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The preparation, structural features, electrochemical behavior, and optical properties (at room temperature and at
77 K) are reported for a series of thiophene-containing hybrids based on the bent conjugated backbone of a rigid
ditopic ligand, the dimeric moiety 3,4-dibutyl-2,5-bis{5'-[(3,4-dibutylthien-2-ylethynyl)-2,2"-bipyridin-5-yljethynyl} -
thiophene (TBTBT). Within the dimer, the diethynyl-2,2"-bipyridine units (bpy, the coordination sites) alternate with
three 3,4-dibuthylthiophene units and coordination of the [Re(CO);Cl], [Ru(bpy)2]>*, and [Os(bpy),]** centers results
in the mononuclear species RUTBTBT and OsTBTBT and the binuclear species RUTBTBTRu, OSTBTBTOs,
RuTBTBTOs, and ReTBTBTOs. At room temperature, the emitting states obtained by photoexcitation are of
SMLCT nature, and vibronic analysis of the emission spectra indicates that they are largely delocalized over the
TBTBT ligand. In the binuclear species, the intermetal separation is ca. 17 A, and for RUTBTBT Os, an efficient Ru
— Os excitation transfer takes place, resulting solely in an Os-based emission. The process is ascribed to double-
electron transfer (Dexter), as mediated by the TBTBT ligand; a similar conclusion holds for the case of ReTBTBT Os.
For RUTBTBTOs, the process is discussed in some detail also with regard to the possibility of disentangling the
constituent hole and electron-transfer events.

Introduction the development of electroluminescent devi¢éd and of
devices based on elaborate sensory signal amplificattbn
and, on general grounds, with the exploitation of their
conductive properties for molecular electroni¢g? It is of
relevance that the study of such hybrids can take advantage
hof the results from investigations both of Ru(ll)- and Os-

Thiophene-containing metallo-supramolecular oligomers
and polymers incorporating photoactive and electroactive Ru-
(I and Os(ll) centers are an attractive class of hybrid
materials that show interesting electrooptical propeftigs.
Perspectives for the use of such materials have to do wit
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(IN-containing multimetallic speciés 3! and of thiophene-
based oligomer& 37" which lay relevant premises for
developing approaches for their integration. Along these

lines, the use of neutral Re(l) chromophores as energy donors

has been somewhat neglected.

Several bi- and polymetallic species have been studied in
which the metal-based units appear as terminals of an
oligothiophene connecting urit3¢-48 In these hybrid wires,
when in the presence of heterometallic species, i.e, of both
Ru(ll)- [or Re(l)-] and Os(ll)-based centers, it is possible to
study the photoinduced end-to-end excitation transfer (here
represented as Ru Os). This approach affords one way
for monitoring the conductive properties of the intervening
oligothiophene fragment. This is particularly useful when a
series of compounds incorporating oligomers with variable
length are availablé®-53
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Chart 1. Ligand and Complexés

—|n

X1 X2 n

TBTBT - - 0
Ru Ru(bpy)2 2+
RuRu Ru(bpy)2 Ru(bpy)2 4+
Os Os(bpy)2 2+
OsOs Os(bpy)2 Os(bpy)e | 4+
RuOs Ru(bpy)2 Os(bpy)2 4+
ReOs Re(CO);Cl Os(bpy)2 2+

aBecause of possible rotations around the various single bonds at the
TBTBT ligand, a distribution of geometries is expected.

In this work, we assess the electrooptical properties of the
series of transition-metal thiophene-containing hybrids sche-
matically illustrated in Chart % In this series, the electro-
active and photoactive metal-based units are coupled to the
bent conjugated backbone of a ditopic ligand, 3,4-dibutyl-
2,5-bi 5'-[(3,4-dibutylthien-2-ylethynyl)-2,2bipyridin-5-yl]-
ethynyl thiophene (labeledTBTBT), where two 5,5
diethynyl-2,2-bipyridine moieties (the coordination sites)
alternate with three 3,4-dibuthylthiophene units; bpy is-2,2
bipyridine. The synthetic strategy has been devised in such
a way that the end-capping of the chelating centers by a 3,4-
dibutyl-2-ethynylthiophene stopper ensures the absence of
dissymmetry in the bridging subunit. The dibutylalkyl chains
provide a good solubility of the ligand during the complex-
ation procedure with the metal precursors. The rigidity of
the ligand is due to incorporation of ethynyl units. According
to a proposed classificationthis relatively uncommon
geometry for the resulting hybrids could be termed of type
Il (metal centers coupled to the oligomeric backbone), with
cases where the metal groups are tethered (uncoupled) at
the oligomeric backbone being of type | and those where
the metal centers are included within the backbone being of
type Ill. We describe the syntheses, structural features,
electrochemical behavior, and optical properties of a series
of hybrids including (i) the mononuclear complexes,TRu
BTBT (Ru) and O§FBTBT (Os), (ii) the binuclear homo-
metallic complexes, RIBTBT Ru (RuRu) and OFBTB-

TOs 0s09, and (iii) the binuclear heterometallic complexes,
RUuTBTBT Os RuOs) and REBTBT Os (ReO9 (Chart 1).
Finally we discuss in some detail the excitation transfer event
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Energy Transfer in Hybrids

Chart 2. Schematic Picture of the Energy-Minimized Ground-State Structur&d@@s for Which the Two Metal Centers Are Arranged According to
a Transoid Geometry, with an Intermetal Distante 17 A (from Standard Molecular Mechanics According to Hyperchem 7.5)

for the heterometallic specid®uOs, for which we find a ForRu: *H NMR (200 MHz, (CD;),CO) 6 8.87-8.81 (m, 8H),
through-bridge Ru— Os excitation transmission. Chart 2 8.53 (d, 1H,3J = 8.3 Hz), 8.52 (d, 1H}J = 8.3 Hz), 8.33-8.22
provides a schematic structure 8uOs, with the [Ru- (m, 8H), 8.14 (d, 1HJ = 2.1 Hz), 8.1+8.04 (m, 5H), 7.68
(bpy)]?* and [Os(bpyj]2* centers arranged in a transoid 7.59 (m, 4H), 7.27 (s, 1H), 7.21 (s, 1H), 2:82.77 (m, overlapping

geometry with respect to the oligomeric ligand, as suggested‘i"'(t)r(‘)_rgsgg‘z;' V]\.Iglt‘%r);Rz(.li?Bf.i:_n 1()%122),3 018'2821522 (2”9151242:)7'0
by the results of molecular mechanics calculations. 2196, 1595, 1466, 1447, 1373, 1243, 841: -Uis (CHCN)
Experimental Section nm (€, M~1cm™) _287_(92 0(_)0), 434 (83 500); FABm/z (nature
of the peak, relative intensity) 1547.3 ([M PR]*, 100), 701.2
General Methods. The 200.1 ¥H) NMR (Bruker AC 200) (IM — 2PR;)?", 5). Anal. Calcd for GHgsF1,NgP,RUS: C, 59.60;
spectra were recorded at room temperature using a perdeuterate¢i, 5.00; N, 6.62. Found: C, 59.40; H, 4.75; N, 6.41.
solvent as the internal standard:(H) in ppm relative to residual For RuRu: H NMR (200 MHz, (Cx),CO) 6 8.86-8.81 (m,
protiated solvent in acetorgy- (2.05). Fast atom bombardment 12H), 8.32-8.20 (m, 16H), 8.138.05 (m, 8H), 7.657.58 (m, 8H),
(FAB, in a positive mode) analyses were performed using a ZAB- 727 (s, 2H), 2.672.51 (m, 12H), 1.671.23 (m, 24H), 0.96
HF-VB analytical apparatus amanitrobenzyl alcohol as the matrix. g g4 (m, 18H); IR (KBr, cm?) 3118, 3081, 2955, 2930, 2870, 2198,
Fourier transform infrared (FT-IR) spectra were recorded on the 1596 1466, 1447, 1376, 1243, 841; YVis (CHCN) A nm (e,
neat liquids or as thin films, prepared with a drop of dichlo- \;-1 cm1) 288 (155 000), 444 (123 000); FABmz (nature of
romethane, and evaporated to dryness on KBr pellets. Chromato-ihe peak, relative intensity) 2251.2 ([M PFRs]*, 100), 1053.3 ([M
graphic purification was conducted using aluminum oxide 90 _ >pgj2+). Anal. Calcd for GoHiodF2aN12PARWSs: C, 52.13; H,

standardized. Thin-layer chromatography (TLC) was performed on
aluminum oxide plates coated with a fluorescent indicator. All
mixtures of solvents are given in a volupm@volume ratio. The
experimental procedures for each reaction were tested several time
to optimally find the best conditions. Elemental analyses (C, H,
and N) were performed using an elemental analyzer (Thermo
Electron Flash EA 1112, accuracy better than 0.3%).

Materials. The TBTBT ligand?* cis-CI[Ru(bipy),Cl,]-2H,0,5°
cis-Cl[Os(bipy)Cl,],5¢ and the [Re(CQLI]>” metal precursors were
prepared according to literature procedures.

Synthesis. Ru and RuRu ComplexesA Schlenk flask was
charged with the ligandTBTBT (90 mg, 0.09 mmol), [Ru-
(bpy)Cl;]-2H,0 (71 mg, 0.14 mmol), and finally ethyl alcohol (30
mL). The solution was heated at 80 until complete consumption
of the starting material (determined by TLC), and then the solvent

was evaporated under vacuum. The residue was treated with a

saturated aqueous solution of KP@EO mL) and extracted with
dichloromethane. The organic extracts were washed with water and
dried over absorbent cotton. The solvent was removed by rotary
evaporation. The residue was purified by chromatography on
alumina eluting with dichloromethane to dichloromethaneethyl
alcohol (98.5/1.5, v/v) to give 31 mg (20%) Bfi as a dark-orange
solid and dichlorometharemethyl alcohol (95.0/5.0, v/v) to give
109 mg (50%) ofRuRu as a red solid.
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3334.

(56) Kober, E. M.; Caspar, J. V.; Sullivan, B. P.; Meyer, Tinarg. Chem.
1988 27, 4587.

(57) Zingales, F.; Graziani, M.; Calderazzo,&Gazz. Chim. Actd967, 1,
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4.21; N, 7.01. Found: C, 52.06; H, 3.98; N, 7.23.

Os and OsOs ComplexesA Schlenk flask was charged with
the ligandTBTBT (70 mg, 0.07 mmol), [Os(bpyEl;] (91 mg,

D.11 mmol), and finally ethyl alcohol (30 mL). The solution was

heated at 110C for 4 days, and then the solvent was evaporated
under vacuum. The residue was treated with a saturated aqueous
solution of KPF (10 mL) and extracted with dichloromethane. The
organic extracts were washed with water and dried over absorbent
cotton. The solvent was removed by rotary evaporation. The residue
was purified by chromatography on alumina, eluting with dichlo-
romethane to dichloromethanenethyl alcohol (97.0/3.0, v/v) to
give 63 mg (50%) ofOs as a brown solid and dichloromethane
methyl alcohol (93.0/7.0, v/v) to give 27 mg (15%) ©6Osas a
dark-brown solid.
ForOs: ™H NMR (200 MHz, (CD),CO) ¢ 8.87-8.80 (m, 8H),
8.52 (d, 1H,2J = 8.2 Hz), 8.51 (d, 1H3J = 8.2 Hz), 8.14-7.97
(m, 14H), 7.59-7.50 (m, 4H), 7.25 (s, 1H), 7.20 (s, 1H), 2.80 (i,
4H,3) = 7.5 Hz), 2.68-2.51 (m, 8H), 1.7+ 1.24 (m, 24H), 1.0+
0.85 (m, 18H); IR (KBr, cm?) 3114, 3078, 2952, 2930, 2861, 1590,
1464, 1445, 1270, 840; UWvis (CH;CN) 1 nm (, Mt cm™)
291 (88 400), 435 (75 200), 530 (8000); FARVz (nature of the
peak, relative intensity) 1638.2 ([M PR] ™), 100), 746.2 ([M—
2PFRs)?", 20). Anal. Calcd for @HgsF1oNgOsPSs: C, 56.62; H,
4.75; N, 6.29. Found: C, 56.41; H, 4.43; N, 6.02.

For OsOs 'H NMR (200 MHz, (C),CO) 6 8.82-8.78 (m,
12H), 8.12-7.95 (m, 24H), 7.5#7.48 (m, 8H), 7.25 (s, 2H), 2.68
2.51 (m, 12H), 1.6%1.19 (m, 24H), 0.960.84 (m, 18H); IR (KBr,
cm 1) 3114, 3078, 2955, 2927, 2870, 2197, 1594, 1464, 1447, 1373,
1268, 1242, 840; UVvis (CHCN) A nm (¢, M~t cm™1) 290

Inorganic Chemistry, Vol. 45, No. 3, 2006 1175
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(154 000), 447 (112 000), 528 (18 000); FARVz (nature of the
peak, relative intensity) 2429.2 (M PFR]*, 100), 1142.2 (IM—

2PR?*, 20). Anal. Calcd for GoHiod24N1,09P,Ss: C, 48.52;
H, 3.92; N, 6.53. Found: C, 48.64; H, 3.83; N, 6.25.

a Hamamatsu R5509-72 supercooled photomultiplier tube (193 K),
a TM300 emission monochromator with NIR grating blazed at 1000
nm, and an Edinburgh Xe900 450-W xenon arc lamp as the light
source. The excitation wavelength was 445 nm; this for the
RuOs Complex. A Schlenk flask was charged with th@s complexes leads to a final population of the lowest-lying emitting
complex (30 mg, 0.02 mmol), [Ru(bp@l,]-2H,0O (13 mg, 0.03 levels of Ru- or Os-based metal-to-ligand charge-transfer nature
mmol), and finally ethyl alcohol (10 mL). The solution was heated (see the text)® Corrected luminescence spectra in the range of-700
at 90°C for 3 days, and then the solvent was evaporated under 1800 nm were obtained by using a correction curve for the
vacuum. The residue was treated with a saturated aqueous solutiofphototube response provided by the manufacturer. Luminescence
of KPFs (10 mL) and extracted with dichloromethane. The organic quantum efficienciesgen) were evaluated by comparing wavelength-

extracts were washed with water and dried over absorbent cotton.
The solvent was removed by rotary evaporation. The residue was
purified by chromatography on alumina, eluting with dichlo-
romethane to dichloromethanenethyl alcohol (97.0/3.0, v/v) to
give 33 mg (80%) oRuOsas a brown solid*H NMR (200 MHz,
(CD3),CO) 6 8.86-8.78 (m, 12H), 8.36:7.95 (m, 24H), 7.65
7.48 (m, 8H), 7.26 (s, 2H), 2.672.51 (m, 12H), 1.6%1.21 (m,
24H), 0.95-0.84 (m, 18H); IR (KBr, cm?) 3113, 3078, 2952, 2930,
2869, 2197, 1594, 1464, 1447, 1374, 1242, 840;-W\é (CH;s-
CN) 2 nm (, M™% cm™Y) 288 (177 000), 443 (115 000), 530
(11 000); FAB™ mvz (nature of the peak, relative intensity) 2343.2
(IM — PR]*, 90), 1099.2 ([M— 2PFRs]2", 30). Anal. Calcd for
CioH100F24N120sRRuUS;: C, 50.26; H, 4.06; N, 6.76. Found: C,
50.40; H, 4.03; N, 6.50.

ReOs Complex.A solution of Re(COJCI (9 mg, 0.03 mmol)
in toluene (6 mL) was heated at 8C for 30 min. This mixture
was added to a solution @s (30 mg, 0.02 mmol) in CECl, (6
mL) at 25°C and heated at 80C for 12 h. The solvent was
evaporated under vacuum. The residue was treated with a saturate
aqueous solution of KRF(10 mL) and extracted with dichlo-

romethane. The organic extracts were washed with water and driedt
over absorbent cotton. The solvent was removed by rotary evapora-

tion. The residue was purified by chromatography on alumina,
eluting with dichloromethane to dichloromethataethyl alcohol
(97.5/2.5, viIv) to give 30 mg (85%) ¢teOsas a brown solid:H
NMR (200 MHz, (C3),C0O) 6 9.13-9.10 (m, 2H), 8.86-8.66 (m,
8H), 8.33-8.24 (m, 2H), 8.127.95 (m, 12H), 7.55 (13 = 7.2
Hz), 7.25 (s, 2H), 2.852.78 (m, overlapping with residual water),
2.73-2.51 (m, 12H), 1.761.21 (m, 24H), 1.020.84 (m, 18H);
IR (KBr, cm™1) 3067, 2956, 2928, 2870, 2196, 2021, 1918, 1895,
1592, 1465, 1446, 1377, 1241, 841; BVis (CH,CN) A nm (e,
M~1 cm~t) 290 (105 000), 442 (113 000); FABmz (nature of
the peak, relative intensity) 1943.2 ([M PR]*, 100), 899.1 (M
— 2PR]?", 10). Anal. Calcd for GHg4CIF1,NgO:0sPReS: C,
50.05; H, 4.06; N, 5.35. Found: C, 49.84; H, 3.76; N, 5.04.
Electrochemical MeasurementsElectrochemical studies em-
ployed cyclic voltammetry with a conventional three-electrode
system using a BAS CV-50W voltammetric analyzer equipped with
a Pt microdisk (2 mr) working electrode and a silver wire counter

e

integrated intensitieg)with reference to [Ru(bpy)Cl, (¢ = 0.028

in air-equilibrated wate?y or [Os(bpy}](PFs)2 (¢ = 0.005 in
degassed acetonitrif)as standards and by using the following
equationto.61

_ AP
nAA

Pem @

where A andn are absorbance values@.15) at the employed
excitation wavelength and the refractive index of the solvent,
respectively. Band maxima and relative luminescence intensities
are obtained with uncertainties of 2 nm and 20%, respectively. The
luminescence lifetimes were obtained with the same equipment
operated in single-photon mode by using a 407-nm laser diode
excitation controlled by a Hamamatsu C4725 stabilized picosecond
light pulser. ForReOs an IBH 5000F single-photon equipment
was employed, with excitation at 337 nm. Analysis of the
minescence decay profiles against time was accomplished by
ing software provided by the manufacturers. Estimated errors are
0% on lifetimes and 20% on quantum yields, and the working
emperature was either 298 2 K (1-cn? optical cells employed)
or 77 K (with samples contained in capillary tubes immersed in
liquid nitrogen).

The band profiles of the corrected luminescence spel(E,
on an energy scaleE( cm 1) were analyzed according to eq 2,
describing the relationship between the Fran€london envelope
and some pertinent paramet&ts*4 with S= A/fw. In this equation,

E, — mhw)3gn E — E, + mhw)?
|(E)=ZT aex —4(n2))—— | | (@

E, is the energy of the-60 transition (the energy gap between the
0—0 vibrational levels in the excited and ground states)s a
vibrational quantum number (in practice, an upper limit= 5 is
employed) for a high-frequency mode typical for aromatic rings,
hw = 1400 cn1l,62-64 Ap,), is the width at half-maximum of the
vibronic band,A and S are the reorganization energy and the
displacement parameter, respectively, along those modesgand

1

Vipp

electrode. Ferrocene was used as an internal standard and wais the Boltzmann constant. High values ®r(typically, >0.7)>
calibrated against a saturated calomel reference electrode (SCE)ndicate that the excited state is significantly distorted along the

separated from the electrolysis cell by a glass frit presoaked with
an electrolyte solution. Solutions contained the electroactive

concerned vibrational mode because of electrdoialization

substrate in deoxygenated and anhydrous acetonitrile containing(58) Yeh, A. T.; Shank, C. V.; McCusker, J. Science200Q 289, 935.

tetran-butylammonium hexafluorophosphate (0.1 M) as the sup-
porting electrolyte. The quoted half-wave potentials were reproduc-
ible within ~20 mV.

Optical Spectroscopy.Absorption spectra of dilute solutions
(2 x 105 M) of CH,CI;, (for the ligand) and CBCN (for the
complexes) were obtained with a Perkin-Elmer Lambda 45-UV
vis spectrometer. The luminescence spectra for ca. 2075 M
air-equilibrated solutions at room temperature and 77 K were

measured using an Edinburgh FLS920 spectrometer equipped with
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(59) Nakamaru, KBull. Chem. Soc. JpriL982 55, 2967.

(60) Kober, E. M.; Caspar, J. V.; Lumpkin, R. S.; Meyer, TJJPhys.
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(61) Demas, J. N.; Croshy, G. A. Phys. Cheml1971, 75, 991.

(62) Bargawi, K. R.; Murtaza, Z.; Meyer, T. J. Phys. Chem1991 95,
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(63) Claude, J. P.; Meyer, T. J. Phys. Chem1995 99, 51.
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effects. When the excited state undergoes extended electronic g o

delocalization low S values are obtained (typically, in the range a)

of 0.2—0.6) %8 indicating that the electronic curve for the excited

level is not much displaced relative to that for the ground state.

Results and Discussion 4HJ\_4H 4H 2H

T

The schematic structures of the ligand and complexes that 9.0 8.5 8.0 7.5 7.0

are the focus of the present investigation are illustrated in (ppm)

Char_t 1. _Preparatlon of t_he mono- and bmuclgz_ir complexes . . .

was inspired by our previous syntheses frdnsition-metal Os

complexe$?® During these preparations, the ligand was
allowed to react witkcis-CI[Ru(bipy):Cl,]-2H,O or cis-Cl-
[Os(bipyXCl;] in refluxing ethanol. Careful separation by
chromatography and double recrystallization in adequate

solvents allow one to isolate the mono- and binuclear 00 85 8o 75 70
complexes in acceptable yields. The heterobinuclear com- (ppm)

plexes were best prepared from the mono-osmium complex

rather than from the ruthenium complex. The purification T T

of the target complexes is straightforward by column

chromatography. In th&®eOs binuclear complex, théac

configuration around the rhenium center was further con-

firmed by FT-IR exhibiting three intense carbonyl stretching 12H 24 H 8H) \2H

vibrations at 2196, 2021, and 19;8 o’ . oo a5 8o 75 70
These complexes were unambiguously characterized by

. (ppm)
1 +
H NMR, FAB™ MS, and elemental analysis as well as by Figure 1. 'H NMR spectra (at 200 MHz) measured at room temperature

cyclic voltammetry, UV-vis, and luminescence Spectros- i, cpc, for (a) ligandTBTBT and in acetones for (b) complexOs and
copy. The fingerprint of these complexes is shown by the (c) complexOsOs For the sake of clarity, only the aromatic regions of the

aromatic part of the'H NMR spectrum; for illustration spectra are shown. The insets show schematic representations of the
purposes, Figure 1 compard#s NMR spectra fofTBTBT, molecules.
Os, and OsOs complexes. For the free ligand, two signals Electrochemistry. The electrochemical properties of the
are particularly interesting. One of them relies on the two complexes were characterized by cyclic voltammetry in a
well-defined doublets found respectively at 8.43 and 8.42 CH:CN solution. Table 1 lists the potentials (relative to the
ppm (Figure 1a) and corresponds to the four protons 3 andSCE reference electrode) for the waves that were observed
3 on the dissymmetrically substituted bipyridines. The other in the +1.6 to —2.1 V windows. First, forRu and RuRu
one is the singlet located at 6.92 ppm, which corresponds tocomplexes, a single reversible anodic wave was observed
the two terminal thiophene protons. In the case of@s  around+1.32 V (+1.34 V for RuOs), which is due to the
complex, the doublet corresponding to the protons 3 @nd 3 Ru(ll/Ill) couple. Note that, foRuRu, the Ru(ll/Ill) wave
on the uncomplexed bipyridine is still present at 8.52 and is found at the same potential versus the mononuclear
8.51 ppm but integrates as expected for two protons complex because of the fact that both metal centers are
compared to one of the thiophene protons (Figure 1b). oXidized approximately at the same potential. The observa-
Furthermore, the presence of two singlets at 7.25 and 7.20tion of a single wave supports the notion that these metal
ppm for the thiophene protons confirms the dissymmetrical centers are not in strong electronic interaction. The anodic
nature of the molecule and its mononuclear nature. shift in the metal-centered oxidatioAY = 50 mV) versus

By saturation of both coordination sites with osmium, the the reference complex likely reflects thewithdrawing
absence of the protons around 8.50 ppm confirms the behavior of the ethynyl junctions. The absence of a more
presence of a symmetri©sOs complex (Figure 1c). In pronounced effect is possibly counterbalanced by the two
addition, only one singlet resonates at 7.25 ppm, and dibutylthiophene donor groups. There is, however, no

complexation of each metal center imported 16 additional indication of dibutylthiophene oxidation within the given
aromatic protons because of the additional unsubstitutedelectrochemical window! The osmium center is much easier

bipyridine units. The same features are apparent in the !0 Oxidize versus its ruthenium counterpart, and here also a
ruthenium or rhenium series. All complexes exhibit intense Single oxidation wave is found for the binuclear complex
molecular peaks with the expected isotopic profiles when @nd the anodic shifts\V = 60 mV) are due to similar effects

analyzed by FAB MS. discussed above for the Ru complexes. As would be expected
in the absence of a large interaction between metal centers,
(66) Hammarstim, L.; Barigelletti, F.; Flamigni, L.; Indelli, M. T.; the heterobinuclear complexes exhibit two oxidation waves

érmaroli, lj]I.;PJCa'IDOhgerod?-; G;ggi;ggbjliﬂéozciur, A.; Collin, J. P.;  because of the presence of two different metal centers (Table

auvage, J. Rl. Phys. Chem. 4 . . . .

(67) Jduris, A.; Campagna, S.; Bidd, |.; Lehn, J. M.; Ziesselngrg. Chem. 1)' For'theReOscompIex, a rev§r5|ble 9X|dat|_0n ‘?f the Os
1988 27, 4007. center is found, whereas a quasi-reversible oxidation is found
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Table 1. Electrochemical Properties of Complexes and References in Sdlution

E%(ox, soln) (V), E%(red, soln) (V),
complex AEp (MV)P AEp (MV)©
Ru 1.32 (60), 1e —0.98 (60), 1€, —1.34 (80), 1€, —1.69 (irrev)
RURU 1.32 (60), 2e —0.99 (70), 26, —1.37 (70), 2, —1.73 (irrev)
Os 0.89 (60), 1e —0.94 (60), 1€, —1.26 (80), 2¢, —1.68 (irrev)
OsOs 0.89 (60), 26 —0.95 (60), 2e, —1.29 (70), 26, —1.69 (irrev)
RuOs 0.88 (60), 16 —0.95 (60), 2e, —1.32 (70), 26, —1.73 (irrev)
1.34 (70), 1e
ReOs 0.87 (60), 1e —0.97 (60), 1&, —1.35 (70), 1e, —1.70 (irrev.)
1.36 (90), 1e
[Ru(bpy)]2*+ ¢ 1.27 (60) —1.35 (60),—1.54 (70),—1.79 (70)
[Os(bpy}]2+ e 0.83 (60) —1.25 (60),—1.54 (70),—1.80 (70)
[Re(bpy)(COXCI]f 1.32 (irrev) —1.35 (60)

aThe electrolyte was 0.1 M TBARFanhydrous CHCN, complex concentration of-11.5 mM, at room temperature. All potentiats 10 mV) are reported
in volts vs a Pt pseudo reference electrode and using/Fc as the internal reference at 0.38 &, = 70 mV). For irreversible processes, the anodic or
cathodic peak potentials are provided. The number of involved electrons is estimated from the integration of the reversible processes alasriedicat
b Metal-based oxidatiorf. Successive ligand-localized reduction stefsrom ref 69.¢ From ref 100. From ref 68.

for the Re center. The latter oxidation is found to be less
anodic AV = 40 mV) and irreversible irfac-[Re(bipy)-
(COxCI).¢8

Interestingly, all complexes exhibit at least two well-
resolved reversible waves in the cathodic branch of the
voltammograms, which are due to reductions centered on
the substituted and unsubstituted bipyridine ligands. The
entries in Table 1 are organized according to the assignment
as to which bipyridine ligand is reduced at the listed potential.
For each of the complexes, the first reduction is shifted to a
more positive potential than the first reduction of [Ru-
(bpy)]?*, [Os(bpy}]?", and [Re(bpy)(CQLI] (data shown
for comparison). This feature clearly indicates that in all of
the new complexes the first reduction is localized on the
bridged ligand. Moreover, there are no significant differences \
in the potentials of the first reduction for the mono- and 300 400 500 600
binuclear complexes. These interesting features indicate A, NM
S'_ml_lar eIeCtrqmc_: environments for the tWO metal centers. Figure 2. Ground-state absorption spectra. The solvents wergCGHbr
Similar behavior is also found for the Os series of complexes TBTBT and CHCN for the complexes. The top panel (a) is KBTBT
when compared to [Os(bp§j*.%° Likewise, in all complexes and the mononuclear species; the bottom panel (b) is for the binuclear
of the TBTBT ligand, the third reduction likely localized ~ SP®“'®*
on an unsubstituted bpy is overlapped by a strong adsorption/are Jikely associated with the low-energy shoulder at ca. 420
desorption peak, which hinders the exact potential determi- y, 54
nation. In Figure 2a are compared the absorption profiles of the

Optical Properties. Absorption. Absorption spectra are ligand TBTBT and of the mononuclear Ru- and Os-based
displayed in Figure 2, and concerned data are collected ingpecies Ru and Os, As expected, the intensity of bpy-
Table 2, together with luminescence results to be discussedzentereds* (1LC) transitions (in the 289290-nm region)
below. The absorption properties of ligaf@TBT have increases upon passing froMTBT to Ru andOs (e from
been reported and discussed previoi$ljhe band peaking 32 200 to 92 000 and 88 400 Mcm ™, respectively) because
at 278 nm is of'zz* character and is due to transitions of the increased number of bpy units. FRu and Os and
centered on the bpy residues. The lowest-energy broad bandyith respect taTBTBT, the lowest-energy absorption peak
peaking at 405 nm (extinction coefficient- 1°M™*cm™) s red-shifted and less intense (434 and 435 nm, with
is due to an admixture Gfrz* transitions for the thiophene g3 500 and 75 200 M cm* for Ru andOs, respectively);
backboné " and of 'ICT (charge-transfer) transitions orig-  these absorption features are likely ascribable to a mixing
inating from the interaction of alkyl groups with thiophene of 1\ CT transitions (typically, withe ~ 10 000-20 000
and acetylenic fragmentsIn particular, the latter transitions  \j-1 ¢my12273 andCT ligand-centered transitiofi$For Os,

. — an additional absorption tail extending to 650 nm and more

©® 1L33”§7’93<5.C" Nadjo, L; Wrighton, M. & Am. Chem. Sod978 (peaking at 530 nm; = 8000 M1 cm™) is also registered,

(69) Grosshenny, V.; Harriman, A.; Romero, F. M.; Ziessel JRPhys. owing to formally forbidden3MLCT absorption transi-
Chem.1996 100, 17472. tions22:60

(70) Becker, R. S.; deMelo, J. S.; Macanita, A. L.; EliseiJAPhys. Chem. '
1996 100, 18683.

(71) Belletete, M.; Mazerolle, L.; Desrosiers, N.; Leclerc, M.; Durocher, (72) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von
G. Macromoleculesl 995 28, 8587. Zelewsky, A.Coord. Chem. Re 1988 84, 85.
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Table 2. Absorption and Luminescence Properties of the Ligand and Complexes

emission
absorption 298 K 77K
Amax (NM), €max (M~ cm™1) Aem (NM) Pem 7 (nsp 10~ Aem (NM) 7 (usp

TBTBT® 278 (32 200), 405 (99 900) 560 0.38 <1 >4 x 104 <1x 103
Ru 287 (92 000), 434 (83 500) 710 421073 170 2.5 710 38
RuRu 288 (155 000), 444 (123 000) 710 201073 165 1.8 690 49
Os 291 (88 400), 435 (75 200), 530 (8000) 928 &40 12 7 840 2.0
OsOs 290 (154 000), 447 (112 000), 528 (18000) 928 £.404 125 5.1 840 1.8
RuOs 288 (177 000), 443 (115 000), 530 (11000) 928 5.804 11 5.3 840 1.8
ReOs 290 (105 000), 442 (113 000), 530 (10 000) 928 .00 10 6 840 1.7
[Ru(bpy)]?-e 288 (76 600), 452 (14 600) 615 16102 170 8.8 582 5.0
[Os(bpy)]?t 290 (78 000), 478 (11 100), 579 (3300) 743 32073 49 6.5 710 0.8
[Re(bpy)(CO}H.0)]"9 288 (~23 000),~320 (~13 000) 530 1.2 1072 62 19.4 500 0.14

a|n air-equilibrated solvents, Gigl, for the TBTBT ligand and CHCN for the complexes, at the indicated temperatigg;= 445 nm for the luminescence
spectra and 407 nm for the lifetimes; for emission measuremen®edis lexc was 337 nmP Values obtained by monitoring the luminescence peak;
single-exponential decays were observed in each é&@me values are different from those reported in ref'5minor, long-lived (36-50us) contribution
is also present From refs 72 and 10%.From refs 60 and 102.From ref 103; it may be noticed that replacement of @r H,O is expected to cause
red-shifting of the Re-to-L CT bands, both for absorption and emission; see, for instance, ref 104.

The absorption spectra (Figure 2b) for the homometallic
binuclear speciefRuRu and OsOs and for the heterome-
tallic speciesReOs and RuOs, feature intense bands due 5 20!
to both (i) transitions centered at the bpy units (in the region s
288-290 nm, withe ~ 154 006-177 000 Mt cm? for
RuRu, OsOs andRuOs ande = 105 000 Mt cm™ for 10¢
ReOs whose absorption intensity is lower with respect to
the other binuclear complexes because of a reduced number 0oLl
of bpy units) and (ii) the likely overlap dL.C and*MLCT RuRu
transitions (in the region 443447 nm, withe ~ 112 000~ 10
123 000 Mt cm™Y). Clearly, with respect to the mononuclear
casesRu and Os, the more intense transitions RuRu,
0sOs RuOs, and (partly)ReOs are due to the increased 0.5}
number of bpy units because of the higher nuclearity. For
all of the complexes examined, it may be noticed that the
peak maximum encompassintMLCT contributions is 0.0 - =
always in a narrow range, 434147 nm (see Figure 2 and 600 800 A ;?nm 1200
Table 2). In a broad sense, this could indicate that the metal- )

o . . Figure 3. Luminescence spectra of the indicated complexes, solvegt CH
based component units in the binuclear species are NOICN, e = 445 nm in all cases. The spectral profiles are corrected for the

strongly interacting, as is also suggested by the electrochemi-phototube response; see the Experimental Section. The top panel (a) is for

cal results (see above). On the other hand, the fact that Iigand-'rfgri:’asl‘i’zrg:j”g asrﬁgl‘gées at room temperature; the bottom panel (b) shows

based transitions are also present in this spectral region may

lead to masking effects, and the available optical absorption based fluorescence disappears and is replaced by a weaker

data do not help to reach a firm conclusion about the luminescence (Table 2).

intermetal interaction. For the Os-containing binuclear  ForRu andRuRu at room temperature, the luminescence

complexesOsOs RuOs, andReOs an absorption tail, of  profiles (Figure 3), the energy position of the luminescence

SMLCT nature and extending to ca. 670 nm, is also present, bands (peaking at much lower energy than for [Ru(Eg¥)

as is observed for the mononuclear complx(see Figure  Table 2), and the luminescence efficiencies and lifetimes are

2 and Table 2). consistent with a’(Ru — TBTBT) CT nature for the
Luminescence. Luminescence results are gathered in emission. This implies that the CT emission level is not

Table 2, and luminescence spectra are illustrated in Figurespatially confined to the bpy residue (8BTBT) directly

3, with panel a for room temperature and panel b for 77 K coordinated at the metal center but spreads over the various

Ru x0.2
RuRu x0.2
Os

cases; excitation was performed at 445 nm (ReOs fragments of TBTBT. This is also in accord with the
excitation was at 337 nm). LiganBBTBT exhibits room-  electrochemical results, indicating that a much easier reduc-
temperature luminescence featurégn(= 560 NM, gem = tion (by ~0.35 V) is centered at th€BTBT ligand with
0.38, andr < 1 ns, with CHCI solvent) that are typical for  respect to bpy, which is, of course, ascribable to the different
the fluorescence of thiophene-based oligom&t&/°."1.7For extent of delocalization of the concerned lowest unoccupied

all of the complexes investigated, the intense oligothiophene- molecular orbitals (LUMOS). Interestingly, the mononuclear
73 I — Vose B MW Meckers 5. G complexRu exhibits a stronger luminescence intensity than
van nal, P. A.; Knol, J.; Langeveld-Voss, b. . ., Meskers, 5. C. - . : _
J.: Hummelen. J. C.: Janssen, R. AJJPhys. Chem. 2000 104 its binuclear homometallic com_mterpﬁURu, Pem = 4.2 X
5974. 102 and 2.9x 1073, respectively, at room temperature;

Inorganic Chemistry, Vol. 45, No. 3, 2006 1179



Goeb et al.

notice, however, that the peak positions and lifetimes are
quite similar (Table 2). Thus, even if the intermetal interac-

tion seems not strong (which would also affect the energy
position of the emission band), this clearly reflects some g
electronic change consequent to the addition of the second —
metal center. Results for the luminescenc®afandRuRu

at 77 K indicate predominant contributions frotLCT 0.5+
levels but also contributions fromiLC levels. This is
suggested by both observation of structured luminescence
profiles (Figure 3b) and dual exponential decays for the
emission, with shorter-lived contributions of4 us and
longer-lived ones, on the scale of several tens of microsec- ¢ s
onds (see Table 2). It may be noticed that, upon passing from 10000
room temperature to 77 K, while the mononucldan energy, cm”

complex exhibits no change in the emission maximum (710 Figure 4. Vibronic analysis of the room-temperature normalized lumi-
nm), for RuRu a small blue shift occurs (from 710 to 690 _ nescence pfOﬁLe_S for [R“(gm?f3+h(')' Ru (D)aa”dR”R‘; (fl) The results
nm; Table 2). This behavior seems to indicate that the MLCT rom fits according to eq 2 of the text are drawn as full lines.
emission includes larger LC contributions fRu than for Table 3. Data from Vibronic Analysis of the Luminescence Spectra of

10

1
12000 14000 16000 18000

RuRU. the Complexes
For the Os-containing complex&s and OsOs a com- E‘il h‘*il A@{/zl“
parison with the literature results for [Os(bgl§) and other (em™) Sl em™  (em™)
Os(ll)-containing complexé&%allows the assignment of the SUR ii 388 8-23 1388 iigg
. . . URrRu .
Iummescenc;e properties fOs — TBTBT) CT gxqted Os 11100 0.46 1400 1700
states. Again, the mononuclear compl®s exhibits a 0sOs 11300 0.50 1400 1900
stronger luminescence intensity than its binuclear homome- [F;eu?bs o E ggg 2-8(7) 1?188 %ggg
i — 4 4 u(bpy .

respectively, at room temperature (however, the peak posi- 2 According to eq 2 of the text: at ‘ twre. inCN. excitati
. . . . .. . Cccording to eq 2 of the text; at room temperature, IngCN, excitation
tions and lifetimes are quite similar; Table 2). At 77 K, the was performed at 445 nmi Displacement paramet&r= A/fw. ¢ Full width

luminescence spectra @fs and OsOs exhibit overlapping at half-maximumd From ref 64.¢ From ref 60.
profiles (Figure 3b) and quite similar lifetimes= 2.0 and
1.8 us, respectively (Table 2). Upon passing from room to result in population ofReLCT,*OsLCT, and'LC levels.
temperature to 77 K, both complexes exhibit a blue shift of However, because of the lack of a useful mononuclear Re-
the emission maximum (from 928 to 840 nm; Table 2), as based reference complex, we could not obtain a safe estimate
is expected on the basis of the MLCT character of the of the concerned absorption ratios. In this case, the only use-
emissiorf? ful observation is that only an Os-based emission is detected
For the heterometallic binuclear compl®uOs, use of (suggesting a complete Re Os energy transfer) at both
light at 445 nm is expected to result in the population of room temperature and 77 K; see the results in Table 2.
ligand centered 1 C), Ru-centered 'RuLCT), and Os- Vibronic analysis of the luminescence profiles for the
centered OsLCT) levels (see Figure 2). Judging from the complexes provides interesting hints about the extent of
absorption profiles displayed in this figure, it seems reason- electronic delocalization of the emittifyILCT level 36266
able to assume that (i) only a small fraction of ligkt25%) Figure 4 shows the results for the room-temperature cases
is directly absorbed byTBTBT at 445 nm (with the of Ru, RuRu, and [Ru(bpyj]?", as are obtained by fitting
formation of!LC states) and that (ii) the larger fraction of eq 2 of the Experimental Section to their luminescence
light (>75%) is further subdiveded between the metal- spectra. Table 3 collects values for thg A, andSparameters
containing chromophores with the formation 8ILCT along the CC and CN vibrational mod&e that contribute
states, i.e., folRuOs, between Ru and Os centers in an to deactivation of the CT emissive levédid is taken 1400
approximate 1:1 ratio. FORuUOs, the registered room- cm!as an averagé?® %%). Here,E, is the energy of the-60
temperature luminescence band peak, intensity, and lifetimetransition, andl and S are the reorganization energy and
(Aem = 928 nm, ¢pem = 5.8 x 104 and 7z = 11 ns, the displacement parameter, respectively, along the concerned
respectively) are ascribable §0Os— TBTBT) CT nature vibrational modes; see the Experimental Section. In particu-
and no Ru-based luminescence is detected (see Figure 3)lar, the lowSvalue for complexeRu andRuRu (S~ 0.6;
The same is true for the 77 K results. This, together with see Table 3), as compared to that for [Ru(gy)(S= 1.07),
the fact that the Os-based luminescence intensitRuDs suggests that the electronic curve for the emissive level of
is practically the same as that exhibited by the homometallic the former complexes is not much displaced relative to that
binuclear complexX0sOs(¢em = 6.4 x 1074, indicates that ~ for the ground state. This effect is due to the effective
full Ru — Os energy transfer takes place (see the discussionelectronic delocalization of the emissive MLCT state because
below). A similar line of reasoning applies for the case of of the large size of the ligarf;’* as is the case here for
ReOs For this complex, excitation at 337 nm is expected TBTBT .>* When the emission is Os-based, such an effect
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is still present withS ~ 0.7 for [Os(bpy)]*" andS ~ 0.5 an experimental uncertainty of 10% for emission intensity
for the Os-based emitters investigated here; see Table 3. Irmeasurements (see the Experimental Section). This yields
this case, however, delocalization effects at the ligand arean experimental rate constakt, = 5.5 x 10” s for the
expected to be somewhat masked by the pronoundsatk- intramolecular Ru— Os energy transfer, and below we
bonding interaction between the highest occupied molecularaddress the nature of such a process.
orbital (HOMO; metal-centered) and LUMO (ligand- Approaches are available to determine the type of energy
centered), typical for osmium(ll) polypyridine complexeg: transfer, which are based on calculations for cases of weakly
Energy Transfer. From theE, values collected in Table interacting partner®-8’— thus, concerned expressions for
3, one sees that the energy gap between the Ru- and Osrate constants are derived from application of the Golden
based luminescent levels &£, ~ 0.36 eV; the energy gap  Rule (eq 584
between Re- and Os-based emissive levels, as estimated from

2
the emission maxima listed in Table 2, is even larger. On k:“%H ’FC (5)
these bases, for the heterometallic caRe®sand RuOs,
photoexcitation withA = 337 and 445 nm, respectively, Here,H? is the electronic interaction term between the

offers the possibility of investigating the nature of the Re initial and final states and FC is the Frarg&ondon factor

— Os and Ru— Os energy-transfer processes. In the former describing the overlap between the donor and acceptor
case, however, as mentioned above, a useful mononucleavibrational modes that are coupled to energy transfer. Even
Re-based complex was not available; thus, we restrict if quantum-mechanical approaches may afford the FC factor
ourselves to a discussion of the results RuOs. For this for cases of double electron transf&pé 0 rate expressions
complex, after excitation at 445 nm, where both the Ru- can be conveniently cast in terms of thermodynamic and
and Os-based components are excited (see Figure 2), nspectroscopic quantiti®showever, the electronic interaction
residual Ru-based luminescence is detected and the emissioterm H cannot be easily calculat&®d. According to this

is solely of Os-based nature (see Table 2 and Figure 3). Inclassical approach, expressions for double electron transfer
addition, the fact that the emission efficiency RuOs is (through-bond, Dexter)keDn, or dipole-dipole (through-
practically the same as that f@sOS ¢em = 5.8 x 107* space, Frster),k;, make use of overlap integrald; and

and 6.4x 1074, respectively, is consistent with complete Jg, respectively, that are calculated from emissign) and
Ru — Os energy transfer for the portion of light absorbed absorptione(v) spectra, as taken on an energy scale, i.e.,
at the Ru(ll) unit ofRuOs. An estimate of the Ru~ Os wavenumbersy.

intramolecular energy-transfer rate constant can usually be

: Am°H?
obtained from?23.75-82 K2 = . Jb (6)
Koy = 11 () and
t T 25,2
k£=8.8x 10 Kd)J @)
wherez is the lifetime of the quenched Ru-based emission " nrd® F
due to the occurrence of Rt Os energy transfer andg is ith
the Ru-based unquenched lifetime of a suitable reference!t
donor by takingRuRu as such a modek, = 165 ns (see fF(T)) €(7) do
Table 2). Given that we could not detect any Ru-based b=
emission forRuOs, an equivalent expression in terms of fF(T)) do IG(T)) do
emission intensities can be used (eq 4). and
I
k= %(TO _ 1) 4) ; [F(@) e(@)/o* dv
0 e
JF@) dv

Here, the ratio of the Ru-based intensities RurRu (lg)

andRuOs (1) is taken prudentially ak/I = 10, in view of In eq 7, K2 is an orientation factdt (taken as?/3 for

statistical reasof§, ¢ and z (in nanoseconds) are the

(74) Treadway, J. A.; Loeb, B.; Lopez, R.; Anderson, P. A.; Keene, F. R.;

Meyer, T. J.Inorg. Chem.1996 35, 2242. (83) Van Der Meer, B. W.; Coker, G., lll; Chen, S.-Y.Resonance Energy
(75) Barigelletti, F.; Flamigni, L.; Collin, J. P.; Sauvage, J. Ghem. Transfer. Theory and Data/CH Publishers: New York, 1994.
Commun.1997, 333. (84) Orlandi, G.; Monti, S.; Barigelletti, F.; Balzani, ©hem. Phys198Q
(76) Keene, F. RCoord. Chem. Re 1997, 166, 121. 52, 313.
(77) De Cola, L.; Belser, RCoord. Chem. Re 1998 177, 301. (85) Sigman, M. E.; Closs, G. L1. Phys. Chem1991, 95, 5012.
(78) Barigelletti, F.; Flamigni, LChem. Soc. Re 200Q 29, 1. (86) Closs, G. H.; Johnson, M. D.; Miller, J. R.; Piotrowiak, P.Am.
(79) Harriman, A.; Ziessel, RChem. Commurl996 1707. Chem. Soc1989 111, 3751.
(80) Chiorboli, C.; Bignozzi, C. A.; Scandola, F.; Ishow, E.; Gourdon, A.; (87) Serpa, C.; Arnaut, L. G.; Formosinho, S. J.; Naqvi, KPRotochem.
Launay, J. PInorg. Chem.1999 38, 2402. Photobiol. Sci2003 2, 616.
(81) Weldon, F.; Hammarstrom, L.; Mukhtar, E.; Hage, R.; Gunneweg, (88) Harcourt, R. D.; Scholes, G. D.; Ghiggino, K. Chem. Physl994
E.; Haasnoot, J. G.; Reedijk, J.; Browne, W. R.; Guckian, A. L.; Vos, 101, 10521.
J. G.Inorg. Chem.2004 43, 4471. (89) Yeow, E. K. L.; Ghiggino, K. PJ. Phys. Chem. 200Q 104, 5825.
(82) Scandola, F. lEncyclopedia of Supramolecular ChemistAtwood, (90) Jenkins, R. D.; Andrews, D. IRhotochem. Photobiol. S&2003 2,
J. L., Steed, J. W., Eds.; Marcel Dekker: New York, 2004; p 535. 130.
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Figure 5. Efficiency of the energy transfer vs intermetal separation in Ru—TBTBT CT 0s—TBTBTCT
RuOs as estimated according to thérSter mechanism and the available  rigure 6. Pictorial description of the double electron energy transfer
spectroscopic results (see the text). The evaluated critical transfer radius iS(Dexter) with the Ru—~ TBTBT CT state (left, shadowed in gray) and the
Re=154 A Os— TBTBT CT state (right, shadowed in gray) having the promoted
electron spread over the shared ligand. According to a schematic view, the
Lo . o . . energy-transfer step reduces to an exothermic-RQ@s hole transfer (or,
emission efficiency and lifetime, respectively, of the excita- equivalently, to an Os> Ru electron transfer; see the text).

tion donor,y is the refractive index of the solvent, addin
centimeters) is the distance separation of the interacting donor Molecular modeling results fdRuOs suggest an intermetal
and acceptor partners. These equations provide useful hintslistance of~17 A, and inspection of Figure 5 reveals that
about the nature of the energy transfer, even if some cautionat this distance separation of the Ru-based luminescence
is usually taken for processes occurring at short distances,intensity inRuOsis expected to decrease to ca. 40% of that
<10 A. For multicomponent systems incorporating ruthe- Of & suitable Ru-based compleRy or RuRu), with an
nium(ll) and osmium(ll) polypyridine centers, the RuOs ~ estimatedk;, ~ 3 x 10° s'%. By contrast, forRuOs
energy transfer is exothermic by 6:0.4 eV, and both complete disappearance of the Ru(ll)-based luminescence
Dexter- and Frster-type mechanisms have been found to is experimentally registered (witk, > 5.5 x 10’ s7%; see
occur2l2220.7679.95.9%\When the bridging ligand is involved ~ above), which rules out the "Fster mechanism as being
(Dexter), superexchan#e? or direct-injection mecha-  responsible for energy transfer in this binuclear speties.
nism$3% are conceivable. On the basis of consideration of ~The alternative mechanism for energy transfer to be
energetic factor® the latter case is not taken into account considered here is the double electron transfer (Dexter),
here. which occurs via through-bond mediatiéif?-53.82.95.9¢From

For the case oRuOs, use of the available spectroscopic Previously obtained optical results for a series of dimeric,
quantities (see Table 2) allows one to obtain estimates for trimeric, pentameric, and decameric ligands containing the
the overlap integralslp = 2.7 x 104 cm andJg = 2.5 x bpy—ethynylene-thiophene repeat units, we have already
10" cm® ML Regarding the Fister mechanism (eq 7), Seen that ther-electron conjugation increases with the size

this results in a distance dependence of the energy-transfef the ligand>* On the other hand, the vibronic analysis of

efficiency, 7% (eq 8), which is illustrated in Figure 5. the luminescence profiles discussed above indicates that, for
the luminescent MLCT excited levels of both the mono- and
kg binuclear species investigated, there is a large and similar
Non= = A (8) extent of electronic delocalization at tAReBTBT ligand.
ken t K Taken together, these observations suggest that, for the case

of excitedRuOs, the double electron energy transfer, f{Ru
In the above equatiork; is the intrinsic deactivation rate  -TBTBT/Og") — (RW/TBTBT -/Os"), might be de-

constant of the Ru(ll)-based luminophore, iles= 1/z, with scribed by the schematic drawing depicted in Figure 6. Given
7 =165 ns (Table 2). Notice that, according to thaster  that the promoted electron after the MLCT event is largely
approach, the critical transfer radius is evaluatedRas= delocalized over th&BTBT frame, the Ru— Os energy-

15.4 A (see Figure 5; this is the interchromophoric distance transfer step could be viewed as actually driven by the
at which ki, is equal to the intrinsic deactivation at the intermetal hole-transfer stép% On the basis of the Ru-
donor, k).

(97) Actually, the geometric factor of eq K2, can vary between 0 and 4,

(91) Dexter, D. L.J. Chem. Phys1953 21, 836. depending on the spatial alignment (not known to us) of the transition

(92) Faster, T. InModern Quantum ChemistrBinanonoglou, O., Ed.; dipoles of the donating and accepting partners; however, eveétior
Academic Press: New York, 1965; Vol. IlI. = 4,K, < K, vide infra.

(93) Lakowicz, J. R.Principles of Fluorescence Spectroscppstuwer (98) Weiss, E. A.; Tauber, M. J.; Kelley, R. F.; Ahrens, M. J.; Ratner, M.
Academic/Plenum Publishers: New York, 1999; Chapter 15. A.; Wasielewski, M. RJ. Am. Chem. So005 127, 11842.

(94) Scholes, G. DAnnu. Re. Phys. Chem2003 54, 57. (99) Barigelletti, F.; Flamigni, L.; Guardigli, M.; Juris, A.; Beley, M.;

(95) Benniston, A. C.; Harriman, A,; Li, P. Y.; Sams, C. A.Am. Chem. Chodorowski-Kimmes, S.; Collin, J. P.; Sauvage, Jinerg. Chem.
Soc.2005 127, 2553. 1996 35, 136.

(96) Browne, W. R.; O'Boyle, N. M.; McGarvey, J. J.; Vos, J. Ghem. (100) Grosshenny, V.; Harriman, A.; Hissler, M.; ZiesselJRChem. Soc.,
Soc. Re. 2005 34, 641. Faraday Trans.1996 92, 2223.

1182 Inorganic Chemistry, Vol. 45, No. 3, 2006



Energy Transfer in Hybrids

(tn/my and Os(l1/11) reduction potentials (Table 1), this step  investigated series of mono- and binuclear complexes are
is formally exothermic by more than 0.4 eV, which compares consistent with weak electronic interactions between the
well with the energy gap between the Ru- and Os-basedmetal centers for the binuclear cases. Nevertheless, because

emission levelsAEy ~ 0.36 eV (Table 3). of the extended conjugation at the connecting thiophene
_ ethynylbipyridine backbone, facile Ra- Os (and, likely,
Conclusions Re — Os) energy transfer takes place between the metal

centers oRuOs (and, likewise ReO9, which are separated

conjugated thiophereethynylbipyridine backbone and elec- by ~17 A. The nature .Of the energy-transfer procesRuDs
troactive and photoactive metgbolypyridine centers based has bee_n discussed in terms of a double electron exchange
on Re(l), Ru(ll), and Os(ll). At odds with previously mechanism (whereby _th_e constituent electron and hole_
investigated cases where the metal-based units appear a ansfers appear to exhibit some peculiar aspects),_as medi-
terminals of the thiophene-containing wife®® 48 here these ated by theTBTBT backpone. Thus, the stud_y Of. this new
units are side-coupled to th@BTBT backbone. The type of compound provides useful grounds in view of the

electrochemical and spectroscopic results obtained for theexploitation of hybrid materials integrating metal units and
oligothiophene backbones.

The hybrid systems studied here integrBBIBT , a rigid,
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Von Zel ky, A.; Frank, M.; Vatle, F.1 . Chem.1 2 ! . . .
5328, elewsky, A; Frank, M; Vgtle, F. Inorg. Chem.1993 32, P03-ISOF-M5 (Componenti molecolari e supramolecolari o

(103) Encinas, S.; Bushell, K. L.; Couchman, S. M.; Jeffrey, J. C.; Ward, macromolecolari con propriefatoniche ed optoelettroniche),
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