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ABSTRACT 

Modern society is confronted with two major challenges: energy supply and prevention of 

environmental pollution. The development of a novel energetic scenario based on the direct 

conversion of solar energy to storable solar fuels is one promising means of providing for long-

term, ecologically friendly energy supply. Based on the use of two renewable and unarguably 

the largest exploitable resources, water and sunlight, the light-driven water splitting indeed 

generates the environmentally benign oxygen gas and hydrogen, a carbon-free fuel with the 

highest energy output relative to molecular weight. Inspired by natural photosynthesis and the 

architecture of dye-sensitized solar cells (DSSCs), dye-sensitized photoelectrochemical cells 

(DSPECs) are now being designed and tested as auspicious approaches to generate 

hydrogen via solar-driven water splitting. In these devices, metal oxide semiconductors such 

as NiO are functionalized with molecular sensitizers in association with hydrogen evolving 

catalysts (HECs). Especially, intramolecular photocatalysts are interesting candidates within 

this context, since they comprise all necessary modules in a single photochemical molecular 

device (PMD). The photocenter and catalytic unit are chemically connected by a bridging 

ligand. This intramolecular approach and modular composition allows one-step integration into 

DSPECs and at the same time specific analyses and separate tuning of the different subunits. 

The main focus of this thesis was the optimization of an immobilizable PMD for visible light-

induced hydrogen production based on a rutheniumpolypyridyl-platinum sensitizer-catalyst 

dyad. The PMD is equipped with potent phosphonate anchoring groups at its peripheral 

bipyridine (bpy) ligands to guarantee efficient binding on semiconducting metal oxides. Its 

general eligibility as hydrogen evolving photocatalyst was examined by homogenous catalysis 

experiments in the master thesis of the PhD candidate. In a first step of this work the hydrolysis 

and immobilization was optimized towards a facile processability of the PMD. Preliminary 

measurements in DSPEC setup lead to visible light-induced photocurrents, suggesting that 

hydrogen production in such a system is possible. 

To optimize the photocatalyst with regard to long charge-separated lifetimes and improved 

photon absorption characteristics a modular synthesis concept for elongated bipyridines was 

established. The distance between anchoring group and bpy core was increased by 

introduction of phenylene and triazole building blocks, generated by modern transition metal 

catalyzed coupling reactions. The distance adjustability, which was monitored by X-ray 

crystallography, should lead to improved cell efficiency, as it will allow tuning of charge carrier 

recombination and dye aggregation. Application of the new bpy derivatives in ruthenium(II)- 

and rhenium(I)-complexes revealed enhanced performance of the corresponding 

chromophores with regard to their solar light-harvesting ability. Resonance Raman 



experiments supported by theoretical calculations were conducted to further explore the effects 

of triazole and phenylene substitution. 

Additional investigation of the luminescence properties of this series of complexes lead to a 

surprising observation. Contrary to conventional rutheniumpolypyridyl-complexes the triazole 

containing compounds showed a solvent dependent light switch effect. Certain water content 

in solution quenches the luminescence of these complexes. The light-switch behavior could 

clearly be correlated to the presence and number of triazole subunits. Theoretical studies 

helped finding possible explanations concerning the origin of the observed light-switch effect. 

Metal complexes incorporating triazole subunits have a wide scope of applications since they 

can connect important function-owning molecular building blocks and are easy to generate via 

CLICK chemistry. The presented findings are highly relevant because they suggest a major 

restriction concerning the utilization of such complexes in DSPECs with aqueous electrolytes. 

Opening additional deactivation pathways by triazole introduction might reduce charge 

separated lifetimes and therewith diminish catalytic turnover. 

The combined research efforts of this thesis will further promote the targeted design of so-

called artificial leafs for solar fuel production. 
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Synthesis and characterization of an immobilizable
photochemical molecular device for
H2-generation†

Markus Braumüller,a Martin Schulz,b,c Dieter Sorsche,a Michael Pfeffer,a

Markus Schaub,a Jürgen Popp,c Byung Wook Park,d Anders Hagfeldt,*e

Benjamin Dietzek*b,c,f and Sven Rau*a

With [RuII(bpyMeP)2tpphzPtCl2]
2+ (4) a molecular photocatalyst has been synthesized for visible-light-

driven H2-evolution. It contains the ligand bpyMeP (4,4’-bis(diethyl-(methylene)-phosphonate)-2,2’-

bipyridine) with phosphate ester groups as precursors for the highly potent phosphonate anchoring

groups, which can be utilized for immobilization of the catalyst on metal–oxide semiconductor surfaces.

The synthesis was optimized with regard to high yields, bpyMeP was fully characterized and a solid-state

structure could be obtained. Photophysical studies showed that the photophysical properties and the

localization of the excited states are not altered compared to similar Ru-complexes without anchoring

group precursors. (4) was even more active in homogenous catalysis experiments than

[RuII(tbbpy)2tpphzPtCl2]
2+ (6) with tbbpy (4,4’-bis(tbutyl)-2,2’-bipyridine) as peripheral ligands. After

hydrolysis (4) was successfully immobilized on NiO, suggesting that an application in photoelectrosynth-

esis cells is feasible.

Introduction

The sensitization of semiconductors (SC) to prepare dye
sensitized photoelectrosynthesis (DSPECs) or photovoltaic
cells (DSSCs) is a research area with growing interest.1–3 Here
immobilization of a suitable chromophore or photocatalyst on
these semiconductors is a crucial factor. The photosensitizer
should have anchoring groups to strongly bind the dye onto
the SC surface and to facilitate the charge carrier injection
into the SC.2 The most studied class of surface binding groups

in DSSCs and DSPECs are carboxylates and phosphonates.
Both are utilized on n-type SCs like TiO2 as well as on p-type
SCs like NiO. Comparisons of DSSCs based on differently func-
tionalized [RuII(bpy)3]

2+ on nanocrystalline NiO demonstrate
that higher solar energy conversion efficiencies are obtained
in the following order –CH2PO3H2 > –COOH > –catechol >
–CSSH.4 Additionally, methyl phosphonic acid and carboxylic
acid display the highest affinity and monolayer coverage for
NiO, which can be monitored by resonance Raman micro-
spectroscopy that can also be used to assure the quality of dye
sensitized NiO films.5 Recently it could be shown, that the con-
jugation of a molecular photocatalyst to a NiO surface did lead
to electron transfer from the surface to the catalytic centre
which in turn lead to hydrogen formation.6 Within the context
of molecular photocatalysts, tpphz based multinuclear com-
plexes are of great interest as it contains a redoxactive side
which can store electrons more efficiently than e.g. bpy ligands
(tpphz = tetrapyrido[3,2-a:2′,3′c:3″,2″,-h:2′′′,3′′′-j]phenazine, bpy
= 2,2′-bipyridine).7 The H2-evolving activity of palladium(II)-
based RuII-tpphz-PdII photocatalysts have been extensively
investigated so far in our group.7–10 However the hydrogen pro-
duction is accompanied with the formation of colloidal Pd(0),
since the stability of the zero valent metal centre is too low
in the N^N chelating sphere of tpphz.11 A related complex
[RuII(tbbpy)2tpphzPtCl2]

2+ has been reported by Eisenberg
et al. as early as 1998.12 The possible application of this

†Electronic supplementary information (ESI) available. CCDC 1021494 and
1034963. For ESI and crystallographic data in CIF or other electronic format see
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complex as intramolecular photocatalyst has recently been
reported.11 In contrast to the analogous palladium catalyst
high chemical stability under photocatalytic hydrogen evolving
conditions was observed. However relatively low catalytic
activity (max. turnover number of 7) was reported as well.

Homodinuclear Ru2tpphz complexes have already been
bound via carboxylated bipyridine ligands to semiconducting
TiO2 electrodes.

13 Here the favourable charge transfer properties
of the tpphz ligand proved useful. However, in a related study for
a heteroleptic ruthenium complex with carboxylated bipyridine
ligands and a structurally related dipyridophenazine ligand a sig-
nificant impact of the ligand composition on the photo- and
electrochemistry could be observed. Most notably this complex
show unexpected luminescence in water, i.e. a switch off of the
known light switch effect,14,15 implying fundamentally different
excited state relaxation pathways than those typically observed
for complexes of this kind without anchoring groups.16 Carboxy-
late anchoring groups might even hinder hole injection into NiO
as recently investigated for rutheniumpolypyridyl complexes.17

Phosphonate binding groups guarantee a chemically more
stable link-up to semiconducting surfaces than carboxylates.18

This general assumption has been investigated in detail in a
recent publication resulting in a structure–property relation-
ship study for [RuII(bpy)3]

2+-derivatives differing in the quan-
tity of phosphonate functionalized bpy ligands and the
presence or absence of a CH2-spacer between the aromatic
ring and –PO3H2 anchor. T. J. Meyer et al. compared properties
of these [RuII(bpy)3]

2+-derivatives in solution and chemically
bound on TiO2 or ZrO2, respectively.18 They found that
electron injection yields decrease with increased number of
phosphonate substituents or the addition of a methylene
spacer. But electro- and photochemical stabilities on TiO2 are
enhanced with an increasing number of phosphonate groups.
In addition the binding constants for –CH2PO3H2 are higher
compared with –PO3H2.

18 Therefrom we chose to utilize two
diphosphonated bipyridine ligands including a methylene
spacer. [RuII(bpyMeP)2tpphzPtCl2]

2+ (4) comprises all com-
ponents of a intramolecular photocatalyst (bpyMeP = 4,4′-bis-
(diethyl-(methylene)phosphonate)-2,2′-bipyri-dine). A ruthe-
niumpolypyridyl light harvesting unit, the bridging ligand
tpphz as an electron transfer system and platinum as catalytic
centre (Fig. 1). As will be shown, the methyl phosphonic ester
groups can be deprotected to make this complex immobili-
zable on SC surfaces.

(4) would be one of the first functional units which consists
of a photocentre intramolecularly connected via a bridging

ligand to a catalyst, which could be utilized for H2-generation
on SC surfaces. To the best of our knowledge only one other
system was published yet, in which an intramolecular photo-
catalyst is utilized on an electrode surface.6 However, there the
assembly process of the functional catalyst is sequential, i.e.
first the photoredoxactive ruthenium was bound to surface
and then the catalytic active cobalt unit had to be bound to
the already immobilized photocentre. Hence it was not possi-
ble to correlate the photocatalytic properties of the assembled
photocatalyst on the surface with these of a molecular Ru–Co
catalyst in solution. Target catalyst (4) would make this useful
correlation feasible, since the intramolecularity of photo- and
catalytic centre is given a priori. After hydrolysis of the ethyl
ester groups (4) could be immobilized on electrode surfaces in
one single step. In this contribution we describe the synthesis
and photophysical and photocatalytical properties of complex
(4). The hydrolysis and immobilization of (4) are presented at
the stage of preliminary tests.

Results and discussion
Ligand synthesis

For the composition of supramolecular systems it is necessary
to apply suitable ligands which guarantee a stable linkage
between the single moieties. For water reduction in an electro-
chemical cell the immobilization of chromophores to the
SC NiO is most commonly used.6,19,20 An effective fixation of
metal complexes to NiO could be accomplished by bpyMeP as
ligand.4 The desired ligand was synthesized according to
Fig. S1† using modified literature methods.21 The proton
signal splitting of the methylene group between bipyridine
and bromine or phosphor respectively from a singlet in 4,4′-
bis(bromomethyl)-2,2′-bipyridine to a broad doublet in bpyMeP
is characteristic since it stems from the coupling of these
protons with the phosphor atom. A broad coupling can also be
found in 13C-NMR between the methylene carbon and the
phosphor atom. The ligand bpyMeP could be fully character-
ised by 1H-, 13C- and 31P-NMR (([D3]MeCN, 162 MHz): δ [ppm]
= 24.35), mass spectrometry (m/z (MALDI) = 457.4 [M + 1H+)]+,
479.3 [M + 1Na+)]+) and elemental analysis.

The structure was later confirmed by X-ray crystallography.
The atom connectivity and atomic numbering scheme for
bpyMeP are shown in Fig. 2. Selected bond lengths and angles
are given in Table 1. The structure of bpyMeP exhibits an inver-
sion symmetry centre located on the C2–C2′ bond.

Fig. 1 Desired dinuclear photocatalyst (4).

Fig. 2 Solid state structure of bpyMeP. Hydrogen atoms are omitted

for clarity.
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The C–N–C angle of 116.9° within the pyridine ring is
similar to those for free pyridine (for example, about 117° in a
pyridine derivative22). The two pyridyl rings within bpyMeP are
in anti conformation with no deviation from planarity.

The C1–P1 bond is turned out of the bipyridine plane with
a torsion angle of 88.17°. The bond length between C4 in the
pyridine ring and the methylene C1 is given as 1.507 Å and is
therefore in the normal range of a sp3-C–sp2-C single bond.
Likewise the C1–P1-distance exhibits a standard value of 1.791 Å
for a methylene C–phosphonate P – bond. Neither hydrogen
bonding nor π–π-stacking were found within the structure.

Metal complex synthesis

Here we present the synthesis of the mono- and dinuclear
target complexes [RuII(bpyMeP)2tpphz]

2+ (3) and [RuII(bpyMeP)2-
tpphzPtCl2]

2+ (4) (Fig. 3).
The coordination of one bpyMeP-ligand to a Ru2+ core was

already described by Odobel and coworkers in 2001 with the
complex [RuII(bpy)2(bpyMeP)]2+.21 To assure comparability to
complexes (3) and (4) within this contribution we synthesized
[RuII(tbbpy)2(bpyMeP)]2+ (M) as a model complex with more
electron-rich bipyridines. The synthesis of (M) was accom-
plished by reaction of [RuII(tbbpy)2Cl2] with one equivalent of
bpyMeP in an ethanol–water-mixture for 20 h. (M) was charac-
terised by 1H-, and 31P-NMR (([D3]MeCN, 162 MHz): δ [ppm] =
23.00). The solid-state structure of (M) was derived from X-ray
suitable single crystals which were grown by slow vapor
diffusion of diethyl ether into a solution of the complex in
acetone (Fig. 4).

Upon coordination phosphonic ester groups are turned
into cis configuration with respect to the C2–C2′-bond of the
bipyridine. No significant changes are observed considering
the pyridine-C–methylene-C bond, the methylene-C–P bond,
or the respective angle <(CCP) (cf. Table 2).

The Ru–N bond lengths (2.051(3) Å–2.067(3) Å) and bite angles
(78.5°–79.0°) of all bipyridine ligands are in the usual range.

The coordination of two bpyMeP-ligands to a Ru2+ core
should provide four anchoring groups per ruthenium complex,
ensuring stable binding on semiconductor-surfaces. The

preparation of complex (1) with L,L′ = Cl as a precursor is
literature known. But the yields did not surpass 32%.23 Hence
different preparation routes were investigated to optimize the
yield of (1). bpyMeP turned out to be instable in a microwave-
assisted reaction with Ru[(COD)Cl2]n which is usually used for
the efficient synthesis of (bpy)2RuCl2-derivatives.

24 Also a two
steps synthesis of (1), starting with refluxing Ru[(CO)2Cl2]n and
one equivalent of bpyMeP in MeOH then introducing the
second equivalent by lightdriven reaction failed.25,26 The
coordination of two equivalents of bpyMeP to Ru finally was
accomplished by using Ru(DMSO)4Cl2 as precursor in metha-
nol with a reaction time of 20 h at reflux. Looking at previous
results, the reaction of two bpy-like ligands with Ru-
(DMSO)4Cl2 might lead to Ru complexes with different substi-
tution patterns. DMSO as well as Cl could be replaced by
bpy.27,28 Since the substitution pattern of (1) (Cl or DMSO) is not
important for the preparation of (2) or other [RuII(bpyMeP)2L]

2+-
complexes the raw product was used directly without further
purification for the next step (Fig. 5).

The Ru(bpyMeP)2Cl2−x/DMSOx-complexes are refluxed with
an equimolar amount of phen(O)2 (1,10-phenanthrolin-5,6-
dione) in an ethanol–water mixture for 20 h. Starting with Ru-
(DMSO)4Cl2 the overall yield of (2) is 86%. Hence this synthetic
route proved itself as a high-yielding method to generate
[RuII(bpyMeP)2L]

2+-complexes.
Recently T. J. Meyer et al. published another approach to

synthesize [RuII(bpyMeP)2L]
2+ with L = bpy.29 They applied a

[Ru(η6-C6H6)(bpy)OTf]OTf precursor with two equivalents of
bpyMeP in 1 : 1 (v/v) EtOH–H2O under refluxing conditions to
generate the hydrolyzed form of [RuII(bpyMeP)2bpy] in 62%
yield. In other words, they first introduced bpy and in a

Table 1 Selected bond length and angle of bpyMeP

C1 P1 C1 C4 <C4 C1 P1

Distances/Å 1.791 1.507
Angle/° 115.7

Fig. 3 Structures of Ru complexes (3), (4), (5), (6).

Fig. 4 Solid state structure of the complex cation of (M) (ellipsoids at

50% probability; solvent molecules, anions and hydrogen atoms omitted

for clarity).

Table 2 Selected bond length and angle of (M)

Cme P Cpy Cme <Cpy Cme P

Distancesa/Å 1.781 1.505
1.788 1.513

Anglesa/° 110.2
113.3

aWith respect to the two phosphonate groups being symmetrically
non equivalent in the complex.
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second step two equivalents of bpyMeP to the Ru2+ core. The
preparation of (3) would therefore imply the generation of the
precursor [Ru(η6-C6H6)(tpphz)OTf]OTf. Since a successful
synthesis of this precursor is intricate and the synthesis of (2)
by our presented procedure is straight forward and high yield-
ing, we decided to avoid this alternative strategy.

Beginning with (2) and phen(NH2)2 (1,10-phenanthrolin-
5,6-diamine) the synthesis of (4) is performed by two steps. At
first the bridging ligand tpphz is synthesized by condensation
of phen(NH2)2 and phen(O)2 to yield (3). In principle this
condensation in the presence of a coordinated Ru-complex is
known to literature.30 A direct introduction of the poorly
soluble tpphz to (1) was avoided because of the thermal
instability of bpyMeP under high-temperature conditions
needed for the introduction of tpphz.7 Our best results for the
tpphz-condensation were obtained by working in an aceto-
nitrile–glacial acetic acid mixture (4 : 1) under inert atmos-
phere. After work up by column chromatography and
recrystallisation (3) was received in 57% yield and character-
ised by 1H-, 13C-, 31P-NMR (([D3]MeCN, 162 MHz): δ [ppm] =
22.92), mass spectrometry (m/z (MALDI/TOF) = 699.50 [(M −

2PF6)/2]
2+, 1543.42 [M − PF6]

+.) and elemental analysis. To
complete the photocatalyst (4) Pt has to be coordinated to the
free phenanthroline sphere of tpphz. For this purpose (3) and
Pt(DMSO)2Cl2 are refluxed in ethanol for 5 h to gain (4) in
82% yield. The target complex (4) was characterised by 1H-,
31P-NMR (([D3]MeCN, 162 MHz): δ [ppm] = 22.82), mass
spectrometry (m/z (MALDI/TOF) = 832.65 [(M − 2PF6)/2]

2+,
1809.28 [M − PF6]

+) and elemental analysis. If one compares
the 31P-NMR shifts of bpyMeP with (3) and (4) there is almost
no difference, indicating that the coordination to mono- or
dinuclear ruthenium complexes has minor electronical effects
on the phosphor atoms of bpyMeP. The introduction of Pt to
(3) tpphz could be observed by 1H-NMR-spectroscopy. As
known from previous investigations the 1H-NMR signal shifts
of similar Ru-complexes like (3) and (4) are concentration
dependent.31,32 For comparison it must be guaranteed that the
spectra are measured at equivalent concentrations. The

presence of Pt leads to a decreasing electron density at the
tpphz moiety. This deshielding has a particularly strong effect
on the protons which are located in direct proximity of Pt.
In comparison to (3) their signals are shifted to downfield
(cf. protons a′ in Fig. S3 in the ESI†)

Photophysics

Absorption spectra for (3) and (4) in MeCN (measured at a con-
centration of 10−5 M) (Fig. 6) exhibit characteristic intense
π–π* absorptions below 350 nm and metal-to-ligand charge-
transfer (MLCT) absorptions from 400 to 500 nm as usual for
ruthenium polypyridyl complexes.33 Both compounds feature
a similar MLCT absorption maximum (λmax ≈ 450 nm).
Notably (4) does not reveal the pronounced absorption bands
which (3) shows at 380 nm. These bands are assigned to phe-
nazine based π–π*-transitions. As previously shown, these
absorptions features are also absent in structurally related Ru-
tpphz-Pt complexes.34 Thus, the absorption spectrum presents
a strong indication for the coordination of platinum on the
free phenanthroline sphere of tpphz in (4). This is assured by
the quenching of the emitting excited state by platinum as
shown in the emission spectra (Fig. 6).12 Complex (3) shows
the light switch effect. Typically the luminescent state is active
in aprotic solvents whereas the non-luminescent state domi-
nates in protic solvents such as water. As depicted in Fig. S4 in
the ESI† the luminescence of (3) is quenched by adding water
to the MeCN dye solution. So (3) shows the expected photo-
physical properties of similar Ru-tpphz-complexes and the
methyl phosphonic ester groups do not change the emission
behavior compared to related compounds without anchoring
groups.35,36 This is in contrast to related Ru-dppz complexes
with dicarboxylated bipyridines for which no such light switch
effect could be observed.16 From these results one can infer
that the photophysical properties of (3) are not changed sig-
nificantly if methyl phosphonic ester groups are utilized as
anchoring groups.

Absorption and emission spectra of (3) and
[RuII(tbbpy)2tpphz]

2+ (5) after excitation within the range of the

Fig. 5 Synthesis of (2) and (3).

Fig. 6 UV/Vis and emission spectra of (3) and (4). Identical excitation

conditions for measuring the emission spectra of (3) and (4) at identical

optical density at 459 nm.
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MLCTs were recorded at a dye concentration of 5 × 10−6 M.
The comparison of (3) with (5), where the bpyMeP ligands are
replaced by tbbpy, shows different absorption and emission
characteristics, which point to altered excited state properties
upon introduction of the bpyMeP ligand (cf. Fig. S5 in the
ESI†) (tbbpy = 4,4′-bis(tbutyl)-2,2′-bipyridine). Concerning the
absorption, (3) exhibits a pronounced maximum at low energy
part of MLCT band (bathochromic shift of 646.4 cm−1, i.e.
0.08 eV compared to (5)) whereas in the emission spectrum
a slight hypsochromic shift could be observed (513.8 cm−1, i.e.
0.064 eV compared to (5)). This antipodal behavior leads to a
difference in Stokes shifts of (5) compared to (3) obviously
caused by the exchange of bpy substituents. The bathochromic
shift in absorption could be explained by the electron-with-
drawing substituent effect of the methyl phosphonic ester
groups in lowering the π* levels on bpyMeP with respect to
tbbpy as similarly described by T. J. Meyer et al.29 This elec-
tron-pull induces also a lowered electron density at the Ru
centre of (3) in comparison to the Ru centre of (5). This might
be an explanation for the hypsochromic shift in emission.
Important absorption and emission features of complexes
(2)–(5) are summarized in Table 3.

Electrochemical properties

In order to study the effect of the phosphonate ester moiety on
the electronic properties of the Ru-centre, related mononuclear
complexes are investigated. The redox potential for the RuIII/II

couple in (3) occurs at more positive potential than that of the
RuIII/II of (5) (cf. Table 4, Fig. S6 in the ESI†). The tbutyl-groups
are more electron-donating compared to methyl phosphonic
ester substituents, resulting in an eased oxidation of RuII in
(5). If compared to [RuII(bpy)2tpphz]

2+ with unsubstituted and

[RuII(bpy(COOMe)2)2dppz]
2+ with carboxylic ester substituted

bpy ligands RuII oxidation becomes easier in the following
order: [RuII(bpy(COOMe)2)2dppz]

2+ < (3) < [RuII(bpy)2tpphz]
2+ <

(5).16,37 In the same order the character of peripheral bpy
substituent changes from electron withdrawing to electron
donating.

Resonance-Raman-experiments

The localization of the initially excited state (Franck-Condon-
point) is highly important for the catalytic process as has been
shown before for the ruthenium/palladium dyad [Ru-
(tbbpy)2tpphzPdCl2]

2+.38 For [Ru(tbbpy)2tpphzPdCl2]
2+ exci-

tation of the red-edge of the 1MLCT absorption band – popu-
lates a mainly tpphz-based state which can be deactivated via
vectorial electron transfer to the Pd centre.8,9 The discussed elec-
tron-withdrawing properties (vide supra) of the bpyMeP ligands
may, however, result in a different Franck–Condon-point struc-
ture. It was therefore of immediate interest to determine the
localization of the initially excited state on certain parts
(bridge or periphery) of compound (4). Resonance-Raman
spectroscopy is suited to investigate the localization of states
shortly after excitation due to the enhancement of modes that
display a large nuclear displacement from the equilibrium geo-
metry at the Franck–Condon point.39 We recorded resonance-
Raman spectra of (3) and (4) in MeCN solution upon excitation
at 458, 476 and 514 nm, i.e. in resonance with the 1MLCT-
absorption of the complexes. Resonance-Raman spectra at
514 nm suffer from a strong luminescence background and
are therefore not displayed. The resonance-Raman spectra
obtained for excitation of (4) at 458 nm show modes from the
peripheral bpyMeP ligands as well as from the tpphz-bridge
(Fig. 7).

The spectrum of (4) closely resembles that of the previously
reported [(tbbpy)2RutpphzPdCl2]

2+.38 Comparison between (4)
and [Ru(tbbpy)2tpphzPdCl2]

2+ shows that the relative
signal intensities are not changed significantly. Only two
bands of (4) appear at different positions than those of

Fig. 7 Gives a comparison between the resonance Raman spectra (λexc
= 458 nm) of the Ru complex (3) (spectrum A), the Ru/Pt complex (4)

(spectrum B) and the previously published [Ru(tbbpy)2tpphzPdCl2]
2+

(spectrum C) in acetonitrile solution.38 The solvent band at 1374 cm 1 is

marked with an asterisk.

Table 3 Absorption and emission data of complexes (2) (5) measured

in acetonitrile (MLCT absorption maxima λMLCT; phenazine based tran

sition maxima λphz; emission maxima λem)

Substance λMLCT [nm] λphz [nm] λem [nm]

(2) 443 614
(3) 455 381 614
(4) 445.5 624
(5) 442 381.5 635

Table 4 Electrochemical data for complexes of the types Rutpphz and

Rudppz

Substance
Half wave potentials E (V)
for the oxidation E1/2 (Ru

III/RuII)a

(3)b,d 1.02
(5)b,d 0.86
[RuII(bpy)2tpphz]

2+ b,e 0.93
[RuII(bpy(COOMe)2)2dppz]

2+ c, f 1.14

a The electrochemical measurements were carried out in anhydrous
and argon purged MeCN. b 0.1 M NBu4PF6 as supporting electrolyte.
c 0.1 M NBu4ClO4 as supporting electrolyte. d The oxidation potentials
are given vs. Fc/Fc+. e From ref. 37; Fc/Fc+ +0.40 V vs. SCE in
acetonitrile. f From ref. 16; Fc/Fc+ +0.36 V vs. Ag/AgCl in acetonitrile.
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[Ru(tbbpy)2tpphzPdCl2]
2+ ((4): 1549, 1275 cm−1; [Ru(tbbpy)2-

tpphzPdCl2]
2+: 1539, 1282 cm−1). The latter were previously

assigned to the peripheral ligands, the structure of which is
directly impacted by introduction of the anchoring group.9

Resonance-Raman experiments are suited to gain information
about the energetic order of different electronic transitions
that compose a UV/Vis band. This is achieved by a comparison
of the resonance-Raman spectra obtained from excitation at
different energies of the UV/Vis band. A comparison between
the resonance-Raman spectra obtained by excitation of (4) at
458 nm and 476 nm respectively, reveals that the relative inten-
sities of the bipyridine marker bands (at 1547, 1484,
1318 cm−1) decrease compared to the tpphz bands when going
from higher to lower energy (458 nm to 476 nm, Fig. S7, ESI†).
The same observation was made for (3) (Fig. S8, ESI†). This
indicates that the low energy flank of the 1MLCT absorption
band is governed by 1MLCTtpphz←GS charge transfer while
the higher energy side is governed by 1MLCTbpyMeP←GS tran-
sitions (GS is ground state).

From this comparison we conclude that changing the per-
ipheral ligands from 4,4′-bis(tbutyl)-2,2′-bipyridine to 4,4′-bis-
(diethyl(methylene)phosphonate)-2,2′-bipyridine does not alter
the localization of the initially photoexcited state. This is rele-
vant for an efficient catalytic process, independent of the
nature of the catalytic metal centre (palladium or platinum).

Catalysis

The new heterodinuclear ruthenium complex [RuII(bpyMeP)2-
tpphzPtCl2]

2+ (4) was investigated towards its catalytic activity
for light-driven hydrogen production and compared to
[RuII(tbbpy)2tpphzPtCl2]

2+ (6). Therefore commercially avail-
able LED sticks (λ = 470 nm, P = 45 mW) in combination with
a specialized air-cooled photomicroreactor were used.
Irradiation times of 72 h or 17 h, respectively, were recorded in
the presence of triethylamine (TEA) acting as a sacrificial elec-
tron donor. For both complexes, the catalytic activity is higher
in the presence of water (10 vol%). This is in accordance with
similar RutpphzPd complexes where water has an optimal con-
centration range between 10 and 15 vol% and already minor
amounts of water strongly increase catalytic activity up to a
turnover number of 210 for [RuII(tbbpy)2tpphzPdCl2]

2+.8

Higher water concentrations are limiting the catalytic turnover.
Possibly this is associated with the disadvantageous effect of
water on the long-lived excited state in ruthenium complexes
bearing a phenazine moiety.40 To ensure comparability the
catalyst concentration (c = 7 × 10−5 mol L−1) were kept con-
stant. (4) and (6) show no induction phase, indicating that
they are really the active catalyst. In contrast to RutpphzPd
where an significant induction period was observed, suggested
to be related to the photodecomposition and formation of col-
loidal intermediates.10 The period of active catalysis of the
RutpphzPt catalyst is prolonged by replacing tbbpy with
bpyMeP from 10 h for (6) to 48 h for (4). As can be seen, (4)
displays a generally higher turnover number (TON) than (6)
(37 vs. 7) (Fig. 8). One possible reason for the improved cataly-
tic activity of (4) could be due to the increased energy of the

luminescent state detected for (3) if compared to (5), as
described above. Furthermore, the phosphonate moieties rep-
resent significantly more polar groups than the tbutyl-groups
in (6). They may therefore lead to a different aggregation of the
catalyst thus providing more optimal conditions for proton
migration and activation. As shown for RutpphzPd-complexes,
optimization of the supramolecular aggregation in solution
can have a significant effect on the catalytic activity.41 As
described above (4) with PtCl2 as catalytic unit shows lower
catalytic turnover than similar complexes with PdCl2. However,
its utilization as an intramolecular photocatalyst on semi-
conducting surfaces seems more appropriate, since colloid for-
mation, which goes along with the loss of the intramolecular
character, can be excluded.

Hydrolysis and immobilization

In order to investigate principle utilisability of the presented
compounds (3) and (4) in dye sensitized cells, preliminary
investigations into deprotection and immobilization were
performed.

The methyl phosphonic ester groups of model complex
[RuII(tbbpy)2bpyMeP] (M) were deprotected by reaction with
half-concentrated HCl at reflux as reported for a similar
complex by Odobel and coworkers.21 The loss of the ethylgroups
of (M) can be traced by 1H-NMR spectroscopy (Fig. S10, ESI†).
The deprotected species [RuII(tbbpy)2(bpy(CH2PO3H2)2)]

2+

(Mhydrolyzed) is soluble in water (most probably as Cl−-salt) and
can be reprecipitated as PF6-salt to regain solubility in organic
solvents. Comparison of the 31P-NMR-spectra in acetonitrile of
(M) and its deprotected analogue (Mhydrolyzed) revealed only
minor change in the chemical shift with δ [ppm] = 23.00 and
δ [ppm] = 19.22, respectively. Notably, deprotection of (3)
and (4) according to the above described procedure yielded
completely insoluble products.

However, addition of NaOH rendered the deprotected com-
pounds (3) and (4) water-soluble, most probably as 6-fold nega-
tively charged species. Unfortunately the 1H-NMR spectra of
these complexes in D2O + 4% NaOD show complicated shapes
compared to the protected species which were not straight-
forward to interpret. But in the 31P-NMR-spectra signals
similar to the one for (Mhydrolyzed) in deuterated water could be
found (δ [ppm] = 14.77 for (3) and (4) compared to δ [ppm] =

Fig. 8 Photocatalytic activity of (4) and (6).
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14.74 for (Mhydrolyzed), cf. Fig. S11 in the ESI†). The other
signals at around 15 ppm might be explained by differing
degrees of deprotonation of (3hydrolyzed) or (4hydrolyzed) respecti-
vely. The presence of these different species might also be
the reason for the complex 1H-NMR spectra. In contrast to
(Mhydrolyzed) a signal at ca. 5.5 ppm was found for (3hydrolyzed)
and (4hydrolyzed). One possible explanation for its appearance is
the coordination of Na+-ions at the phosphonate groups of
(3hydrolyzed) and (4hydrolyzed), resulting in an downfield shift as
observed for (benzoxazol-2-ylmethyl)phosphonic acid for
instance.42 In the absorption spectra no significant changes
could be monitored when comparing (M), (3) and (4) in aceto-
nitrile to their hydrolyzed analogue (Mhydrolyzed), (3hydrolyzed)
and (4hydrolyzed) in water (cf. Fig. S12–S14 in the ESI†). The
complexes (Mhydrolyzed), (3hydrolyzed) and (4hydrolyzed) were
immobilized on a NiO surface on a FTO glass carrier by
dipping the NiO substrate for 3 days into a 0.2 mM solution of
(Mhydrolyzed), (3hydrolyzed) and (4hydrolyzed) in 0.1 M NaOH, after
using the deprotection method described above. The sensi-
tized NiO films were washed several times with water and then
analyzed by UV/Vis (reflection spectroscopy) in the MLCT
region. For all complexes no significant changes in absorption
behavior were found when comparing the protected, the
hydrolyzed and the immobilized species (cf. Fig. S12–S14 in
the ESI†). (3)@NiO shows the phenazine based π–π*-tran-
sitions band at 370 nm (Fig. 9, cf. Fig. 6) whereas (4)@NiO still
shows the characteristic unstructured absorption behavior
typical for the RutpphzPt-species. For both films the MLCT
absorption band (λmax ≈ 450 nm) of complexes (3) and (4) can
be observed.

Experimental
Methods and materials

1H (400.13 MHz), 13C-NMR (101 MHz) and 31P (161.98 MHz)
spectra were measured with a Bruker DRX 400 spectrometer.
The NMR spectra were recorded in CD3CN or CDCl3 at 298 K.
1H-NMR chemical shifts were referenced to the solvent peak
for acetonitrile (δ = 1.94 ppm) or chloroform (δ = 7.26 ppm).

MS analysis was performed on Bruker solariX (2010) Hybrid
7 T FT-ICR for MALDI and with a Bruker Ultraflex III MALDI
TOF/TOF for MALDI/TOF measurements.

The crystal suitable for X-ray analysis was mounted using a
MicroLoop and Fomblin oil. X-ray diffraction intensity data
were measured at 180 K on a SuperNova (Dual Source) diffracto-
meter, equipped with an ATLAS detector, from Agilent Techno-
logies. The structures were solved by direct methods (SHELXS)
and refined by full-matrix least squares techniques against Fo2
(SHELXL 2013).43 The hydrogen atoms were included at calcu-
lated positions with fixed thermal parameters. All non-hydro-
gen atoms were refined anisotropically.

Electrochemical data were obtained by cyclic voltammetry
using a conventional single-compartment three-electrode cell
arrangement in combination with a “Parstat 2273 Princeton
Applied Research” potentiostat. The measurements were
carried out in 0.1 M solutions of Bu4NPF6 in dry and argon
purged acetonitrile. All values were determined with a glassy
carbon working electrode and platinum counter and reference
electrodes. The measured values were referenced versus the
redox couple Fc/Fc+ set at E1/2 = 0 V.

The hydrogen evolved was measured by headspace GC on a
Bruker Scion GC/MS, with a thermal conductivity detector 15
(column: Mol. Sieve 5A 75 m × 0.53 mm I.D., oven temp. 70 °C,
flow rate 22.5 ml min−1, detector temp. 200 °C) with argon as
carrier gas. The GC was calibrated by mixing different volumes
of pure hydrogen together with argon into a schlenk vessel.
The obtained signal was plotted against the calibration curve
and 20 multiplied accordingly to receive the total produced
hydrogen content in the headspace.

The UV/Vis-spectra were recorded with a JASCO Spectro-
meter V-670. Quartz cells with a 10 mm path length were used.

The emission-spectra were recorded with a JASCO 25
Spectrofluorometer FP-8500. Quartz cells with a 10 mm path
length were used.

Immobilization of the hydrolyzed complexes on a NiO
surface on a FTO glass carrier was accomplished by dipping
the NiO substrate for 3 days at 20 °C into a 0.2 mM solution of
the dye in 0.1 M NaOH. After immobilization the dye sensi-
tized NiO films were washed several times with water.

If not mentioned otherwise all experiments were performed
under aerobic conditions.

Starting materials

4,4′-Dimethyl-2,2′-bipyridine and ruthenium trichloride tri-
hydrate (RuCl3·3H2O) was purchased from commercial sources
and used without further purification. Ru[DMSO]4Cl2,
[RuII(tbbpy)2Cl2], [RuII(tbbpy)2(tpphz)](PF6)2 (5) and [RuII-
(tbbpy)2(tpphz)PtCl2](PF6)2 (6) were prepared as reported
elsewhere.7,11,24,44

Ligand synthesis

4,4′-Dicarboxy-2,2′-bipyridine. This compound was prepared
as previously reported.45

4,4′-Diethoxycarbonyl-2,2′-bipyridine. This compound was
prepared as previously reported.21

Fig. 9 UV/Vis (reflection) spectra of immobilized (3hydrolyzed) and

(4hydrolyzed) on NiO@FTO glass. NiO and FTO glass background

substracted.
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4,4′-Dicarboxyethyl ester 2,2′-bipyridine. This compound
was prepared by a modified literature procedure.21 An 5.5 g
amount of sodium borohydride was added to a mixture of 4,4′-
diethoxycarbonyl-2,2′-bipyridine (5.0 g, 16.7 mmol) in 400 mL
of degased isopropyl alcohol. The mixture was refluxed for
24 h and cooled to room temperature, and then another 5.5 g
portion of sodium borohydride was added. After another 36 h
heating at reflux the solvent was removed under vacuum and
the residue was dissolved in a small amount of water. The
resulting solution was extracted with ethyl acetate (3 ×
200 mL), dried over magnesium sulfate, and the solvent was
removed under vacuum. The desired solid was obtained in
86% yield. Characterization data match literature values.21

4,4′-Bis(bromomethyl)-2,2′-bipyridine. This compound was
prepared as previously reported.21

4,4′-Bis(diethyl(methylene)phosphonate)-2,2′-bipyridine

(bpyMeP). This compound was prepared as previously
reported.21

1H-NMR ([D3]MeCN, 400 MHz): δ [ppm] = 8.59 (d, 2H,
3J (H,H) = 4.8 Hz), 8.31 (s, 2H), 7.30 (m, 2H), 4.05 (q, 8H, 3J
(H,H) = 7.2 Hz), 3.21 (d, 4H, 2J (H,P) = 22.4 Hz), 1.25 (t, 8H, 3J
(H,H) = 7.2 Hz); 13C-NMR ([D3]MeCN, 101 MHz): δ ppm =
156.00, 149.23, 142.15, 124.96, 122.50, 62.40, 33.57 (1J (H,P) =
137.4 Hz), 16.35; 31P-NMR ([D3]MeCN, 162 MHz): δ ppm =
24.35; MS (MALDI): m/z = 457.4 [M + 1H+)]+, 479.3 [M +
1Na+)]+; elemental analysis calcd (%) for C20H30N2O6P2: C =
52.63, H = 6.63, N = 6.14; found: C = 51.85, H = 6.52, N = 6.02.

Crystals suitable for X-ray analysis were obtained by slow
evaporation of chloroform.

Crystal data: C20 H30 N2 O6 P2, Mr = 456.40 g mol−1, colour-
less prism, crystal size 0.213 × 0.158 × 0.088 mm3, triclinic,
space group P1, a = 7.3747(3) Å, b = 8.5221(4) Å, c = 9.7222(6)
Å, α = 97.051(4)°, β = 97.098(4)°, γ = 107.244(4), V = 570.84(5)
Å3, T = 180(2) K, Z = 2, ρcalcd = 1.328 Mg m−3, μ (Cu-Kα) =
2.058 mm−1, F(000) = 242, altogether 5287 reflexes up to h(−8/9),
k(−10/10), l(−12/11) measured in the range of 7.801° ≤ Θ ≤

73.042°, completeness Θmax = 99.6%, 2215 independent reflec-
tions, Rint = 0.0139, 2130 reflections with Fo > 4 σ(Fo), 138 para-
meters, 0 restraints, R1obs = 0.0383, wR2obs = 0.1033, R1all =
0.0393, wR2all = 0.1044, GOOF = 1.015, largest difference peak
and hole: 0.769/−0.466 eÅ−3. CCDC 1021494 contains the sup-
plementary crystallographic data for this paper.

Metal complex synthesis and characterization

[RuII(bpyMeP)2Clx/DMSO2−x] (1). A solution of 4,4′-bis-
(diethyl(methylene)phosphonate)-2,2′-bipyridine (0.80 g,
1.75 mmol) and Ru[DMSO]4Cl2 (0.42 g, 0.88 mmol) are
refluxed in methanol for 24 h. During this time the color
changed from yellow to dark brown. After removal of methanol
at the rotary evaporator the residue was dissolved in a little
ethanol. An excess of diethyl ether was added to the solution.
The resulting brown precipitate was collected and dried. This
crude product was used in the next reaction without further
purification.

[RuII(bpyMeP)2(phen(O2))](PF6)2 (2). A solution of (1)
(0.80 g, 709.6 µmol) and 1,10-phenanthroline-5,6-dione

(149.1 mg, 709.6 µmol) are refluxed in an ethanol–water
mixture (30 mL/10 mL) for 20 h. During this time the color
changed from deep brown to dark red. After removal of most
of the ethanol at the rotary evaporator an excess of NH4PF6 was
added to the solution The resulting red precipitate was col-
lected, washed with water and diethyl ether and dried (86%
yield starting with Ru[DMSO]4Cl2).

1H-NMR ([D3]MeCN, 400 MHz): δ [ppm] = 8.54 (dd, 2H,
4J (H,H) = 1.3 Hz, 3J (H,H) = 8 Hz), 8.46 (s, 2H), 8.43 (s, 2H),
7.99 (dd, 2H, 4J (H,H) = 1.3 Hz, 3J (H,H) = 5.6 Hz), 7.76 (m, 2H,
3J (H,H) = 5.8 Hz), 7.67 (m, 2H), 7.44–7.34 (m, 6H), 4.03 (m,
16H), 3.48–3.37 (m, 8H), 1.23–1.12 (m, 24H); 31P-NMR ([D3]-
MeCN, 162 MHz): δ [ppm] = 22.83, 22.74.

[RuII(bpyMeP)2(tpphz)](PF6)2 (3). (2) (0.20 g, 0.154 mmol)
was dissolved in a mixture of acetonitrile–glacial acetic acid
(150 mL/40 mL) and degased with argon for 30 min. Then the
first equivalent of 1,10-phenanthroline-5,6-diamine (phen-
(NH2)2, 106.2 mg, 505.3 µmol) was added to the solution. After
6 h of boiling to reflux under an argon atmosphere a second
equivalent of 1,10-phenanthroline-5,6-diamine (phen(NH2)2,
106.2 mg, 505.3 µmol) was added and the red solution was
heated for a further 12 h. After cooling the reaction mixture
was filtered. Most of the solvent was removed using rotary
evaporation and NH4PF6 was added, resulting in the formation
of a precipitate which was collected, washed well with water,
diethyl ether and dried in vacuo. The solid was purified using a
gradient chromatography changing from acetonitrile–water
(8/2) to acetonitrile–water/KNO3. Recrystallization in ethanol
yielded in the formation of a red powder (57%).

1H-NMR ([D3]MeCN, 400 MHz): δ [ppm] = 9.70 (d, 2H, 3J
(H,H) = 7.6 Hz), 9.46 (d, 2H, 3J (H,H) = 8 Hz), 8.69 (s, 2H), 8.45
(s, 2H), 8.40 (s, 2H), 8.20 (d, 2H, 3J (H,H) = 5.2 Hz), 7.92 (m,
2H), 7.84 (m, 2H), 7.80 (m, 2H), 7.73 (d, 2H, 3J = 6 Hz), 7.38 (d,
2H, 3J (H,H) = 5.6 Hz), 7.22 (d, 2H, 3J (H,H) = 5.6 Hz), 4.00 (m,
8H), 3.85 (m, 8H), 3.40 (dd, 4H, 2J (H,P) = 22.8 Hz), 3.29 (dd,
4H, 2J (H,P) = 22.8 Hz), 1.15–0.95 (m, 24H); 13C-NMR ([D3]-
MeCN, 126 MHz): δ [ppm] = 157.10, 156.19, 153.90, 153.69,
152.41, 151.42, 149.77, 147.12, 145.32, 144.89, 144.82, 140.11,
138.08, 133.22, 129.05, 128.98, 128.70, 127.01, 125.77, 125.29,
125.08, 124.72, 62.52, 62.28, 33.22 (1J (H,P) = 133.6 Hz), 33.07
(1J (H,P) = 134.8 Hz), 15.79, 15.60; 31P-NMR ([D3]MeCN,
162 MHz): δ [ppm] = 22.92; MS (MALDI): m/z = 699.50
[(M − 2PF6)/2]

2+, 1543.42 [M − PF6]
+; elemental analysis calcd

(%) for C64H72F12N10O12P6Ru: C = 45.53, H = 4.30, N = 8.30;
found: C = 44.57, H = 4.56, N = 7.99.

[RuII(bpyMeP)2(tpphz)PtCl2](PF6)2 (4). A red solution of (3)
(100 mg 59.2 µmol) and Pt(DMSO)2Cl2 (30 mg, 71 µmol) are
refluxed in 60 mL ethanol for 5 h. During that time the color
of the solution changed to dark red. A good portion of the
ethanol is removed and an aqueous solution of NH4PF6 added.
The resulting solid was isolated by filtration, washed well with
water and diethylether. Subsequent drying in vacuo resulted in
a dark red solid (82% yield).

1H-NMR ([D3]MeCN, 400 MHz): δ [ppm] = 9.81 (d, 2H,
3J (H,H) = 8.4 Hz), 9.36 (d, 2H, 3J (H,H) = 8 Hz), 9.15 (s, 2 H),
8.50 (s, 2H), 8.47 (s, 2H), 8.37 (d, 2H, 3J (H,H) = 5.2 Hz), 8.06
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(m, 2H), 8.02 (m, 2H), 7.94 (m, 2H), 7.76 (d, 2H, 3J (H,H) =
5.6 Hz), 7.45 (d, 2H, 3J (H,H) = 6 Hz), 7.26 (d, 2H, 3J (H,H) =
5.2 Hz), 4.04 (m, 316H), 3.47 (dd, 4H, 2J (H,P) = 22.8 Hz), 3.38
(dd, 4H, 2J (H,P) = 22.4 Hz), 1.25–1.11 (m, 24H); 31P-NMR ([D3]-
MeCN, 162 MHz): δ [ppm] = 22.82; MS (MALDI): m/z = 832.65
[(M − 2PF6)/2]

2+, 1809.28 [M − PF6]
+; elemental analysis calcd

(%) for C64H72Cl2F12N10O12P6PtRu: C = 39.34, H = 3.71, N =
7.17; found: C = 39.16, H = 3.85, N = 6.99.

[RuII(tbbpy)2bpyMeP](PF6)2 (M). A solution of [RuII-
(tbbpy)2Cl2] (0.125 g, 176 µmol) and bpyMeP (80.3 mg,
176 µmol) are refluxed in an ethanol–water mixture (30 mL/
10 mL) for 20 h. During this time the color changed from deep
brown to dark red. After removal of most of the ethanol at
the rotary evaporator an excess of NH4PF6 was added to the
solution The resulting red precipitate was collected, washed
with water and diethyl ether and dried (78% yield).

1H-NMR ([D3]MeCN, 400 MHz): δ [ppm] = 8.47 (s, 4H), 8.39
(s, 2H), 7.60–7.54 (m, 6H), 7.40–7.33 (m, 6H), 4.03 (m, 8H),
3.38 (d, 4H), 1.46–1.36 (m, 36H), 1.14 (t, 12H); 31P-NMR ([D3]-
MeCN, 162 MHz): δ [ppm] = 23.00.

Crystals suitable for X-ray analysis were obtained by slow
diffusion of Et2O into a solution of the complex in acetone.

Crystal data: C62 H93 F12 N6 O7.50 P4 Ru, Mr = 1495.37 g
mol−1, red prism, crystal size 0.1211 × 0.0645 × 0.0487 mm3,
monoclinic, space group C2/c, a = 46.4406(8) Å, b = 12.6539(2)
Å, c = 30.2705(6) Å, β = 121.496(3)°, V = 15 167.9(6) Å3, T =
180(2) K, Z = 8, ρcalcd = 1.310 Mg m−3, μ (Cu-Kα) = 3.162 mm−1,
F(000) = 6232, altogether 44 485 reflexes up to h(−57/40),
k(−15/15), l(−35/36) measured in the range of 7.517° ≤ Θ ≤

73.818°, completeness Θmax = 99.5%, 14 953 independent
reflections, Rint = 0.0384, 11629 reflections with Fo > 4 σ(Fo),
864 parameters, 70 restraints, R1obs = 0.0555, wR2obs = 0.1549,
R1all = 0.0705, wR2all = 0.1662, GOOF = 1.034, largest difference
peak and hole: 1.145/−0.652 eÅ−3. CCDC 1034963 contains the
supplementary crystallographic data for this paper. General
remarks: Heavily disordered solvent molecules were removed
from the experimental data using the Platon SQUEEZE
routine. With respect to the calculated electron density, the
solvent accessible void volume of 349.87 Å3 (according to the
Mercury Solvent Accessible Void calculation) supports the
assumption that residual signals referred to a total of four
molecules of diethylether per unit cell, i.e. 0.5 molecules of
diethylether per formula unit. The cell contents were corrected
accordingly in order to calculate appropriate crystal
parameters.

General hydrolysis procedure

The ethylgroups of bpyMeP in [RuII(tbbpy)2bpyMeP](PF6)2, (3)
and (4) were removed as reported for [RuII(bpy)2(bpyMeP)]-
Cl2.

21

The 1H-NMR-spectra of [RuII(bpy(CH2PO3H2)2)2(tpphz)]
2+

and [RuII(bpy(CH2PO3H2)2)2(tpphz)PtCl2]
2+ were not interpret-

able as discussed above.
[RuII(tbbpy)2(bpy(CH2PO3H2)2)]

2+. [RuII(tbbpy)2bpyMeP](PF6)2
was hydrolyzed according to the general procedure.

1H-NMR (([D3]MeCN, 400 MHz): δ [ppm] = 8.53 (s, 2H),
8.46 (s, 4H), 7.82 (s, 2H), 7.53 (s, 2H), 7.42 (s, 4H), 7.36 (s, 2H),
7.21 (s, 2H), 2.95 (d, 4H), 1.40–1.28 (m, 36H); 31P-NMR
([D3]MeCN, 162 MHz): δ [ppm] = 19.22.

Conclusions

[RuII(bpyMeP)2tpphzPtCl2]
2+ (4), where bpyMeP is a bipyridine

ligand substituted with ethyl phosphonic ester groups via a
methylene spacer, was prepared and was utilized as a photo-
catalyst for hydrogen generation.

Resonance-Raman experiments revealed that the locali-
zation of the excited states in (4) are not changed fundamen-
tally compared to [Ru(tbbpy)2tpphzPdCl2]

2+. Hence electron
transfer in the direction of catalysis is guaranteed. In this
process the methylene spacer between bpy and the anchoring
moiety might play a role. The extent of the aromatic system of
bpy is not altered by introducing tbutyl- or CH2PO3H2-groups.

Another important advantage of the methylene phosphonic
ester groups, compared to carboxylic ester groups, is that there
is no significant change of the photophysical properties com-
pared to similar compounds without anchoring groups. This
finding also might be attributed to the methylene spacer.

Deprotection of (4) goes along with solubility difficulties of
the hydrolyzed product. One option to restore solubility in
organic solvents might be treatment with a liphophilic cation
like tbu4N

+ as Grätzel et al. applied for the famous dye N719.46

In this contribution (4) was successfully immobilized on NiO
from aqueous NaOH solution (0.1 mM) and the sensitized film
was analyzed by UV/Vis (reflection) spectroscopy.

Therefore a supramolecular building block approach
towards photochemical molecular devices attached to electrode
surfaces seems feasible.
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Figure S3. Comparison of 1H-NMR spectra of (3) and (4). 

 

 

Figure S4. Emission quenching upon the addition of water to an acetonitrile solution of (3).*  

*=excitation at identical optical density at 459 nm. 



 

Figure S5. UV/vis and emission spectra of (3) and (5).*  
*=excitation at a concentration of 5 x 10-6 M at 450 nm. 

 

 

 

Figure S6. Cyclovoltamogram of (3) and (5) (oxidation part). 



 

Figure S7.  Resonance-Raman spectra (λexc = 458 nm and 476 nm) of the Ru-complex (4) 

 

 

 

 

Figure S8.  Resonance-Raman spectra (λexc = 458 nm and 476 nm) of the Ru-complex (3) 



 

Figure S10. 1H-NMR-spectra of [RuII(tbbpy)2bpyMeP] (M) in [D3]MeCN (bottom) and [RuII(tbbpy)2(bpy(CH2PO3H2)2)] 

(Mhydrolyzed) in D2O (top). The protons of the ethyl groups (highlighted by red rectangles) disappear upon deprotection.  

 

 

 

Figure S11. 31P-NMR spectra of (Mhydrolyzed) in D2O and (3hydrolyzed) and (4hydrolyzed) in D2O + 4% NaOD 



 

Figure S12.: Absorption spectra of (M) in acetonitrile, (Mhydrolyzed) in water and (M)@NiO**  
**= NiO and FTO glass background substracted 

 

Figure S13.: Absorption spectra of (3) in acetonitrile, (3hydrolyzed) in water + 4% NaOH and (3)@NiO**  
**= NiO and FTO glass background substracted 

 

Figure S14.: Absorption spectra of (4) in acetonitrile, (4hydrolyzed) in water + 4% NaOH and (4)@NiO**  
**= NiO and FTO glass background substracted 

 







Theta range for data collection 7.517 to 73.818°. 

Index ranges -57<=h<=40, -15<=k<=15, -35<=l<=36 

Reflections collected 44485 

Independent reflections 14953 [R(int) = 0.0384] 

Completeness to theta = 67.679° 99.5 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 14953 / 70 / 864 

Goodness-of-fit on F2 1.034 

Final R indices [I>2sigma(I)] R1 = 0.0555, wR2 = 0.1549 

R indices (all data) R1 = 0.0705, wR2 = 0.1662 

Largest diff. peak and hole 1.145 and -0.652 e∙Å-3 

 

 

  

Figure S16. ORTEP depiction of [RuII(tbbpy)2(bpyMeP)](PF6)2 (M) in the solid state (ellipsoids drawn at 50% 

probability). 
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was only weak linker–length dependency.[26,27] They suggest
that direct contacts of the Ru complex in the sponge-like
environment of the mesoporous TiO2 films may act as
“short-circuits”, highlighting the importance of anchoring
group design. However, structure–property relationship
studies for Ru-[(N∧N)2(C∧N)]+ derivatives, where N∧N

represents 2,2�-bipyridine, and C∧N represents bidentate
phenylpyridine derivatives with carboxylate anchoring
groups, were performed by Wu et al. for their application
on NiO in p-type DSSCs. They differ in the number of
phenylene spacer units between the Ru-[(N∧N)2(C∧N)]+

core and the anchoring group.[8] They found that as the
number of the phenylene units in the linker increases, the
interfacial charge recombination rate decreases, and the effi-
ciency of the solar cells increases. Similarly, Nattestadt et al.
increased the performance of p-type DSSCs by systematic

Scheme 1. Synthesis of ligand L1.

Scheme 2. Synthesis of ligand L2.

www.eurjoc.org © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2015, 5987–59945988

variation of the distance between the hole in the NiO and
a perylene monoimide (PMI) acceptor dye.[28] This might
also be the case for molecularly sensitized semiconductors
for photocatalytically active electrode materials in DSPECs,
making distance control between semiconductor and sensi-
tizer even more desirable, for example, to enhance the ac-
tivity of an immobilized photocatalyst based on a hydrogen
evolving photochemical molecular device.[29]

Generally, for a more chemically stable linkage between
dye and semiconductor, both positions 4 and 4� of the bpy
should be equipped with anchoring groups. The superior
chemical stability of phosphonate anchoring groups on
transition metal oxide semiconductor surfaces should in-
crease overall stability further.

Taking all of this into consideration, we decided to de-
velop strategies for the synthesis of 2,2�-bpy derivatives with
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First, compound 5 was prepared according to literature
procedures (quantitative yield).[45] Then, Suzuki coupling of
5 and 3-aminophenlyboronic acid (6) gave compound 7 in
97% yield. The solid-state structure of 7 was derived from
X-ray suitable single crystals (Figure S1 in the Supporting
Information). Finally, compound 8 was generated from 7

using sodium nitrite and sodium azide (quantitative
yield).[42]

L3 was obtained by the click reaction of azide 8 and
bisalkyne 4 in 30% yield, by using the same conditions as
for the synthesis of L2.[44] The complexation of CuI with
bipyridine might be one reason for the modest yield.[46] L3

was characterized by 1H, 13C and 31P NMR and HRMS
[m/z (MALDI) = 895.32441].

Crystal Structures of L1 and L2

Solid-state structures of L1, L2, and the amine interme-
diate 7 of L3 were obtained and compared to the known
4,4�-bis[diethyl(methylene)phosphonate]-2,2�-bipyridine (L0),
where methylphosphonic ester groups are directly bound to
the 4- and 4�-position of the bpy core, in the absence of
aromatic linker units in between (cf. Figure 1).[29]

Figure 1. Chemical structure of ligand L0.

Accordingly, the increase in length for the respective li-
gands can be compared directly from the values obtained.
A direct characterization of the metal–surface distance of
an immobilized complex depends on its binding mode
towards the surface, which is unknown at this point. How-
ever, a comparative investigation of N–O3 distances was
carried out, and is reflected in Table 1 along with character-
istic values of bond lengths and angles of the methylene-
phosphonate moiety.

As proposed by Wu et al., a subsequent increase in an-
chor length may provide improved efficiencies for light-in-
duced charge separation between a bipyridine-bound chro-
mophore and an oxide surface.[8] The results from the solid-
state structures show that the presented synthetic structures
are a valuable approach in order to increase the length of a
bipyridine with phosphonate anchors stepwise by about 3–
4 Å per step. The overall distance between the metal-bind-

Table 1. Characteristic lengths and angles.

Ligand O3–N1[a] [Å] PCH2 [Å] CH2Car
[b] [Å] �PCH2Car

L0[c] 5.562 1.791(1) 1.507(2) 115.7(1)°
L1[d] 9.807 1.794 1.509 112.0°
L2 12.935 1.793(3) 1.510(3) 114.1(2)°
L3 ca. 15.8[e] 1.788(2) 1.514(3) 112.2(1)°

[a] Distance between pyridine nitrogen atom and the calculated centroid centered between the phosphonate oxygen atoms. [b] Ar refers
to aryl, i.e. either pyridyl or phenyl. [c] From ref.[17] [d] Median values from two molecules in the asymmetric unit. [e] Estimated value
from the O3–N(amine) value of the intermediate structure 7 and the N(pyridine)–N(triazole) distance from L2 (for details see Figure S4
in the Supporting Information).

www.eurjoc.org © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2015, 5987–59945990

ing nitrogen of the bipyridine unit (N1) and the oxygen
atoms of the phosphonic ester moiety (O3) increases from
5.5 Å for L0 to approximately 15.8 Å for L3 (Figure 2).

Figure 2. Solid-state structures of L0, L1, and L2 (ball and stick
depiction, hydrogen atoms omitted for clarity).

Photophysics

Absorption and emission spectra of the new bpy deriva-
tives were measured in CH2Cl2 at a concentration of
7 �10–5

 (Figure 3), and compared to L0. All three new
ligands L1, L2 and L3 display broadened absorption bands
relative to that of L0, together with a redshift of absorption
behaviour. The absorption spectrum of L0 features two dis-
tinct maxima at 285 and 250 nm, whereas for L1–L3 only
one maximum can be monitored. While the absorption
maximum of L1 is almost unchanged compared to the long-
wavelength maximum of L0, a bathochromic shift to
293 nm and 297 nm is observed for the triazole-containing
ligands L2 and L3, respectively.

Bunz et al. compared photophysical properties of pyr-
idine-containing 1,4-diaryltriazoles.[47] They found that
photophysical properties were significantly influenced by
the triazole moiety. This could be explained by resonance
structures I and II, which offer an interpretation for the
different photophysical properties in comparison to deriva-
tives where no such mesomerism is accessible (cf. Figure 4).
For L2 and L3, these resonance structures might contribute
to the red-shifted absorption maxima compared to L0 and
L1.

The influence of the elongated linker-system on the emis-
sion spectrum was obvious since it got more and more com-
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Bruker DRX 400 or Bruker DRX 500 spectrometer. The NMR
spectra were recorded in [D6]DMSO or CDCl3 at 298 K. 1H-NMR
and 13C-NMR chemical shifts were referenced to the solvent peak
for DMSO or chloroform.

MS analysis was performed with a Bruker solariX (2010) Hybrid
7T FT-ICR.

The crystal suitable for X-ray analysis was mounted using a Micro-
Loop and Fomblin oil. X-ray diffraction intensity data were mea-
sured at 180 K with a SuperNova (Dual Source) diffractometer,
equipped with an ATLAS detector, from Agilent Technologies. The
structures were solved by direct methods (SHELXS) and refined
by full-matrix least-squares techniques against Fo

2 (SHELXL
2013).[48] If not stated otherwise, the hydrogen atoms were included
at calculated positions with fixed thermal parameters. All non-
hydrogen atoms were refined anisotropically.

The UV/Vis-spectra were recorded with a JASCO Spectrometer V-
670. Quartz cells with a 10 mm path length were used.

The emission spectra were recorded with a JASCO 25 Spectrofluor-
ometer FP-8500. Quartz cells with a 10 mm path length were used.

If not mentioned otherwise, all experiments were performed under
aerobic conditions.

Starting Materials: Starting materials were purchased from com-
mercial sources and used without further purification.

Ligand Synthesis and Characterization

L0 was prepared according to literature procedures.[29]

4,4�-Bis(hydroxymethylphenyl)-2,2�-bipyridine (1): This compound
was prepared by a modified literature procedure.[33] The reaction
flask was charged with [4-(hydroxymethyl)phenyl]boronic acid
(2 mmol, 304 mg), 4,4�-dibromo-2,2�-bipyridine (1 mmol, 314 mg),
toluene (60 mL), and degassed aqueous sodium carbonate solution
(2 , 21 mL) under argon. Then the first portion of Pd(PPh3)4

(3 mol-% based on 4,4�-dibromo-2,2�-bipyridine, 35 mg) was added
to the solution. After two days of boiling at reflux, a second por-
tion of Pd(PPh3)4 (35 mg) was added, and the solution was heated
to reflux for another 24 h. After the mixture cooled to room tem-
perature, the toluene was evaporated. The crude product was
washed sequentially with water, EtOH and Et2O to give 4,4�-bis(hy-
droxymethylphenyl)-2,2�-bipyridine (1) in 82 % yield (302 mg).
Compound 1 shows poor solubility in both organic and aqueous
solvents. 1H NMR (400 MHz, [D6]DMSO, 25 °C): δ = 8.73 (d,
3JH,H = 5.2 Hz, 2 H), 8.67 (d, 4JH,H = 1.3 Hz, 2 H), 7.81 (d, 3JH,H

= 8.2 Hz, 4 H), 7.77 (dd, 3JH,H = 5.2, 4JH,H = 1.8 Hz, 2 H), 7.48
(d, 3JH,H = 8.2 Hz, 4 H), 5.30 (s, 2 H, OH), 4.56 (s, 4 H, CH2-
OH) ppm. HRMS (ESI): m/z calcd. for [M + H]+ 369.15975; found
369.16046. IR (KBr): ν̃ = 3344, 2119, 1027, 463 cm–1.

4,4�-Bis(bromomethylphenyl)-2,2�-bipyridine (2): This compound
was prepared by a modified literature procedure.[31] The bipyridine
1 (0.65 g, 1.76 mmol) was dissolved in a mixture of 48% HBr
(165 mL) and concentrated sulfuric acid (61 mL). The resulting
solution was refluxed for 6 h and then cooled to room temperature,
and water (400 mL) was added. The pH was adjusted to neutral
with conc. NH3 solution, and the resulting precipitate was filtered
and dissolved in CHCl3. The solution was dried with magnesium
sulfate, and the solvents were evaporated to dryness, yielding 2

(636.5 mg, 73 % yield). 1H NMR (400 MHz, CDCl3, 25 °C): δ =
8.76 (d, 3JH,H = 5.1 Hz, 2 H), 8.73 (d, 4JH,H = 1.2 Hz, 2 H), 7.78
(d, 3JH,H = 8.3 Hz, 4 H), 7.57 (dd, 3JH,H = 5.2, 4JH,H = 1.9 Hz, 2
H), 7.54 (d, 3JH,H = 8.3 Hz, 4 H), 4.56 (s, 4 H, CH2-Br) ppm. 13C
NMR (126 MHz, CDCl3, 67 °C): δ = 156.66, 149.77, 149.11,
139.15, 138.64, 129.93, 127.83, 121.84, 119.57, 32.71 ppm. HRMS

www.eurjoc.org © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2015, 5987–59945992

(ESI): m/z calcd. for [M + 1H+]+ 494.98890; found 494.98931. IR
(KBr): ν̃ = 2957, 2922, 2852, 1592, 1539, 1456, 1359, 1261, 1226,
1196, 1097, 1021, 816, 727, 606 cm–1.

L1: This compound was prepared by a modified literature pro-
cedure.[29] A chloroform (3 mL) solution of 2 (130 mg, 0.26 mmol)
and triethyl phosphite (4 mL) was refluxed for 20 h under argon.
The excess phosphite was removed under high vacuum. Flash
chromatography using a 9:1 EtOAc/MeOH eluent gave the title
compound as a white powder in 66 % yield (105 mg). 1H NMR
(400 MHz, CDCl3, 25 °C): δ = 8.74 (d, 3JH,H = 5.5 Hz, 2 H), 8.70
(d, 4JH,H = 1.3 Hz, 2 H), 7.75 (d, 3JH,H = 7.7 Hz, 4 H), 7.55 (dd,
3JH,H = 5.1, 4JH,H = 1.8 Hz, 2 H), 7.44 (dd, 3JH,H = 8.3, 4JH,H =
2.4 Hz, 4 H), 4.09–3.99 [m, 8 H, PO(OCH2CH3)2], 3.24 (d, 2JH,P =
21.8 Hz, 4 H, CH2-PO3Et2), 1.26 [t, 3JH,H = 7.1 Hz, 12 H,
PO(OCH2CH3)2] ppm. 13C NMR (101 MHz, CDCl3, 25 °C): δ =
156.67, 149.62, 148.95, 136.88, 132.99, 130.50, 127.35, 121.62,
119.09, 62.29, 33.66 [d, 1J (C,P) = 137.9 Hz], 16.52 ppm. 31P NMR
(162 MHz, CDCl3, 25 °C): δ = 25.88 ppm. HRMS (MALDI): m/z
calcd. for [M + H]+ 609.22779; found 609.22786. IR (KBr): ν̃ =
3421, 2982, 2902, 1589, 1461, 1361, 1241, 1055, 1027, 965, 731,
707, 670, 604, 544 cm–1. Crystals suitable for X-ray analysis were
obtained by slow evaporation of chloroform.

Crystal Data for L1: C32H38N2O6P2, Mr = 608.58 gmol–1, colour-
less prism, crystal size 0.1945 �0.1843 �0.0979 mm3, triclinic,
space group P1̄, a = 8.1949(2) Å, b = 19.3519(4) Å, c =
20.5664(5) Å, α = 107.877(2)°, β = 90.251(2)°, γ = 97.431(2)°, V =
3074.65(5) Å3, T = 180(2) K, Z = 4, ρcalcd. = 1.315 Mg/m3, µ (Cu-
K

α
) = 1.669 mm–1, F(000) = 1288, altogether 31975 reflexes up to

h(–9/10), k(–24/22), l(–25/21) measured in the range of 7.434° � Θ

� 74.487°, completeness Θmax = 99.7 %, 12527 independent reflec-
tions, Rint = 0.0362, 10072 reflections with Fo � 4σ(Fo), 757 param-
eters, 0 restraints, R1obs = 0.0476, wR2obs = 0.1341, R1all = 0.0613,
wR2all = 0.1442, GOOF = 1.145, largest difference peak and hole:
0.783/–0.489 e Å–3. CCDC-1400581 contains the supplementary
crystallographic data for L1. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Diethyl 4-Azidobenzylphosphonate (3): This compound was pre-
pared according to literature.[42]

4,4�-Bis(ethynyl)-2,2�-bipyridine (4): This compound was prepared
according to literature.[43]

L2: This compound was prepared by a modified literature pro-
cedure.[44] Compound 3 (0.63 g, 2.34 mmol) was added to a solu-
tion of 4 (134 mg, 0.66 mmol) in CH2Cl2 (25 mL), which was fol-
lowed by the addition of a mixture of copper sulfate pentahydrate
(60 mg, 0.24 mmol) and (+)-sodium -ascorbate (NaAsc; 117 mg,
0.59 mmol) in H2O (25 mL). Upon the addition of the aqueous
suspension to the orange organic phase, a black precipitate formed
instantly. The mixture was stirred for 12 h and then poured into a
saturated aqueous ethylenediaminetetraacetic acid (EDTA) solu-
tion (500 mL) and stirred for 14 h to remove Cu2+. The resulting
blue solution was extracted several times with CHCl3. The com-
bined organic extracts were dried with anhydrous MgSO4, and the
CHCl3 was evaporated to afford the crude product. Flash
chromatography using a 5:1 CHCl3/MeOH eluent gave the title
compound as a yellowish powder in 53 % yield (258 mg). 1H NMR
(400 MHz, CDCl3, 25 °C): δ = 8.84 (s, 2 H), 8.81 (d, 3JH,H = 5.1 Hz,
2 H), 8.57 (s, 2 H), 8.08 (dd, 3JH,H = 5.1, 4JH,H = 1.6 Hz, 2 H),
7.80 (s, 2 H), 7.78 (s, 2 H), 7.52 (dd, 3JH,H = 8.6, 4JH,H = 2.5 Hz,
4 H), 4.13–4.03 [m, 8 H, PO(OCH2CH3)2], 3.24 (d, 2JH,P = 21.8 Hz,
4 H, CH2-PO3Et2), 1.29 [t, 3JH,H = 7.1 Hz, 12 H, -PO(OCH2-
CH3)2] ppm. 13C NMR (101 MHz, CDCl3, 25 °C): δ = 156.50,
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1.) Solid state structures 

Table S1: Crystal data and structure refinement for (7). 

 

Empirical formula  C17 H22 N O3 P 

Formula weight  319.32 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 8.8460(4) Å = 109.307(5)°. 

 b = 9.9740(6) Å = 92.340(4)°. 

 c = 10.1215(5) Å  = 96.862(4)°. 

Volume 833.68(8) Å3 

Z 2 

Density (calculated) 1.272 Mg/m3 

Absorption coefficient 0.177 mm-1 

F(000) 340 

Crystal size 0.3494 x 0.2048 x 0.1369 mm3 

Theta range for data collection 3.411 to 26.370°. 

Index ranges -10<=h<=11, -12<=k<=12, -12<=l<=12 

Reflections collected 10151 

Independent reflections 3396 [R(int) = 0.0307] 

Completeness to theta = 25.242° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3396 / 2 / 206 

Goodness-of-fit on F2 1.055 

Final R indices [I>2sigma(I)] R1 = 0.0460, wR2 = 0.1065 

R indices (all data) R1 = 0.0583, wR2 = 0.1144 

Largest diff. peak and hole 0.407 and -0.353 e∙Å-3 



 

Figure S1: ORTEP depiction of (7) in the solid state (ellipsoids drawn at 50% probability). 

 

Table S2: Crystal data and structure refinement for L1. 

 

Empirical formula  C32 H38 N2 O6 P2 

Formula weight  608.58 

Temperature  180(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 8.1949(2) Å = 107.877(2)°. 

 b = 19.3519(4) Å = 90.251(2)°. 

 c = 20.5664(5) Å  = 97.431(2)°. 

Volume 3074.65(13) Å3 

Z 4 

Density (calculated) 1.315 Mg/m3 

Absorption coefficient 1.669 mm-1 

F(000) 1288 

Crystal size 0.1945 x 0.1843 x 0.0979 mm3 

Theta range for data collection 7.434 to 74.487°. 

Index ranges -9<=h<=10, -24<=k<=22, -25<=l<=21 

Reflections collected 31975 

Independent reflections 12527 [R(int) = 0.0362] 

Completeness to theta = 67.679° 99.7 %  



Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12527 / 0 / 757 

Goodness-of-fit on F2 1.145 

Final R indices [I>2sigma(I)] R1 = 0.0476, wR2 = 0.1341 

R indices (all data) R1 = 0.0613, wR2 = 0.1442 

Largest diff. peak and hole 0.783 and -0.489 e∙Å-3 

 

 

Figure S2: ORTEP depiction of L1 in the solid state (ellipsoids drawn at 50% probability). 

 

Table S3: Crystal data and structure refinement for L2. 

 

Empirical formula  C36 H40 N8 O6 P2 

Formula weight  742.70 

Temperature  150(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 8.5104(2) Å = 90°. 

 b = 14.6092(3) Å = 105.580(2)°. 

 c = 15.2627(3) Å  = 90°. 

Volume 1827.89(7) Å3 

Z 2 

Density (calculated) 1.349 Mg/m3 

Absorption coefficient 1.557 mm-1 



F(000) 780 

Crystal size 0.1121 x 0.0939 x 0.0288 mm3 

Theta range for data collection 7.497 to 74.491°. 

Index ranges -9<=h<=10, -18<=k<=13, -19<=l<=18 

Reflections collected 9020 

Independent reflections 3724 [R(int) = 0.0190] 

Completeness to theta = 67.679° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3724 / 0 / 235 

Goodness-of-fit on F2 1.055 

Final R indices [I>2sigma(I)] R1 = 0.0536, wR2 = 0.1557 

R indices (all data) R1 = 0.0612, wR2 = 0.1650 

Largest diff. peak and hole 0.790 and -0.527 e∙Å-3 
 

 

Figure S3: ORTEP depiction of L2 in the solid state (ellipsoids drawn at 50% probability). 

 





2.) 1H-NMR-spectra 

 

Figure S5: 
1
H-NMR spectrum of bipyridine (1). 

 

 

Figure S6: 
1
H-NMR spectrum of bipyridine (2). 



 

 

Figure S7: 
1
H-NMR spectrum of bipyridine L1 

 

 

Figure S8: 
1
H-NMR spectrum of bipyridine L2 



 

 

Figure S9: 
1
H-NMR spectrum of intermediate (7). 

 

 

Figure S10: 
1
H-NMR spectrum of intermediate (8). 



 

 

Figure S11: 
1
H-NMR spectrum of bipyridine L3. 

3.) 13C-NMR-spectra 

 

Figure S12: 
13

C-NMR spectrum of bipyridine (2). 



 

 

Figure S13: 
13

C-NMR spectrum of bipyridine L1. 

 

 

Figure S14: 
13

C-NMR spectrum of bipyridine L2 



 

Figure S15: 
13

C-NMR spectrum of intermediate (7). 

 

 

Figure S16: 
13

C-NMR spectrum of intermediate (8). 



 

Figure S17: 
13

C-NMR spectrum of bipyridine L3. 

4.) IR Spectra 

 
Figure S18: IR spectrum of bipyridine (1). 



 

 
Figure S19: IR spectrum ofbipyridine (2). 

 

 
Figure S20: IR spectrum ofbipyridine L1. 

 



 
Figure S21: IR spectrum ofbipyridine L2. 

 

 
Figure S22: IR spectrum of intermediate (7). 

 



 
Figure S23: IR spectrum of intermediate (8). 

 

 
Figure S24: IR spectrum ofbipyridine L3. 

 



5.) Mass Spectrometry spectra 

 

 
Figure S25: HRMS spectrum ofbipyridine (1) (at the top). Calculated Spectrum for [M+1H

+
)]

+ (at the bottom). 

 

 
Figure S26: HRMS spectrum ofbipyridine (2) (at the top). Calculated Spectrum for [M+1H

+
)]

+ (at the bottom). 

 



 
Figure S27: HRMS spectrum ofbipyridine L1 (at the top). Calculated Spectrum for [M+1H

+
)]

+ (at the bottom). 

 

 
Figure S28: HRMS spectrum ofbipyridine L2 (at the top). Calculated Spectrum for [M+1H

+
)]

+ (at the bottom). 

 



 
Figure S29: HRMS spectrum of intermediate (7) (at the top). Calculated Spectrum for [M+1H

+
)]

+ (at the bottom). 

 

 
Figure S30: HRMS spectrum of intermediate (8) (at the top). Calculated Spectrum for [M+1H

+
)]

+ (at the bottom). 

 



 
Figure S31: HRMS spectrum ofbipyridine L2 (at the top). Calculated Spectrum for [M+1H

+
)]

+
 (at the bottom). 

6.) UV/Vis and emission spectra 
 

 
Figure S32: UV/Vis spectra of intermediates (3) and (8) measured in CH2Cl2 at a concentration of 7x10

-5
 M. 



 
Figure S33: Emission spectra of intermediates (3) and (8) measured in CH2Cl2 at a concentration of 7x10

-5
 M. 
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Synthesis and characterization of ruthenium and
rhenium dyes with phosphonate anchoring groups†

Markus Braumüller,a Martin Schulz,b,c Magdalena Staniszewska,d Dieter Sorsche,a

Markus Wunderlin,e Jürgen Popp,c Julien Guthmuller,d Benjamin Dietzek*b,c,f and

Sven Rau*a

Re(L1)–Re(L3), a series of rhenium(I) tricarbonyl chloride complexes with bpy-R2 derivatives L1–L3 (bpy =

2,2’-bipyridine, R represents the substitution at the 4- and 4’-positions), and their corresponding tri-

shomoleptic Ru(L1)3–Ru(L3)3 as well as heteroleptic ruthenium(II) complexes Ru(tbbpy)2(L1) and

Ru(tbbpy)2(L2) have been synthesized and characterized. Their applicability as immobilizable metal–

organic chromophores in solar and photosynthesis cells is enabled by R, since it includes phosphonic

ester groups as precursors for potent phosphonate anchoring groups. Conjugated linkers (phenylene and

triazole moieties) serve as distance control between bpy and the anchor. Photophysical and electro-

chemical studies reveal pronounced effects of the aryl substitution. These effects were further investi-

gated using resonance Raman experiments and supported by theoretical calculations. After hydrolysis the

triazole containing Re(L2) was successfully immobilized on NiO, suggesting that its application in photo-

voltaic cells is feasible. The solid state structures of Re(L0), Re(L0hydrolyzed), Re(L1) and Re(L2) are reported

in this paper, enabling the determination of the distances and intermolecular interactions.

Introduction

The utilization of polypyridyl metal-complexes as photosensiti-
zers or photocatalysts is well known.1–7 Most desirable is their
immobilization on metal–oxide semiconductor surfaces (SC)
in dye sensitized solar cells (DSSCs) or photoelectrosynthesis
cells (DSPECs) since energy conversion on a heterogeneous
carrier is beneficial for practical applications. For n-type
DSSCs, Ru-polypyridyl complexes have shown the best photo-
voltaic properties among the metals, whereas their use is
limited for p-type DSSCs.2 However, the utilization of e.g. Ru-

or Re-polypyridyl complexes for hydrogen evolution or photo-
catalytic CO2 reduction on p-type SCs like NiO or TaON seems
highly feasible.3,4,8,9 One important goal is to tune the pro-
perties of the dye towards a high light-harvesting ability with
respect to the solar irradiation spectrum, since especially the
excitation of Re–bipyridyl complexes is typically only achieved
under UV-light irradiation with low molar absorptivities. For
achieving this aim, modification of the linkage between the
semiconductor and the chromophore by the introduction of
π-conjugated spacers seems a promising approach.10–13

Within this context, Meyer and Galoppini have shown that
the presence of π-extended rods increases the extinction co-
efficient of an attached pyrene and shifts the absorbance to
the red.14

Besides, linker elongation controls the efficiency determin-
ing factors of a cell, since charge carrier recombination pro-
cesses and aggregation of the chromophores on the SC surface
can be inhibited.11,15 Hence, for Re- and Ru-complexes, peri-
pheral substitution of the most commonly used original 2,2′-
bipyridine (bpy) ligand with aromatic linkers and capable
anchoring groups might be a concept with good prospects.16

For instance, Wu et al. performed structure–property
relationship studies for Ru-[(bpy)2(C^N)]

+-derivatives, where
C^N represents bidentate phenylpyridine derivatives with car-
boxylate anchoring groups, for their application on NiO in
p-type DSSCs. They differ in the number of phenylene spacer
units between the Ru-[(bpy)2(C^N)]

+ core and the anchoring

†Electronic supplementary information (ESI) available. CCDC 1468795 1468798.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c6dt01032f

aUniversität Ulm, Anorganische Chemie I, Albert Einstein Allee 11, D 89081 Ulm,

Germany. E mail: sven.rau@uni ulm.de; http://www.uni ulm.de/nawi/nawi anorg1;
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bInstitute of Photonic Technology (IPHT) Jena e. V, Albert Einstein Straße 9,

D 07745 Jena, Germany. E mail: benjamin.dietzek@ipht jena.de;

Tel: (+)49 (0)3641206 332
cInstitute for Physical Chemistry and Abbe Centre of Photonics, Friedrich Schiller

University Jena, Helmholtzweg 4, D 07743 Jena, Germany
dFaculty of Applied Physics and Mathematics, Gdańsk University of Technology,

Narutowicza 11/12, 80 233 Gdańsk, Poland
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Germany. E mail: markus.wunderlin@uni ulm.de; Fax: (+)49 (0)731/50 22840
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group.12 With increasing the number of phenylene units in the
linker, the interfacial charge recombination rate decreased,
and the efficiency of the solar cells was enhanced. Similarly,
Housecroft et al. increased the performance of copper(I) dyes
with phosphonic acid group functionalized 6,6′-dimethyl-2,2′-
bipyridine in n-type DSSCs.17 The presence of a phenylene
spacer resulted in improved efficiencies compared to dyes
without this spacer between the bpy core and the phosphonic
acid group.

This trend has also been observed for photocatalytically
active electrode materials in DSPECs, highlighting the impor-
tance of distance control between the semiconductor and the
sensitizer or the molecular photocatalyst, respectively,4,12 for
example, to boost the activity of an immobilized photocatalyst
based on a H2-producing photochemical molecular device.18

On both n-type SCs like TiO2 and p-type materials like NiO,
phosphonic acid derivatives have been shown to be more
chemically stable than other anchoring groups.2,17,19–25 In par-
ticular, methyl phosphonic acids show high affinities to these
SCs.15,21 Additionally, the methyl spacer might prevent charge
carrier annihilation in p-type SCs, since the electronic inter-
action between the bipyridine and anchoring groups is signifi-
cantly reduced by the CH2 group between them.26 It was
suggested that the –I effect of carboxylic anchoring groups
(without spacers between the ruthenium polypyridyl sensitizer
and NiO) hinders hole injection.27 Whereas there is a high
number of Ru-dyes equipped with phosphonate anchoring
groups there are few examples for Re-complexes. Itoh et al.
described the synthesis of Re(III) complexes bearing PO(OH)2
groups on terpyridine ligands for immobilization on ITO
(indium-doped tin oxide) electrodes and their catalytic activity
in O2 reduction.28 Additionally, Hupp and coworkers investi-
gated electron transfer from Re(L0) and its carboxylate anchor
analogue to TiO2 or SnO2, respectively.

26,29 The injection rate
was found to be faster with the phosphonate group than the
carboxylate group on both semiconductors.

Generally, for a more chemically stable linkage between the
dye and the semiconductor, both positions 4 and 4′ of the bpy
should be equipped with anchoring groups.

In our previous study we have designed three new bpy
derivatives (L1–L3), which meet the requirements to improve
the photovoltaic performance of polypyridyl metal-complexes.
As π-conjugated linkers we inserted first a phenylene group and
then a triazole ring with phenylene groups since it is easy to
generate them via “click”-chemistry.16 Their methyl phosphonic
ester groups can be easily deprotected to generate the free acid
functions, for their utilization as anchoring groups.18,30,31

In this paper we present the synthesis and characterization
of immobilizable monosubstituted Re- and trishomoleptic Ru–
bipyridyl-complexes with π-extended ligands based on L1–L3

(Re(L1)–Re(L3) and Ru(L1)3–Ru(L3)3, cf. Fig. 1). Their pro-
perties are compared to Re and Ru-complexes Re(L0) and
Ru(L0)3, utilizing ligand L0 without any spacers between the
bpy core and the anchoring group. The exemplary hydrolysis
and immobilization of one complex (Re(L2)) is presented at
the stage of preliminary tests.

Results and discussion
Synthesis

The synthesis of the bpy derivatives L0, L1, L2 and L3 was per-
formed as previously reported.16,30 The corresponding Re-com-
plexes were obtained by equimolar reaction of a Re(CO)5Cl-
precursor with the bpy derivatives in toluene or methanol
respectively. The structures of Re(L0), Re(L0hydrolyzed), Re(L1)
and Re(L2) were confirmed by X-ray crystallography. The syn-
thesis of the trishomoleptic Ru-complex analogues was
achieved in two steps according to the literature.18 Initially
two equivalents of the bpy derivative are coordinated to the
Ru[DMSO]4Cl2-precursor by refluxing in methanol. Then the
third equivalent is introduced to the crude product of the first
reaction by refluxing in an ethanol/water mixture (3 : 1). To
investigate the localization of the initially excited state and its
dependence on phenylene and triazole moieties as spacers
between the bpy-core and the anchoring group, three
additional Ru complexes Ru(tbbpy)3, Ru(tbbpy)2(L1) and
Ru(tbbpy)2(L2) were synthesized and compared to Ru(L1)3 and

Fig. 1 Structures of Re and Ru complexes Re(L0)–Re(L3) and

Ru(L0)3–Ru(L3)3.
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Ru(L2)3 in resonance-Raman experiments. Ru(tbbpy)3 and the
precursor complex Ru(tbbpy)2Cl2 were synthesized according
to the literature.32,33 Ru(tbbpy)2(L1) and Ru(tbbpy)2(L2) were
prepared by refluxing equimolar amounts of Ru(tbbpy)2Cl2
and ligand (L1) or (L2) in an ethanol/water mixture (3 : 1). For
photophysical investigations Re(bpy) and Ru(bpy)3 were syn-
thesized according to the literature.32,34,35 After purification all
new Re- and Ru-complexes were characterized by 1H- and
31P-NMR. Because of solubility limitations in deuterated sol-
vents, no 13C-NMR spectra could be obtained for the triazole
containing Re- or Ru-complexes, respectively. For all other
complexes these spectra are shown. HRMS (ESI) data are
consistent with the desired product for each new Re- and
Ru-complex. 1H-NMR, 13C-NMR, IR and HRMS spectra are
shown in the ESI (Fig. S1–S32†).

Crystal structures

Single crystals suitable for X-ray diffractometry were obtained
from the rhenium complexes Re(L0), Re(L1), Re(L2), and the
free phosphonate complex Re(L0hydrolyzed) (cf. Fig. 2 and 3).
Characteristic values of bond lengths and angles are provided
in Table 1. Due to the ester hydrolysis with excess triisopropyl-
silyl bromide, the latter was obtained as a bromido complex
after ligand exchange of the axial chloride ligand. According to
the CCDC database only one other metal complex with free
phosphonic acid substituents at a pyridyl ligand is known in the

literature.36 All bond lengths and angles of the rhenium coordi-
nation polyhedron are in agreement with structures reported in
the literature.‡ The geometry of the bipyridine-CH2-P phospho-
nic ester/acid moieties agrees well with the data obtained from
the respective ligand structures. All ester structures show almost
identical bond lengths for the P–O bonds, i.e. 1.57(1) Å for the
P–OEt bonds and 1.66(1) Å for the P O double bonds. The
phosphonic acid complex Re(L0hydrolyzed), in contrast to its ester
analogues, exhibits an extended hydrogen bond framework in
the crystal packing, where two one-dimensional columns along
the a-axis of the crystal (Fig. 3) are oriented back-to-back
(cf. Fig. S52†). According to the observed distances of 1.524(3) Å
for the P–OH bonds and 1.497(4) Å for the P O bonds, the
respective positions of these groups are clearly indicated. The
H-bond framework is capped by bridging methanol molecules.
It should be noted that the difference between single and
double bond is significantly shorter in the phosphonic acid
complex (0.027 Å) as compared to the phosphonic ester com-
plexes (0.09 Å), which indicates enhanced delocalization in the
acid complex, as would be expected.

The presented complex structures emphasize the recently
postulated elongation of metal phosphonate distances within

Fig. 2 Solid state structures of Re(L0), Re(L1), and Re(L2) (ball and stick

depiction, hydrogen atoms are omitted for clarity).

Fig. 3 Solid state structure and crystal packing of Re(L0hydrolyzed) (ball

and stick depiction).

Table 1 Characteristic lengths and angles

Substance
N/Re PhosO3

a,b

[Å]
PCH2b

[Å]
CH2CAr

b,c

[Å] ∠PCH2CAr
b,c

L0 d 5.562 1.791 1.507 115.7°
Re(L0) 7.505 1.797 1.499 113.9°
L1 d 9.807 1.794 1.507(8) 112.0°
Re(L1) e 11.481 1.807 1.512 111.3°
L2 d 12.935 1.793 1.510 114.1°
Re(L2) 14.839 1.793 1.517 112.6°
Re(L0hydrolyzed) 7.688 1.796 1.504 113.5°

aDistance between the pyridine nitrogen atom (ligands) or the Re
center (complexes) and the calculated centroid centered between the
phosphonate oxygen atoms. bMedian values (for details see Fig. S9 in
the ESI). c Ar refers to aryl, i.e. either pyridyl or phenyl. d From ref. 16.
eMedian values from two molecules in the asymmetric unit.

‡With respect to the data obtained from 62 structures of chlorido tris(carbonyl)

rhenium bipyridineR derivatives and 21 structures of bromide tris(carbonyl)
rhenium bipyridineR derivatives deposited in the CCDC database, analysed
using CCDC ConQuest Version 1.17 © 2014.
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the ligand series L0, L1, and L2.16 By the introduction of a
phenyl spacer the distance between the rhenium center and
the phosphonate anchor (characterized by the average position
of the three oxygen atoms) is increased by about 4 Å and by an
additional 3.4 Å by the introduction of the triazole spacer.
Further information about the polarity of the spacers intro-
duced can be concluded from secondary intermolecular inter-
actions in the crystal lattice. As mentioned above, the
predominant effect observed in the phosphonic acid complex
is a linear network of hydrogen bonds between the acid groups
and two molecules of methanol per complex. The bipyridine
scaffold is further slightly twisted as characterized by a torsion
angle between the two pyridyl rings of about 13.57°, which
seems to be attributed to the overall packing. There are,
however, additional short contacts between protons of the
bipyridine as well as the methylene group, indicating that both
are positively polarized as would be expected. The same is
observed in the phosphonic ester complex Re(0), where the
methylene group is oriented towards the P O oxygen atom of
a neighboring complex on one side or towards the chloride
ligand of another neighboring complex on the other side. In
this complex as well, a twist of the bipyridine characterized by
a smaller angle of 12.35° with respect to the phosphonic acid
complex is apparent. Complexes Re(L1) and Re(L2) both form
dimers in the crystal with the chloride ligands oriented in
between the spacer groups of the opposite complex (cf.
Fig. S53–S56†). That is, in Re(L1), two protons of the phenyl
spacer in ortho position with respect to the bipyridine back-
bone are pointing towards the chloride with an average short
contact distance of 3.56(1) Å. Further short contacts between
the P O oxygen atom and the opposite bipyridine support the
dimeric structure. In Re(L2), the protons oriented towards the
opposite chloride ligand stem from the azide spacer with an
average distance of 3.71(1) Å. The triazole nitrogen atoms on
the outer rim of the scaffold, in contrast, establish short con-
tacts with protons of an adjacent phenyl spacer. This ampho-
teric tendency of the triazole ring is well known in the
literature and has been suggested as a potential versatile
sensing tool.37–39 Finally, it should be noted that the bipyri-
dine scaffolds of neither Re(L1) nor Re(L2) are twisted as has
been observed for Re(L0) and Re(L0hydrolyzed). Furthermore, the
first spacer unit that is phenyl or triazole, respectively, is copla-
nar with the bipyridine, whereas in Re(L2), the terminal
phenyl unit is slightly twisted with respect to the triazole unit
by 11.72° and 23.92°, the rather large deviation of which indi-
cates that this is due to packing effects.

Photophysics

The photophysical properties of the Re- and Ru-complexes
were studied in DMF and MeCN, respectively. The absorption
spectra of these complexes are typical of rhenium bipyridyl
and ruthenium polypyridyl complexes with intense UV bands,
assigned to ligand-centered π–π* transitions, and broad bands
at the edge of the visible region for Re- and in the visible
region for Ru-complexes due to metal-to-ligand charge-transfer
(MLCT) transitions (Fig. 4 and 5). Excitation of the MLCT

maximum of the presented Re and Ru-dyes leads to photo-
luminescence around 600 nm. The data are summarized in
Table 2.

As a general and important trend a shift of the MLCT absor-
bance to lower energies and an increase in molar absorptivities
can be observed for the complexes bearing elongated bpy
derivatives compared to the complexes without π-extended
ligands. From Re(L0) or Ru(L0)3 to Re(L3) or Ru(L3)3 the
extinction coefficients are approximately doubled (3.4 × 103

M−1 cm−1 vs. 7.1 × 103 M−1 cm−1 for Re(L0) and Re(L3) and
17.6 × 103 M−1 cm−1 to 29.5 × 103 M−1 cm−1 for Ru(L0)3 and
Ru(L3)3) and the MLCT maxima are red-shifted by 15 nm (i.e.
1041.9 cm−1) or 20 nm (i.e., 902 cm−1), respectively, most prob-
ably due to the extensive electron delocalization over the whole
L3 ligand. Galoppini and coworkers presented structurally
related Ru complexes bearing bpy ligands elongated with one
triazole and one phenyl group which exhibit extinction

Fig. 4 Absorption and emission spectra of Re(bpy) and Re(L0)–Re(L3)

measured in DMF at identical optical density at the MLCT absorption

band.

Fig. 5 Absorption and emission spectra of Ru(bpy)3 and Ru(L0)3–Ru

(L3)3 measured in MeCN at identical optical density at the MLCT absorp

tion band.
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coefficients very close to that observed for Ru(L2)3 (2.3 × 104

M−1 cm−1).40 The shape of the long wavelength maxima of the
new complexes shows the influence of the peripheral substi-
tution pattern since bathochromically shifted shoulders of
these MLCT bands appear with regard to that of the related L0

containing compounds. Hupp et al. reported on a similar
trend for phenyl- and ethynyl-substituted Re bipyridine com-
plexes. They witnessed an energy decrease (wavelength
increase) due to increased intraligand electron delocalization
in the MLCT excited state.10 It is also known that Ru complexes
with phenyl-substituted bpys have much stronger visible light
absorption than the parent bpy complexes.41 These results are
in agreement with time-dependent density functional theory
calculations performed on the Ru(L1)3 and Ru(L2)3 complexes
revealing the presence of two main MLCT bands with calcu-
lated absorption wavelengths of 475 and 454 nm for Ru(L1)3
and 477 and 456 nm for Ru(L2)3. Inspection of the orbital
character (see ESI†) shows that these MLCT states display also
a non-negligible mixing with π–π* contributions localized on
the extended ligands. Moreover, a weaker MLCT state is pre-
dicted by the calculations at 505 and 508 nm for Ru(L1)3 and
Ru(L2)3, respectively. The presence of this state also contrib-
utes to the increased absorption in the red part of the MLCT
band. Enhancing the molar extinction coefficient and shifting
the MLCT absorption bathochromically is a good strategy to
improve the photovoltaic performance of Ru dyes since sun-
light harvesting will be more effective.2 Based on this con-
clusion, Ru complexes based on L1–L3 are very promising
candidates for sensitizers in photovoltaic cells. The introduc-
tion of aromatic substituents leads to a new π–π* transition,
visible by a shoulder around 335 nm for Re(L1)–Re(L3) and
358 nm for Ru(L1)3–Ru(L3)3 which is the highest in intensity
for Re(L3) or Ru(L3)3, respectively. This observation is sup-
ported by one of our previous studies dealing with tetra-
phenyl-substituted 1,10-phenanthrolines and their ruthenium
complexes.42 It is also worth noting that while the absorbance

maxima of the free ligands are red-shifted from L0 to L3, this
trend is not confirmed by the π–π* transitions of all metal
complexes (e.g. Re(L3)). Additionally, we can see a splitting of
the π–π* transitions of Ru(L1)3–Ru(L3)3 in two distinct
maxima, one of which is bathochromically (about 20 nm, i.e.
2225 cm−1) and one is hypsochromically (about 25 nm,
3250 cm−1) shifted with respect to the maxima of complexes
without aromatic substituents at the bpy. This phenomenon
cannot be observed for the corresponding Re-complexes.
Currently it is not possible to give a detailed explanation for these
minor effects related to the π–π* transitions. The impact of the
substitution at the bpy core is also observed for the emission
maxima that shifts from the L0 containing complexes to lower
energies for the L1–L3 containing ones (e.g. from 599 nm for
Re(L0) to 610 nm for Re(L3)). The triazole or phenyl substitu-
ents at the bpy should have a more electron donating character
compared to directly bound methyl phosphonic ester groups.
This electron-push induces a higher electron density at the
metal centre of L1–L3 bearing complexes in comparison to the
metal centre of Re(L0) and Ru(L0)3. This might be an expla-
nation for the bathochromic shift in emission.

Electrochemical properties

The electrochemical behaviour of the complexes Ru(L0)3 and
Ru(L1)3 was studied in acetonitrile (cf. Fig. 6). Square wave vol-
tammograms are provided in Fig. S33† and the data are given
in Table 3. No interpretable voltammogram could be obtained
for Ru(L2)3 and Ru(L3)3, possibly due to dye aggregation or
due to the adsorption of the reduced species onto the surface
of the electrode.

The redox potential for the RuIII/II couple in Ru(L0)3 occurs
at more positive potential than that of Ru(L1)3. As mentioned
before, the phenyl-groups are more electron-donating com-
pared to methyl phosphonic ester substituents, resulting in an
eased oxidation of RuII in Ru(L1)3. At negative potentials three
reversible one-electron reductions are observable. The cyclo-

Table 2 Absorption and emission data of bpy derivatives, Re and Ru complexes (ligand absorption maxima λabs; MLCT absorption maxima λMLCT;

emission maxima λem)

Substance λabs
a [nm] λMLCT

a [nm] λem [nm]

bpy b 285 (13) 374
L0 b,e 250 (6), 285 (13) 368
L1 b,e 285 (20) 326, 338, 353
L2 b,e 293 (23) 374, 402, 424, 445
L3 b,e 297 (25) 332, 345, 373, 400, 421
Re(bpy) c 294 371 (3.4) 598
Re(L0) c 286 372 (3.4) 599
Re(L1) c 301, 335 (18) 381 (7.5) 605
Re(L2) c 298, 335 (17) 386 (6.3) 610
Re(L3) c 283, 335 (19) 387 (7.1) 610
Ru(bpy)3

d 287 451 (14.6),43 460 (13.4)43 606
Ru(L0)3

d 291 461 (17.6) 614
Ru(L1)3

d 265, 309, 358 (28) 477 (28.9) 625
Ru(L2)3

d 264, 312, 358 (27) 479 (23.1) 630
Ru(L3)3

d 264, 310, 358 (36) 481 (29.5) 626

a Extinction coefficient at the maximum MLCT absorption (ε/103 M−1 cm−1) in brackets. bMeasured in DCM. cMeasured in DMF. dMeasured in
MeCN. e From ref. 16.
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voltammograms of the Re complexes Re(L0)–Re(L3) were
measured in DMF (Fig. S34–S37†). For Re(bpy) it is known
from the literature that the one-electron oxidation is followed
by rapid loss of a formal chlorine radical.44 The reduction of
Re(bpy) also leads to chloro ligand loss, which is followed by
either solvation or fast dimerization.44 But at fast scan rates
the electrochemical one-electron reduction of the Re complex
is reversible, suggesting that the loss of the chloride ligand
from the reduced Re complex occurs very slowly.45 Accordingly,
reversible oxidation of Re(L0)–Re(L3) could not be achieved in
DMF, but they exhibited one reversible reduction wave followed
by an irreversible one. The first one was assigned to the
reduction of the bpy ligand and the second irreversible one is
accompanied by chloride ion formation.46 The values obtained
for the first reduction of the investigated metal complexes
show rather small shifts of the bpyR → bpyR•− potentials
(Ered11/2 ), indicating a similar nature of the π-accepting orbitals.
Nevertheless L1–L3 are slightly easier to reduce than L0. This
could suggest increased π-conjugation, as derived from the
trends in the absorption spectra.

Resonance-Raman experiments

Resonance-Raman spectroscopy was conducted to study the
localization of the Franck–Condon point upon absorption of
visible light of all ruthenium complexes. In order to do so,
resonance Raman spectra of the complexes Ru(L1)3, Ru(L2)3 as
well as Ru(tbbpy)2(L1) and Ru(tbbpy)2(L2) were recorded upon

excitation at 457 and 488 nm, i.e. at the high and low energy
flank of the MLCT absorption band (cf. Fig. 7). Quantum
chemical calculations aided the assignment of the Raman
bands. The calculated structures correlate well with the ligand
structures obtained by the XRD studies performed with the
respective rhenium complexes (cf. Theoretical section). The
experimental spectra given in Fig. 5 are normalized to the
solvent signal at 918 cm−1, whereas the theoretical spectra are
normalized to the most intense band (Fig. 8). The resonance-
Raman spectra of Ru(L1)3 and Ru(tbbpy)2(L1) upon excitation
at 457 nm and 488 nm are very similar to each other.

Nonetheless, a stronger enhancement of the 1278 cm−1

band and a decrease of band intensity for 1610, 1534, 1479,
1188, and 1172 cm−1 are observed upon excitation at 488 nm.
The calculated spectra of Ru(L1)3 and Ru(L2)3 are reported for
excitation at 457 nm and are normalized to the most intense
band. The Raman shifts of most Ru(L1)3 and Ru(tbbpy)2(L1)

bands show excellent agreement with the bands of Ru(tbbpy)3
at 1610, 1534, 1479, 1372, 1282, 1253, 1131, and 1025 cm−1

(Fig. S46†). In accord with the calculation these bands show
contributions from both the L1 and tbbpy ligand. However,

Table 3 Half wave potentials (vs. Fc/Fc+) of Ru(L0)3–Ru(L1)3 and

Re(L0)–Re(L3)

Complex Eox1/2 [V] Ered11/2 [V] Ered21/2 [V] Ered31/2 [V]

Ru(L0)3
a 0.88 1.71 1.88 2.13

Ru(L1)3
a 0.83 1.68 1.82 2.06

Re(L0)b 1.73
Re(L1)b 1.68
Re(L2)b 1.65
Re(L3)b 1.62

a The electrochemical measurements were carried out in anhydrous
and argon purged MeCN/0.1 M NBu4PF6 as the supporting electrolyte.
b Anhydrous and argon purged DMF/0.1 M NBu4PF6 as the supporting
electrolyte.

Fig. 7 The resonance Raman spectra in acetonitrile of Ru(L1)3, Ru(L2)3
as well as Ru(tbbpy)2(L1) and Ru(tbbpy)2(L2), upon excitation at 457 nm

and 488 nm. The spectra are normalized to the solvent band at

918 cm 1. The asterisk marks a spectral artifact and the band at

1372 cm 1 is a solvent band.

Fig. 6 Cyclic voltammograms of Ru(L0)3 and Ru(L1)3 measured in

MeCN with 0.1 M Bu4NPF6 and a scan rate of 100 mV s 1.
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some bands are observed for Ru(tbbpy)3 and Ru(tbbpy)2(L1)

but not for Ru(L1)3, namely 1318, 1210 (very weak), and 1132,
and are hence assigned to the tbbpy ligand. On the other hand
a band appears at 1329 cm−1 in Ru(tbbpy)2(L1) and Ru(L1)3
but not in Ru(tbbpy)3. In agreement with the calculations the
band at 1329 cm−1 is assigned to the L1 ligand. In the normal-
ized spectra the intensity of the 1329 cm−1 band in
Ru(tbbpy)2(L1) experiences a less strong enhancement than in
Ru(L1)3, which supports the assignment. The enhancement
of the tbbpy band at 1318 cm−1 with respect to the L1 band
at 1329 cm−1 is stronger at 457 nm than at 488 nm, indicating
a stronger population of the tbbpy ligand upon excitation
at 457 nm. This is in agreement with the decreased intensity
of the bands at 1610, 1534 and 1479 cm−1, which according
to the calculations have contributions from both tbbpy
and L1.

The resonance-Raman spectra of the triazole-containing
compounds Ru(L2)3 and Ru(tbbpy)2(L2) differ markedly from
those of Ru(tbbpy)3 as well as Ru(L1)3 and Ru(tbbpy)2(L1), par-
ticularly in the region between 1700 and 1400 cm−1 (Fig. S47†).
For Ru(L2)3, bands in this region are observed at 1622, 1566,

1541, 1532, 1519 (shoulder) and 1479 cm−1. For Ru(tbbpy)2(L2)
the band at 1541 cm−1 is missing and two close peaks appear
at 1534 and 1528 cm−1 (cf. 1532 cm−1 for Ru(L2)3). The bands
at 1479 and 1280 cm−1 appear for all the investigated Ru com-
pounds Ru(L1)3, Ru(L2)3, Ru(tbbpy)2(L1), Ru(tbbpy)2(L2) and
Ru(tbbpy)3 and are assigned to the bipyridine moiety. Based
on the comparison with Ru(tbbpy)3 and the calculations the
band at 1566 cm−1 is assigned mainly to the triazole while the
bands at 1622, 1541, and 1532 cm−1 have contributions
from the bipyridine and the triazole. In the heteroleptic
Ru(tbbpy)2(L2), contributions from tbbpy are found with
bands at 1610 (weak shoulder), 1479, 1323 and 1280 cm−1. The
bands with triazole contributions, namely 1622, 1566, 1541,
and 1532 cm−1, are more strongly enhanced upon excitation
at 457 nm than at 488 nm. Upon excitation at 488 nm
the band at 1280 cm−1, which is assigned to the bipyridine
moiety, experiences a strong enhancement for both Ru(L2)3
and Ru(tbbpy)2(L2). Therefore we conclude that the more
energy-rich state is populated with contributions of the triazole
while the low-energy state is dominated by the bpy portion
of L2.

Hydrolysis and immobilization

In order to examine whether the presented compounds are
principally suitable for applications in dye sensitized cells, pre-
liminary investigations into deprotection and immobilization
were performed. Because the presented Re-complexes with its
Cl− have a labile co-ligand and triazole might be prone to the
harsh hydrolysis conditions we have chosen Re(L2) as a very
challenging reference probe for these experiments. The methyl
phosphonic ester groups of Re(L2) were deprotected by reac-
tion with Me3SiBr as reported for similar Re and Ru com-
plexes.28,31 The loss of the ethyl groups of Re(L2) can be traced
by 1H-NMR spectroscopy (Fig. S11†). Neither for Re(L2) nor for
Re(L2hydrolyzed) a

31P-NMR signal could be obtained in deute-
rated methanol. Addition of tetrabutylammonium hydroxide
(TBAOH) rendered the deprotected species Re(L2hydrolyzed)

soluble in water and methanol. In the absorption spectra a
bathochromic shift of MLCT maxima could be monitored when
comparing Ru(L2) to its hydrolyzed analogue Re(L2hydrolyzed)

in 0.01 M TBAOH in MeOH solution (λMLCT = 370 nm vs.
λMLCT = 383 nm, cf. Fig. 9). This shift suggests that ligand sub-
stitution of Cl− by Br− or OH− took place, as similarly wit-
nessed for [ReICl(CO)3(bpy)].

47 Since the crystal structure of
Re(L0hydrolyzed) was obtained as a bromide complex, this should
also be the case for Re(L2hydrolyzed). Additionally, peak clusters
appearing in the high-resolution ESI-mass spectrum of
Re(L2hydrolyzed) were consistent with the formula of two-fold
deprotonated {[Re(OH)(L2hydrolyzed)] − Cl− − 2H*}2− (m/z =
458.02911) and {[Re(Br)(L2hydrolyzed)] − Cl− − 2H*}2− (m/z =
488.98729), further supporting the mentioned chloride substi-
tution by hydroxide and bromide. The triazole unit stays intact
during hydrolysis, proving its chemical stability towards
Me3SiBr. Re(L2hydrolyzed) was immobilized on a NiO surface on
a FTO glass carrier by dipping the NiO into a 0.5 mM solution
of Re(L2hydrolyzed) in 0.1 M TBAOH solution in MeOH

Fig. 8 The experimental resonance Raman spectra in acetonitrile and

calculated spectra of Ru(L1)3 and Ru(L2)3 are reported for excitation at

457 nm. The calculated spectra are normalized to the most intense

band.
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overnight. The sensitized NiO film Re(L2)@NiO was washed
several times with MeOH and then analyzed by UV/Vis spec-
troscopy in the MLCT region. For Re(L2)@NiO the MLCT
absorption band of Re(L2) can be observed. The lowest-energy
absorption band of Re(L2) around 380 nm shifts to lower ener-
gies in the following solvent order: DCM > DMF > MeOH, i.e.
absorption bands shift to higher energy with increasing
solvent polarity.10,47 The maximum MLCT absorbance of
Re(L2)@NiO is red-shifted by 17 nm (i.e., 1229.2 cm−1) compared
to Re(L2) in DCM (λMLCT = 415 vs. λMLCT = 398 nm). From our
point of view there are three possible reasons for this red-shift:
(1) as described above, the suggested chloride substitution by
hydroxide and bromide. (2) Another explanation is the sur-
rounding of the immobilized Re(L2)@NiO, which seems to be
nonpolar, according to the aforementioned trend for Re(L2) in
different solvents. (3) As is known for Rubpy3 derivatives
immobilized on the n-type semiconductor TiO2, λMLCT values
are lower than those observed in solution as a consequence of
the electron accepting character of the semiconductor, which
weakens the electronic charge on the dye.13 The opposite
might be the case for p-type semiconductors NiO, which was
employed as a substrate in this study (Re(L2)@NiO). Although
they were not discussed in detail, similar bathochromic shifts
upon immobilization of Rubpy3 derivatives on NiO can be
found in the literature.12,18

Experimental section
Methods and materials

1H (400 MHz or 500 MHz), 13C NMR (126 MHz) and 31P
(162 MHz) spectra were recorded with a Bruker DRX 400 or
Bruker DRX 500 spectrometer. The NMR spectra were recorded
in [D3]MeCN, CDCl3, CD2Cl2 or MeOD at 298 K. 1H-NMR and
13C-NMR chemical shifts were referenced to the solvent peak.

MS analysis was performed with a Bruker solariX (2010)
Hybrid 7T FT-ICR.

Electrochemical data were obtained by cyclic voltammetry
or square wave voltammetry using a conventional single-com-
partment three-electrode cell arrangement in combination
with a “Parstat 2273 Princeton Applied Research” potentiostat.
The measurements were carried out in 0.1 M solutions of
Bu4NPF6 in dry and argon purged MeCN or DMF. All values
were determined with a glassy carbon working electrode and
platinum counter and reference electrodes. The measured
values were referenced versus the redox couple Fc/Fc+ set at
E1/2 = 0 V.

The crystal suitable for X-ray analysis was mounted using a
Micro-Loop and Fomblin oil. X-ray diffraction intensity data
were measured at 180 K with a SuperNova (Dual Source) diffr-
actometer, equipped with an ATLAS detector, from Agilent
Technologies. The structures were solved by direct methods
(SHELXS) and refined by full-matrix least-squares techniques
against Fo

2 (SHELXL 2013).48 Unless stated otherwise, the
hydrogen atoms were included at calculated positions with
fixed thermal parameters. All nonhydrogen atoms were refined
anisotropically.

The UV/Vis-spectra were recorded with a JASCO Spectro-
meter V-670. Quartz cells with 10 mm path length were used.
The emission spectra were recorded with a JASCO 25 Spectro-
fluorometer FP-8500. Quartz cells with 10 mm path length
were used. Unless mentioned otherwise, all experiments were
performed under aerobic conditions.

Resonance-Raman (RR) spectra were obtained by conti-
nuous wave excitation at 457 nm (200 mW) and 488 nm
(500 mW) with an argon laser (Coherent Innova 300
MotoFred) and dispersion of the scatter with an Acton
SpectraPro 2758i spectrometer (grating 1800 lines per mm)
onto a cooled CCD detector (Princeton Instruments). The
scatter was collected in 90° geometry using rotating
cuvettes49 in order to minimize photodecomposition. The
samples were dissolved in acetonitrile and the concentration
was adjusted to an absorbance of about 0.4 at 450 nm. The
photostability of the samples under the experimental con-
ditions was verified by comparison of the UV-Vis absorption
prior to and after the RR experiment. The obtained spectra
were background corrected using the software “R”50 with the
“baselinewavelet” package51 and are normalized to the aceto-
nitrile signal at 918 cm−1.

Starting materials

Starting materials were purchased from commercial sources
and used without further purification.

Preparation of a porous NiO film

A NiO film was prepared by a modified literature-reported pro-
cedure.52 Standard precursor solution of NiO was prepared by
dissolving anhydrous NiCl2 (1 g) and the triblock co-polymer
F108 (1 g) into a mixture of water (3 g) and ethanol (6 g). The
solution was stirred for 3 days at 25 °C. The obtained solution
was deposited on an FTO glass substrate by the doctor blade
method using mending tape (Scotch®) as a spacer. The tape

Fig. 9 Absorbance spectra at the MLCT absorption band of Re(L2) in

DCM, DMF and MeOH and of its hydrolyzed analogue Re(L2hydrolyzed) in

MeOH and immobilized on NiO. *Due to pronounced background scat

tering, depicted only till 460 nm.
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was removed and the film was then calcined in air at 420 °C
for 30 min.

General procedure for Re-complex formation

The Re-complexes were prepared by a modified literature-
reported procedure.34

Re(CO)5Cl (0.041 mmol) and the bipyridine ligand were
equimolarly dissolved in 20 mL toluene (L0, L1) or 15 mL
methanol (L2, L3) respectively and heated to reflux, and the
mixture was stirred for 3 h. The solvent was then concentrated
under reduced pressure and the crude product was precipi-
tated upon the addition of Et2O. The product was obtained as
a light yellow solid by filtration of the precipitate.

Re(bpy). Re(bpy) was synthesized according to the
literature.34

Re(L0). Re(L0) was synthesized according to the general pro-
cedure for Re-complex formation. Yield: 27.2 mg (0.036 mmol,
87%).

1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.92 (d, 3JH,H = 5.6 Hz,
2H), 8.22 (s, 2H), 7.43 (d, 3JH,H = 5.6 Hz, 2H), 4.11 (m, 8H),
3.29 (d, 2JH,P = 22.6 Hz, 4H), 1.30 (t, 3J = 6.5 Hz, 12H).

13C-NMR (126 MHz, CDCl3, 25 °C): δ = 197.22, 155.69,
152.84, 145.87, 128.32, 124.74, 63.09, 34.62, 33.53, 16.52.

31P-NMR (162 MHz, CDCl3, 25 °C): δ = 22.18.
HRMS (m/z (ESI, MeCN)): m/z calcd for [M + 1Na+]+

785.05565; found = 785.05574; M = C23H30ClN2O9P2Re.
IR (KBr): ν = 2020, 1891, 1673, 1552, 1482, 1419, 1260, 1023,

986 cm−1.
Crystals suitable for X-ray analysis were obtained by slow

evaporation of chloroform. For details see crystal data section
in the ESI.†

Re(L1). Re(L1) was synthesized according to the general pro-
cedure for Re-complex formation. Yield: 31.9 mg (0.035 mmol,
85%).

1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.87 (d, 3JH,H =
5.8 Hz, 2H), 8.43 (s, 2H), 7.69 (d, 3JH,H = 7.9 Hz, 4H), 7.51 (d,
3JH,H = 6.0 Hz, 4H), 7.46 (d, 3JH,H = 5.8 Hz, 2H), 4.11 (m, 8H),
3.26 (d, 2JH,P = 22.0 Hz, 4H), 1.32 (m, 12H).

13C-NMR (126 MHz, CDCl3, 25 °C): δ = 197.52, 189.87,
156.31, 153.19, 150.80, 135.34, 133.83, 131.02, 127.81, 124.09,
120.89, 62.54, 34.37, 33.27, 16.62.

31P-NMR (162 MHz, CDCl3, 25 °C): δ = 26.44.
HRMS (m/z (ESI, MeCN)): m/z calcd for [M + 1Na+]+

937.11834; found = 937.11927; M = C35H38ClN2O9P2Re.
IR (KBr): ν = 2018, 1917, 1611, 1244, 1022, 961 cm−1.
Crystals suitable for X-ray analysis were obtained by slow

evaporation of chloroform. For details see crystal data section
in the ESI.†

Re(L2). Re(L2) was synthesized according to the general pro-
cedure for Re-complex formation. Yield: 35.2 mg (0.034 mmol,
82%).

1H NMR (400 MHz, CDCl3, 25 °C): δ = 9.37 (s, 2H), 8.56 (m,
4H), 8.04 (d, 3JH,H = 8.0 Hz, 4H), 7.85 (s, 2H), 7.65 (d, 3JH,H =
6.6 Hz, 4H), 4.14 (m, 8H), 3.32 (d, 2JH,P = 28.6 Hz, 4H), 1.34 (m,
12H).

31P-NMR (162 MHz, CDCl3, 25 °C): δ = 25.32.

HRMS (m/z (ESI, MeCN/DCM (1 : 1) + TFA)): m/z calcd for
[M + 1H+]+ 1049.17142; found = 1049.17069; M =
C39H40ClN8O9P2Re.

IR (KBr): ν = 2021, 1908, 1622, 1518, 1247, 1026, 962 cm−1.
Crystals suitable for X-ray analysis were obtained by slow

diffusion of EtOAc into a solution of the complex in DMF. For
details see crystal data section in the ESI.†

Re(L3). Re(L3) was synthesized according to the general pro-
cedure for Re-complex formation. Yield: 40.9 mg (0.034 mmol,
83%).

1H NMR (400 MHz, CDCl3, 25 °C): δ = 9.45 (s, 2H), 8.58 (m,
4H), 8.35 (s, 2H), 7.96 (s, 2H), 7.90 (s, 2H), 7.79 (m, 8H), 7.51
(m, 4H), 4.10 (m, 8H), 3.26 (d, 2JH,P = 21.7 Hz, 4H), 1.31 (m,
12H).

31P-NMR (162 MHz, CDCl3, 25 °C): δ = 26.11.
HRMS (m/z (ESI, MeCN/DCM (1 : 1) + TFA)): m/z calcd for

[M + 1H+]+ 1201.23326; found = 1201.23385; M =
C51H48ClN8O9P2Re.

IR (KBr): ν = 2024, 1928, 1894, 1623, 1243, 1025, 959 cm−1.

General hydrolysis procedure

In order to hydrolyze the ester groups, the rhenium complex
(0.011 mmol) was dissolved in anhydrous CCl4 (10 mL) under
an argon atmosphere. Anhydrous CH2Cl2 (10 mL) was added
for better solubility. Bromotrimethylsilane was added (15
equiv.). The reaction was stirred at 80 °C for 18 h, after which
water (10 mL) was added and the reaction was stirred for
30 min. The resulting suspension was extracted several times
with CH2Cl2. The combined organic extracts were dried with
anhydrous MgSO4 and the solvent was then removed under
reduced pressure. The yellow solid was collected and used
without further purification.

Re(L0hydrolyzed). Re(L0hydrolyzed) was synthesized according to
the general procedure for hydrolysis.

Yield: 9.3 μmol, 85%.
1H NMR (400 MHz, MeOD, 25 °C): δ = 8.87 (d, 3JH,H = 5.6

Hz, 2H), 8.47 (s, 2H), 7.57 (d, 3JH,H = 5.3 Hz, 2H), 3.37 (d, 2JH,P

= 22.6 Hz, 4H).
Crystals suitable for X-ray analysis were obtained by slow

evaporation of methanol. For details see crystal data section in
the ESI.†

Re(L2hydrolyzed). Re(L2hydrolyzed) was synthesized according to
the general procedure for hydrolysis.

Yield: 9.1 μmol, 83%.
1H NMR (400 MHz, MeOD + 1% NaOD in D2O, 25 °C): δ =

9.13 (s, 2H), 9.04 (d, 3JH,H = 6.2 Hz, 2H), 8.16 (d, 3JH,H = 5.1 Hz,
2H), 7.81 (m, 4H), 7.67 (m, 4H), 3.01 (d, 2JH,P = 19.9 Hz, 4H).

HRMS (m/z (ESI, MeOH/H2O (1 : 1) + NH3)): m/z calcd for
[M/2]2− 458.02911; found = 458.02950; M = C31H23N8O10P2Re.

IR (KBr): ν = 2026, 1922, 1627, 1519, 1038, 959 cm−1.

General procedure for Ru-complex formation

The Ru-complexes were prepared by a modified literature-
reported procedure.18

A solution of Ru[DMSO]4Cl2 (0.025 mmol) and two equiva-
lents of bipyridine derivative (0.05 mmol) are refluxed in
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15 mL methanol for 24 h. During this time the color changed
from yellow to dark brown. After removal of methanol at the
rotary evaporator the residue was dissolved in a little ethanol.
An excess of Et2O was added to the solution. The resulting
brown precipitate was collected and dissolved in an ethanol/
water mixture (15 mL/5 mL). The third equivalent of bipyridine
derivative (0.025 mmol) was added and the mixture was
refluxed for 20 h. During this time the color changed
from deep brown to dark red. After removal of most of the
ethanol at the rotary evaporator an excess of aqueous NH4PF6
solution was added. The resulting red precipitate was col-
lected, washed with water and diethyl ether and dried.
The crude product was purified by size exclusion column
chromatography with an acetone/methanol/chloroform
(3 : 2 : 5) mixture as the eluent.

Ru(bpy)3. Ru(bpy)3 was synthesized according to the
literature.32,35

Ru(tbbpy)3. Ru(tbbpy)3 was synthesized according to the
literature.32,33

Ru(L0)3. Ru(L0)3 was synthesized according to the general
procedure for Ru-complex formation (36.5 mg, 0.021 mmol,
83% yield starting with Ru[DMSO]4Cl2).

1H NMR (500 MHz, [D3]MeCN, 25 °C): δ = 8.46 (s, 6H), 7.62
(d, 3JH,H = 5.8 Hz, 6H), 7.35 (d, 3JH,H = 5.8 Hz, 6H), 4.02 (m,
24H), 3.40 (d, 2JH,P = 22.5 Hz, 12H), 1.17 (m, 36H).

13C-NMR (126 MHz, [D3]MeCN, 25 °C): δ = 157.53, 152.05,
145.94, 129.56, 126.27, 63.38, 33.99, 32.92, 16.62.

31P-NMR (162 MHz, [D3]MeCN, 25 °C): δ = 22.97.
HRMS (m/z (ESI, MeCN)): m/z calcd for [(M − 2PF6)/2]

2+

735.18935; found = 735.19012; M = C60H90N6O18P6Ru.
Ru(L1)3. Ru(L1)3 was synthesized according to the general

procedure for Ru-complex formation (46.5 mg, 0.021 mmol,
84% yield starting with Ru[DMSO]4Cl2).

1H NMR (500 MHz, [D3]MeCN, 25 °C): δ = 8.96 (s, 6H), 7.91
(m, 18H), 7.72 (dd, 3JH,H = 6.0 Hz, 4JH,H = 1.9 Hz, 6H), 7.52 (dd,
3JH,H = 8.4, 4JH,H = 2.4 Hz, 12H), 4.02 (m, 24H), 3.27 (d, 2JH,P =
21.9 Hz, 12H), 1.24 (m, 36H).

13C-NMR (126 MHz, [D3]MeCN, 25 °C): δ = 158.51, 152.60,
150.27, 136.54, 135.09, 131.88, 128.52, 125.80, 122.96, 62.86,
34.14, 33.06, 16.67.

31P-NMR (162 MHz, [D3]MeCN, 25 °C): δ = 25.39.
HRMS (m/z (ESI, MeCN)): m/z calcd for [(M − 2PF6)/2]

2+

963.28376; found = 963.28132; M = C96H114N6O18P6Ru.
Ru(L2)3. Ru(L2)3 was synthesized according to the general

procedure for Ru-complex formation (52.4 mg, 0.02 mmol,
80% yield starting with Ru[DMSO]4Cl2).

1H NMR (400 MHz, [D3]MeCN, 25 °C): δ = 9.23 (s, 6H), δ =
9.11 (s, 6H), 8.04 (d, 3JH,H = 6.0 Hz, 6H), 7.96 (d, 3JH,H = 6.1 Hz,
6H), 7.86 (d, 3JH,H = 8.2 Hz, 12H), 7.56 (d, 3JH,H = 8.5 Hz, 12H),
4.02 (m, 24H), 3.27 (d, 2JH,P = 21.7 Hz, 12H), 1.24 (m, 36H).

31P-NMR (162 MHz, [D3]MeCN, 25 °C): δ = 25.21.
HRMS (m/z (ESI, MeCN)): m/z calcd for [(M − 2PF6)/2]

2+

1164.33502; found = 1164.33959; M = C108H120N24O18P6Ru.
Ru(L3)3. Ru(L3)3 was synthesized according to the general

procedure for Ru-complex formation (55.4 mg, 0.018 mmol,
72% yield starting with Ru[DMSO]4Cl2).

1H NMR (400 MHz, [D3]MeCN + [D]TFA, 25 °C): δ = 9.12 (br.
s, 6H), 8.14 (s, 6H), 8.08 (d, 3JH,H = 5.4 Hz, 6H), 7.97 (d, 3JH,H =
4.8, 6H), 7.93 (d, 3JH,H = 7.7 Hz, 6H), 7.83 (d, 3JH,H = 7.6 Hz,
6H), 7.73–7.65 (m, 24H), 7.44 (m, 12H), 4.10 (m, 24H), 3.37 (d,
2JH,P = 22.0 Hz, 12H), 1.26 (m, 36H).

31P-NMR (162 MHz, [D3]MeCN + [D]TFA, 25 °C): δ = 27.39.
HRMS (m/z (ESI, MeCN)): m/z calcd for [(M − 2PF6 + 2Na+)/

4]4+ 707.95967; found = 707.96090; M = C144H144N24O18P6Ru.
Ru(tbbpy)2(L1). Ru(tbbpy)2Cl2 was synthesized according to

the literature.32

(L1) (20.8 mg, 0.034 mmol) and Ru(tbbpy)2Cl2 (24.2 mg,
0.034 mmol) were dissolved in an ethanol/water mixture
(15 mL/5 mL) and refluxed for 20 h. During this time the color
changed from deep purple to dark red. After removal of most
of the ethanol at the rotary evaporator an excess of aqueous
NH4PF6 solution was added. The resulting red precipitate was
collected, washed with water and diethyl ether and dried. The
crude product was purified by size exclusion column chrom-
atography with an acetone/methanol/chloroform (3 : 2 : 5)
mixture as the eluent. Ru(tbbpy)2(L1) was obtained in 80%
yield (42 mg, 0.027 mmol) starting from Ru(tbbpy)2Cl2.

1H NMR (400 MHz, CD2Cl2, 25 °C): δ = 9.03 (s, 2H), 8.45
(s, 4H), 7.96 (d, 3JH,H = 7.8 Hz, 4H), 7.74–7.69 (m, 6H), 7.64
(d, 3JH,H = 6.0 Hz, 2H), 7.52–7.48 (m, 6H), 7.45(dd, 3JH,H =
6.1 Hz, 4JH,H = 1.9 Hz, 2H), 4.03 (m, 8H), 3.22 (d, 2JH,P =
21.7 Hz, 4H), 1.44 (d, 36H), 1.26 (t, 3JH,H = 7.0 Hz, 12H).

13C-NMR (126 MHz, CD2Cl2, 25 °C): δ = 163.09, 157.68,
157.10, 151.94, 151.24, 149.85, 135.74, 134.64, 131.48, 127.85,
125.92, 121.75, 121.21, 62.76, 35.97, 34.62, 33.26, 30.49, 16.75.

31P-NMR (162 MHz, CD2Cl2, 25 °C): δ = 25.26.
HRMS (m/z (ESI, MeCN)): m/z calcd for [(M − 2PF6)/2]

2+

623.25677; found = 623.25645; M = C68H86N6O6P2Ru.
Ru(tbbpy)2(L2). Ru(tbbpy)2Cl2 was synthesized according to

the literature.32

(L2) (19.3 mg, 0.023 mmol) and Ru(tbbpy)2Cl2 (16 mg,
0.023 mmol) were dissolved in an ethanol/water mixture
(15 mL/5 mL) and refluxed for 20 h. During this time the color
changed from deep purple to dark red. After removal of most
of the ethanol at the rotary evaporator an excess of aqueous
NH4PF6 solution was added. The resulting red precipitate was
collected, washed with water and diethyl ether and dried. The
crude product was purified by size exclusion column chrom-
atography with an acetone/methanol/chloroform (3 : 2 : 5)
mixture as the eluent. Ru(tbbpy)2(L2) was obtained in 69%
yield (26 mg, 0.016 mmol) starting from Ru(tbbpy)2Cl2.

1H NMR (400 MHz, CD2Cl2, 25 °C): δ = 11.16 (s, 2H), 10.33
(s, 2H), 8.59 (d, 3JH,H = 7.8 Hz, 4H), 8.18 (d, 3JH,H = 5.8 Hz, 2H),
8.11 (d, 3JH,H = 8.1 Hz, 4H), 7.71 (d, 3JH,H = 6.1 Hz, 2H), 7.67 (d,
3JH,H = 6.0 Hz, 2H), 7.61 (d, 3JH,H = 5.9 Hz, 2H), 7.53 (d, 3JH,H =
8.7 Hz, 4H), 7.49 (d, 3JH,H = 7.9 Hz, 2H), 7.37 (d, 3JH,H = 8.0 Hz,
2H), 4.05 (m, 8H), 3.23 (d, 2JH,P = 21.7 Hz, 4H), 1.45 (d, 36H),
1.28 (t, 3JH,H = 7.1 Hz, 12H).

31P-NMR (162 MHz, CD2Cl2, 25 °C): δ = 25.19.
HRMS (m/z (ESI, MeCN)): m/z calcd for [(M − 2PF6)/2]

2+

690.27386; found = 690.27234; M = C72H88N12O6P2Ru
(28.8 mg, 0.017 mmol, 69% yield).
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Theoretical section

To reduce the computational cost of the calculations without
affecting the spectroscopic properties, the structures of the
complexes were simplified by replacing the tert-butyl and
PO3Et2 groups by methyl groups. The obtained ligand struc-
tures correlate well with the structural data obtained from the
XRD studies performed with the respective rhenium(I) com-
plexes. The average deviation of bond lengths is 0.010 Å, with
a maximum deviation of 0.019 Å. Differences concerning
torsion angles and the distribution of the substituents of
ligand L2 in the rhenium(I) complexes are attributed to
packing effects. The geometry, vibrational frequencies and
normal coordinates of the ground state were calculated by
means of density functional theory (DFT) with the functional
B3LYP including empirical dispersion corrections. The 28-elec-
tron relativistic effective core potential MWB was used with its
basis set for the ruthenium atom. The 6-31G(d) basis set was
employed for the ligands. To correct for the lack of anharmoni-
city and the approximate treatment of electron correlation, the
harmonic frequencies were scaled by a factor of 0.97. The verti-
cal excitation energies, oscillator strengths and energy deriva-
tives of the excited states were obtained from time-dependent
DFT calculations with the same functional, pseudopotential
and basis set. The effects of the interaction with a solvent
(acetonitrile, ε = 35.688, n = 1.344) on the geometry, frequen-
cies, excitation energies and excited-state gradients were taken
into account by the polarizable continuum model. The none-
quilibrium procedure of solvation was used for the calculation
of the excitation energies and of the excited-state gradients.
The calculations were performed with Gaussian 09 53 and with
a local program to compute resonance Raman intensities.
The methodology to calculate resonance Raman spectra is
described elsewhere54 and made use of the so-called simplified
Φe method.55

Conclusions

Herein we presented the synthesis of a series of rhenium
(ReL1–ReL3) and ruthenium complexes (Ru(L1)3–Ru(L3)3) with
elongated bpy derivatives with potential phosphonate anchor-
ing groups. We employed phenylene and triazole units as rigid
and aromatic linkers to connect the bpy core with phosphonic
ester groups as precursors for phosphonate anchoring groups.
Thereby, distance control between chromophores and elec-
trode surfaces in solar or photosynthesis cells is enabled. This
distance modification was analyzed by X-ray crystallography of
Re(L0), Re(L1) and Re(L2). Introduction of a phenylene linker
(Re(L0) → Re(L1)) increased the distance between the rhenium
center and the anchoring group by about 4 Å and an ancillary
triazole spacer (Re(L0)→ Re(L2)) by an additional 3.4 Å.

The photophysical and electrochemical studies in this
paper support the assumption that the linkers enhance the
performance of chromophores by shifting the absorption of
the corresponding complexes to lower energies and increasing

their molar absorptivities and π-conjugation. To gain more
comprehensive insights into these effects, new heteroleptic
ruthenium complexes Ru(tbbpy)2(L1) and Ru(tbbpy)2(L2) were
successfully synthesized. Synthetic access to homoleptic as
well as heteroleptic ruthenium complexes with ligand L1 or L2
enabled useful resonance-Raman experiments. Supported by
theoretical calculations these experiments revealed that the
introduction of a phenylene moiety to bpy (L1) leads to an
energetic stabilization of the metal to ligand excitation com-
pared to tbbpy. However, tuning of excited states by introduc-
tion of an additional triazole unit (L2) is not straightforward.
Excitation with higher energy (λex = 457 nm) populates a state
with contributions of the triazole while a low-energy state (λex =
488 nm) is dominated by the bpy portion of L2. Hydrolysis of
the rhenium tricarbonyl chloride complexes Re(L0) and Re(L2)

with Me3SiBr led to Re(L0hydrolyzed) and Re(L2hydrolyzed) with
free phosphonate anchoring groups and also caused ligand
exchange of chloride by hydroxide or bromide respectively.
However we showed that the triazole unit of Re(L2hydrolyzed) is
not decomposed under these harsh hydrolysis conditions. The
solid state structure of Re(L0hydrolyzed) exhibits a dominant
hydrogen bond framework in the crystal packing. No effects on
the metal to anchoring group distance could be observed.
After immobilisation of Re(L2hydrolyzed) on NiO the sensitized
film was analyzed by UV/Vis spectroscopy to demonstrate prin-
cipal utilisability of the presented compounds in dye sensi-
tized cells. The application of the ligands L1–L3 in different
metal complexes and their effects on the performance
of corresponding DSSCs and DSPECs are currently under
investigation.
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Figure S23: HRMS spectrum of Re(L1) (at the top). Calculated Spectrum for [M+1Na

+
)]

+ (in the middle). 
Calculated Spectrum for the dimer [2M+2Na

+
)]

2+ (at the bottom). 

 

 
Figure S24: HRMS spectrum of Re(L2) (at the top). Calculated Spectrum for [M+1H

+
)]

+ (in the middle). 
Calculated Spectrum for the dimer [2M+2H

+
)]

2+ (at the bottom). 
 













 
Figure S35: Cyclovoltammogramm of Re(L1). Potential vs. Fc/Fc

+
. 

 

 

Figure S36: Cyclovoltammogramm of Re(L2). Potential vs. Fc/Fc
+
. 



 

Figure S37: Cyclovoltammogramm of Re(L3). Potential vs. Fc/Fc
+
. 

 
 

6.) Theoretical calculations 

 
 

Table S 1: Ru(tbbpy)2L1 main excited states 

State 
number: 

Transition: Weight(%): E(eV): λ (nm): f: S
2
: 

S1 
202 ->203 88 

2.47 501 0.011 0.000 
202 ->204 9 

S5 
201 ->203 83 

2.68 462 0.144 0.000 
201 ->204 13 

S7 

201 ->204 51 

2.80 442 0.173 0.000 200 ->205 34 

201 ->203 10 

S8 
200 ->204 57 

2.85 434 0.158 0.000 
201 ->205 34 

 
 





Table S 2: Ru(tbbpy)2L1 Resonance Raman results 

Mode Freq. [cm
-1

] 
RR intensity Main vibrational 

character 

Assigment to 
experiment  

[cm
-1

] λL=457nm λL=488nm 

149 1005 0,08 0,04 tbbpy+bpy+ph 
Schoulder of 

1025 

152 
1010 

- 0,03 
tbbpy+bpy+ph 

Schoulder of 
1025 153 0,01 0,01 

155 1024 0,02 0,05 tbbpy+bpy+ph 1025 

170 1110 0,02 0,01 tbbpy 

171 1116 0,01 0,02 bpy+ph 

182 
1203 

0,11 0,10 
tbbpy 

 184 - 0,01 

185 1245 0,06 0,08 bpy+ph 1253 

191 1268 0,02 0,03 bpy+ph 1282 

193 1271 0,21 0,33 tbbpy 1282 

196 1283 - 0,03 tbbpy+bpy+ph 1282 

197 1289 0,03 0,03 bpy+ph 1282 

199 
1294 

0,01 0,01 
tbbpy+bpy+ph 1282 

200 - 0,02 

205 1319 0,65 0,62 tbbpy 1318 

207 1332 0,15 0,22 bpy+ph 1329 

209 1348 0,03 0,03 bpy+ph 

221 1411 0,06 0,05 tbbpy 

222 1424 0,02 0,02 bpy+ph 1446 

240 1482 0,02 - tbbpy 1479 

241 

1487 

0,08 0,10 

tbbpy+ bpy+ph 1479 242 0,01 0,01 

243 0,87 1,00 

244 1517 0,06 0,08 bpy+ph 
Schoulder of 

1534 

246 1535 0,34 0,46 bpy+ph 1534 

248 
1547 

0,03 0,04 
tbbpy 

249 1,00 0,93 

252 1570 0,02 0,02 bpy+ph 1571 

256 
1617 

0,02 0,01 
tbbpy 1610 

257 0,19 0,16 

259 1619 0,03 0,04 tbbpy+bpy+ph 1610 
 
 

 

 

 

 



Table S 3: Ru(tbbpy)2L2 main excited states 

State 
number: 

Transition: Weight(%): E(eV): λ (nm): f: S
2
: 

S1 
236 -> 237 91 

2.41 514 0.014 0.000 
236 -> 238 6 

S5 
235 -> 237 85 

2.68 463 0.216 0.000 
235 -> 238 11 

S7 

235 > 238 60 

2.80 443 0.089 0.000 234 -> 239 30 

235 -> 237 5 

S8 
234 -> 238 58 

2.87 431 0.159 0.000 
235 -> 239 37 

 
 

 
Image S 7: 234 orbital 

Ru(tbbpy)2L2 

 
Image S 8: 235 orbital 

Ru(tbbpy)2L2 

 
Image S 9: 236 orbital 

Ru(tbbpy)2L2 

 
Image S 10: 237 orbital 

Ru(tbbpy)2L2 

 
Image S 11: 238 orbital 

Ru(tbbpy)2L2 

 
Image S 12  239 orbital 

Ru(tbbpy)2L2 
 
 





235 0,15 0,10 

239 1372 0,06 0,07 bpy+tri  1372 

246 1388 0,01 0,01 tbbpy+bpy+tri     1372 

251 1411 0,03 0,02 tbbpy 
 

272 
1485 

0,02 0,02 
tbbpy 1482 

273 0,08 0,02 

274 
1488 

0,14 0,07 
tbbpy+bpy+tri 1482 

275 1,00 1,00 

278 1542 0,48 0,52 bpy+tri 1532 

279 
1547 

0,02 0,01 
tbbpy 1541 

280 0,75 0,50 

282 1549 0,42 0,46 bpy+tri   1566 

290 
1617 

0,07 0,04 
tbbpy 1610 

291 0,06 0,03 

293 1620 0,01 0,01 tbbpy   1622 

 
 
Table S 5: Ru(L1)3 main excited states 

State 
number: 

Transition: Weight(%): E(eV): λ(nm): f: S
2
: 

S1 298->299 98 2,45 505 0,026 0,000 

S4 
297->299 62 

2,61 475 0,089 0,000 
296->299 29 

S5 
296->299 62 

2,61 475 0,090 0,000 
297->299 29 

S7 

296->301 34 

2,73 454 0,323 0,000 

297->300 33 

296->300 11 

297->301 11 

297->299 5 

S8 

296->300 34 

2,73 454 0,326 0,000 

297->301 33 

296->301 11 

297->300 11 

296->299 5 

 





Table S 6: Ru(L1)3 Resonance Raman results 

Mode Freq.[cm
-1

] 
RR intensity Main 

vibrational 
character 

Assignment to 
experiment 

[cm
-1

] 
λL=457nm λL=488nm 

230 
1011 

0,01 0,01 
bpy+ph 

Schoulder of 
1025 

231 1023 0,04 0,05 bpy+ph 1025 

255 1116 0,02 0,02 bpy+ph  

277 
 

1246 
 

- 0,01 

bpy+ph 1253 278 0,02 0,01 

279 0,27 0,26 

289 

1268 

0,10 0,11 

bpy+ph 1282 290 0,10 0,12 

291 0,03 0,04 

297 1289 0,02 0,01 bpy+ph 1282 

303 1295 0,04 0,03 bpy+ph 1282 

313 

1331 

0,36 0,35 

bpy+ph 1329 314 0,11 0,10 

315 0,11 0,11 

319 

1348 

0,01 0,01 

bpy+ph  320 0,02 0,02 

321 0,06 0,06 

336 1424 0,04 0,03 bpy+ph 1446 

361 

1486 

0,12 0,14 

bpy+ph 1479 362 0,05 0,04 

363 0,47 0,51 

364 

1517 

0,02 0,02 

bpy+ph 
Shoulder of  

1534 
365 0,01 0,02 

366 0,18 0,18 

370 

1535 

0,13 0,12 

bpy+ph 1534 371 0,02 0,03 

372 1,00 1,00 

376 

1570 

0,02 0,02 

bpy+ph 1571 377 0,02 0,02 

378 0,01 0,01 

389 

1619 

0,02 0,02 

bpy+ph 1610 390 0,05 0,05 

391 0,01 0,01 

 
 
Table S 7: Ru(L2)3 main excited states 

State 
number: 

Transition: Weight(%): E(eV): λ(nm): f: S
2
: 

S1 400 ->401 98 2.44 508 0.033 0.000 

S4 
399 ->401 74 

2.60 477 0.062 0.000 
399 ->402 19 

S5 398 ->401 66 2.60 477 0.063 0.000 



399 ->402 10 

399 ->401 7 

398 ->403 7 

S6 

398 ->403 41 

2.60 477 0.035 0.000 
398 ->401 23 

399 ->402 21 

399 ->401 8 

S7 

398 ->402 26 

2.71 456 0.340 0.000 

399 ->403 26 

398 ->403 18 

399 ->402 17 

398 ->401 6 

S8 

398 ->403 26 

2.71 456 0.340 0.000 

399 ->402 26 

399 ->403 18 

398 ->402 18 

399 ->401 6 

 
 
 

 
Image S 19: 398 orbital Ru(L2)3 

 
Image S 20: 399 orbital Ru(L2)3 

 
Image S 21: 400 orbital Ru(L2)3 

 
Image S 22: 401 orbital Ru(L2)3 

 
Image S 23: 402 orbital Ru(L2)3  

Image S 24: 403 orbital Ru(L2)3 
 





410 0,02 0,02  

411 0,01 0,01 

439 1451 0,01 - bpy+triazole+ph 1447 

457 

1487 

0,03 0,07 
bpy 

 
1482 458 0,10 0,10 

459 1,00 1,00 

465 1518 <0,01 <0,01 
bpy+triazole+ph 

 
Shoulder of 

1532 

466 

1542 

0,05 0,07 
bpy+triazole 

 
1532 467 0,09 0,09 

468 0,83 0,80 

472 

1550 

0,17 0,17 

bpy+triazole 1566 473 0,12 0,13 

474 0,53 0,50 

493 1621 <0,01 <0,01 
bpy+triazole+ph 

 
1622 

 
 

 

Figure S42: Calculated structure (xyz coordinates) of Ru(tbbpy)2(L1), simplified by replacing the tert-butyl and 
PO3Et2 groups by methyl groups. 

 



 

Figure S43: Calculated structure of Ru(L1)3, simplified by replacing the PO3Et2 groups by methyl groups 

 

Figure S44: Calculated structure of Ru(tbbpy)2(L2), simplified by replacing the tert-butyl and PO3Et2 groups by 
methyl groups. 

 

Figure S45: Calculated structure of Ru(L2)3, simplified by replacing the PO3Et2 groups by methyl groups. 

 



7.) Resonance Raman Spectra 

 

Figure S46: Comparison of Resonance Raman spectra of Ru(L1)3, Ru(tbbpy)2(L1) and Ru(tbbpy)3 

 

Figure S47: Comparison of Resonance Raman spectra of Ru(L2)3, Ru(tbbpy)2(L2) and Ru(tbbpy)3 

 



8.) Crystal Data 
 

Tab e S9: Characteristic lengths and angles 

Substance N/Re-PhosO3
[a]  

[Å] 

PCH2 [Å] CH2Car [Å] <PCH2Car 

L0 

Re(L0) 

 

5.562 

7.314 

7.696 

1.791 

1.795(5) 

1.800(4) 

1.507 

1.492(6) 

1.507(8) 

115.7° 

112.7(3) 

115.2(3) 

L1 

Re(L1)[b]
 

 

 

 

9.807 

11.590 

11.555 

11.426 

11.351 

1.794 

1.802(5) 

1.813(5) 

1.507(8) 

1.508(6) 

1.515(6) 

112.0° 

115.5(4) 

110.2(4) 

110.7(3) 

108.9(3) 

L2 

Re(L2) 

 

12.935 

14.834 

14.843 

1.793 

1.793(8) 

1.793(6) 

1.510 

1.511(9) 

1.521(9) 

114.1° 

111.6(5) 

113.7(5) 

Re(L0hydrolyzed) 7.876 

7.500 

1.801(4) 

1.791(3) 

1.508(5) 

1.500(6) 

111.2(3) 

115.8(3) 

[a] D stance between pyr d ne n trogen atom ( gands) or Re center (comp exes) and the 
ca cu ated centro d centered between the phosphonate oxygen atoms.  
[b] Two mo ecu es n the asymmetr c un t 

 
 
 
 
 
 

Table S10. Crystal data and structure refinement for Re-L0. 

 

Empirical formula  C23 H30 Cl N2 O9 P2 Re 

Formula weight  762.08 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 11.5189(8) Å = 60.874(7)°. 

 b = 12.2876(8) Å = 71.142(7)°. 

 c = 12.3796(8) Å  = 72.476(6)°. 

Volume 1426.4(2) Å3 

Z 2 



Density (calculated) 1.774 Mg/m3 

Absorption coefficient 4.517 mm-1 

F(000) 752 

Crystal size 0.1406 x 0.1214 x 0.0799 mm3 

Theta range for data collection 3.416 to 26.372°. 

Index ranges -14<=h<=14, -15<=k<=15, -15<=l<=15 

Reflections collected 14520 

Independent reflections 5826 [R(int) = 0.0383] 

Completeness to theta = 25.242° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5826 / 0 / 343 

Goodness-of-fit on F2 1.038 

Final R indices [I>2sigma(I)] R1 = 0.0335, wR2 = 0.0654 

R indices (all data) R1 = 0.0422, wR2 = 0.0701 

Largest diff. peak and hole 1.052 and -0.752 e.Å-3 

 

 

Figure S48: ORTEP depiction of Re(L0) in the solid state (ellipsoids drawn at 50% probability).  

Crystal data for Re-L0: C23 H30 Cl N2 O9 P2 Re, Mr = 762.08 g mol-1, yellow fragment, crystal size 

0.1406 x 0.1214 x 0.0799 mm3, triclinic, space group P -1, a = 11.5189(8) Å, b = 12.2876(8) Å, c = 



12.3796(8) Å, α = 60.874(7)°, = 71.142(7)°, γ = 72.476(6) V = 1426.4(2) Å3, T = 150(2) K, Z = 2, 

ρcalcd. = 1.774 Mg/m3, μ (Mo-Kα) = 4.517 mm-1, F(000) = 752, altogether 14520 reflexes up to h(-

14/14), k(-15/15), l(-15/15) measured in the range of 3.416° ≤ Θ ≤ 26.372°, completeness Θmax = 99.7 

%, 5826 independent reflections, Rint = 0.0383, 5136 reflections with F0 > 2 σ(F0), 343 parameters, 0 

restraints, R1obs = 0.0335, wR2obs = 0.0654, R1all = 0.0422, wR2all = 0.0701, GOOF = 1.038, largest 

difference peak and hole: 1.052/-0.752 e∙Å-3. CCDC 1468795 contains the supplementary 

crystallographic data for this paper. These data can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S11. Crystal data and structure refinement for Re-L0_OH. 

 

Empirical formula  C17 H22 Br N2 O11 P2 Re 

Formula weight  758.41 

Temperature  150(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 6.2650(2) Å = 68.954(4)°. 

 b = 14.0611(7) Å = 82.163(3)°. 

 c = 15.4117(6) Å  = 81.699(4)°. 

Volume 1248.56(10) Å3 

Z 2 

Density (calculated) 2.017 Mg/m3 

Absorption coefficient 13.134 mm-1 

F(000) 732 

Crystal size 0.1982 x 0.0398 x 0.0396 mm3 

Theta range for data collection 7.432 to 74.488°. 

Index ranges -7<=h<=7, -17<=k<=17, -17<=l<=19 

Reflections collected 11751 

Independent reflections 5093 [R(int) = 0.0382] 

Completeness to theta = 67.679° 99.8 %  

Refinement method Full-matrix least-squares on F2 



Data / restraints / parameters 5093 / 3 / 333 

Goodness-of-fit on F2 1.086 

Final R indices [I>2sigma(I)] R1 = 0.0334, wR2 = 0.0851 

R indices (all data) R1 = 0.0395, wR2 = 0.0871 

Largest diff. peak and hole 1.196 and -1.382 e.Å-3 

 

 

Figure S49: ORTEP depiction of Re(L0hydrolyzed) in the solid state (ellipsoids drawn at 50% probability).  

Crystal data for Re-L0_OH: C17 H22 Br N2 O11 Re, Mr = 758.41 g mol-1, orange fragment, crystal size 

0.1982 x 0.0398 x 0.0396 mm3, triclinic, space group P -1, a = 6.2650(2) Å, b = 14.0611(7) Å, c = 

15.4117(6) Å, α = 68.954(4)°, = 82.163(3)°, γ = 81.699(4) V = 1248.56(10) Å3, T = 150(2) K, Z = 2, 

ρcalcd. = 2.017 Mg/m3, μ (Cu-Kα) = 13.134 mm-1, F(000) = 732, altogether 11751 reflexes up to h(-7/7), 

k(-17/17), l(-17/19) measured in the range of 7.432° ≤ Θ ≤ 74.488°, completeness Θmax = 99.8 %, 5093 

independent reflections, Rint = 0.0382, 4530 reflections with F0 > 2 σ(F0), 333 parameters, 3 restraints, 

R1obs = 0.0334, wR2obs = 0.0851, R1all = 0.0395, wR2all = 0.0871, GOOF = 1.086, largest difference 

peak and hole: 1.196/-1.382 e∙Å-3. Disorder of the trans Br-CO orientation was calculated with a main 

site occupation of 92.6%. The Re-CO geometry was fixed with DFIX and DANG restraints for the 

PART 2 site due to the respectively low electron density. CCDC 1468796 contains the supplementary 

crystallographic data for this paper. These data can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif. 



 
 
 
 
 
 
 
 
 
 

Table S12. Crystal data and structure refinement for Re-L1. 

 

Empirical formula  C35 H34 Cl N2 O9 P2 Re 

Formula weight  910.23 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 7.7823(2) Å = 98.3880(10)°. 

 b = 17.7372(3) Å = 90.293(2)°. 

 c = 26.8707(4) Å  = 99.121(2)°. 

Volume 3621.54(13) Å3 

Z 4 

Density (calculated) 1.669 Mg/m3 

Absorption coefficient 3.573 mm-1 

F(000) 1808 

Crystal size * 0.1 x 0.1 x 0.1 mm3 * 

Theta range for data collection 3.401 to 26.371°. 

Index ranges -8<=h<=9, -21<=k<=22, -33<=l<=33 

Reflections collected 38852 

Independent reflections 14784 [R(int) = 0.0325] 

Completeness to theta = 25.242° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 14784 / 0 / 901 

Goodness-of-fit on F2 1.038 

Final R indices [I>2sigma(I)] R1 = 0.0357, wR2 = 0.0746 

R indices (all data) R1 = 0.0488, wR2 = 0.0801 

Largest diff. peak and hole 1.057 and -0.565 e.Å-3 

 

* the correct values cannot be provided due to loss of the crystal 

 



 

Figure S50: ORTEP depiction of Re(L1) in the solid state (ellipsoids drawn at 50% probability).  

Crystal data for Re-L1: C35 H34 Cl N2 O9 P2 Re, Mr = 910.23 g mol-1, yellow fragment, triclinic, space 

group P -1, a = 7.7823(2) Å, b = 17.7372(3) Å, c = 26.8707(4) Å, α = 98.3880(10)°, = 90.293(2)°, γ 

= 99.121(2) V = 3621.54(13) Å3, T = 150(2) K, Z = 4, ρcalcd. = 1.669 Mg/m3, μ (Mo-Kα) = 3.573 mm-1, 

F(000) = 1808, altogether 38852 reflexes up to h(-8/9), k(-21/22), l(-33/33) measured in the range of 

3.401° ≤ Θ ≤ 26.371°, completeness Θmax = 99.7 %, 14784 independent reflections, Rint = 0.0325, 

12134 reflections with F0 > 2 σ(F0), 901 parameters, 0 restraints, R1obs = 0.0357, wR2obs = 0.0746, 

R1all = 0.0488, wR2all = 0.0801, GOOF = 1.038, largest difference peak and hole: 1.057/-0.565 e∙Å-3. 

CCDC 1468798 contains the supplementary crystallographic data for this paper. These data can be 

obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data request/cif. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S12. Crystal data and structure refinement for Re-L2. 

 

Empirical formula  C43 H48 Cl N8 O11 P2 Re 

Formula weight  1136.48 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 10.6361(8) Å = 90°. 

 b = 37.8192(14) Å = 105.124(5)°. 

 c = 11.9861(5) Å  = 90°. 

Volume 4654.4(4) Å3 

Z 4 

Density (calculated) 1.622 Mg/m3 

Absorption coefficient 2.805 mm-1 

F(000) 2288 

Crystal size 0.1197 x 0.0614 x 0.0363 mm3 

Theta range for data collection 3.522 to 26.372°. 

Index ranges -13<=h<=11, -47<=k<=47, -13<=l<=14 

Reflections collected 29297 

Independent reflections 9492 [R(int) = 0.0678] 

Completeness to theta = 25.242° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9492 / 0 / 595 

Goodness-of-fit on F2 1.017 

Final R indices [I>2sigma(I)] R1 = 0.0494, wR2 = 0.0998 

R indices (all data) R1 = 0.0754, wR2 = 0.1109 

Largest diff. peak and hole 1.587 and -1.157 e.Å-3 

 



 

Figure S51: ORTEP depiction of Re(L2) in the solid state (ellipsoids drawn at 50% probability).  

Crystal data for Re-L2: C43 H48 Cl N8 O11 P2 Re, Mr = 1136.48 g mol-1, yellow fragment, crystal size 

0.1197 x 0.0614 x 0.0363 mm3, monoclinic, space group P 21/c, a = 10.6361(8) Å, b = 37.8192(14) Å, 

c = 11.9861(5) Å, = 105.124(5)°, V = 4654.4(4) Å3, T = 150(2) K, Z = 4, ρcalcd. = 1.622 Mg/m3, μ 
(Mo-Kα) = 2.805 mm-1, F(000) = 2288, altogether 29297 reflexes up to h(-13/11), k(-47/47), l(-13/14) 

measured in the range of 3.522° ≤ Θ ≤ 26.372°, completeness Θmax = 99.7 %, 9492 independent 

reflections, Rint = 0.0678, 7123 reflections with F0 > 2 σ(F0), 595 parameters, 0 restraints, R1obs = 

0.0494, wR2obs = 0.0998, R1all = 0.0754, wR2all = 0.1109, GOOF = 1.017, largest difference peak and 

hole: 1.587/-1.157 e∙Å-3. CCDC 1468797 contains the supplementary crystallographic data for this 

paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/data request/cif. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Figure S52: Depiction of back to back orientation of two Re(L0hydrolyzed) complexes in the solid state.  

 

 

Figure S53: Depiction of Re(L1) dimer in the solid state (side view).  

 

Figure S54: Depiction of Re(L1) dimer in the solid state (top view). 



 

Figure S55: Depiction of Re(L2) dimer in the solid state (side view). 

 

Figure S56: Depiction of Re(L2) dimer in the solid state (top view). 
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Figure S14: Calculated structure of Ru(Mebpy)2(L4). 

 

 

 

LUMO LUMO+1 

HOMO-1 HOMO 

Figure S15: Main orbitals for the cluster with six water molecules. Similar orbitals are obtained in other environments (c.f. 

Table S4). 

HOMO LUMO 

Figure S16: Orbitals for the protonated complex. 

 





Table S5:Ru(Mebpy)2(L4) hydrogen bonds lengths for T1 geometry 

 

 

Figure S17: Calculated structure of Ru(Mebpy)2(L4) with 
six water molecules. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Water+2H2O Water+4H2O Water+6H2O 

  Bond lengths [Ă] 

N1-H9 1,820 1,810 1,765 

N1-H17 - - 2,772 

N1-H18 - - 3,178 

N2-H9 2,735 2,704 2,562 

N2-H17 - - 2,041 

N2-H18 - - 3,035 

O1-H1 2,646 2,604 2,861 

O1-H11 1,804 1,798 1,784 

O1-H18 - - 1,949 

O2-H2 2,256 2,266 2,533 

O2-H10 3,195 3,193 3,279 

O2-H19 - - 1,902 

N4-H12 1,969 1,959 1,848 

N4-H19 - - 3,095 

N4-H20 - - 2,700 

N5-H12 2,858 2,861 2,726 

N5-H19 - - 3,139 

N5-H20 - - 2,123 

O3-H3 - 2,059 2,028 

O3-H4 - 2,563 2,575 

O3-H5 - 2,559 2,570 

O4-H6 - 2,560 2,576 

O4-H7 - 2,027 2,017 

O4-H8 - 2,569 2,590 



 

 

Figure S18: Absorbance spectra of Ru(bpy)3 (PF6-salt) in MeCN:H2O (1:9) upon illumination with LED lamp 
(intensity 50mW, λ=470nm). 

 

Figure S19: Absorbance spectra of Ru(L3)3 (PF6-salt) in MeCN:H2O (1:9) upon illumination with LED lamp 
(intensity 50mW, λ=470nm). 
 



 
Figure S20: Absorbance spectra of Ru(L3)3 (PF6-salt) in MeCN:H2O (1:9) upon exposure to ambient light. 
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