GS 2.11 1.98 2.12 2.12 2.11 2.12 79.3 79.3 87.3 87.3 -1.3 -1.2 

[2]2+ - 3MLCT 2.12 2.02 2.12 2.11 2.06 2.11 77.5 77.5 88.6 88.6 -1.8 -1.9 

[2]2+ - 3TS 2.33 2.19 2.33 2.14 2.09 2.11 72.1 72.4 87.3 88.1 9.5 -17.9 

[2]2+ - 3MC 2.37 2.23 2.38 2.12 2.09 2.11 71.0 71.2 87.4 87.7 -0.8 -13.6 

[3]2+ - 1GS 2.11 1.98 2.11 2.12 2.11 2.12 79.3 79.3 87.6 87.5 -1.3 -1.2 

[3]2+ - 3MLCT 2.11 2.02 2.11 2.12 2.09 2.10 77.9 77.8 88.2 88.3 -1.0 -2.8 

[3]2+ - 3TS 2.35 2.19 2.35 2.14 2.10 2.11 71.3 71.8 87.1 87.6 3.3 -16.8 

[3]2+ - 3MC 2.35 2.23 2.38 2.13 2.11 2.11 70.8 71.1 87.3 87.8 1.1 -14.1 

[4]2+ - 1GS 2.11 1.98 2.11 2.12 2.11 2.12 79.3 79.4 87.3 87.3 -1.1 -0.9 

[4]2+ - 3MLCT 2.11 2.03 2.11 2.11 2.05 2.11 77.5 77.5 88.6 88.6 -1.7 -1.7 

[4]2+ - 3TS n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. 

[4]2+ - 3MC n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. 

[5]2+ - 1GS 2.11 2.01 2.11 2.11 2.01 2.11 78.9 78.9 78.9 78.9 0.0 0.0 

[5]2+ - 3MLCT 2.10 2.05 2.10 2.12 1.98 2.10 77.6 77.6 79.7 79.5 -0.4 0.4 

[5]2+ - 3TS 2.20 2.07 2.15 2.11 2.02 2.18 75.4 76.0 79.5 77.4 -10.6 11.2 

[5]2+ - 3MC 2.36 2.16 2.35 2.14 2.01 2.15 72.6 72.6 79.2 77.8 -10.6 10.6 

[6]2+ - 1GS 2.10 2.00 2.10 2.11 2.01 2.11 79.0 79.0 78.8 78.8 0.0 0.0 

[6]2+ - 3MLCT 2.10 2.02 2.10 2.10 2.02 2.12 77.8 77.9 79.0 79.9 1.3 -1.7 

[6]2+ - 3TS 2.25 2.10 2.25 2.18 2.02 2.13 74.3 74.5 77.4 79.4 12.2 -12.7 

[6]2+ - 3MC 2.34 2.14 2.34 2.16 2.02 2.14 72.9 73.0 77.7 79.2 10.9 -11.0 

[7]2+ - 1GS 2.10 1.99 2.10 2.11 2.02 2.11 79.2 79.2 78.4 78.4 0.0 0.0 

[7]2+ - 3MLCT 2.11 2.04 2.10 2.11 1.99 2.12 77.0 77.1 79.4 79.8 0.3 -0.3 

[7]2+ - 3TS 2.29 2.15 2.30 2.15 2.01 2.13 72.9 72.9 77.8 79.2 12.6 -12.8 

[7]2+ - 3MC 2.33 2.17 2.33 2.14 2.01 2.13 72.2 72.3 77.9 79.1 11.2 -11.4 
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Table S11. Selected Mulliken spin densities of DFT (B3LYP/LANL2DZ, IEFPCM in CH3CN) 

calculated triplet excited states (
3
MLCT, 

3
MC, 

3
TS) of [1]

2+
 – [7]

2+
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Ru ligand 1 

tpy 

ligand 2 

ddpd or second tpy 

[1]
2+

 - 
3
MLCT 0.89 1.04 0.07 

[1]
2+

 - 
3
TS 1.60 0.38 0.02 

[1]
2+

 - 
3
MC 1.80 0.19 0.01 

[2]
2+

 - 
3
MLCT 0.86 1.03 0.11 

[2]
2+

 - 
3
TS 1.67 0.30 0.03 

[2]
2+

 - 
3
MC 1.81 0.17 0.02 

[3]
2+

 - 
3
MLCT 0.89 1.04 0.07 

[3]
2+

 - 
3
TS 1.72 0.27 0.01 

[3]
2+

 - 
3
MC 1.78 0.21 0.01 

[4]
2+

 - 
3
MLCT 0.85 1.03 0.12 

[4]
2+

 - 
3
TS n. a. n. a. n. a. 

[4]
2+

 - 
3
MC n. a. n. a. n. a. 

[5]
2+

 - 
3
MLCT 0.86 0.05 1.09 

[5]
2+

 - 
3
TS 1.31 0.60 0.09 

[5]
2+

 - 
3
MC 1.75 0.21 0.04 

[6]
2+

 - 
3
MLCT 0.91 1.05 0.04 

[6]
2+

 - 
3
TS 1.50 0.44 0.06 

[6]
2+

 - 
3
MC 1.73 0.22 0.05 

[7]
2+

 - 
3
MLCT 0.85 1.02 0.13 

[7]
2+

 - 
3
TS 1.59 0.33 0.08 

[7]
2+

 - 
3
MC 1.69 0.24 0.07 
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 Electrochemical Cells 
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 Reprinted with permission from John Wiley and Sons, Copyright © 2013. 
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Table of Contents: 

 

 

 1)  AFM images of scratched PEDOT:PSS/ruthenium complex:PMMA layers (Figure S1) 

 

 2)  Emission spectra of [1](PF6)2 and [3](PF6)2 in solution and in LECs (Figures S2 – S3) 

 

 3)  Current density-EQE-intensity curves of the LECs (Figures S4 – S7) 

 

 4)  Human eye response curve and emission spectra of [1](PF6)2 – [3](PF6)2 in LECs (Figure S8) 
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 2 

 
Figure S1. Representative intermittent contact mode images showing scratched PEDOT:PSS/ruthenium(II) 

complex:PMMA samples with varying compositions. The horizontal stipes arise from material attaching to and 

detaching from the cantilever tip. The given thickness values are determined by height histograms taken in areas 

without stripe artifacts. 
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 3 

 
Figure S2. Normalized emission spectra of [1](PF6)2 (black squares: CH3CN solution at 297 K; red hollow 

circles: LEC with PMMA, 6 V. 

 

 

 
Figure S3. Normalized emission spectra of [3](PF6)2 (black squares: CH3CN solution at 297 K; red hollow 

circles: LEC with PMMA, 5 V; blue stars: LEC without PMMA, 4 V) 

 

 

 
Figure S4. Current density (black squares), emission intensity (red hollow circles) and EQE (blue stars) vs. time in 

the LEC with [1](PF6)2 with PMMA at an applied voltage of 4 V. 
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 4 

 
Figure S5. Current density (black squares), emission intensity (red hollow circles) and EQE (blue stars) vs. time in 

the LEC with [2](PF6)2 with PMMA at an applied voltage of 6 V. 

 

 

 
Figure S6. Current density (black squares), emission intensity (red hollow circles) and EQE (blue stars) vs. time in 

the LEC with [3](PF6)2 without PMMA at an applied voltage of 4 V. 

 

 
Figure S7. Current density (black squares), emission intensity (red hollow circles) and EQE (blue stars) vs. time in 

the LEC with [3](PF6)2 with PMMA at an applied voltage of 5 V. 
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 5 

 
Figure S8. Comparison of the human eye response curve (photopic response curve) with normalized emission 

spectra of LECs of [1](PF6)2 – [3](PF6)2.  
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10.8 Anchor-Functionalized Push-Pull-Substituted Bis(tridentate) 

 Ruthenium(II) Polypyridine Chromophores: Photostability and 

 Evaluation as Photosensitizers 

  

 

 A. Breivogel, S. Wooh, J. Dietrich, T. Y. Kim, Y. S. Kang, K. Char, K. Heinze, Eur. J.  Inorg. 

 Chem. 2014, 2720–2734. 

 

 DOI: 10.1002/ejic.2014020919 

 

 Reprinted with permission from John Wiley and Sons, Copyright © 2014. 

 

 DFT-optimized (B3LYP/LANL2DZ, IEFPCM in CH3CN) cartesian coordinates of [1 – 6]3+ 

 and reduced N719 (doublet), [1 – 6]2+ and N719 (singlet), [1 – 6]3+ and oxidized N719 

 (doublet) and results of the TD-DFT (B3LYP/LANL2DZ, IEFPCM in CH3CN) calculation of 

 [1 – 6]2+ (singlet) can be found  in the online supporting information. 
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 1)  Tabulated 
1
H, 
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C and 

15
N NMR chemical shifts in CD3CN (Tables S1 – S3). 

 

 2)  Figures S1 – S13 

 

 3)  DFT (B3LYP/LANL2DZ, IEFPCM, CH3CN) optimized geometries of 

   - [1]
2+

 – [6]
2+

 and N719 (singlet)  

   - [1]
3+

 – [6]
3+

 and oxidized N719 (doublet) 

   - [1]
+
 – [6]
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 and reduced N719 (doublet) 

 

 4) Results of TD-DFT calculations of [1]
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 – [6]
2+

 and N719 (singlet). 
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Table S1. 1H NMR data (δ / ppm) of [1](PF6)2 – [3](PF6)2 in CD3CN, 400 MHz. 
 [1](PF6)2 [2](PF6)2 [3](PF6)2 

H
2
 8.99 (s, 2 H) 9.15 (s, 2 H) 9.12 (s, 2 H) 

H
5
 8.56 (m, 2 H) 8.97 (m, 2 H) 8.94 (m, 2 H) 

H
6
 8.01 (m, 2 H) - - 

H
7
 7.47 (m, 2 H) 7.89 (m, 2 H) 7.89 (m, 2 H) 

H
8
 8.11 (m, 2 H) 8.26 (m, 2 H) 8.30 (m, 2 H) 

H
9
 6.44 (m, 2 H) 6.36 (m, 2 H) 6.29 (m, 2 H) 

H
10 

6.58 (m, 2 H) 6.56 (m, 2 H) 6.52 (m, 2 H) 

H
11

 7.61 (m, 2 H) 7.61 (m, 2 H) 7.58 (m, 2 H) 

H
12

 7.17 (m, 2 H) 7.18 (m, 2 H) 7.12 (m, 2 H) 

H
15

 7.56 (d, 
3
JHH = 8.2 Hz, 2 H) 7.58 (d, 

3
JHH = 8.2 Hz, 2 H) 6.81 (s, 2 H) 

H
16

 8.27 (t, 
3
JHH = 8.2 Hz, 1 H) 8.29 (t, 

3
JHH = 8.2 Hz, 1 H) - 

NH2 - - 5.75 (br, s, 2 H) 

NCH3 3.47 (s, 6 H) 3.47 (s, 6 H) 3.36 (s, 6 H) 

 
 
Table S2. 13C{1H} NMR data (δ / ppm) of [1](PF6)2 – [3](PF6)2 in CD3CN, 101 MHz. 

 [1](PF6)2 [2](PF6)2 [3](PF6)2 

C
1
 137.1 136.6 135.5 

C
2
 124.1 125.0 124.9 

C
3
 159.5 159.7 159.5 

C
4
 158.7 159.2 159.8 

C
5
 125.7 124.9 124.7 

C
6
 139.1 140.1 139.7 

C
7 

127.9 127.1 127.0 

C
8
 155.1 155.8 155.7 

C
9
 149.4 149.2 149.2 

C
10

 121.4 121.6 121.2 

C
11

 140.1 140.4 140.3 

C
12

 116.3 116.6 116.5 

C
13

 159.8 159.6 160.0 

C
14

 157.2 157.1 156.7 

C
15

 113.5 113.7 98.8 

C
16

 141.7 142.1 159.3 

CO
center

 165.7 165.1 165.3 

CO
outer

 - 164.7 164.8 

NCH3 41.8 41.7 41.3 

 
 
Table S3. 15N NMR data (δ / ppm) of [1](PF6)2 – [3](PF6)2 in CD3CN, 41 MHz. 

 [1](PF6)2 [2](PF6)2 [3](PF6)2 

N
a
 212.1 209.0 210.0 

N
b
 92.1 not observed not observed 

N
c
 218.4 216.3 181.6 

N
d
 238.3 249.5 249.9 

N
e
 293.6 293.9 296.9 

NH2 - - 72.2 
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Figure S1. Cyclic voltammogram (a) and square wave voltammograms (b, c) of [1](PF6)2 in 
CH3CN; 0.1 M [n-Bu4](PF6).   
 

278



4 

 

 
Figure S2. Cyclic voltammogram (a) and square wave voltammogram (b) of [2](PF6)2 in CH3CN; 
0.1 M [n-Bu4](PF6).   
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Figure S3. Cyclic voltammograms (a) and square wave voltammogram (b) of [3](PF6)2 in 
CH3CN; 0.1 M [n-Bu4](PF6).   
 
 

 
Figure S4. Spin densities of [1]+ – [6]+ and one-electron reduced N719 (contour value 0.005 a. u.; 
CH hydrogen atoms omitted). 
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Figure S5. Relevant DFT calculated frontier orbitals (HOMO-3 to LUMO+3) of [1]2+ – [4]2+ for 
transitions with λ > 400 nm (contour value 0.06 a. u.; CH hydrogen atoms omitted). 
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Figure S6. Relevant DFT calculated frontier orbitals (HOMO-3 to LUMO+3) of [5]2+, [6]2+ and 
N719 for transitions with λ > 400 nm (contour value 0.06 a. u.; CH hydrogen atoms omitted). 
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Figure S7. 1H-NMR spectra in CD3CN: a) free bpy and the mixture of [Ru(bpy)3](PF6)2 and 2.2 
equiv [n-Bu4N]I b) before and c) after irradiation.  
 
 
 

 
Figure S8. ESI+ mass spectrum of the mixture of [Ru(bpy)3](PF6)2 and 2.2 equiv [n-Bu4N]I in 
CD3CN after irradiation.  
 

283



9 

 

 
 
Figure S9. 1H-NMR spectra in CD3CN:H2O (14:1): N719 and 4.5 equiv [n-Bu4N]I a) before and 
b) after irradiation.  
 
 
 

 
 
Figure S10. UV/Vis spectra of a) the electrochemical oxidation (E = 800 → 1300 mV) and b) 
back reduction (E = 1300 → 700 mV) of [1Et](PF6)2 in an OTTLE cell in 10–3 M NaOH and 0.1 M 
[n-Bu4N](PF6) in CH3CN:H2O (98:2, v%). Black arrows indicate isosbestic points. 
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Figure S11. UV/Vis spectra of a) the electrochemical oxidation (E = 800 → 1200 mV) and b) 
back reduction (E = 1200 → 600 mV) of [Ru(bpy)3](PF6)2 in an OTTLE cell in 10–3 M NaOH and 
0.1 M [n-Bu4N](PF6) in CH3CN:H2O (98:2, v%). Black arrows indicate isosbestic points. 
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Figure S12. UV/Vis spectra of a) the electrochemical oxidation (E = 200 → 500 mV) and b) back 
reduction (E = 500 → 200 mV) of N719 in an OTTLE cell in 10–3 M NaOH and 0.1 M [n-

Bu4N](PF6) in CH3CN:H2O (98:2, v%). Black arrows indicate isosbestic points. 
 

286



12 

 

 
Figure S13. IPCE plots of cells with [1](PF6)2 – [6](PF6)2 and N719 and solution absorption 
spectra of the respective complexes in CH3CN:tBuOH (1:1). 
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11 Summary and Outlook 

 

Polypyridine complexes of ruthenium(II) have unique and tunable electrochemical and photophysical 

properties such as high redox stability, visible light absorption, room temperature emission in fluid 

solution combined with high thermal and chemical robustness.[1] They are applied in a plethora of 

applications, e.g. dye-sensitized solar cells (DSSC),[2–4] light-emitting devices,[5–8] photodynamic 

therapy[9–11] and as photocatalysts for water splitting,[34,35] hydrogen production,[36–40] CO2 

reduction[38  40] and organic redox reactions.[39,41–45] One of the most famous ruthenium(II) polypyridine 

complexes is [Ru(bpy)3]
2+ (bpy = 2,2'-bipyridine). Excitation of [Ru(bpy)3]

2+ with visible light leads to 

instantaneous population of the 1MLCT state followed by quantitative ISC to the 3MLCT state 

(Figure 29a, MLCT = metal-to-ligand charge transfer, ISC = intersystem crossing).[1] At room 

temperature the 3MLCT state is emissive with a long lifetime of τRT ≈ 1 µs and a high luminescence 

quantum yield of ФRT ≈ 10% which explains the use of [Ru(bpy)3]
2+ as photoredox catalyst and as 

emitter in light-emitting devices.[47] The properties of [Ru(bpy)3]
2+ can be fine tuned via ligand design. 

However, the intrinsic Δ, Λ chirality of tris(bidentate) [Ru(bpy)3]
2+ leads to stereoisomers when the 

bpy ligands are substituted unsymmetrically which heavily complicates synthetic procedures.[48–50] In 

contrast, bis(tridentate) [Ru(tpy)2]
2+ ([1]2+, Figure 30) is achiral, even in the case of unsymmetrical 

substitution of the tpy 4'-positions (tpy = 2,2';6',2''-terpyridine).[47] Furthermore, the stronger chelate 

effect is favorable in terms of chemical, photo and redox stability.[52,53,78] Unfortunatelly, [Ru(tpy)2]
2+ 

features poor excited state properties (τRT ≈ 0.1 – 0.2 ns, ФRT ≤ 0.0007%) due to effective radiationless 

deactivation of the 3MLCT state via thermally accessible 3MC states (Figure 29b, 

MC = metal-centered).[54–56] 

 

 

 

Figure 29. Qualitative Jablonski diagrams of a) [Ru(bpy)3]
2+ and b) [Ru(tpy)2]

2+ (MLCT = metal-to-

ligand charge transfer, ISC = intersystem crossing, MC = metal-centered, bpy = 2,2'-bipyridine, 

tpy = 2,2';6',2''-terpyridine). 
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Figure 30. Bis(tridentate) polypyridine complexes of ruthenium(II) and their amide conjugates. 
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Amino acid ester [4]2+ features substituents at the 4'-position of both tpy ligands (Figure 30). The 

electron-withdrawing COOEt group lowers the energy of the 3MLCT state while the electron-donating 

NH2 group shifts the 3MC state to higher energy resulting in improved excited state properties 

(τRT ≈ 34 ns, ФRT = 0.27%).[61] [4]2+ can be hydrolyzed to the carboxylic acid [5]2+ (Figure 30) enabling 

selective functionalization either at the C- or at the N-terminus. The formal addition of para-phenylene 

spacers to [4]2+/[5]2+ results in complexes [9 – 11]2+ (Figure 30).[62] [9 – 11]2+ feature enhanced 

extinction coefficients compared to the respective para-phenylene-free complex ([4]2+/[5]2+). 

However, the ring planes of the phenylene ring and the central pyridyl ring of a tpy ligand are twisted 

which dilutes the effect of donor and acceptor substituents. Hence, 3MLCT lifetimes and 

phosphorescence quantum yields of [9 – 11]2+ are smaller compared to the para-phenylene-free 

analogues [4]2+ and [5]2+.  

The N-Ru-N ligand bite angles of bis(terpyridine) complexes of ruthenium(II) are typically around 

79°. Enlargement of the bite angles to 90° creates a stronger ligand field splitting due to the higher 

overlap between Ru d orbitals and pyridine nitrogen lone pairs. A stronger ligand field increases the 
3MC–3MLCT energy difference making 3MC states less accessible.[56] However, ligands with large 

bite angles can form stereoisomers (mer, cis-fac, trans-fac).[85]  

In this work, complexes [21]2+ and [22]2+ (Figure 30) have been synthesized and characterized. In 

these complexes the problem of stereoisomers is overcome by the use of a tpy acceptor ligand in 

combination with a ddpd donor ligand (ddpd = N,N‘-dimethyl-N,N‘-dipyridin-2-ylpyridine-2,6-

diamine) because the tpy ligand only allows for the meridional coordination. The ddpd ligand features 

N-Ru-N bite angles of 88°. The donor-acceptor substitution in [21]2+ and [22]2+ leads to small 

HOMO–LUMO gaps and spatially separated frontier orbitals which is favorable for low-energy 

absorption and the use as photosensitizers in dye-sensitized solar cells. The high 3MLCT lifetimes and 

phosphorescence quantum yields of [21]2+ (τRT = 722 ns, ФRT = 0.45%) and [22]2+ (τRT = 841 ns, 

ФRT = 1.1%) confirm the effectiveness of the bite angle enlargement strategy.[57] [23]2+ and [24]2+ 

(Figure 30) feature additional NH2 groups at the 4'-position of the ddpd ligand. The donor-acceptor 

substitution is even more pronounced inducing smaller HOMO–LUMO gaps compared to the 

NH2-free analogues [21]2+ and [22]2+. However, 3MLCT lifetimes and phosphorescence quantum 

yields of [23]2+ (τRT = 149 ns, ФRT = 0.042%) and [24]2+ (τRT = 136 ns, ФRT = 0.052%) are smaller 

compared to the NH2-free analogues.[57] There are two reasons for this: The small HOMO-LUMO gap 

induces fast radiationless deactivation of the 3MLCT state due to the energy gap law.[73,87,88] Secondly, 

the presence of high-energy oscillators (N–H) provides an additional path for radiationless 

deactivation to the ground state. Deuteration (NH2 → ND2) removes this effect and enhances the 

quantum yields by a factor of about 2.[57] Excited states of [4]2+ and [21 – 24]2+ were studied 

experimentally by transient absorption measurements revealing excited state dynamics with a lifetime 

in the ps regime which might be associated with localization of the electron on the tpy-COOEt ligand, 

ISC or vibrational relaxation within 1/3MLCT states.[57] Lifetime and transient absorption experiments 
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were measured in collaboration with the group of Dr. XXXXX XXXXX together with Dr. XXXXX 

XXXXX. 3MC, 3MLCT and the connecting transition state 3TS were calculated via DFT methods and 

nicely explain the trends of experimental 3MLCT lifetimes of [1]2+, [2]2+, [4]2+ and [21 – 24]2+ (DFT = 

density functional theory).[57] In the future [21]2+ and [22]2+ will be used as sensitizers for photoredox 

catalysis. 

[4]2+, [21]2+ and [22]2+ have been used and characterized as emitters in light-emitting electrochemical 

cells with an ITO/PEDOT:PSS/ruthenium(II) complex/Ag device structure in a collaboration with the 

groups of Prof. Dr. XXXXX XXXXX, Prof. Dr. XXXXX XXXXX and Prof. Dr. XXXXX XXXXX 

together with XXXXX XXXXX, XXXXX XXXXX and XXXXX XXXXX. Deep red light emission 

up to a maximum emission wavelength of 755 nm is achieved when an external voltage is applied. The 

small external quantum efficiencies (EQE) of ≤ 0.03% is rationalized by radiationless deactivation 

predicted by the energy gap law and by saturation and quenching effects in the emitting layer. The 

EQE increases by admixture of PMMA to the emitting ruthenium complexes.[107] Future work will be 

focused on the steric protection of the ruthenium core by bulky ligands to prevent self-quenching and 

the effect of counterion exchange. 

Compared to [Ru(bpy)3]
2+ bis(tridentate) complexes [4]2+ and [21]2+ feature an enhanced photostability 

in the presence of H2O and coordinating I– ions which is favorable for applications in DSSCs.[78] 

[21]2+, [22]2+ and [24]2+ can be hydrolyzed to their respective carboxylic acids in order to obtain 

[25    27]2+ (Figure 30). [5]2+, derivatives of [5]2+ featuring 2,2'-bipyridine anchor substituents (kindly 

donated by XXXXX XXXXX, AK XXXXX) and [25 – 27]2+ have been incorporated as sensitizers in 

dye-sensitized solar cells with an I–/I3
– redox electrolyte. DSSC fabrication and characterization were 

conducted in collaborations with the groups of Prof. Dr. XXXXX XXXXX and Prof. Dr. XXXXX 

XXXXX together with Dr. XXXXX XXXXX and XXXXX XXXXX. The COOH and 2,2'-bipyridine 

groups serve as anchor to the nanoporous TiO2 electrode. The incident photon-to-current efficiency 

(IPCE) follows the solution absorption spectrum of the complexes. Power conversion efficiencies of 

the cells remain low (ηmax = 0.26%). This is ascribed to the twofold positive charge of the complexes 

which increases the I3
– concentration near the TiO2 electrode favoring electron recombination. This 

was shown by dark current measurements and electron recombination lifetime measurements. A 

twofold negatively charged ruthenium(II) complex (N719) was used as reference and reaches a power 

conversion efficiency of η = 5.03% under the same conditions.[78] Future perspectives include the 

reduction of the overall complex charge by negatively charged, cyclometalated, tridentate ligands. 

Triarylamine substituted ligands will be employed in order to further redshift the absorption spectrum 

and to enhance extinction coefficients. In addition, other redox electrolytes such as polypyridine 

complexes of Co2+/3+ will be used in order to suppress electron recombination. 

Dinuclear complexes [29]4+ and [31]4+ (Figure 30), kindly donated by Dr. XXXXX XXXXX (AK 

XXXXX), have been synthesized from mononuclear complexes by standard solution peptide 

chemistry methods. The mixed valence behavior of the one-electron oxidized forms [29]5+ and [31]5+ 
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has been studied. Electrochemical and UV/Vis/NIR spectroscopic measurements reveal that [29]5+ and 

[31]5+ are valence localized showing no metal-metal interaction (Robin-Day-Class I[94]). In both 

complexes, [29]5+ and [31]5+, the ruthenium center with the donor-substituted tpy ligand (tBu- or NH2-

substituents) is oxidized to ruthenium(III) while the other ruthenium(II) center remains unaffected.[26] 

This redox asymmetry vanishes when the substituents are adjusted and results will be reported in due 

course by XXXXX XXXXX (AK XXXXX).[160] 

Peptidic arrays such as [38]2+, [39]2+ and [40]2+ (Figure 30) including amino acid [5]2+ are also 

available via solid-phase peptide synthesis (SPPS). The bis(tpy) ruthenium(II) core of [5]2+ is 

connected to coumarin chromophores via amide bridges consisting of a different number (n = 0 – 2) of 

glycine units.[18,20] For short amide bridges with n = 0 ([38]2+) and n = 1 ([39]2+; both kindly donated 

by Dr. XXXXX XXXXX, AK XXXXX) excitation of the coumarin chromophore leads to efficient 

energy transfer from the coumarin to the bis(tpy) ruthenium chromophore. This is evident from the 

phosphorescence of the ruthenium chromophore and the quenching of the coumarin fluorescence.[18] 

For longer bridges (n = 2; [40]2+; prepared in this work) energy transfer is hampered which is evident 

from the intense fluorescence of the coumarin chromophore while no emission from the ruthenium 

chromophore is detected when the coumarin is excited.[20] Future applications deal with more 

sophisticated energy transfer systems featuring multichromophore systems for dye-sensitized solar 

cells and light-to-chemical energy conversion systems with 0 – 1 amino acids between the energy 

donor and the acceptor. 

Amino acid [5]2+ has been used as chromophore in light-induced charge separation in a donor-

chromophore-acceptor nanocomposite in a collaboration with the groups of Prof. Dr. XXXXX 

XXXXX and Dr. XXXXX XXXXX together with Dr. XXXXX XXXXX, XXXXX XXXXX and 

XXXXX XXXXX. A TPA-containing block-copolymer acts as electron donor and ZnO nanorods as 

electron acceptor (TPA = triphenylamine). In this work [5]2+ is functionalized by SPPS and connected 

to the TPA-containing block-copolymer (provided by Prof. Dr. XXXXX XXXXX together with Dr. 

XXXXX XXXXX) to obtain [44](2m)+ (Figure 30). The COOH groups serve as anchors to the ZnO 

nanorods. In [44](2m)+@ZnO the phosphorescence of the ruthenium(II) chromophore is completely 

quenched. Irradiation into the absorption band of the ruthenium(II) chromophore leads to electron 

injection into the ZnO nanorods. The electron holes are transferred to the TPA units of the block-

copolymer. The positive charge of the polymer is detected by Kelvin probe force microscopy 

measured by the group of Dr. XXXXX XXXXX together with XXXXX XXXXX.[100] In the future 

sophisticated nanoscale charge separation systems will be used in solid state dye-sensitized solar cells. 

The ruthenium(II) complex [5]2+ can be oxidized in acidic media by CeIV leading to the ruthenium(III) 

complex [5]3+. [5]3+ features a LMCT band around 730 nm. EPR spectra and DFT calculations reveal a 

ruthenium-centered oxidation with smaller contributions from the NH2 nitrogen atom. After oxidation 

of [5]2+ to [5]3+ in acidic media, the ruthenium(III) complex undergoes slow spontaneous back 

reduction to [5]2+ without addition of a reducing agent which is shown by mass spectrometry, UV/Vis 
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and NMR spectroscopy. The rate of back reduction is enhanced in the presence of light. However, the 

responsible reducing agent is yet unidentified. The oxidation of H2O to O2 was ruled out by oxygen 

measurements using different methods. It is assumed that upon degradation a small fraction of [5]3+ 

undergoes irreversible side reactions which provide enough electrons for the reduction of the majority 

(≈ 91 ± 3%) of [5]3+ to [5]2+. DFT calculations indicate that chelate decoordination and protonation of 

an outer pyridine ring of the tpy ligand in [5]3+ in concert with the attack of water to the ruthenium 

atom might be responsible for irreversible side reactions such as ligand loss and oxidative ligand 

decomposition e.g. to CO2. Further investigations are necessary to clarify the mechanism of the back 

reduction.[74]  
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