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Abstract: Three new tetrathiafulva-
lene-substituted 2,2�-bipyridine ligands,
cis-bpy-TTF1, trans-bpy-TTF1, and cis-
bpy-TTF2 have been prepared and char-
acterized. X-ray analysis of trans-bpy-
TTF1 is also reported. Such ligands have
been used to prepare two new trinuclear
RuII complexes, namely, [{(bpy)2Ru(�-
2,3-dpp)}2Ru(bpy-TTF1)](PF6)6 (9; bpy�
2,2�-bipyridine; 2,3-dpp� 2,3-bis(2�-pyri-
dyl)pyrazine) and [{(bpy)2Ru(�-2,3-
dpp)}2Ru(bpy-TTF2)](PF6)6 (10). These
compounds can be viewed as coupled
antennas and charge-separation systems,
in which the multichromophoric trinu-
clear metal subunits act as light-harvest-
ing antennas and the tetrathiafulvalene
electron donors can induce charge sep-
aration. The absorption spectra, redox
behavior, and luminescence properties
(both at room temperature in acetoni-

trile and at 77 K in a rigid matrix of
butyronitrile) of the trinuclear metal
complexes have been studied. For the
sake of completeness, the mononuclear
compounds [(bpy)2Ru(bpy-TTF1)](PF6)2
(7) and [(bpy)2Ru(bpy-TTF2)](PF6)2 (8)
were also synthesized and studied. The
properties of the tetrathiafulvalene-con-
taining species were compared to those
of the model compounds [Ru(bpy)2(4,4�-
Mebpy)]2� (4,4�-Mebpy� 4,4�-dimethyl-
2,2�-bipyridine) and [{(bpy)2Ru(�-2,3-
dpp)}2Ru(bpy)]6�. The absorption spec-
tra and redox behavior of all the new
metal compounds can be interpreted by
a multicomponent approach, in which

specific absorption features and redox
processes can be assigned to specific
subunits of the structures. The lumines-
cence properties of the complexes in
rigid matrices at 77 K are very similar to
those of the corresponding model com-
pounds without TTF moieties, whereas
the new species are nonluminescent, or
exhibit very weak emissions relative to
those of the model compounds in fluid
solution at room temperature. Time-
resolved transient absorption spectros-
copy confirmed that the potentially
luminescent MLCT states of 7 ± 10 are
significantly shorter lived than the cor-
responding states of the model species.
Photoinduced electron-transfer process-
es from the TTF moieties to the (excit-
ed) MLCT chromophore(s) are held
responsible for the quenching processes.

Keywords: electron transfer ¥ ligand
design ¥ photochemistry ¥ rutheni-
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Introduction

The design of artificial systems that can act as antennas and
charge-separation species–the two basic systems operating in
the primary processes of photosynthesis–is an important
research field, mainly because the development of efficient
artificial systems for photochemical energy conversion would
have a major impact on society.[1] This has stimulated much
research, and interesting artificial antenna[2] and charge-
separation[3] systems have been reported over the last two
decades. However, multicomponent species containing both
antenna and charge-separation subunits are extremely rare.[4]

Intuitively, the most convenient way to interface antenna and
charge separation subunits is direct coupling of the energy
trap (i.e., the site of the antenna to which the light energy
collected by all the chromophores is channeled) and an
electron-donor/acceptor subunit.
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As a first step towards the coupling of antenna and charge-
separation subunits, we report the synthesis, luminescence,
and redox properties of two new ruthenium complexes
containing multichromophoric subunits that act as solar-
energy absorbers and electron-donor subunits that induce
charge separation. As the multichromophore subunit, we used
a trinuclear ruthenium(��) species which is itself a multi-
component compound and has been employed as a compo-
nent of metal-based dendrimers that function as light-harvest-

ing antennas.[5] As the electron-donor subunit, we used two
tetrathiafulvalene (TTF) moieties covalently linked to 2,2�-
bipyridine (bpy). The TTF electron donors were selected due
to their stability and favorable redox properties.[6] The
trinuclear compounds investigated were [{(bpy)2Ru(�-2,3-
dpp)}2Ru(bpy-TTF1)](PF6)6 (9 ; 2,3-dpp� 2,3-bis(2�-pyridyl)-
pyrazine) and [{(bpy)2Ru(�-2,3-dpp)}2Ru(bpy-TTF2)](PF6)6
(10). Scheme 1 shows structural formulas of the ligands. For
reference, the mononuclear compounds [(bpy)2Ru(bpy-
TTF1)](PF6)2 (7) and [(bpy)2Ru(bpy-TTF2)](PF6)2 (8) have
also been synthesized and studied. Preparation of the bpy-
TTF1 and bpy-TTF2 ligands (Scheme 2) followed the effective
dealkylation/alkylation protocol developed in one of our
laboratories.[7] The ligand bpy-TTF1 was obtained as a mixture
of trans and cis isomers. However, trans-bpy-TTF1 isomerizes
to the cis isomer under the reaction conditions used to prepare
the metal complexes, and identical final products were
obtained from both isomers. Hence, in complexes, bpy-TTF1

denotes exclusively the cis isomer.

Results and Discussion

The structure of trans-bpy-TTF1 was determined by X-ray
crystallography (Figure 1). The long axis of the TTF part is
staggered with respect to the long axis of the bipyridine
component of the ligand. The two trans-oriented chains are
both extended, but in different directions. One chain is slightly
inclined toward the TTF part, whereas the other chain is
considerably inclined toward the TTF part and extended
towards the bipyridine moiety.

Cyclic and differential pulse voltammetry experiments
indicated that the new compounds 7 ± 10 all undergo multiple
reversible oxidation and reduction processes in acetonitrile
within the potential window investigated (�1.8 to �1.0 V
versus SCE; Table 1). Each process was assigned to specific
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components of the structure by comparison with the redox
properties of the reference compounds bpy-TTF1, bpy-TTF2,
[Ru(bpy)2(4,4�-Mebpy)]2� (4,4�-Mebpy� 4,4�-dimethyl-2,2�-
bipyridine),[8] and [{(bpy)2Ru(�-2,3-dpp)}2Ru(bpy)]6� [5a, c, 9]

(Table 1). The first two one-electron oxidation processes in
7 ± 10 can be assigned to the TTF subunits. The third process,
one-electron in 7 and 8 and two-electron in 9 and 10, is
assigned to the metal centers. In particular, the two-electron
process of 9 and 10 involve the two peripheral metal atoms of
each compound.[3c] The first reduction processes are assigned
to the 2,3-dpp bridging ligands in 9 and 10 and to an
unsubstituted bpy ligand in 7 and 8. The electron-donor
substituents of bpy-TTF1 and bpy-TTF2 destabilize the �*
orbitals of the bpy ligands and make reduction processes
centered on the substituted ligands more difficult. Further-
more, the redox data indicate that the interaction between the
redox-active sites is weak from an electrochemical viewpoint,

since the changes in the redox potentials of the subunits in 7 ±
10 relative to the model compounds are moderate (Table 1).

The absorption spectra of the compounds (Table 2, Fig-
ure 2) show features which are readily attributable to the
individual components.[5, 8] The spectra are dominated by
spin-allowed metal-to-ligand charge-transfer (MLCT) bands
in the visible and by spin-allowed ligand-centered (LC) bands
in the UV region.[5, 8] In particular, in the trinuclear complexes
9 and 10 the visible band around 436 nm is due to Ru� bpy
CT transitions, and the broad band around 550 nm has
contributions from (bpy)2Ru� �-2,3-dpp and (TTF-
bpy)Ru��-2,3-dpp CT transitions. The main difference
between 9 and 10 is the presence of a band at around
250 nm for 10, also present in 8 but absent in 7, due to
transitions involving the phenyl ring of bpy-TTF2.

The luminescence properties
of 7 ± 10 in acetonitrile at room
temperature are very different
from those of the parent com-
plexes [Ru(bpy)2(4,4�-
Mebpy)]2� and [{(bpy)2Ru(�-
2,3-dpp)}2Ru(bpy)]6� without
TTF moieties: 7 and 8 exhibit
emissions which, although spec-
trally close, are substantially
reduced in lifetime relative to
that of [Ru(bpy)2(4,4�-
Mebpy)]2� (Table 2), whereas
9 and 10 do not exhibit any
detectable emission. The spec-
tral similarity of the lumines-

cence of the model compound [Ru(bpy)2(4,4�-Mebpy)]2� with
those of 7 and 8 suggests that the excited state responsible for
the emission is identical in all cases, and is the 3MLCT
involving bpy as acceptor ligand.

To rationalize the strong emission quenching observed in 7
and 8, reductive electron transfer involving the electron-
donor TTF moieties can be considered (Figure 3, bottom). In
a first approximation (neglecting the entropy factor and the
work term), Equation (1)[10] allows the driving force �G0 for
reductive electron transfer from the TTF moieties to the
excited metal-based chromophore(s) to be calculated.

�G0� e(Eox� *Ered) (1)

Here Eox is the oxidation potential of the electron donor
subunit (the TTF groups), *Ered is reduction potential of the
excited state of the chromophore, which in turn is calculated

Figure 1. Molecular structure of trans-bpy-TTF1.

Table 1. Redox data.[a]

Compound E1/2(ox)[b] [V] E1/2(red)[b] [V]

[(bpy)2Ru(bpy-TTF1)]2� (7) � 0.77 [1]; �0.90 [1]; �1.33 [1] � 1.31 [1] [c]

[(bpy)2Ru(bpy-TTF2)]2� (8) � 0.79 [1]; �0.91 [1]; �1.32 [1] � 1.31 [1] [c]

[{(bpy)2Ru(�-2,3-dpp)}2Ru(bpy-TTF1)]6� (9) � 0.78 [1]; �0.90 [1]; �1.57 [2] � 0.55 [1]; �0.70 [1] [c]

[{(bpy)2Ru(�-2,3-dpp)}2Ru(bpy-TTF2)]6� (10) � 0.79 [1]; �0.91 [1]; �1.58 [2] � 0.55 [1]; �0.71 [1] [c]

bpy-TTF1 � 0.64 [1]; �1.03 [1] ±
bpy-TTF2 � 0.63 [1]; �1.01 [1] ±
[(bpy)2Ru(4,4-Mebpy)]2� � 1.23 [1] � 1.30 [1] [c]

[{(bpy)2Ru(�-2,3-dpp)}2Ru(bpy)]6� � 1.51 [2]; �1.95 [1] � 0.52 [1]; �0.66 [1] [c]

[a] Acetonitrile solution, room temperature. The number of exchanged electrons is given in brackets. [b] Versus
SCE. [c] Successive reduction processes take place at more negative potentials, but they are not reported here
because they are not necessary to the discussion.

Table 2. Spectroscopic and photophysical data.[a]

Compound Absorption Luminescence
�max [nm] 298 K 77 K[b]

(� [��1 cm�1] �max [nm] (� [ns]) �max [nm] (� [�s])

[(bpy)2Ru(bpy-TTF1)]2� (7) 285 (145300); 455 (18000) 620 (�1) 592 (5.3)
[(bpy)2Ru(bpy-TTF2)]2� (8) 286 (103700); 455 (17900) 620 (� 1) 592 (5.4)
[{(bpy)2Ru(�-2,3-dpp)}2Ru(bpy-TTF1)]6� (9) 283 (176500); 436 (38400); 557 (38500) no emission 727 (2.8)
[{(bpy)2Ru(�-2,3-dpp)}2Ru(bpy-TTF2)]6� (10) 285 (199700); 435 (37200); 556 (39700) no emission 724 (2.9)
[(bpy)2Ru(4,4-Mebpy)]2� 450 (16000) 620 (900) 592 (5.2)
[{(bpy)2Ru(�-2,3-dpp)}2Ru(bpy)]6� 545 (28500) 804 (75) 721 (2.0)

[a] In deoxygenated acetonitrile solution, unless otherwise stated. [b] In butyronitrile rigid matrix.
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Figure 2. Absorption spectra of 10 (top) and 8 (bottom) in acetonitrile.

by the equation *Ered�Ered�E00, where E00 is the excited-
state energy, taken as the highest energy feature of the 77 K
emission spectrum. In the case of 7 and 8, this driving force is
around 0 eV, and this indicates that the charge-separated state
produced by electron transfer is approximately isoenergetic
with the luminescent Ru� bpy CT level(s). Since no alter-
native deactivation processes can be envisaged to explain the
quenching of the MLCTemission 7 and 8 as opposed to their
common model, we suggest that electron transfer from TTF to
the excited Ru-based chromophore takes place in 7 and 8.
Further support for this hypothesis is provided by emission
properties at 77 K (vide infra).

The absence of luminescence at room temperature for 9 and
10 suggests that electron transfer from the TTF moieties could
also take place in these complexes (Figure 3, top). The
luminescence of the model compound [{(bpy)2Ru(�-2,3-
dpp)}2Ru(bpy)]6� originates from a triplet MLCT level
involving the peripheral metal atom(s) and the bridging
ligand,[5a,c] which is the lowest energy state of the multi-
chromophore trinuclear array. The MLCT levels involving the
central metal atom are deactivated by quantitative energy
transfer to the peripheral chromophore(s).[5] The driving force
for deactivation of the peripheral, emitting chromophores of
the trinuclear RuII subunit by electron transfer from TTF

Figure 3. Representation of the electron-transfer processes in trinuclear
(top) and mononuclear (bottom) complexes. The plus and minus mark the
locations of the hole and the odd electron in the MLCT excited states
before electron transfer (see text).

moieties can be estimated by Equation (1), which yields a
value of about �0.4 eV for this process. Figure 4 depicts the
levels and decay processes involved. This indicates that the

Figure 4. Schematic of the energy-level diagram and decay processes in the
trinuclear species studied here. For simplicity reasons, the charges on the
complexes are disregarded and only one ™arm∫ of the trinuclear metal
complex is represented. Ruc and Rup indicate central and peripheral
ruthenium centers, respectively. The location of the hole (�) and odd
electron (�) of the MLCTand charge-separated states are marked, and the
corresponding subunits are accordingly colored.
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electron-transfer quenching in the trinuclear complexes is a
thermodynamically allowed process and is therefore quite
probable.

Time-resolved transient absorption spectroscopy allowed
us to study the excited-state processes in more detail. We
performed experiments on 7 and 9 in acetonitrile at room
temperature; in both cases, the transient spectra were
qualitatively identical to those of the corresponding model
compounds. In particular, the transient absorption spectrum
of 9 shows a bleaching around 540 nm, the region of the
MLCT bands involving the bridging ligands, as expected for
the lowest lying MLCT state of the trinuclear chromophore,
and a transient absorption around 450 nm (Figure 5). Such

Figure 5. A) Transient difference absorption spectra of 9 in acetonitrile at
room temperature, measured before the pulse (baseline) and at time delays
of 0, 100, and 200 ps respectively, after 350 nm, 130 fs FWHM excitation.
B) Kinetic profile of the difference absorbance of 9 in acetonitrile at room
temperature probed at 460 nm and 550 nm, after 350 nm, 130 fs FWHM
excitation.

bands for compound 9 decay in 300 ps with monoexponential
kinetics, while the model trinuclear complex has a decay time
of 70 ns. The decay of the transient spectrum of the model
compound almost coincides with the luminescence lifetime of
the same species (Table 2), while the transient absorption
decay of 9 is in agreement with the MLCTemission quenching
suggested by the luminescence experiments. The electron
transfer from the TTF moiety to the excited (peripheral)
chromophore is probably the origin of the excited-state
quenching. From the decays of the transient spectra, a rate
constant of 3� 109 s�1 for such an electron transfer can be
calculated,[11] and this value is reasonable for moderately
exoergonic long-range electron-transfer processes.[3]

Unfortunately, there is no evidence of formation of
oxidized TTF, which was expected to be indicated by a
transient absorption around 700 nm.[12] This can be justified by
assuming that in 9 the back electron transfer is faster than the
forward electron transfer, so that the charge-separated state
does not accumulate and cannot give rise to a detectable
absorption. Indeed the forward and back electron-transfer
processes involve different subunits: forward electron transfer
takes place from the TTF moiety to a peripheral ruthenium
center, that is, a metal ion other than that to which the TTF-
substituted bpy ligand is coordinated, whereas the back-

process involves the same TTF moiety and the bridging
ligand, on which the excited electron is localized.[5] Therefore,
the donor± acceptor distance is shorter, and the electronic
coupling larger, for the back-process. The driving forces of the
two processes are quite different, and that for the back-
process of about �1.3 eV greatly exceeds that of the forward
process (�0.4 eV, see above). It is conceivable that back
electron transfer occurs in the Marcus-inverted region, and
the recombination rate is thus slowed down, but the reorgan-
ization energy of the process is probably large enough to
maintain the process in the normal region, so that the rate
constant of the back-process remains higher than 3� 109 s�1.

The transient absorption spectrum of the mononuclear
complex 7 also shows features which can be assigned to lowest
lying MLCT state(s). In particular, the MLCT band around
450 nm is strongly bleached. The transient spectrum decays in
500 ps[13] and gives a rate constant of 2� 109 s�1 for the
electron-transfer quenching process, which is slightly slower
than that of 9 (see above). This result is expected if the
different driving forces and donor ± acceptor distances are
taken into account; in 7 electron transfer involves the metal
center and the TTF moiety, which are only separated by the
coordinated bpy moiety of the bpy-TTF1 ligand (ca. 6 ä from
CPK models). This short donor ± acceptor distance, which
should lead to a faster rate for electron transfer in 7 than in 9,
is most likely counterbalanced by a very small driving force
(see above). Also, in the case of 7 the oxidized TTF, and
therefore the charge-separated state, is not evidenced in the
transient spectrum, and this suggests that for the mononuclear
complex the back electron transfer is also faster than the
forward process.

In contrast to the situation at room temperature, the
luminescence properties of 7 ± 10 at 77 K in a rigid butyroni-
trile matrix are very similar to those of the corresponding
parent compounds without the TTF electron donor groups,
[Ru(bpy)2(4,4�-Mebpy)]2� and [{(bpy)2Ru(�-2,3-dpp)}2Ru
(bpy)]6� (Table 2). Clearly the TTF subunits do not affect
the properties of the Ru-based chromophores under these
experimental conditions. This finding strongly supports the
assignment of the emission quenching at room temperature to
electron-transfer processes. It is well known that electron
transfer can be strongly slowed down in a rigid matrix at 77 K,
because of the presence of significant nuclear barriers and
destabilization of the charge-separated state.[3, 9a, 14]

Finally, the decay processes taking place in the antenna
moieties of 9 and 10 at room temperature deserve further
comment. Although the central Ru-based chromophore in the
model compound [{(bpy)2Ru(�-2,3-dpp)}2Ru(bpy)]6� is deac-
tivated quantitatively by energy transfer to the peripheral
ones (see above),[5] in 9 and 10 it could in principle be directly
quenched through electron transfer by the TTF subunit
before energy transfer occurs. Indeed, this process is even
more thermodynamically allowed than electron transfer
involving the peripheral Ru-based chromophores. However,
it was demonstrated recently that in dinuclear[15] and tetra-
nuclear[16] RuII and OsII complexes with bridging 2,3-dpp
ligands, energy transfer between neighboring chromophores is
faster than 200 fs (this also implies the occurrence of singlet ±
singlet energy transfer), even in the presence of small driving
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forces. Hence, it is reasonable to assume that energy transfer
from MLCT states involving the central RuII center to MLCT
states involving the peripheral Ru-based chromophores in 9
and 10 also takes place on such a timescale (i.e., faster than
200 fs). Direct electron transfer from TTF moieties to the
excited central Ru chromophore of the trinuclear antenna
subunit is a similar process to the electron-transfer quenching
occurring in 7 and 8, but with a significantly larger driving
force. Therefore, a faster rate than that calculated for the
quenching process in 7 (2� 109 s�1) is predicted for reductive
electron transfer involving the central chromophore of 9 and
10. However, it is hard to foresee that this electron transfer
can be three orders of magnitude faster than the analogous
process in 7, and therefore we assume that it cannot compete
with the ultrafast energy transfer within the antenna. In
conclusion, even in the absence of direct evidence, and on the
basis of the rates of the intercomponent energy transfer
processes taking place in this type of multichromophore
system,[15] we propose that energy transfer within the antenna
trinuclear system preceeds the charge-separation process.

Conclusion

The results obtained for compounds 9 and 10 are interesting
from a number of viewpoints. First, the metal atom to which
the quencher subunit is connected is not involved in the
quenched MLCT level. To the best of our knowledge, this is
the first reported case of this behavior, and implies the
occurrence of long-range electron transfer, probably medi-
ated by a superexchange mechanism.[17, 18] Second, the cou-
pling of the trinuclear compound [{(bpy)2Ru(�-2,3-
dpp)}2Ru(bpy)]6�, which can be regarded as a small antenna
since it is a multichromophore species in which fast energy-
transfer processes take place within the components, with the
electron donors TTF1 and TTF2 has been achieved. The fast
energy-transfer processes in the trimetallic subunit, together
with the efficiency of the electron-transfer quenching of the
emission of the trinuclear complex by TTF moieties, demon-
strate that we have prepared the first functional antenna/
reaction center system involving metal complexes.[4, 19]

Note that in 9 and 10 the luminescence of the entire array is
quenched, although the redox-active quencher is not directly
connected to the lowest energy chromophore(s) of the
antenna (the so-called energy traps). This observation may
be important for future design of functional antenna/reaction
center assemblies and suggests that, at least in some cases, it is
not strictly necessary to directly connect the charge-separa-
tion subunit to the antenna energy trap.

Experimental Section

General : All reactions were carried out under an atmosphere of dry N2

unless otherwise stated. THF was distilled from Na/benzophenone
immediately prior to use; toluene was also purified by this procedure
when high purity was needed. MeOH was distilled from Mg. DMF and
CH3CN were allowed to stand over molecular sieves (4 ä) for at least three
days before use. Triethylphosphite was purified by distillation and stored
over molecular sieves (3 ä). All reagents were standard grade and used as

received. 4,5-Bis(2-cyanoethylthio)-1,3-dithiol-2-thione[7] and 4,5-bis(2-cy-
anoethylthio)-1,3-dithiol-2-one[7] were prepared according to literature
procedures.

Analytical TLC was performed on Merck DC-Alufolien Kieselgel 60 F254

0.2 mm thickness precoated TLC plates, and column chromatography on
Merck Kieselgel 60 (0.040/0.063 mm, 230/400 mesh AST0000M). Melting
points are uncorrected. 1H NMR spectra were recorded at 300 or 250 MHz;
13C NMR spectra were recorded at 75 or 63 MHz with broad-band
decoupling. Plasma desorption mass spectrometry (PDMS) was carried out
on a Bio-Ion 20R time-of-flight instrument. Electron impact (EI) mass
spectra were recorded on a Varian MAT 311A triple-quadropole instru-
ment, and Fast Atom Bombardment (FAB) mass spectra were recorded on
a Kratos MS 50 TC instrument.

4-(2�-Cyanoethylthio)-5-pentylthio-1,3-dithiol-2-thione (2a): A solution of
CsOH ¥H2O (2.66 g, 15.8 mmol) in degassed MeOH (75 mL) was slowly
added (2.5 h) to a solution of 4,5-bis-(2-cyanoethylthio)-2-thione-1,3-
dithiole[7] (5.75 g, 18.9 mmol) in CH3CN (500 mL). After stirring for an
additional 30 min, a solution of bromopentane (2.25 mL, 18 mmol) in
MeOH (5 mL) was added, and the mixture stirred overnight, followed by
concentration in vacuo, washing with water, and extraction of the residual
oil into CH2Cl2. Evaporation in vacuo and column chromatography (SiO2,
petroleum ether/CH2Cl2 20/80) yielded two fractions. The second fraction
yielded the title compound 2a as a yellow oil. Yield: 5.30 g, 87%; 1H NMR
(200 MHz, CDCl3): �� 0.91 (t, 3H; CH3), 1.37 (m, 4H; (CH2)2CH3), 1.69
(m, 2H; SCH2CH2), 2.75 (t, 2H; SCH2CH2CN), 2.93 (t, 2H;
SCH2(CH2)3CH3), 3.l0 (t, 2H; SCH2CH2CN); 13C NMR: �� 13.96, 18.88,
22.18, 29.41, 30.68, 32.02, 36.75, 117.35, 128.91, 143.49, 211.13; MS (IE):m/z
(%): 321 (100), 198 (61), 191 (25), 88 (33); calcd: C11H15NS5 (321.50).

4-(2�-Cyanoethylthio)-5-pentylthio-1,3-dithiol-2-one (3a): Hg(OAc)2
(9.35 g, 29.5 mmol) was added to a solution of 2a (3.78 g, 12 mmol) in
CHCl3 (90 mL) and glacial acetic acid (30 mL) under N2. After stirring
overnight the white reaction mixture was filtered through Celite. The
filtrate was treated with saturated NaHCO3 (75 mL) and water (150 mL),
dried (Na2SO4), and concentrated in vacuo. After column chromatography
(SiO2, CH2Cl2) 3a was obtained as a yellow oil. Yield: 3.40 g (95%);
1H NMR (200 MHz, CDCl3): �� 0.93 (m, 3H; CH3), 1.39 (m, 4H;
(CH2)2CH3), 1.67 (m, 2H; SCH2CH2), 2.73 (m, 2H; SCH2CH2CN), 2.90 (m,
2H; SCH2), 3.08 (m, 2H; SCH2CH2CN); 13C NMR (CDCl3): �� 13.94,
18.26, 21.66, 28.87, 30.15, 31.35, 36.25, 120.46, 133.43, 188.77; MS (IE): m/z
(%): 305 (98), 213 (18), 147 (39), 130 (30), 70 (100); calcd: C11H11NOS4

(305.51).

4-(2�-Cyanoethylthio)-5-(4-methylbenzylthio)-1,3-dithiol-2-thione (2b)
was prepared by the procedure described above for 2a. CsOH ¥H2O
(3.47 g, 20.69 mmol) in dry MeOH (100 mL) was added to 4,5-bis(2-
cyanoethylthio)-1,3-dithiol-2-thione (6.00 g, 19.7 mmol) in dry DMF
(100 mL) under N2 over 60 min. Stirring was continued for 30 min,
whereupon p-methylbenzylbromide (4.01 g, 21.7 mmol) in dry DMF
(30 mL) was added in one portion, followed by stirring overnight.
Concentration in vacuo, workup as above, and chromatography (SiO2,
CH2Cl2/cyclohexane 2/1) gave a yellow fraction, which was isolated and
recrystallized to give 2b as long yellow neddles. Yield: 6.20 g, 89%; m.p.
91 ± 92 �C; 1H NMR (CDCl3): �� 2.36 (s, 3H; CH3), 2.43 (t, J� 7.2 Hz, 2H;
SCH2CH2CN), 2.87 (t, J� 7.2 Hz, 2H; SCH2CH2CN), 4.06 (s, 2H;
SCH2Ph), 7.17 ppm (m, 4H; C6H4); 13C NMR (CDCl3): �� 18.24, 21.13,
31.81, 40.85, 117.03, 128.79, 129.56, 132.65, 138.14, 140.99, 210.36 ppm; MS
(EI): m/z (%): 355 (11), 105 (100); elemental analysis (%) calcd for
C14H13NS5 (355.59): C 47.29, H 3.69, N 3.94, S 45.08; found: C 47.37, H 3.70,
N 3.77, S 45.25.

4-(2�-Cyanoethylthio)-5-(4-methylbenzylthio)-1,3-dithiol-2-one (3b):
Hg(OAc)2 (11.95 g, 37.50 mmol) was added to a solution of 2b (5.00 g,
14.1 mmol) in CHCl3 (100 mL) and glacial acetic acid (50 mL) under N2.
This mixture was stirred overnight and then the white reaction mixture was
filtered through Celite. The filtrate was treated with saturated NaHCO3

(5� 200 mL) and water (100 mL), dried (Na2SO4), and concentrated in
vacuo to give 3b as yellow crystals. Yield: 4.73 g (99%); m.p. 49 ± 50 �C;
1H NMR (CDCl3): �� 2.36 (s, 3H; CH3), 2.45 (t, J� 7.3 Hz, 2H;
SCH2CH2CN), 2.84 (t, J� 7.3 Hz, 2H; SCH2CH2CN), 4.03 (s, 2H;
SCH2Ph), 7.17 ppm (m, 4H; C6H4); 13C NMR (CDCl3): �� 18.02, 21.09,
31.59, 40.74, 117.16, 124.61, 128.78, 129.45, 131.93, 133.10, 137.95,
188.67 ppm; MS(EI): m/z (%): 339 (7), 105 (100); elemental analysis (%)
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calcd for C14H13NOS4 (339.52): C 49.53, H 3.86, N 4.13, S 37.77; found: C
49.62, H 3.81, N 4.02, S 37.93.

2,6(7)-Bis(cyanoethylthio)-3,7(6)-bis(pentylthio)tetrathiafulvalene (4a): A
stirred suspension of 3a (10 mmol) in distilled triethyl phosphite (20 mL)
was heated for 2 h at 120 �C under N2. Cooling, addition of MeOH,
filtering, and washing the red precipitate with MeOH and drying gave the
red title compound 4a as a mixture of cis and trans isomers. Yield: 40%;
m.p. 98 �C; 1H NMR (200 MHz, CDCl3): �� 0.92 (t, 6H; CH3), 1.38 (m,
8H; (CH2)2CH3), 1.67 (q, 4H; SCH2CH2), 2.71 (t, 4H; SCH2CH2CN), 2.88
(t, 4H; SCH2), 3.04 ppm (t, 4H; SCH2CH2CN); 13C NMR (CDCl3): ��
13.97, 18.75, 22.19, 29.51, 30.67, 31.35, 36.46, 110.84, 122.42, 134.60 ppm; MS
(FAB): m/z (%): 578 (100); elemental analysis (%) calcd for C22H30S8N2

(578.02): C 45.63, H 5.22, N 4.83; found: C 45.61, H 4.99, N 4.84.

2,6(7)-Bis(2-cyanoethylthio)-3,7(6)-(4-methylbenzylthio)-tetrathiafulva-
lene (4b): A stirred suspension of 3b (4.20 g, 12.4 mmol) in distilled triethyl
phosphite (20 mL) was heated at 120 �C for 90 min. Cooling (0 �C), addition
of MeOH (150 mL), filtering, washing the precipitate with MeOH, and
drying gave red 4b as a mixture of cis and trans isomers. Yield: 3.34 g
(84%), m.p. 129 ± 130 �C; 1H NMR (CDCl3): �� 2.24 (m, 4H;
SCH2CH2CN), 2.37 (s, 6H; CH3), 2.80 (m, 4H; SCH2CH2CN), 4.04 (s,
4H; SCH2Ph), 7.19 ppm (m, 8H; C6H4); 13C NMR (CDCl3): �� 17.85,
21.12, 31.06, 40.34, 110.53, 117.8, 125.57, 128.83, 129.40, 132.46, 133.61,
137.72 ppm; MS (FAB): m/z : 646 [M]� ; CV (CH2Cl2, versus Ag/AgCl): E1/

2� 0.65, 0.99 V; elemental analysis (%) calcd for C28H26N2S8 (646.05): C
51.98, H 4.05, N 4.33, S 39.64; found: C 52.13, H 4.08, N 4.33, S 39.59.

cis- and trans-bpy-TTF1 (cis- and trans-5a): Compound 4a (1.216 g,
2.10 mmol) was dissolved in DMF (45 mL), and the solution degassed (N2).
Subsequent addition of a solution of CsOH ¥H2O (0.741 g, 4.41 mmol) in
dry MeOH (5 mL) resulted in a color change from orange to deep red that
indicated formation of the bis-thiolate. This solution and a solution of 4,4�-
bis(bromomethyl)-2,2�-bipyridine[7b] (0.718g, 2.10 mmol) in DMF (50 mL)
were mixed by using a Perfusor pump (addition speed 2.7 mL/h). The
resulting mixture was concentrated in vacuo and redissolved in CH2Cl2
(300 mL). The organic phase was then treated with water (300 mL),
saturated aqueous NaCl (2� 300 mL), and water (300 mL), dried (Na2-

SO4), and concentrated in vacuo. The crude product was treated with a
mixture of CH2Cl2 (19 mL) and MeOH (6.5 mL) and left in the freezer for
24 h, and the resulting yellow precipitate was isolated and recrystallized
from absolute EtOH or CNCH3. This gave pure cis-5a as fine yellow
neddles. Column chromatography of the filtrate (SiO2, ethyl acetate) gave
in the first fraction trans-5a followed by a small fraction of the cis isomer.

cis-5a : Yield: 0.349 g (0.534 mmol, 25%), m.p. 134 ± 135 �C; 1H NMR
(CDCl3): �� 0.89 (t, J� 6.9 Hz, 6H; CH2CH3), 1.32 (m, 8H; CH2CH2CH3),
1.46 (m, 4H; SCH2CH2), 2.59 (t, J� 7.3 Hz, 4H; SCH2C4H9), 4.02 (s, 4H;
SCH2Py), 7.34 (dd, J� 1.5, 5.0 Hz, 2H; PyH-5,5�), 7.99 (s, 2H; PyH-3,3�),
8.74 ppm (d, J� 5.0 Hz, 2H; PyH-6,6�); 13C NMR (CDCl3): �� 13.79, 21.97,
28.89, 30.46, 36.78, 38.74, 115.11, 121.03, 123.09, 123.96, 134.80, 146.18,
150.71, 154.82 ppm; MS (FAB):m/z : 652 [M]� ; PDMS:m/z (%): 652 (100);
CV (CH2Cl2, versus Ag/AgCl): E1/2� 0.64, 1.05 V; elemental analysis (%)
calcd for C28H32N2S8 (353.10): C 51.50, H 4.94, N 4.29, S 39.27; found: C
51.55, H 4.35, N 4.35, S 39.12.

trans-5a : Yield: 0.490 g (0.750 mmol, 36%); m.p. 130 ± 131 �C; 1H NMR
(CDCl3): �� 0.92 (t, J� 7.1 Hz, 6H; CH2CH3), 1.38 (m, 8H; CH2CH2CH3),
1.67 (m, 4H; SCH2CH2), 2.85 (m, 4H; SCH2C4H9), 3.84 (d, J� 11.9 Hz, 2H;
SCH2Py), 4.10 (d, J� 11.9 Hz, 2H; SCH2Py), 7.36 (dd, J� 1.5, 5.1 Hz, 2H;
PyH-5,5�), 7.55 (d, J� 1.5 Hz, 2H; PyH-3,3�), 8.62 ppm (d, J� 5.1 Hz, 2H;
PyH-6,6�); 13C NMR (CDCl3): �� 13.85, 21.98, 29.45, 30.63, 36.24, 37.89,
115.10, 118.11, 122.72, 124.31, 137.87, 145.99, 149.76, 156.65 ppm; MS
(FAB): m/z : 652 [M]� ; PDMS: m/z : (%): 652 (100); CV (CH2Cl2, versus
Ag/AgCl): E1/2� 0.63, 1.04 V; elemental analysis (%) found: C 51.55, H
5.00, N 4.35, S 39.12.

cis-bpy-TTF2 (cis-6a): CsOH ¥H2O (0.282 g, 1.679 mmol) in dry MeOH
(10 mL) was slowly added (20 min) to a solution of 4b (0.518 g,
0.801 mmol) in dry DMF (80 mL) under N2, and the mixture stirred
(20 min). Then 4,4�-bis(bromomethyl)-2,2�-bipyridine[7b] (0.274 g,
0.801 mmol) in dry DMF (20 mL) was added in one portion, and the
mixture stirred overnight. The mixture was concentrated in vacuo,
dissolved in CH2Cl2 (200 mL), and extracted with water (200 mL) and
saturated aqueous NaCl (2� 300 mL). After drying (Na2SO4) and concen-
tration in vacuo, the residue was redissolved in CH2Cl2 (10 mL), and

MeOH (10 mL) was added. The title product precipitated as yellow crystals
after storage (24 h) at �20 �C. Recrystallization gave pure cis-6a as yellow
neddles. Yield: 0.242 g (42%); m.p. 104 ± 105 �C; 1H NMR (CDCl3): ��
2.33 (s, 6H; CH3), 3.76 (s, 4H; SCH2Ph), 3.98 (s, 4H; SCH2Py), 7.13 (m, 8H;
C6H4), 7.37 (d, J� 4.9 Hz, 2H; PyH-5,5�), 7.98 (s, 2H; PyH-3,3�), 8.77 ppm
(d, J� 4.9 Hz, 2H; PyH-6,6�); 13C NMR (CDCl3): �� 21.18, 38.95, 41.37,
114.94, 123.03, 123.09, 123.89, 128.91, 129.38, 132.71, 133.99, 137.49, 146.14,
150.52, 154.73 ppm; MS(PDMS):m/z : 723 (calcd 720); CV (CH2Cl2, versus
Ag/AgCl): E1/2� 0.65, 1.04 V; elemental analysis (%) calcd for C34H28N2S8

(721.13): C 56.63, H 3.91, N 3.89, S 35.57; found: C 56.37, H 4.03, N 3.97, S
35.67.

[(bpy-TTF1)Ru(bpy)2](PF6)2 (7): [RuCl2(bpy)2] (50 mg, 0.103 mmol) in
ethanol (10 mL) was refluxed for 6 h. Then cis-bpy-TTF1 (101 mg,
0.154 mmol) was added, and the mixture refluxed for 18 h.[20] The cooled
solution was treated with an excess of solid NH4PF6, and the resulting
brown precipitate was isolated by filtration and purified by column
chromatography on neutral aluminum oxide (� 2.5 cm, length 20 cm;
aluminum oxide activity 1) with CH2Cl2/MeOH (9/1) as eluent. The first
band obtained (dark orange) was rotary evaporated, and the residue
dissolved in a small amount of CH3CN and precipitated by addition of
diethyl ether. The final product was a violet solid (55%). Elemental
analysis (%) calcd for C47H48N6S8RuP2F12: C 41.96, H 3.60, N 6.25, S 19.03;
found C 41.82, H 3.48, N 6.12, S 19.44. TOF-SIMS: m/z : 1199; calcd for
[M�PF6]�: 1199.

[(bpy-TTF2)Ru(bpy)2](PF6)2 (8): [RuCl2(bpy)2] (50 mg, 0.103 mmol) in
ethanol (10 mL) was refluxed for 6 h. Then cis-bpy-TTF2 (111 mg,
0.154 mmol), was added and the mixture refluxed for 15 h. The cooled
solution was treated with an excess of solid NH4PF6, and the brown
precipitate formed was isolated by filtration and purified by column
chromatography on neutral aluminum oxide (� 2.5 cm, length 20 cm,
aluminum oxide activity 1) by eluting with CH2Cl2/MeOH (9/1). The first
band obtained (dark orange), was rotary evaporated, and the residue
dissolved in a small amount of CH3CN and precipitated by addition of
diethyl ether. The final product was a violet solid (63%). Elemental
analysis (%) calcd for C53H44N6S8RuP2F12: C 45.05, H 3.14, N 5.95, S 18.11;
found C 45.60, H 3.28, N 5.82, S 17.98. TOF-SIMS: m/z : 1267; calcd for
[M�PF6]�: 1266.

[(bpy-TTF1)Ru{(�-2,3-dpp)Ru(bpy)2}2](PF6)6 (9): A mixture of [Cl2Ru{(�-
2,3-dpp)Ru(bpy)2}2](PF6)4 (50 mg, 0.034 mmol) and AgNO3 in ethanol
(10 mL) was refluxed for 12 h. This solution was added slowly to a solution
of cis-bpy-TTF1 (33 mg, 0.051 mmol) in ethanol (5 mL), and the mixture
was refluxed for 24 h.[17] The cooled solution was treated with an excess of
solid NH4PF6, and the violet precipitate formed was isolated by filtration
and purified by column chromatography on neutral aluminum oxide (�
2.5 cm, length 20 cm, aluminum oxide activity 1) by eluting with CH2Cl2/
MeOH (9/1). The second band obtained (violet), was rotary evaporated,
and the residue dissolved in a small amount of CH3CN and precipitated by
addition of diethyl ether. The final product was a violet solid (60%).
Elemental analysis (%) calcd for C93H84N18S8Ru3P6F36: C 38.70, H 2.94, N
8.74, S 8.87; found C 38.95, H 3.06, N 8.72, S 8.61. TOF-SIMS: m/z : 2738;
calcd for [M�PF6]�: 2739.

[(bpy-TTF2)Ru{(�-2,3-dpp)Ru(bpy)2}2](PF6)6 (10): A mixture of
[Cl2Ru{(�-2,3-dpp)Ru(bpy)2}2](PF6)4 (50 mg, 0.034 mmol) and AgNO3 in
ethanol (10 mL) was refluxed for 12 h. The solution was added slowly to a
solution of cis-bpy-TTF2 (37 mg, 0.051 mmol) in ethanol (5 mL), and the
mixture refluxed for 22 h. The cooled solution was treated with an excess of
solid NH4PF6, and the violet precipitate formed was isolated by filtration
and purified by column chromatography on neutral aluminum oxide (�
2.5 cm, length 20 cm, aluminum oxide activity 1) by eluting with CH2Cl2/
MeOH (9/1). The second band obtained (violet) was rotary evaporated,
and the residue dissolved in a small amount of CH3CN and precipitated by
addition of diethyl ether. The final product was a violet solid (65%).
Elemental analysis (%) calcd for C99H80N18S8Ru3P6F36: C 40.24, H 2.73, N
8.54, S 8.66; found C 40.51, H 2.80, N 8.55, S 8.52. TOF-SIMS: m/z : 2807;
calcd for [M�PF6]�: 2807.

Determination of spectroscopic, photophysical, and redox properties :
Electronic absorption spectra were recorded on an HP 8453 spectropho-
tometer and on a Kontron Uvikon 860 spectrophotometer. For steady-state
luminescence measurements, a Jobin Yvon-Spex Fluoromax 2 spectro-
fluorimeter was used, equipped with a Hamamatsu R3896 photomultiplier,
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and the spectra were corrected for photomultiplier response by using a
program purchased with the fluorimeter. For the luminescence lifetimes, an
Edinburgh FL 900 single-photon-counting spectrometer was used.

The laser system employed for the ultrafast transient absorption spec-
trometry experiments is based on a Spectra-Physics Hurricane Titanium
Sapphire regenerative amplifier system. The optical bench assembly of the
Hurricane includes a seeding laser (Mai Tai), a pulse stretcher, a
Ti:sapphire regenerative amplifier, a Q-switched pumped laser (Evolu-
tion), and a pulse compressor. The output of the laser is typically 1 mJ per
pulse (130 fs FWHM) at a repetition rate of 1 kHz. Two different pump ±
probe setups were used (see Figure 6): 1) A full-spectrum setup based on an
optical parametric amplifier (Spectra-Physics OPA 800) as pump. The
fundamental light (2 �J per pulse) was used for white-light generation,
which was detected with a CCD spectrograph. 2) Single-wavelength
kinetics measurements based on two OPAs, one of which was used as

pump and the other as probe, and an amplified Si photodiode for detection.
For both setups OPA(1) was used to generate excitation pulses at 350 nm
(fourth harmonic of the 1400 nm OPA signal beam) and OPA(2) 460/
550 nm (fourth harmonic of the 1840/2200 nm OPA idler beam). The
output power was typically 4 �J per pulse.

The pump light was passed over a delay line (Physik Instrumente,
M-531DD) that provides an experimental time window of 1.8 ns with a
maximum resolution of 0.6 fs per step. The white light was generated by
focusing the fundamental (800 nm) into a H2O flow-through cell (10 mm,
Hellma). For the single-wavelength measurements, the polarization of
probe light was controlled by a Berek Polarization Compensator (New
Focus). The energy of the probe pulses was about 5� 10�3 �J per pulse at
the sample. The angle between the pump and probes beam was typically 5 ±
7�. The circular cuvette (d� 1.8 cm, 1 mm; Hellma), with a solution of the
sample, was placed in a homemade rotating ball bearing (1000 rmp) to
avoid local heating by the laser beams.

For the white-light/CCD setup, the probe beam was coupled into 400 �m
optical fiber after passing the sample and detected by a CCD spectrometer
(Ocean Optics, PC2000). The chopper (Rofin Ltd., f� 10 ± 20 Hz), placed
in the excitation beam, provided I and I0 according to its open or closed
status. The excited-state spectra were obtained by �A� lg (I/I0). Typically,
2000 excitation pulses were averaged to obtain the transient at a particular
time. A chirp of �1 ps was observed between 425 and 700 nm. For the
single-wavelength kinetic measurement, an amplified Si photodiode (New-
Port, 818 UV/4832-C) was used. The output of the Si photodiode was
connected to an AD converter (National Instruments, PCI 4451, 205 kS/s)
that enabled us to measure the intensity of each separate pulse. Here, too,
analogous to the white-light/CCD setup, the chopper (f� 50 Hz) placed in
the excitation beam provided I, I0 , and �A. Typically, 500 excitation pulses
were averaged to obtain the transient at a particular time.

The CCD spectrograph, chopper, Si photodiodes, AD converter and delay
line were driven by a computer. In-house-developed LabVIEW (National
Instruments) software routines were used for spectral acquisition and

single-line measurements over a series of different delay settings. The total
instrument rise time of the ultrafast spectrometer was about 300 fs. The
solutions of the samples were prepared to have an optical density of about
0.8 at the excitation wavelength in a 1 mm cell. The absorbance spectra of
the solutions were measured before and after the experiments. No
photodecomposition was observed.

Electrochemical measurements were carried out in argon-purged acetoni-
trile at room temperature with a PAR 273 multipurpose device interfaced
to a PC. The working electrode was a glassy carbon electrode (8 mm2,
Amel). The counterelectrode was a Pt wire, and the reference electrode
was an SCE separated with a fine glass frit. The concentration of the
complexes was about 5� 10�4�. Tetrabutylammonium hexafluorophos-
phate was used as supporting electrolyte (0.05�). Cyclic voltammograms
were obtained at scan rates of 20, 50, 200, and 500 mVs�1. For reversible
processes, half-wave potentials (versus SCE) were calculated as the average

of the cathodic and anodic peaks.
The criteria for reversibility were a
separation of 60 mV between catho-
dic and anodic peaks, a ratio of the
intensities of the cathodic and ano-
dic currents close to unity, and the
constancy of the peak potential on
changing the scan rate. The number
of exchanged electrons was meas-
ured in differential pulse voltamme-
try (DPV) experiments performed
with a scan rate of 20 mVs�1, a pulse
height of 75 mV, and a duration of
40 ms, and by taking advantage of
the presence of ferrocene used as the
internal reference.

Experimental uncertainties were as
follows: absorption maxima,
�2 nm; molar absorption coeffi-
cient, 10%; emission maxima,
�5 nm; excited state lifetimes,
10%; luminescence quantum yields,

20%; redox potentials, � 10 mV.

Crystal structure analysis : Suitable crystals of trans-bpy-TTF1 were
produced by recrystallization from ethanol. C28H32N2S8, Mr� 653.04,
triclinic, a� 9.7468(19), b� 12.094(2), c� 14.758(3) ä, �� 66.42(3), ��
79.32(3), �� 74.82(3)�, V� 1532.3(5) ä3, space group P1≈, Z� 2, 	calcd�
1.415 gcm�3, F(000)� 684, graphite-monochromated MoK� radiation, ��
0.71073 ä, �� 0.605mm�1, T� 120 K. Crystal dimensions 0.37� 0.24�
0.10 mm; yellow prism. The intensities of 16216 reflections were measured
on a Siemens/Bruker SMART 1K CCD diffractometer to 
max� 26.36� and
were merged to 6216 unique reflections (Rint� 0.0184). Data collection,
integration of frame data, and conversion to intensities were performed by
using the programs SMART[21] SAINT,[22] and SADABS.[23] Structure
solution, refinement and analysis of the structure, and production of
crystallographic illustrations were carried with the programs SHELXTL[24]

and PLATON.[25] The refinement using 345 parameters converged at R1�
0.0242 (for Fo� 4�(Fo)) andwR2(F 2)� 0.0631 (all data); max./min. residual
electron density: 0.362/� 0.246 eä. CCDC-179204 contains the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336-033; or deposit@ccdc.cam.uk).
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Figure 6. Schematic of the ultrafast spectrometer employed: 1) Hurricane. 2) OPA-800 (pump). 3) OPA-800
(probe). 4) Delay line. 5) White-light generator. 6) Berek polarizer. 7) Chopper. 8) Cell. 9) Detector (CCD).
10) Detector (Si photodiode).
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