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Introduction

With growing awareness of the limitations and disadvantages
of the energy sources that form the basis for today’s society,
interest in exploring alternative energy systems is increasing.
One approach to develop systems for fuel production would
be to mimic the charge-separation processes in photosystem II
(PS II).[1–5] This multi-component protein complex uses light for
the extraction of electrons from water to generate biomass
from carbon dioxide. The oxygen evolving complex (OEC) is re-
sponsible for carrying out the oxidation of H2O and consists of
a tetranuclear manganese cluster.[6] Inspired by natural sys-
tems, several artificial water oxidation catalysts (WOCs) have
been developed, based on a range of different metals.[7–29] In
addition, a few model systems for photoinduced electron
transfer from manganese complexes to a chromophore have
been prepared and characterised.[30–45] Typically, metal porphyr-
ins or [Ru(bpy)3]2 +-type (bpy = 2,2’-bipyridine) photosensitisers
have been used as chromophores (photosensitisers), which
upon excitation can transfer an electron to an external accept-

or. The photosensitiser is subsequently regenerated by elec-
tron transfer from a nearby electron donor, such as an at-
tached manganese complex. We have previously prepared
a series of ruthenium–manganese dyads, but none of them
proved capable of catalysing the oxidation of water, which re-
quires the consecutive transfer of four electrons.[46] This is most
likely to be related to degradation of the ligands.

However, we have recently managed to prepare a dinuclear
manganese complex (1), which does catalyse water oxidation
(Figure 1).[47] We therefore decided to try to prepare rutheni-
um–manganese dyads; this involved coupling of this dinuclear
Mn unit to a [Ru(bpy)3]2+-type photosensitiser. Herein, we pres-
ent the synthesis, characterisation, and electrochemical and
photophysical properties of the ligand complexes 7 a–c. The
complexes 7 a and 7 b were first prepared, but turned out to
have unexpected and unusual photochemistry, with very short
excited-state lifetimes. It seemed likely that this was due to the
large conjugated systems and complex 7 c was therefore pre-
pared with the hope that the phenyl substituent on the central
imidazole would decrease the planarity owing to steric strain.
However, this complex also had a very short excited-state life-
time. These results were rather unexpected and prompted us
to study the photophysical properties of the complexes in
more detail, and also investigate the structural and electronic
properties by means of time-dependent density functional
theory (TDDFT) calculations.

We also prepared dyad 8, although it seemed unlikely that
this would have a longer lifetime. It seemed interesting, none-
theless, to see if this complex could catalyse water oxidation,
either chemically or by light induction.

A series of [Ru(bpy)3]2+-type (bpy = 2,2’-bipyridine) photosensi-
tisers have been coupled to a ligand for Mn, which is expected
to give a dinuclear complex that is active as a water oxidation
catalyst. Unexpectedly, photophysical studies showed that the
assemblies had very short lived excited states and that the
decay patterns were complex and strongly dependent on pH.
One dyad was prepared that was capable of catalysing chemi-

cal water oxidation by using [Ru(bpy)3]3+ as an oxidant. How-
ever, photochemical water oxidation in the presence of an ex-
ternal electron acceptor failed, presumably because the short
excited-state lifetime precluded initial electron transfer to the
added acceptor. The photophysical behaviour could be ex-
plained by the presence of an intricate excited-state manifold,
as also suggested by time-dependent DFT calculations.
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Results and Discussion

Synthesis

The preparation of ligand complexes 7 a–c and dyad 8 is de-
picted in Scheme 1. The synthesis is based on the reaction of
1,10-phenanthroline-5,6-dione (2) with p-hydroxybenzaldehyde
and ammonium acetate to yield compound 3 a. In the pres-
ence of aniline, this reaction gave the N-arylated product 3 b.
Reaction of 3 a with the ruthenium precursor in ethylene
glycol at 120 8C gave complex 5 a as the triflate salt. To avoid
transesterification, the reactions of precursor 4 b with com-
pounds 3 a and 3 b were performed in ethanol at 120 8C to
yield complexes 5 b and 5 c, respectively. Treatment of com-
plexes 5 a–c with 20 molar equivalents of hexamethylenetetra-
mine in TFA at 120 8C for 3 days, followed by hydrolysis of the
intermediate imines by aqueous HCl, gave the diformylated
ruthenium complexes 6 a–c as salts containing a mixture of tri-
flate and trifluoroacetate counterions. Finally, a reductive cycli-
sation with 2-amino-3-nitrobenzoic acid in a solution of water/
ethanol, with sodium dithionite as the reducing agent, gave
the desired ruthenium complexes 7 a–c. The coupled Ru�Mn2

dyad 8, which was essentially insoluble in organic solvents,
was then obtained by using a Soxhlet extractor to slowly ex-
tract the ligand complex 7 c into a solution of methanol con-
taining Mn(OAc)2·4 H2O and NaOAc.

UV/Vis spectroscopy

The electronic absorption spectra of 7 a–c in a 1:1 mixture of
acetonitrile/water (v/v) are shown in Figure 2. They all display
an intense band at around l�300 nm, corresponding to the
p–p* transitions in the bpy ligands, as also demonstrated by li-
gands 3 and complexes 5 (Figure S1 in the Supporting Infor-
mation). The introduction of the ruthenium moiety adds
a broad MLCT band centred at l�450 nm, which partly over-
laps with the imidazole absorption at l�350 nm (Figure 2 and
Figure S1 in the Supporting Information). The results are con-
sistent with published data[43, 48] and our TDDFT calculations
(see below). The MLCT band is sensitive to pH, as shown by
the inset in Figure 2. The UV/Vis spectrum of dyad 8 is very
similar to that of ligand 7 c (Figure 3), although 8 has a higher
absorption at l�400 nm, for which the manganese imidazole
complex has a distinct absorption (Figure S2 in the Supporting
Information) and confirms the coordination of manganese in
dyad 8.

Figure 1. The previously reported dinuclear manganese-based WOC 1 (top)
and the crystal structure of the tetranuclear manganese complex generated
from complex 1 (bottom). Ellipsoids are displayed at the 50 % probability
level.

Figure 2. Absorption spectra of complexes 7 a–c in a 1:1 mixture of acetoni-
trile/water (v/v). The inset shows the metal-to-ligand charge-transfer (MLCT)
region for 7 c at different pH values.

Figure 3. Comparison of the absorption spectra of complexes 7 c and 8 c in
a 1:1 mixture of acetonitrile/water (v/v).
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Adjusting the pH to 1 with HCl had a profound effect on the
spectra of 7 a–c and 8. An example is shown for 7 c in the
inset in Figure 2. At neutral pH, the absorption at l�450 nm is
broad, with a hump at l�480 nm, suggesting a mixed excited
state that contains the MLCT state. At high pH, the spectrum is
very similar, but the hump becomes slightly more visible. By
contrast, at low pH, a single peak at l�460 nm appears,
which is probably due to the unperturbed MLCT state, as also
suggested by the long lifetime of this excited state (see
below). Owing to the limited solubility of the complexes, de-

termination of the exact molar
extinction coefficients was diffi-
cult.

Electrochemical measurements

The limited solubility of the
compounds precluded electro-
chemical characterisation by
cyclic voltammetry and 7 a–
c and 8 were therefore studied
by means of differential pulse
voltammetry (DPV) in phosphate
buffer (0.1 m, pH 7.2), under simi-
lar conditions to those of the
catalytic experiments (see
below). The respective oxidative
DPV results are shown in
Figure 4 and summarised in
Tables 1 and 2. A first redox pro-
cess at 0.86, 0.87 and 0.97 V
versus a normal hydrogen elec-
trode (NHE)[49] was observed for
7 a–c, respectively ; this was as-
signed to ligand-based oxida-
tions, as previously reported for
similar complexes.[48]

A second oxidation assigned
to a metal-based oxidation of
the ruthenium centre was ob-
served at 1.38, 1.60 and 1.56 V
versus NHE, respectively. The po-
tential of the metal-centred oxi-
dation is higher for 7 a–c than
that of pristine [Ru(bpy)3]2 + and
related complexes (Table 1),
which can be explained by the
presence of the electron-with-
drawing imidazole-phenanthro-
line-type ligand. As expected,
the oxidation of the ruthenium
centre is shifted (�0.20 V) to
higher potentials for 7 b and 7 c,
which contain electron-with-
drawing ester groups on theScheme 1. Synthetic routes to 7a–c and 8. OTf = triflate, TFA = trifluoroacetic acid.

Table 1. Oxidation potentials for the [Ru(bpy)3]3+ /2 +-centred oxidation
for complexes 7 a–c and structurally related complexes.

Compound Solvent E (V vs. NHE) Reference

7 a[a] H2O 1.38 this work
7 b[a] H2O 1.60 this work
7 c[a] H2O 1.56 this work
[Ru(bpy)3]2 + H2O 1.26 [51]
[Ru(bpy)3]2 + acetonitrile 1.50 [51]
10 CH2Cl2 1.64 [48]

[a] Measured in an aqueous phosphate buffer solution (0.1 m, pH 7.2)
purged with argon. Oxidation potentials were determined from DPV.
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bpy ligands. Such a potential difference has previously been
observed by our group with [Ru(bpy)3]2 +-type complexes 9 a
and 9 b.[46, 50] The metal-based oxidation potential of 7 a is
rather low in comparison with related compound 10 (Table 1).
However, the choice of solvents may have influenced the di-
verging electrochemical results.[48] The DPV results for 8 also

displayed two different oxidation processes, at approximately
0.80 and 1.60 V versus NHE; the latter is attributed to a rutheni-
um-centred oxidation. Between the two peaks the current in-
creased, relative to values in 7 a–c, possibly because of over-
lapping redox processes, owing to the introduction of manga-
nese. Interestingly, complex 8 gave rise to a catalytic current
with an onset potential at about 1.20 V versus NHE. This sug-
gests that it is an active catalyst for water oxidation. Reductive
DPV results were subsequently collected for complexes 7 a–
c and dyad 8, and are shown in Table 2.

Water oxidation experiments

To study whether dyad 8 was capable of catalysing light-driven
water oxidation, it was dissolved in phosphate buffer at pH 7.2
and added to sodium persulfate, which acted as the external
sacrificial electron acceptor, and the solution was irradiated
with visible light. However, at most, trace amounts of oxygen
were detected. To ensure that the photosensitiser motif in 8
did not affect the efficiency of the manganese centre as
a WOC, experiments with a chemical oxidant were performed.
In a typical run, complex 8 was dissolved in phosphate buffer
(pH 7.2) and [Ru(bpy)3]3 + was added as the chemical oxidant.
Immediate oxygen evolution was observed, showing similar ac-
tivity to that previously reported for WOC 1, although the
measured turnover number was only approximately one
(under non-optimised conditions). Control experiments for
which the [Ru(bpy)3]3 + oxidant was added to the aqueous
phosphate buffer solution, lacking dyad 8, resulted in negligi-

Figure 4. DPV results of 7 a and 7 b (upper), and 7 c and 8 (lower). Condi-
tions: DPV results were recorded in aqueous phosphate buffer solutions
(0.1 m, pH 7.2) containing the respective compound (0.2 mm).

Table 2. Electrochemical data for 7 a–c and 8.[a]

Compound Oxidations (V vs. NHE) Reductions (V vs. NHE)

7 a 0.86, 1.38 �0.29, �1.41
7 b 0.87, 1.60 �0.41, �0.93, �1.06, �1.28, �1.42
7 c 0.97, 1.56 �0.99, �1.24
8 �0.80, �1.1,[b] �1.6 �0.50, �0.92, �1.08,�1.26

[a] Electrochemical data was obtained in aqueous phosphate buffer solu-
tions (0.1 m, pH 7.2), purged with argon, by DPV. [b] An increase in cur-
rent, but not a pure peak.
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ble amounts of produced O2. This validates that the manga-
nese moiety in 8 is also capable of promoting oxidation of
water when it is bound to the photosensitiser unit, and that
the observed catalytic activity is mediated by dyad 8.

Emission properties

Steady-state emission spectra for 5 a, 7 a–c and 8 in argon-
purged mixtures of acetonitrile/water at various pH values
were recorded after photoexcitation with l= 425 nm light. To
determine the effect of pH on the photophysics, the com-
plexes were studied at different pH values and quantum yields
were calculated by using [Ru(bpy)3]2+ as a reference. Emission
maxima and quantum yields are reported in Table 3, and some

examples are shown in Figure 5. All compounds exhibited
a weak steady-state emission that could be attributed to
3MLCT emission. Notably, compound 7 a displayed its 3MLCT
emission maximum at l= 613 nm in neutral pH, whereas the
maxima observed for 7 b, 7 c and 8 were l�660 nm; this clear-
ly indicates that, if (CO2Et)2bpy ligands are present, this is
where the excited state is delocalised. This is further supported
by the fact that the emission maxima for 7 b and 7 c were not
affected to a large extent by changes in pH, whereas for 7 a
the emission maximum shifted to l= 613 nm at neutral pH
and to l= 630 nm at low pH. Thus, in this regard the design
strategy, driving the excited state further away from the man-
ganese moiety, was successful. The quantum-yield measure-
ments indicate unexpectedly strong quenching for the 7 a–
c series, and they also revealed a strong pH dependence, such

that the quantum yields were around 2–4 % at low pH and de-
creased to <0.2 % at pH 7, with a further decrease at higher
pH.

To confirm the presence of manganese in complex 8, photo-
physical control experiments were performed, in which
Mn(OAc)2 was added to 7 c. The 3MLCT peak intensity immedi-
ately decreased. The same experiment with 8 did not result in
any appreciable changes in 3MLCT emission intensity ; this con-
firmed the coordination of manganese in complex 8. We have
also recorded HRMS (ESI) spectra on solutions of complex 8, at
the concentrations used for the photophysical measurements,
immediately and after standing overnight, and found no peak
corresponding to free ligand 7 c. Notably, at low pH, complex
8 exhibits the highest quantum yield of all of the compounds
studied. This is another indication that much of the quenching
observed is due to properties of the ligand structure rather
than the incorporation of manganese.

For some of the complexes (see Figure 5), the emission spec-
tra also revealed a weak emission peak centred at l�480–
500 nm. This peak had a much higher intensity at neutral and
high pH relative to that at low pH, which is particularly visible
for 7 c. Upon addition of Mn(OAc)2 to 7 c, this peak was com-
pletely removed over the whole pH range investigated. Its
nature remains elusive and is discussed in more detail (see
below).

The excited-state lifetimes (see Table 3 and Figure 6) were
measured in argon-purged solutions at low, neutral and high
pH. From the emission decays of 5 a and 7 a, it is evident that
even the excited states of precursors 5 are strongly quenched
at neutral and high pH. Quenching becomes stronger when
the photosensitiser is linked to the conjugated benzimidazole
and phenol moieties (as in 7 a). Monitoring the emission at l=

610 nm revealed that, at low pH, complex 5 a had one excited-
state lifetime (ca. 860 ns), which corresponded to the unpertur-
bed 3MLCT state of the [Ru(bpy)3]2 + photosensitiser (Table 3).
At neutral and high pH, complex 5 a displayed one additional
shorter excited-state lifetime with significant amplitude relative
to unperturbed 3MLCT. At low pH, complexes 7 a–c and 8
showed similar pattern to that of 5 a at neutral and high pH,
with one component with a lifetime corresponding to the un-
perturbed 3MLCT state and one with an intermediate lifetime
(300–540 ns). At high pH, complexes 7 a–c behaved very differ-
ently from that of 5 a, for which a very short lifetime, 1.4–
3.6 ns, dominated. This was also true for 8, although it also dis-
played a second short lifetime of 8.3 ns. Finally, at neutral pH,
the excited state of complex 7 a showed triphasic decay, with
one short, one intermediate and one long lifetime. In contrast,
complex 7 b only displayed one major fast decay, with a lifetime
of 3 ns, and a minor component with a lifetime of 58 ns. Final-
ly, complex 7 c displayed a single fast component and complex
8 displayed a biphasic decay, similar to the pattern at high pH,
with one short (ca. 8 ns) and one intermediate lifetime
(ca. 60 ns).

The excited-state lifetimes corresponding to species with an
emission maximum at l= 480 nm were also determined by
using the same setup. In this case, the data clearly showed
that all emission components (one or two) disappeared within

Table 3. Emission properties of compounds 5 a, 7 a–c and 8 in a mixture
of acetonitrile/water, at different pH values. Amplitudes (A) are reported
as relative amplitudes and lifetimes with amplitudes lower than 4 % have
been omitted.[a]

Sample A1

[%]
t1

[ns]
A2

[%]
t2

[ns]
A3

[%]
t3

[ns]
lmax

[nm]
F

[%]

5 a (low) – – – – 100 858 627 –
5 a (neutral) – – 83 92 17 584 610 –
5 a (high) – – 30 163 70 818 621 –
7 a (low) – – 16 339 84 1032 630 2.12
7 a (neutral) 68 15 22 135 10 635 613 0.16
7 a (high) 98 1.4 – – – – – –
7 b (low) – – 46 303 54 823 662 2.35
7 b (neutral) 94 3 4 58 – – 667 0.08
7 b (high) 98 1.8 – – – – – –
7 c (low) – – 31 541 69 965 658 3.74
7 c (neutral) 98 2.2 – – – – 661 0.16
7 c (high) 96 3.6 – – – – 624 –
8 (low) – – 12 354 88 830 659 4.17
8 (neutral) 80 7.9 17.5 60.6 – – 660 0.19
8 (high) 65 1.5 32.5 8.3 – – 621 –
[Ru(bpy)3]2 + [b] – – – – 100 890 611 5.90

[a] Low pH corresponds to pH 1 in aqueous solution, neutral to pH 7, and
high to pH 10. The pH was adjusted by using HCl (12 m) or NaOH (5 m).
[b] Data for [Ru(bpy)3]2 + was obtained in CH3CN.[51]
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30 ns, which again highlighted that this emission did not origi-
nate from the 3MLCT state.

A quantum chemical description

To shed more light on the behaviour of the complexes, TDDFT
calculations were performed on 5 a, 7 a and 8. Optimised struc-
tures for 7 a and 8 are shown in Figures 7 and 8 and Figure S3
in the Supporting Information. Complex 7 a turned out to have
four different possible structures with low to moderate ener-
gies (Figure 7 and Figure S3 in the Supporting Information),
whereas one structure was found for 8 (Figure 8).

The optimised structures of 7 a were found to be essentially
planar (Figure 7 and Figure S3 in the Supporting Information).
This is also true for 8, for which the phenyl group at the imida-

zole is essentially perpendicular
to the ring system and causes
only a minor distortion of pla-
narity; the dihedral angle of C1-
C2-C3-N1 is 12.78 (Figure 8). It
should be noted that TDDFT cal-
culations predict the experimen-
tally observed electronic spectra
quite well ; thus there is good
reason to believe that the calcu-
lated geometries are relevant for
our discussion. The system will
thus be perfectly conjugated
and manganese and ruthenium
will strongly interact in 8. This is
expected to lead to the ob-
served quenching of the excited
state of the photosensitiser and
prevent electron transfer from
the ruthenium photosensitiser to
an external acceptor. Perhaps
more surprising is that the imi-
dazole ligand itself is also
a strong quencher, which will
greatly interfere with this elec-
tron transfer even in the absence
of manganese. The reason may
be that the phenol is deproton-
ated or at least strongly hydro-
gen bonded in the relevant low-
energy ground states (see
below).

The lowest observed excita-
tion for 5 a is the HOMO–LUMO
transition, which is of charge-
transfer character, from the
phenol to p* orbitals on bpy,
and was calculated to occur at
l= 451 nm in water (Table S2
and Figure S8 in the Supporting
Information), with significant os-
cillator strength. Geometry opti-

misation of the triplet state of 5 a gives the 3MLCT state 5 a-T1,
in which the spin density is located on the bpy ligand and on
ruthenium (Figure S7 in the Supporting Information). The tran-
sition from 5 a-T1 to S0 corresponds to a wavelength of l=

641 nm from our calculations and is in close agreement with
the observed value of l= 627 nm. If 5 a is mono-deprotonated
(total charge of + 1), two isomers can be envisioned: deproto-
nation of the phenol (5 adeprotonated-A) and of the imidazole
(5 adeprotonated-B). In the ground state, complex 5 adeprotonated-B is
more stable than that of 5 adeprotonated-A by 7.2 kcal mol�1.
TDDFT calculations on 5 adeprotonated-B show that the lowest
transition is the HOMO–LUMO excitation, which corresponds
to a wavelength of l= 573 nm.

The significant redshift compared with 5 a is due to the for-
mation of an anionic ligand. Calculations show that, in the trip-

Figure 5. Emission spectra of complexes 7 a–c and dyad 8 in an argon-purged 1:1 mixture of acetonitrile/water (v/
v) at low (upper) and neutral pH (lower). The intensities reflect the difference in quantum yield between the differ-
ent dyads.
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let state, complex 5 adeprotonated-A becomes 3.2 kcal mol�1 lower
in energy than that of 5 adeprotonated-B. The transition from the
5 adeprotonated-B triplet to the ground-state singlet corresponds
to a wavelength of l= 804 nm, although it was predicted to
occur at l= 1045 nm for 5 adeprotonated-A triplet. In contrast to
the long-lived 3MLCT state of protonated 5 a, both of these are
p* states that are expected to be short lived, in accordance
with experimental observations. In the ground state, the
proton affinity of 5 adeprotonated-B is calculated to be 298.6 kcal
mol�1, which becomes 287.6 kcal mol�1 in the triplet state. This
suggests that the pKa of 5 a is decreased by approximately
eight units upon excitation from the ground state to the triplet
state, indicating that proton-transfer reactions should be facile.

Relative to 5 a, a redshift is observed for 7 a (to l= 494 nm
(Table S1 in the Supporting Information) from l= 451 nm; ob-
served l�470 nm). Because of the different hydrogen-bonding
options introduced by the imidazole groups in the ligand, four
possible isomers were found for 7 a in the singlet ground
state. The two structures with lowest energy (7 a-S0 and 7 a-S0-
B) are shown in Figure 7, and the other two, 7 a-S0-C and 7 a-
S0-D, are shown in Figure S3 in the Supporting Information. In
the last two isomers, the phenol proton is transferred to the

connecting imidazole, which is doubly protonated. In 7 a-S0,
the phenol proton is intramolecularly transferred to the adja-
cent imidazole group to form an ion pair, whereas it is only hy-
drogen bonded to one imidazole unit in 7 a-S0-B, which was
found to be 1.0 kcal mol�1 higher in energy. Isodensity surface
plots of selected molecular orbitals (MOs) for 7 a-S0 are report-
ed in Figure S4 in the Supporting Information. The HOMO is
the highly conjugated p orbital of the phenanthroline–benzi-
midazole ligand framework, and the LUMO is a combination of
the p* orbitals on the three ligands, with an equal distribution
over the two bpy moieties and slightly higher contribution of
the phenantroline motif. Because the LUMO is essentially a p*
orbital, the excited state is again expected to be short lived, as
observed. In addition, HOMO-1 and HOMO-3 consist of mainly
ruthenium-centred d orbitals and the HOMO–LUMO gap is cal-
culated to be 2.86 eV (Table S1 in the Supporting Information).
Isomer 7 a-S0 has the lowest energy and 7 a-S0-B is the second
lowest.

To further investigate the excited-state manifold of 7 a, sev-
eral low-energy excited singlet states were found by using the
TDDFT method and are reported in Table S1 in the Supporting
Information. The lowest energy transition was calculated to be
at l= 494 nm in water, which corresponded to mainly HOMO–
LUMO excitation and is an intraligand charge transfer (ILCT)
state, as evidenced by the dipole moment change of about
10 D during excitation. Excited-state 3 in Table S1 in the Sup-
porting Information is of MLCT character, with an absorption
wavelength of l= 477 nm. A number of transitions with great
oscillator strength can be observed in the range of l= 400–
500 nm, which is in good agreement with experimental ab-
sorption spectra. From the ground-state structure, a TDDFT ge-
ometry optimisation was performed for the first singlet excited
state (7 a-S1), which is assigned to HOMO–LUMO excitation
and is 53.2 kcal mol�1 above the ground state. In 7 a-S1 (Fig-
ure S5 in the Supporting Information), the transition from S0 to
S1 was calculated to occur at l= 588 nm with an oscillator
strength of 0.1486.

To obtain the theoretical emission spectra, we fully opti-
mised the lower triplet excited states of 7 a in water. Three
close-lying triplet states were obtained, which are labelled as
7 a-T1, 7 a-T2 and 7 a-T3 (Figure S5 in the Supporting Informa-
tion), according to their relative energies. State 7 a-T1 (46.5 kcal
mol�1 higher in energy than that of 7 a-S0) is an 3ILCT transition
and does not involve ruthenium, as confirmed by no spin den-
sity on the ruthenium metal centre (Figure S6 in the Support-
ing Information) and the emission from 7 a-T1 occurs with
a wavelength of l= 679 nm (experimentally observed at l=

620 nm). Excited-state 7 a-T2 (48.7 kcal mol�1 higher in energy
than that of 7 a-S0) is a metal centred d–d transition (3MC), for
which the spin density at ruthenium is 1.87. In 7 a-T2, the two
axial Ru�N bonds are elongated to about 2.5 �, owing to exci-
tation of an electron to this anti-bonding orbital, which has
also been observed from previous calculations on related
ruthenium-based complexes.[52] The 7 a-T3 state (49.8 kcal mol�1

higher in energy than that of 7 a-S0) is the result of a 3MLCT, as
evidenced by the spin density at ruthenium (0.97) and also at
one of the two bpy ligands. Similar results have been obtained

Figure 6. Time-resolved emission decay traces for 5 a (upper) and complex
7 a (lower) in a deaerated 1:1 mixture of acetonitrile/water (v/v) at different
pH values for emission at l= 610 nm.
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in previous calculations on a number of ruthenium-based com-
plexes.[52–58] The 3MC states are typically extremely short lived,
owing to a large non-radiative decay rate constant, and be-

cause it is close to the 3MLCT
state in energy, it can be expect-
ed to cause activated decay of
the 3MCLT state, which contrib-
utes to the short lifetime ob-
served; this clearly also applies
to 7 b and 7 c.[51] For dyad 8,
which is formally in the Mn2

III,III

oxidation state, the high-spin
ferromagnetic coupled nonet
was first considered and the op-
timised structures are shown in
Figure 8. Spin density analysis,
which suggests that the elec-
tronic structure of 8 is a nonet
state, can be interpreted as fea-
turing a high-spin MnII (SMn1 = 5/
2) ferromagnetically coupled to
a high-spin MnIII (SMn1 = 2) and
antiferromagnetically coupled to
a ligand radical (S = 1/2). The
ligand radical is mainly centred
at the phenolate–imidazole part
and at the two bpy moieties, al-
though a small spin density can
also be seen at the ruthenium
centre. These results suggest
that in dyad 8 the ligand back-
bone is oxidised rather than the
second manganese. An antiferro-
magnetically coupled singlet
state was also considered for 8
and calculations show that this
state is 0.7 kcal mol�1 higher in

energy. The singlet-state electronic structure of 8 can be de-
scribed as a high-spin MnII (SMn1 = 5/2) antiferromagnetically
coupled to a high-spin MnIII (SMn1 = 2) and a ligand radical (S =

Figure 7. Two isomers of 7 a in the ground state, showing intramolecular hydrogen bonding in 7 a. Distances are
given in �ngstrçm and the relative energies are also shown.

Figure 8. Calculated structure of 8. Spin densities are indicated in italics and the dihedral angle of C1-C2-C3-N1 is indicated (in degrees).
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1/2). The undectet with all three sites ferromagnetically cou-
pled lies + 0.9 kcal mol�1 higher in energy than that of the
nonet.

Discussion of the quenching mechanism

We have previously shown that the quenching of the rutheni-
um excited state by manganese is very efficient if the manga-
nese and ruthenium centres are in close proximity in space. As
the distance between the ruthenium and manganese centres
becomes shorter than about 10 �, this results in insufficient
electron transfer to the external acceptor to generate RuIII

owing to a diffusion-limited electron-transfer process.[39, 59] Al-
though this could be an explanation for the quenching ob-
served for 8, which is highly quenched compared with the
parent [Ru(bpy)3]2 + complex, it is clear that here the quench-
ing is also very efficient in the absence of manganese.

The finding that the excited states of the ligand complexes
7 a–c were highly quenched was initially surprising. Under neu-
tral and basic conditions, even precursor 5 a proved to be
highly quenched compared with pristine [Ru(bpy)3]2 + . Further-
more, the fact that 5 a exhibits a bi-exponential decay under
neutral conditions clearly demonstrates complex photophysical
behaviour in the absence of manganese, even for this simple
system. The general trend for 5 a is seen for all of the com-
plexes studied: at low pH the emission quantum yield increas-
es and the longer-lived components that could be attributed
to more or less unperturbed 3MLCT emissions are favoured. By
contrast, the short-lived components became more prominent
as the pH increased, and for 7 the decay became very short
and essentially mono-exponential at high pH. For dyad 8, the
decay is still complex at high pH, which indeed confirms previ-
ous findings that the introduction of manganese opens up ad-
ditional quenching processes that are not present in precursors
7 a–c.

When the photosensitisers were designed, it was anticipated
that the phenyl ring in 7 c and 8 would have a great impact
on the photophysical properties of the compounds because it
could potentially destroy the planarity of the Mn2�Ru ligand,
although this does not seem to be the case. The differences
between 7 b and 7 c are so small that no significant effect can
be attributed to the introduced phenyl substituent. Judging
from the steady-state emission data, it is clear that the 3MLCT
emission originates from the (CO2Et)2bpy ligands in the cases
involving 7 b, 7 c and 8, whereas it most likely resides on the
phenantroline–benzimidazole part in complex 7 a. This is seen
from the emission maxima, which are essentially the same for
7 b, 7 c and 8, and is further supported by the fact that emis-
sion maxima for 7 b, 7 c and 8 are less affected by pH than 7 a ;
this indicates that the excited electron is delocalised over dif-
ferent parts of the molecule in 7 a compared with the b and
c complexes. Thus, in this regard, the design strategy was suc-
cessful ; however, it was evidently not enough to reduce the
unwanted quenching of the 3MLCT state.

So, what is the origin of the quenching of 5 a and 7 a–c?
NMR spectroscopy and DFT calculations suggest the presence
of an intramolecular hydrogen bond between the nitrogen of

the benzimidazole and the hydrogen of the phenol, resulting
in a formal phenolate, which could play an important role in
explaining the observed time-resolved emission of the studied
dyads. As the pH is increased, more negative charge would be
allocated around the phenol group and cause more efficient
electron-transfer quenching from the phenolate to the excited
state of ruthenium, which is essentially what is observed.

The phenol and imidazole motifs are what distinguish 5 a
and 7 a–c from [Ru(bpy)]/[Ru(phen)]-type complexes, which
typically give rise to mono-exponential decays with a lifetime
close to 1000 ns. It is also evident that the quenching becomes
stronger when the photosensitiser is linked to the combined
benzimidazole and phenol moieties (as in 7). A complex struc-
turally related to 5 a, which has been reported by Aukauloo
and co-workers, contains the phenanotroline–imidazole motif,
but lacks the phenol, and yet displays a biphasic decay for
which one component can be attributed to unperturbed
3MLCT emission.[60]

According to the calculations, the lowest triplet state for 5 a
is the expected 3MLCT state, whereas for the deprotonated
complex 5 adeprotonated the state mainly involves the imidazole–
phenantroline ligand and is 3ILCT in character, which is essen-
tially a p–p* excited state, and is expected to be very short
lived. It is possible that this state could exist in equilibrium
with the 3MLCT state, especially because the solvent mixture
used contains both protic (water) and non-protic (acetonitrile)
solvents. This type of interaction has previously been observed
for assemblies with an organometallic photosensitiser attached
to an aromatic backbone.[61, 62]

The next question is whether this can also be used to ex-
plain the dual emission observed in the steady-state emission.
Many claims of observed dual emission have turned out to be
due to impurities in the sample. In this case, however, it seems
more likely that both emission peaks are inherent to the sam-
ples, especially because 8 was prepared directly from 7 c, but
these two complexes do not exhibit the same behaviour upon
the addition of manganese to the respective samples. Thus,
can the proposed equilibrium, depending on the protonation
states, also explain this observed behaviour? There is indeed
literature precedence for emission from derivatives of 2-(2’-hy-
droxyphenyl)benzimidazole that show pH-dependent emission
centred at l�500 nm, just as that observed for some of the
complexes in this study. The excited-state lifetimes recorded
for these compounds are very similar to what we observe at
l= 480 nm: emission that decays back to the ground state in
less than 30 ns.[63, 64] It was suggested that the dual emission
was caused by proton transfer between excited states. Because
calculations show that the excited state of, for example, pre-
cursor 5 a is a strong acid, such proton transfer could also be
responsible for the complex behaviour of complexes 5 and 7.
However, to ascertain that this is the reason for the observed
behaviour, we would have to perform ultrafast transient ab-
sorption studies, which is beyond the scope of the current
study. Irrespective of the exact mechanism, it can be conclud-
ed that the current ligand design results in quenching of the
ruthenium 3MLCT state that is too efficient and precludes the
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desired consecutive four-electron transfer from manganese to
ruthenium, and thus, also photosensitised water oxidation.

Conclusion

Three new ruthenium-containing ligands, 7 a–c, aimed at the
preparation of coupled Ru�Mn2 complexes, such as 8, have
been synthesised. Unexpectedly, these ligands turned out to
have short-lived excited states, particularly at neutral and high
pH. With time-resolved emission studies, it was shown that the
decays of their excited states were intricate and fast, and could
not be modelled with a mono-exponential decay function. The
pH also proved to have a significant influence on the photo-
physics of the different complexes. Complementary TDDFT cal-
culations revealed the presence of a complex excited-state
manifold, as well as possible large effects of different protona-
tion states, which may have contributed to the observed com-
plex decay patterns. One dyad 8 was also prepared and, al-
though it was capable of catalysing the oxidation of water,
electrochemically or using [Ru(bpy)3]3+ as an oxidant, it failed
to perform water oxidation upon illumination in the presence
of an external acceptor, which was anticipated because of its
short excited-state lifetime.

Although dyad 8 failed to photochemically oxidise water,
the results of our study are informative and show that a highly
conjugated system containing a combination of imidazole and
phenol groups may affect efficient quenching of excited
[Ru(bpy)3]2+-type photosensitisers, presumably by electron
transfer from the hydrogen-bonded phenol.

Experimental Section

Materials and general methods

All reagents, including solvents, were obtained from commercial
suppliers and used directly without further purification. 1H NMR
spectra were recorded at 400 MHz and 13C NMR spectra were re-
corded at 100 MHz. Chemical shifts (d) are reported in ppm relative
to the residual solvent signals ([D6]DMSO: d(H) = 2.50 ppm and
d(C) = 39.52 ppm, D2O: d(H) = 4.79 ppm, CD2Cl2: d(H) = 5.32 ppm
and d(C) = 53.84 ppm, CDCl3 : d(H) = 7.26 ppm and d(C) =
77.16 ppm). Splitting patterns are denoted as s (singlet), d (dou-
blet), t (triplet), q (quartet), m (multiplet) and br (broad). High-reso-
lution mass spectra measurements were recorded on a Bruker Dal-
tonics microTOF spectrometer with an electrospray ioniser. The
UV/Vis absorption spectra were measured on a CARY 300 Bio UV/
Vis spectrophotometer. DPV measurements were performed in
phosphate buffer (0.1 m, pH 7.2) with an Autolab potentiostat with
a GPES electrochemical interface (EcoChemie) equipped with
a glassy carbon working electrode (diameter 3 mm), a saturated
calomel reference electrode (SCE) and a Pt wire as the auxiliary
electrode. The redox couple [Ru(bpy)3]3+ /2 + (E = 1.26 V vs. NHE)
was used as an internal standard.

Photophysical measurements

The emission quantum yields, F, of 7 a–c and 8 were calculated ac-
cording to Equation (1):

F ¼ ðh=hrefÞðAref=AÞðI=IrefÞFref ð1Þ

in which [Ru(bpy)3]Cl2 in a 1:1 mixture of acetonitrile/water is used
as a reference (which in turn is relative to the quantum yield of
[Ru(bpy)3]Cl2 in acetonitrile with a value of 0.059).[51] A and Aref are
the absorbance values of the samples at the excitation wavelength
(l= 425 nm); I and Iref are the emission intensities of the samples,
given by the signed area of the emission spectra; Fref is the quan-
tum yield of the reference; and h is the refractive index. The excit-
ed-state lifetimes were retrieved by measuring the samples in
a deaerated 1:1 mixture of acetonitrile/water (v/v) by using a l=
405 nm pulsed picosecond diode laser as the excitation source.
The detection wavelength was set at l= (610�10) nm. The mea-
surement was stopped when 10 000 counts had been collected in
the peak channel. The emitted light was detected at magic angle
and perpendicular to the excitation light through a monochromator
tuned to the maximum emission wavelength of the sample. The
photons were collected by a microchannel plate photomultiplier
tube from Hammamatsu and fed into a multichannel analyser with
4096 channels. The excited-state decays were evaluated by using
the Fluorofit software. The emission spectra of the received sam-
ples were measured on a Spex Fluorolog 3 equipped with a xenon
lamp. The spectral bandwidth for the emission and excitation mon-
ochromators were 3 nm for a good signal-to-noise ratio. The spec-
tra are a result of three averaged measurements. The excitation
wavelength was l= 425 nm for all samples. The absorbance of the
samples was fixed to 0.1�0.02 at the excitation wavelength. All
samples were measured in a 1:1 mixture of acetonitrile/water (v/v)
and the emission spectra were recorded after argon purging. To
adjust the pH value, HCl (12 m) and NaOH (5 m) were used.

Water oxidation experiments

In the water oxidation experiment attempts, the gas phase of the
reaction was measured by mass spectrometry. We have previously
used the MS system to study oxidation of water, for further experi-
mental details of the MS system, see refs. [18] and [65]. The light
source in these experiments was a halogen lamp. Stock solutions
of the dyad 8 (1 mm) were made in acetonitrile/water (1:1). The
catalyst solutions used in the experiments were made by diluting
the stock solutions 10 times with phosphate buffer (0.1 m, pH 7.2).
The catalyst solutions (100 mm) were then deoxygenated by bub-
bling with N2 for at least 5 min before use in the experiments.
Na2S2O8 (3.1 mg, 13 mmol) was placed in the reaction chamber. The
system was then evacuated with a rough pump and, after the
background pressure was reached, 18 mbar of He was introduced
into the system. After 10 min, the catalyst (1.0 mL, 100 mm) was in-
jected and after approximately an additional 10 min the light was
switched on. The reaction chamber in these experiments was
placed in a 100 mL glass with a small flow of cooling water (ap-
proximately 0.3 L min�1). The function of this glass vessel was to
avoid heating of the system and to act as a UV filter.

Quantum chemical calculations

DFT calculations were performed with the hybrid B3LYP[66] function-
al in the Gaussian 09 program.[67] Previous theoretical studies on
a number of ruthenium-based systems have shown that B3LYP
gives quite good results for absorption and emission spectra.[52–58]

The 6-31G(d,p) basis set was used for the C, N, O and H elements,
and the SDD[68, 69] pseudopotential was used for Mn and Ru. All cal-
culations were performed in water by employing the CPCM contin-
uum model.[70] Geometry optimisations were first performed for
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5 a, 7 a and 8 in their ground state. For 8, the ferromagnetically
coupled high-spin state was considered. For the optical absorption
spectrum of 5 a and 7 a, the ground state of which is closed shell,
the 20 lowest singlet–singlet transitions were calculated by using
the TDDFT method. The first excited singlet state was optimised
by using TDDFT, followed by fluorescence emission spectrum cal-
culations. Three different triplet states were optimised by using dif-
ferent initial guesses, and the phosphorescence emission spectrum
was calculated by using TDDFT. Isodensity surface plots were con-
structed by using the GaussView 5 program.[71]

Synthesis

1,10-phenanthroline-5,6-dione (2): This compound was synthes-
ised according to a previously published procedure with minor
modifications.[72] A mixture of concentrated H2SO4 (200 mL) and
concentrated HNO3 (200 mL) were added to a mixture of 1,10-phe-
nanthroline (20.0 g, 0.111 mol) and KBr (20.0 g, 0.168 mol) under
stirring at 0 8C. The red reaction mixture was kept at reflux for 6 h
and excess of Br2(g) was quenched by conducting the gas through
a saturated aqueous solution of Na2S2O3 by using vacuum suction
at the top of the reflux condenser. After being heated to reflux,
the pale orange solution was poured into 2 L of ice, resulting in
a yellow/green solution. A yellow precipitate was formed by ad-
justment of the pH to approximately 6 with 10 m NaOH (910 mL).
The suspension was divided into two parts; each part was extract-
ed with CH2Cl2 (5 � 100 mL). The organic phases were combined,
dried with MgSO4 and evaporated. Recrystallisation of the orange
crude product from EtOH yielded yellow needle-shaped crystals
(15.6 g, 67 %). 1H NMR (400 MHz, CD2Cl2, 25 8C): d= 9.04 (dd, J =
4.68, 1.88 Hz, 2 H), 8.43 (dd, J = 7.84, 1.88 Hz, 2 H), 7.56 ppm (dd,
J = 7.84, 4.68 Hz, 2 H); 13C NMR (100 MHz, CD2Cl2, 25 8C): d= 177.77,
154.35, 152.29, 135.67, 129.08, 125.22 ppm; HRMS (ESI): m/z calcd
for C13H11N2O3 [2 + MeOH + H]+ : 243.0764; found: 243.0767.

2-(4’-hydroxyphenyl)imidazo[4,5-f]-1,10-phenanthroline (3 a):
Compound 3 a was synthesised by using a modified published pro-
cedure.[73] A solution of 2 (10.0 g, 47.6 mmol) and NH4OAc (73.3 g,
952 mmol) in glacial acetic acid (100 mL) was heated at 90 8C for
3.5 h. Upon removal from the heat, a solution of 4-hydroxybenzal-
dehyde (7.26 g, 59.8 mmol) in glacial acetic acid (100 mL) was
added dropwise. After heating the mixture at 90 8C for 3 h, the
mixture was poured into H2O (2 L) and neutralised to pH�7 with
an aqueous solution of NH3 (25 wt %, 200 mL). Filtration, washing
with H2O (2 L) and acetone (2 L), and drying under vacuum result-
ed in 3 a as an orange compound (8.75 g, 59 %). 1H NMR (400 MHz,
[D6]DMSO, 25 8C): d= 13.50 (s, 1 H), 9.98 (s, 1 H), 9.01 (dd, J = 4.28,
1.76 Hz, 2 H), 8.90 (dd, J = 8.12, 1.76 Hz, 2 H), 8.15–8.09 (m, 2 H),
7.87–7.77 (m, 2 H), 7.03–6.96 ppm (m, 2 H); 13C NMR (100 MHz,
[D6]DMSO, 25 8C): d= 179.32, 156.55, 153.35, 137.25, 128.50,
125.84 ppm; HRMS (ESI): m/z calcd for C19H13N4O [3 a + H]+ :
313.1084; found: 313.1082.

2-(4’-hydroxyphenyl)-1-phenylimidazo[4,5-f]-1,10-phenanthro-
line (3 b): The condensation product 3 b was prepared according
to a published procedure with minor modifications.[74] 4-Hydroxy-
benzaldehyde (1.162 g, 9.51 mmol) was dissolved in glacial acetic
acid (22 mL) followed by addition of aniline (1.04 mL, 11.4 mmol).
Compound 2 (2.00 g, 9.51 mmol) and NH4OAc (7.34 g, 95.2 mmol)
were added to this orange solution, resulting in a suspension. An-
other portion of glacial acetic acid (18 mL) was added and the mix-
ture was heated at reflux for 24 h under an argon atmosphere, re-
sulting in a colour change from dark-red to brown/yellow. After
being cooled to RT, the reaction mixture was poured into water

(400 mL), forming a yellow precipitate. By increasing the pH of this
suspension to approximately 5 with the addition of an aqueous so-
lution of NH3 (25 wt %, 14 mL), more precipitate formed. The solid
was collected by filtration, washed with water (300 mL) and ace-
tone (350 mL), and dried under vacuum to yield a grey powder
(2.677 g, 74 %). 1H NMR (400 MHz, [D6]DMSO, 25 8C): d= 9.08 (dd,
J = 4.34, 1.82 Hz, 1 H), 9.00 (dd, J = 8.10, 1.82 Hz, 1 H), 8.93 (dd, J =
4.26 and 1.62 Hz, 1 H), 7.86 (dd, J = 8.10, 4.34 Hz, 1 H), 7.77–7.68 (m,
5 H), 7.47 (dd, J = 8.48, 4.26 Hz, 1 H), 7.43–7.38 (m, 2 H), 7.33 (dd, J =
8.48, 1.62 Hz, 1 H), 6.74–6.70 ppm (m, 2 H); 13C NMR (100 MHz,
[D6]DMSO, 25 8C): d= 158.52, 152.32, 148.38, 147.29, 143.82, 143.61,
137.80, 135.07, 130.63, 130.56, 130.43, 129.72, 128.99, 127.14,
126.31, 123.73, 123.39, 122.41, 120.41, 119.44, 115.14 ppm; HRMS
(ESI): m/z calcd for C25H16N4ONa [3 b + Na]+ : 411.1206; found:
411.1206.

4,4’-dicarboxy-2,2’-bipyridine :[75] K2Cr2O7 (24.0 g, 81.6 mmol) was
slowly added to a solution of 4,4’-dimethyl-2,2’-bipyridine (5.0 g,
27.1 mmol) in sulfuric acid (95 %, 125 mL). After addition, the reac-
tion solution was stirred for 20 h at RT. The deep-green mixture
was then diluted with cold water (800 mL), filtered and washed
with water until the colour became light yellow. Subsequently, the
solid was heated to reflux in nitric acid (50 %, 170 mL) for 4 h and
then poured over ice, diluted with water (1 L) and cooled to 5 8C.
The precipitate was filtered, washed with water (5 � 50 mL) and
acetone (2 � 20 mL), and finally dried under reduced pressure to
yield the product as a white solid (5.0 g, 91 %). 1H NMR (400 MHz,
0.9 m NaOD): d= 8.78 (dd, J = 5.2, 0.67 Hz, 2 H), 8.40 (dd, J = 1.5,
0.67 Hz, 2 H), 7.87 ppm (dd, J = 5.2, 1.5 Hz, 2 H); 13C NMR (100 MHz,
0.9 m NaOD): d= 173.7, 156.4, 150.3, 147.0, 123.9, 121.9 ppm;
HRMS (ESI): m/z calcd for C12H7N2O4 [M�H]� : 243.0411; found:
243.0408.

cis-[Ru(bpy)2Cl2]H2O (4 a):[76] RuCl3·x H2O (assumption: x = 4, 1.6 g,
5.7 mmol), bipyridine (1.9 g, 12 mmol) and LiCl (1.7 g, 40 mmol)
were heated at reflux in DMF (10 mL) for 8 h. After the reaction
mixture was cooled to RT, acetone (50 mL) was added and the re-
sultant solution was cooled at 0 8C overnight. The solid was fil-
tered, washed with H2O (3 � 15 mL) and Et2O (3 � 15 mL), and dried
to yield a dark-green microcrystalline product (2.0 g, 72 %). 1H NMR
(400 MHz, [D6]DMSO): d= 9.97 (dd, J = 5.56, 1.14 Hz, 2 H), 8.64 (d,
J = 8.15 Hz, 2 H), 8.48 (d, J = 8.15 Hz, 2 H), 8.07 (dt, J = 7.76, 1.54 Hz,
2 H), 7.77 (dt, J = 6.63, 1.32 Hz, 2 H), 7.68 (dt, J = 7.76, 1.54 Hz, 2 H),
7.51 (d, J = 5.56 Hz, 2 H), 7.10 ppm (dt, J = 6.63, 1.32 Hz, 2 H);
13C NMR (100 MHz, [D6]DMSO, 25 8C): d= 160.18, 158.18, 153.17,
151.94, 134.54, 133.27, 125.31, 125.23, 122.82, 122.46 ppm; HRMS
(ESI): m/z calcd for C20H16Cl2N4NaRu [M + Na]+ : 506.9688; found:
506.9693.

[Ru(deeb)2Cl2] (deeb = 2,2’-bipyridinyl-4,4’-dicarboxylic acid di-
ethyl ester) (4 b): This ruthenium complex was synthesised accord-
ing to a previously reported protocol with minor changes.[77] EtOH
(99 %, 7.5 mL) was added to RuCl3·x H2O (0.321 g, 1.23 mmol) and
2,2’-bipyridine-4,4’-dicarboxylic acid (0.60 g, 2.46 mmol) under an
argon atmosphere. The reaction mixture was heated for 17 h in
a sealed tube at 110 8C covered with aluminium foil. After being
cooled to RT, the mixture was kept in a refrigerator for 3 h. The
product was filtered and washed with EtOH, a saturated solution
of Na2B4O7·10 H2O in MeOH/H2O (1:1), MeOH/H2O (1:1) and finally
EtOH to yield a black/purple powder (0.71 g, 75 %). 1H NMR
(400 MHz, CDCl3): d= 10.45 (d, J = 5.90 Hz, 2 H), 8.83 (d, J = 1.74 Hz,
2 H), 8.66 (d, J = 1.74 Hz, 2 H), 8.16 (dd, J = 5.90, 1.74 Hz, 2 H), 7.70
(d, J = 6.00 Hz, 2 H), 7.49 (dd, J = 6.00, 1.74 Hz, 2 H), 4.57 (q, J =
7.14 Hz, 4 H), 4.42 (q, J = 7.14 Hz, 4 H), 1.52 (t, J = 7.14 Hz, 6 H),
1.39 ppm (t, J = 7.14 Hz, 6 H); 13C NMR (400 MHz, CDCl3): d= 164.3,
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163.8, 160.5, 158.2, 155.3, 152.6, 136.5, 135.2, 125.1, 124.6, 122.0,
121.7, 62.7, 62.6, 14.5, 14.3 ppm; HRMS (ESI): m/z calcd for
C32H32Cl2N4O8NaRu [M + Na]+ : 795.0533; found: 795.0531.

5 a : Compound 3 a (1.50 g, 4.80 mmol) and [Ru(bpy)2Cl2] (2.07 g,
4.00 mmol) in ethylene glycol (40 mL) were heated in a round-bot-
tomed flask at 120 8C for 20 h. The reaction mixture was cooled to
RT before the addition of H2O (720 mL), which resulted in a clear
red solution. A solution of NaOTf (13.8 g, 10 mmol) in H2O (40 mL)
was added dropwise with stirring. The precipitate was collected by
filtration and washed with a small amount of cold H2O and large
amounts of diethyl ether and finally dried under vacuum to give
an orange powder (3.78 g, 92 %). 1H NMR (400 MHz, [D6]DMSO,
25 8C): d= 14.14 (br s, 1 H), 10.11 (s, 1 H), 9.09 (d, J = 8.22 Hz, 2 H),
8.88 (d, J = 8.25 Hz, 2 H), 8.84 (d, J = 7.95 Hz, 2 H), 8.22 (ddd, J =
8.02, 7.94, 1.50 Hz, 2 H), 8.16 (AA’ of AA’BB’, 2 H), 8.11 (ddd, J = 7.91,
7.88, 1.48 Hz, 2 H), 8.04 (dm, J = 5.05 Hz, 2 H), 7.91 (m, 2 H), 7.84
(dm, J = 5.71 Hz, 2 H), 7.67–7.51 (m, 4 H), 7.34 (ddd, J = 7.20, 5.68,
1.26 Hz, 2 H), 7.02 ppm (AA’ of AA’BB’, 2 H); 13C NMR (100 MHz,
[D6]DMSO, 25 8C): d= 159.64, 156.78, 156.56, 153.32, 151.44, 151.37,
149.76, 149.45, 144.99, 144.48, 137.93, 137.77, 136.87, 130.49,
130.30, 128.43, 127.87, 127.72, 127.15, 126.31, 126.05, 125.48,
124.44, 124.35, 122.27, 121.15, 120.38, 119.07, 115.96, 62.78 ppm;
19F NMR (376 MHz, [D6]DMSO, 25 8C): d=�77.75 ppm; HRMS (ESI):
m/z calcd for C39H27N8ORu [5 a�2 OTf�H]+ : 725.1346; found:
725.1362.

5 b : Compounds 3 a (0.262 g, 0.84 mmol) and 4 b (0.541 g,
0.70 mmol) in EtOH (99 %, 7 mL) were heated in a sealed tube at
120 8C for 19 h. The reaction mixture was cooled to RT before dilu-
tion with H2O (126 mL) and the dropwise addition of an aqueous
solution (7 mL) containing NaOTf (2.41 g, 14 mmol). The formed
gel was heated at 100 8C for 1 h with slow stirring and cooled to
RT with continued slow stirring, and then stored in the refrigerator
overnight. The product was collected by filtration, washed with
small amounts of cold water followed by a large amount of Et2O,
and finally dried in vacuum to yield an orange powder (0.88 g,
96 %). 1H NMR (400 MHz, [D6]DMSO, 25 8C): d= 14.13 (br s, 1 H),
10.15 (s, 1 H), 9.35 (d, J = 1.83 Hz, 2 H), 9.33 (d, J = 1.77 Hz, 2 H), 9.11
(m, 2 H), 8.15 (AA’ of AA’BB’, 2 H), 8.10 (d, J = 5.96 Hz, 2 H), 8.08 (dm,
J = 4.77 Hz, 2 H), 7.91 (br m, 2 H), 7.88 (dd, J = 5.83, 1.78 Hz, 2 H),
7.81 (m, 2 H), 7.73 (m, 2 H), 7.03 (AA’ of AA’BB’, 2 H), 4.46 (q, J =
7.05 Hz, 4 H), 4.40 (q, J = 7.11 Hz, 4 H), 1.37 (t, J = 7.12 Hz, 6 H),
1.31 ppm (t, J = 7.03 Hz, 6 H); 13C NMR (100 MHz, [D6]DMSO, 25 8C):
d= 163.47, 163.37, 159.73, 157.32, 157.06, 153.48, 153.00, 152.54,
138.40, 138.27, 138.17, 138.04, 131.04, 128.44, 126.69, 123.91,
123.84, 122.27, 120.31, 119.06, 116.00, 62.34, 62.26, 14.05,
13.98 ppm; 19F NMR (376 MHz, [D6]DMSO, 25 8C): d=�77.76 ppm;
HRMS (ESI): m/z calcd for C51H43N8O9Ru [5 b�2 OTf�H]+ : 1013.2191;
found: 1013.2189.

5 c : Compounds 3 b (0.70 g, 1.80 mmol) and 4 b (1.16 g, 1.50 mmol)
in EtOH (99 %, 15 mL) were heated in a sealed tube at 120 8C for
19 h. After being cooled to RT, H2O (210 mL) was added. A clear
orange solution was obtained by filtration and being subsequently
washed with H2O (60 mL). The addition of NaOTf (5.16 g, 30 mmol)
in H2O (15 mL) under stirring resulted in the formation of a fine
precipitate. Larger particles formed when this suspension was
heated at 100 8C for 1 h. The precipitate was filtered, washed with
small amounts of H2O and large amounts of Et2O, and dried in
vacuum to give 5 c as a powder (1.94 g, 93 %). 1H NMR (400 MHz,
[D6]DMSO, 25 8C): d= 10.04 (s, 1 H), 9.36 (d, J = 1.77 Hz, 1 H), 9.34 (d,
J = 1.80 Hz, 1 H), 9.34 (d, J = 1.78 Hz, 1 H), 9.30 (d, J = 1.86 Hz, 1 H),
9.24 (dd, J = 8.30, 1.31 Hz, 1 H), 8.16 (dd, J = 5.29, 1.39 Hz, 1 H), 8.12
(d, J = 5.83 Hz, 1 H), 8.06 (d, J = 5.82 Hz, 1 H), 8.01 (dd, J = 5.27,

1.23 Hz, 1 H), 7.95 (dd, J = 8.19, 5.31 Hz, 1 H), 7.89 (dd, J = 5.81,
1.78 Hz, 1 H), 7.86 (dd, J = 5.86, 1.76 Hz, 1 H), 7.83–7.66 (m, 9 H),
7.61 (dd, J = 8.66, 5.25 Hz, 1 H), 7.47–7.41 (m, 3 H), 6.77 (AA’ of
AA’BB’, 2 H), 4.52–4.35 (m, 8 H), 1.42–1.28 ppm (m, 12 H); 13C NMR
(100 MHz, [D6]DMSO, 25 8C): d= 163.46, 163.44, 163.37, 163.36,
159.13, 159.11, 157.29, 157.19, 157.06, 157.04, 154.28, 153.03,
152.92, 152.54, 152.48, 150.85, 149.99, 144.57, 144.54, 138.45,
138.41, 138.33, 137.78, 136.80, 136.17, 131.42, 131.08, 130.84,
130.81, 130.61, 130.56, 128.96, 128.74, 128.57, 127.52, 126.71,
126.65, 125.87, 125.48, 123.94, 123.90, 123.82, 122.26, 121.45,
119.53, 119.06, 115.36, 115.12, 62.34, 62.30, 62.27, 14.05, 14.03 ppm;
19F NMR (376 MHz, [D6]DMSO, 25 8C): d=�77.75 ppm; HRMS (ESI):
m/z calcd for C57H48N8O9Ru [5 c�2 OTf]2 + : 545.1288; found:
545.1307.

6 a : Compound 5 a (1.0 g, 0.98 mmol) and hexamethylenetetramine
(2.74 g, 19.5 mmol) were added to a microwave tube. The vessel
was flushed with argon followed by the addition of TFA (6 mL) and
finally the tube was sealed. After heating for three days at 110 8C,
4 m HCl (30 mL) was added and the mixture was transferred to
a 500 mL E-flask and stirred at RT for 3 h. The pH was adjusted to
approximately three with an aqueous saturated solution of
NaHCO3 (�110 mL), resulting in a red and sticky fraction, which
was dissolved by successively adding small portions of H2O, vigo-
rous stirring and decantation. The resulting slightly cloudy red so-
lution was filtered and washed with H2O. In total, 200 mL of H2O
was added. An orange precipitate formed upon the addition of
NaOTf (3.36 g, 19.5 mmol) dissolved in water (6 mL). This suspen-
sion was left to stand overnight before final filtration and drying
under vacuum. The orange product, 6 a (0.802 g, 78 %; xTFA = 0.904
and xOTf = 1.096), appeared as a double salt with varying distribu-
tion of the triflate and trifluoroacetate anions, depending on the
batch (determined by 19F NMR spectroscopy). 1H NMR (400 MHz,
[D6]DMSO, 25 8C): d= 14.64 (br s, 1 H), 10.42 (s, 2 H), 9.15 (m, 2 H),
8.94 (s, 2 H), 8.89 (d, J = 8.22 Hz, 2 H), 8.85 (d, J = 7.98 Hz, 2 H), 8.22
(t, J = 7.82 Hz, 2 H), 8.11 (t, J = 8.03 Hz, 2 H), 8.06 (d, J = 5.20 Hz, 2 H),
7.94 (m, 2 H), 7.85 (d, J = 5.27 Hz, 2 H), 7.67–7.53 (m, 4 H), 7.35 ppm
(t, J = 6.76 Hz, 2 H); 13C NMR (100 MHz, [D6]DMSO, 25 8C): d=
191.31, 164.13, 156.79, 156.55, 151.52, 151.38, 150.96, 149.87,
145.04, 137.96, 137.80, 133.86, 130.56, 127.88, 127.75, 124.95,
124.47, 124.39, 122.27, 120.76, 119.07 ppm; 19F NMR (376 MHz,
[D6]DMSO, 25 8C): d=�73.47, �77.75 ppm; HRMS (ESI): m/z calcd
for C41H27N8O3Ru [6 a�OTf�TFA�H]+ : 781.1244; found: 781.1246.

6 b : TFA (3 mL) was added to an argon-flushed tube containing 5 b
(0.656 g, 0.5 mmol) and hexamethylenetetramine (1.402 g,
10.0 mmol). The tube was sealed and heated at 110 8C for 3 days.
4 m HCl (15 mL) was added to the reaction mixture and the red so-
lution was quickly transferred to a 250 mL Erlenmeyer flask, and
within a few minutes a dark-red sticky fraction was formed. The re-
action mixture was stirred for another 3 h at RT before the pH was
adjusted to approximately three with a saturated aqueous solution
of NaHCO3 (�44 mL). With successive additions of small portions
of water, vigorous stirring and decantation, the sticky fraction of
water was dissolved. In total, 500 mL of water was used. This
slightly cloudy solution was filtered before the addition of a solu-
tion of NaOTf (1.720 g, 10.0 mmol) in water (5 mL), which resulted
in the formation of an orange precipitate. After keeping the sus-
pension in the refrigerator overnight, the powder was collected by
filtration, washed with a small amount of cold water and a large
amount of diethyl ether, and dried under vacuum to yield 6 b
(0.479 g, 71 %) as a double salt, in which xTFA = 0.45 and xOTf = 1.55.
1H NMR (400 MHz, [D6]DMSO, 25 8C): d= 14.28 (br s, 1 H), 10.37 (s,
2 H), 9.35 (m, 2 H), 9.32 (m, 2 H), 9.15 (m, 2 H), 8.74 (s, 2 H), 8.10 (d,
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J = 5.80 Hz, 2 H), 8.07 (dm, J = 4.81 Hz, 2 H), 7.91 (br m, 2 H), 7.88
(dm, J = 5.40 Hz, 2 H), 7.82 (m, 2 H), 7.73 (m, 2 H), 4.46 (q, J =
7.07 Hz, 4 H), 4.40 (q, J = 7.01 Hz, 4 H), 1.37 (t, J = 7.10 Hz, 6 H),
1.31 ppm (t, J = 7.05 Hz, 6 H); 13C NMR (100 MHz, [D6]DMSO, 25 8C):
d= 191.24, 164.91, 163.47, 163.38, 157.33, 157.05, 153.01, 152.61,
152.02, 150.09, 138.41, 138.28, 133.48, 131.21, 126.69, 126.39,
126.13, 125.47, 123.90, 123.84, 122.26, 119.06, 62.34, 62.26, 14.05,
13.98 ppm; 19F NMR (376 MHz, [D6]DMSO, 25 8C): d=�73.44,
�77.76 ppm; HRMS (ESI): m/z calcd for C53H43N8O11Ru [6 b�OTf�T-
FA�H]+ : 1069.2089; found: 1069.2106.

6 c : Compound 5 c (0.694 g, 0.500 mmol) and hexamethylenetetra-
mine (1.402 g, 10.00 mmol) were added to a microwave tube. After
purging with argon, TFA (3.0 mL) was added and the tube was
sealed. The reaction mixture was heated at 110 8C for 3 days. HCl
(15 mL, 4 m) was added in portions to the reaction and the mixture
was quickly transferred to a 100 mL round-bottomed flask. Within
a few minutes a two-phase system was formed: a red viscous mass
and an almost colourless aqueous phase. After stirring at RT for
3 h, the pH was adjusted to approximately three through the addi-
tion of a saturated aqueous solution of NaHCO3 (50 mL). The vis-
cous mass was gradually dissolved by the addition of water in
small portions and removal of the liquid part after each addition.
The total amount of water added was 400 mL. The solution was fil-
tered to remove undissolved particles. A precipitate was formed by
the addition of an aqueous solution of NaOTf (1.721 g,
10.00 mmol) dissolved in water (3 mL) to the filtrate. The suspen-
sion was refrigerated overnight before it was filtered, washed with
cold water (6 mL) and diethyl ether (200 mL), and finally dried in
vacuum to yield 6 c (0.514 g, 71 %; xTFA = 0.16 and xOTf = 1.84).
1H NMR (400 MHz, [D6]DMSO, 25 8C): d= 10.22 (s, 2 H), 9.37 (m, 1 H),
9.34 (m, 1 H), 9.33 (m, 1 H), 9.31 (m, 1 H), 9.29 (dm, J = 8.56 Hz, 1 H),
8.17 (dm, J = 5.83 Hz, 1 H), 8.13 (s, 2 H), 8.12 (d, J = 5.75 Hz, 1 H),
8.06 (d, J = 5.86 Hz, 1 H), 8.03 (dm, J = 5.08 Hz, 1 H), 7.96 (dd, J =
8.30, 5.25 Hz, 1 H), 7.89 (dd, J = 5.80, 1.86 Hz, 1 H), 7.86 (dd, J = 5.81,
1.84 Hz, 1 H), 7.85–7.70 (m, 9 H) 7.64 (dd, J = 8.63, 5.31 Hz, 1 H), 7.49
(d, J = 8.64 Hz, 1 H), 4.52–4.35 (m, 8 H), 1.43–1.27 ppm (m, 12 H);
13C NMR (100 MHz, [D6]DMSO, 25 8C): d= 190.74, 163.46, 163.43,
163.36, 157.30, 157.19, 157.06, 157.05, 152.91, 152.55, 152.25,
151.03, 150.26, 144.74, 144.69, 138.47, 138.42, 138.36, 136.32,
136.15, 136.02, 131.47, 131.37, 131.05, 128.68, 128.54, 127.72,
127.04, 126.73, 126.67, 126.55 ppm; 19F NMR (376 MHz, [D6]DMSO,
25 8C): d=�73.46, �77.74 ppm; HRMS (ESI): m/z calcd for
C59H48N8O11Ru [6 c�OTf�TFA]2 + : 573.1238; found: 573.1252.

7 a : Compound 6 a (0.682 g, 0.65 mmol) and 2-amino-3-nitrobenzo-
ic acid (0.237 g, 1.3 mmol) were dissolved in EtOH (5.2 mL) at 70 8C.
This mixture was removed from the heat and a solution of Na2S2O4

(85 wt %, 0.799 g, 3.90 mmol) in H2O (2.6 mL) was added. After
heating at 70 8C for 5 h, the reaction mixture was cooled to RT
before it was kept at 4 8C overnight. Filtration and washing with
large amounts of EtOH, H2O and acetone yielded an orange
powder (0.643 g, 95 %). 1H NMR (400 MHz, [D6]DMSO, 25 8C): d=
14.5–13.9 (m, 3 H), 9.32 (s, 2 H), 9.27 (m, 2 H), 8.89 (d, J = 7.96 Hz,
2 H), 8.85 (d, J = 8.35 Hz, 2 H), 8.22 (t, J = 8.05 Hz, 2 H), 8.11 (t, J =
7.76 Hz, 2 H), 8.02 (m, 2 H), 7.97–7.81 (m, 4 H), 7.86 (d, J = 5.80 Hz,
2 H), 7.76 (d, J = 7.53 Hz, 2 H), 7.65 (d, J = 4.48 Hz, 2 H), 7.59 (t, J =
6.86 Hz, 2 H), 7.37 (t, J = 6.72 Hz, 2 H), 7.29 ppm (t, J = 7.78 Hz, 2 H);
HRMS (ESI): m/z calcd for C55H35N12O5Ru [7 a + H]+ : 1045.1891;
found: 1045.1905.

7 b : Compound 6 b (338 mg, 0.25 mmol) and 2-amino-3-nitroben-
zoic acid (91 mg, 0.5 mmol) were dissolved in absolute EtOH
(2 mL) at 70 8C in a microwave tube. A solution of Na2S2O4

(85 wt %, 0.307 g, 1.50 mmol) in water (1 mL) was added and the

tube was capped and heated at 70 8C for 5 h. After cooling to RT,
the reaction mixture was stored in the refrigerator overnight. The
precipitation was filtered and washed with EtOH, water and EtOH
to yield a red/orange powder (320 mg, 96 %) 1H NMR (400 MHz,
[D6]DMSO, 25 8C): d= 14.4–13.9 (m, 3 H), 9.40–8.95 (m, 8 H), 8.18–
8.01 (m, 4 H), 7.98–7.80 (m, 8 H), 7.80–7.60 (m, 4 H), 7.30 (t, J =
7.57 Hz, 2 H), 4.46 (q, J = 7.14 Hz, 4 H), 4.39 (q, J = 7.07 Hz, 4 H), 1.38
(t, J = 7.08 Hz, 6 H), 1.31 ppm (t, J = 7.10 Hz, 6 H); HRMS (ESI): m/z
calcd for C67H51N12O13Ru [7 b + H+]+ : 1333.2737; found: 1333.2730.

7 c : A solution of NaS2O4 (85 wt %, 31 mg, 0.15 mmol) in H2O
(0.1 mL) was added to a solution of 6 c (36 mg, 0.025 mmol) and 2-
amino-3-nitrobenzoic acid (9.1 mg, 0.05 mmol) in EtOH (0.2 mL)
dissolved at 70 8C. The reaction mixture was heated in a sealed
tube at 70 8C for 5 h. A precipitate was formed upon cooling to RT.
After refrigeration overnight, the suspension was filtered and
washed with EtOH (8 mL), H2O (2 mL) and EtOH (5 mL), and finally
dried under vacuum to yield 7 c (28 mg, 80 %). 1H NMR (400 MHz,
[D6]DMSO, 25 8C): d= 13.96 (br s, 2 H), 9.46–9.18 (m, 5 H), 8.71 (br s,
2 H), 8.17 (d, J = 5.43 Hz, 1 H), 8.13 (d, J = 5.49 Hz, 1 H), 8.06 (d, J =
5.83 Hz, 1 H), 8.00 (d, J = 5.10 Hz, 1 H), 7.98–7.68 (m, 16 H), 7.62 (m,
1 H), 7.49 (d, J = 8.69 Hz, 1 H), 7.28 (t, J = 7.80 Hz, 2 H), 4.52–4.34 (m,
8 H), 1.44–1.25 ppm (m, 12 H); HRMS (ESI): m/z calcd for
C73H56N12O13Ru [7 c + 2 H]2 + : 705.1561; found: 705.1588.

Dyad 8 : Complex 7 c (25.0 mg, 0.0178 mmol) was placed in a Soxh-
let sock. Mn(OAc)2·4 H2O (10.9 mg, 0.0444 mmol) and NaOAc
(14.6 mg, 0.178 mmol) were added to a 25 mL flask followed by
MeOH (10 mL). After Soxhlet extraction for 17 h, the resulting
orange suspension was centrifuged and washed with MeOH (2 �
4 mL) and dried in vacuum to yield a dark-orange powder (14 mg,
38 %). HRMS (ESI): m/z calcd for C75H56N12O17Mn2Ru [8 +
2 OH�MeO�2 H]� : 1608.1696; found 1608.1629; elemental analysis
calcd (%) for C78H75F6Mn2N12O30RuS2 (8 + 2 OTf�+ 8 H2O): C 45.71, H
3.69, N 8.20, Mn 5.36, Ru 4.96; found: C 45.69, H 3.47, N 9.42, Mn
5.93, Ru 5.17.
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