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Abstract

Rigid, modular heterometallic dinuclear complexes containing luminescent units have been synthesized and their photophysical pro
investigated. The metal complexes are derivatives of ruthenium and osmium trisbipyridine compounds and are linked by 2, 3, 4 or 5para-
phenylene units. A fast and efficient photoinduced energy transfer takes place from the excited ruthenium moiety to the osmium-
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component. The rate constants of the energy transfer processes have been determined by time-resolved emission and sub-picosecond transient
absorption spectroscopy. A comparison with similar systems containing substituted polyphenylene units is made in order to clarify the role
of the tilt angle between the spacers on the energy transfer rates. Such investigation confirmed that a through bond Dexter type mechanism is
responsible for the process.
© 2005 Elsevier B.V. All rights reserved.

Keywords:Dinucler metal complex; Energy transfer; Ruthenium complexes; Osmium complexes;para-Phenylene; Luminescence

1. Introduction

Long-range energy and electron transfer processes are
amongst the most interesting and challenging reactions both
from a theoretical and an application perspective[1,2]. Dif-
ferent approaches related to the feasibility to construct long
rigid systems where an electron or energy donor moiety is
separated by a long connector to an acceptor system have
been taken in the last few years[3,4]. In many cases to have a
good control of the geometry, distance and stability, a cova-
lent strategy, in synthesizing such dyads, has been success-
fully applied. Furthermore in order to cover a large distance of
several nanometers, and to successfully compete with the ex-
cited state lifetime of the donor, luminescent, long lived metal
complexes have been employed as energy and/or electron
donor and acceptor components[5–10] Such choice in fact
allows, due to the “phosphorescent” character of the excited

ducing a new strategy to construct modular long dinuclear
heterometallic ruthenium and osmium complexes and in this
paper we report the synthesis, characterization, and photo-
physical behaviour of such compounds. The metal centres
Ru(bpy)32+ and Os(bpy)32+ (where bpy = 2,2′-bipyridine) are
separated by a bridging ligand that consists of 2, 3, 4, or 5
para-phenylene units. The modulation of the length will al-
low us to understand the way structural and energetic factors
determine the rate and efficiency of the electronic energy
transfer.

2. Design and synthesis of the compounds

All the compounds synthesized and investigated and their
abbreviations are reported inScheme 1.

As mentioned in Section1 one of the aims of our work
n

uch
tors
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state, by an appropriate selection of the coordinated ligands,
to achieve excited state lifetimes of the order of several hun-
dred nanoseconds up to milliseconds. Furthermore the energy
of the excited states and the redox properties of the ground
and excited states can also be tuned allowing a thermody-

is to realize systems in which long-range energy or electro
processes can take place. The rates and efficiencies of s
processes depend on several structural and energetic fac
that involve the donor unit, the acceptor moiety and of cours
the connecting ligand. The result of the combination of thes
namically control of the photoinduced processes. Ruthenium
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d using
s elec-
t etal
c anism
f un-
d mod-
u ersus
s

atic
s most
w of
d only
v en
t s re-
l ts,
w 1 or
2 ridg-
i its.
O ead
t peal-
i y or
e ntro-

S etween
t

istance between the two components has been tuned
pacers of different length. In many cases however the
ronic interaction through bond, between the terminal m
omplexes, has been ascribed as the predominant mech
or the transfer of charge or energy. Therefore for a fully
erstanding of the factors that influence the processes a
lar approach is desirable and the use of conjugated v
aturated spacer could lead to long-range interactions.

Amongst the available easily functionalizable arom
pecies, oligophenylenes are surely the simplest and
idely available. However their use in the construction
yads has been poorly investigated and it is restricted to
ery few units (1–3[25,33–37]), acting as spacers betwe
he metal complexes components. In fact the problem
ated to their use lie in their low solubility in organic solven
hen they are not substituted. Only the small oligomers (
phenylene units) are soluble enough to construct the b

ng ligand that will allow the coordination of the metal un
n the other hand substitution with solubilizing groups l

o a decrease in their conjugation rendering them less ap
ng for the construction of systems for long-range energ
lectron transport. We have overcome such a problem i
cheme 1. Studied molecules and their abbreviations. The distance b
he two metal centres is also shown.
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factors is a good electronic interaction between the two metal
centres and the realization of the desired wire-type behaviour
[5,38]. The first requirement to be fulfilled in order to have
an efficient energy transfer is the thermodynamic one; the
process must be exoergonic (�G< 0). Once such prerequi-
site is satisfied the rate will be determined by the distance
between the chromophores, and if the mechanism of the pro-
cess is through bond, by the electronic nature and geometry
of the bridging ligand that will define the electronic cou-
pling between the chromophores. The energy donor and ac-
ceptor components that we have chosen are Ru(bpy)3

2+ and
Os(bpy)32+, respectively. Their photophysical properties are
very well known[39] and they have been employed in many
other dinuclear complexes[3,18,19,27,40–53].

One possible choice for the bridging ligand is to have an
aromatic system of modular nature, so that the length can be
easily changed. Furthermore the energy levels of the bridge
should be higher than the acceptor energy levels in order to
avoid having a trap for the energy localized on the bridge.
Another important factor is the rigidity of the connecting
unit. For the understanding of the mechanism of electronic
energy transfer processes it is essential that the distance be-
tween the two reaction centres can be determined. For these
reasons we decided to usepara-phenylene units as spacers
for the bridging ligand and 2,2′-bipyridine (bpy) as chelat-
ing units to coordinate the metal complexes acting as donor
a nthe-
s 3, 5
a for
s d with
h een
t e
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p route
t tilt
a ed the
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Scheme 2. Synthesis of the heterometallic [Ru-phn-Os]4+ (n= 2–5) com-
plexes using the [Rubpy-phn-bpy]2+ precursors: (a) K2CO3, Pd(PPh3)4,
DMF, 95◦C, 16 h, (b) ICl, CH2Cl2, 0◦C, 1.5 h, (c) K2CO3, Pd(PPh3)4, DMF,
95◦C, 6 h, (d) ethylene glycol, microwave irradiation (3× 2 min, 450 W).
nd acceptor moieties. We have already reported the sy
is of modular dinuclear Ru/Os systems connected by
nd 7 phenylene units[12]. However, in those systems,
ynthetic reasons, the central phenylene was substitute
exyl chains. Such substitution induced a tilt angle betw

he adjacent phenylenes of 60–65◦. The rotation around th
igma bond perturbs the aromatic connectivity by redu
he conjugation of the bridging ligand and therefore decr
ng the electronic coupling between the terminal metal c
lexes. We have therefore focused on a new synthetic

o eliminate the bulky solubilizing groups to reduce the
ngle between the spacers and to demonstrate that inde
lanarization of the bridging ligand leads to a better interc
onent interaction, and faster intramolecular energy tran

For many long, modular systems the solubility of the
nd can represent a major problem for the synthesis o
rometallic complexes. Therefore the possibility to cons

he bridging ligand from one of the metal centres can
ome an alternative appealing strategy to overcome the
bility problems. Such an approach has been succes
sed for different systems[54,55]. We have decided to app

he same procedure for our dinuclear complexes conta
olyphenylenes units. It is well known that polyphenyle
re insoluble in common organic solvents. However, u

he “complex as ligands” strategy we were able, in a s
ise approach, to add by discrete units, as many spac
esired. The charged metal unit is used in this case a
bilizing group. The coupling of a free chelating site to
ridge opens the possibility to complex a second metal

re. The synthetic procedure is sketched inScheme 2and all



S. Welter et al. / Coordination Chemistry Reviews 249 (2005) 1360–1371 1363

the details and characterization of the complexes are reported
in Section5.

The stepwise synthesis of ruthenium complexes contain-
ing a conjugated bridging ligand with a free bipyridine end
is based on a successive two-step sequence. The first step
implies the Suzuki coupling reaction between an aryl halide
containing complex and a protected phenyl boronic acid.
The second step consists of the cleavage of the trimethylsilyl
group and iodation reaction with ICl at low temperature.
Repetition of this two-step sequence leads to a modular
construction of the phenylene spacer that is terminated by
the coupling to a free bipyridine. The heterodinuclear com-
plexes have been synthesized by the reaction between the
Os(bpy)2Cl2 precursor and the free bipyridine ligand of these
complexes in ethylene glycol under microwave irradiation.

A second strategy is based on a direct coupling of two
different metal centres by a cross-coupling reaction (see
Scheme 3). We used the well-developed Pd(0) catalysed
Suzuki cross-coupling reaction, involving an aryl halide and
a boronic ester, to connect directly a ruthenium and an os-
mium centre. The complementarity between the two moieties
allows the synthesis of heterometallic complexes in one step.

S
d
m
4

3. Results and discussion

3.1. Electronic absorption and emission properties

The UV–vis absorption spectra of the [Ru-phn-Os]4+ com-
plexes are shown inFig. 1a. All the spectra were recorded
at room temperature in air-saturated acetonitrile solutions.
In the UV region the strong band at 290 nm is assigned to
singlet intraligand (1IL) �–�* transitions of the bipyridines.
The band between 320 and 360 nm is due to a spin allowed
�–�* transition localized on the phenylene bridge. With in-
creasing number of phenyls the intensity of this band in-
creases and the maximum shifts to lower energy accordingly
with the well-known decrease of the HOMO–LUMO gap
for conjugated units until the effective conjugation length is
reached[56]. In the visible region around 440 nm the char-
acteristic singlet metal-to-ligand charge transfer (1MLCT)
bands for Ru(bpy)32+ and at slightly lower energy those for
Os(bpy)32+ derivatives are observed. A weaker absorption
between 560 and 680 nm can be assigned to the spin forbid-
den3MLCT transition involving the osmium units and are
due to the strong spin–orbit coupling promoted by the heavy
metal. A comparison between the absorption spectra of one of
the heterometallic complexes, [Ru-ph4-Os]4+ and the absorp-
tion spectra of [Ru-ph4-Ru]4+ and [Os-ph4-Os]4+ is shown
cheme 3. Alternative synthetic way for the synthesis of [Ru-ph2-Os]4+ by
irect coupling of a Ru-based unit and the complementary Os component: (a)
ethoxy ethanol, 90◦C, 18 h; (b) DMF, K2CO3, Pd(PPh3)4, 100◦C, 22 h,
2%.

F
[
p

ig. 1. Absorption spectra of (a) [Ru-ph2-Os]4+ (- · -), [Ru-ph3-Os]4+ (· · ·),
Ru-ph4-Os]4+ (- - -) and [Ru-ph5-Os]4+ (—), (b) [Ru-ph4-Ru]4+ (—), [Os-
h4-Os]4+ (· · ·), and [Ru-ph4-Os]4+ (- - -) in acetonitrile at room temperature.
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Table 1
Luminescence data

298 Ka 77 Kb

Ru Os Ru Os

λmax (nm) τ (ps) λmax (nm) τ (ns) λmax (nm) τ (ns) λmax (nm) τ (�s)

[Ru-ph2-Os]4+ c 4d 752 43 592 e,f 715 1.1
[Ru-ph3-Os]4+ 620 17d 751 43 591 0.1f 715 1.2
[Ru-ph4-Os]4+ 617 245d 753 43 591 0.4f 715 1.1
[Ru-ph5-Os]4+ 621 2020 751 43 594 0.7f 715 1.1
[Ru-ph4-Ru]4+ 625 206× 103 – – 595 6.4× 103 – –
[Os-ph4-Os]4+ – – 746 39 – – 719 1.0

a In air equilibrated acetonitrile,λexc= 450 nm.
b In butyronitrile glass,λexc= 450 nm.
c Too low in intensity to be determined accurately.
d λexc= 420 nm.
e Too fast to be detected by our experimental setup.
f λexc= 324 nm.

in Fig. 1b. It can be seen that the absorption spectrum of the
heterodinuclear [Ru-ph4-Os]4+ is equal to a spectrum of a
1:1 mixture of the parent homodinuclear complexes [Ru-ph4-
Ru]4+ and [Os-ph4-Os]4+. This is an indication that a weak
electronic interaction between the metal centres is present.
The three spectra show an isosbestic point at about 440 nm
in which the Ru and Os components absorb the same frac-
tion of incident light. Such an observation will be useful for
the quantitative evaluation of the quenching and sensitisation
processes due to electronic energy transfer in the heterodin-
uclear complexes (see Section3.3).

The emission properties of all the complexes were in-
vestigated at 293 K in acetonitrile solutions and at 77 K in
butyronitrile rigid matrix upon excitation at 440 nm. The
photophysical data are summarized inTable 1. The room-
temperature emission spectra of the [Ru-phn-Os]4+ deriva-
tives (n= 2–5) and, for comparison, of [Ru-ph4-Ru]4+ are
shown inFig. 2. The spectra of [Ru-phn-Os]4+ and of [Ru-
ph4-Ru]4+ have been obtained with diluted solutions (optical
density < 0.1) and the same absorption at the excitation wave-
length. It can be seen that the emission of the ruthenium com-

F
[
t

ponent for [Ru-ph4-Os]4+ is almost completely quenched due
to intercomponent energy transfer. A full sensitisation of the
osmium emission is observed and the osmium unit emits at
750 nm with its own unchanged quantum yield. At 77 K in bu-
tyronitrile rigid matrix the emission maxima are blue-shifted
compared to the emission at 293 K. This is consistent with the
charge-transfer nature of the emitting exciting state and the
lack of solvent stabilization in rigid matrix. Also at 77 K the
occurrence of intramolecular electronic energy-transfer pro-
cesses can be observed even though in such a case a quan-
titative estimation of the emission quantum yields was not
possible. The process has an efficiency of almost 100% and
the rates of the process have been estimated by time-resolved
spectroscopy (see next section).

3.2. Time-resolved spectroscopy

A more precise evaluation of the degree of quenching and
the calculation of the rate of the photoinduced process was
carried out with time-resolved emission, and in the cases
in which the ruthenium-based component emission was too
weak by sub-picosecond transient absorption spectroscopy.
The osmium-based emission excited state lifetimes were de-
termined using a Coherent Infinity Nd:YAG-XPO laser and
a Hamamatsu C5680-21 streak camera (λex = 450 nm). All
t ace-
t f
t
p nce
c
t s are
s [Ru-
p

t ased
t
o
s o in-
ig. 2. Luminescence spectra of [Ru-ph2-Os]4+ (- · -), [Ru-ph3-Os]4+ (· · ·),
Ru-ph4-Os]4+ (- - -), [Ru-ph5-Os]4+ (—) and [Ru-ph4-Ru]4+ (- · · -) in ace-
onitrile at room temperature (λex = 440 nm).
he measurements were performed in air-equilibrated
onitrile. The results are reported inTable 1. The lifetimes o
he osmium-based emission for all the [Ru-phn-Os]4+ com-
ounds are similar to the lifetime obtained for the refere
omplex [Os-ph4-Os]4+ [57] and for [Os(bpy)3]2+ [58]. In
he case of the ruthenium-based emission the lifetime
trongly reduced in comparison to the parent complex
h4-Ru]4+ [57].

For the complex with the shortest spacer ([Ru-ph2-Os]4+)
he lifetime of the ruthenium-based component is decre
o 4 ps as compared to [Ru-ph4-Ru]4+ that exhibits a lifetime
f 206 ns. By increasing the length of thepara-phenylene
pacer the excited state lifetimes of the ruthenium als
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Fig. 3. Sub-picosecond transient absorption spectrum (a) of [Ru-ph3-Os]4+ in acetonitrile (λex = 420 nm), (b) rise-time at 490 nm, (c) decay time at 460 nm.

crease up to a value of 2 ns for the longest complex [Ru-ph5-
Os]4+. In Fig. 3the transient absorption spectrum of [Ru-ph3-
Os]4+ is shown. The excitation wavelength of 420 nm was
chosen to excite as much as possible into the1MLCT of the
ruthenium. Although, it is impossible to avoid a simultane-
ous direct population of the excited state of the osmium since
the absorption spectrum of the osmium component strongly
overlaps with the ruthenium-based component. The transient
absorption spectra show a band at 380 nm that is attributed
to the radical anion bpy•−, a ground-state bleach in the re-
gion 410–520 nm and the large transient absorption band be-
tween 540 and 800 nm[57] is hidden by a bleaching. The
positive band, if visible, is assigned to the delocalization of
the radical anion bpy•− over thepara-phenylene spacer. In-
deed the lowest excited state derives from a metal to ligand
charge transfer to the bipyridine with the lowest reduction
potential, in this case the bpy substituted with the conjugated
para-phenylene spacer. In the region between 580 and 690 nm
however also the ground-state bleaching band arising from
the spin-forbidden3MLCT of the osmium can be seen. Over
time the maximum of the ground-state bleaching band around
460 nm is shifting to the red by 30 nm. We attribute this shift to
a direct observation of electronic energy transfer from the ex-
cited state of the ruthenium to the MLCT of the osmium. The
decay of the band at 460 nm of 17 ps (Fig. 3c) corresponds to
the formation of the band, rise time, at 490 nm (21 ps,Fig. 3b).
T n of
t unit.

3

rep-
r inu-
c d

in Fig. 4. The energies of the lowest spin-allowed MLCT
for the metal-based components were obtained from the
maximum of the corresponding absorption bands, whereas
the energy for the lowest spin-forbidden MLCT excited
state was obtained from the maximum of the emission
band at 77 K. The energy transfer process is exoergonic of
�G=−0.37 eV as calculated from the triplet state energies
of the ruthenium (3MLCTRu = 2.10 eV) and osmium compo-
nent (3MLCTOs= 1.73 eV), respectively.

The energy of the triplet excited state of thepara-
phenylene spacer is not known exactly but we believe that
it is higher in energy than the lowest excited states of both
ruthenium and osmium. The energy of the triplet excited
state is 22,900 cm−1 for biphenyl and 20,400 cm−1 for para-
terphenyl[59,60]. If the energy of the lowest excited triplet

F
c

he same rise time is obtained monitoring the formatio
he bleaching at about 650 nm characteristic of the Os(II)

.3. Photoinduced energy transfer

The energy transfer process can be schematically
esented by the energy-level diagram for the heterod
lear [Ru-phn-Os]4+ derivatives (n= 2–5) and is depicte
ig. 4. Schematic energy-level diagram for the [Ru-phn-Os]4+ (n= 2–5)
omplexes.
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Fig. 5. Time-resolved emission of [Ru-ph4-Os]4+ in aereated acetonitrile
(λexc= 324 nm), showing the decay at 620 nm, ruthenium moiety (245 ps),
and the rise time at 740 nm, osmium moiety (251 ps).

decreases as 1/n, as it is known to happen for the maximum
of the lowest energy absorption band, and the singlet–triplet
separation remains constant, it can be estimated that the en-
ergy of the lowest excited triplet is around 19,600 cm−1 for
tetraphenyl and 19,000 cm−1 for pentaphenyl. An indication
that the triplet excited state is at higher energy is demonstrated
by the fact that no quenching of the excited state lifetimes is
observed in the parent homodimetallic complexes [Ru-phn-
Ru]4+ [57]. The conditions under which the experiments were
carried out, low concentration (∼3× 10−5 M) and rather
short lifetimes (<250 ns), allow us to exclude intermolec-
ular energy transfer processes. For the longer heterometal-
lic compound, [Ru-ph4-Os]4+ and [Ru-ph5-Os]4+ the energy
transfer process can be monitored by time-resolved emission
spectroscopy. As can be seen inFig. 5 the decay time moni-
tored at 620 nm, on the ruthenium moiety, and the rise time,
monitored at 740 nm have the same value and are a clear con-
firmation that the quenching of the ruthenium emission is due
to a very efficient energy transfer process.

The rate constants for the energy transfer process can be
calculated from the equation

ken =
(

1

τ

)
−

(
1

τ0

)
(1)

whereτ and τ0 are the lifetimes of the quenched and un-
q . The
r e
r m of
t [Ru-
p b-
s th
s

T
E

[
[
[
[
[

the distance for the heterometallic compounds containing 3
or 5 phenylene spacers is the same. The only important differ-
ence is the tilt angle between the phenylene units, about 65◦
in the [Ru-phnR-Os]4+ and 20◦ in the [Ru-phn-Os]4+ family.
The presence of the bulky alkyl chains induces an increase of
the tilt angle between the phenyl rings and therefore reduces
the electronic communication along the phenylene spacers,
between the donor and acceptor moieties. Such small ge-
ometrical differences influence dramatically the rate of the
energy transfer process since forn= 3 a 90-fold increase for
the energy transfer process is obtained by planarization of the
bridging ligand (seeTable 2andScheme 4). It is interesting
to notice that for the longer spacer with 5 phenylene units the
difference for the energy transfer rate becomes smaller. In
this case only a 50 times faster rate constant is observed for
[Ru-ph5-Os]4+ compared to [Ru-ph5R-Os]4+. A possible ex-
planation for the different ratio of the rates is that in the case
of the [Ru-phnR-Os]4+ only the central phenylene is substi-
tuted with the bulky hexyl chain causing in that part of the
chain a decrease of conjugation and therefore a “barrier” for
the energy transfer process. In the shortest bridging ligand
(smaller number of phenyls) the effect is apparently larger
because the entire system is out of planarity.

Such a result clearly indicates that the energy transfer pro-
ceeds via a Dexter mechanism[61]. The different electronic
coupling, due to the increase in planarity of the phenylenes
i ergy
t is the
s

ridg-
i in
t
e the
d com-
p
p rs
o per-
i lene

F
p
n

uenched ruthenium based luminescence, respectively
ate constants are reported inTable 2. In order to establish th
ole of the bridging ligand and to determine the mechanis
he process a comparison with very similar complexes (
hnR-Os]4+) [12] in which the central phenylene unit is su
tituted by a hexyl chain (seeScheme 4) is discussed. In bo
eries of complexes the driving force (�G=−0.37 eV) and

able 2
nergy transfer ratesa

[Ru-phn-Os]4+ [Ru-phnR-Os]4+

ken (s−1) ln(ken) ken (s−1) ln(ken)

Ru-ph2-Os]4+ 2.5× 1011 26.2 – –
Ru-ph3-Os]4+ 5.9× 1010 24.8 6.7× 108 20.3
Ru-ph4-Os]4+ 4.1× 109 22.1 – –
Ru-ph5-Os]4+ 4.9× 108 20.0 1.0× 107 16.1
Ru-ph7-Os]4+ – – 1.3× 106 14.1

a In aereated acetonitrile solution.
n our systems, is the cause of a very fast and efficient en
ransfer since the distance between the chromophores
ame for both series of complexes.

Since as already mentioned the excited states of the b
ng ligand are too high in energy to be directly involved
he energy transfer process the attenuation factorβ can be
stimated by plotting the logarithm of the rates versus
istance between the donor and acceptor units. For
arison also the data obtained for the [Ru-phnR-Os]4+ com-
lexes[12] are reported inFig. 6. The attenuation facto
btained for both systems are almost similar within ex

mental error but the rates for the unsubstituted pheny

ig. 6. Plot of ln(ken) vs. the metal–metal distance: (�) [Ru-phn-Os]4+ com-
lexes with bare phenylene bridge, (�) [Ru-phnR-Os]4+ complexes with
-hexyl chains on the phenylene bridge.
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Scheme 4. Schematic representation of the [Ru-phnR-Os]4+ (n= 3, 5, 7; R =n-hexyl) complexes with the metal–metal distances (dMM ) and the energy transfer
rate constants (ken) [12].

bridges are higher. As can be seen theβ value of 0.50Å−1

is in a very good agreement with similar systems contain-
ing polyphenylenes substituted inpara position. Barigel-
letti et al. reported an attenuation factor of 0.33Å−1 for a
cyclometalated Ru(II)/Os(II), (ttp)Ru(dpb-(ph)n-dpb)Os(ttp)
(n= 0–2), where the biscyclometalating bridging ligands con-
tain dipyridylbenzene (dpb) fragments[25]. Interestingly
similar attenuation factor values where obtained for electron
transfer (ET) processes. McLendon and coworkers[62] found
βET = 0.4Å−1, whereas Wasielewski and coworkers[63] re-
ported βET = 0.46Å−1 for photoinduced electron transfer
through phenylene spacers. Similar values (βET = 0.61Å−1)
were also reported for the conductance of thin-films made
of oligophenylene thiols[64]. This coincidence ofβ values
for the energy and electron transfer may be fortuitous since

the energy transfer takes place according to a Dexter mecha-
nism which formally consists of a double electron exchange.
Therefore the distance dependence of the two electronic cou-
pling matrix elements is expected to be different for energy
and electron transfer processes.

4. Conclusions

We have synthesized and investigated a series of dinuclear
heterometallic complexes containingpara-polyphenylene
units as spacers. The photophysical behaviour of such com-
pounds clearly shows that an efficient and fast energy trans-
fer takes place from the excited ruthenium-based component
to the energy acceptor, osmium unit. A comparison with
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analogous complexes containing substituted (twisted) pheny-
lene units suggests that the geometry of the bridging ligand is
important for the rates of the process. Furthermore the energy
transfer process follows a Dexter-type mechanism.

5. Experimental

5.1. Solvents and starting materials

All reagents were purchased from Aldrich or Acros and
used without purification unless otherwise indicated. Comm-
ercial deuterated solvents were used as received for the char-
acterization of the compounds. Butyronitrile used for spectro-
scopy or electrochemistry was freshly distilled from CaH2
before use. The procedure for the preparation of 4[4(4,4,5,5-
tetramethyl-[1,3,2]dioxaborolan-2-yl]-[2,2′]bipyridinyl (b-
py-ph-B(OR)2), [Osbpy-ph2-Br](PF6)2, [Rubpy-ph2-bpy]
(PF6)2, [57] Os(bpy)2Cl2, [65] 4′-trimethylsilylbiphenyl-4-
boronic acid[66] and the synthesis of the Ru complexes
[Rubpy-ph-Br](PF6)2, [Rubpy-ph2-I](PF6)2 and [Rubpy-
ph4-Si(CH3)3](PF6)2 [67] are described elsewhere. All the
complexes have been isolated as PF6

− salts. The complexes
have been purified by column chromatography and charac-
terized by1H NMR and mass spectroscopy.
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laser). A micro-channel plate photomultiplier (Hamamatsu
R3809) was used as detector.

Sub-pico transient absorption spectroscopy experiments
were 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 titanium:sapphire regenerative amplifier, a Q-
switched pump laser (Evolution) and a pulse compressor. The
800 nm output of the laser is typically 1 mJ/pulse (130 fs) at
a repetition rate of 1 kHz. A full-spectrum setup based on
an optical parametric amplifier (Spectra-Physics OPA 800)
as pump and residual fundamental light (150�J/pulse) from
the pump OPA was used for white light generation, which was
detected with a CCD spectrometer. The white light genera-
tion was accomplished by focusing the fundamental (800 nm)
into a H2O flow-through cell (10 mm).

5.4. Preparation of the complexes

5.4.1. [Rubpy-ph3-Si(CH3)3](PF6)2 (1)
A solution of [Rubpy-ph-Br] (190.5 mg, 18.8 mmol), 4′-

trimethylsilylbiphenyl-4-boronic acid (53.5 mg, 19.8 mmol)
and K2CO3 in DMF (30 mL) was degassed three times
by freeze-pump-thaw technique. Subsequently Pd(PPh3)4
(15.4 mg, 0.013 mmol) was added and the reaction mixture
was heated at 95◦C. After 16 h the solvent was removed
u ilica
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o
C
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3 39
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.2. Instrumentation

Proton NMR spectroscopy was performed at 300 MH
Varian Mercury 300 spectrometer, using solvents as int

eferences. Chemical shifts (δ) are reported in ppm downfie
rom tetramethylsilane and the residual nondeuterated
ent was used as reference. Electron spray ionization
ass spectra were measured with a Bruker FTMS 4.7 T
PEXII spectrometer.

.3. Spectroscopy

The UV–vis absorption spectra were recorded
Hewlett-Packard diode array 8453 spectrophotom

ecording of the emission spectra was done with a S
681 Fluorolog spectrofluorometer. Low temperature e
ion spectra for glasses and solid state samples were rec
n 5 mm diameter quartz tubes that were placed in a D
lled with liquid nitrogen and equipped with quartz wa
he emission spectra were corrected for monochromato
hotomultiplier efficiency. Lifetimes were determined us
Coherent Infinity Nd:YAG-XPO laser (1 ns pulses FWH
nd a Hamamatsu C5680-21 streak camera equipped
amamatsu M5677 low speed single sweep unit.
A sub-nanosecond single photon counting setup was

or time-resolved fluorescence measurements. The exci
ource consists of a frequency doubled (300–340 nm,
.8 MHz) output of a cavity dumped DCM dye laser (Coh
nt model 700) that was pumped by a mode-locked A

aser (Coherent 486 AS Mode Locker, Coherent Innova
d

nder vacuum and the residue was purified by s
el chromatography (eluent: MeCN/H2O/MeOH/NaCl
:1:1:0.1). An orange-red powder was obtained after e
ration of the solvents (yield: 93%).1H NMR (300 MHz,
D3CN): δ = 8.77 (s, 1H), 8.69 (d,3J= 8.3 Hz, 1H), 8.49

dd, 3J= 13 Hz, 3J= 7.8 Hz, 4H), 8.04 (m, 5H), 7.94 (d
J= 19.5 Hz, 3J= 8.5 Hz, 4H), 7.88–7.56 (m, 15H), 7.
m, 3J= 6.0 Hz, 5H), 0.33 (s, 9H). ESI-MS,m/z: 1015.21
M+ − PF6), 435.12 (M+ − 2PF6).

.4.2. [Rubpy-ph3-I](PF6)2 (2b)
At 0 ◦C, ICl (35 mg, 0.22 mmol) in CH2Cl2 (2 ml) was

dded to a solution of [Rubpy-ph3-Si(CH3)3](PF6)2 (101 mg
.087 mmol) in CH2Cl2 (20 mL). After 1.5 h the ice-bat
as removed and the reaction mixture was stirred for
ther 1.5 h at room temperature. A solution of Na2S2O3
1 M in H2O, 10 mL) and NH4PF6 (0.5 g in 5 mL H2O)
as added and the reaction mixture was stirred for 20
he two phases are separated and the organic laye
ashed with water (2× 20 mL), brine (10 mL) and dried ov
gSO4. Evaporation of the solvent yielded an orange p
er (yield: 98%).1H NMR (300 MHz, CD3CN): δ = 8.86 (s
H), 8.79 (d,3J= 8.0 Hz, 1H), 8.59 (m, 4H), 8.16–7.92 (
H), 7.91–7.72 (m, 13H), 7.54 (d,3J= 8.3 Hz, 2H), 7.50–7.4
m, 5H). ESI-MS, m/z: 1069.07 (M+ − PF6), 462.05
M+ − 2PF6).

.4.3. [Rubpy-ph4-I](PF6)2 (2c)
At 0 ◦C, ICl (27 mg, 0.16 mmol) in CH2Cl2 (2 mL) was

dded to a solution of [Rubpy-ph4-Si(CH3)3](PF6)2 (85 mg,
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0.066 mmol) in CH2Cl2 (20 mL). Followed by a similar
workup procedure as for [Rubpy-ph3-I](PF6)2 (yield: 99%).
1H NMR (300 MHz, CD3CN): δ = 8.82 (s, 1H), 8.73 (d,
3J= 6.5 Hz, 1H), 8.54 (dd,3J= 6.8 Hz, 3J= 5.7 Hz, 4H),
8.16–8.06 (m, 5H), 8.05–7.96 (m, 4H), 7.92–7.72 (m, 17H),
7.53 (d,3J= 8.4 Hz, 2H), 7.49–7.40 (m, 5H). ESI-MS,m/z:
1145.11 (M+ − PF6), 500.07 (M+ − 2PF6).

5.4.4. [Rubpy-ph3-bpy](PF6)2 (3b)
[Rubpy-ph2-I] (115 mg, 0.097 mmol), 4[4(4,4,5,5-tetra-

methyl-[1,3,2]dioxaborolan-2-yl]-[2,2′]bpyridinyl (38 mg,
0.011 mmol) and K2CO3 (80 mg, 0.58 mmol) were dissolved
in DMF (20 mL) and the system was degassed three times
by freeze-pump-thaw technique. Finally Pd(PPh3)4 (11 mg,
0.010 mmol) were added and the solution was heated at
95◦C for 6 h. The DMF was evaporated and the compound
was washed with water (2× 20 mL) and diethylether
(2× 20 mL) prior to column chromatography on silica gel
with MeCN/H2O/MeOH/NaCl, 4:1:1:0.1 as eluent (yield:
65%). 1H NMR (300 MHz, CD3CN): δ = 8.85–8.69 (m,
5H), 8.61–8.51 (m, 5H), 8.18–7.58 (m, 26H), 7.51–7.41
(m, 6H). ESI-MS,m/z: 1097.20 (M+ − PF6), 476.13 (M+ −
2PF6).

5.4.5. [Rubpy-ph4-bpy](PF6)2 (3c)
a-
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5.5. General procedure for the synthesis of
heterodinuclear Ru/Os complexes

5.5.1. [Ru-ph2-Os](PF6)4 (4a)
[Rubpy-ph2-bpy](PF6)2 (42 mg, 0.036 mmol) was added

to Os(bpy)2Cl2 (30 mg, 0.049 mmol) dissolved in ethylene
glycol (5 mL). The suspension was repeatedly heated three
times for 2 min in a standard microwave oven (450 W), al-
lowing cooling down between heating periods. The solvent
was removed under reduced pressure to a solid residue. The
crude product was dissolved in water/acetone (1:1, 10 mL),
and a saturated aqueous solution of NH4PF6 was added. The
acetone was removed under reduced pressure from the wa-
ter phase and the precipitated solid was filtered, washed with
water (3× 20 mL) and diethylether (2× 20 mL). The crude
product was dissolved in acetone (3 mL), and purified over
silica gel chromatography with MeCN/H2O/MeOH/NaCl,
4:1:1:0.1, as eluent to yield a dark-green powder (yield: 82%).
1H NMR (400 MHz, CD3CN): δ = 8.82 (dd,3J= 8.08 Hz,
4J= 1.5 Hz, 2H), 8.73 (dd,3J= 8.08 Hz, 2H), 8.54 (ddd,
3J= 8.08 Hz, 8H), 8.15–8.07 (m, 5H), 8.04 (dd,3J= 8.08 Hz,
4J= 3.03 Hz, 4H), 7.99 (d,3J= 8.08 Hz, 4H), 7.95–7.86 (m,
4H), 7.85 (d,3J= 6.06 Hz, 1H), 7.83–7.67 (m, 15H), 7.65
(dd,3J= 6.06 Hz,4J= 1.5 Hz, 1H), 7.48–7.42 (m, 5H), 7.39-
7.33 (m, 5H). ESI-MS,m/z: 834.16 (M+ − 2PF6), 508.45
(M+ − 3PF ), 344.59 (M+ − 4PF ).
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[Rubpy-ph3-I] (100 mg, 0.082 mmol), 4[4(4,4,5,5-tetr
ethyl-[1,3,2]dioxaborolan-2-yl]-[2,2′]bpyridinyl (44 mg,
.124 mmol) and K2CO3 (68 mg, 0.49 mmol) were dissolv

n DMF (15 mL) and the system was degassed three t
y freeze-pump-thaw technique. Finally Pd(PPh3)4 (10 mg,
.008 mmol) were added and the solution was heate
5◦C for 6 h. The DMF was evaporated and the compo
as washed with water (2× 20 mL) and diethylethe

2× 20 mL) prior to column chromatography on silica
ith MeCN/H2O/MeOH/NaCl, 4:1:1:0.1 as eluent (yie
5%).1H NMR(300 MHz, CD3CN): δ = 8.86–8.69 (m, 5H)
.61–8.50 (m, 5H), 8.18–7.70 (m, 29H), 7.66–7.58
H), 7.52–7.41 (m, 6H). ESI-MS,m/z: 1173.27 (M+ − PF6),
14.15 (M+ − 2PF6).

.4.6. [Rubpy-ph5-bpy](PF6)2 (3d)
[Rubpy-ph4-I] (62 mg, 0.048 mmol), 4[4(4,4,5,5-tetr

ethyl-[1,3,2]dioxaborolan-2-yl]-[2,2′]bpyridinyl (23 mg,
.063 mmol) and K2CO3 (40 mg, 0.29 mmol) were dissolv

n DMF (15 mL) and the system was degassed three t
y freeze-pump-thaw technique. Finally Pd(PPh3)4 (5.5 mg,
.005 mmol) were added and the solution was heate
5◦C for 6 h. The DMF was evaporated and the compo
as washed with water (2× 20 mL) and diethylethe

2× 20 mL) prior to column chromatography on silica
ith MeCN/H2O/MeOH/NaCl, 4:1:1:0.1 as eluent (yie
8%). 1H NMR(300 MHz, CD3CN): δ = 8.85–8.69 (m
H), 8.61–8.49 (m, 5H), 8.18–7.70 (m, 34H), 7.54–7
m, 6H). ESI-MS,m/z: 1249.31 (M+ − PF6), 552.16 (M+ −
PF6).
6 6

.5.2. [Ru-ph3-Os](PF6)4 (4b)
[Rubpy-ph3-bpy](PF6)2 (29 mg, 0.023 mmol) was add

o Os(bpy)2Cl2 (21 mg, 0.035 mmol) dissolved in ethyle
lycol (5 mL) and irradiated three times 2 min in a microw
ven (450 W) (yield: 87%).1H NMR (300 MHz, CD3CN):
= 8.82 (dd,3J= 6.9 Hz, 2H), 8.73 (t,3J= 7.35 Hz, 2H), 8.53
m, 8H), 8.16–7.87 (m, 21H), 7.86–7.62 (m, 15H), 7.45
H), 7.33 (m, 5H). ESI-MS,m/z: 873.14 (M+ − 2PF6), 533.10
M+ − 3PF6), 364.09 (M+ − 4PF6).

.5.3. [Ru-ph4-Os](PF6)4 (4c)
[Rubpy-ph4-bpy](PF6)2 (50 mg, 0.038 mmol) was add

o Os(bpy)2Cl2 (34 mg, 0.057 mmol) dissolved in ethyle
lycol (5 mL) and irradiated three times 2 min in a m
rowave oven (450 W) (yield: 85%).1H NMR (400 MHz,
D3CN): δ = 8.83 (dd,3J= 8.08 Hz,4J= 1.5, 2H), 8.74 (dd
J= 8.08 Hz, 2H), 8.54 (ddd,3J= 8.08 Hz, 8H), 8.16–8.0
m, 5H), 8.04 (dd,3J= 8.08 Hz,4J= 3.53 Hz, 4H), 7.99 (d
J= 8.08 Hz, 4H), 7.91 (s, 12H), 7.86 (d,3J= 6.06 Hz, 1H)
.84–7.67 (m, 13H), 7.66 (dd,3J= 6.06 Hz,4J= 1.5 Hz, 1H)
.48–7.42 (m, 5H), 7.40–7.33 (m, 5H). ESI-MS,m/z: 911.17
M+ − 2PF6), 558.46 (M+ − 3PF6), 382.85 (M+ − 4PF6).

.5.4. [Ru-ph5-Os](PF6)4 (4d)
[Rubpy-ph5-bpy](PF6)2 (20 mg, 0.014 mmol) was add

o Os(bpy)2Cl2 (10 mg, 0.016 mmol) dissolved in ethyle
lycol (5 mL) and irradiated three times 2 min in a microw
ven (450 W) (yield: 80%).1H NMR (300 MHz, CD3CN):
= 8.83 (dd,3J= 9.20 Hz,4J= 1.6, 2H), 8.74 (t,3J= 8.40 Hz,
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2H), 8.54 (q,3J= 7.60 Hz, 8H), 8.16–8.07 (m, 5H), 8.04 (dd,
3J= 8.08 Hz,4J= 3.53 Hz, 4H), 7.99 (d,3J= 8.08 Hz, 4H),
7.91 (m, 16H), 7.85 (d,3J= 6.06 Hz, 1H), 7.84–7.67 (m,
13H), 7.66 (m, 1H), 7.46–7.45 (m, 5H), 7.38–7.33 (m, 5H).
ESI-MS, m/z: 949.74 (M+ − 2PF6), 583.52 (M+ − 3PF6),
402.03 (M+ − 4PF6).

5.6. Alternative synthetic route for

5.6.1. [Ru-ph2-Os](PF6)4 (4a)
Ru(bpy)2Cl2 (120 mg, 0.24 mmol) and 4[4(4,4,5,5-tetra-

methyl-[1,3,2]dioxaborolan-2-yl]-[2,2′]bipyridinyl (80 mg,
0.22 mmol) were dissolved in dry methoxy ethanol (5 mL).
The solution was heated at 90◦C for 18 h under Argon. The
reaction mixture was cooled to room temperature and the sol-
vent was removed under reduced pressure. The crude product
was washed with hexane (4× 20 mL) in order to remove
the organic starting material. The flask was then loaded with
[Osbpy ph-Br](PF6)2 (246 mg, 0.22 mmol), K2CO3 (500 mg,
3.61 mmol) and degassed DMF (15 mL). Finally the catalyst
Pd(PPh3)4 (0.04 mol%) was added. The reaction mixture was
heated at 100◦C for 22 h. The solvent was evaporated under
reduced pressure to afford a black green solid. The crude
product was purified by column chromatography (SiO2) with
MeCN/H2O/MeOH/KNO3, 4:1:1:0.1 as eluent, preparative
p e
p (
w 2%).
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