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Ron T.F. Jukesa, Vincenzo Adamob, Frantǐsek Hartla, Peter Belserb,∗, Luisa De Colaa

a HIMS, Molecular Photonic Materials, Universiteit van Amsterdam, Nieuwe Achtergracht 166, 1018WV Amsterdam, The Netherlands
b Department of Chemistry, University of Fribourg, P´erolles, 1700 Fribourg, Switzerland

Received 16 April 2004; accepted 10 December 2004
Available online 3 March 2005

Contents

1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1327
2. Design of new switching molecules. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1328

2.1. Dithienylethene unit as switching moiety. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1328
3. Syntheses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1329

3.1. Preparation of switching ligand1oand the corresponding metal complexesOs(1o)andRu(�-1o)Os. . . . . . . . . . . . . . . . . 1329

A

dinuclear
m
©

K

1

v
a
a
t
s

e de-
that
d to-
ents

t from
gy- or
con-
imple
rsible
rnal
ly a

0
d

4. Results and discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1329
4.1. Electronic absorption and emission properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1329
4.2. Photocyclization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1331
4.3. Transient absorption spectra ofRu(�-1o)Os. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1332
4.4. Transient absorption spectra ofRu(�-1c)Os. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1333
4.5. Electrochemistry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1333

5. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1334
6. Experimental section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1334

Acknowledgements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1335
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1335

bstract

In order to build up a multicomponent system able to perform useful light-induced functions, a dithienylethene-bridged hetero
etal complex (Ru/Os) has been prepared. The compound was characterized and its photophysical properties studied in detail.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In the last years, a great number of studies have been de-
oted to photochromic compounds because of their potential
bility to act as photonic devices, such as data storage systems
nd photo-triggered switches[1]. Photoactive moieties like

he dithienylethene unit are excellent examples of molecular
witches, due to their reversible photochemical behavior[2].

∗ Corresponding author. Tel.: +41 26 300 87 39; fax: +41 26 300 97 38.
E-mail address:peter.belser@unifr.ch (P. Belser).

Such units can be considered interesting candidate for th
velopment of molecular memory and switching devices
could be integrated into more complicated circuits to lea
wards the construction of molecular electronics compon
[3]. The simplest photoinduced processes that can resul
the assembly of photoresponsive components are ener
electron transfer reactions and eventually the electronic
ductance can be measured. A step further in such a s
devices would be the control of the processes by a reve
modification of the system, upon application of an exte
stimulus. Amongst the most interesting input light is sure

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2004.12.015
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very appealing one and this is the reason why photochromic
materials have attracted a lot of interest in recent years.

In a previous work [4], we prepared photochromic
dithienylethene derivatives with attached homodinuclear
metal units (Ru- or Os-tris(bipyridine) moieties). In the
homodinuclear ruthenium complex, sensitized photocy-
clization from a triplet state localized on the bridging
ligand was reported upon irradiation into the MLCT band
of the [Ru(bpy)3]2+ unit. Extended photochemical and
photophysical measurements on the pico- and nanosecond
timescales allowed us to elucidate the mechanism of the
ring-closure and opening processes in such dithienylethene
switches. We have found that, in the diruthenium complex,
photoinduced cyclization of the switching unit can be
promoted via an efficient energy transfer from the excited
metal center to the dithienylethene switch, resulting in a very
high photocyclization quantum yield and nearly complete
photoconversion. The corresponding diosmium complex
shows an entirely different behavior. Because the osmium
MLCT levels are at lower energy than the ruthenium
ones, energy transfer from the excited metal center to
the photochromic unit is prohibited in this complex and
instead, energy transfer from the photochromic unit to the
metal center now dramatically reduces the reactivity of the
system.

These results have encouraged us to synthesize and study
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Fig. 1. Model of a dinuclear metal complex containing a switching unit.

As the donor (or sensitizer) and acceptor termini we have
chosen the well known units [Ru(bpy)3]2+ and [Os(bpy)3]2+,
respectively, based on their excellent photophysical and elec-
trochemical properties[7]. Both metal complexes have good
emission quantum yields and a fairly long-lived triplet excited
state (about 200 ns for Ru and 40 ns for Os) and emission be-
havior that allow us to determine by spectroscopic techniques
the occurrence of intramolecular processes. The bridging part
of the dinuclear metal complex contains the dithienylethene
moiety acting as a photochemical switch.

2.1. Dithienylethene unit as switching moiety

Among the most studied and utilized photochromic
molecules are derivatives of dithienylethene containing a per-
fluorinated cyclopentene ring as a central part.

The photoresponsive behavior lies on the possibility of the
central unit to cyclize upon irradiation in the UV region of
the spectrum. The conversion to the “close” form is almost
quantitative and the two forms, open and close, are thermally
stable and can be converted into each other several thousands
time.

Going from the open to the closed forms, the color of the
system changes from colorless to blue. The ring-closure and
opening processes induced by light absorption are depicted
in Fig. 2.

to
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rm.
he corresponding heterodinuclear metal complex (Ru
n order to examine energy transfer processes betwee
uthenium and osmium centers, depending on the state
ithienylethene switching unit (open or closed). In the pre
aper, the synthetic approach to the new compounds a
s their photophysical, photochemical and electrochem
roperties will be given.

. Design of new switching molecules

The study of photoinduced energy- and/or elec
ransfer reactions in bridged dinuclear metal compl
s an excellent possibility to gain a deep insight into
eactivation process of the excited states in such system[5].

t allows the understanding of different factors, e.g. dista
etween the chromophores, geometry and electronic n
f the bridging ligand, that contribute to the assignment o
echanism as well as to the future design of better sys

n the past, we have developed a series of dinuclear m
omplexes in which the two metal centers are connecte
rganic, wire type bridges[6]. The communication betwe

he two metallo-based centers can be controlled by in
oration of a photoactive switching unit[4]. The syntheti
ffort for the preparation of asymmetric dinuclear m
omplexes (Ru/Os) is often more demanding and, there
building-block technique in which prefabricated units

e used to build up the new system is recommended
hree main components of a model compound that ca
s a photonic molecular device are depicted inFig. 1.
The closing process follows the rules according
oodward–Hoffmann, in which the photocyclization p

ess occurs only from an antiparallel conformation of the
hienyl rings. The photochromic unit therefore exhibits all
esirable switching properties, a very high photocycliza
uantum yield, high fatigue resistance, selective conve

Fig. 2. Photochemical interconversion of the open and the closed fo
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Scheme 1. Synthesis of the ligand1o.

Scheme 2. Two-step preparation of heterodinuclear complexRu(�-1o)Os.

of one form to the other,[8] and therefore could be employed
as spacer in the construction of a bridging ligand.

3. Syntheses

3.1. Preparation of switching ligand1oand the
corresponding metal complexesOs(1o)andRu(µ-1o)Os

The preparation of the ligand1o follows the protocol de-
scribed inScheme 1. 4-(4-Bromophenyl)-[2,2′]-bipyridine2
and 3-bromo-2-methyl-5-thiopheneboronic acid3 are cou-
pled together by a Suzuki reaction[9] to get one of the pre-
cursor compounds4. A second coupling reaction between4
and perfluorocyclopentene leads to the desired bridging lig-
and1o in moderate yield.

The metal complex formation was performed in a two-
step reaction. First, nearly stoichiometric quantities of1oand
[Os(bpy)2Cl2] were heated in methoxyethanol at 110◦C. The
mononuclear metal complex Os(1o) was isolated as PF6

−
salt and carefully purified. In a second step, the remaining
coordination site of the bridging ligand was complexed with
[Ru(bpy)2Cl2]·2H2O under similar reaction conditions. Af-

ter purification the desired dinuclear metal complexRu(�-
1o)Oswas isolated in overall 12% yield. The two-step reac-
tion process is shown inScheme 2.

To facilitate the following discussion, all the mentioned
metal complexes in their open and closed forms are depicted
in Scheme 3.

4. Results and discussion

4.1. Electronic absorption and emission properties

The electronic absorption spectra ofRu(�-1o)Os and
Ru(�-1c)Osin acetonitrile are shown inFig. 3. The UV–vis
absorption maxima and corresponding molar absorption co-
efficients are listed inTable 1. The absorption spectrum of
Ru(�-1o)Osis the average of the absorption spectra of com-
plexesRu(�-1o)RuandOs(�-1o)Os[4]. This suggests that
in the heterometallic complex the interactions between the
Ru-based and Os-based components are weak.

A solution of open-form complexRu(�-1o)Osin acetoni-
trile is greenish (seeFig. 3) and turns darker green (Fig. 3)
upon irradiation. The color change reflects cyclization of the
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Scheme 3. Photochromism of the prepared complexes.

photochromic unit leading to a to more conjugated system,
the closed-form complexRu(�-1c)Os. At the photostation-
ary state1H NMR spectrum of a sample in CD3OD prove
that, upon irradiation with 334 nm light, 90% of the start-

Fig. 3. UV–vis spectra of complexRu(�-1o)Os (–) and mixedRu(�-
1o)Os/Ru(�-1c)Osin the photostationary state (. . .) reached by irradiation
with 334 nm light. The latter spectrum corresponds to a 90% photoconver-
sion ofRu(�-1o)Os to Ru(�-1c)Os, as determined from the correspond-
ing 1H NMR spectrum.Inset:The corresponding decrease in emission of
Ru(�-1o)Os(–) caused by the conversion to the photostationary state (. . .).
Conditions:In MeCN, atT= 293 K.

Table 1
UV–vis absorption maxima and absorption molar coefficients of the inves-
tigated photochromic compounds in their open and closed formsa

Compound λmax (nm) (εmax (×104 M−1 cm−1))

1o 285 (4.9), 321 (6.3)
1c 277 (4.0), 331 (4.8), 392 (sh, 1.3),

605 (2.0)
Ru(�-1o)Ru 288 (15.6), 345 (7.1), 458 (4.2)
Ru(�-1c)Ru 288 (14.9), 328 (sh, 6.5), 402 (3.0),

458 (3.8), 614 (3.2)
Os(�-1o)Os 292 (15.1), 353 (6.3), 441 (3.6),

492 (3.4), 590 (0.95)
Os(�-1c)Os 292 (13.9), 331 (sh, 5.7), 393 (3.4),

445 (3.1), 492 (3.3), 618 (3.7)
Ru(�-1o)Os 290 (15.1), 350 (6.5), 456 (3.9),

590 (0.56)
Ru(�-1c)Os 290 (13.8), 329 (sh, 5.8), 396 (3.1),

457 (3.4), 617 (3.3)
a In MeCN, atT= 293 K.
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Table 2
Emission maxima (λmax), lifetimes (τ) and quantum yields (ϕem) of investigated photochromic complexesRu(�-1o)Ru,Os(�-1o)OsandRu(�-1o)Osa

Compound λmax (nm) τ (ns) ϕem
b

Ru Os Ru Os Ru Os

Aerated Deaerated Aerated Deaerated Aerated Deaerated Aerated Deaerated

Ru(�-1o)Ru 630 140 310 0.006 (334) 0.014 (334)
0.007 (450) 0.014 (450)

Os(�-1o)Os 757 44 62 0.004 (334) 0.005 (334)
0.004 (450) 0.006 (450)

Ru(�-1o)Os 630c 758 0.07 0.56d 2× 10−4 (471) 0.0035 (471)
0.61 46

a In MeCN, atT= 293 K, all values obtained from single measurements.
b Excitation wavelength (nm) in brackets.
c The ruthenium emission appears as a shoulder of the osmium emission band and the reported emission maximum could merely be estimated.
d Growth of the emission.

ing Ru(�-1o)Oscomplex is converted to the closed form,
Ru(�-1c)Os.

Besides the spectral changes occurring in the UV–vis
absorption spectrum, dramatic changes are observed in the
emission behavior.

The emission spectrum ofRu(�-1o)Os in aerated ace-
tonitrile (Fig. 3, inset) was recorded upon excitation with
471 nm light, which corresponds to the isoabsorptive wave-
length for the Ru-bpy and Os-bpy MLCT bands. It shows both
ruthenium-based and osmium-based emissions, centered at
about 630 and 730 nm, respectively. From a comparison of
the emission intensities we can conclude that the ruthenium
moiety emits much less than in the homodinuclear complex,
while the osmium emission intensity is about 90% of that of
Os(�-1o)Os (Table 2). This result reveals that the energy
transfer from the ruthenium to osmium centers inRu(�-
1o)Os is very efficient and the quenching of the ruthenium
moiety (see also the excited state lifetime in the next section)
is in large part due to the energy transfer and in much minor
contribution to the photoreaction.

The excited state lifetimes mirror the emission spectra dis-
cussed above for the osmium-based component. In fact the
osmium excited state lives 46 ns (Table 2), which is essen-

getic sc

tially identical to the emission lifetime ofOs(�-1o)Os(44 ns)
[4]. The lifetime of the ruthenium emission is strongly re-
duced compared toRu(�-1o)Ru. The emission decay is bi-
exponential, with components of 0.07 and 0.61 ns. We believe
that the longest component is due to the quenched ruthenium
unit in the open form and the shortest one is due to a small
amount of the ruthenium closed form that is obtained during
the measurement upon excitation in the UV region. The en-
ergy transfer process can also be monitored by the rise time
of 0.56 ns observed in the osmium decay measurements. This
v 1 ns)
o

4

o into
t urs
w pon
i fer)
b gy
s
c

Scheme 4. Qualitative ener
 heme for complexRu(�-1o)Os.

alue agrees well with the long decay component (0.6
f the ruthenium emission.

.2. Photocyclization

The cyclization reaction ofRu(�-1o)Osis insensitive to
xygen, but it is wavelength-dependent. Upon irradiation

he IL (intraligand) band at 334 nm, the cyclization occ
ith a quantum yield approximately twice as high as u

rradiation into the MLCT (metal-to-ligand charge trans
and at 450 nm (Table 3). Taking into account the ener
chemes proposed in our previous article[4], this difference
an easily be explained (Scheme 4).
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Table 3
Quantum yieldsϕλ

a for the photocyclization of dithienylethene1oand ho-
modinuclear complexesRu(�-1o)RuandOs(�-1o)Os

Compound ϕ334 ϕ450

Aerated Deaerated Aerated Deaerated

1o 0.72 0.74 b b

Ru(�-1o)Ru 0.37 0.88 0.38 0.80
Os(�-1o)Os 0.0045 0.0041 c c

Ru(�-1o)Os 0.010 0.010 0.0042 0.0045
a In MeCN, atT= 293 K, all values obtained from single measurements;

λexc= 334 or 450 nm.
b Compound1odoes not absorb at 450 nm.
c No photoreaction.

Excitation with 334 nm light initially populates the1IL
state, localized on the bridging ligand. From this state, en-
ergy is transferred efficiently to the MLCT states on either
ruthenium or osmium, but as already found forOs(�-1o)Os
[4], the fast1IL-state cyclization reaction can compete with
this energy transfer process. As shown forRu(�-1o)Ru, [4]
an equilibrium exists between the ruthenium3MLCT and the
reactive3IL state on the photochromic unit. Even though an
efficient energy transfer to the osmium3MLCT state conse-
quently depopulates both states, this process is sufficiently
slow to allow some cyclization to occur from the3IL state.
Upon irradiation with 450 nm light, only the two1MCLT
states are populated. Therefore, cyclization cannot take place
from the1IL state, but only from the3IL state. Indeed, the
difference of 5.6× 10−3 between the two photocyclization
quantum yieldsϕ334 andϕ450 (Table 3) corresponds reason-
ably well toϕ334= 4.3× 10−3 forOs(�-1o)Os, which is sup-
posed to be exclusively due to cyclization from the1IL state.

4.3. Transient absorption spectra ofRu(µ-1o)Os

Fig. 4presents the nanosecond transient absorption spectra
of Ru(�-1o)Osexcited at 450 nm (up to 90 ns). The spectral
changes observed upon irradiation at 334 nm are qualitatively
very similar. The spectra show the MLCT bleach around
4 time
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t

of the observed excited state has been determined to be 44 ns.
This is in excellent agreement with the excited state lifetime
of 46 ns that was obtained from the decay of the osmium emis-
sion ofRu(�-1o)Os(Table 2). These observations, and the
fact that the transient absorption spectrum exhibits the same
features as that obtained forOs(�-1o)Osunder the same con-
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part of the system. After the decay of the excited state species,
an absorption remains that can be ascribed to the formation
of photoproductRu(�-1c)Os. The steady state difference
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Fig. 4as reference. Going from 334 nm excitation to 450 nm
excitation, the absorptions of the photoproductRu(�-1c)Os
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cyclization quantum yieldsϕ334 andϕ450 (Table 3).

From the nanosecond transient absorption spectra it is not
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to the decay of the osmium3MLCT state or on the same
timescale, which would indicate equilibrium between this
and the reactive states. If the latter explanation were correct,
however, oxygen dependence could be observed for the cy-
clization quantum yield. Also, no cyclization was observed
forOs(�-1o)Osupon irradiation into the MLCT band, prov-
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3MLCT states is too large for an equilibrium to exist. Fur-
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ig. 4. Transient absorption difference spectrum ofRu(�-1o)Os, with 10 ns
ntervals between frames. The dotted line represents the shape of the
tate difference spectrum betweenRu(�-1c)OsandRu(�-1o)Os. Condi-
ions: In MeCN, in air-equilibrated solution, atT= 293 K,λexc= 450 nm.
i.e., directly into the osmium3MLCT state), the same tra
ient is observed, but it decays completely to the ground
nd no formation of the cyclized photoproduct is obser
herefore, it can be safely concluded that upon excitati
34 or 450 nm the cyclized product is formed within the la
ulse, and all subsequent changes in the transient abso
pectra can be attributed to the decay of the3MLCTOs state

Therefore, transient absorption spectra were record
he femto–picosecond range. In the spectra ofRu(�-1o)Os
xcited with 450 nm light, changes are observed within
rst few picoseconds. A formation of a band at about 500
s observed within few hundred picoseconds. We be
hat such absorption is due to the formation of the3IL state
hich than reacts to give the photoproduct (Ru(�-1c)Os).
fter this initial period, no further changes take place

he resulting spectrum is essentially the same as tha
ained for the first frame of the nanosecond experimen
bvious changes in the shape or intensity of the blea
LCT band, expected for a ruthenium-to-osmium3MLCT
nergy transfer, are observed. From this observation we
lude that the equilibrium between the3MLCT and 3IL
tates is established within a few picoseconds. Thus, th
erved picosecond transient absorption spectrum is a c
ation of the spectra corresponding to the osmium3MLCT
nd dithienylethene3IL states. From the measurements
u(�-1o)Ru we know that the latter spectrum is bro
nd essentially featureless, which explains why no c
hanges can be observed in the transient absorption
ra as a result of the energy transfer to the osmium3MLCT
tate.
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Upon excitation ofRu(�-1o)Os at 450 nm, approxi-
mately 50% of the energy will be absorbed by the ruthe-
nium moiety, and 50% by the osmium unit since their
MLCT states overlaps and have very similar extinction
molar coefficient. The photocyclization quantum yield of
Ru(�-1o)Os is ca. 180 times lower than that ofRu(�-
1o)Ru. Considering that only 50% of the absorbed light
results in the population of the ruthenium MLCT and,
subsequently, the reactive3IL state, the photocyclization ef-
ficiency is reduced 90 times. Such pronounced reduction
implies that energy transfer to the osmium3MLCT state
is competing with the photocyclization. The emission mea-
surements yielded a time constant of 0.56 ns for the energy
transfer process. This process must be then much slower
than the equilibration between the ruthenium3MLCT and
the 3IL states. Therefore, the time constant of 0.56 ns can
be considered as a total rate for the energy transfer from
the 3MLCTRu and 3IL states to the3MLCTOs state. The
rate constantkET for this process is thus approximately
1.8× 109 s−1.

4.4. Transient absorption spectra ofRu(µ-1c)Os

Light excitation of Ru(�-1c)Os at 450 nm gives a
nanosecond transient absorption spectrum that is essentially
identical to those observed forRu(�-1c)RuandOs(�-1c)Os
u an
b er
t ains
c
i rom
t ene
m ing
b

On the picosecond timescale, a bleach can initially be ob-
served at 475 nm, due to the population of the ruthenium and
osmium MLCT states. This feature disappears quickly. At
the same time, a band grows at ca. 540 nm, accompanied by
a bleach at 660 nm (seeFig. 5). The resulting spectrum is
that observed on the nanosecond timescale and is attributed
to the3IL state. Since the energy transfer from the3MLCT to
the3IL state is essentially the fastest process in the system,
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4.5. Electrochemistry
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c f the
b d by
t e re-
d
a

T
E nce com

C

(

[ −
[ −
1
R −

−
O
R −
1
R

d cycli
s oltamm

e unit.

rted he Fc/Fc
v

found−2.4
t foundEp,
nder these conditions[4]. By analogy, the spectrum c
e assigned to a3IL state of the photochromic unit. Aft

he decay of the excited-state species an absorption rem
learly showing that, in this case, open complexRu(�-1o)Os
s formed. This photocycloreversion could occur either f
he singlet or the triplet excited state of the dithienyleth
oiety. Unfortunately, our data do not allow distinguish
etween these two possibilities.

able 4
lectrochemical data for selected compounds under studya and two refere

ompound T (K) E1/2 (V)

RuII/III OsII/III

Ru(bpy)3]2+c 293 +0.89
Os(bpy)3]2+d +0.40
o 293
u(�-1o)Ru 293 +0.86

208 +0.84
s(�-1o)Os 293 +0.44
u(�-1o)Os 293 +0.86 +0.43
c 293
u(�-1c)Ru 293

a Redox potentials (V vs. Fc/Fc+) have been determined from combine
tated otherwise), Pt disc working microelectrode,v= 100 mV s−1 (cyclic v
b Irreversible reduction localized on the photochromic dithienylethen
c Ref. [11].
d Ref. [10], potentials were reported vs. SCE. Potentials vs. Fc/Fc+ repo
s. SCE.
e Successive reversible reduction of a secondary reduction product
f Successive irreversible reduction of a secondary reduction produc
,

dation potentials are nearly the same forOs(�-1o)Osand
u(�-1o)Ru, and [Os(bpy)3]2+ and [Ru(bpy)3]2+, respec

ively, indicates that the electronic properties of the m
enters are not significantly affected by the presence o
ridging ligand. Also, the cathodic steps are not affecte

he replacement of a ruthenium center by an osmium, th
uction potentials and sequence in the case ofRu(�-1o)Os
re the same as reported forRu(�-1o)Ru [4].

pounds

Ep,c (V)b

bpy0/−)I (bpy0/−)II (bpy0/−)III

1.72 −1.93 −2.18
1.60

−2.12e

1.73 −1.90 −2.17 −1.86
1.71 −1.90 −2.13 −2.04

1.70 −1.90 −2.19 −1.85
−1.37f

−1.27f

c and Osteryoung square-wave voltammetric scans.Conditions:MeCN (unless
etry),f= 30 Hz (s–w voltammetry).

re were calculated from these values, assuming a value of +0.31 for+

at7 V for1o.
atc =−1.82 V for1candEp,c =−1.37 V forRu(�-1c)Ru.
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Fig. 5. Transient absorption kinetics measured forRu(�-1c)Os at (a)
475 nm, (b) 540 nm, (c) 660 nm.Conditions:In MeCN, in air-equilibrated
solution, atT= 293 K,λexc= 450 nm.

5. Conclusions

A new heteronuclear, bridged metal complex (Ru/Os)
containing a dithienylethene photo-switching unit is
described. The synthetic protocol as well as a detailed dis-
cussion of the photophysical properties and photochemistry
are presented. The bridging unit in the dinuclear metal
complex Ru(�-1o)Os (open form) allows an efficient
energy transfer from the excited ruthenium to the osmium
center. When the switching unit is present in its closed
form, the energy level of the dithineylethene unit is below
the energy levels of the two metal centers quenching
both emissions. The closed switching unit then acts as
a trap for the excited states of both coordinated metal
termini.

6. Experimental section

Ligand 1o, complexes [{Ru(bpy)2}2(�-1o)](PF6)4
(Ru(�-1o)Ru) and [{Os(bpy)2}2(�-1o)](PF6)4 (Os(�-
1o)Os) were synthesized as described in literature[4].

General techniques:The same experimental techniques
and methods were used as mentioned in the literature
[4].
[{Os(bpy)2}(�-1o)](PF6)2, Os(1o). A solution of

1o (51 mg, 0.062 mmol) and [Os(bpy)2Cl2] (34 mg,
0.059 mmol) in methoxyethanol (20 mL) was heated pro-
gressively until 110◦C under an argon atmosphere. The
reaction was monitored by TLC,Rf = 0.2 (mononuclear),
Rf = 0.6 (dinuclear). After 8 h, the solvent was distilled off
under vacuum and the residue was treated with an aque-
ous solution of 10% NH4PF6. The precipitate was col-
lected by filtration and washed with water. The crude
product was purified by plate chromatography (SiO2) us-
ing a mixture of acetonitrile/methanol/water/saturated so-
lution of potassium nitrate (40:10:10:1) as eluent. The
main band was scratched out and the product was iso-
lated with a 1% NH4PF6/acetone solution as eluent. Af-
ter adding water, the organic solvent was removed, and
a green solid (20 mg, 21%) was recovered by filtra-
tion. 1H NMR (300 MHz, CD3OD): δ 2.08 (d, 6H), 7.40
(m, 5H), 7.50 (m, 3H), 7.77 (m, 12H), 7.95 (m, 10H),
8.37 (d, 1H), 8.63 (s, 1H), 8.69 (m, 6H), 8.88 (d, 1H),
8.96 (s, 1H). 13C NMR (400 MHz, CD3OD): δ 14.7,
122.6, 122.7, 122.9, 124.4, 124.9, 125.5, 125.8, 126.1,
126.3, 127.3, 128.9, 129.3, 129.4, 135.6, 135.9, 136.7,
138.6, 138.9, 142.5, 143.1, 144.1, 149.6, 150.2, 150.3,
1 SI),
m
(
6

A d
R ol
( mo-
s and
t 10%
N nd
w by
p -
t ium
n band
w was
i nt.
A and
a ion.
1 ,
1 .72
(
N 9,
1 28.3,
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[
c d
4

51.0, 151.7, 151.8, 157.1, 157.8, 160.5, 160.5. MS (E
/z: [M− PF6]1+ = 1477.26, [M− 2PF6]2+ = 666.15. HRMS

ESI),m/z: [M− 2PF6]2+ calcd. for C67H46F7N8Os(192)S2:
66.1393; found: 666.1397.
[{Ru(bpy)2}(�-1o){Os(bpy)2}](PF6)4, Ru(�-1o)Os.
solution of Os(�-1o) (20 mg, 0.012 mmol) an

u(bpy)2Cl2·2H2O (7 mg, 0.013 mmol) in methoxyethan
10 mL) was refluxed during 15 h under an argon at
phere. The solvent was distilled off under vacuum
he residue was treated with an aqueous solution of
H4PF6. The precipitate was collected by filtration a
ashed with water. The crude product was purified
late chromatography (SiO2) using a mixture of ace

onitrile/methanol/water/saturated solution of potass
itrate (40:10:10:1) as eluent. The main green brown
as scratched out from the plate and the compound

solated with a 1% NH4PF6/acetone solution as elue
fter adding water, the organic solvent was removed,
dark powder (16 mg, 56%) was recovered by filtrat

H NMR (400 MHz, CD3OD): δ 2.09 (s, 6H), 7.49 (m
2H), 7.82 (m, 14H), 7.99 (m, 12H), 8.16 (m, 6H), 8
m, 8H), 8.91 (d, 2H,3J= 9.0), 8.98 (d, 2H,3J= 9.0). 13C
MR (400 MHz, CDCl3): δ 13.6, 121.6, 121.7, 123.
24.6, 124.8, 125.1, 125.3, 126.3, 127.9, 128.0, 1
28.4, 135.0, 135.6, 137.6, 138.2, 141.6, 143.0, 1
49.3, 150.2, 150.7, 150.8, 151.6, 157.5, 157.7, 1
59.4, 159.9. MS (ESI),m/z: [M− PF6]1+ = 1079.07
M− 2PF6]2+ = 467.07. HRMS (ESI),m/z: [M− 4PF6]4+

alcd. for C87H62F6N12Os(192)Ru(102)S2: 436.5805; foun
36.5800.
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