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Dual Luminescence and
Long-Lived Charge-Separated States in
Donor-Acceptor Assemblies Based on

Tetrathiafulvalene-Fused
Ruthenium(i)-Polypyridine Complexes

CHIMIA 2007, 67, No. 10

Claudia Leiggener?, Nathalie Dupont?, Shi-Xia LiuP, Christine Goze®, Silvio Decurtins®,
Elvira Breitler®, and Andreas Hauser*2

Abstract: The creation of long-lived charge-separated states in donor—acceptor assemblies has been the goal of
many studies aimed at mimicking the primary processes in photosynthesis. Here we present such assemblies
based on tetrathiafulvalene (TTF) as electron donor and a dipyridophenazine (dppz) unit as electron acceptor in
the form of a fused ligand (TTF-dppz) coordinated to ruthenium(i) via the dipyrido coordination site and with 2,2’-
bipyridine (bpy) as auxiliary ligand, namely [F{u(bpy)3_x('I'I'F—dppz)x]2+ (x=1-3). For x = 2, irradiation into the metal to
dppz charge transfer transition results in electron transfer from TTF to ruthenium, thus creating a charge-separated
state best described by [(TTF*-dppz)Ru(dppz-TTF)(bpy)]?+ with a lifetime of 2.5 ps in dichloromethane.

Keywords: Charge-separated states - Intraligand charge transfer - Metal-ligand-charge-transfer -
Ruthenium()-polypyridine complexes - Tetrathiafulvalene

1. Introduction

Molecular photochemistry and photophys-
ics play an important role both in modern
technologies such as lighting,!l laser ap-
plications, electroluminescent materials, 2!
sensing devices,’l and solar energy conver-
sion,[# as well as in nature as for instance
photosynthesis.l5] The complex sequence
of events can very often be broken down
into elementary steps. Of course the first
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step is always given by the absorption of a
photon, which promotes the chromophore
to an electronically and often vibrationally
excited state. This initially excited state is
most often extremely short-lived, and the
system decays via vibrational relaxation,
internal conversion, intersystem crossing,
luminescence, and energy and electron
transfer back to the ground state or via some
chemical reaction to a given photochemical
product.

A key issue of photophysics and pho-
tochemistry is the creation of long-lived
charge-separated states using so-called
donor—acceptor (DA) assemblies, in which
the excitation of either the donor to D*A
or the acceptor to DA* is followed by the
transfer of an electron from D to A to form
a state best described by D+A-. As an exten-
sion of the simple dyad, the donor and the
acceptor may be linked by a photophysi-
cally active bridge to afford the triad DBA.
In this case, the excitation of the bridge
to DB*A results in double electron trans-
fer, namely from the HOMO of D to the
SOMO-1 of B* and from the SOMO of B*
to the LUMO of A, thus forming a species
of the form D*BA-, which in general has a
longer lifetime of the charge-separated state
than that in the corresponding dyad due to

the weaker electronic coupling between D
and A. Such triads, composed of tetrathia-
fulvalene, porphyrins and fullerenes have
been successfully used in the creation of
artificial photosynthetic systems.[®]
Tertrathiafulvalene derivatives, on the
one hand, constitute a class of versatile
electron donors for a number of interesting
applications,!”l in fields such as molecular
electronics!®! and in organic conductors and
superconductors.1 Of particular interest in
the context of this paper is that they are
known to quench the luminescence of almost
any chromophore in their vicinity through
reductive electron transfer quenching.[10]
Ruthenium(ir) polypyridine complexes, on
the other hand, are known not only for the
luminescence from metal-to-ligand-charge-
transfer (MLCT) states but also for their
use as sensitizers for light-induced electron
transfer in solar energy conversion.['1] Usu-
ally the incorporation of tetrathiafulvalene
derivatives into ruthenium(i) complexes
results in the above-mentioned intramo-
lecular electron transfer quenching of the
ruthenium complex based luminescence.!'?!
However, in the systems investigated to
date, the resulting charge-separated states
were not very long-lived, because the tet-
rathiafulvalene was linked flexibly to the



PHOTOCHEMISTRY

622

ruthenium(1r) chromophore, and thus the
average spatial separation between the units
is too small.

In an attempt to sequentially assemble
a rigidly bridged donor acceptor triad com-
bining a tetrathiafulvalene derivative with a
ruthenium(1r) polypyridile complex, we first
synthesized the two ligands shown in Fig. 1a,
where 4°,5’-bis-(propylthio)-substituted tet-
rathiafulvalene (TTF) is fused to two differ-
ent dipyridophenazine units, namely dipyr-
ido[3,2-a:2’,3’-c]phenazine (dppz)!'3! and
dipyrido[2,3-a:3’,2’-c]phenazine (dppz’).

With their bidentate diimine binding
sites the two ligands can easily be coordi-
nated to a number of transition metal ions.
Of particular interest within the context of
this special issue of CHIMIA is coordina-
tion to spectroscopically and photophysi-
cally active transition-metal ions such as
ruthenium(1). Fig. 1b depicts the series of
mononuclear complexes with 1,2 or 3 TTF-
dppz ligands, namely [Ru(bpy),  (TTF-
dppz), J>* (bpy = 2,2’-bipyridine, x =
1-3)[141 as well as the dinuclear complex
[{Ru(bpy),}, (L-TTF-dppz)]*.

In this paper, we shall begin our discus-
sion on the spectroscopic and photophysi-
cal properties of the free ligands, which are
quite unique and interesting in their own
right. We shall then proceed to examine
the effect of their coordination to innocent
zinc(11) ions before turning to the main sub-
ject of our contribution, namely the discus-
sion of the luminescence properties of the
ruthenium complexes and the creation of
long-lived charge-separated states, in which
the TTF unit acts as electron donor.

2. Results and Discussion

2.1. The Free Ligands

Fig. 2 shows the absorption spectra of
the two ligands, TTF-dppz and TTF-dppz’,
in CH,Cl,. For reference the absorption
spectra of dppz and free TTF are included.
The spectra of the two fused ligands are
very similar to each other, but they are not
at all equal to the sum of the two reference
spectra. Indeed, there is an additional band
centered at 18500 cm~! with an oscilla-
tor strength f = 0.17. Even though neutral
TTF is known to quench all luminescence
by electron transfer, both compounds emit
quite strongly in the near infrared (Fig. 2).
The exact position of the emission band
and the quantum yield depend on the sol-
vent, ranging from 11600 cm~! and 0.13%,
respectively for DMF to 16100 cm~! and
7.6%, respectively, for cyclohexane. The
corresponding values in CH,Cl, are 12200
cm~! and 1%, which together with the ex-
perimental luminescence lifetime of 0.4 ns
in the same solvent give a radiative lifetime
of the emitting state of ~40 ns. Thus the
emission can be clearly identified as the
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Fig. 1. a) The ligands TTF-dppz and TTF-dppz’. b) The mononuclear
complexes [Ru(bpy),(TTF-dppz)]>* and [Ru(TTF-dppz),]?*, and the dinuclear

complex [{Ru(bpy)g}z('I'I'F—dppz’)]4+.
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Fig. 2. Absorption and emission spectra of TTF-dppz (___) and TTF-dppz’
(---) in CH,CI, as well as the corresponding spectra of the reference
compounds dppz (....) and TTF (- - -). TTF shows no emission.

Stokes-shifted fluorescence of the corre-
sponding absorption band at 18500 cm~!.
The Lippert-Mataga plot of the varia-
tion of the Stokes shift as a function of the
dielectric constant of the solvent gives a
change in dipole moment from the ground
state to the excited state of ~18 Debye.
Even though the Lippart-Mataga treatment
tends to overestimate the changes in dipole
moment associated with a spectroscopic
transition, this is a clear indication that
the said transition is an intraligand charge
transfer (ILCT) transition corresponding
essentially to a transfer of charge from the
HOMO centered on the TTF moiety to the
LUMO centered on the dppz unit. This
assignment is corroborated by computa-

tional results based on density functional
theory. Thus, in the fused donor—acceptor
compounds TTF-dppz and TTF-dppz', the
ILCT luminescence is not quenched by
TTF because TTF actively participates in
the lowest energy spectroscopic transition,
the lowest energy singlet state being best
described by TTF3*-dppz?-. Electrochemi-
cal data of TTF-dppz support this conclu-
sion, as the difference in redox potentials
of 2.2 V between the first oxidation of
TTF and the first reduction of dppz is very
close to the zero-point energy of the ILCT
state of ~16000 cm~! as estimated from the
crossing point of the absorption and the
emission spectrum. For more details see
ref. [13].
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2.2. Coordination to Innocent
Transition Metal lons

Both TTF-dppz and TTF-dppz’ can be
coordinated to metal ions. This has an im-
mediate impact on the position of the ILCT
band. The coordination to positively charged
metal ions increases the acceptor properties
of the dppz and dppz’ moieties and conse-
quently the ILCT bands shift to lower ener-
gies, as borne out by the absorption spectra
shown in Fig. 3. Upon addition of Zn?* to
a solution of TTF-dppz, the shift is ~2000
cm~!. The full shift is reached upon addition
of little more than one third mole equiva-
lents of Zn?+, indicating that initially more
than one TTF-dppz ligand is coordinated to
one Zn?* ion. This, in turn, indicates that the
shift is essentially due to electrostatic in-
teractions, and, indeed, addition of a weak
acid to a solution of TTF-dppz has exactly
the same effect. For TTF-dppz’ with poten-
tially two coordination sites the shift occurs
in two distinct steps. Addition of about one
half of an equivalent again results in a shift
this time of ~3000 cm~!. Further addition
of Zn2*+ enhances the effect and results in a
further red shift of ~2000 cm~1.

In addition, the mononuclear complex
with TTF-dppz also shows the ILCT lu-
minescence, red-shifted by the same 2000
cm™! as the absorption and with a slightly
smaller quantum yield. The reduction of the
quantum yield is, however, not due to an ac-
tive quenching by Zn?+, but merely due to
the expected increase in the non-radiative
multiphonon relaxation according to the
energy gap law.

2.3. Coordination to Ruthenium(i)

Fig. 4a shows the absorption and emis-
sion spectra of [Ru(bpy)z(TTF-dppz)]zJr
in direct comparison to those of the refer-
ence complexes [Ru(bpy),(dppz)]** and
[Ru(bpy);]?**. The reference complexes both
have intense absorption bands at 35000 and
at 22000 cm™!, which have been attributed
to mtrt* transitions on the ligands and to the
spin-allowed metal-ligand-charge transfer
(IMLCT) transition from the metal to bpy
and dppz, respectively. Both show lumines-
cence centered at 16000 cm~! originating
from the corresponding SMLCT states. The
absorption spectrum of [Ru(bpy),(TTF-dp-
pz)]*+ shows additional features in the form
of a shoulder at 30000 and a strong band
at 16000 cm™!, which can be attributed to
a ¥ transition and the red-shifted ILCT
transition of TTF-dppz.

Coordination of more than one TTF-
dppz ligand to one ruthenium(Ir) ion in
the series [Ru(bpy),_ (TTF-dppz),]**, x
= 1-3, results in a linear increase of the
molar absorption of the TTF-dppz ILCT
band with respect to the concentration of
the complex, as shown in Fig. 4b. For x
= 3, the low-energy shoulder on the ILCT
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Fig. 3. The effect on absorption and emission spectra of TTF-dppz and
TTF-dppz’ in CH,Cl, upon addition of Zn?* to the solution: top TTF-dppz’
(__), TTRdppz’ + 0.5 equiv. Zn?* (....), TTF- ddpz’ + 1.0 equiv. Zn2* (---);
bottom TTF-dppz (__), TTF-dppz + 0.5 equiv. Zn?* (....) ; absorption left,

emission right.
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Fig. 4. a) Absorption and emission spectra of
[Ru(bpy),(dppz)]** and [Ru(bpy),]** in degassed

[Ru(bpy),(TTF-dppz)]2*,
CH,Cl,, b) absorption

spectra of [Ru(bpy),(TTF-dpp2z)]**, [Ru(bpy)(TTF-dppz),]°* and [Ru(TTF-

dppz)5]?* in CH,Cl,.

band indicates a non-negligible exciton
splitting.

Whereas the complex with one TTF-
dppz ligand, [Ru(bpy),(TTF-dppz)]**,
shows unusual dual luminescence behavior
both from the ILCT state and the SMLCT
state, the complexes with more than one
TTF-dppz ligand show only the weak lu-
minescence of the ILCT state. This is to be
discussed in more detail below.

The absorption spectrum of the dinucle-
ar complex [{Ru(bpy), },(U-TTF-dppz)]**

displayed in Fig. 5 together with the ab-
sorption spectra of [{Ru(bpy)z}z(dppz')]4+,
[Ru(bpy),(dppz)]** and [Ru(bpy)TTF-
dppz)]?* for direct comparison, shows the
ILCT band now shifted even further into the
red with the maximum at 12000 cm~!. In
contrast to the mononuclear complex with
a head-on coordination for which the Ru—
bpy and Ru—dppz 'MLCT transitions are
very close in energy, the dinuclear com-
plex with a side-on coordination to dppz’
displays two distinct MLCT bands, namely
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Fig. 5. Absorption spectra of [{Ru(bpy)2}2(dppz’)]4+ and [{Ru(bpy),},(L-TTF-
dppz)]**in CH,Cl,. For direct comparison the spectra of [F{u(bpy)z(dppz)]2+
and [Ru(bpy)z('I_I'F—dppz)]2+ from Fig. 4 are included.

at 15000 cm™! corresponding to Ru—dppz'
CT, and at 23500 cm~! corresponding to
Ru—bpy CT. The dinuclear complex shows
no luminescence in the visible, and if there
is any luminescence of the ILCT state in the
NIR, its intensity is below the sensitivity of
the available experimental set-up.

2.4. Dual Luminescence and Long-
lived Charge-separated States
Similar to the coordination with Zn2+,
[Ru(bpy),(TTF-dppz)]?* shows lumines-
cence from the lowest energy ILCT state
with a maximum at ~10000 cm~! upon irra-
diation at 16000 cm~!, that is selectively in-
to the ILCT absorption. Most interestingly,
irradiation into the 'MLCT band at 22000
cm~! results in luminescence, which can be
identified as 3SMLCT luminescence from its
position at 15300 cm~! and the associated
lifetime of 1040 ns (Fig. 4). On the other
hand, the two complexes with more than one
TTF-dppz ligand per metal ion only show
the weak luminescence of the ILCT state.
The behavior of the complexes with more
than one TTF-dppz ligand is as expected,
in so far as TTF quenches the SMLCT lumi-
nescence of the ruthenium(ir)-based chro-
mophore via reductive electron transfer.
So the key question is, why is the SMLCT
luminescence not likewise quenched by re-
ductive electron transfer from the TTF unit
in the case of the complex with only one
TTF-dppz ligand? As mentioned above,
in [Ru(bpy),(TTF-dppz)]** the Ru—bpy
CT and the Ru—dppz CT states are quite
close in energy, so irradiation at 22000 cm™!
excites both states simultaneously. How-
ever, it is generally acknowledged that the
MLCT state with the electron on dppz is
lower in energy.!!3] Therefore, as depicted
in Fig. 6a, the lowest energy MLCT state
is best described as [Ru*t(bpy),(TTF-
dppz)]?*. Electron transfer quenching by
the TTF unit would involve transfer of an
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from ref. [14]).

electron from the TTF unit to the Ru3+,
forming the ILCT state [Ru*(bpy),(TTF*-
dppz)]**. The driving force for this pro-
cess is quite substantial, but in order for
it to occur, the transferred electron would
have to tunnel through the Coulomb bar-
rier of the electron in the ©* orbital local-
ized on the dppz unit. This slows down the
electron transfer process sufficiently for the
intersystem crossing process from the ini-
tially excited 'MLCT state to the SMLCT
followed by SMLCT luminescence to be-
come competitive. In the complexes with
more than one TTF-dppz ligand the situ-
ation is different, as shown for [Ru(TTF-
dppz);]** in Fig. 6b. The initially excited
CT state may be described by [Ru3+(TTF-
dppz-)(TTF-dppz),]**. In addition to in-
tersystem crossing, electron transfer from
a TTF unit other than the one for which
the corresponding dppz unit is negatively

charged is now competitive, resulting in a
ligand-to-ligand charge separated (LLCS)
state of the form [Ru2+TTF-dppz-)(TTF*-
dppz)(TTF-dppz)]?+. This is borne out
by the transient absorption spectrum of
[Ru(TTF-dppz);]** upon pulsed excitation
at 22000 cm~! shown in Fig. 7 together with
the ground state absorption spectrum and
the spectrum of the chemically oxidized
species [Ru**(TTF-dppz),(TTF*-dppz)]3+.
The absorption spectrum of the oxidized
species shows a reduced absorption at the
energy of the ILCT transition and a strong
new absorption band at 12000 cm-'. The
former indicates a loss in the intensity of the
TTF—dppz ILCT transition, the latter can
be attributed to a dppz—TTF+ ILCT tran-
sition on the oxidized species,!3l and thus
constitutes a signature for the presence of a
TTF*-dppz unit. Similarly, the transient dif-
ference spectrum shows a bleaching of the
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transient state monitored at 12500 cm™".

ILCT transition and an increased absorption
characteristic for the TTF+-dppz unit, thus
supporting the hypothesis of a fast forma-
tion of the LLCS state as a transient state.
In fact, the transient spectra of all three
complexes show these features, and thus in
all three complexes such a LLCS state with
a lifetime of 2.5 Us is formed. As a result,
the full schemes for the processes in all
three complexes shown in Fig. 6a and b can
be established, the one for [Ru(bpy)(TTF-
dppz),]** being a combination of the ones
for [Ru(bpy),(TTF-dppz)]** and [Ru(TTF-
dppz),]**. Of course, for [Ru(bpy),(TTF-
dppz)]** the charge-separated state is
preferentially formed upon excitation
into the Ru—bpy 'MLCT absorption, and
the electron is localized on one of the bpy
ligands.

3. Conclusions

The creation of functional multi-com-
ponent assemblies is one of the important
goals of modern chemistry, and systems
with long-lived charge-separated states at
comparatively high energies are of particu-
lar interest for the discussion of solar ener-
gy conversion based on mimicking natural
photosynthesis. In the rigid donor—acceptor
assembly with a central ruthenium(ir) ion
coordinated by TTF-dppz, the TTF unit
serves as electron donor to ruthenium with
a formal charge of +3 upon irradiation into
the MLCT bands. In the resulting charge-
separated state, both the auxiliary bipyri-
dine ligand in the system with only one
TTF-dppz ligand as well as the dppz unit
of the TTF-dppz ligand itself in the system
with more than one such ligand may serve
as electron acceptors. The [Ru(bpy),(TTF-
dppz)]** complex, in addition, shows an
unusual dual luminescence due to the fact
that in the lowest energy MLCT state, the

electron in the ©* orbital of the dppz unit
serves as Coulomb barrier for the elec-
tron transfer from TTF to ruthenium. The
processes leading to the formation of the
charge-separated states are very fast indeed
and will require ultra-fast spectroscopy to
elucidate. In order to increase the lifetime
of the charge-separated states, the auxiliary
ligand is to be replaced in a further step by a
better electron acceptor, for instance with a
quinone derivative as terminal acceptor.
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