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Abstract: In this review, we first discuss the photophysics reported in the literature
for mononuclear ruthenium complexes bearing ligands with extended aromaticity
such as dipyrido[3,2-a:2',3'-c]phenazine (DPPZ), tetrapyrido[3,2-a:2',3'-c:3",2"-h:2"",3"'-j]-
phenazine (TPPHZ), tetrapyrido[3,2-a:2',3'-c:3",2"-h:2"",3""-j]acridine (TPAC), 1,10-
phenanthrolino[5,6-b]1,4,5,8,9,12-hexaazatriphenylene (PHEHAT) 9,11,20,22-tetraaza-
tetrapyrido[3,2-a:2',3'-c:3",2"-1:2"",3""-n]pentacene (TATPP), etc. Photophysical properties of
binuclear and polynuclear complexes based on these extended ligands are then reported.
We finally develop the use of binuclear complexes with extended n-systems for applications
such as photocatalysis.

Keywords: ruthenium'; polypyridyl; polyazaaromatic; extended n-system; photo-catalysis;
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1. Introduction

Considerable attention has been paid during the last decades to the study of polyazaaromatic
transition metal complexes as DNA photoprobes or photoreagents [1-8]. The interest in such
coordination compounds originates both from their luminescence and photoreactive properties with
DNA and from their particular coordination geometry. The three-dimensional shapes of these rigid
complexes make them excellent candidates to recognise complementary shapes in different DNA
binding sites. The interaction with the chiral nucleic acids may be enantioselective when the
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complexes are chiral themselves. The extensively studied [Ru(phen)s]*" has been the first substitution
inert complex for which selective binding of the A enantiomer to B-DNA has been reported
(enantioselectivity in binding of metal complexes to DNA is presented in [9]). From these initial
studies, a research area rapidly focused on the development of new DNA binding complexes.

The luminescence and photoreactivity of those compounds with nucleic acids allow, among other
things, to mark reversibly or irreversibly the DNA at the sites of interaction of the complexes. Thus for
example, Ru" complexes have been used as luminescent reporters for DNA instead of using a
radioactive label [10—12]. Certain metal complexes can also induce photocleavages of the DNA
backbone and can be regarded as artificial endonucleases [13—16]. Other complexes can produce DNA
photoadducts and can then play the role of irreversible DNA markers or act as photo-reagents in view
of phototherapeutical applications [17-20]. The formation of photoadducts of Ru" complexes on DNA
can indeed interfere with the normal functions of DNA and inhibit for example the RNA polymerase.

It has been shown that the metallic complexes interact with DNA according to different
geometries [9,21,22] among which intercalative binding deserved extra interest. The first ligand designed
to form metallo-intercalators is the extended aromatic compound dipyrido[3,2-a:2',3'-c]phenazine
(DPPZ) [23,24], whose synthesis was described in 1970 [25]. Complexes based on DPPZ have been
extensively studied due to their strong intercalation in the DNA double helix and their “light switch”
effect [26-30]. Indeed, whereas [Ru(bpy/phen),(DPPZ)]*" (bpy = 2,2-bipyridine, phen = 1,10-
phenanthroline) is non emissive in water at room temperature, it emits brightly upon addition of DNA.
Since this discovery numerous related DNA “light switch” complexes, such as DPPZ analogues or
TPPHZ complexes [31], have been reported in the literature and used as photoprobes or reagents for
biomolecules (see below).

The DPPZ complexes and their DNA binding have been extensively studied, using numerous
advanced techniques such as linear dichroism [29], picosecond time-resolved spectroscopies [32-35],
resonance Raman [36-38] or, very recently, X-ray crystallography [39—42]. DPPZ complexes have
been used as probes for liposome membranes [43,44] or for staining nuclear components [45]. They
also found applications in the development of sensors and in the host-guest design [46—52].

Binding geometry and photophysical properties of semi-flexible binuclear ruthenium complexes
based on two DPPZ ligands connected with a single bond have also been reported [53-55].

As it will be discussed in more detail below, the investigation of the electronic and photophysical
properties of [Ru(bpy/phen)>(DPPZ)]*" have drawn considerable attention in order to understand the
origin of the “light switch” effect in those complexes.

At the same time, extended ligands have also been used in a quite different area. Indeed other
ligands have been designed, which are based on the DPPZ moiety or other planar ligands but present
the extra ability of playing the role of bridging ligand, thanks to the presence of two, three or more
chelation sites. Thus binuclear complexes, dendrimers or edifices of higher nuclearity, homo- or
heterometallic compounds, based on rigid heteroaromatic ligands have been constructed for
applications in light-harvesting [56—60], energy transfer and artificial photosynthesis [61-65], potential
photoconversion devices [66], non-linear optics [67,68], opto-electronics or photocatalysis [69—71], as
they exhibit a rich electrochemistry and photophysics.

Of course a deep understanding of the electronic and photophysical properties of those polynuclear
complexes is necessary in order to design edifices with the expected properties for a specific application.
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This review will be focused on the photophysical and photochemical properties of polyazaromatic
trischelated Ru" complexes bearing DPPZ derivatives and other extended aromatic ligands. Behaviors
of the mononuclear complexes with DNA will not be discussed here as they are already reported
elsewhere [4,9,20]. The electronic and photophysical properties of the mononuclear complexes will be
discussed and compared as a prerequisite before discussing the properties of complexes of higher
nuclearity based on the same planar ligands. The last part of this review will overview more applied
systems based on extended planar ligands and developed for photocatalysis applications.

2. Mononuclear Ruthenium" Complexes

2.1. [Ru(bpy)s]*"

The synthesis of [Ru(bpy)g]2+ (Figure 1) was first reported by Burstall in 1936 [72], but its
luminescence was only observed in 1959 [73].

Figure 1. [Ru(bpy);]*"
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Since then, extensive studies have been performed on [Ru(bpy);]*", allowing the development of the
generally accepted photophysical scheme for classical complexes as the following [74-92] (Figure 2).
Absorption of a photon allows the population of a singlet metal to ligand charge transfer 'MLCT that
has a lifetime of 40 + 15 fs [93]. Due to the heavy metal center, an intersystem crossing ISC that mixes
singlet and triplet states, allows the population of the *MLCT state, localized on a single ligand. This
ISC is completed in approximately 75 fs [81] and the complex reaches a “Thermally equilibrated
excited state” THEXI-MLCT. This "MLCT excited state of [Ru(bpy)s;]*" can therefore be regarded as
[Ru(II1)(bpy)(bpy*-)]*"*. Studies by Crosby et al. have revealed that this *MLCT state is in fact
composed of three low-lying MLCT states in rapid equilibrium that are separated by 10-90 cm ',
These states can only be distinguished at 77 K. Von Zelewsky and Meyer have later identified that a
fourth MLCT with greater singlet character was also present at several hundred cm ' to higher energy.

light

[Rul(bpy);]** [Rull(bpy=")(bpy),]***

Once this *MLCT state is populated, various deactivation processes can take place. First, a radiative
decay that dissipates energy as a photon, brings the complex back to its ground state. This decay is
responsible for the characteristic luminescence of numerous ruthenium complexes and is generally
described by a radiative constant (k;). Second, a non radiative decay, characterized by the constant
(knr), brings the complex back to its ground state by dissipation of energy, principally as heat. Finally,
a third process, called thermal activation, is needed to explain the lifetime dependence with
temperature. This thermal activation leads to the population of a triplet metal center ("MC) state.
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Populating this state lowers the metal-ligand bond and can therefore induce the loss of a ligand,
controlled by the dechelation constant (kpe.). Based on the different deactivation pathways, the
following equation describing the excited state lifetime in function of temperature has been proposed:

1

T= —AE

(ky + kyr + AeRT )

where AE represents the energy difference between the *MLCT state and the *MC state. This
photophysical scheme is generally accepted as the model for all homoleptic complexes and for several
heteroleptic complexes (Figure 2).

Figure 2. Photophysical scheme of [Ru(bpy)s]*".
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As explained previously, the deactivation pathway for the excited state of [Ru(bpy);]*" is governed
by two constants, k; and ky: and by thermal activation leading to the *MC state. Solvent effects can of
course influence these constants. After the Franck-Condon vertical transition from the ground state to
the excited state, the dipole moment of the excited [Ru(bpy)s]*" is bigger than in the ground state.
Solvent molecules around the complex tend thus to reorganize in order to stabilize the *MLCT excited
state. Solvents with high polarity will therefore stabilize the excited state complex, meaning that the
emission energy will be shifted to lower energy, corresponding to a red-shift in emission. Furthermore,
it has been shown that k; is only slightly solvent dependent but that k,, values tend to increase while
the emission energy decreases as expected for radiationless transitions according to the energy gap
law. Parameters that are the most influenced by solvent are the terms included in the temperature
dependent deactivation pathway, i.e., the pre-exponential factor A, and AE. In polar solvents, the
SMLCT is stabilized, and therefore the energy between the *"MLCT and the *MC tends to increase. On
the contrary, when less polar solvents are used, the *MLCT excited state is less stabilized and the
energy difference between the *MLCT state and the MC state tends to decrease, facilitating therefore
the thermal activation towards this *MC state.

2.2. [Ru(bpy/phen)(DPPZ)]**

For some complexes, the photophysical scheme can be different from the “classical” one. This is the
case for ruthenium complexes containing the extended ligand DPPZ, such as [Ru(bpy/phen),(DPPZ)]*
(Figure 3). These two complexes exhibit a behavior that could not be explained by the classical
photophysical scheme, namely the “light-switch” effect [24].



Molecules 2014, 19 5032

Figure 3. [Ru(phen)>,(DPPZ)]*" (left) and [Ru(bpy),(DPPZ)]*" (right).
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This “light-switch” controls the luminescence properties of the complex as it is luminescent in
organic solvents, but its luminescence is switched off in aqueous solutions. It was proposed that this
“light switch off” is a consequence of the quenching induced by proton transfer, reducing therefore its
emission quantum yield [24,94,95]. Nonetheless, it was necessary to wait until 1997 for a new
photophysical scheme to be proposed by Barbara and coworkers [96]. This scheme introduced a
supplementary MLCT state (MLCT") whose implication in the deactivation process is very sensitive
towards the direct environment of the complex, such as solvent. Later on, another model was
elaborated after the studies of Papanikolas, Meyer ef al. on [Ru(bpy),(DPPZ)]*". They performed an
ingenious experiment, measuring the lifetime in butyronitrile as a function of temperature [97,98],
ranging from 170 to 360 K (Figure 4). As previously explained, for classical complexes such as
[Ru(bpy)s]*", the lifetime continuously increases with lowering temperature. For [Ru(bpy),(DPPZ)]*"
nonetheless, a maximum is observed in the same temperature range. This behavior could not be
explained by the classical photophysical scheme, nor by the model proposed in 1997. This decrease in
luminescence lifetime could only be explained by the presence of a non luminescent state, i.e., a “Dark
State” whose energy is lower than that of the luminescent one, meaning that its population is directly
controlled by temperature.

Figure 4. Schematic representation of the luminescence lifetime with temperature for
[Ru(bpy);]** and [Ru(bpy)>(DPPZ)]*" [97].
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A new photophysical scheme was therefore published, which includes the following:

- A’MC state higher in energy

- A luminescent *MLCT “bright state” corresponding to a charge transfer from the ruthenium
center to the 1,10-phenanthroline moiety of the DPPZ ligand.

- A “dark state”, non-luminescent and lower in energy, that corresponds to the phenazine
moiety of DPPZ.
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This model offers a dynamic equilibrium between a luminescent state and a dark state, lower in
energy (Figure 5).

Figure 5. Photophysical scheme of [Ru(bpy/phen),(DPPZ)]*" in water.
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This new model proposed a new deactivation equation that can be correlated to the population-

Do

weighted average of the deactivation constant of the two states, bright (B) and dark (D):
Kobs = Pr (kg + kmc(T)) + ppkp

ps and pp correspond to the relative populations of the bright and dark states, respectively, populations
that vary with the temperature. kg and kp are the kinetic relaxations towards the ground state while kyc
is the kinetic constant for activation towards the *MC state.

Analyzing the data allowed to extrapolate that the equilibrium is completely displaced towards the
luminescent bright state when the temperature reaches 260K. The relative population of these two
states is governed by an equilibrium constant:

P —AG® _ AHO-TAS®
Keg=——= eksT = ¢ KgT
PB

AH® corresponds to the enthalpic change for the bright to dark process and AS° is the entropic
change for the same process. The dark state is therefore favored enthalpically (AH® < 0), meaning that
when the temperature is low, the dark state will be mostly populated (Keq >> 1), while at high
temperature, the luminescent state will be populated, favored by a gain in entropy (Keq << 1).

Observations made to develop the photophysical scheme proposed by Barbara in 1997 can also be
included in this new model, as the different states that are involved in the photophysical scheme can be
stabilized by different solvents. A protic solvent such as water will stabilize the dark state by hydrogen
bonding. The dark state will therefore be lower in energy than the bright state, thus mainly populated at
room temperature, causing the loss in emission. When an aprotic solvent is used, the energy of the dark
state is less stabilized than in a protic solvent, and the bright state becomes accessible at room
temperature (Figure 6).
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Figure 6. Solvent influence on the dark and bright states.
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Refinement of the model in polyol solvents suggests that [Ru(phen)z(DPPZ)]2+ exhibits three
distinct excited states, that differ primarily by solvent interactions on the phenazine moiety [32,99,100],
two of them being luminescent, and a third one being a dark state (Figure 7). Indeed, photo-excitation
populates a precursor state [33] (Figure 7A) that relaxes towards an excited state localized on the
DPPZ ligand, where no hydrogen bonds occur (Figure 7B). This excited state decays then rapidly
towards an excited state where one of the nitrogens of the phenazine core is hydrogen-bonded to
solvent (Figure 7C). This state is in equilibrium with a last excited state, the dark state, where both
nitrogens are hydrogen-bonded to solvent (Figure 7D). It is important to note that the two models are
complementary and do not contradict each other since one model is developed in polyol solvents,
capable of hydrogen bonding, while the other study is performed in non-hydrogen bonding solvents.

Figure 7. Schematic relaxation pathway for [Ru(phen),(DPPZ)]*" in polyol solvents [100].
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Finally it is worth mentioning that a very detailed review has been published recently on the
photophysics of Ru"-DPPZ compounds in diverse environments [101]. The reader should refer to that

very good review for a more detailed discussion.
2.3. Ruthenium” Complexes bearing DPPZ Analogues

Since the discovery of this light-switch effect, and in order to understand the photophysical
behavior of these ruthenium complexes, numerous analogues of DPPZ have been designed (Figure 8).
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Figure 8. The seven DPPZ derivatives reported by Barton [11].
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In 1992, Barton published a paper with seven new DPPZ derivatives [11], but none of the resulting
complexes could be considered as true “light switches”, even if some of them exhibited an emission
increase by as much as 300 times upon binding to DNA. Some of these ligands will be discussed in the
following sections of this review.

In 2004, Lincoln [99] investigated two already reported complexes where the DPPZ moiety is
substituted by a methyl group in position 10 (R3 = CHs), or by methyl groups in position 11 and 12
(R; = Ry = CHj3) [98,102,103]. The resulting complexes exhibit increased luminescence lifetimes as
well as higher quantum yields in polyol solvents at room temperature compared to the parent
compound [Ru(phen)z(DPPZ)]2+. Lincoln’s studies show that adding a methyl substituent decreases
the hydrogen bonding of solvent molecules to the excited state. This decrease in hydrogen bonding is
explained by means of entropy. The methyl substituents, in position 10, or 11 and 12, exhibit a steric
hindrance that disarranges the whole “solvent cage” located around the molecule.

If these hydrophobic electron-donating methyl substituents are introduced on the
1,10-phenanthroline moiety of DPPZ (Figure 9), different properties can be observed [104].

Figure 9. [Ru(bpy),(dmDPPZ)]*".
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Indeed by doing so, the optical properties as well as the redox properties can be strongly affected.
Thus, these changes can affect the reactivity of the resulting complexes, in their ground state as well as
in their excited state. Introducing methyl substituent allows to restore the luminescence of the
corresponding ruthenium complex as compared to the parent compound based on the unsubstituted
DPPZ. Moving towards electrochemistry, the introduction of donating groups shifts the reduction and
oxidation potentials to more negative values, as already described for dimethyl substituted
2,2'-bipyridine and 1,10-phenanthroline [105,106].
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Finally, more impressively, methyl substituents have a drastic influence on the excited state lifetime
in methanol, where a typical increase of two or three times is generally observed, and an increase of 27
times is observed for [Ru(bpy).(dmDPPZ)]*" (dmDPPZ = 1,8-dimethyl-DPPZ), going from 30 ns for
[Ru(bpy)z(DPPZ)]2+ to 820 ns for [Ru(bpy)z(dePPZ)]%. This can be explained by a shielding effect
from the methyl groups that prevent quenching by the solvent, which could be due to interactions with
the phenazine core.

In 2010, Turro’s group reported the unusual photophysical properties of [Ru(bpy)(dpgp)]*” where
dpgp stands for pyrazino[2',3":5,6]pyrazino[2,3-f][1,10]phenanthroline (Figure 10) [107]. Even if this
complex is very much related to the parent compound [Ru(bpy),(DPPZ)]*", its photophysical behavior
is dramatically different. Indeed, whereas [Ru(bpy)z(DPPZ)]2+ acts as a true light-switch,
[Ru(bpy)2(dpgp)]*" exhibits a strong luminescence in water at room temperature. Furthermore, the
changes in the absorption spectra by varying the pH show that the complex [Ru(bpy)»(dpgp)]*” can be
protonated twice in its ground state whereas [Ru(bpy)(DPPZ)]*" can only be protonated once. For
[Ru(bpy)z(DPPZ)]2+ protonation occurs on the phenazine ring, and the first protonation prevents a
second protonation due to electronic repulsion. Analyzing the changes in luminescence intensity with
pH allowed Turro’s group to extrapolate an apparent excited state pKa* of 2.1 for [Ru(bpy)2(dpqp)]*,
which is in the classical pKa range for related ruthenium complexes [108—111] (Table 1).

Figure 10. [Ru(bpy)»(dppp2)]*" (left) and [Ru(bpy)x(dpgp)]’*” (right).
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Table 1. Apparent excited state pKa for various complexes bearing bpy (2,2'-bipyridine),
bpm (2,2'-bipyrimidine), bpz (2,2'-bipyrazine), TAP (1,4,5,8-tetraazaphenanthrene) and
dpgp (pyrazino[2',3":5,6]pyrazino[2,3-f][1,10]phenanthroline) ligands [108—111].

Complex pK.*(app)
[Ru(TAP);]** 3.5
[Ru(TAP),(bpy)]** 4
[Ru(TAP)(bpy),]*" 3.1
[Ru(bpy)»(dpqp)]** 2.1
[Ru(bpz);]** 3.30
[Ru(bpz),(bpm)]** 3.4
[Ru(bpm)x(bpz)]** 3.5
[Ru(bpz),(bpy)I* 34
[Ru(bpy)(bpz)(bpm)]** 3.1
[Ru(bpy)2(bpz)]** 2.8
[Ru(bpm);]** 2.35
[Ru(bpm),(bpy)]** 225

[Ru(bpy)(bpm)|** 1.90
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The luminescence that is observed probably arises from a *"MLCT excited state that is localized on
the ancillary bpy ligand or on the portion of the dpqp ligand that is close to the ruthenium center.
Indeed, it has been shown that the energy level of the MLCT involving the distal portion of the ligand
is lower than the energy level corresponding to the orbital involving the phenazine core in
[Ru(bpy)2(DPPZ)]*". If emission arises from the distal portion of the dpqp ligand, it should be lower in
energy than the emission of [Ru(bpy)(DPPZ)]*", which is not the case. Indeed, [Ru(bpy)(dpap)]*”
emission is closer to that of [Ru(bpy)s;]*". Furthermore, [Ru(bpy)»(dpgp)]*" and [Ru(bpy)s]*" present
vibronic structure at 77 K as well as transient absorption feature that are similar.

[Ru(bpy)z(dppp2)]2+ (Figure 10) [103,112,113] another [Ru(bpy)z(DPPZ)]2+ related complex,
exhibits notable difference with the parent DPPZ compound. Indeed, [Ru(bpy)2(dppp2)]*" cannot be
considered as a light switch since it does not present a luminescence enhancement when bound to
DNA, primarily due to the fact that the energy gap between the dark and bright states is important and
precludes therefore the light-switch phenomenon. Even more interestingly, luminescence of complexes
bearing dppp2 ligand exhibits a drastic dependence on the solvent nature. Indeed, [Ru(bpy)2(dppp2)]*"
luminesces at 752 nm in acetonitrile, while its emission is shifted to 653 nm in dichloromethane, and
no luminescence is observed in ethanol (Figure 11).

Figure 11. Jablonski diagrams of [Ru(bpy).(dppp2)]>” in CH,Cl, (left), CH;CN (center),
and CH;CH,OH (right). MLCT®"' stands for the distal portion of DPPZ while MLCT"™
stands for the proximal portion of DPPZ [112].
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Such an important effect is attributed to the presence of the nitrogen atom on the distal portion of
the dppp2 ligand that is highly sensitive towards solvent polarity. When acetonitrile is used, the
SMLCT®" state is highly stabilized, which results in a lower energy emission and a shorter lifetime.
When a less polar solvent is used, i.e., dichloromethane, the SMLCT® state is less stabilized, and lies
closer to the *MLCT™™ state. The consequence of this weaker stabilization is an increased energy
emission and a longer lifetime.

Finally, it is worth noting that if the 1,10-phenanthroline ligands in [Ru(phen)z(DPPZ)]2+ are
substituted by more m-accepting ligands, such as 1,4,5,8-tetraazaphenanthrene (TAP), the resulting
complex, i.e., [Ru(TAP),(DPPZ)]*" (Figure 12) exhibits a luminescence in water as well as in organic
solvents [34,114,115].
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Figure 12. [Ru(TAP),(DPPZ)]*".
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This behavior can be easily related to the fact that the first reduction wave occurs on the most
n-accepting TAP ligand, meaning that the LUMO is localized on the TAP ligand and not on the DPPZ
moiety anymore. Therefore, the lowest SMLCT excited state corresponds to [Ru™(TAP)(TAP )(DPPZ)]**.

2.4. Ruthenium” Complexes bearing Trischelating DPPZ Analogues

In 2009, Turro’s group reported a very interesting ruthenium complex bearing a new tridentate
ligand, pydppn (pydppn = 3-(pyrid-2'-yl)-4,5,9,16-tetraaza-dibenzo[a,c Jnaphthacene) (Figure 13) [116].

Figure 13. Tridentate ligands used in the studies performed by Turro.
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The resulting complexes [Ru(tpy)n(pydppn)on]®” are able to generate 'O, with almost 100%
efficiency, but more interestingly, these complexes exhibit a photophysical scheme different from that
of complexes bearing pydppz ligand (Figure 14). Whereas [Ru(tpy)s(pydppz)2.]’” complexes have a
lowest lying MLCT excited state, with lifetimes ranging from 1 to 4 ns, complexes like
[Ru(tpy)n(pydppn)a.n]** present a lowest lying ligand centered *mn* excited state that is localized on the
pydppn ligand, with a lifetime of the order of 20 ps.

Figure 14. Ruthenium" complexes bearing a pydppn ligand (left) or a pydppz ligand (right).

In parallel to these studies, Thomas’s group investigated the photophysical properties of
[Ru(bpy)2(dppn)]**, where dppn is benzo[i]dipyrido[3,2-a:2',3'-c]phenazine[117]. This study also



Molecules 2014, 19

5039

revealed the existence of a lowest lying ligand centered *mn* excited state, localised on the dppn
ligand. Also changing from pydppn to pydbn (where pyHdbn

3-(pyrid-2'-yl)-4,5,9,16-triaza-
dibenzo[a,c]naphthacene) (Figure 15) i.e., a cyclometalated analogue of pydppn, the photophysical

scheme is different [118]. Even if the extended n-systems pydppn and pydbn are very similar, the use
of a negatively charged cyclometalating system increases the electron density on the ruthenium
center, thus considerably changes the photophysical behavior of the corresponding complex

Figure 15. 3-(Pyrid-2'-yl)-4,5,9,16-triazadibenzo[a,cnaphthacene (pyHdbn)

pyHdbn

This results in a lowest triplet excited state that presents a mixed character resulting from
contribution of both *"MLCT and *nn* states (Figure 16), as shown by theoretical calculation

Figure 16. Jablonski diagrams for various ruthenium complexes [118]
35

lnn*
3.0 ——* et
1
> -~ A 2
2 25 MLCT — MLeT _Y__MLcT
@ ‘\ *rt* “\ -“\_
[} 3, N, 1
520 X, mLet L —mucr 4
LY
1
15 ; A X MLCT/nr
7
4
T 1 1GS L ¥ Gs ._Lle
[Ru(tpy)(pydppx)I*

[Ru(tpy)(pydppn)]**

[Ru(tpy)(pydbn)]*
[Ru(pydppn),**

[Ru(pydppx),I**

To further emphasize the influence of a cyclometalating unit, Turro’s group prepared a series of
I

ruthenium™ complexes bearing dppn ligands and deprotonated 2-phenyl-pyridine ancillary ligand
(ppy) [119] and compared these systems to their bpy analogues (Figure 17)

Figure 17. Ruthenium" complexes bearing dppn, bpy and ppy ligands
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It has been shown that even if [Ru(bpy).(dppn)]*" and [Ru(bpy)(dppn),]*" exhibit a long lived *mr*

13
ligand centered excited state localized on the dppn ligand, the ppy analogues [Ru(ppy)(bpy)(dppn)]”
and [Ru(ppy)(dppn).]" exhibit a *"MLCT excited state, corresponding to a charge transfer from the
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ruthenium" center to the dppn ligand (Figure 18), with a transient absorption lifetime of 25 and 45 ps
respectively.

Figure 18. Relative energies of the low-lying triplet states of ruthenium' complexes
bearing dppn, bpy and ppy ligands [119].
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While DPPZ and its derivatives have drawn a lot of interest over the past years and will certainly
continue to fascinate the scientific community in the future, new derivatives, more bulky or with the
ability to bind multiple metal centers have been developed in order to extend the scope of application
of ruthenium complexes. It is the case for example of ligands (Figure 19) such as 1,4,5,8,9,12-hexaaza-
triphenylene (HAT) [120-122], tetrapyrido[3,2-a:2',3'-c:3",2"-h:2",3""-j]phenazine (TPPHZ) [123,124],
1,10-phenanthrolino[5,6-b]1,4,5,8,9,12-hexaazatriphenylene (PHEHAT) [125], (9,11,20,22-
tetraazatetrapyrido[3,2-a:2',3'-c:3",2"-1:2",3"-n]pentacene (TATPP) [126-129], 9,11,20,22-tetra-
azatetrapyrido[3,2-a:2',3'-c:3",2"-1:2",3""-n]pentacene-10,21-quinone (TATPQ) [129].

Figure 19. Examples of ligands with extended n-systems.
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These ligands, which will be discussed in the course of this review, all present characteristics that
are required for optoelectronic applications, i.e.,: (i) a conjugated character that will allow efficient
conjugation between metallic centers; (i1) a defined length, that is large enough to allow the connection
of metal centers; (iii) a rigid and robust structure that offers a good stability to the system as well as
avoids conformational problems.

2.5. Mononuclear Ruthenium"-TPPHZ Complexes

Launay’s group first introduced TPPHZ in 1995 [123]. This ligand can be seen as a DPPZ moiety
with two supplementary pyridine units. It offers the advantage of having two equivalent bidentate
coordination sites, meaning that it can be used in the synthesis of binuclear compounds or for larger
edifices. Due to its similarities with DPPZ, the mononuclear ruthenium complex [Ru(bpy)-(TPPHZ)]**
exhibits the same light-switch properties as the DPPZ parent complex [123]. [Ru(bpy)(TPPHZ)]*" is
not emissive in water, but when irradiated at 447 nm in dry acetonitrile, it exhibits intense
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luminescence at 616 nm with a lifetime of 628 ns under air, and 1,090 ns under inert atmosphere. As
TPPHZ has an extended n-system, the resulting complex presents n-n* and m-n* transitions in the
range 300400 nm. Furthermore, TPPHZ having a better m-accepting character than 2,2'-bipyridine,
the reduction process is facilitated (—0.87 V for [Ru(bpy)z(TPPHZ)]2+ compared to —1.31 V for
[Ru(bpy)s]*" vs. SCE) (Table 2) and is similar to the potential measured for [Ru(bpy)(DPPZ)]*']
(Erea = —0.88 V vs. SCE). Over the years, TPPHZ has been involved in the synthesis of polynuclear
complexes that are used in the fields of biology [12,130-133], polymer chemistry [133—135]
dendrimers [136—138] and photo-catalysis [139,140].

Soon after the discovery of the light-switch effect of [Ru(bpy),(TPPHZ)]**, Launay’s group focused
on the synthesis of mononuclear and binuclear TPPHZ Ru" and Os" complexes [127]. Binuclear
complexes have been of considerable interest over the years as they allow energy and electron transfer
between various metal centers.

For example, in the heterodinuclear Ru-Os complex, a rapid (k > 10° s™') energy and/or electron
transfer takes place from the Ru" center to the Os" center. This transfer, made possible by the TPPHZ
bridging ligand, will be discussed in the next section of this review.

Table 2. Redox potentials E(V) vs. SCE for various ruthenium" complexes. Oxidation
values are measured in acetonitrile and reduction potentials are measured in DMF vs. SCE
unless otherwise noted. In parenthesis is the number of exchanged electrons.

Complex Oxidation Reduction
[Ru(bpy)s]*" [91] +1.27 -1.31-1.50-1.77
[Ru(phen)s]*" [141] +1.27 -1.35-1.52
[Os(bpy)s ] [124,142] +0.78 -1.30 -1.48 —1.78
[Ru(phen),(TPPHZ)]*" [137]° +1.34 —-1.00 —1.38 —1.69
[Ru(bpy)(TPPHZ)]* [124] +1.33 -0.87-1.33-1.51-1.73
[Os(bpy),(TPPHZ)]*" [124] +0.88 —0.87-1.24-1.53 -1.79
[Ru(bpy)(TPPHZ)Ru(bpy),]* [124]  +1.34 (2) -0.71-1.31 (2)-1.51 (2) -1.72
[Os(bpy)>(TPPHZ)Os(bpy),]* " [124]  +0.89 (2) -0.70 —1.21 (2) —1.44 (2)

[Ru(bpy)»(TPPHZ)Os(bpy)]* [124] +0.89 +1.33 —0.70 —1.27 (2) —1.48 (2) —1.66 —2.06

* Oxidation and reduction potentials measured in acetonitrile.

It has been shown that the lowest MLCT excited state of [Ru(bpy)(TPPHZ)]*" is localized on the
TPPHZ central unit. Moreover, the MLCT energy level depends strongly on the possible protonation
or metalation of the terminal “phen” moiety.

In view of developing systems where the electron transfer can be directed, Rau’s group synthesized
ruthenium complexes bearing a bromine substituted TPPHZ molecule [143]. Introduction of such
accepting groups has no influence on the structural properties of the ligand itself, nor on the
corresponding complex (Figure 20).
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Figure 20. [Ru(tbbpy),(TPPHZ)]*" with bromine substituted TPPHZ.

1

Nonetheless, the coordination site is in that case important, depending if the bromine-substituted
moiety is close to the ruthenium center or not. Bromine substituents far from the ruthenium center have
little influence on the general behavior of the complex. On the contrary, the bromine groups close to
the ruthenium ion exert an influence both on the redox potentials, and on the luminescence properties.
Indeed, the emission maximum is red-shifted by 21 nm in dichloromethane and the lifetime of the
brominated compound is increased by ca. 160 ns as compared to the unsubstituted complex (Table 3).

Table 3. Half-wave potentials E[V] vs. Fc/Fc™ in acetonitrile with 0.1M
tetrabutylammonium tetrafluoroborate as supporting electrolyte [143].

Aem/NIM Aem/NM (t/ns) (t/ns) L .
Complex Oxidation Reduction
(CH,Cl;) (CH3;CN) CH,Cl, CH;CN

[Ru(tbbpy),(TPPHZ)]*"

R R —H 629 638 404.7 150.3 +0.83 ~1.39-1.88 —2.05 -2.26

1 — 2=

Ru(tbbpy),(TPPHZ)*

[ u(R pyB)z(R H)] 650 661 560.3 218.3 +0.89 -1.18 —1.87 —2.03 -2.18
1 = br, Ky =

Ru(tbbpy)»(TPPHZ)**

[ u(R pﬁZ; B )] 633 645 390.0 92.1 +0.91 ~1.25-1.89 —2.06 —2.25
1= 2 = br

Once again, as compared to the case of DPPZ bearing methyl substituents, when methyl
substituents are introduced on the TPPHZ moiety, i.e., when 4,7-dimethyl-TPPHZ (dmTPPHZ) is
used, (Figure 21) the phenazine core is shielded by the methyl substituents, which makes solvent
interaction less favorable. This shielding results in longer luminescence lifetimes, that are nonetheless
less important than for the case of methyl substituted DPPZ.

Figure 21. [Ru(bpy),(dmTPPHZ)]*".
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2.6. Mononuclear Ruthenium"-TPAC Complexes

Seeing the drastic influence of the phenazine core in the DPPZ and TPPHZ ligands, Demeunynck
et al. have focused their research on the development of the TPAC ligand (tetrapyrido[3,2-a:2',3'-
c:3",2"-h:2" 3"-jJacridine) which is a TPPHZ analogue, where the central phenazine core is substituted
by an acridine moiety [111,144,145] (Figure 22).

Figure 22. [Ru(phen),(TPAC)]*".

3 _|2+

The resulting complex, [Ru(phen),(TPAC)]*" exhibits, as most of Ru' polypyridyl complexes,
intense absorption bands in the UV region and a relatively broad absorption band with a maximum at
448 nm (1.6 x 10* M 'em™"). More interestingly, after excitation at 450 nm, [Ru(phen),(TPAC)]*
exhibits an emission at 608 nm in acetonitrile and 613 nm in water. This constitutes a striking
difference with the photophysics of the related TPPHZ or DPPZ complexes (those complexes do not
emit in water) and emphasizes the fact that this central acridine or phenazine moiety plays a crucial
role in the photophysical properties of the resulting complexes. Temperature dependent experiments
highlighted that a slight variation of the emission maximum for [Ru(phen),(TPAC)]*" is observed
when lowering temperature, going from 596 nm at 350K to 608 nm at 210K. The authors propose that
two different MLCT excited states exist and are populated depending on the temperature [145]. They
suggest that these two states correspond to a state where the electron is located on the phenanthroline
moiety of the TPAC ligand at higher temperature and to a state where the electron is located more on
the acridine moiety at low temperature. These two states could also explain the evolution of the
luminescence lifetimes with temperature, meaning that two different luminescent states could
participate to the deactivation process. It is worth noting that once again, when 1,10-phenanthroline
ancillary ligands are substituted by m-accepting 1,4,5,8-tetraazaphenanthrene, the electron is located on
the TAP ligand after photo-excitation, and not on the TPAC ligand anymore.

In order to gain further clues on the processes that rule the photophysical scheme of
[Ru(phen),(TPAC)]*, the effect of protonation on the spectroscopic properties of TPAC complexes
bearing 1,10-phenanthroline or 1,4,5,8-tetraazaphenanthrene ancillary ligands has been examined.
As no changes in the absorption spectra for the complexes [Ru(phen),(TPAC)]*" and
[Ru(TAP),(TPAC)]*" are observed in the 1-14 pH range, it is necessary to go towards higher acidity
and to use the Hammet acidity function Hy [146]. Changes in the photophysical properties are
different if the ancillary ligand is a 1,10-phenanthroline or a 1,4,5,8-tetraazaphenanthrene. With
[Ru(TAP),(TPAC)]*" the protonation of the ground state induces a drastic bathochromic shift in the
absorption spectrum. After photo-excitation and relaxation, the electron is located on the TAP ligand.
The energy level of this MLCT state is stabilized by the protonation of the nitrogen atom, which
induces a bathochromic shift in the emission. A weak luminescence takes place at 900nm as compared
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to 642 nm for the unprotonated complex [111]. Regarding the complex bearing 1,10-phenanthroline
ancillary ligands, a very small bathochromic shift is observed on the absorption spectrum for the
protonated species. The main difference arises from the fact that the protonated [Ru(phen)z(TPAC)]2+
is not emissive. This could indicate that, for the unprotonated [Ru(phen)z(TPAC)]%, photo-excitation
promotes an electron from the Ru" core towards the phenanthroline part of the TPAC ligand, giving
rise to a luminophore that can be seen as Ru'-TPAC. On the other hand, the first protonation process
takes place at the non-chelated phenanthroline moiety, causing therefore the electron to be localized
either on the acridine moiety or on the non-chelated phenanthroline part, yielding a non luminescent
*MLCT state.

2.7. Mononuclear Ruthenium"-PHEHAT Complexes

In order to explain the behavior of Ru" complexes based on the extended PHEHAT ligand [125], it
is worth reporting the photochemistry of complexes based on the HAT ligand (HAT = 1,4,5,8,9,12-
hexaazatriphenylene) [147—-150].

As explained previously regarding the complex [Ru(TAP),(DPPZ)]*", the m-accepting properties of
the TAP ligands have considerable influence on the photochemistry of the resulting complex. The
HAT ligand, due to its supplementary fused pyrazine core, is even more n-accepting than TAP. The
complex [Ru(phen),(HAT)]*" (Figure 23) for example has a *MLCT excited state localized on the
HAT moiety [150], due to its higher m-accepting character, leading to a bright state that can be
attributed to [Ru'"(phen),(HAT )]*"*.

Figure 23. [Ru(phen),(HAT)]*".
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The PHEHAT ligand itself exhibits the particularity of being symmetrical on an axis, and

C z»

asymmetrical on the other. This dissymmetry is of tremendous interest for the photochemistry of the
resulting complexes. Indeed, a different photochemical behavior is observed whether the ruthenium
center is chelated via the “phen-like” moiety of the PHEHAT ligand, or whether it is chelated via the
“HAT-like” moiety [151] (Figure 24).

Figure 24. [Ru(phen),(PHEHAT)]*" (left) and [Ru(phen),(HATPHE)]*" (right).
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When ruthenium is chelated via the “HAT-like” moiety, i.e., [Ru(phen),(HATPHE)]**, the emission
properties of the resulting complex are very similar to those of [Ru(phen),(HAT)]*", meaning that the
*MLCT excited state is localized on the HAT part of the PHEHAT ligand [151]. Thus, the “phen-like”
moiety has little influence on the general photochemistry of the complex. More interestingly, when
chelation is realized via the “phen-like” moiety, i.e., [Ru(phen),(PHEHAT)]*", the photophysical
scheme becomes more complicated and presents similarities with the scheme presented for
[Ru(phen),(DPPZ)]*", as there are more than one excited state responsible for its photophysical behavior.

As it is the case for [Ru(bpy/phen)z(DPPZ)]2+, the excited state lifetime and the emission intensity
of [Ru(phen),(PHEHAT)]*" in butyronitrile exhibit a maximum when the temperature decreases from
340 K to 220 K. It could thus be hypothesized that the photophysical scheme is the same as the one for
[Ru(bpy/phen)»,(DPPZ)]*". Nonetheless, an important difference with DPPZ compounds is that the
maximum emission wavelength changes with the temperature, while the literature concerning the
photophysical scheme for Ru-DPPZ complexes does not report any change in the emission wavelength
with temperature. This can be related to a photophysical scheme composed of two luminescent states [100].

The study of [Ru(phen),(PHEHAT)]*" at various temperatures shows indeed a change of the
emission wavelength from 720 nm at 220 K to 630 nm at 340 K. These two wavelengths are attributed
to two luminescent states, the first at 720 nm, of lower energy, and a second at 630 nm, higher in energy.

Nevertheless, these two luminescent states cannot explain all the observed effects. In fact, when the
lifetime is measured as a function of temperature, a lifetime of 150 ns at 220K is observed. The
lifetime of the second luminescent state (lower in energy) is higher (281 ns). In regard to these
observations, a third state, lower in energy and non luminescent, has to be introduced. This leads to a
photophysical scheme (Figure 25) containing two luminophores in equilibrium with a dark state.
Theoretical calculations are in agreement with the experimental data [152].

Figure 25. Photophysical scheme for [Ru(phen),(PHEHAT)]*".
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The two luminescent states are attributed to different parts of the ligand:

- BI, populated at high temperature should correspond to a *MLCT state where the electron is
located on the phen part of the ligand, whose characteristics are close to those of [Ru(phen)s]*".

- B2, lower in energy, populated at low temperature, should correspond to a *MLCT state
where the electron is located on the “HAT” moiety of the ligand. This excited state presents
similarities with the complex [Ru(phen)z(HAT)]%.
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As previously noted for DPPZ, changing the ancillary ligand from 1,10-phenanthroline to
1,4,5,8-tetraazaphenanthrene has also considerable influence on the photochemical behavior. For the
complex [Ru(TAP)z(PHEHAT)]2+, the LUMO is once again localized on the TAP moiety, as indicated
by cyclic voltammetry measurements, and not on the PHEHAT ligand anymore [145]. The complex
[Ru(TAP),(HATPHE)]*" could only very recently be obtained and its photophysics has not been
described up to now. The following table ends this part dedicated to mononuclear complexes by
gathering their emission properties at room temperature (Table 4).

Table 4. Emission properties of representative ruthenium' mononuclear complexes.

Aem/NNM t/ns CH;CN Aem/NNM t/ns H,O
Complex
CH;CN deaerated H,0 deaerated
[Ru(bpy)s]*" [88] 620 855 626 630
[Ru(phen);]*" [153] 604 460 604 920
[Ru(bpy)(DPPZ)]*" [107] 631 750 --- -
[Ru(phen),(DPPZ)]*" [95] 607 663
[Ru(bpy)(dpgp)]*" [107] 618 921 617 582
[Ru(TAP),(DPPZ)]*" [115] 621 636 1090
[Ru(phen),(TPPHZ)]* [137] 625 1250
[Ru(phen),(TPAC)]* [111] 608 253 613 839
[Ru(TAP)(TPAC))* [111] 624 1127 640 952
[Ru(phen),(HAT)]*" [151] 696 776 732 137
[Ru(phen),(PHEHAT)]*" [151] 662 262 --- -—-
[Ru(phen),(HATPHE]*" [151] 692 666 730 130

3. Binuclear Complexes
3.1. Binuclear TPPHZ Complexes

As one of the first bridging ligand, TPPHZ was rapidly exploited in the synthesis of
binuclear [124,154,155] and polynuclear compounds [136,138,156]. Over the years, numerous studies
about the photophysics of homodinuclear and heterodinuclear complexes based on ruthenium and
osmium have been published (Figure 26). These studies include nanosecond, picosecond and
femtosecond spectroscopies and the main results are depicted below.

Figure 26. Binuclear TPPHZ complexes.
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3.1.1. Ru"-Ru" and Os"-Os" Binuclear Complexes

The photophysical data for the homodinuclear complexes [Ru(bpy)(TPPHZ)Ru(bpy).]*" and
[Os(bpy)z(TPPHZ)Os(bpy)2]4+, revealed the presence of two MLCT states, MLCT,; and MLCT,, both
localized on the TPPHZ bridging ligand. MLCT; is mostly localized on the 1,10-phenanthroline
moiety of TPPHZ and is responsible for the absorption properties of the complexes, whereas MLCT) is
localized on the central pyrazine moiety. Emission arises from the MLCT) state, lower in energy than
MLCT,, stabilized in polar solvents. Experiments, carried out in dichloromethane and acetonitrile
evidenced indeed the influence of polarity on the MLCT, energy level. Femtosecond measurements
show that after population of the MLCT; state, an intraligand electron transfer (ILET) occurs, thus the
electron located in the MLCT, state is transferred towards the MLCT),, lower in energy. For the
complex [Ru(bpy)»(TPPHZ)Ru(bpy),]*" this ILET occurs in 140 ps in dichloromethane and in 1.5 ps
in acetonitrile. For the complex [Os(bpy),(TPPHZ)Os(bpy).]"", this transfer occurs in 100 ps in
dichloromethane and in 0.9 ps in acetonitrile. Both complexes then decay with lifetimes that can be
obtained by nanosecond spectroscopy. As expected, the lifetime is much shorter for the Os' complexes
than for the Ru" compounds, due to the heavy atom effect (Figures 27 and 28).

Figure 27. Photophysical mechanism for the Ru"-Ru" TPPHZ binuclear complex in
CH,Cl; (left) and CH3CN (right) [155].
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3.1.2. Ru"-0Os" Binuclear Complexes

The photophysical scheme for the heterobimetallic compound is more interesting as both metal
centers can be considered as chromophores having each a MLCT, and a MLCT) state. The deactivation
processes are therefore more complicated and multiple pathways for the energy transfer can be imagined.

Amazingly, Scandola ef al. have found that the energy transfer process is different whether occuring
in dichloromethane or in acetonitrile [155]. Indeed, in dichloromethane, a 18 ps energy transfer (EnT)
from the Ru' center towards the Os" center at the MLCT; level occurs. Then, an ILET process allows
the relaxation from the Os'-based MLCT; towards the MLCT, in 120 ps. Finally, the excited MLCT,
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state decays towards the ground state with a lifetime of 1.5 ns. In acetonitrile, the behavior is
completely different, so that the first step is an ILET process that takes place in 1.3 ps and allows the
relaxation of the Ru-based MLCT; to the corresponding MLCT) state. The second step is an energy
transfer between the Ru" center to the Os" center at the MLCT, level. This transfer can be seen as an
excited-state metal-to-metal electron transfer (MMET) that occurs with a time constant of 13 ps. The
last deactivation process corresponds to the relaxation to the ground state that occurs in 380 ps from
the Os-based MLCT) state (Figure 29).

Figure 28. Photophysical mechanism for the Os"-Os" TPPHZ binuclear complex in
CH,Cl, (left) and CH3CN (right) [155].
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Figure 29. Schematic picture of the charge distribution along the photophysical pathway
for the Ru""-Os" TPPHZ binuclear complex in CH,Cl, (blue) and CH;CN (red) [155].
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3.1.3. Ru"-Os" Binuclear Complexes

Finally, using the heterobimetallic complex [Ru"(bpy)(TPPHZ)Os" (bpy).]"", obtained by oxidation of
the osmium center (E = 0.89 V vs. SCE) in acetonitrile, three processes are observed. After excitation
of the Ru" chromophore, a two-step electron hopping process is observed, first by an ILET process
that occurs in 2.1 ps from the MLCT; state to the MLCT) state, than by a ligand-to-metal electron
transfer (LMET) that occurs in 30 ps. Finally, a MMET from the osmium center towards the ruthenium
center occurs, and allows the population of the ground state with a time constant of 230 ps (Figure 30).

Figure 30. Photophysical mechanism for the Ru"-Os" TPPHZ binuclear complex in

CH,CN [155].
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3.2. Binuclear HAT Complexes

Seeing how these metal centers are influenced by each others, it seemed interesting to discuss also
complexes based on a smaller bridging ligand, i.e., 1,4,5,8,9,12-hexaazatriphenylene [150]. It was
possible, using HAT, to synthesize a wide variety of mono-nuclear and polynuclear complexes (Figure 31).

Figure 31. {[Ru(bpy):].(HAT)}*".

The photophysical properties of a series of selected mononuclear HAT complexes are gathered in
Table 5.
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Table 5. Photophysical properties of a series of HAT complexes [150].

Complex Aem/nm H,O (t/ns) H,O rem/Nm CH;CN (t/ns) CH;CN
[Ru(bpy),(HAT)]** 742 104 703 620
[Ru(phen),(HAT)]* 732 137 698 817

[Ru(bpy)(TAP)(HAT)]* 668 601 647 1764
[Ru(bpy)(HAT),]** 661 666 642 1810
Ru(TAP),(HAT)]** 608 315 595 102
[Ru(bpy)(HAT),]** 600 226 591 99

[Ru(HAT);]* 596 145 587 89

It is important to note that when a second ruthenium center is chelated on the central HAT ligand,
the electronic communication is so important that the emission is shifted towards values superior
to 800 nm for the bimetallic complexes and superior to 900 nm for the trimetallic compounds at
room temperature.

Using electrochemistry (Table 6), it was possible to draw the following assessments. On one hand,
the first oxidation always occurs on the Ru" ion that is chelated to the better c-donor ligand. On the
other hand, the first reduction occurs on the better m-accepting ligand, and in this case, on the bridging
HAT ligand in the monometallic complex, and also in the polymetallic complexes, since
polycomplexation stabilizes the LUMO energy level localized on the HAT ligand.

Table 6. Electrochemical data V vs. SCE for selected HAT complexes in acetonitrile with
tetrabutylammonium hexafluorophosphate as supporting electrolyte [147,150].

Complex Oxidation Reduction
[Ru(bpy)-(HAT)]** +1.56 —-0.84 —1.43 —1.63
[Ru(phen),(HAT)]*" +1.53 -0.86 —1.42 —1.69

{[Ru(bpy),],(HAT)}* +1.53 +1.78 -0.49 —1.06
{[Ru(phen), ,(HAT)}* +1.52 +1.78 ~-0.49 -1.07°
{[Ru(bpy),]s(HAT)}** +1.61 +1.87 +2.12 -0.25-0.58 —1.07
{[Ru(phen),]5(HAT)}* +1.61 +1.88 +2.16 -0.30 —0.64 —1.12

* Several other reduction waves are observed but are too close to be distinguished unambiguously.

In order to emphasize the influence of the second or third metal center, it is of interest to compare
the first reduction of these complexes. Indeed, taking the complexes based on 2,2'-bipyridine and

2+
presents a first

1,4,5,8,9,12-hexaazatriphenylene ligands, the mononuclear [Ru(bpy).(HAT)]
reduction wave at —0.84 V vs. SCE. Going from the mononuclear complex towards the binuclear
complex {[Ru(bpy).],(HAT)}*" and the trinuclear complex {[Ru(bpy),]s(HAT)}®" shifts the first
reduction wave to —0.49 V and —0.25 V vs. SCE respectively. These important anodic shifts induced
by the second and third metallic complexations indicate an important electronic communication in the
HAT-based systems, with a AE.4 of 0.35 V for the addition of a second Ru" center, and a AE,eq of

0.59 V when three Ru" ions are present.
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3.3. Binuclear PHEHAT Complexes

We will first focus our discussion on the photophysical and electrochemical properties of two
dinuclear complexes based on the non symmetrical PHEHAT ligand, [Ru(phen),(PHEHAT)Ru(phen),]*
and [Ru(phen)z(PHEHAT)Ru(bpy)z]4+ (Figure 32) [157].

Figure 32. The complexes [Ru(phen),(PHEHAT)Ru(phen),]*" (left) and
[Ru(phen),(PHEHAT)Ru(bpy),]*" (right).
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It has been shown, using electrochemistry measurements, that these two complexes present two
one-electron oxidation at +1.34 V and +1.55 V vs. SCE (Table 7). Comparison with related ruthenium
complexes, i.e., [Ru(phen),(PHEHAT)]*" and [Ru(phen),(HAT)]*" allowed to assign the oxidation
potential at +1.34 V to the oxidation of the Ru" core chelated to the phenanthroline moiety of the
PHEHAT ligand, and the potential at +1.55 V to the Ru" ion chelated to the HAT moiety of the
PHEHAT ligand. This indicates a stronger stabilization of the dr orbital involving the Ru" chelated on
the HAT side than the one on the phenanthroline side. Furthermore, comparison with parent
compounds indicates that the two ruthenium centers are poorly influenced by each other, suggesting a
poor electronic interaction between these two centers.

In reduction, two waves are observed at —0.68 and —1.06 (—1.07 for [Ru(phen),(PHEHAT)Ru(bpy),]*)
V vs. SCE that correspond to two successive additions of one electron on the PHEHAT ligand. Indeed,
these potentials are not cathodic enough to be attributed to the reduction of the phenanthroline ligand
since this reduction occurs at a reduction potential of —1.35 V vs. SCE.

Table 7. Redox potentials E (V) vs. SCE for selected Ru" complexes.

Complex Oxidation Reduction
[Ru(phen);]** [17] +1.27 -1.35-1.52
[Ru(TAP);]* [17] +1.94 —0.75 -0.88 —1.10 —1.60 —1.80
[Ru(phen),(HAT)]**[150] +1.53 —0.86 —1.42 —-1.69
[Ru(TAP),(HAT)]*" [150] +2.02 —0.68 —0.86 —1.08
[Ru(phen),(PHEHAT)]*" [145] +1.35 -1.00*—1.25
[Ru(phen),(HATPHE]* [145,151] +1.56 —0.83 —1.01
[Ru(TAP),(PHEHAT)]*" [145] +1.80 —0.75
[Ru(phen),(PHEHAT)Ru(TAP),]*" [145] +1.39 +2.10° —0.52 -0.76
[Ru(phen),(PHEHAT)Ru(phen),]* [157] +1.34 +1.55 —0.68 —1.06
[Ru(TAP),(PHEHAT)Ru(phen),]* [145] +1.50 +1.86 —0.57 -0.79

? poorly resolved.



Molecules 2014, 19 5052

As shown earlier, it is possible in some dinuclear species to observe an electron or an energy
transfer from one metallic center to the other. In such cases, after photo-excitation, relaxation to the
lowest excited state occurs and, if the transfer is 100% efficient, emission is observed only from this
lowest excited state [158,159]. The complex [Ru(phen)z(PHEHAT)Ru(phen)z]4+ exhibits an emission
centered at 706 nm in acetonitrile. It is possible to consider this dinuclear complex as two separated
entities, i.e., [Ru(phen),(PHEHAT)]*" and [Ru(phen),(HAT)]*". In acetonitrile, these two species
exhibit emission centered at 662 nm and 694 nm respectively. It is therefore proposed that the emission
of [Ru(phen)z(PHEHAT)Ru(phen)z]4+ occurs from the Ru" center chelated on the HAT side of the
PHEHAT ligand. The same reasoning can be made for [Ru(phen)z(PHEHAT)Ru(bpy)2]4+ that emits at
714 nm in acetonitrile. This value can indeed be correlated to the emission of [Ru(bpy)z(HAT)]2+ that
occurs at 703 nm in acetonitrile. These data indicate that an energy transfer takes place in these
homonuclear complexes from the Ru' center chelated on the phenanthroline part of the PHEHAT
towards the Ru"' center chelated on the HAT side of the same ligand. Seeing the peculiar properties of
this PHEHAT ligand, dinuclear species bearing 1,10-phenanthroline and 1,4,5,8-tetraazaphenanthrene
ligands were studied, i.e., [Ru(TAP),(PHEHAT)Ru(phen),]*" and [Ru(phen),(PHEHAT)Ru(TAP),]*"
(Figure 33) [145].

Figure 33. The complexes [Ru(TAP),(PHEHAT)Ru(phen),]*" (left) and
[Ru(phen),(PHEHAT)Ru(TAP),]*" (right).

For these complexes oxidation occurs at higher potentials than the ones described for the previously
described dinuclear PHEHAT complexes, i.e., [Ru(TAP),(PHEHAT)Ru(phen),]*" exhibits two
one-electron oxidation waves at +1.50 V and +1.86 V vs. SCE and [Ru(phen),(PHEHAT)Ru(TAP),]**
exhibits two one-electron oxidation waves at +1.39 V and >2.10 V vs. SCE. Comparing these values
with the mononuclear species allowed assigning the first wave to the oxidation of the Ru" center
bearing 1,10-phenanthroline ancillary ligands, and the second to the Ru' center bearing 1,4,5,8-
tetraazaphenanthrene ancillary ligands. Only the first and second reduction waves could be measured
since at more cathodic potential, only irreversible or poorly resolved signals could be obtained. Two
successive one-electron reduction waves at —0.55 V and —0.78 V vs. SCE have been assigned, as
previously described, to two successive reductions of the PHEHAT ligand. Among these two
complexes, only [Ru(TAP),(PHEHAT)Ru(phen),]*" is luminescent at room temperature. The emission
centered at 701 nm can be correlated to an emission arising from the Ru'" center chelated on the HAT
part of the PHEHAT ligand. For [Ru(phen),(PHEHAT)Ru(TAP),]*", no emission at room temperature
can be observed, only luminescence at 604 nm in a rigid matrix at 77K is observed. This luminescence
can be correlated to an emission arising from the [Ru(phen),(PHEHAT)]*" moiety. Indeed, at 77 K, the
emission for [Ru(phen)z(PHEHAT)]2+ takes place at 598 nm, whereas the emission of [Ru(TAP),(HAT)]*
takes place at 575 nm at this temperature. Whereas the photophysical scheme for the previously
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described luminescent PHEHAT dinuclear complexes is quite straightforward, it is more challenging
for the non emissive [Ru(phen),(PHEHAT)Ru(TAP),]*". In the previous section of this review, we focused
on the photophysical scheme of [Ru(phen)z(PHEHAT)]2+, presenting two bright states and one dark
state, whose population varies strongly with temperature. In the case of [Ru(phen)g(PHEHAT)Ru(TAP)g]4+,
since it is non luminescent at room temperature, one can postulate that the existence of such a dark
state is also present. Furthermore, the use of TAP ligands tends to stabilize this excited state. To
explain the non luminescence of [Ru(phen),(PHEHAT)Ru(TAP),]*", it was suggested that at high
temperature the excited state would deactivate extremely rapidly to a dark state and that at 77K in a
solvent matrix, relaxation to lower states thanks to the solvent is disfavored, thus the bright state
remains populated [160].

3.4. Binuclear TPAC Complexes

We will concentrate our discussion on two symmetrical luminescent binuclear TPAC complexes,
i.e., [Ru(phen),(TPAC)Ru(phen),]*" and [Ru(TAP),(TPAC)Ru(TAP),]*" (Figure 34) [111,144].

Figure 34. [Ru(phen)z(TAPC)Ru(phen)z]4+ (left) and [Ru(TAP)»(TPAC)Ru(TAP),]*" (right).
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Comparing the oxidation potential of these binuclear complexes with that of the mononuclear
analogues previously described shows that oxidation occurs at approximately the same potential.
Indeed, [Ru(phen),(TPAC)Ru(phen),]*" presents a bielectronic reversible oxidation at +1.31V vs. SCE
(+1.33 V vs. SCE for its mononuclear analogue) while [Ru(TAP),(TPAC)Ru(TAP),]*" presents a
bielectronic reversible oxidation at +1.76 V vs. SCE (+1.70 V vs. SCE for its mononuclear analogue).
This indicates that the addition of a second Ru" ion on the TPAC ligand has only little influence on the
oxidation values, suggesting therefore poor electronic communication between the two centers. Going
towards reduction, the first reversible reduction wave for [Ru(phen)g(TPAC)Ru(phen)z]4+ occuring at
—1.10 V vs. SCE can be attributed to the reduction of the TPAC ligand, while the second and third
reduction waves at —1.32 V and —1.57 V vs. SCE are consistent with two simultaneous additions of
two electrons to the 1,10-phenanthroline ligands. For [Ru(TAP),(TPAC)Ru(TAP),]*", the first and
second reduction waves that occur at —0.76 V and —0.92 V vs. SCE are assigned to two simultaneous
additions of two electrons to the 1,4,5,8-tetraazaphenanthrene ligand, while the reduction of the TPAC
ligand occurs at a potential of —1.26 V vs. SCE. Once again, emission of [Ru(TAP)TPAC)Ru(TAP),]*
involves a *MLCT state localized on the m-accepting TAP ligand, which makes it hard to study the
influence of the bridging TPAC ligand on the binuclear complex. For [Ru(phen),(TPAC)Ru(phen),]*,
the luminophore can be correlated to [Ru(phen),(TPAC)]*" or [Ru(phen);]*" due to the little influence
exerted by the second Ru" center. It should nonetheless be stressed out that the evolution of the
emission lifetime with temperature is different for [Ru(phen)z(TPAC)Ru(phen)z]4+ than for the
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mononuclear [Ru(phen),(TPAC)]*". Moreover with the dinuclear compound no shift of the emission
maximum with temperature is observed. Thus in that case it is proposed that [Ru(phen)z(TPAC)Ru(phen)z]4+
has only one emitting state whereas [Ru(phen)z(TPAC)]2+ has two.

3.5. Binuclear TATPP Complexes

After numerous modifications that have been introduced over the years on the TPPHZ unit, the next
step was to synthesize ligands with a still more extended m-system. Thus tatpp (tatpp = 9,11,20,22-
tetraazatetrapyrido[3,2-a:2',3'-¢c:3",2"-1:2",3"-n]pentacene) was developed for the synthesis of
binuclear Ru"-Ru" and Os"-Os" complexes [161] (Figure 35).

Figure 35. The two binuclear complexes, [Ru(phen),(tatpp)Ru(phen),]*" and
[Os(phen)z(tatpp)Os(phen)z]4+.
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Table 8. Redox potentials V vs. SCE for selected Ru" complexes with extended
n-system measured in acetonitrile unless otherwise noted. In parenthesis is the number of
exchanged electrons.

Complex Oxidation Reduction
[Ru(bpy)(TPPHZ)Ru(bpy),]*"* [124] +1.34 (2) -0.71-1.31 (2) -1.51 (2) —1.72
[Os(bpy),(TPPHZ)Os(bpy),]*"* [124] +0.89 (2) -0.70-1.21 (2) —1.44 (2)
[Ru(bpy)(TPPHZ)Os(bpy),]* * [124] +0.89 +1.33 -1.27 (2) —1.48 (2) —1.66 —2.06

[Ru(phen),(PHEHAT)Ru(bpy),]* [157] +1.34 +1.55 —0.68 —1.07
[Ru(TAP),(PHEHAT)Ru(phen),]* [145] +1.50 +1.86 -0.57-0.79
[Ru(phen),(PHEHAT)Ru(TAP),]* [145] +1.39 +2.10 —0.52-0.76
[Ru(phen),(PHEHAT)Ru(phen),]* [157] +1.34 +1.55 —0.68 —1.06
[Ru(phen),(TPAC)Ru(phen),]* [145] +1.31 (2) -1.10-1.32 (2) -1.57 (2)
[Ru(TAP),(TPAC)Ru(TAP),]* [145] +1.76 (2) -0.76 (2) —0.92 (2) —1.26 (1)
[Ru(phen),(tatpp)Ru(phen),]* [161] +1.32 (2) —0.26 -0.75 -1.32 (2)
[Os(phen),(tatpp)Os(phen),]* [161] +0.85 (2) —0.07 -0.24 -1.27 (2)

? Reduction potentials measured in DMF.

Whatever the considered binuclear complex (Os-Os, Ru-Ru, TPPHZ, tatpp...) oxidation of
the metal center appears as a single two-electron process, indicating therefore that the two
metal centers are weakly coupled (Table 8). Oxidation for [Ru(phen)z(‘[a‘[pp)Ru(phen)z]4+ and
[Os(phen)z(tatpp)Os(phen)z]4+ occurs at +1.32 V and +0.85 V vs. SCE respectively. Looking into the
reduction potentials indicates that the tatpp ligand is much easier to reduce than the TPPHZ analogue.
Indeed, the first reduction is facilitated by 0.45 V for the ruthenium analogues, and by 0.63 V for the
osmium analogues. Furthermore, using the tatpp ligand, two one-electron reduction processes could be
observed on the bridging ligand instead of only one for the TPPHZ analogues. These two one-electron
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reduction processes are more positive for the osmium complex than for the ruthenium complex (0.19V
for the first reduction and 0.51 V for the second).

It is generally accepted [153] that for a Ru" complex such as [Ru(bpy)s;]*", the energy of the MLCT
transition can be directly correlated with the electrochemical potential obtained by cyclic voltammetry.
This is not true anymore if the orbitals involved in the optical processes are not the same as those
involved in the redox processes. The reduction at —0.26 V vs. SCE, anodically shifted by 0.52 V
compared to the corresponding TPPHZ analogue, i.e., [Ru(phen),(TPPHZ)Ru(phen),]*" and 1.05 V
compared to [Ru(bpy)3]2+ (Table 9), should thus have drastic influence on the MLCT absorption band
if such a spectroelectrochemical correlation is present; the MLCT absorption band should indeed be
red-shifted to roughly 700 nm, which is not the case as already observed for other extended systems [153].

DFT calculations showed that the lowest MLCT state involves an electron transfer from the
metallic core towards a tatpp orbital that is mainly localized on the central position of the tatpp ligand
and very little on the “phenanthroline-type” part of the tatpp ligand. This transition has however only a
little oscillator strength, as compared to that of the MLCT state at higher energy. Indeed, the transition
that is observed at higher energy corresponds to the promotion of one electron from the metallic core
towards the “phenanthroline-type” part of the tatpp ligand, with a higher oscillator strength. This is in
agreement with the MLCT absorption band localized experimentally around 450 nm, with a possible
overlap of MLCT transition towards the ancillary phenanthroline ligand. These data confirm the fact
that no spectroelectrochemical correlation can be established for such types of compounds.

Table 9. Redox potentials V vs. SCE measured in acetonitrile for three Ru" complexes
with an increasing m-extended system.

Complex Oxidation Reduction
[Ru(bpy)s]* [91] +1.28 -1.35-1.55-1.79
[Ru(phen),(TPPHZ)Ru(phen),]* [137] +1.34 (2) —0.78 —1.36 —1.52
[Ru(phen),(tatpp)Ru(phen),]* [161] +1.32 (2) —0.26 -0.75-1.32 (2)

Looking at the photophysical behavior of the binuclear ruthenium" and the binuclear osmium"
complexes is of interest since these complexes are non-luminescent. Transient absorption
measurements allowed MacDonnell, Scandola, Campagna and coworkers to make the following
assessments for the two binuclear tatpp complexes.

Regarding the ruthenium” complex, the transient formed at 580 nm decays in a few nanoseconds in
deaerated acetonitrile and is long-lived (1.3 ps) in deaerated dichloromethane. By comparing the
photophysics of the ruthenium complex with that of the tatpp ligand (as an adduct with an
electronically innocent zinc ion), it was established that this transient at 580 nm corresponds to a tatpp
LC triplet and not to an MLCT state [161]. Since this LC state is almost non polar, its relative energy
is not expected to change by modifying the nature of the solvent, which corresponds to the
observation. Therefore, the change in lifetime of the transient observed when going from
dichloromethane to acetonitrile must result from the solvent-sensitive MLCT state which could play a
role in the deactivation process of the LC state. In dichloromethane, the difference between the *MLCT
state and the LC state is so that the *LC state is deactivated in an independent manner, with a lifetime
of 1.3 ps. When acetonitrile is used, the "MLCT state is stabilized, leading to a new deactivation
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pathway of *LC via the MLCT in roughly 5 ns. The existence of such a low lying LC state, not
common in the Ru"-polypyridyl complexes photochemistry, is related to the presence of the very much
extended aromatic ligand (Figure 36).

Figure 36. Energy level of the "MLCT and ’LC states for the homodinuclear Ru"-tatpp
complex [161].
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Regarding the osmium complex, the transient behavior is completely different. A decrease in
optical density is observed between 500 and 560 nm that decays with a time constant of a few
picosecond. Since osmium is used, it is accepted that the MLCT states are lower in energy than the
corresponding MLCT for ruthenium analogues. Therefore, for the osmium complex, it seems plausible
that the lowest lying excited state is a "MLCT state that decays back to its ground state in 60 ps in
dichloromethane and in 4 ps in acetonitrile. Transitions observed in transient absorption can therefore
be assigned to a *LC = *MLCT conversion that occurs in 3.8 ps in dichloromethane and in 450 fs
in acetonitrile (Figure 37).

Figure 37. Energy level of the *MLCT and LC states for the homodinuclear Os"-tatpp
complex [161].
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Thus, using the same ligand, but with different metal centers, it was possible to assign two different
excited states for the related complexes. When [Ru(phen),(tatpp)Ru(phen),]*" is considered, the
bridging ligand with an aromatic m-extended system decreases the MLCT energy level and more
importantly the LC energy, leading to an inversion of the excited state as compared to TPPHZ related
compounds, thus giving rise to a ’LC excited state (Figure 38). For [Os(phen)z(tatpp)Os(phen)2]4+,
even if the excited state energies are lowered, no such inversion is observed, so that the excited state is
still a *"MLCT one.
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Figure 38. Relative energy of the "MLCT and *LC states of the Ru" and Os" complexes
based on TPPHZ and tatpp [161].
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Before discussing polynuclear species, it seemed important to note that throughout this study the
communication between the two metallic centers is highly influenced by the bridging ligand.
Comparing the first reduction potential for the binuclear complexes with that of the corresponding
mononuclear complexes allows to draw the following conclusion (Table 10). For complexes bearing a
HAT ligand, an anodic shift of 0.37 V could be observed, going from —0.86 V vs. SCE for
[Ru(phen)g(HAT)]2+ to —0.49 V vs. SCE for [(phen)zRu(HAT)Ru(phen)g]4+. On the other hand, an
anodic shift of 0.22V could be observed when analyzing complexes based on TPPHZ. Indeed, the first
reduction potential at —1.00 V vs. SCE for the mononuclear complex [Ru(phen),(TPPHZ)]*" was
shifted to —0.78 V vs. SCE for the dinuclear species [(phen),Ru(TPPHZ)Ru(phen),]*". The same
comparison leads to a very small shift of only 0.04 V for the complexes based on tatpp. Taking
these anodic shifts induced by the second metallic ion into consideration indicates that the
electronic communication increases from tatpp (AE.q = 0.04 V) to TPAC (AE;.q = 0.05 V) to
PHEHAT (AE;eq = 0.16 V) to TPPHZ (AEeq = 0.22 V) to HAT (AE;eq = 0.37 V).

Table 10. Redox potentials measured by cyclic voltammetry in acetonitrile vs. SCE for
specific mononuclear complexes and their related binuclear complexes. In parenthesis is
the number of exchanged electrons.

Complex Oxidation, V vs. SCE Reduction, V vs. SCE
[Ru(phen),(HAT)]*"[150] +1.53 —0.86 —-1.42 —-1.69
[Ru(phen)z(TPPHZ)]%[l37] +1.34 —1.00 -1.38 —1.69
[Ru(phen),(PHEHAT)]*"[128] +1.35 —0.84 —1.25
[Ru(phen)z(TPAC)]2+[145] +1.33 -1.15-1.25-1.35
[Ru(phen),(tatpp)]** [127] +1.33 —0.30 —0.83 —1.38
[(phen)zRu(TPPHZ)Ru(phen)z]4+ [137] +1.34 (2) -0.78 —1.36(2) —1.52
[(phen),Ru(HAT)Ru(phen),]*" [150] +1.52 +1.78 —0.49 -1.07
[(phen)zRu(TPAC)Ru(phen)z]4+ [145] +1.31 (2) -1.10-1.32 (2) -1.57 (2)
[(phen),Ru(PHEHAT)Ru(phen),]*" [157] +1.34 +1.55 —0.68 —1.06
[(phen)zRu(PHEHAT)Ru(bpy)z]4+ [157] +1.34 +1.55 —0.68 —1.07

[Ru(phen)y(tatpp)Ru(phen)]** [161] +1.32 (2) —0.26 —0.75 ~1.32 (2)
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4. Polynuclear Complexes
4.1. Polynuclear Complexes based on 2,3-dpp Ligand

Even if 2,3-dpp (2,3-bis-(2-pyridyl)pyrazine) (Figure 39) is not an aromatic ligand with an extended
m-system, it seemed important to report the pioneer work that has been done with this ligand to
understand the challenges behind the development of metallic dendrimers.

In a general way, dendrimers can be synthesized following two different approaches. The first one
is called the convergent approach, or the “outside in” strategy and consists of connecting together
preformed building blocks with a smaller one. The second strategy is referred to as divergent approach,
or the “inside out” strategy, resulting in the reaction of a central core with different building blocks,
creating therefore various layers, called generations. In order to link the different generations together,
the different building blocks, in our case metallic ions or ligands, have to be able to make multiple
bonds. Metallic cations such as ruthenium' or osmium" and bridging ligands such a 2,3-dpp were first
used for this issue. Using these building blocks, numerous polynuclear species could be synthesized,
whose properties depend drastically on the metallic ions and on the polypyridyl ligands that are used
(Figure 39) [162—-166].

Figure 39. Schematic representation of the energy transfer in polynuclear complexes
bearing 2,3-dpp bridging ligands [163,165].
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Based on the 2,3-dpp ligand, Balzani, Campagna and Denti managed to synthesize and study the
largest ruthenium dendrimer containing twenty-two metal centers [Ru{(u-2,3-dpp)Ruf(p-2,3-

dpp)Ru{(p1-2,3-dpp)Ru(bpy)2} 212431 (Figure 40) [167].
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Figure 40. A Ruthenium dendrimer containing twenty-two metal centers [167].

4.2. Polynuclear Complexes based on the HAT Ligand

1,4,5,8,9,12-hexaazatriphenylene also found rapid interest in the development of novel materials
such as dendrimers due to its three coordination sites and to its stronger rigidity compared to 2,3-dpp,
resulting from its 4 fused six-membered aromatic cycles.

This ligand has allowed the synthesis of a heptanuclear Ru" core dendrimer (Figure 41) [168,169],
fully characterized by electrospray mass spectrometry and femtosecond transient absorption [170].
More interestingly, it has allowed the synthesis of the first ligand-cored nonanuclear dendrimer
containing mixed polyazaaromatic bridging ligands (Figure 42) [171].

Figure 41. Pathway for the synthesis of the heptanuclear Ru" core dendrimer [168].
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Figure 42. Pathway for the synthesis of the first ligand-cored nonanuclear dendrimer [171].
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The heptanuclear complex can be synthesized in two steps. The first step is the reaction between the
Wilkinson complex, [Ru(DMSO)4Cl;] and the HAT ligand, giving rise to the [Ru(HAT)3]*" core which
can be chelated to six other metallic ions. Thus, the second step consists in reacting [Ru(HAT);]*" with
six equivalents of [Ru(phen),Cl], yielding the final {Ru(HAT)s[Ru(phen),]s}'*". Although of great
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synthetic challenge, {Ru(HAT);[Ru(phen),]s}'*" didn’t find interest for applications in opto-electronics
because of its non-luminescence.

The synthesis of the nonanuclear dendrimer [HAT {Ru[2,3-dpp)Ru(bpy).]>}3]"*", proceeds via the
coordination of HAT with the previously synthesized [Cl,Ru{(2,3-dpp)Ru(bpy).}2]*" according to the
convergent strategy. With its nine metal centers, this dendrimer exhibits two oxidation processes, one
at +1.53 V vs. SCE and a second one at +2.13 V (Table 11). The first oxidation can be assigned to the
simultaneous one-electron oxidation of the six peripheral ruthenium cations. The second oxidation
process can be correlated to the oxidation of at least one ruthenium cation from the inner sphere. Since
this oxidation potential is very close to the limit of the measurable oxidation window, it was not
possible to confirm whether this process corresponds to a three electron process or a one electron
process. Looking into the reduction potentials reveals a peculiar property of this nonanuclear
ligand-core dendrimer. Indeed, two reversible processes, at —0.56 V and —0.68 V are observed. These
two reduction processes are assigned to the reduction of the 2,3-dpp bridging ligands, and no reduction
process is observed on the HAT core. It was proposed that this could be due to a shielding effect that
prevents the contact between the HAT center and the electrode surface. This type of shielding was also
observed for large dendrimers containing Co-phtalocyanines, Zn-porphyrins and iron-sulfur clusters as
cores. [172—-174].

Table 11. Redox potentials for polynuclear complexes in acetonitrile vs. SCE [171].

Complex Oxidation, V vs. SCE Reduction, V vs. SCE
[HAT {Ru[2,3-dpp)Ru(bpy).]o}3]"* +1.53(6) +2.13 * -0.56 —0.68 °
[CLRu{(2,3-dpp)Ru(bpy):}.]*" +0.82(1) +1.57(2) —0.72(1) —0.88(1)
[HAT{Ru(bpy),}5]*" +1.61(1) +1.87(1) +2.12(1) —0.25(1) —0.58(1)
[Ru{(2,3-dpp)Ru(bpy),}3]*" +1.53(3) —0.56(1) —0.63(1)

[Ru{(2,3-dpp)Ru[(p-2.3-dpp)Ru(bpy)l>}s**"  +1.53(6) +2.11 +2.44(3)

* The number of electrons has not been defined, ® Both reductions involve approximately three electrons each,

¢ Second and third processes are recorded in liquid SO, [175].

4.3. Polynuclear Complexes based on the TPPHZ Ligand

TPPHZ, due to its two coordination sites has also rapidly found applications in the synthesis of
larger structures such as polymers and dendrimers. Increasing the number of ruthenium centers also
increased the number of stereoisomers that are present in the final polynuclear complex. Tremendous
work has been performed by Campagna’s and MacDonnell’s group to isolate stereochemically pure
dendrimers. Although very few data exists on the topic related to the photochemistry of
stereochemically pure dendrimers (certainly because of the synthetic challenge), they showed that there
are no significant differences in the photochemical behavior between various stereoisomers [137,138].
Indeed, for the complex {Ru[(TPPHZ)Ru(bpy)]s}*" it has been shown that an energy transfer occurs
from the central Ru" to the peripheral Ru' atoms. It has also been demonstrated that the estimated
distance of 22 A between two terminal Ru" atoms prevents any important coulombic interaction
between these terminal Ru" ions. Thus, the oxidation potential of the three peripheral ruthenium ions is
achieved at the same potential. The same phenomenon is observed in reduction, as the first reduction
wave corresponds to a three-electron process, meaning that the three TPPHZ molecules are reduced at
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the same potential. The same behavior is observed for all the studied stereoisomers of the
tetranuclear compounds.

4.4. Polynuclear Complexes based on the PHEHAT and TPAC Ligands

As already mentioned, the PHEHAT ligand is a bridging ligand with an extended planar aromaticity
that presents the particularity of being non-symmetrical. This non-symmetry is of tremendous interest
since it could allow directing the energy transfer in the resulting multinuclear complexes. Up to now,
only tetranuclear complexes, where the central ruthenium is coordinated to the “phen” moiety of the
PHEHAT ligand could be synthesized [157]. The corresponding dendrimer having the central
ruthenium ion coordinated to the HAT moiety of PHEHAT could still never be obtained. We will
therefore focus our discussion on two tetranuclear complexes based on the PHEHAT ligand, namely
{Ru[PHEHAT-Ru(phen),]3}*" and {Ru[PHEHAT-Ru(bpy):]5}*" (Figure 43).

Figure 43. {Ru[PHEHAT-Ru(phen),]3}*" (left) and {Ru[PHEHAT-Ru(bpy).]s}*" (right).
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Electrochemistry measurements indicate a reversible one electron oxidation wave at +1.38 V vs.
SCE and +1.34 V vs. SCE for {Ru[PHEHAT-Ru(phen),]5}*" and {Ru[PHEHAT-Ru(bpy).]s}*"
respectively, followed by a reversible three electron oxidation wave at +1.56 V vs. SCE and +1.54 V
vs. SCE. Taking into account the number of electrons involved in each oxidation wave, and comparing
the oxidation potentials with that for the corresponding mononuclear complexes, allows attributing the
first oxidation wave to the abstraction of one electron from the Ru" core and the second oxidation to
the abstraction of one electron from each Ru' ion present in the peripheral region.

On the other hand, two distinct three electrons reduction waves are observed in the region
comprised between 0 and —1.20 V vs. SCE. These waves are attributed to the successive addition of
two electrons to one PHEHAT ligand since the two reduction potentials are not cathodic enough to
reduce a 1,10-phenanthroline ligand (Figure 44). A different scenario was observed for TPPHZ based
complexes for which the second electron is added on the 1,10-phenanthroline ligand [124,136].
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Figure 44. Schematic representation of the oxidation and reduction processes in PHEHAT
and TPPHZ tetranuclear complexes.
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Going more deeply into electrochemistry, an anodic shift can be observed from mononuclear
PHEHAT complexes to polynuclear complexes, from —0.84 V vs. SCE for [Ru(phen),(PHEHAT)]* to
—0.69 V vs. SCE for the polynuclear complex, in agreement with the data for dinuclear analogue (Table 12).

Table 12. Redox potentials measured by cyclic voltammetry in acetonitrile vs. SCE at
room temperature, with 0.1M ‘BuyN'ClO, as supporting electrolyte and a Pt working
electrode. In parenthesis is the number of exchanged electrons.

Complex Oxidation, V vs. SCE Reduction, V vs. SCE
[Ru(phen)3]2+[141] +1.27(1) —1.35(1) —1.52(1)
[Ru(phen),(TPPHZ)]* [137] +1.34(1) —1.00(1) —1.38(1) —1.69(1)
[Ru(phen)z(PHEHAT)]2+ [145] +1.35 —0.84 —1.25
[(phen),Ru(TPPHZ)Ru(phen),]* [137] +1.34(2) —0.78(1) —1.36(2) —1.52

[(phen),Ru(PHEHAT)Ru(phen),]*" [157]
[(phen),Ru(TPPHZ)Ru(bpy).]* [137]
{Ru[(TPPHZ)Ru(phen),];}*" [137]
{Ru[(PHEHAT)Ru(phen),];}*" [157]
{Ru[(PHEHAT)Ru(bpy),]s}"" [157]

+1.34(1) +1.55(1)
+1.34(1) +1.55(1)
+1.35(3) +1.46(1)
+1.38(1) +1.56(3)
+1.34(1) +1.54(3)

~0.68(1) —1.06(1)
~0.68(1) —1.07(1)
~0.78(3) —1.35 (3) —1.54
~0.70(3) ~1.09(3)
—0.69(3) ~1.07(3)

These tetranuclear compounds can be seen as three identical dinuclear complexes (Figure 45) and it

is thus interesting to compare their luminescent properties in acetonitrile.
{Ru[PHEHAT-Ru(phen),]5}*" exhibits an emission maximum at 708 nm whereas {Ru[PHEHAT-
Ru(bpy),]5}*" exhibits an emission maximum at 716 nm. To assess whether or not an energy transfer is
present in these polynuclear species, it is necessary to compare their emission maximum with the one
for the corresponding mononuclear species. Indeed, [Ru(phen)z(PHEHAT)]2+ has a maximum centered
at 662 nm whereas [Ru(phen)z(HAT)]2+ has a maximum centered at 694 nm and [Ru(bpy)z(HAT)]2+ at
703 nm. Based on these emission maxima, it clearly appears that the emission must arise from the
Ru-HAT moiety, thus involving the Ru" center on the HAT part of the PHEHAT bridging ligand. This
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is clear-cut evidence that an energy transfer process takes place from the inner to the outer metallic
units of the tetranuclear compounds.

Figure 45. Schematic representation of a dinuclear subunit present in the dendritic compound.
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Up to now, we have focused this review on the photophysics and electrochemistry of various
ruthenium" complexes based on ligands or bridging ligands with extended n-systems. We have shown
that an electron transfer could occur and could be directed by means of the metal center or by using
n-accepting bridging ligands. We will now discuss how to take advantage of these properties to design
systems with applications in photo-catalysis, focusing principally on hydrogen production.

5. Water Splitting and Hydrogen Production

Before focusing our discussion on binuclear complexes based on polyazaaromatic extended ligands
as intramolecular catalysts for the production of hydrogen or for water splitting, it seemed important to
emphasize the fact that numerous systems capable of generating hydrogen were described over the
time. In fact, since the discovery of [Ru(bpy)g]2+ as a possible photo-sensitizer for the splitting of
water [176,177], numerous researches have led to the development of systems capable of producing
hydrogen. In 1977, Lehn and Sauvage [178] introduced a four-component system, based on a
ruthenium polypyridine sensitizer linked to a rhodium bipyridine complex that acts as an electron
relay, an electron donor such as triethanolamine and colloidal platinum that acts as the hydrogen
generating catalyst. This type of system, although still used, depends strongly on diffusion controlled
processes. During the 80’s, Meyer [179,180] and Grétzel [181] focused on the “blue-dimer”, i.e., a
ruthenium oxo-bridged dinuclear complex that efficiently catalyzes water oxidation. In the 90’s,
" that could act

as molecular devices for photoinitiated electron collection, capable of storing photo-electrons on their

. . | 111 .
Brewer and coworkers designed a system based on ruthenium™, iridium™ or rhodium

bridging ligand [182,183]. Later on Nocera et al. introduced a molecular photocatalyst capable of
generating hydrogen from hydrohalic acid solutions [184]. This molecular photocatalyst consists of a
two-electron mixed-valence dirhodium compound that leads, after absorption of light and breaking of
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two Rh'"-X bonds, to the active rhodium catalyst which finally reacts with hydrohalic acids.
Nocera et al. then developed oxygen evolving complexes in the same water splitting context, based on
cobalt and phosphate [185], or nickel and borate [186,187] that self-assemble in situ to form the
desired catalyst [188]. Since then, numerous publications have focused on the use of molecular
complexes for water-splitting catalysis [189—194]. Meyer, Sun and others developed mononuclear
ruthenium catalysts [195-197], as well as ruthenium dimers [198-201] for catalytic water oxidation.
Sakai focused on platinum" complexes, or hybrid ruthenium" — platinum” systems for hydrogen
production from water [202,203]. Sun et al. ended up with a mononuclear ruthenium complex that has
a turnover frequency superior to 300 s ', very close to that of the oxygen-evolving complex found in
photosystem II [204]. Very recently, Collomb ef al. have reported the use of a polypyridyl
photocatalyst based on two ruthenium" chromophores and one rhodium™ catalytic center that produces
hydrogen in aqueous solution [205].

5.1. Complexes based on Ligands with Extended Aromaticity as Catalysts for Hydrogen Production

In this section, we will focus our discussion on intramolecular photocatalysts that are used for
hydrogen production. These photocatalysts are constituted of a photo-active center, generally a Ru"
dye, capable of absorbing visible light, a molecular bridge that acts as an electron relay or reservoir
and a catalytically active center, i.e., a redox active metal center.

One of the first intramolecular catalyst reported in the literature has been designed using TPPHZ
ligand [139]. The general mechanism of activity for this photocatalyst can be described as follow: first,
the ruthenium dye absorbs a photon in the visible region, allowing the complex to reach the '"MLCT
excited state. After intersystem crossing to the "MLCT excited state, the electron is transferred to the
bridging ligand, then towards the palladium center allowing a first reduction to occur. Triethylamine,
present in the system, is added as a sacrificial reductant in order to facilitate the reduction of the

"'into Ru". This reduction regenerates the initial system and the mechanism can

formally generated Ru
be repeated until a Pd’ center is obtained. The reduction of the palladium center is generally
accompanied by ligand substitution.

In their seminal 2006 paper [139], Vos et al. investigated the different parameters that have to be
taken into account in order to produce hydrogen. First, using the mononuclear, palladium free, TPPHZ
complex, they observed only low hydrogen production, meaning that the mononuclear ruthenium
complex is a poor photocatalyst. Second, using the homodinuclear complex, only very small amounts
of hydrogen could be produced, meaning that the presence of a redox active center is required for
photocatalytic hydrogen production. Typical turnover numbers TON for the mononuclear or
homodinuclear complex were of only 0.56. Replacing the bridging ligand TPPHZ for the smallest
polypyridine-type bridging ligand, i.e., bipyrimidine, also led to a loss of catalytic activity. Finally, it
has been shown that concentration of triethylamine has also a strong influence on the amount of
hydrogen that is photocatalytically produced. On a general perspective, it has been demonstrated that
the presence of all three components, i.e., a Ru" photoactive center, a bridging ligand with extended
aromaticity and a catalytic redox center, is required for the design of an effective photocatalyst for
hydrogen production. Using their system based on [Ru(tbbpy)>(TPPHZ)PdCL]*" (tbbpy = 4,4'-di-tert-
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butyl-2,2'-bipyridine) (Figure 46), they managed to obtain a turnover number of 56.4 mol of hydrogen
per mol of catalyst, with a turnover frequency of circa 1,700 nmol.min "',

Figure 46. Complexes used by Vos [139].

The researches then developed in view of increasing the efficiency of the system and understanding
the mechanism of electron transfer and relay, in order to find and design better photocatalysts.

In that context, more fundamental studies allowed a deeper insight in the behavior of these
systems [140,206]. Resonance Raman indicates that the initial excitation is delocalized over the tbbpy
and TPPHZ ligand and is followed by an inter-ligand hopping mechanism that transfers the electron on
the phenanthroline moiety of the TPPHZ ligand (Figure 47).

Figure 47. Charge distribution along the photophysical pathway for
[Ru(tbbpy),(TPPHZ)]* [206].

This transfer occurs with a time constant of 1.2 ps for the mononuclear complex, and with a time
constant of 0.8 ps for the bimetallic compound (Figure 48). Then, decay from this *MLCT state
towards an ILCT state localized on the phenazine moiety of TPPHZ, takes place. This process is
drastically influenced by the presence of the palladium center. Indeed, this decay happens with a time
constant of 240 ps for the mononuclear complex, while it proceeds with a time constant of 5 ps for the
bimetallic entity. Finally, a LMCT occurs, that reduces the palladium center, with a time constant of
310 ps.

The TPPHZ ligand, central component of the system, plays different roles. Of course, it acts as a
relay for the electron transfer and allows the interaction between the two metal centers, but it also has
drastic influence on the photophysical scheme since it is involved in most of the deactivation
processes. For example, the photocatalytic activity is controlled by the localization of the first excited
state of the system. Since this excited '"MLCT state is delocalized on the tbbpy ligand as well as the
TPPHZ ligand, it is of interest to try and populate only the TPPHZ ligand in the first '"MLCT state in
order to design efficient photocatalysts [207]. For this purpose, TPPHZ was substituted by bromine
atoms (Figure 49), and the photophysics of the resulting complex was studied [143,208].
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Figure 48. Charge distribution along the photophysical pathway for
[Ru(tbbpy),(TPPHZ)PdCL,]* [206].

Thus the first populated excited state is a MLCT state involving the phenanthroline part of TPPHZ,
that is stabilized by the presence of the bromine substituents. This stabilization has nonetheless also an
influence on the second step, i.e., the decay towards the phenazine moiety, which becomes less
favorable, going from 5 ps to 8 ps. Furthermore, the last process, i.e., the LMCT is also lowered
compared to the unsubstituted system, with a time constant going from 310 ps to 460 ps. Thus the
introduction of bromine atoms leads to a deceleration of the different electron-transfer steps and
flattens the electron-transfer gradient in a general way. Changing solvent from acetonitrile to a mixture
acetonitrile/water 9:1, a mixture where the photocatalyst is active, does not lead to spectral changes,
therefore the photophysical scheme described for the unsubstituted and bromine substituted TPPHZ
complexes is still suitable. Nevertheless, the addition of water influences each electron-transfer
process, especially the LMCT step. For example, the ILCT step that occurs with a time constant of 5 ps
for the unsubstituted TPPHZ complex and 8.2 ps for the bromine substituted TPPHZ complex is
decelerated to 6.1 ps and 10.5 ps respectively. While this decrease is not of great importance, the
LMCT transition is decreased from 310 to 800 ps for the unsubstituted TPPHZ and from 460 to 850 ps
for the bromine substituted TPPHZ. These results indicate that the electron-transfer gradient that was
introduced by substituting TPPHZ with bromine atoms is highly compensated by solvent-induced effects.
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Figure 50. Ruthenium' complex with various extended m-systems.
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As the bridging ligand with extended aromaticity is a key component of the photocatalytic system,
and knowing that water interacts with it and can thus affect particularly the LMCT transition, the
skeleton of the ligand has also been changed (Figure 50, Table 13) [209].

Changing the phenazine moiety for an acridine moiety might in this frame disfavor the interaction
between water molecules and the central core. Previous studies have indeed shown that complexes
bearing a TPAC ligand, namely [Ru(phen)z(TPAC)]%, have an excited state that is less sensitive
towards water than related TPPHZ complexes. Two time constants, a first one that is of 4.4 ps in
acetonitrile, and a second one of 580 ps can describe the photophysics of [Ru(tbbpy),(TPAC)PACL,]*".
The long component can be assigned, by comparison with the previously described complexes, to the
LMCT from the acridine core towards the palladium center. Therefore, the first short component must
include two steps, i.e., the charge transfer from the 'MLCT towards the MLCT located on the
phenanthroline moiety, and the ILCT from the phenanthroline moiety towards the acridine core. Once
again, when water is added (10% in acetonitrile), the first time constant is not very much affected. The
second time constant however is accelerated (340 ps instead of 580 ps), meaning that the LMCT from
the acridine core towards the palladium center is favored. This acceleration is in agreement with the
fact that water molecules interact mainly with the palladium center, probably by chloride substitution,
and that substituting a nitrogen atom in the TPPHZ ligand by a CH group has only limited influence in
the overall process, the most important moiety being the palladium catalytic center and its interaction
with water.

Table 13. Photophysical and catalytic data for representative ruthenium" complexes.
Lifetimes are measured in aerated acetonitrile [209].

Complex Aaps/Mmm  Ao/nm  T/ms  Solvent (catalysis) Donor TON (time (h))
[Ru(tbbpy),(TPAC)PAC1,]* 475 617 180 ACN+10%H,0O TEA 138.7 (18)
[Ru(tbbpy)o(TPPHZ)PdCl,]** 445 650 27 ACN+15%H,0 TEA 238.3 (18)

[Ru(tbbpy),(Br,TPPHZ)PdCL,]** 484 675 84 ACN+7.1%H,0O TEA 94.2 (18)

It is interesting to mention the experiments realized on the PHAT ligand (PHAT = phenanthroline-
HAT = 09,10,19,20,29,30-hexaazahexapyrido[3,2-a:2',3"-c:3",2"-k:2",3"-m:3"",2""-u:2"" 3""-x]-tri-
naphthylene). This ligand, first synthesized by Lehn and coworkers [210], presents the particularity of
having a HAT central core, linked to three phenanthroline units. Using this ligand, Rau and coworkers
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synthesized a heteronuclear complex, presenting two ruthenium centers, and a PdCl, unit, in view of
designing a system capable of hydrogen production (Figure 51) [211].

Unfortunately, although this system looked promising, it did not produce hydrogen. A possible
explanation could be that the electron would be transferred from the Ru" chromophores towards the
PHAT ligand, that would not be localized on the phenazine-type moiety, but rather delocalized over
the whole m-accepting HAT core. This delocalization would lower the driving force for reduction of
the palladium center, hence would induce the complete loss of activity.

Figure 51. {[(Ru(tbbpy):)2(u-PHAT)]PdCL,} **.
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5.2. Development of Ligands with More Extended m-Systems

The synthesis of bimetallic ruthenium complexes having a planar, rigid and aromatic bridging
ligand has been an active research area since mid 1990s. These new molecular platforms were
developed as dendrimers, photo-catalysts or molecular wires. In this context Lehn and coworkers first
synthesized a trinuclear complex based on tatpp (tatpp = 9,11,20,22-tetraazatetrapyrido[3,2-a:2',3'-
c:3",2"-1:2",3"-n]pentacene) [126] (Figure 52).

Figure 52. The trinuclear complex based on tatpp [Pd{(tatpp)Ru(phen),},]*".
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Later on, Launay’s group prepared a binuclear Ru" complex based on bis{dipyrido[3,2-f:2',3'-
h]quinoxalo}[2,3-e:2",3'-1]pyrene (bqpy) (Figure 53) that, due to its central pyrene core, is able to
induce supramolecular n-n dimerization [212].
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Figure 53. [Ru(bpy)2(bgpy)Ru(bpy)»]**
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Despite its extended aromatic character, this luminescent complex that has a size of 20 A, can
unfortunately only be seen as four non-interacting parts, as the distance between the two metal centers
precludes strong coulombic interaction [213]. Indeed, it can be seen as two separated [Ru(bpy)s;]*” and
two phenazine moieties. The first oxidation occurs as a two-electron single wave at +1.35 V vs. SCE
and involves each ruthenium center. Regarding the reduction, two one-electron processes occur at
—0.9 V and —1.07 V vs. SCE respectively, that are anodically shifted as compared to the value for
[Ru(bpy)s]*" and attributed to the consecutive addition of two electrons on the bqpy. This is in
agreement with the highest m-acceptor character of the bqpy ligand. Simultaneous reductions of the
ancillary bipyridine ligands can be achieved at —1.31 V and —1.52 V vs. SCE, in agreement with the
reduction potential of [Ru(bpy)s]*". Finally, a last reduction wave that involves two electrons, probably
two very close monoelectronic processes, can be observed at —1.86 V vs. SCE, corresponding to
further reduction of the bqpy ligand (Scheme 1).

Scheme 1. Redox pathway for [Ru(bpy)»(bqpy)Ru(bpy)a]**
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This binuclear complex can also be seen as two [Ru(bpy),(TPPHZ)]*" separated by a pyrene core,
as it shows indeed similarities with [Ru(bpy)z(TPPHZ)]2+, with almost the same emission energy,
lifetime and quantum yield.

5.3. Complexes based on Ligands with Extended Aromaticity for Electron Photo-Accumulation

In order to design systems capable of storing several electrons and elaborating efficient artificial
photosynthetic systems, MacDonnell et al. developed two binuclear ruthenium complexes,
[Ru(phen),(tatpq)Ru(phen),]*" and [Ru(phen),(tatpp)Ru(phen),]*" [129]. The former is able to
photo-accumulate up to four electrons and four protons on the central bridging ligand [63,214]. This
complex presents a bielectronic oxidation at +1.37V vs. SCE, indicating poor interaction between the
two metal centers. Interestingly, it exhibits a reversible mono-electronic reduction wave and a
quasi-reversible wave at —0.23 V and —0.60 V respectively (Table 14). Comparing these reduction
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values with the ones of the related [Ru(phen),(TPPHZ)Ru(phen),]*", it could be estimated that the
driving force for the electron transfer from a Ru"' core towards the quinone part of the bridging ligand
is favored by —0.55 ¢V. This enhanced driving force can explain the fact that [Ru(phen),(tatpq)Ru(phen),]*
is non-luminescent in acetonitrile, even at 77 K in frozen matrix. This phenomenon was indeed
attributed to an intramolecular electron transfer to specific part of the bridging ligand.

Table 14. Redox potentials vs. SCE for [Ru(phen),(tatpp)Ru(phen),]*" and
[Ru(phen),(tatpq)Ru(phen),]*" measured in acetonitrile. In parenthesis is the number of
exchanged electrons.

Complex Oxidation Reduction
[Ru(phen),(tatpp)Ru(phen),]* [161] +1.32 (2) —0.26 —0.75 -1.32 (2)
[Ru(phen),(tatpq)Ru(phen),]* [129] +1.37 (2) —0.23 —0.60

Light excitation induces an electron transfer from the Ru" to the bridging ligand. Then

. . . . . . 111
triethylamine or triethanolamine used as a sacrificial donor, reduces the Ru

center, which regenerates
the initial Ru" jon. Next the reduced tatpq protonates, which produces a singly reduced neutral system.
A second reduction subsequently takes place on this system. This sequence of reduction, protonation
can be repeated four times until four electron and four protons are accumulated in the reduced bridging
ligand (Figure 54). Thus this system, in the presence of a sacrificial donor and in deoxygenated

solution, acts as a multielectron collector.

Figure 54. Representation of the related redox and protonation isomers for
[Ru(phen),(tatpq)Ru(phen),]*".
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The related compound, i.e., [Ru(phen)s(tatpp)Ru(phen),]*" also presents a two-electron oxidation
wave at +1.32 V vs. SCE, meaning that the two Ru'' chromophores act as two separated chromophores,
so that the complex can be considered as two [Ru(phen);]*" chromophores and a central
tetraazapentacene acceptor unit. When tatpp ligand is used, two reversible one-electron reduction
waves are observed at —0.22 V and —0.75 V vs. SCE. Once again, an increase in the driving force for
the electron transfer by —0.52 eV, compared to [Ru(phen),(TPPHZ)Ru(phen),]*", can be held
responsible for the lack of emission in acetonitrile or in frozen matrix.

[Ru(phen),(tatpp)Ru(phen),]*" was shown to be able to accept up to four electrons and two protons
on its central ligand [215,216]. It is important to notice that, although electroreduction is a more
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complex study in water than in acetonitrile, this behavior is maintained in a mixture constituted of
water and acetonitrile. The absorption spectra of these two reduced species depend on the solution pH,
indicating therefore possible protonation mechanism at the reduction site (Figure 55).

Figure 55. Electron and proton transfer processes in water at pH 11 (red), 8.5 (blue) and 6 (pink) [216].

@ = Ru(hen,P*
E———=p pH=1
) pH=85
L__m) pH=6

Up to seven different species of [Ru(phen)z(‘[a‘[pp)Ru(phen)z]4+ could be identified using
spectroelectrochemistry and photochemistry, all of them being interconnected by electron transfer and
protonation/deprotonation processes. The proposed mechanism for the two reductions depends
strongly on pH. Indeed, when the pH is superior to 11, sequential reduction of P to P~ and then to P>~
is favored. On the contrary, at lower pH a proton-coupled bielectronic process is favored. For pH 11
and 8.5, it is clear that sequential one electron and proton-coupled one-electron processes are observed,
but these processes all merge at pH 7 or below.

The proposed molecular energy diagram for [Ru(phen),(tatpp)Ru(phen),]*" and its photo-reduced

derivatives is presented in Figure 56.

Figure 56. Qualitative molecular orbital energy diagram for the redox and protonation
isomers of [Ru(phen)z(tatpp)Ru(phen)2]4+ [215].
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Interpreting the qualitative molecular orbital energy diagram is a key feature to the understanding of
the orbitals that are involved in the most important steps. Interestingly, m;* can be seen as a LUMO
that is similar to phenanthroline ligand at both ends of the bridging ligand. This orbital is the one that
is populated when the MLCT band is photoexcited. This transition Ru(dr) — tatpp(m;*) is responsible
for the broad absorption spectrum centered between 440 and 480 nm. Further transitions, at 325 nm
and 445 nm are assigned to transitions centered on the tatpp ligand itself, being respectively a n-m;*
(LC)) and a m-my* (LCy) transition. It is worth mentioning that the transition between the Ru(dn)
orbital and the my* orbital is not observed, due to poor electronic coupling between these two
orbitals [152,155,217]. When [Ru(phen)s(tatpp)Ru(phen),]*" is reduced in P, the mo* is populated,
which results in the stabilization of its energy level. A new ligand centered transition, lower in energy
is therefore possible. This new LC, transition appears as two bands, mainly because of vibronic fine
structure, that are centered at 855 and 965 nm. Reducing P~ to P*~ populates entirely the mo* orbital,
lowering once again its energy and destabilizing slightly the m;*, thus the previously LC; transition is
now blue-shifted to 635 nm and 685 nm. Finally, complete bleaching of the LC transition is observed
upon further reduction to P*",

P+ e =P
P + ¢ <= P>
P~ + e + H == HP"-

P + 2¢ + 2H" <= H,P

Thus, in [Ru(phen)z(tatpp)Ru(phen)2]4+, the central core can be seen as the acceptor species, and
each peripheral [Ru(phen),]*" fragment constitutes an antenna subunit. These three components are
only weakly coupled in the binuclear species, thus in the bridging tatpp, the terminal acceptor orbital is
only weakly coupled to the ruthenium drn orbitals. Even if this orbital is the one responsible for
electron storage, it is not the orbital that is populated upon photo-excitation. Furthermore, there are
multiple reduction states that can be reached at potentials that are more positive than those for the
terminal phenanthroline ligand. Finally, nitrogen atoms from the tetraazaanthracene moiety are easily
accessible for protonation

6. Conclusions

Although the photophysical model for [Ru(bpy)s;]*" is considered as the prototypical model for the
vast majority of ruthenium" polypyridyl complexes, there are numerous ruthenium' complexes with an
extended aromatic m-system whose photophysical scheme differs from the classical one. It has been
necessary over the time to introduce various excited states, bright, dark, ligand-centered to take into
account the different deactivation pathways that were observed. We have discussed in this review the
different aspects that rule the photophysics of such ruthenium" complexes. We have also briefly
reviewed the energy and/or electron transfer that occur between different metal centers linked by a
bridging ligand, emphasizing mainly the communication between the different metal centers, as well as
on the influence of the solvent on the different deactivation pathways. The potential use of these
n-extended bridging ligands in photo-catalysis for hydrogen production as well as their ability to
photo-store electrons and protons has been discussed. There are of course numerous systems useful for
hydrogen production and water splitting that were only cited in this review, but that deserve a lot of
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attention as many of these systems could pave the way for the development of efficient photo-catalysts
that shall meet the growing energy demand.

Acknowledgments

Ludovic Troian-Gautier is grateful to the Fonds pour la Recherche dans I’Industrie et I’ Agriculture
(F.R.ILA) for a Ph.D. fellowship. He would also like to thank B. Schroeder for his scientific help.
Cécile Moucheron would like to thank the Fonds National de la Recherche Scientifique (FRS-FNRS)
for its continuing financial support.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Barton, J.K.; Danishefsky, A.; Goldberg, J.M. Tris(phenanthroline)ruthenium(Il):
Stereoselectivity in binding to DNA. J. Am. Chem. Soc. 1984, 106, 2172-2176.

2. Barton, J.K.; Goldberg, J.M.; Kumar, C.V.; Turro, N.J. Binding modes and base specificity of
tris(phenanthroline)ruthenium(Il) enantiomers with nucleic acids: Tuning the stereoselectivity.
J. Am. Chem. Soc. 1986, 108, 2081-2088.

3.  Pyle, AM.; Barton, J.K. Probing nucleic acids with transition metal complexes. Prog. Inorg.
Chem. 1990, 38, 413-475.

4.  Moucheron, C.; Kirsch-De Mesmaeker, A.; Kelly, J.M. Photophysics and Photochemistry of
Metal Polypyridyl and Related Complexes with Nucleic Acids. In Less Common Metals In
Proteins And Nucleic Acid Probes; Richmond, J.P., Ed.; Springer Berlin: Heidelberg, Germany,
1998; pp. 163-216.

5. Metcalfe, C.; Thomas, J.A. Kinetically inert transition metal complexes that reversibly bind to
DNA. Chem. Soc. Rev. 2003, 32, 215-224.

6. Vos, J.G.; Kelly, J.M. Ruthenium polypyridyl chemistry; from basic research to applications and
back again. J. Chem. Soc. Dalton Trans. 2006, 41, 4869—-4883.

7. Gill, M.R.; Thomas, J.A. Ruthenium(Il) polypyridyl complexes and DNA — from structural
probes to cellular imaging and therapeutics. Chem. Soc. Rev. 2012, 41, 3179-3192.

8. Lo, KK.-W.; Choi, AW.-T.; Law, W.H.-T. Applications of luminescent inorganic and
organometallic transition metal complexes as biomolecular and cellular probes. J. Chem. Soc.
Dalton Trans. 2012, 41, 6021-6047.

9. Nordén, B.; Lincoln, P.; Akerman, B.; Tuite, E. DNA Interactions with Substitution-Inert
Transition Metal lon Complexes. In Metal lons in Biological Systems; Sigel, A., Sigel, H., Eds.;
Marcel Dekker: New York, NY, USA, 1996; Volume 33, pp. 177-252.

10. Erkkila, K.E.; Odom, D.T.; Barton, J.K. Recognition and reaction of metallointercalators with
DNA. Chem. Rev. 1999, 99, 2777-2795.

11. Hartshorn, R.M.; Barton, J.K. Novel dipyridophenazine complexes of ruthenium(Il): Exploring
luminescent reporters of DNA. J. Am. Chem. Soc. 1992, 114, 5919-5925.



Molecules 2014, 19 5074

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Gill, M.R.; Garcia-Lara, J.; Foster, S.J.; Smythe, C.; Battaglia, G.; Thomas, J.A. A ruthenium(II)
polypyridyl complex for direct imaging of DNA structure in living cells. Nat. Chem. 2009, 1,
662-667.

Tan, L.-F.; Chao, H.; Liu, Y.-J.; Li, H.; Sun, B.; Ji, L.-N. DNA-binding and photocleavage
studies of [Ru(phen):(NMIP)]*". Inorg. Chim. Acta 2005, 358, 2191-2198.

Xu, L.-C.; Shi, S.; Li, J.; Liao, S.-Y.; Zheng, K.-C.; Ji, L.-N. A combined computational and
experimental study on DNA-photocleavage of Ru(I) polypyridyl complexes [Ru(bpy)(L)]*"
(L = pip, o-mopip and p-mopip). J. Chem. Soc. Dalton Trans. 2008, 291-301.

Gao, F.; Chao, H.; Ji, L.-N. DNA binding, photocleavage, and topoisomerase inhibition of
functionalized ruthenium(II)-polypyridine complexes. Chem. Biodivers. 2008, 5, 1962—-1979.
Sun, Y.; Joyce, L.E.; Dickson, N.M.; Turro, C. Efficient DNA photocleavage by
[Ru(bpy)2(dppn)]** with visible light. Chem. Commun. 2010, 46, 2426-2428.

Moucheron, C.; Kirsch-De Mesmaeker, A.; Kelly, J.M. Photoreactions of ruthenium(II) and
osmium(II) complexes with deoxyribonucleic acid (DNA). J. Photochem. Photobiol. B 1997, 40,
91-106.

Marcélis, L.; Ghesquicre, J.; Garnir, K.; Kirsch-De Mesmaeker, A.; Moucheron, C.
Photo-oxidizing Ru" complexes and light: Targeting biomolecules via photoadditions.
Coord. Chem. Rev. 2012, 256, 1569—-1582.

Ghesquicre, J.; le Gac, S.; Marcélis, L.; Moucheron, C.; Kirsch-De Mesmaeker, A. What does
the future hold for photo-oxidizing Ru" complexes with polyazaaromatic ligands in medicinal
chemistry? Curr. Top. Med. Chem. 2012, 12, 185-196.

Marcélis, L.; Moucheron, C.; Kirsch-De Mesmaeker, A. Ru-TAP complexes and DNA: From
photo-induced electron transfer to gene photo-silencing in living cells. Phil. Trans. R. Soc. A
2013, 371,20120131.

Chow, C.S.; Barton, J.K. Transition metal complexes as probes of nucleic acids. Meth. Enzymol.
1992, 212, 219-242.

Long, E.C.; Barton, J.LK. On demonstrating DNA intercalation. Acc. Chem. Res. 1990, 23,
271-273.

Chambron, J.-C.; Sauvage, J.-P.; Amouyal, E.; Koffi, P. Ru(bipy),(dipyridophenazine)*": A
complex with a long range directed charge transfer excited state. Nouv. J. Chim. 1985, 9,
527-529.

Friedman, A.E.; Chambron, J.-C.; Sauvage, J.-P.; Turro, N.J.; Barton, J.K. A molecular light
switch for DNA: Ru(bpy)»(DPPZ)*". J. Am. Chem. Soc. 1990, 112, 4960-4962.

Dickeson, J.E.; Summers, L.A. Derivatives of 1,10-phenanthroline-5,6-quinone. Aust. J. Chem.
1970, 23, 1023-1027.

Friedman, A.E.; Kumar, C.V.; Turro, N.J.; Barton, J.K. Luminescence of ruthenium(II)
polypyridyls: Evidence for intercalative binding to Z-DNA. Nucleic Acids Res. 1991, 19,
2595-2602.

Jenkins, Y.; Friedman, A.E.; Turro, N.J.; Barton, J.K. Characterization of dipyridophenazine
complexes of ruthenium(II): The light switch effect as a function of nucleic acid sequence and
conformation. Biochemistry 1992, 31, 10809-10816.



Molecules 2014, 19 5075

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hiort, C.; Lincoln, P.; Nordén, B. DNA binding of .DELTA.- and .LAMBDA.-
[Ru(phen),DPPZ]*". J. Am. Chem. Soc. 1993, 115, 34483454,

Lincoln, P.; Broo, A.; Nordén, B. Diastereomeric DNA-binding geometries of intercalated
ruthenium(II) trichelates probed by linear dichroism: [Ru(phen)zDPPZ]2+ and [Ru(phen)zBDPPZ]2+.
J. Am. Chem. Soc. 1996, 118, 2644-2653.

Tuite, E.; Lincoln, P.; Nordén, B. Photophysical evidence that A- and A-[Ru(phen),(DPPZ)]*"
intercalate DNA from the minor groove. J. Am. Chem. Soc. 1997, 119, 239-240.

Liu, Y.; Chouai, A.; Degtyareva, N.N.; Lutterman, D.A.; Dunbar, K.R.; Turro, C. Chemical
control of the DNA light switch: Cycling the switch on and off. J. Am. Chem. Soc. 2005, 127,
10796-10797.

Onfelt, B.; Olofsson, J.; Lincoln, P.; Nordén, B. Picosecond and steady-state emission of
[Ru(phen),DPPZ]*" in glycerol: Anomalous temperature dependence. J. Phys. Chem. A 2003,
107, 1000-1009.

Coates, C.G.; Olofsson, J.; Coletti, M.; McGarvey, J.J.; Onfelt, B.; Lincoln, P.; Nordén, B.;
Tuite, E.; Matousek, P.; Parker, A.W. Picosecond time-resolved resonance Raman probing of the
light-switch states of [Ru(phen)zDPPZ]2+. J. Phys. Chem. B 2001, 105, 12653—-12664.

Elias, B.; Creely, C.; Doorley, G.W.; Feeney, M.M.; Moucheron, C.; Kirsch-De Mesmacker, A.;
Dyer, J.; Grills, D.C.; George, M.W.; Matousek, P.; et al. Photooxidation of guanine by a
ruthenium dipyridophenazine complex intercalated in a double-stranded polynucleotide
monitored directly by picosecond visible and infrared transient absorption spectroscopy. Chem.
Eur. J. 2008, 14, 369-375.

Smith, J.A.; George, M.W.; Kelly, J.M. Transient spectroscopy of dipyridophenazine metal
complexes which undergo photo-induced electron transfer with DNA. Coord. Chem. Rev. 2011,
255,2666-2675.

Chen, W.; Turro, C.; Friedman, L.A.; Barton, J.K.; Turro, N.J. Resonance Raman investigation
of Ru(phen),(DPPZ)*" and related complexes in water and in the presence of DNA. J. Phys.
Chem. B 1997, 101, 6995-7000.

McGarvey, J.J.; Callaghan, P.; Coates, C.G.; Schoonover, J.R.; Kelly, J.M.; Jacquet, L.;
Gordon, K.C. Comment on “resonance Raman investigation of [Ru(phen)»,(DPPZ)*'] and related
complexes in water and in the presence of DNA”. J. Phys. Chem. B 1998, 102, 5941-5942.
Coates, C.G.; Jacquet, L.; McGarvey, J.J.; Bell, S.E.J.; Al-Obaidi, A.H.R.; Kelly, J.M.
Resonance Raman probing of the interaction between dipyridophenazine complexes of Ru(II)
and DNA. J. Am. Chem. Soc. 1997, 119, 7130-7136.

Hall, J.P.; O'Sullivan, K.; Naseer, A.; Smith J.A.; Kelly, J.M.; Cardin, C.J. Structure
determination of an intercalating ruthenium dipyridophenazine complex which kinks DNA by
semiintercalation of a tetraazaphenanthrene ligand. Proc. Natl. Acad. Sci. USA 2011, 108,
17610-17614.

Niyazi, H.; Hall, J.P.; O'Sullivan, K.; Winter, G.; Sorensen, T.; Kelly, J.M.; Cardin, C.J. Crystal
structures of A-[Ru(phen)z(DPPZ)]2+ with oligonucleotides containing TA/TA and AT/AT steps
show two intercalation modes. Nat. Chem. 2012, 4, 621-628.



Molecules 2014, 19 5076

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Song, H.; Kaiser, J.T.; Barton, JK. Crystal structure of A-[Ru(bpy),DPPZ]*" bound to
mismatched DNA reveals side-by-side metalloinsertion and intercalation. Nat. Chem. 2012, 4,
615-620.

Hall, J.P.; Cook, D.; Ruiz Morte, S.; McIntyre, P.; Buchner, K.; Beer, H.; Cardin, D.J;
Brazier, J.A.; Winter, G.; Kelly, J.M.; et al. X-ray crystal structure of rac-[Ru(phen),DPPZ]*" with
d(ATGCAT), shows enantiomer orientations and water ordering. J. Am. Chem. Soc. 2013, 135,
12652-12659.

Ardhammar, M.; Lincoln, P.; Nordén B. Ligand substituents of ruthenium dipyridophenazine
complexes sensitively determine orientation in liposome membrane. J. Phys. Chem. B 2001, 105,
11363-11368.

Svensson, F.R.; Li, M.; Nordén, B.; Lincoln, P. Luminescent dipyridophenazine-ruthenium
probes for liposome membranes. J. Phys. Chem. B 2008, 112, 10969-10975.

Rajendiran, V.; Palaniandavar, M.; Periasamy, V.S.; Akbarsha, M.A. [Ru(phen),(DPPZ)]*" as an
efficient optical probe for staining nuclear components. J. Inorg. Biochem. 2010, 104, 217-220.
Yam, V.W.-W_; Lee, V.W.-M.; Ke, F.; Siu, K.-W.M. Synthesis, photophysics, and electrochemistry
of ruthenium(Il) polypyridine complexes with crown ether pendants. /norg. Chem. 1997, 36,
2124-2129.

Cheng, F.; Tang, N. A new family of dinuclear Ru (II) polypyridyl complexes containing
dibenzo-14-crown-4. Inorg. Chem. Commun. 2008, 11, 939-942.

Cheng, F.; Sun, Y.; Wu, W.; Tang, N. Synthesis, photophysical, and electrochemical properties
of three novel Ru (II) polypyridyl complexes containig dibenzo-18-crown-6. Inorg. Chem.
Commun. 2008, 11, 687—690.

Shang, X.-F.; Lin, D.-K. Phenanthroline complexes bearing diamide-anion recognition sites.
Transit. Met. Chem. 2007, 32, 38-41.

Lin, T.-P.; Chen, C.-Y.; Wen, Y.-S.; Sun, S.-S. Synthesis, photophysical, and anion-sensing
properties of quinoxalinebis(sulfonamide) functionalized receptors and their metal complexes.
Inorg. Chem. 2007, 46, 9201-9212.

Shang, X.; Li, X.; Xi, N.; Zhai, Y.; Zhang, J.; Xu, X. Theory and experiment: Recognition
properties of chemosensor containing ruthenium(Il) system in water solution. Sens. Actuators B
Chem. 2011, 160, 1112—-1119.

Shang, X.; Li, J.; Lin, H.; Jiang, P.; Cai, Z.-C.; Lin, H.-K. Anion recognition and sensing of
ruthenium(Il) and cobalt(Il) sulfonamido complexes. J. Chem. Soc. Dalton Trans. 2009,
2096-2102.

Onflet, B.; Lincoln, P.; Nordén, B. Enantioselective DNA threading dynamics by
phenazine-linked [Ru(phen),DPPZ]*" dimers. J. Am. Chem. Soc. 2001, 123, 3630-3637.

Lincoln, P.; Nordén, B. Binuclear ruthenium(Il) phenanthroline compounds with extreme
binding affinity for DNA. Chem. Commun. 1996, 2145-2146.

Wilhelmsson, L.M.; Westerlund, F.; Lincoln, P.; Nordén, B. DNA-binding of semirigid binuclear
ruthenium complex A,A-[u-(l1,1l’-biDPPZ)(phen)4Ru2]4+: Extremely slow intercalation
kinetics. J. Am. Chem. Soc. 2002, 124, 12092—12093.

Campagna, S.; Serroni, S.; Puntoriero, F.; di Pietro, C.; Ricevuto, V. Electron Transfer in
Chemistry; Balzani, V., Ed.; VCH-Wiley: Weinheim, Germany, 2001; p. 186.



Molecules 2014, 19 5077

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Sommovigo, M.; Denti, G.; Serroni, S.; Campagna, S.; Mingazzini, C.; Mariotti, C.; Juris, A.
Polynuclear polypyridine complexes incorporating Ru(Il), Os(Il), and Pt(Il): Decanuclear
dendrimeric antennas. /norg. Chem. 2001, 40, 3318-3323.

Campagna, S.; Serroni, S.; Puntoriero, F.; Loiseau, F.; de Cola, L.; Kleverlaan, C.J.; Becher, J.;
Sorensen, A.P.; Hascoat, P.; Thorup, N. Coupling of metal-based light harvesting antennas and
electron-donor subunits: Trinuclear ruthenium(Il) complexes containing tetrathiafulvalene-
substituted polypyridine ligands. Chem. Eur. J. 2002, 8, 4461-4469.

Serroni, S.; Campagna, S.; Puntoriero, F.; Loiseau, F.; Ricevuto, V.; Passalacqua, R.;
Galletta, M. Dendrimers made of Ru(Il) and Os(II) polypyridine subunits as artificial
light-harvesting antennae. C. R. Chim. 2003, 6, 883—893.

Puntoriero, F.; Serroni, S.; Galletta, M.; Juris, A.; Licciardello, A.; Chiorboli, C.; Campagna, S.;
Scandola, F. A new heptanuclear dendritic ruthenium(II) complex featuring photoinduced energy
transfer across high-energy subunits. ChemPhysChem 2005, 6, 129—138.

Balzani, V.; Ceroni, P.; Juris, A.; Venturi, M.; Campagna, S.; Puntoriero, F.; Serroni, S.
Dendrimers based on photoactive metal complexes. Recent advances. Coord. Chem. Rev. 2001,
219-221, 545-572.

Serroni, S.; Campagna, S.; Puntoriero, F.; di Pietro, C.; McClenaghan, N.D.; Loiseau, F.
Dendrimers based on ruthenium(Il) and osmium(II) polypyridine complexes and the approach of
using complexes as ligands and complexes as metals. Chem. Soc. Rev. 2001, 30, 367-375.
Konduri, R.; Ye, H.; MacDonnell, F.M.; Serroni, S.; Campagna, S.; Rajeshwar, K. Ruthenium
photocatalysts capable of reversibly storing up to four electrons in a single acceptor ligand:
A step closer to artificial photosynthesis. Angew. Chem. Int. Ed. 2002, 41, 3185-3187.
Puntoriero, F.; Nastasi, F.; Cavazzini, M.; Quici, S.; Campagna, S. Coupling synthetic antenna
and electron donor species: A tetranuclear mixed-metal Os(II)-Ru(Il) dendrimer containing six
phenothiazine donor subunits at the periphery. Coord. Chem. Rev. 2007, 251, 536-545.

Pellegrin, Y.; Odobel, F. Molecular devices featuring sequential photoinduced charge separations
for the storage of multiple redox equivalents. Coord. Chem. Rev. 2011, 255, 2578-2593.

Balzani, V.; Bergamini, G.; Ceroni, P. From the photochemistry of coordination compounds to
light-powered nanoscale devices and machines. Coord. Chem. Rev. 2008, 252, 2456-2469.
Fantacci, S.; de Angelis, F. A computational approach to the electronic and optical properties of
Ru(II) and Ir(IIT) polypyridyl complexes: Applications to DSC, OLED and NLO. Coord. Chem.
Rev. 2011, 255, 2704-2726.

Coe, B.J. Developing iron and ruthenium complexes for potential nonlinear optical applications.
Coord. Chem. Rev. 2013, 257, 1438—1458.

Campagna, S.; Puntoriero, F.; Nastasi, F.; Bergamini, G.; Balzani, V. Photochemistry and
photophysics of coordination compounds: Ruthenium. Top. Curr. Chem. 2007, 280, 117-214.
Puntoriero, F.; Sartorel, A.; Orlandi, M.; la Ganga, G.; Serroni, S.; Bonchio, M.; Scandola, F.;
Campagna, S. Photoinduced water oxidation using dendrimeric Ru(Il) complexes as photosensitizers.
Coord. Chem. Rev. 2011, 255, 2594-2601.

Manbeck, G.F.; Brewer, K.J. Photoinitiated electron collection in polyazine chromophores
coupled to water reduction catalysts for solar H, production. Coord. Chem. Rev. 2013, 257,
1660-1675.



Molecules 2014, 19 5078

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

85.

86.

87.

88.

&9.

90.

Burstall, F.H. Optical activity dependent on coordinated bivalent ruthenium. J. Chem. Soc. 1936,
173-175.

Brandt, W.W_; Paris, J.P. Charge transfer luminescence of a ruthenium(Il) chelate. J. Am. Chem.
Soc. 1959, 81, 5001-5002.

Harrigan, R.W.; Hager, G.D.; Crosby, G.A. Evidence for multiple-state emission from
ruthenium(Il) complexes. Chem. Phys. Lett. 1973, 21, 487—490.

Demas, J.N.; Taylor, D.G. On the «intersystem crossing» yields in ruthenium(Il) and
osmium(Il) photosensitizers. Inorg. Chem. 1979, 18, 3177-3179.

Durham, B.; Caspar, J.V.; Nagle, J.K.; Meyer, T.J. Photochemistry of Ru(bpy)32+. J. Am. Chem.
Soc. 1982, 75, 4803—4810.

Barrigelletti, F.; Juris, A.; Balzani, V.; Belser, P.; Von Zelewsky, A. Excited-state properties of
complexes of the Ru(diimine);*" family. Inorg. Chem. 1983, 22, 3335-3886.

Kober, E.M.; Meyer, T.J. An electronic structural mode for the emitting MLCT excited states of
Ru(bpy)s>" and Os(bpy)s”". Inorg. Chem. 1984, 23, 3877-3886.

Yersin, H.; Gallhuber, E. On the lowest excited states of [Ru(bpy);](PFs). single crystals. J. Am.
Chem. Soc. 1984, 106, 6582—6586.

Meyer, T.J. Photochemistry of metal coordination complexes: Metal to ligand charge transfer
excited states. Pure Appl. Chem. 1986, 58, 1193—-1206.

Damrauer, N.H.; Cerullo, G.; Yeh, A.; Boussie, R.R.; Shank, C.V.; McCusker, J.K. Femtosecond
dynamics of excited-state evolution in [Ru(bpy)3]2+. Science 1997, 275, 54-57.

Braun, D.; Huber, J.; Wudy, J.; Schmidt, J.; Yersin, H. Electron delocalization and localization in
mixed-ligand [Ru(LL)y(LL)3.0]*" complexes. J. Chem. Phys. 1994, 98, 8044-8049.

Malone, R.A.; Kelley, D.F. Interligand electron transfer and transition state dynamics in
Ru(ID)trisbipyridine. J. Phys. Chem. 1991, 95, 8970-8976.

Cooley, L.F.; Bergquist, P.; Kelley, D.F. Determination of excition hopping rates in
ruthenium(Il) tris(bipyridine) complexes by picosecond polarized absorption spectroscopy.
J. Am. Chem. Soc. 1990, 112, 2612-2617.

Kober, E.M.; Sullivan, B.P.; Meyer, T.J. Solvent dependence of metal-to-ligand charge transfer
transitions. Evidence for initial electron localization in MLCT excited states of 2,2’-bipyridine
complexes of ruthenium(Il) and osmium(Il). /norg. Chem. 1984, 23, 2098-2104.

Bargqawi, K.R.; Llobet, A.; Meyer, T.J. Synthetic design of MLCT excited states.
Ligand-substituted, mono-2,2'-bipyridine complexes of Ru (II). J. Am. Chem. Soc. 1988, 110,
7751-7759.

Demas, J.N.; Crosby, G.A. Quantum efficiencies on transition metal complexes. II.
Charge-transfer luminescence. J. Am. Chem. Soc. 1971, 93, 2841-2847.

Caspar, J.V.; Meyer, T.J. Photochemistry of Ru(bpy)s*". Solvent effects. Inorg. Chem. 1983, 105,
5583-5590.

Van Houten, J.; Watts, R.J. Photochemistry of tris(2,2'-bipyridyl)ruthenium(II) in aqueous
solutions. Inorg. Chem. 1978, 17, 3381-3385.

Van Houten, J.; Watts, R.J. Temperature dependence of the photophysical and photochemical
properties of the tris(2,2’-bipyridyl)ruthenium(Il) ion in aqueous solution. J. Am. Chem. Soc.
1976, 98, 4853—4858.



Molecules 2014, 19 5079

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Rillema, D.P.; Allen, G.; Meyer, T.J.; Conrad, D. Redox properties of ruthenium(II) tris
chelate complexes containing the ligands 2,2'-bipyrazine, 2,2'-bipyridine, and 2,2'-bipyrimidine.
Inorg. Chem. 1983, 22, 1617-1622.

Makuta, T.; Fukazawa, N.; Murata, K.; Inagaki, A.; Akita, M.; Tanaka, S.; Koshihara, S.;
Onda, K. Infrared vibrational spectroscopy of [Ru(bpy).(bpm)]*" and [Ru(bpy);]*" in the excited
triplet state. Inorg. Chem. 2014, 53, 2481-2490.

Bhasikuttan, A.C.; Suzuki, M.; Nakashima, S.; Okada, T. Ultrafast fluorescence detection in
tris(2,2’-bipyridine)ruthenium(Il) complex in solution: Relaxation dynamics involving higher
excited states. J. Am. Chem. Soc. 2002, 124, 8389—8405.

Turro, C.; Bossmann, S.H.; Jenkins, Y.; Barton, J.K.; Turro, N.J. Proton transfer quenching of
the MLCT excited state of Ru(phen),DPPZ*" in homogeneous solution and bound to DNA.
J. Am. Chem. Soc. 1995, 117, 9026-9032.

Nair, R.B.; Cullum, B.M.; Murphy, C.J. Optical properties of [Ru(phen),DPPZ]*" as a function
of nonaqueous environment. /norg. Chem. 1997, 36, 962—965.

Olson, E.J.C.; Hu, D.; Hérnman, A.; Jonkman, A.M.; Arkin, M.R.; Stemp, E.D.A.; Barton, J.K.;
Barbara, P.F. First observation of the key intermediate in the “light-switch” mechanism of
[Ru(phen),DPPZ]*". J. Am. Chem. Soc. 1997, 119, 11458—11467.

Brennaman, M.K.; Alstrum-Acevedo, J.H.; Fleming, C.N.; Jang, P.; Meyer, T.J.; Papanikolas, J.M.
Turning the [Ru(bpy),DPPZ]*" light-switch on and off with temperature. J. Am. Chem. Soc.
2002, 124, 15094-15098.

Brennaman, M.K.; Meyer, T.J.; Papanikolas, J.M. [Ru(bpy),DPPZ]*" light-switch mechanism in
protic solvents as studied through temperature-dependent lifetime measurements. J. Phys. Chem.
A 2004, 108, 9939-9944.

Olofsson, J.; Wilhelmsson, L.M.; Lincoln, P. Effects of methyl substitution on radiative and
solvent quenching rate constants of [Ru(phen),DPPZ] in polyol solvents and bound to DNA.
J. Am. Chem. Soc. 2004, 126, 15458—15465.

Olofsson, J.; Onfelt, B.; Lincoln, P. Three-state light switch of [Ru(phen)zDPPZ]2+: Distinct
excited-state species with two, one or no hydrogen bonds from solvent. J. Phys. Chem. 4 2004,
108, 4391-4398.

McKinley, A.; Lincoln, P.; Tuite, E.M. Environmental effects on the photophysics of transition
metal complexs with dipyrido[2,3-a:3',2'-c]phenazine (dppz) and related ligands. Coord. Chem.
Rev. 2011, 255, 2676-2692.

Ling, L.-S.; He, Z.-K.; Song, G.-W.; Zeng, Y.E.; Wang, C.; Bai, C.-L.; Che, X.-D.; Shen, P.
High sensitive determination of DNA by use of molecular “light switch” complex of
Ru(phen),(dppx)>". Anal. Chim. Acta 2001, 436, 207-214.

Sun, Y.; Lutterman, D.A.; Turro, C. Role of electronic structure on DNA light-switch behavior of
Ru(Il) intercalators. Inorg. Chem. 2008, 47, 6427-6434.

Komatsuzaki, N.; Katoh, R.; Himeda, Y.; Sugihara, H.; Arakawa, H.; Kasuga, K. Structure and
photochemical properties of ruthenium complexes having dimethyl-substituted DPPZ or TPPHZ
as a ligand. J. Chem. Soc. Dalton Trans. 2000, 3053—-3054.



Molecules 2014, 19 5080

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

116.

117.

118.

Lin, C.T.; Boettcher, W.; Chou, M.; Creutz, C.; Sutin, N. Mechanism of the quenching of the
emission of substituted polypyridineruthenium(Il) complexes by iron(Ill), chromium(III), and
europium(IIl) ions. J. Am. Chem. Soc. 1976, 98, 6536—6544.

Mabrouk, P.A.; Wrighton, M.S. Resonance Raman spectroscopy of the lowest excited state of
derivatives of tris(2,2'-bipyridine)ruthenium(Il): Substituent effects on electron localization in
mixed-ligand complexes. Inorg. Chem. 1986, 25, 526-531.

Sun, Y.; Collins, S.N.; Joyce, L.E.; Turro, C. Unusual photophysical properties of a
ruthenium(Il) complex related to [Ru(bpy)z(DPPZ)]2+. Inorg. Chem. 2010, 49, 4257-4262.
Kirsch-De Mesmaeker, A.; Jacquet, L.; Nasielski, J. Ruthenium(Il) complexes of
1,4,5,8-tetraazaphenanthrene (TAP) and 2,2’-bipyridine (bpy). Ground- and excited-state
basicities of Ru*" (bpy)n(TAP)s, (n = 0, 1, 2): Their luminescence quenching by organic buffers.
Inorg. Chem. 1988, 27, 4451-4458.

Sun, H.; Hoffman, M.Z. Protonation of the excited states of ruthenium(Il) complexes containing
2,2'-bipyridine, 2,2'-bipyrazine, and 2,2'-bipyrimidine ligands in aqueous solution. J. Phys.
Chem. 1993, 97, 5014-5018.

Crutchley, R.J.; Kress, N.; Lever, A.B.P. Protonation equilibria in excited-state
tris(bipyrazine)ruthenium(Il). J. Am. Chem. Soc. 1983, 105, 1170-1178.

Herman, L.; Elias, B.; Pierard, F.; Moucheron, C.; Kirsch-De Mesmaeker, A. Effects of
protonation on the spectroscopic properties of tetrapyridoacridine (TPAC) mono- and dinuclear
Ru(II) complexes in their ground and *MLCT excited states. J. Phys. Chem. A 2007, 111,9756-9763.
Sun, Y.; Liu, Y.; Turro, C. Ultrafast dynamics of the low-lying *MLCT states of [Ru(bpy)(dppp2]*".
J. Am. Chem. Soc. 2010, 132, 5594-5595.

Sun, Y.; Turro, C. Highly solvent dependent luminescence from [Ru(bpy)y(dppp2)sa]”" (n = 0-2).
Inorg. Chem. 2010, 49, 5025-5032.

Coates, C.G.; Callaghan, P.; McGarvey, J.J.; Kelly, J.M.; Jacquet, L.; Kirsch-De Mesmaeker, A.
Spectroscopic studies of structurally similar DNA-binding ruthenium(II) complexes containing
the dipyridophenazine ligand. J. Mol. Struct. 2001, 598, 15-25.

Ortmans, 1.; Elias, B.; Kelly, J.M.; Moucheron, C.; Kirsch-De Mesmaeker, A.
[Ru(TAP),(DPPZ)]*": A DNA intercalating complex, which luminesces strongly in water and
undergoes photo-induced proton-coupled electron transfer with guanosine-5'-monophosphate.
J. Chem. Soc. Dalton Trans. 2004, 668—676.

Liu, Y.; Hammitt, R.; Lutterman, D.A.; Joyce, L.E.; Thummel, R.P.; Turro, C. Ru(Il) complexes
of new tridentade ligands: Unexpected high yield of sensitized 'O,. Inorg. Chem. 2009, 48,
375-385.

Foxon, S.P.; Alamiry, M.A.H.; Walker, M.G.; Meijer, A.J.H.M.; Sazanovich, 1.V.; Weinstein, J.A.;
Thomas, J.A. Photophysical properties and singlet oxygen production by ruthenium(II)
complexes of benzo[i]dipyrido[3,2-a:2';3'-c]phenazine: Spectroscopic and TD-DFT study.
J. Phys. Chem. 42009, 113, 12754-12762.

Sun, Y.; El Ojaimi, M.; Hammitt, R.; Thummel, R.P.; Turro, C. Effect of ligands with extended
n-system on the photophysical properties of Ru (II) complexes. J. Phys. Chem. B. 2010, 114,
14664—-14670.



Molecules 2014, 19 5081

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Pena, B.; Leed, N.A.; Dunbar, K.R.; Turro, C. Excited state dynamics of two new Ru (II)
cyclometallated dyes: Relation to cells for solar energy conversion and comparison to
conventional systems. J. Phys. Chem. C 2012, 116, 22186-22195.

Kohne, B.; Praefcke, K. Eine neue und einfache Synthese des Dipyrazino[2,3-f:2',3'-h]-
chinoxalin-Ringsystems. Liebigs Ann. Chem. 1985, 3, 522-528.

Rogers, D.Z. Improved synthesis of 1,4,5,8,9,12-hexaazatriphenylene. J. Org. Chem. 1986, 51,
3904-3905.

Nasielski-Hinkens, R.; Benedek-Vamos, M.; Maetens, D.; Nasielski, J. A new heterocyclic
ligand for transition metals: 1,4,5,8,9,12-hexaazatriphenylene and its chromium carbonyl
complexes. J. Organomet. Chem. 1981, 217, 179-182.

Bolger, J.; Gourdon, A.; Ishow, E.; Launay, J.-P. Stepwise syntheses of mono- and di-nuclear
ruthenium tpphz complexes [(bpy).Ru(tpphz)]*" and [(bpy).Ru(tpphz)Ru(bpy).]*" {tpphz =
tetrapyrido[3,2-a:2',3"-c:3",2"-h:2",3"-j]phenazine}. J. Chem. Soc. Chem. Commun. 1995, 1799—1800.
Bolger, J.; Gourdon, A.; Ishow, E.; Launay, J.-P. Mononuclear and binuclear tetrapyrido[3,2-
a:2',3'-c:3",2"-h:2"",3""-j]phenazine (tpphz) ruthenium and osmium complexes. Inorg. Chem.
1996, 35, 2937-2944.

Moucheron, C.; Kirsch-De Mesmaeker, A.; Choua, S. Photophysics of Ru(phen),(PHEHAT)*":
A novel “light switch” for DNA and photo-oxidant for mononucleotides. /norg. Chem. 1997, 36,
584-592.

Wiarnmark, K.; Thomas, J.A.; Heyke, O.; Lehn, J.-M. Stereoisomerically controlled inorganic
architectures: Synthesis of enantio-and diastereo-merically pure ruthenium-palladium molecular
rods from enantiopure building blocks. Chem. Commun. 1996, 701-702.

Majewski, M.B.; de Tacconi, N.R.; MacDonnell, F.M.; Wolf, M.O. Long-lived, directional
photoinduced charge separation in Ru' complexes bearing laminate polypyridyl ligands.
Chem. Eur. J. 2013, 19, 8331-8341.

De Tacconi, N.R.; Lezna, R.O.; Chitakunye, R.; MacDonnell, F.M. Electroreduction of the
ruthenium complex [(bpy).Ru(tatpp)]Cl, in water: Insights on the mechanism of multielectron
reduction and protonation of the tatpp acceptor ligand as a function of pH. Inorg. Chem. 2008,
47, 8847-8858.

Kim, M.-J.; Konduri, R.; Ye, H.; MacDonnell, F.M.; Puntoriero, F.; Serroni, S.; Campagna, S.;
Holder, T.; Kinsel, G.; Rajeshwar, K. Dinuclear ruthenium(II) polypyridyl complexes containing
large, redox-active, aromatic bridging ligands: Synthesis, characterization, and intramolecular
quenching of MLCT excited states. Inorg. Chem. 2002, 41, 2471-2476.

Wilson, T.; Williamson, M.P.; Thomas, J.A. Differentiating quadruplexes: Binding preferences
of a luminescent dinuclear ruthenium(Il) complex with four-stranded DNA structures.
Org. Biomol. Chem. 2010, 8,2617-2621.

Baggaler, E.; Gill, M.R.; Green, N.H.; Turton, D.; Sazanovich, 1.V.; Botchway, S.W.; Smythe, C.;
Haycock, J.W.; Weinstein, J.A.; Thomas, J.A. Dinuclear ruthenium(Il) complexes as
two-photon, time-resolved emission microscopy probes for cellular DNA. Angew. Chem. Int. Ed.
2014, 126, 3435-3439.

Gill, M.R.; Derrat, H.; Smythe, C.G.W.; Battaglia, G.; Thomas, J.A. Ruthenium(II)
metallo-intercalators: DNA imaging and cytotoxicity. ChemBioChem 2011, 12, 877-880.



Molecules 2014, 19 5082

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Knapp, R.; Schott, A.; Rehahn, M. A novel synthetic strategy toward soluble, well-defined
ruthenium(Il) coordination polymers. Macromolecules 1996, 29, 478—480.

Kelch, S.; Rehahn, M. High-molecular-weight ruthenium(II) coordination polymers: Synthesis
and solution properties. Macromolecules 1997, 30, 6185-6193.

Kelch, S.; Rehahn, M. Soluble ruthenium(II) coordination polymers bearing bulky side groups.
Macromolecules 1998, 31,4102—4106.

Ishow, E.; Gourdon, A.; Launay, J.-P.; Lecante, P.; Verelst, M.; Chiorboli, C.; Scandola, F.;
Bignozzi, C.-A. Tetranuclear tetrapyrido[3,2-a:2',3'-c:3",2"-h:2",3""-j]phenazine ruthenium
complex: Synthesis, wide-angle X-ray scattering, and photophysical studies. /norg. Chem. 1998,
37, 3603-3609.

Campagna, S.; Serroni, S.; Bodige, S.; MacDonnell, F.M.; Absorption spectra, photophysical
properties, and redox behavior of stereochemically pure dendritic ruthenium(Il) tetramers and
related dinuclear and mononuclear complexes. Inorg. Chem. 1999, 38, 692-701.

Kim, M.-J.; MacDonnell, F.M.; Gimon-Kinsel, M.E.; Du Bois, T.; Asgharian, N.; Griener, J.C.
Global chirality in rigid decametallic ruthenium dendrimers. Angew. Chem. Int. Ed. 2000, 39,
615-619.

Rau, S.; Schifer, B.; Gleich, D.; Anders, E.; Rudolph, M.; Friedrich, M.; Gorls, H.; Henry, W.;
Vos, J.G. A supramolecular photocatalyst for the production of hydrogen and the selective
hydrogenation of tolane. Angew. Chem. Int. Ed. 2006, 45, 6215-6218.

Tschierlei, S.; Karnahl, M.; Presselt, M.; Dietzek, B.; Guthmuller, J.; Gonzalez, L.; Schimtt, M.;
Rau, S.; Popp, J. Photochemical fate: The first step determines efficiency of H, formation with a
supramolecular photocatalyst. Angew. Chem. Int. Ed. 2010, 49, 3981-3984.

Barigelletti, F.; Juris, A.; Balzani, V.; Belser, P.; Von Zelewsky, A. Influence of the ligand
structure on the electrochemical and spectroscopic properties of ruthenium(Il)-polypyridine
complexes. norg. Chem. 1987, 26, 4115-4119.

Richter, M.M.; Brewer, K.J. Synthesis and characterization of osmium(Il) complexes
incorporationg polypyridyl bridging ligands. Inorg. Chim. Acta 1991, 180, 125-131.

Karnahl, M.; Tschierlei, S.; Kuhnt, C.; Dietzek, B.; Schmitt, M.; Popp, J.; Schwalbe, M.; Krieck,
S.; Gorls, H.; Heinemann, F.W.; Rau, S. Synthesis and characterization of regioselective
substituted tetrapyridophenazine ligands and their Ru(Il) complexes. J. Chem. Soc. Dalton Trans.
2010, 39, 2359-2370.

Demeunynck, M.; Moucheron, C.; Kirsch-De Mesmaeker, A. Tetrapyrido[3,2-a:2',3'-c:3",2"-
h:2" 3"-jlacridine (tpac): A new extended polycyclic bis-phenanthroline ligand. Tetrahedron
Lett. 2002, 43,261-264.

Elias, B.; Herman, L.; Moucheron, C.; Kirsch-De Mesmaeker, A. Dinuclear Ru'PHEHAT and —
TPAC complexes: Effects of the second Ru" center on their spectroelectrochemical properties.
Inorg. Chem. 2007, 46, 4979-4988.

Rochester, C.H. Organic Chemistry, A Series of Monographs; Academic Press: New York, NY,
USA, 1970; Volume 7.

Kirsch-De Mesmaeker, A.; Jacquet, L.; Masschelein, A.; Vanhecke, F.; Heremans, K. Resonance
Raman spectra and spectroelectrochemical properties of mono- and polymetallic ruthenium
complexes with 1,4,5,8,9,12-hexaazatriphenylene. Inorg. Chem. 1989, 28, 2465-2470.



Molecules 2014, 19 5083

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

De Buyl, F.; Kirsch-De Mesmacker, A.; Tossi, A.; Kelly, JM. Medium dependence of the
spectroscopic and photophysical properties of Ru(bpy),(HAT)*". The effect of solvent, pH and
binding to polyelectrolytes. J. Photochem. Photobiol. A 1991, 60, 27-45.

Lecomte, J.-P.; Kirsch-De Mesmaeker, A.; Orellana, G. Photophysics of polyazaaromatic
ruthenium(Il) complexes interacting with DNA. J. Phys. Chem. 1994, 98, 5382—-5388.

Jacquet, L.; Kirsch-De Mesmaeker, A. Spectroelectrochemical characteristics and photophysics
of a series of Ru (II) complexes with 1,4,5,8,9,12-hexaazatriphenylene: Effects of polycomplexation.
J. Chem. Soc. Faraday Trans. 1992, 88, 2471-2480.

Boisdenghien, A.; Moucheron, C.; Kirsch-De Mesmaeker, A. [Ru(phen),(PHEHAT)]*" and
[Ru(phen)g(HATPHE)]H: Two ruthenium(Il) complexes with the same ligands but different
photophysics and spectroelectrochemistry. Inorg. Chem. 2005, 44, 7678—7685.

Pourtois, G.; Beljonne, D.; Moucheron, C.; Schumm, S.; Kirsch-De Mesmaeker, A.;
Lazzaroni, R.; Brédas, J.-L. Photophysical properties of ruthenium(Il) polyazaaromatic
compounds: A theoretical insight. J. Am. Chem. Soc. 2004, 126, 683—692.

Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von Zelewsky, A. Ru(Il)
polypyridine complexes: Photophysics, photochemistry, electrochemistry, and chemiluminescence.
Coord. Chem. Rev. 1988, 85-2717.

Chiorboli, C.; Bignozzi, C.A.; Scandola, F.; Ishow, E.; Gourdon, A.; Launay, J.-P. Photophysics
of dinuclear Ru(II) and Os(II) complexes based on the tetrapyrido[3,2-a:2',3'-c:3",2"-h:2"-3""-
jlphenazine (tpphz) bridging ligand. /norg. Chem. 1999, 38, 2402-2140.

Chiorboli, C.; Rodgers, M.A.; Scandola, F. Ultrafast processes in bimetallic dyads with extended
aromatic bridges. Energy and electron transfer pathways in tetrapyridophenazine-bridged
complexes. J. Am. Chem. Soc. 2003, 125, 483—491.

Ali, Md. M.; MacDonnell, F.M. Topospecific self-assembly of mixed-metal molecular hexagons
with diameters of 5.5 nm using chiral control. J. Am. Chem. Soc. 2000, 122, 11527—-11528.
Leveque, J.; Elias, B.; Moucheron, C.; Kirsch-De Mesmaeker, A. Dendritic tetranuclear Ru(II)
complexes based on the nonsymmetrical PHEHAT bridging ligand and their building blocks:
Synthesis, characterization, and electrochemical and photophysical properties. Inorg. Chem.
2005, 44, 393-400.

Kuciauska, D.; Liddell, P.A.; Lin, S.; Johnson, T.E.; Weghorn, S.J.; Lindsey, J.S.; Moore, A.L.;
Moore, T.A.; Gust, D. An artificial photosynthetic antenna-reaction center complex. J. Am.
Chem. Soc. 1999, 121, 8604-8614.

De Cola, L.; Belser, P. Photoinduced energy and electron transfer processes in rigidly bridged
dinuclear Ru/Os complexes. Coord. Chem. Rev. 1998, 177, 301-346.

Schanze, K.S.; Walters, K.A. Organic and Inorganic Photochemistry, Ramamurthy, V., Ed.;
Marcel Dekker, Inc.: New York, NY, USA, 1998; Volume 2, pp. 275-127.

Chiorboli, C.; Fracasso, S.; Ravaglia, M.; Scandola, F.; Campagna, S.; Wouters, K.L.; Konduri, R.;
MacDonnell, F.M. Primary photoinduced processes in bimetallic dyads with extended aromatic
bridges. Tetraazatetrapyridopentacene complexes of ruthenium(Il) and osmium(II). /norg. Chem.
2005, 44, 8368-8378.

Marcaccio, M.; Paolucci, F.; Paradisi, C.; Roffia, S.; Fontanesi, C.; Yellowlees, L.J., Serroni, S.;
Campagna, S.; Denti, G.; Balzani, V. Electrochemistry of multicomponent systems. Redox series



Molecules 2014, 19 5084

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

comprising up to 26 reversible reduction processes in polynuclear ruthenium(Il) bipyridine-type
complexes. J. Am. Chem. Soc. 1999, 121, 10081-10091.

Denti, G.; Campagna, S.; Serroni, S.; Ciano, M.; Balzani, V. Decanuclear homo- and
heterometallic polypyridine complexes: Syntheses, absorption spectra, luminescence,
electrochemical oxidation, and intercomponent energy transfer. J. Am. Chem. Soc. 1992, 114,
2944-2950.

Denti, G.; Serroni, S. Hexanuclear polypyridine complexes containing different metals, bridging
ligands and/or terminal ligands. Absorption spectra, electrochemical oxidation, luminescence
properties and intercomponent energy transfer. /norg. Chim. Acta 1992, 507-512.

Denti, G.; Serroni, S.; Campagna, S.; Ricevuto, V.; Balzani, V. Made-to-order control of the
direction of electronic energy transfer in tetranuclear luminescent metal complexes. Coord.
Chem. Rev. 1991, 111, 227-236.

Venturi, M.; Serroni, S.; Juris, A.; Denti, G.; Campagna, S.; Balzani, V. Designing dendrimers
based on transition-metal complexes. Light-harvesting properties and predetermined redox
patterns. Acc. Chem. Res. 1998, 31, 26-34.

Campagna, S.; Denti, G.; Serroni, S.; Juris, A.; Venturi, M.; Ricevuto, V.; Balzani, V.
Dendrimers of nanometer size based on metal complexes: Luminescent and redox-active
polynuclear metal complexes containing up to twenty-two metal centers. Chem. Eur. J. 1995, 1,
211-221.

Moucheron, C.; Kirsch-De Mesmaeker, A.; Dupont-Gervais, A.; Leize, E.; Van Dorsselaer, A.
Synthesis and characterization by electrospray mass spectrometry of a novel dendritic
heptanuclear complex of ruthenium(Il). J. Am. Chem. Soc. 1996, 118, 12834—12835.

Latterini, L.; Pourtois, G.; Moucheron, C.; Lazzaroni, R.; Brédas, J.-L.; Kirsch-De Mesmaeker, A.;
de Schryver, F.C. STM imaging of a heptanuclear ruthenium(Il) dendrimer, mono-add layer on
graphite. Chem. Eur. J. 2000, 6, 1331-1336.

Latterini, L.; Schweitzer, G.; De Schryver, F.C.; Moucheron, C.; Kirsch-De Mesmaeker, A.
Femtosecond transient dynamics of a heptametallic HAT-ruthenium(Il) complex. A
photophysical study. Chem. Phys. Lett. 1997, 281, 267-271.

Leveque, J.; Moucheron, C.; Kirsch-De Mesmaeker, A.; Loiseau, F.; Serroni, S.; Puntoriero, F.;
Campagna, S.; Nierengarten, H.; van Dorsselaer, A. A mixed-bridging ligand nonanuclear Ru(II)
dendrimer containing a tris-chelating core. Synthesis and redox properties. Chem. Commun.
2004, 878-879.

Kimura, M.; Sugihara, Y.; Muto, T.; Hanabusa, K.; Shirai, H.; Kobayashi, N. Dendritic
metallophthalocyanines — synthesis, electrochemical properties, and catalytic activities.
Chem. Eur. J. 1999, 5, 3495-3500.

Pollak, K.W.; Leon, J.W.; Fréchet, J.M.J.; Maskus, M.; Abrufia, H.D. Effects of dendrimer
generation on site isolation of core moieties: Electrochemical and fluorescence quenching studies
with metalloporphyrin core dendrimers. Chem. Mater. 1998, 10, 30-38.

Gorman, C.B.; Smith, J.C.; Hager, M.W.; Parkhurst, B.L.; Sierzputowska-Gracz, H.; Haney, C.A.
Molecular structure-property relationships for electron-transfer rate attenuation in redox-active
core dendrimers. J. Am. Chem. Soc. 1999, 121, 9958-9966.



Molecules 2014, 19 5085

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Ceroni, P.; Paolucci, F.; Paradisi, C.; Juris, A.; Roffia, S.; Serroni, S.; Campagna, S.; Bard, A.J.
Dinuclear and dendritic polynuclear ruthenium(Il) and osmium(Il) polypyridine complexes:
Electrochemistry at very positive potentials in liquid SO,. J. Am. Chem. Soc. 1998, 120,
5480-5487.

Sprintschnik, G.; Sprintschnik, H.-W.; Kirsch, P.P.; Whitten, D.G. Photochemical cleavage of
water: A system for solar energy conversion using monolayer-bound transition metal complexes.
J. Am. Chem. Soc. 1976, 98, 2337-2338.

Kalyanasundaram, K.; Gritzel, M. Cyclic cleavage of water into H, and O, by visible light with
coupled redox catalysts. Angew. Chem. Int. Ed. 1979, 18, 701-702.

Lehn, J.-M.; Sauvage, J.-P. Chemical storage of light energy-catalytic generation of hydrogen by
visible-light or sunlight-irradiation of neutral aqueous-solutions. Nouv. J. Chim. 1977, I,
449-451.

Gilbert, J.A.; Eggleston, D.S.; Murphy, W.R.; Geselowitz, D.A.; Gersten, S.W.
Hodgson, D.J.; Meyer, T.J. Structure and redox properties of the water-oxidation catalyst
[(bpy)2(OH,)RuORu(OH,)(bpy)2]*". J. Am. Chem. Soc. 1985, 107, 3855-3864.

Gersten, S.W.; Samuels, G.J.; Meyer, T.J. Catalytic oxidation of water by an oxo-bridged
ruthenium dimer. J. Am. Chem. Soc. 1982, 104, 4029—4030.

Nazeeruddin, M.K.; Rotzinger, F.P.; Comte, P.; Gritzel, M. Spontaneous oxidation of
water to oxygen by the mixed-valence p-oxo ruthenium dimer L,(H,O)Ru™-O-Ru'v(OH)L,
(L =2,2’-bipyridyl-5,5’-dicarboxylic acid). J. Chem. Soc. Chem. Commun. 1988, 8§72—-874.
Nallas, G.N.A.; Jones, S.W.; Brewer, K.J. bipyrimidine-bridged mixed-metal trimetallic
complexes of ruthenium(Il) with rhodium(IIl) or iridium(IIl), {[(bpy).Ru(bpm)],MCl,}>".
Inorg. Chem. 1996, 35, 6974—6980.

Molnar, S.M.; Nallas, G.; Bridgewater, J.S.; Brewer, K.J. Photoinitiated electron collection in a
mixed-metal trimetallic complex of the form {[(bpy).Ru(dpb)}.IrCl,}(PF¢)s (bpy = 2,2°-
bipyridine and dpb = 2,3-bis(2-pyridyl)benzoquinoxaline). J. Am. Chem. Soc. 1994, 116,
5206-5210.

Heyduk, A.F.; Nocera, D.G. Hydrogen produced from hydrohalic acid solutions by a
two-electron mixed-valence photocatalyst. Science 2001, 293, 1639-1641.

Kanan, M.W.; Nocera, D.G. In situ formation of an oxygen-evolving catalyst in neutral water
containing phosphate and Co*". Science 2008, 321, 1072-1075.

Dinca, M.; Surendranath, Y.; Nocera, D.G. A Nickel-Borate oxygen evolving catalyst that
functions under benign conditions. Proc. Natl. Acad. Sci. USA 2010, 107, 10337-10341.
Bediako, D.K.; Surendranath, Y.; Nocera, D.G. Mechanistic studies of the oxygen evolution
reaction mediated by a Nickel-Borate thin film electrocatalyst. J. Am. Chem. Soc. 2013, 135,
3662-3674.

Nocera, D.G. The artificial leaf. Acc. Chem. Res. 2012, 45, 767-776.

Du, P.; Eisenberg, R. Catalysts made of earth-abundant elements (Co, Ni, Fe) for water splitting:
Recent progress and future challenges. Energy Environ. Sci. 2012, 5, 6012—6021.

La Ganga, G.; Puntoriero, F.; Campagna, S.; Bazzan, 1.; Berardi, S.; Bonchio, M.; Sartorel, A.;
Natali, M.; Scandola, F. Light-driven water oxidation with a molecular tetra-cobalt(IIl) cubane
cluster. Faraday Discuss. 2012, 155, 177-190.



Molecules 2014, 19 5086

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

McCool, N.S.; Robinson, D.M.; Sheats, J.E.; Dismukes, G.C. A Co0404 « cubane » water
oxidation catalyst inspired by photosynthesis. J. Am. Chem. Soc. 2011, 133, 11446—-11449.
Berardi, S.; la Ganga, G.; Natali, M.; Bazzan, 1.; Puntoriero, F.; Sartorel, A.; Scandola, F.;
Campagna, S.; Bonchio, M. Photocatalytic water oxidation: Tuning light-induced electron
transfer by molecular Co4O4 cores. J. Am. Chem. Soc. 2012, 134, 11104-11107.

Gao, Y.; Ding, X.; Lio, J.; Wang, L.; Lu, Z.; Li, L.; Sun, L. Visible light driven water splitting in
a molecular device with unprecedentedly high photocurrent density. J. Am. Chem. Soc. 2013,
135,4219-4222.

Zhang, B.; Li, F.; Yu, F.; Wang, X.; Zhou, X.; Li, H.; Jiang, Y.; Sun., L.; Electrochemical and
photoelectrochemical water oxidation by supported cobalt-oxo cubanes. ACS Catal. 2014, 4,
804-809.

Duan, L.; Xu, Y.; Zhang, P.; Wang, M.; Sun, L. Visible light-driven water oxidation by a
molecular ruthenium catalyst in homogeneous system. Inorg. Chem. 2010, 49, 209-215.
Concepcion, J.J.; Tsai, M.-K.; Muckerman, J.T.; Meyer, T.J. Mechanism of water oxidation by
single-site ruthenium complex catalysts. J. Am. Chem. Soc. 2010, 132, 1545-1557.

Staehle, R.; Ton, L.; Wang, L.; Duan, L.; Fischer, A.; Ahlquist, M.S.G.; Sun, L.; Rau, S.
Water oxidation catalyzed by mononuclear ruthenium complexes with a 2,2'-bipyridine-6,6'-
dicarboxylate (bda) ligand: How ligand environment influences the catalytic behavior.
Inorg. Chem. 2014, 53, 1307-1319.

Duan, L.; Fischer, A.; Xu, Y.; Sun., L. Isolated seven-coordinate Ru(IV) dimer complex with
[HOHOH]- bridging ligand as an intermediate for catalytic water oxidation. J. Am. Chem. Soc.
2009, 731, 10397-10399.

Jiang, Y.; Li, F.; Zhang, B.; Li, X.; Wang, X.; Huang, F.; Sun, L. Promoting the activity of
catalysts for the oxidation of water with bridged dinuclear ruthenium complexes. Angew. Chem.
Int. Ed. 2013, 125, 3482-3485.

Concepcion, J.J.; Jurss, J.W.; Templeton, J.L.; Meyer, T.J. Mediator-assisted water oxidation by
ruthenium “blue dimer” cis,cis—[(bpy)z(HzO)RuORu(OHz)(bpy)2]4+. Proc. Natl. Acad. Sci. USA
2008, 705, 17632—-17635.

Liu, F.; Concepcion, J.J.; Jurss, J.W.; Cardolaccia, T.; Templeton, J.L.; Meyer, T.J. Mechanisms
of water oxidation from blue dimer to photosystem II. Inorg. Chem. 2008, 47, 1727-1752.
Ozawa, H.; Sakai, K. Homogeneous catalysis of platinum(Il) complexes in photochemical
hydrogen production from water. Coord. Chem. Rev. 2007, 251, 2753-2766.

Ozawa, H.; Haga, M.-A.; Sakai, K. A photo-hydrogen-evolving molecular device driving
visible-light-induced EDTA-reduction of water into molecular hydrogen. J. Am. Chem. Soc.
2006, 128, 4926-4927.

Duan, L.; Bozoglian, F.; Mandal, S.; Steart, B.; Privalov, T.; Llobet, A.; Sun, L. A molecular
ruthenium catalyst with water-oxidation activity comparable to that of photosystem II.
Nat. Chem. 2012, 4, 418-423.

Stoll., T.; Genneri, M.; Fortage, J.; Castillo, C.E.; Rebarz, M.; Sliwa, M.; Poizat, O.; Odobel, F.;
Deronzier, A.; Collomb, M.-N. An efficient Ru"-Rh"-Ru" polypyridyl photocatalyst for
visible-light-driven hydrogen production in aqueous solution. Angew. Chem. Int. Ed. 2014, 53,
1654-1658.



Molecules 2014, 19 5087

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Tschierlei, S.; Presselt, M.; Kuhnt, C.; Yartsev, A.; Pascher, T.; Sundstrom, V.; Karnahl, M.;
Schwalbe, M.; Schifer, B.; Rau, S.; et al. Photophysics of an intramolecular hydrogen-evolving
Ru-Pd photocatalyst. Chem. Eur. J. 2009, 15, 7678—7688.

Inagaki, A.; Akita, M. Visible-light promoted bimetallic catalysis. Coord. Chem. Rev. 2010, 254,
1220-1239.

Karnahl, M.; Kuhnt, C.; Ma, F.; Yartsev, A.; Schmitt, M.; Dietzek, B.; Rau, S.; Popp, J. Tuning
of photocatalytic hydrogen production and photoinduced intramolecular electron transfer rates by
regioselective bridging ligand substitution. ChemPhysChem 2011, 12,2101-2109.

Karnahl, M.; Kuhnt, C.; Heinemann, F.W.; Schmitt, M.; Rau, S.; Popp, J.; Dietzek, B.
Synthesis and photophysics of a novel photocatalyst for hydrogen production based on a
tetrapyridoacridine bridging ligand. Chem. Phys. 2012, 393, 65-73.

Wirnmark, K.; Heyke, O.; Thomas, J.A.; Lehn, J.-M. Stereoisomerically controlled inorganic
architectures: Synthesis of extended enantio-and diastereo-merically pure tris-ruthenium disks
from enantiopure building blocks. Chem. Commun. 1996, 2603-2604.

Pilz, T.D.; Rockstroh, N.; Rau, S. Synthesis and characterization of heterooligonuclear ruthenium
complexes with tri(phenanthrolino)hexaazatriphenylene ligands. J. Coord. Chem. 2010, 63,
2727-2742.

Ishow, E.; Gourdon, A.; Launay, J.-P. Observation of supramolecular n-n dimerization of a
dinuclear ruthenium complex by '"H NMR and ESMS. Chem. Commun. 1998, 1909—-1910.

Ishow, E.; Gourdon, A.; Launay, J.-P.; Chiorboli, C.; Scandola, F. Synthesis, mass spectrometry,
and spectroscopic properties of a dinuclear ruthenium complex comprising a 20 A long fully
aromatic bridging ligand. /norg. Chem. 1999, 38, 1504—-1510.

Wouters, K.L.; de Tacconi, N.R.; Konduri, R.; Lezna, R.O.; MacDonnell, F.M. Driving
multi-electron reactions with photons: Dinuclear ruthenium complexes capable of stepwise and
concerted multi-electron reduction. Photosynth. Res. 2006, 87, 41-55.

Konduri, R.; de Tacconi, N.R.; Rajeshwar, K.; MacDonnell, F.M. Multielectron photoreduction
of a bridged ruthenium dimer, [(phen),Ru(tatpp)Ru(phen),][PFs]s: Aqueous reactivity and
chemical and spectroelectrochemical identification of the photoproducts. J. Am. Chem. Soc.
2004, 126, 11621-11629.

De Tacconi, N.R.; Lezna, R.O.; Konduri, R.; Ongeri, F.; Rajeshwar, K.; MacDonnell, F.M.
Influence of pH on the photochemical and electrochemical reduction on the dinuclear ruthenium
complex, [(phen),Ru(tatpp)Ru(phen),]Cly, in water: Proton-coupled sequential and concerted
multi-electron reduction. Chem. Eur. J. 2005, 11, 4327-4339.

MacDonnell, F.M.; Ali, M.D.M.; Kim, M.-J. Robust chiral nanostructures: Global chirality in
supramolecules constructed from enantiopure ruthenium(Il) trisdiimine building blocks.
Comments Inorg. Chem. 2000, 22, 203-225.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



