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Abstract

Rigid, modular heterometallic dinuclear complexes containing luminescent units have been synthesized and their photophysical propertie
investigated. The metal complexes are derivatives of ruthenium and osmium trisbipyridine compounds and are linked by 2p&8ra4 or 5
phenylene units. A fast and efficient photoinduced energy transfer takes place from the excited ruthenium moiety to the osmium-base
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component. The rate constants of the energy transfer processes have been determined by time-resolved emission and sub-picosecond transie
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 compi@tes?henylene; Luminescence

1. Introduction ducing a new strategy to construct modular long dinuclear
heterometallic ruthenium and osmium complexes and in this

Long-range energy and electron transfer processes arepaper we report the synthesis, characterization, and photo-

amongst the most interesting and challenging reactions bothphysical behaviour of such compounds. The metal centres

from a theoretical and an application perspecf@]. Dif- Ru(bpy)2*and Os(bpy)?* (where bpy = 2,2bipyridine) are

ferent approaches related to the feasibility to construct long separated by a bridging ligand that consists of 2, 3, 4, or 5

rigid systems where an electron or energy donor moiety is para-phenylene units. The modulation of the length will al-

separated by a long connector to an acceptor system havdow us to understand the way structural and energetic factors

been taken in the last few yed8s4]. In many casesto have a determine the rate and efficiency of the electronic energy

good control of the geometry, distance and stability, a cova- transfer.

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 ex2. Design and synthesis of the compounds

cited state lifetime of the donor, luminescent, long lived metal

complexes have been employed as energy and/or electron All the compounds synthesized and investigated and their

donor and acceptor componeffis-10] Such choice in fact ~ abbreviations are reported 8theme 1

allows, due to the “phosphorescent” character of the excited As mentioned in Sectiofh one of the aims of our work

state, by an appropriate selection of the coordinated ligands,is to realize systems in which long-range energy or electron

to achieve excited state lifetimes of the order of several hun- processes can take place. The rates and efficiencies of such

dred nanoseconds up to milliseconds. Furthermore the energyprocesses depend on several structural and energetic factors

of the excited states and the redox properties of the groundthat involve the donor unit, the acceptor moiety and of course

and excited states can also be tuned allowing a thermody-the connecting ligand. The result of the combination of these

namically control of the photoinduced processes. Ruthenium

and osmium complexes have been largely employed as donor r \ \ * 4R
and acceptor units in covalently linked dy4ii$—32]and the =N
distance between the two components has been tuned using{ N- Ru- N I )~ )N 05— -~

spacers of different length. In many cases however the elec- a2 N N= Cﬂ/_{b
tronic interaction through bond, between the terminal metal = \ / dum =19.8A
complexes, has been ascribed as the predominant mechanisn [Ru-ph-OsJ** / \ T4 R
for the transfer of charge or energy. Therefore for a fully un- =
derstanding of the factors that influence the processes a mod-{_ - RoS N
ular approach is desirable and the use of conjugated versus C/“Q m
saturated spacer could lead to long-range interactions. I dym = 24.0 A =
Amongst the available easily functionalizable aromatic _ [Ru-ph3-Os]** T e
species, oligophenylenes are surely the simplest and most /,; §i4 W
widely available. However their use in the construction of (= RL:,N N O~~~ \*N,‘O;,N/ \

dyads has been poorly investigated and it is restricted to only

. ) N N= 7NN
very few units (1-325,33-37], acting as spacers between O~ o =283 A O~
the metal complexes components. In fact the problems re- l [R“ﬁ“_"ph4_c)'s]4+ ‘ .
lated to their use lie in their low solubility in organic solvents, & \_/ - T e
when they are not substituted. Only the small oligomers (L or (" M5 N i \
2 phenylene units) are soluble enough to construct the bridg- N N RuNiN aUaUaUaUa®, N/OSN NC
ing ligand that will allow the coordination of the metal units. () ()

On the other hand substitution with solubilizing groups lead l duw = 325 A |
to a decrease in their conjugation rendering them less appeal- [Ru-phsOs]

ing for the construction of systems for long-range e“ergy O Scheme 1. Studied molecules and their abbreviations. The distance between
electron transport. We have overcome such a problem intro-ihe two metal centres is also shown.
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2+
2[PFgl

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 exoergonis 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 (a)(Ho)ZBSi(CHa)a
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 Rugbpgnd
Os(bpy}?2*, respectively. Their photophysical properties are
very well known[39] and they have been employed in many
other dinuclear complexg8,18,19,27,40-53]

One possible choice for the bridging ligand is to have an § ) _
aromatic system of modular nature, so that the length can be = e ] (o)
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 upara-phenylene units as spacers
for the bridging ligand and 2,ipyridine (bpy) as chelat-
ing units to coordinate the metal complexes acting as donor ar
and acceptor moieties. We have already reported the synthe- : HRy-HEORY
sis of modular dinuclear Ru/Os systems connected by 3, 5
and 7 phenylene unifd2]. However, in those systems, for
synthetic reasons, the central phenylene was substituted with
hexyl chains. Such substitution induced a tilt angle between
the adjacent phenylenes of 6026%he rotation around the
sigma bond perturbs the aromatic connectivity by reducing
the conjugation of the bridging ligand and therefore decreas-
ing the electronic coupling between the terminal metal com-
plexes. We have therefore focused on a new synthetic route
to eliminate the bulky solubilizing groups to reduce the tilt
angle between the spacers and to demonstrate that indeed the Y
planarization of the bridging ligand leads to a better intercom- ) 4+
ponent interaction, and faster intramolecular energy transfer. w 4PFe

For many long, modular systems the solubility of the lig-

N
and can represent a major problem for the synthesis of het- ¢ S N os N Y
HOR- 30

—Br

[Rubpy-ph-Br]

2+
2[PFel’

- - w
=

erometallic complexes. Therefore the possibility to construct
the bridging ligand from one of the metal centres can be-
come an alternative appealing strategy to overcome the sol-

ubility problems. Such an approach has been successfully :fglfguzp:{gs]::

used for different systenjs4,55] We have decided to apply e Eﬁz_ghi_ogq*

the same procedure for our dinuclear complexes containing n = 5, [Ru-phs-0s]**

polyphenylenes units. It is well known that polyphenylenes

are insoluble in common organic solvents. However, using Scheme 2. Synthesis of the heterometallic [Ry-Pis]'* (n=2-5) com-
the “complex as ligands” strategy we were able, in a step- pD':AX:Z;f(':”%';e ([[J?ngé_ggfygchrf?f%lg&%gfﬁ;gpggé
WIS? approach, to add by dlscr?t? units, ?S m,any Spacers a§5°é, 6h, (d) etr,1ylene ,glycol,zr‘nicrO\’Nave iyrradiation'x& min, 420 W).Y
desired. The charged metal unit is used in this case as sol-

ubilizing group. The coupling of a free chelating site to the

bridge opens the possibility to complex a second metal cen-

tre. The synthetic procedure is sketche®oheme Znd all

DY, )\ s
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the details and characterization of the complexes are reported. Results and discussion
in Section5.

The stepwise synthesis of ruthenium complexes contain- 3.1. Electronic absorption and emission properties
ing a conjugated bridging ligand with a free bipyridine end
is based on a successive two-step sequence. The first step The UV-vis absorption spectra of the [RunpB®s** com-
implies the Suzuki coupling reaction between an aryl halide plexes are shown ifig. 1a. All the spectra were recorded
containing complex and a protected phenyl boronic acid. at room temperature in air-saturated acetonitrile solutions.
The second step consists of the cleavage of the trimethylsilyl In the UV region the strong band at 290 nm is assigned to
group and iodation reaction with ICl at low temperature. singlet intraligand{IL) 7" transitions of the bipyridines.
Repetition of this two-step sequence leads to a modular The band between 320 and 360 nm is due to a spin allowed
construction of the phenylene spacer that is terminated by =" transition localized on the phenylene bridge. With in-
the coupling to a free bipyridine. The heterodinuclear com- creasing number of phenyls the intensity of this band in-
plexes have been synthesized by the reaction between the&reases and the maximum shifts to lower energy accordingly
Os(bpy)Cl, precursor and the free bipyridine ligand of these with the well-known decrease of the HOMO-LUMO gap
complexes in ethylene glycol under microwave irradiation.  for conjugated units until the effective conjugation length is

A second strategy is based on a direct coupling of two reached56]. In the visible region around 440 nm the char-
different metal centres by a cross-coupling reaction (see acteristic singlet metal-to-ligand charge transfevii(CT)
Scheme R We used the well-developed Pd(0) catalysed bands for Ru(bpwf* and at slightly lower energy those for
Suzuki cross-coupling reaction, involving an aryl halide and Os(bpy}2* derivatives are observed. A weaker absorption
a boronic ester, to connect directly a ruthenium and an os- between 560 and 680 nm can be assigned to the spin forbid-
mium centre. The complementarity between the two moieties den3MLCT transition involving the osmium units and are
allows the synthesis of heterometallic complexes in one step.due to the strong spin—orbit coupling promoted by the heavy
metal. A comparison between the absorption spectra of one of
the heterometallic complexes, [Ru40s}** and the absorp-
tion spectra of [Ru-pitRu]** and [Os-ph-Os}** is shown

1.5
E 1.0
=
‘©
X 0541
2 [PFgl’
0.0 ; y -
400 600 800
mEs (a) A/nm
2 [PFel
1.5
[Osbpy-ph-Brj?*
§ 104
=
44+ ‘B
aYe O~ e .
_N\ N N N= w 0.5
/4
0.0 ; . —_— .
{4al 400 600 800
(b) A/ nm

Scheme 3. Alternative synthetic way for the synthesis of [RePB]* by

direct coupling of a Ru-based unit and the complementary Os component: (a) Fig. 1. Absorption spectra of (a) [Ru-plOs}** (- - -), [Ru-phs-Os}* (- - ),
methoxy ethanol, 90C, 18 h; (b) DMF, KCOs, Pd(PPh)a, 100°C, 22 h, [Ru-phy-Os}* (- --) and [Ru-pl-Os}* (—), (b) [Ru-phi-Ru}** (—), [Os-
42%. phy-Os}** (- - -), and [Ru-ph-Os[** (- - -) in acetonitrile at room temperature.
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Table 1
Luminescence data

298 K2 77K°

Ru Os Ru Os

Amax (NM) 7 (ps) Amax (NM) 7 (ns) Amax (Nm) T (ns) Amax (NM) T (ps)
[Ru-php-Osf** & 4d 752 43 592 ef 715 1.1
[Ru-phs-OsP* 620 17 751 43 591 0h 715 1.2
[Ru-phy-Os]* 617 244 753 43 591 0.4 715 1.1
[Ru-phs-Os** 621 2020 751 43 594 0.7 715 1.1
[Ru-phy-Ruj** 625 206x 103 - - 595 6.4x 10° - -
[Os-phy-OsP* - - 746 39 - - 719 1.0

@ In air equilibrated acetonitrilg,exc= 450 nm.

bn butyronitrile glassiexc=450 nm.

¢ Too low in intensity to be determined accurately.

9 Aexc=420Nm.

€ Too fast to be detected by our experimental setup.
f Aexe=324nm.

in Fig. 1b. It can be seen that the absorption spectrum of the ponent for [Ru-ph-Os]** is almost completely quenched due
heterodinuclear [Ru-pROs** is equal to a spectrum of a  to intercomponent energy transfer. A full sensitisation of the
1:1 mixture of the parent homodinuclear complexes [Ru-ph  gsmium emission is observed and the osmium unit emits at
Rul** and [Os-pl-Os}**. This is an indication that a weak 750 nm with its own unchanged quantum yield. At 77 K in bu-
electronic interaction between the metal centres is presentiyronitrile rigid matrix the emission maxima are blue-shifted
The three spectra show an isosbestic point at about 440 nmgompared to the emission at 293 K. This is consistent with the
in which the Ru and Os components absorb the same frac-charge-transfer nature of the emitting exciting state and the
tion of incident light. Such an observation will be useful for |ack of solvent stabilization in rigid matrix. Also at 77 K the
the quantitative evaluation of the quenching and sensitisationoccurrence of intramolecular electronic energy-transfer pro-
processes due to electronic energy transfer in the heterodincesses can be observed even though in such a case a quan-
uclear complexes (see Sectid3). titative estimation of the emission quantum yields was not
The emission properties of all the complexes were in- possible. The process has an efficiency of almost 100% and

vestigated at 293K in acetonitrile solutions and at 77K in the rates of the process have been estimated by time-resolved
butyronitrile rigid matrix upon excitation at 440nm. The spectroscopy (see next section).

photophysical data are summarizedTiable 1 The room-

temperature emission spectra of the [Ry{¥sI** deriva- 3.2. Time-resolved spectroscopy
tives (1=2-5) and, for comparison, of [Ru-piRul** are
shown inFig. 2 The spectra of [Ru-phOs}** and of [Ru- A more precise evaluation of the degree of quenching and

phs-Ru]** have been obtained with diluted solutions (optical the calculation of the rate of the photoinduced process was
density <0.1) and the same absorption at the excitation wave-carried out with time-resolved emission, and in the cases
length. It can be seen that the emission of the ruthenium com-jn 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 camerg € 450 nm). All
4 % the measurements were performed in air-equilibrated ace-
! * tonitrile. The results are reportedTable 1 The lifetimes of
the osmium-based emission for all the [Rurs}** com-
pounds are similar to the lifetime obtained for the reference
complex [Os-ph-Os}** [57] and for [Os(bpy3]?* [58]. In
the case of the ruthenium-based emission the lifetimes are
strongly reduced in comparison to the parent complex [Ru-
phy-Ru]** [57].
For the complex with the shortest spacer ([Ru-@s}*")
the lifetime of the ruthenium-based component is decreased
Fig. 2. Luminescence spectra of [Rusp®S]™ (- -), [Ru-phs-Os] (- - ), to4psas Compared tq [Ru-pRul** that exhibits a lifetime
[Ru-phs-OsP* (- - -), [Ru-phs-OsP* (—) and [Ru-ph-Rul™ (- - - ) in ace- of 206 ns. By increasing the length of tipara-phenylene
tonitrile at room temperaturé.g = 440 nm). spacer the excited state lifetimes of the ruthenium also in-

| /a.u.
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Fig. 3. Sub-picosecond transient absorption spectrum (a) of [B«@slf* in acetonitrile f.ex=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 [Ri+-ph
OsI*. InFig. 3the transient absorption spectrum of [Rusph
Os}** is shown. The excitation wavelength of 420 nm was
chosen to excite as much as possible intolt&CT of the
ruthenium. Although, it is impossible to avoid a simultane-

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

ous direct population of the excited state of the osmium since band at 77 K. The energy transfer process is exoergonic of
the absorption spectrum of the osmium component strongly AG=—-0.37 eV as calculated from the triplet state energies
overlaps with the ruthenium-based component. The transientof the ruthenium{MLCTr, = 2.10 eV) and osmium compo-
absorption spectra show a band at 380 nm that is attributednent EMLCT os=1.73 eV), respectively.

to the radical anion by, a ground-state bleach in the re-

The energy of the triplet excited state of tipara

gion 410-520 nm and the large transient absorption band bephenylene spacer is not known exactly but we believe that

tween 540 and 800 nif57] is hidden by a bleaching. The

it is higher in energy than the lowest excited states of both

positive band, if visible, is assigned to the delocalization of ruthenium and osmium. The energy of the triplet excited

the radical anion bpy™ over thepara-phenylene spacer. In-

state is 22,900 crmt for biphenyl and 20,400 cri for para-

deed the lowest excited state derives from a metal to ligandterphenyl[59,60] If the energy of the lowest excited triplet

charge transfer to the bipyridine with the lowest reduction

potential, in this case the bpy substituted with the conjugated
para-phenylene spacer. Inthe region between 580 and 690 nm
however also the ground-state bleaching band arising from

the spin-forbiddedMLCT of the osmium can be seen. Over

time the maximum of the ground-state bleaching band around

460 nmiis shifting to the red by 30 nm. We attribute this shift to

adirect 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 j58d. 3c) corresponds to
the formation of the band, rise time, at 490 nm (21Rig, 30).

The same rise time is obtained monitoring the formation of
the bleaching at about 650 nm characteristic of the Os(Il) unit.

3.3. Photoinduced energy transfer

E/eV
25 'MLCT
MLCT
Ty
201 QMLE : \
: *MLCT §
15 hv | ;
v hy' + hv"
ol ¥ v
Ru(bpy)a®-  -phy-  Os(bpy)s®-

The energy transfer process can be schematically rep-
resented by the energy-level diagram for the heterodinu- rig. 4. schematic energy-level diagram for the [Ru-@sP* (n=2-5)

clear [Ru-pR-Os}** derivatives ©=2-5) and is depicted

complexes.
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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, abdut 65
in the [Ru-phR-Os* and 20 in the [Ru-ph-Os}** 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,
0.5 1.0 15 2.0 between the donor and acceptor moieties. Such small ge-

t/ns ometrical differences influence dramatically the rate of the
Fig. 5. Time-resolved emission of [Ru-pids}* in aereated acetonitrile energy fransfer process Sm?e fD1E3 a 90-fold mcreas_e for
(hexc=32411m), showing the decay at 620 nm, ruthenium moiety (245 ps), the energy transfer process is obtained by planarization of the
and the rise time at 740 nm, osmium moiety (251 ps). bridging ligand (sedable 2andScheme 1 It is interesting

to notice that for the longer spacer with 5 phenylene units the

decreases asri/as it is known to happen for the maximum difference for the energy transfer rate becomes smaller. In
of the lowest energy absorption band, and the singlet-triplet this case only a 50 times faster rate constant is observed for
separation remains constant, it can be estimated that the enfRu-phs-Os}** compared to [Ru-piR-OsJ**. A possible ex-
ergy of the lowest excited triplet is around 19,600¢hfor planation for the different ratio of the rates is that in the case
tetraphenyl and 19,000 cmh for pentaphenyl. An indication  of the [Ru-phR-OsJ* only the central phenylene is substi-
thatthe triplet excited state is at higher energy is demonstratediuted with the bulky hexyl chain causing in that part of the
by the fact that no quenching of the excited state lifetimes is chain a decrease of conjugation and therefore a “barrier” for
observed in the parent homodimetallic complexes [Ry-ph  the energy transfer process. In the shortest bridging ligand
Ru]** [57]. The conditions under which the experiments were (smaller number of phenyls) the effect is apparently larger
carried out, low concentrationr~3 x 10-°M) and rather because the entire system is out of planarity.
short lifetimes (<250 ns), allow us to exclude intermolec-  Such aresult clearly indicates that the energy transfer pro-
ular energy transfer processes. For the longer heterometalceeds via a Dexter mechanigfi]. The different electronic
lic compound, [Ru-pi-Os}** and [Ru-pR-Os[** the energy  coupling, due to the increase in planarity of the phenylenes
transfer process can be monitored by time-resolved emissionin our systems, is the cause of a very fast and efficient energy
spectroscopy. As can be seerfig. 5the decay time moni-  transfer since the distance between the chromophores is the
tored at 620 nm, on the ruthenium moiety, and the rise time, same for both series of complexes.
monitored at 740 nm have the same value and are a clear con- = Since as already mentioned the excited states of the bridg-
firmation that the quenching of the ruthenium emission is due ing ligand are too high in energy to be directly involved in

-
o
1

Intensity / a.u.
©
(o]
|

1
'S
|

o

)
o
S+

to a very efficient energy transfer process. the energy transfer process the attenuation faétoan be
The rate constants for the energy transfer process can bestimated by plotting the logarithm of the rates versus the
calculated from the equation distance between the donor and acceptor units. For com-
1 1 parison also the data obtained for the [RufRHOS'* com-
ken= (T> - (TO) 1) plexes[12] are reported irFig. 6. The attenuation factors

obtained for both systems are almost similar within exper-
wheret and 0 are the lifetimes of the quenched and un- imental error but the rates for the unsubstituted phenylene
quenched ruthenium based luminescence, respectively. The
rate constants are reportedliable 2 In order to establish the

role of the bridging ligand and to determine the mechanism of -ph,-

the process a comparison with very similar complexes ([Ru- 25

phaR-OsT) [12] in which the central phenylene unit is sub-

stituted by a hexyl chain (s&&xheme %is discussed. In both 204

series of complexes the driving forcaG=-0.37 eV) and 5

= 151

Table 2

Energy transfer ratés p=035A" -ph R-
[Ru-phy-Osf** [Ru-phR-Osf* 01
ken (s71) In(Ker) ken (s71) In(Ker) 0 1 : : : : '

[Ru-php-OsP** 2.5x% 1011 26.2 _ _ 15 20 25 30 35 40 45

[Ru-phs-OsP* 5.9x 1010 24.8 6.7x 108 20.3 d,,/A

[Ru-phy-Os** 41x10° 22.1 - -

{Ezgsgz]ﬁi ‘_1'9X 10° EO'O 11§§ 18; iii Fig. 6. Plot of Inken) vs. the metal-metal distanc@)[Ru-ph,-Os}** com-

plexes with bare phenylene bridg&])([Ru-ptwR-Os]** complexes with
2 In aereated acetonitrile solution. n-hexyl chains on the phenylene bridge.
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Ken =0.67 x 10%s™

‘ dum =24 A ‘
[Ru-phzR-Os]**

ken =10.0x107 s

| dum = 32.5A |
[Ru-phsR-Os]**

ken = 13.0x 10%s™

\ Ay = 42 A \

[Ru-ph;R-Os]**

R = n-hexyl

Scheme 4. Schematic representation of the [RyRpBs['* (n=3, 5, 7; R =n-hexyl) complexes with the metal-metal distanahg() and the energy transfer
rate constantskgn) [12].

bridges are higher. As can be seen thealue of 0.53 1 the energy transfer takes place according to a Dexter mecha-
isin a very good agreement with similar Systems contain- nism which forma”y consists of a double electron eXChange.
ing polyphenylenes substituted jmara position. Barigel- Therefore the distance dependence of the two electronic cou-
letti et al. reported an attenuation factor of 083! for a pling matrix elements is expected to be different for energy
cyclometalated Ru(11)/Os(ll), (ttp)Ru(dpb-(philpb)Os(ttp) ~ and electron transfer processes.

(n=0-2), where the biscyclometalating bridging ligands con-

tain dipyridylbenzene (dpb) fragmeni85]. Interestingly

similar attenuation factor values where obtained for electron 4. Conclusions

transfer (ET) processes. McLendon and coworfg2¥found

BeT= 0.4A-1, whgreas Wasielewski and cowork@s8] re- We have synthesized and investigated a series of dinuclear
ported BeT=0.46A"1 for photoinduced electron transfer heterometallic complexes containingara-polyphenylene
through phenylene spacers. Similar valugsr(= 0.61A~1) units as spacers. The photophysical behaviour of such com-

were also reported for the conductance of thin-films made pounds clearly shows that an efficient and fast energy trans-
of oligophenylene thiol$64]. This coincidence oB values fer takes place from the excited ruthenium-based component
for the energy and electron transfer may be fortuitous sinceto the energy acceptor, osmium unit. A comparison with
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analogous complexes containing substituted (twisted) pheny-laser). A micro-channel plate photomultiplier (Hamamatsu

lene units suggests that the geometry of the bridging ligand isR3809) was used as detector.

important for the rates of the process. Furthermore the energy  Sub-pico transient absorption spectroscopy experiments

transfer process follows a Dexter-type mechanism. 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

5. Experimental stretcher, a titanium:sapphire regenerative amplifier, a Q-
switched pump laser (Evolution) and a pulse compressor. The
5.1. Solvents and starting materials 800 nm output of the laser is typically 1 mJ/pulse (130fs) at

a repetition rate of 1kHz. A full-spectrum setup based on

All reagents were purchased from Aldrich or Acros and an optical parametric amplifier (Spectra-Physics OPA 800)
used without purification unless otherwise indicated. Comm- as pump and residual fundamental light (J&3pulse) from
ercial deuterated solvents were used as received for the charthe pump OPA was used for white light generation, whichwas
acterization of the compounds. Butyronitrile used for spectro- detected with a CCD spectrometer. The white light genera-
scopy or electrochemistry was freshly distilled from GaH tionwas accomplished by focusing the fundamental (800 nm)
before use. The procedure for the preparation of 4[4(4,4,5,5-into a HO flow-through cell (10 mm).
tetramethyl-[1,3,2]dioxaborolan-2-yl]-[2]Bipyridinyl (b-
py-ph-B(OR}), [Osbpy-ph-Br](PFs)2, [Rubpy-ph-bpy] 5.4. Preparation of the complexes
(PFRs)2, [57] Os(bpy}Cly, [65] 4'-trimethylsilylbiphenyl-4-
boronic acid[66] and the synthesis of the Ru complexes 5.4.1. [Rubpy-pk-Si(CHs)3](PFg)2 (1)
[Rubpy-ph-Br](Pk)2, [Rubpy-ph-1](PFs)2 and [Rubpy- A solution of [Rubpy-ph-Br] (190.5 mg, 18.8 mmol);-4
phy-Si(CHg)3](PFs)2 [67] are described elsewhere. All the trimethylsilylbiphenyl-4-boronic acid (53.5mg, 19.8 mmol)
complexes have been isolated agPBalts. The complexes and K;COs; in DMF (30mL) was degassed three times
have been purified by column chromatography and charac-by freeze-pump-thaw technique. Subsequently Pd{RPh

terized by'H NMR and mass spectroscopy. (15.4mg, 0.013 mmol) was added and the reaction mixture
was heated at 98C. After 16 h the solvent was removed
5.2. Instrumentation under vacuum and the residue was purified by silica

gel chromatography (eluent: MeCN/&/MeOH/NaCl,
Proton NMR spectroscopy was performed at 300 MHz on 4:1:1:0.1). An orange-red powder was obtained after evap-

a Varian Mercury 300 spectrometer, using solvents as internaloration of the solvents (yield: 93%jH NMR (300 MHz,
references. Chemical shifi)@re reported in ppm downfield  CD3CN): §=8.77 (s, 1H), 8.69 (d3J=8.3Hz, 1H), 8.49
from tetramethylsilane and the residual nondeuterated sol-(dd, 3J=13Hz, 3J=7.8 Hz, 4H), 8.04 (m, 5H), 7.94 (dd,
vent was used as reference. Electron spray ionization (ESI)3J=19.5Hz, 3J=8.5Hz, 4H), 7.88-7.56 (m, 15H), 7.39
mass spectra were measured with a Bruker FTMS 4.7 T Bio (m, 3J=6.0Hz, 5H), 0.33 (s, 9H). ESI-MSyz 1015.21
APEXII spectrometer. (M* — PR), 435.12 UI* — 2PR).

5.3. Spectroscopy 5.4.2. [Rubpy-pk](PFg)2 (2b)
At 0°C, ICI (35mg, 0.22mmol) in CBECl (2ml) was

The UV-vis absorption spectra were recorded on added to asolution of [Rubpy-ptSi(CHs)s](PFs)2 (101 mg,
a Hewlett-Packard diode array 8453 spectrophotometer.0.087 mmol) in CHCI, (20 mL). After 1.5h the ice-bath
Recording of the emission spectra was done with a SPEXwas removed and the reaction mixture was stirred for an-
1681 Fluorolog spectrofluorometer. Low temperature emis- other 1.5h at room temperature. A solution of J8g03
sion spectra for glasses and solid state samples were recorde(l M in H,O, 10mL) and NHPF (0.5g in 5mL HO)
in 5mm diameter quartz tubes that were placed in a Dewarwas added and the reaction mixture was stirred for 20 min.
filled with liquid nitrogen and equipped with quartz walls. The two phases are separated and the organic layer was
The emission spectra were corrected for monochromator andwashed with water (2 20 mL), brine (10 mL) and dried over
photomultiplier efficiency. Lifetimes were determined using MgSQy. Evaporation of the solvent yielded an orange pow-
a Coherent Infinity Nd:YAG-XPO laser (1 ns pulses FWHM)  der (yield: 98%)XH NMR (300 MHz, CxCN): §=8.86 (s,
and a Hamamatsu C5680-21 streak camera equipped with d@H), 8.79 (d,2J=8.0Hz, 1H), 8.59 (m, 4H), 8.16-7.92 (m,
Hamamatsu M5677 low speed single sweep unit. 9H), 7.91-7.72 (m, 13H), 7.54 ()= 8.3 Hz, 2H), 7.50-7.41

A sub-nanosecond single photon counting setup was usedm, 5H). ESI-MS, mVz. 1069.07 M* —PFs), 462.05
for time-resolved fluorescence measurements. The excitation(M* — 2PF).
source consists of a frequency doubled (300-340 nm, 1ps,
3.8 MHz) output of a cavity dumped DCM dye laser (Coher- 5.4.3. [Rubpy-pil](PFg)2 (20)
ent model 700) that was pumped by a mode-locked Ar-ion At 0°C, ICI (27 mg, 0.16 mmol) in ChkiCl> (2 mL) was
laser (Coherent 486 AS Mode Locker, Coherent Innova 200 added to a solution of [Rubpy-gt8i(CHs)3](PFs)2 (85 mg,
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0.066 mmol) in CHCI> (20mL). Followed by a similar
workup procedure as for [Rubpy-pi](PFs)2 (yield: 99%).

IH NMR (300 MHz, CxCN): §=8.82 (s, 1H), 8.73 (d,
8J=6.5Hz, 1H), 8.54 (dd2J=6.8Hz, 3J=5.7Hz, 4H),
8.16-8.06 (m, 5H), 8.05-7.96 (m, 4H), 7.92-7.72 (m, 17H),
7.53 (d,2J=8.4Hz, 2H), 7.49-7.40 (m, 5H). ESI-M8yz
1145.11 * — PFg), 500.07 M* — 2PF).

5.4.4. [Rubpy-pk-bpy](PFs)2 (3b)

[Rubpy-ph-1] (115mg, 0.097 mmol), 4[4(4,4,5,5-tetra-
methyl-[1,3,2]dioxaborolan-2-yl]-[2;Bopyridinyl (38 mg,
0.011 mmol) and KCO;3 (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(BRH11 mg,
0.010 mmol) were added and the solution was heated a
95°C for 6 h. The DMF was evaporated and the compound
was washed with water (220mL) and diethylether
(2 x 20mL) prior to column chromatography on silica gel
with MeCN/H,O/MeOH/NaCl, 4:1:1:0.1 as eluent (yield:
65%). 'TH NMR (300 MHz, CxCN): §=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* — PFg), 476.13 W1* —
2PFs).

5.4.5. [Rubpy-phrbpy](PFe)2 (30)

[Rubpy-phs-1]1 (100 mg, 0.082 mmol), 4[4(4,4,5,5-tetra-
methyl-[1,3,2]dioxaborolan-2-yl]-[2;Pbpyridinyl (44 mg,
0.124 mmol) and KCOs3 (68 mg, 0.49 mmol) were dissolved
in DMF (15 mL) and the system was degassed three times
by freeze-pump-thaw technique. Finally Pd(BR2H10 mg,
0.008 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 (220mL) and diethylether
(2 x 20mL) prior to column chromatography on silica gel
with MeCN/H,O/MeOH/NaCl, 4:1:1:0.1 as eluent (yield:
75%).1H NMR(300 MHz, CD;CN): § = 8.86-8.69 (m, 5H),
8.61-8.50 (m, 5H), 8.18-7.70 (m, 29H), 7.66-7.58 (m,
1H), 7.52-7.41 (m, 6H). ESI-MSwWz 1173.27 " — PFg),
514.15 M* — 2PR).

5.4.6. [Rubpy-pk-bpy](PFs)2 (3d)

[Rubpy-phy-1] (62 mg, 0.048 mmol), 4[4(4,4,5,5-tetra-
methyl-[1,3,2]dioxaborolan-2-yl]-[2/Bopyridinyl (23 mg,
0.063 mmol) and KCOs (40 mg, 0.29 mmol) were dissolved
in DMF (15mL) and the system was degassed three times
by freeze-pump-thaw technique. Finally Pd(BRH5.5 mg,
0.005mmol) were added and the solution was heated at
95°C for 6 h. The DMF was evaporated and the compound
was washed with water (220mL) and diethylether
(2 x 20mL) prior to column chromatography on silica gel
with MeCN/H,O/MeOH/NaCl, 4:1:1:0.1 as eluent (yield:
78%). 'H NMR(300 MHz, CD;CN): 5§=8.85-8.69 (m,
5H), 8.61-8.49 (m, 5H), 8.18-7.70 (m, 34H), 7.54-7.41
(m, 6H). ESI-MS,m/z. 1249.31 M* — PFg), 552.16 W* —
2PFg).
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5.5. General procedure for the synthesis of
heterodinuclear Ru/Os complexes

5.5.1. [Ru-ph-Os](PFg)4 (4Q)

[Rubpy-ph-bpy](PFs)2 (42 mg, 0.036 mmol) was added
to Os(bpy>Cly (30 mg, 0.049 mmol) dissolved in ethylene
glycol (5mL). The suspension was repeatedly heated three
times for 2min 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 /i was added. The
acetone was removed under reduced pressure from the wa-
ter phase and the precipitated solid was filtered, washed with

{water (3x 20 mL) and diethylether (2 20 mL). The crude

product was dissolved in acetone (3 mL), and purified over
silica gel chromatography with MeCNA@/MeOH/NacCl,
4:1:1:0.1, as eluent toyield a dark-green powder (yield: 82%).
IH NMR (400 MHz, CCN): §=8.82 (dd,3J=8.08 Hz,
4J=1.5Hz, 2H), 8.73 (dd2J=8.08 Hz, 2H), 8.54 (ddd,
3)=8.08 Hz, 8H), 8.15-8.07 (m, 5H), 8.04 (dd,= 8.08 Hz,
4J=3.03 Hz, 4H), 7.99 (d3J=8.08 Hz, 4H), 7.95-7.86 (m,
4H), 7.85 (d,2J=6.06 Hz, 1H), 7.83-7.67 (m, 15H), 7.65
(dd,3J=6.06 Hz,*J= 1.5 Hz, 1H), 7.48-7.42 (m, 5H), 7.39-
7.33 (m, 5H). ESI-MSm/z 834.16 M* — 2PF;), 508.45
(M* — 3PFg), 344.59 I" — 4PFg).

5.5.2. [Ru-ph-Os](PFs)4 (4b)

[Rubpy-ph-bpy](PFs)2 (29 mg, 0.023 mmol) was added
to Os(bpy}Cls (21 mg, 0.035 mmol) dissolved in ethylene
glycol (5 mL) and irradiated three times 2 min in a microwave
oven (450 W) (yield: 87%)'H NMR (300 MHz, CI3CN):
§=8.82(dd2J=6.9Hz, 2H), 8.73 (£J=7.35Hz, 2H), 8.53
(m, 8H), 8.16-7.87 (m, 21H), 7.86—7.62 (m, 15H), 7.45 (m,
5H),7.33(m, 5H). ESI-MSy/z 873.14 M* — 2PF), 533.10
(M* — 3PFRg), 364.09 M* — 4PR).

5.5.3. [Ru-ph-Os](PFs)4 (40)

[Rubpy-ph-bpy](PFs)2 (50 mg, 0.038 mmol) was added
to Os(bpy}Cl> (34 mg, 0.057 mmol) dissolved in ethylene
glycol (5mL) and irradiated three times 2min in a mi-
crowave oven (450 W) (yield: 85%}H NMR (400 MHz,
CD3CN): §=8.83 (dd,3J=8.08 Hz,*J=1.5, 2H), 8.74 (dd,
3J=8.08 Hz, 2H), 8.54 (dddJ=8.08 Hz, 8H), 8.16-8.07
(m, 5H), 8.04 (dd3J=8.08 Hz,*J=3.53 Hz, 4H), 7.99 (d,
3)J=8.08 Hz, 4H), 7.91 (s, 12H), 7.86 ()=6.06 Hz, 1H),
7.84-7.67 (m, 13H), 7.66 (dd)=6.06 Hz,*J= 1.5 Hz, 1H),
7.48-7.42 (m, 5H), 7.40-7.33 (m, 5H). ESI-M8z 911.17
(M* — 2PFs), 558.46 MI* — 3PF;), 382.85 \I* — 4PF).

5.5.4. [Ru-pB-Os](PFg)4 (4d)

[Rubpy-phs-bpy](PFs)2 (20 mg, 0.014 mmol) was added
to Os(bpy3Cl> (10 mg, 0.016 mmol) dissolved in ethylene
glycol (5 mL) and irradiated three times 2 min in a microwave
oven (450 W) (yield: 80%)*H NMR (300 MHz, CD;CN):
§=8.83(dd3J=9.20Hz2)=1.6, 2H), 8.74 (t2J=8.40 Hz,
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2H), 8.54 (q,3\]: 7.60Hz, 8H), 8.16-8.07 (m, 5H), 8.04 (dd, [9] L. Flamigni, F. Barigelletti, N. Armaroli, J.-P. Collin, .M. Dixon,

3)=8.08Hz.4J=3.53 Hz 4H) 7.99 (d3J=8 08 Hz 4H) J.-P. Sauvage, J.A.G. Williams, Coord. Chem. Rev. 192 (1999)
b " 31 _ 1 . L . L L 671.

7.91 (m, 16H), 7.85 (d?J=6.06 Hz, 1H), 7.84-7.67 (m, [10] M.T. Indelli, F. Scandola, J.-P. Collin, J.-P. Sauvage, A. Sour, Inorg.

13H), 7.66 (m, 1H), 7.46-7.45 (m, 5H), 7.38-7.33 (m, 5H) Chem. 35 (1996) 303.

ESI-MS, m/z. 949.74 M* — 2PFs), 583.52 M* — 3PR), [11] M. Staffilani, P. Belser, F. Hartl, C.J. Kleverlaan, L. De Cola, J.
402.03 MI* — 4PF). Phys. Chem. A 106 (2002) 9242.
[12] B. Schlicke, P. Belser, L. De Cola, E. Sabbioni, V. Balzani, J. Am.
Chem. Soc. 121 (1999) 4207.
5.6. Alternative synthetic route for [13] L. De Cola, V. Balzani, F. Barigelletti, L. Flamigni, P. Belser, S.
Bernhard, Recl. Trav. Chim. Pays-Bas-J. R. Neth. Chem. Soc. 114
(1995) 534.
5.6.1. [Ru-ph-Os](PFe)4 (42) [14] J.-P. Sauvage, J.-P. Collin, J.-C. Chambron, S. Guillerez, C. Coudret,
Ru(bpy)Cl> (120 mg, 0.24 mmol) and 4[4(4,4,5,5-tetra- V. Balzani, F. Barigelletti, L. De Cola, L. Flamigni, Chem. Rev. 94
methyl-[1,3,2]dioxaborolan-2-yl]-[2;Pipyridinyl (80 mg, (1994) 993.

0.22 mmol) were dissolved in dry methoxy ethanol (5mL). [19] ; :39 Ck0|aMV'FBalz|fn,i:’ '; %afi%ﬂe”letgv '—-tF'f‘_m“JC”i' Ft’- 2e_lse;r, Ah- V(IJ”
. elewsKy, . Frank, F. e, Mol. Cryst. Lig. Cryst. SCI. Technol.

The solution was heated at 90 for 18 h under Argon. The Seor A:yMol. Cryst, L, %ryst. - ({994)‘197. y

reaction mixture was cooled to room temperature and the sol-[le] L. De Cola, V. Balzani, F. Barigelletti, L. Flamigni, P. Belser, A.

ventwas removed under reduced pressure. The crude product — von zelewsky, M. Frank, F. ¥igtle, Inorg. Chem. 32 (1993) 5228.

was washed with hexane 420 mL) in order to remove  [17] L. De Cola, F. Barigelletti, V. Balzani, R. Hage, J.G. Haasnoot, J.

the organic starting material. The flask was then loaded with _ Reedik, J.G. Vos, Chem. Phys. Lett. 178 (1991) 491.

[Osbpy ph-BI‘](PE)z (246 mg, 0.22 mmol), KCOs (500 mg, [18] goﬂggrlgn;zn, M. Hissler, A. Khatyr, R. Ziessel, Eur. J. Inorg. Chem.

3.61 mmol) and degassed DMF (15 mL). Finally the catalyst [19] A. El-ghay('Jury, A. Harriman, R. Ziessel, J. Phys. Chem. A 104

Pd(PPB)4 (0.04 mol%) was added. The reaction mixture was (2000) 7906.

heated at 100C for 22 h. The solvent was evaporated under [20] A. Juris, L. Prodi, A. Harriman, R. Ziessel, M. Hissler, A. El-

reduced pressure to afford a black green solid. The crude ~ ghayoury, F.Y. Wu, E.C. Riesgo, R.P. Thummel, Inorg. Chem. 39

o e (2000) 3590.
productwas pur|f|ed by column chromatography @I@Ith [21] V. Grosshenny, A. Harriman, F.M. Romero, R. Ziessel, J. Phys.

MeCN/H,O/MeOH/KNG;, 4:1:1:0.1 as eluent, preparative Chem. 100 (1996) 17472.
plate (SiQ, MeCN/H,O/MeOH/KNG;, 4:1:1:0.1, as mobile  [22] V. Grosshenny, A. Harriman, R. Ziessel, Angew. Chem. Int. Ed.
phase) and recrystallisation from acetone/diethyletd@). ( Engl. 34 (1995) 1100.

was obtained as a crystalline dark-green powder (yield: 42%).[23] gbgé)“f;'}i%a’ N. keda, K. Nozaki, T. Ohno, J. Phys. Chem. B 104

[24] J.-P. Collin, P. Gavina, V. Heitz, J.-P. Sauvage, Eur. J. Inorg. Chem.

(1998) 1.
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