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The syntheses, structural features, electrochemical behavior, absorption spectra, and photophysical properties of
five mononuclear complexes [(terpy)Ru(terpy-DEDBT -terpy)]?*, RuT,, and five binuclear complexes [(terpy)Ru-
(terpy-DEDBT -terpy)Ru(terpy)]**, RuT,Ru, are reported, where n varies from 1 to 5 so that the metal-metal distance
is estimated to be 42 A for the largest binuclear complex, RuTsRu (terpy is 2,2":6',2"-terpyridine and DEDBT is
2,5-diethynyl-3,4-dibutylthiophene). The metal-centered oxidation potentials for the mononuclear and binuclear species
are slightly more positive than for the reference [Ru(terpy)]>* complex, owing to the withdrawing nature of the
back-to-back terpyridine ligands incorporating the repeat diethynyl-thiophene units. Comparison of the reduction
potentials for the mononuclear and binuclear complexes reveals that the reduction steps are localized either at the
terpy fragments of the T, ligands or at the terpy peripheral ligands. The spectroscopic results (absorption spectra
at room temperature, luminescence spectra and lifetimes at room temperature and at 77 K) in acetonitrile solvent
are consistent with the establishment of electronic delocalization within the oligomeric diethynyl-thiophene fragments
(DEDBT,) of the T, ligands; however, the results also indicate that the terpy units of these ligands and the DEDBT,
fragments are not strongly coupled. Both at room temperature and at 77 K, the 3metal-to-ligand charge-transfer
luminescence of RuT, and RuT,Ru complexes is strongly depressed in the larger species with respect to what
happens for n < 2 (where the luminescence quantum yield is ¢ ~ 10~%); this is discussed in terms of the possible
intervention of triplet levels localized at the oligothiophene DEDBT, fragments.

Introduction photophysical, and photochemical properfi¢sand derived

The design, synthesis, and characterization of polypyridine polynuclear complexes are topologically interesting species
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The design of novel polynuclear species in view of applica- Chart 1. Investigated Ligands and Derived Mono- and Binuclear
tions is based on a careful choice of the coordinated ligandsRUthenum Complexes = 1-5

and the bridging units; a close scrutiny of implied require-
ments is needed. These include the chemical accessibility
of the components and the envisaged versatility along syn-
thetic routes, the capability of the ligands to confer desired
structural properties, the thermal and photochemical stability
of the species, and their electrochemical and spectroscopic
properties.

From a geometrical viewpoint, suitable building blocks
for the construction of topographically linear polynuclear
species are based on the [Ru(tesb¥y) motifs (terpy is
2,2:6',2"-terpyridine)!?1114The luminescence properties of
[Ru(terpy)]?* salts are, however, very poap < 1075, 7 <
1 ns)!14which has stimulated several lines of activity aimed
at achieving significant luminescence improvements. A com- /
mon approach has been that of developing suitable func-
tionalities starting from the'4osition of a coordinated terpy.

In general terms, nicely performing systems are made avail-
able by employing groups able to extend the electronic
conjugationt®2° Among these, ligands of the terpy-ethynyl
type have proven very useful and have provided a rich li-
brary of highly luminescent complexes derived from the basic
Ru(ll)-terpy-type modulé??122Quite recently, complexes
containing units such as thiophene, polythiophenes, and
ethynyl-thiophene have also been employed to develop linear
arrays of luminescent complexes of Ru(ll) and Os{{f}/ tophysical properties of a series of linearly arranged metal
Thus, new wirelike species become available that '”Corporatecomplexes, [(terpy)Ru(terpy-DEDBTerpy)R+, RuT,, and
thiophene-containing-conjugated fragments; the study of [(terpy)Ru(terpy-DEDB-terpy)Ru(terpy )}, RuT Ru, fea-
their photophysical properties is of relevance, given the turing Ru(ll)—terpy chromophores connectedteonjugated
importance of thiophene and oligomeric polythiophenes as 2,5-diethynyl-3,4-dibutylthiophene oligomeric fragments,
electro- and photoactive conjugated materi&ig’ terpy—DEDBT,—terpy (T.), with n = 1, 2, 3, 4, and 5; the

In the present paper, we report on the preparation andyrenaration and characterization of these ligands was recently
characterization, the electrochemical behavior, and the pho'reporteo(%s Chart 1 shows schematic structures of the

2 PFg

RuT,Ru
n=1-5

(13) Keene, F. RCoord. Chem. Re 1997 166, 121. ligands and of the complexes. In the binuclear complexes
83 E;‘{;‘a’?,?”v".*g ;iﬁsse'v msh_eg‘- %9”&”?3”19911_7807- e veni, RUTHRU, the connectingl, ligands provide a structurally
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(18) Barigelletti, F.; Flamigni, LChem. Soc. Re 200Q 29, 1. and 41.6 A forn 1,2,3, 4 and 5, rGSpeCtlvely’ (from

(19) El-ghayoury, A.; Harriman, A.; Khatyr, A.; Ziessel, R.Phys. Chem. ZINDO/1 semiempirical self-consistent field (SCF) calcula-

A 200Q 104, 1512. tions according to Hyperchem 7.5); Chart 2 illustrates the
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Chart 2. Molecular Structure oRuTsRu According to ZINDO/1 solvent, respectively. Band maxima and relative luminescence inten-

Semiempirical SCF Calculations (Results from Hyperchem 7.5) sities were affected by uncertainties of 2 nm and 20%, respectively.
Luminescence lifetimes were obtained by using an IBH 5000F
single-photon counting spectrometer equipped with entry and exit
monochromators; excitation was performed either with a nitrogen-
filled thyratron-gated lampigy: 337 or 358 nm) or by using 375-
and 465-nm nanoLED sources, and observations were made in the
correspondence of the emission peak. Single-exponential decays
were found in all cases. The uncertainty in the lifetime values was

Experimental Section within 8%.

General Methods. The 200.1 ¥H) NMR (Bricker AC 200) Materials. The back-to-back terpyridine ligandsand thecis-
spectra were recorded at room temperature using perdeuteratedRu(terpy)(DMSO)CJ]?* precursor were prepared according to
solvent as an internal standail(H) in ppm relative to residual literature procedures.
protiated solvent in acetorgy- (2.05). Fast-atom bombardment General Procedure for the Synthesis of the Mononuclear
(FAB, in a positive mode) analyses were performed using a RuT, and Binuclear RuT,Ru Complexes.In a Schlenk flask, a
ZAB-HF-VB analytical apparatus andn-nitrobenzyl alcohol stirred solution of 2 equiv (foll ; to T3 derivatives) or 2.5 equiv

(mNBA) as the matrix. Elemental analyses (C, H, N) were (for T4 andTs derivatives) ofcis-[Ru(terpy)(DMSO)CJ] and 4.2
performed using an elemental analyzer (Thermo Electron Flash EA equiv (for T1 to T3 derivatives) or 5.2 equiv (foff4 and Ts
1112, accuracy better than 0.3%). Structural features of the mono-derivatives) of AgBEin an argon-degassed methanol solution (20
and binuclear complexes were estimated from ZINDO/1 semiem- mL) was held at 80°C for 6 h. After being cooled to room
pirical SCF calculations performed with Hyperchem 7.5 (where temperature, the deep-red solution was filtered over cotton wool
constant orbital exponents are used for all of the available elements,and transferred via cannula to an argon-degassed dichloromethane
including second-row transition metals, and both overlapping factors solution containing 1 equiv of the corresponding ditopic ligands
(0—0 andzr—x) were set to 1). (Tn). During heating at 80C, the deep-red solution turned red-
Electrochemical MeasurementsElectrochemical studies em-  orange showing slow ruthenium complexation. After the complete
ployed cyclic voltammetry with a conventional three-electrode consumption of the starting material (determined by TLC), an
system using a BAS CV-50W voltammetric analyzer equipped with agueous solution (5 equiv) of Ki#as added; the organic solvent
a Pt microdisk (2 m®) working electrode and a platinum wire  was then removed under vacuum, and the precipitates were washed
counter electrode. Ferrocene was used as an internal standard anbly centrifugation with water until the solution was colorless. The
was calibrated against a saturated calomel reference electrode (SCBarget complexes were purified by chromatography on alumina
separated from the electrolysis cell by a glass frit presoaked with eluting with dichloromethane using a gradient of methanol. The
electrolyte solution. Solutions contained the electroactive substratepure red complexes were obtained by double recrystallization in
(ca. 1x 104 to 1 x 1072 M) in deoxygenated and anhydrous acetone/hexane.
acetonitrile with tetraa-butylammonium hexafluorophosphate (0.1 RuT; and RuT;Ru were prepared following the general
M) as the supporting electrolyte. For the mononuclear complexes, procedure frontis-[Ru(terpy)(DMSO)C}] (0.038 g, 0.079 mmol),
the use of a very low concentration avoided the strong adsorption AgBF, (0.032 g, 0.166 mmol), and; (0.028 g, 0.040 mmol) for
of the complexes to the Pt electrode and the occurrence of stripping20 h; chromatography was performed by eluting first with dichlo-
peaks. The quoted half-wave potentials were reproducible within romethane until dichloromethane/methanol (v/v 95/5) to afford after
+10 mV. recrystallization 16 mg (38%) oRuT; and 20 mg (36%) of
Optical Spectroscopy. Absorption spectra of dilute dichlo-  RuT;Ru.
romethane (for the ligands) and acetonitrile (for the complexes) RuT;. *H NMR (200 MHz, acetonak): 6 9.23 (s, 2H), 9.11
solutions (2x 1075 M) were obtained with a Perkin-Elmer Lambda  (m, 2H), 8.77 (m, 11H), 8.10 (6H), 7.80 (m, 4H), 7.54 (m, 2H),
45 UV/vis spectrometer. Luminescence spectra were obtained with7.37 (m, 4H), thiophene alkyl chain protons are overlapping with
a Spex Fluorolog Il spectrofluorimeter, equipped with a Hamamatsu residual solvent. UV-vis (CH;CN) A/nm (/M~t cm™1): 498
R928 phototube. Air-equilibrated and freezgump-thaw degassed (43 800), 388 (43 200), 307 (71 600), 272 (67 100). FAB/z
sample solutions were excited at the indicated wavelength, and(nature of the peak, relative intensity): 1186.3 ([MgPF 100),
dilution was adjusted to obtain absorbance vata@sl5. Although 520.5 ([M-2PF]?*, 15). Anal. Calcd for GH49NoSRURBF12 (My,
uncorrected luminescence band maxima are used throughout the= 1331.16): C, 55.04; H, 3.71; N, 9.47. Found: C, 54.79; H, 3.45;
text, corrected spectra were employed for the determination of the N, 9.23.
luminescence quantum yields. The correction procedure is based RuT;Ru.H NMR (200 MHz, acetonel): 6 9.23 (s, 4H), 9.12
on the use of software that takes care of the wavelength-dependentd, J = 8.1 Hz, 4H), 8.88 (m, 8H), 8.63 (§, = 8.1 Hz, 2H), 8.10
phototube response. From the wavelength-integrated area of them, 8H), 7.80 (m, 8H), 7.37 (m, 8H) thiophene alkyl chain protons
corrected luminescence spectra, we obtained luminescence quanturdre overlapping with residual solvent; WWis (CHsCN) A/nm

yields ¢ for the samples with reference to [Ru(bgi@l> (v, ¢r = (/M1 cmrY): 512 (79 700), 395 (40100), 307 (117 400),
0.028 in air-equilibrated wat#) and by using eq 1 272 (90 600). FAB m/z (nature of the peak, relative intensity):
1811.3 ([M-PR] ™, 100), 833.2 ([M-2P§?2*, 15). Anal. Calcd for
¢ AbSr n2 (area) C76HeoN12SRWP4F24: CH;OH (MW = 1955.43+ 3204) C, 46.53;

—_=— 1) . . . .
¢ Absr? (area) H, 3.25; N 8.46. Found: C, 46.29; H, 3.07; N,.8.19.

RuT, and RuT,Ru were prepared following the general
procedure from cis-[Ru(terpy)(DMSO)CJ] (0.065 g, 0.134
mmol), AgBF, (0.055 g, 0.282 mmol), and, (0.062 g, 0.067

(39) Nakamaru, KBull. Chem. Soc. Jpri982, 55, 2967. mmol) for 48 h; chromatography was performed by eluting first
(40) Demas, J. N.; Crosby, G. A. Phys. Cheml1971, 75, 991. with dichloromethane until dichloromethane/methanol (v/v 95/5)

where Abs andh are absorbance values and refractive index of the
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to afford after recrystallization 27 mg (14%) BfuT, and 18 mg
(8%) of RuT,Ru.

RuT,. H NMR (200 MHz, acetonel): 6 9.20 (s, 2H), 9.11
(m, 2H), 8.75 (m, 11H), 8.08 (6H), 7.80 (m, 4H), 7.52 (m, 2H),
7.37 (m, 4H), 1.61 (m, 16H), 1.13 (m, 12H); UWis (CHsCN)
Alnm (/M™% cm™Y): 503 (52 200), 422 (44 200), 307 (71 200),
273 (67 400). FAB m/z (nature of the peak, relative intensity):
1404.2 ([M-PR]*, 100), 629.5 ([M-2PE?", 15). Anal. Calcd for
C75H67N952RUP2F12 (MW = 154932) C, 5813, H, 436, N, 8.13.
Found: C, 57.87; H, 4.04; N, 7.94.

RuUT;Ru. IH NMR (200 MHz, acetonelk): 6 9.20 (s, 4H), 9.12
(d,J = 8.2 Hz, 4H), 8.87 (m, 8H), 8.62 (§ = 8.2 Hz, 2H), 8.10
(m, 8H), 7.79 (m, 8H), 7.36 (m, 8H), 1.66 (m, 16H), 1.07 (m, 12H).
UV —vis (CH,CN) //nm /M~ cm™1): 511 (92 300), 430 (46 900),
307 (116 900), 272 (90 800). FABWz (nature of the peak, relative
intensity): 2029.2 ([M-PE™*, 100), 942.1 ([M-2PE2", 15). Anal.
Calcd for GoH7gN12S,RWP4F>4 CH30OH (MW = 2173.79 +
32.04): C, 49.55; H, 3.75; N, 7.62. Found: C, 49.21; H, 3.44; N,
7.45.

RuT; and RuTsRu were prepared following the general
procedure frontis-[Ru(terpy)(DMSO)CJ] (0.095 g, 0.196 mmaol),
AgBF, (0.080 g, 0.413 mmol), and; (0.110 g, 0.096 mmol) for
48 h; chromatography was performed by eluting first with dichlo-
romethane until dichloromethane/methanol (v/v 85/15) to afford
after recrystallization 49 mg (35%) &uT3 and 21 mg (11%) of
RuT3Ru.

RuTs. 'H NMR (200 MHz, acetonek): 6 9.20 (s, 2H), 9.12
(m, 2H), 8.75 (m, 11H), 8.07 (6H), 7.80 (m, 4H), 7.50 (m, 2H),
7.37 (m, 4H), 1.63 (m, 24H), 1.03 (m, 18H). YWis (CH;CN)
Alnm (e/M~1 cm™1): 505 (53 700), 433 (59 800), 307 (71 600),
272 (67 000). FAB m/z (nature of the peak, relative intensity):
1622.1 ([M-PR]*, 100), 738.6 ([M-2PF?2*, 25). Anal. Calcd for
CgoHgsNoSsRUPF1, (My, = 1767.88): C, 58.13; H, 4.36; N, 8.13.
Found: C, 57.88; H, 4.23; N, 7.94.

RuUT3Ru. IH NMR (200 MHz, acetonel): 6 9.20 (s, 4H), 9.12
(d, 3 = 8.1 Hz, 4H), 8.87 (m, 8H), 8.63 (] = 8.1 Hz, 2H),
8.10 (m, 8H), 7.79 (m, 8H), 7.36 (m, 8H), 1.63 (m, 24H), 1.04
(m, 18H). UV—vis (CH,CN) A/nm (/M~1 cm1): 509 (100 200),
444 (58 100), 309 (116 000), 271 (91 400). FABVz (nature of
the peak, relative intensity): 2247.1 ([M-gF, 100), 1051.2
([M-ZPF5]2+, <5) Anal. Calcd for GoHosN12S3R P44 CH;OH
(My, = 2424.19+ 32.04): C, 52.02; H, 4.16; N, 6.93. Found: C,
51.79; H, 4.01; N, 6.66.

RuT, and RuT;Ru were prepared following the general
procedure frontis-[Ru(terpy)(DMSO)CJ] (0.053 g, 0.110 mmaol),
AgBF, (0.045 g, 0.229 mmol), and, (0.060 g, 0.044 mmol) for
48 h; chromatography was performed by eluting first with dichlo-
romethane until dichloromethane/methanol (v/v 95/5) to afford after
recrystallization 30 mg (40%) oRuT, and 21 mg (24%) of
RuT4Ru.

RuT,4 *H NMR (200 MHz, acetonel): 6 9.20 (s, 2H), 9.11
(m, 2H), 8.77 (m, 11H), 8.08 (6H), 7.79 (m, 4H), 7.50 (m, 2H),
7.36 (m, 6H), 1.62 (m, 32H), 1.03 (m, 24H). B\Wis (CH;CN)
Alnm (e/M~1cm1): 505 (53 700), 433 (59 800), 307 (71 600), 272
(67 000). FAB  m/z (nature of the peak, relative intensity): 1840.2
(IM-PFg]™, 100), 847.6 ([M-2PF2%", 10). Anal. Calcd for
CioH10NoSIRUPF12 (M, = 1986.24): C, 62.28; H, 5.23; N, 6.35.
Found: C, 61.97; H, 4.87; N, 6.26.

RuT4Ru. IH NMR (200 MHz, acetonek): 6 9.20 (s, 4H), 9.11
(d, J = 8.0 Hz, 4H), 8.89 (m, 8H), 8.62 (tJ = 8.0 Hz, 2H),
8.09 (m, 8H), 7.79 (m, 8H), 7.36 (m, 8H), 1.69 (m, 32H), 1.03 (m,
24H). UV—vis (CHsCN) A/nm (/M~1 cm™1): 507 (107 800),
444 (72 100), 309 (115 900), 272 (93 500). FABVz (nature of
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the peak, relative intensity): 2465.2 ([M-RE, 100), 1160.1
([M-ZPFG]ZJr, 20) Anal. Calcd for @18Hll4les4RU2P4F24‘CH30H
(M, = 2610.51+ 32.04): C, 54.09; H, 4.50; N, 6.36. Found: C,
53.78; H, 4.24; N, 6.18.

RuTs and RuTsRu were prepared following the general
procedure frontis-[Ru(terpy)(DMSO)CJ] (0.050 g, 0.104 mmol),
AgBF, (0.042 g, 0.216 mmol) in 29 mL of methanol, ahgl(0.063
g, 0.040 mmol) for 6 days; chromatography was performed by
eluting first with dichloromethane until dichloromethane/methanol
(v/v 95/5) to afford after recrystallization 17 mg (19%) RtT5
and 20 mg (12%) oRuTsRu.

RuTs. 'H NMR (200 MHz, acetonel): 6 9.19 (s, 2H), 9.11
(m, 2H), 8.74 (m, 11H), 8.10 (6H), 7.78 (m, 4H), 7.54 (m, 6H),
1.62 (m, 40H), 1.03 (m, 30H). U¥vis (CHsCN) A/nm (/M1
cm1): 505 (56 300), 435 (63100), 308 (74 000), 272 (64 900).
FAB™ m/z (nature of the peak, relative intensity): 2059.3
(IM-PFg] ™, 98), 2058.1 ([M-PE™, 100), 956.5 ([M-2PF?*, <5).
Anal. Calcd for GiH12:1NeSSRURF 2 (M, = 2204.60): C, 63.74;
H, 5.53; N, 5.72. Found: C, 63.57; H, 5.32; N, 5.34.

RuTsRu. 'H NMR (200 MHz, acetonelk): ¢ 9.19 (s, 4H), 9.11
(d,J = 8.1 Hz, 4H), 8.87 (m, 8H), 8.62 (§ = 8.1 Hz, 2H), 8.10
(m, 8H), 7.79 (m, 8H), 7.36 (m, 8H), thiophene alkyl chain protons
are overlapping with residual solvent. B¥is (CHCN) A/nm
(e/M~t cm1): 505 (81 500), 443 (68 300), 309 (112 900), 272
(94 100). FAB" mvz (nature of the peak, relative intensity): 2683.5
(IM-PFg]*, 100), 1269.3 ([M-2P§2*", 10). Anal. Calcd for
CizH13N1.SRWLP,F24CH:OH (M, = 2828.86+ 32.04): C, 55.84;

H, 4.79; N 5.88. Found: C, 55.67; H, 4.78; N, 5.63.

Results and Discussion

Structures. The schematic structures of the ligands and
complexes that are the focus of the present investigation are
illustrated in Chart 1; for illustration purposes, an estimate
of structural features foRuTsRu is shown in Chart 2.
Preparation of the mono- and binuclear complexes was
inspired by our previous syntheses of ruthenium(ll) terpy-
ridine complexe$*4 During these preparations, the ligands
were allowed to react witbis-[Ru(terpy)(DMSO)CJ] after
silver dehalogenation in a mixture of solvents under mild
experimental conditions. Careful separation by chromatog-
raphy and double recrystallization in adequate solvents allows
isolation of the mononuclear and binuclear complexes in
modest yields. These complexes were unambiguously char-
acterized by proton NMR, FABMS, and elemental analysis
as well as by cyclic voltammetry and UWis. The finger-
print of these complexes is shown by the aromatic part of
the spectrum; for illustration purposes, Figure 1 compares
proton NMR spectra foRuT, andRuT,Ru, n = 3 and 5.

The number of aromatic patterns allows definitive assessment
of the nature of the complex. The binuclear complex displays
seven well-resolved patterns whereas in the less symmetric
mononuclear complex, two additional and overlapping pat-
terns at 8.75 and 7.50 ppm were observed. Integration of
these aromatic patterns compared to the respective butyl pro-
tons of the thiophene fragments gives 42H for the binuclear
complexes and 31H for the mononuclear species.

Electrochemistry. The electrochemical properties of the
5 ligands and 10 complexes were characterized by cyclic

(41) Benniston, A. C.; Grosshenny, V.; Harriman, A.; ZiesselARgew.
Chem., Int. Ed. Engl1994 33, 1884.
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Figure 1. Proton NMR spectra (200 MHz) foRuT, and RuT,Ru, n = 3 and 5. For the sake of clarity, only the aromatic part of the complexes is
represented.

Table 1. Electrochemical Properties of Ligands and Compléxes given electrochemical window. However, although no oxida-
compound Eox V (AE)P Ered (AE)° tion signal is detected fdr;, an irreversible oxidation process

T, is evidenced in the 1.32- to 0.98-V potential rangerfor

RuT; 1.35 (60) —1.14 (80);—1.38 (80) 1; in addition for theTs ligand, two oxidation waves were

RUT:RY P gﬁ?)) —1.16(60):~1.41 (70) observed. These results indicate that along the series oxida-

RUT, 1.36 (60) —1.14 (60):—1.36 (80) tion at thiophene units is affected by the changes in electron

RuTzRu 1.36 (80) —1.15(70);-1.41 (80) density and charge delocalization occurring within the

5 1330 hynyl-thiophene backb

RuT, 1.38 (60); 1.13 (irr) —1.14 (60);—1.39 (80);—1.65 (80) ethynyl-thiophene backbone.

_'?uTsRu ig? &_80)) —1.13 (60);—1.38 (80) All of the ruthenium complexes undergo a quasi-reversible

. . . . . .

Rim 1.38 (60): 1.16 (ir) —1.14 (60):—1.34 (60);—1.66 (70) QX|dat|on process with half-wave potentiaks; £°%) located

RUT4RuU 1.38(80) —1.13(70);—1.32 (80 in the 1.35-1.39-V range (Table 1). These metal-centered

T 1.17 (irr.); 0.98 (irr.) i i it

Rsz 130 (60). 111 (i1) —1.13 (80);—1.33 (80)—1.66 (100) oxidation processes are more positive by at least 80 mV (by

RuTsRu 1.39 (90) —1.12 (80);—1.32 (80) 120 mV forn = 5) Compared to those of [Ru(terpW,

[Ru(terpy}]*  1.27 (60) —1.27 (60);~1.51 (70) likely because of the electron-withdrawing character of the
a Potentials determined by cyclic voltammetry in 0.1 M TBARFH;CN ethynyl-thiophene moduf&.For the binuclear complexes, a

solution for the complexes and 0.1 M TBA®EH.Cl, solution for the single wave is found for the Ru(ll/lll) couple, a fact that

ligands (concentration 1.8 10-3 M for the complexes and 2.5 103 M ; S ; ;
for the ligands). Potentials were measured at a Pt working electrode might indicate that the electronic coupling between the metal

referenced to a Pt wire quasi-reference electrode. Potentials were standardCENters is relatively weak. For the mononuclear complexes
ized using a ferrocene (Fc) internal reference and are converted to the SCEyjth n = 3, 4, and 5, an additional irreversible oxidation

scale assuming th&(Fc/Fc') = 0.38 V. For the irreversible processes, . thic e i
the peak potentidap is quoted.? Metal- and thiophene-centered oxidations, wave located around 1.1 V was observed; this is “kely to

see textC Terpyridine-centered reductions, see text. be ascribed to irreversible oxidation of the thiophene
modules’®4? This oxidation step is not observed for the
voltammetry in dichloromethane and @EN solution, binuclear complexes.

respectively. Table 1 lists the potentials (relative to the SCE  All of the complexes exhibit two or three well-resolved

reference electrode) for the waves that were observed in thereversible waves in the cathodic branch of the voltammo-
+1.9- to—1.6-V potential range; data for the parent complex grams. For each of the complexes, the first reduction is
[Ru(terpy)}]** are also listed. A first observation is that for  shifted to a more positive potential than that of the first
all of the ligands of th& , series there is no clear indication
of either terpy- or thiophene-localized reduction within the (42) Roncali, J.J. Mater. Chem1999 9, 1875.

Inorganic Chemistry, Vol. 43, No. 23, 2004 7363



reduction of [Ru(terpy)?t (data shown for comparison in
Table 1), which is terpy-basé@!* This clearly indicates that
in all of the new complexes the first reduction is localized
on the coordinated terpy unit of tAg, ligand (owing to the
electron-withdrawing character of the ethynyl-thiophene
bridge). This first step is located at cal.14 V for both the

mononuclear and binuclear complexes. This corresponds to

the addition of one electron for the mononuclear complexes,
whereas for the binuclear ones, it was not clear if reduction

was mono- or bielectronic (as expected in case the interposed

ethynyl-thiophene decouples the terminal terpy units of the
ditopic ligand); see Figure S1 of Supporting Information.
The addition of more electrons is likely to occur at the
unsubstituted peripheral terpy ligand for bd®&uT, and
RuT,Ru complexes, consistent with the fact that the

subsequent step observed is coincident for both cases (Table
1). In all cases, the second reduction is facilitated by at least
100 mV, whereas in some cases this difference reaches 190

mV compared to that of [Ru(terpy§+ (Table 1), which also
reflects the different electronic environment of these com-
plexes. Interestingly, for the larger mononuclear complexes
RuTs, RuT,4, andRuTs, an additional wave is observed at
a more cathodic potentiat;1.65 V and is assigned to the
reduction of the uncoordinated terminal terpy fragment of
Tn. This reduction takes place at a less negative potential
than that of free terpyHy» = —1.89 V) which could be a

consequence of the transmission of electron density to the

2+ metal center, which in turn helps the stabilization of the

electrogenerated reduced species. This observation indicates

that = overlap between the terpy and ethynyl-thiophene

subunits actually occurs to some extent and that possible RuT:Ru

effects by the interposed ethynylthiophene modules do not
completely decouple the terpy termini. Similar outcomes
were reported in several recent studies of ruthenium com-
plexes that feature bipyridine ligands bearing arylene-
ethynylene?45 oligomeric thiophené® or thiophene-ethy-
nylene substituents.

Optical Spectroscopy. Absorption.Absorption and lu-
minescence features for the investigated ditopic diethynyl-
terpy ligands,T,, (Chart 1), have been reportétTables 2
and 3 list absorption and luminescence properties for the
mononuclearRuT, and binuclearRuT,Ru complexes.
Figure 2 compares absorption profiles for the ligands and
the mononuclear and binuclear complexes, par<s,a

Barbieri et al.

Table 2. Photophysical Properties &uT,, Mononuclear Complexés

Amax (NmM)

compound  emax(M~1cm™) Aem (NM) 10 X ¢pem T (NSP

RuT: 498 (43 800)
388 (43 200)
307 (71 600)

272 (67 100)

503 (52 200)
422 (44 200)
307 (71 200)
273 (67 400)

505 (56 100)
427 (56 500)
307 (73 100)
272 (67 300)

505 (53 700)
433 (59 800)
307 (71 600)
272 (67 000)

503 (56 300)
435 (63 100)
308 (74 000)
272 (64 900)

697 (703) 255 133

RuT, 718 (732) 5.2 158

RUT3 724 (760) 1.2 130

RuT, 7164) 0.9 110

RuTs 7104) 0.9 109

a|n air-equilibrated acetonitrile solvent, room temperatueg; = 520
nm; values in parentheses were obtained at 77 Walues obtained by
monitoring the luminescence peak. Single exponentials were observed in
each case.

Table 3. Photophysical Properties &uT,Ru Binuclear Complexés

lmax (nm)

compound  emax(M~1cm™) Aem (NM) 1% x ¢em 7 (nSP

RuT:Ru 512 (79 700) 2338 140
395 (40 100)
307 (117 400)

272 (90 600)

511 (92 300)
430 (46 900)
307 (116 900)
272 (90 800)

509 (100 200)
441 (58 100)
309 (116 000)
272 (91 400)

507 (107 800)
444 (72 100)
309 (115 900)
272 (93 500)

505 (81 500)
443 (68 300)
309 (112 900)
272 (94 100)

713 (708)

730 (735) 4.2 164

RuT3Ru 732 (760) 14 135

RuTsRu 723 (765) 0.8 121

RuTsRu 703+) 1.8 99

a|n acetonitrile solvent, at room temperatutg,: = 520 nm. Values in

respectively. An inspection of the Figure allows the identi- parentheses were obtained at 77°K/alues obtained by monitoring the
fication of well-defined spectral portions. (See also absorption luminescence peak. Single exponentials were observed in each case.

data collected in Tables 2 and 3.) These are examined below ) o ]
in some detail. nature, mainly of terpy origin, of both the free ligand (peaks

Transitions occurring in the UV regiod & 350 nm.e ~ at 285 nm, Figure 2, part a) and coordinated terpy fragments
6—12 x 10* M~1 cm™) are ascribed to the ligand-localized (peaks at 272_ and 307 nm, parts b an_d 9)'

The bands in the 390- to 450-nm regierirf the range of
(4—7) x 10* M~1 cm™) are ascribed to absorption by the
oligomeric diethynyl-thiophene fragment of the ditopic
ligands both as free (part a) and as bridging ligands (part b
and c) as drawn by direct comparison of the absorption
profiles in Figure 2. These bands are duertar* transitions

(43) Measured in dimethyl formamide at 8C using a hanging mercury
electrode. Grosshenny, V. Tée de I'Universite Louis Pasteur,
Strasbourg, 1996.

(44) Wang, Y. S.; Liu, S. X,; Pinto, M. R.; Dattelbaum, D. M.; Schoonover,
J. R.; Schanze, K. Sl. Phys. Chem. /2001 105, 11118.

(45) Zhu, S. S.; Kingsborough, R. P.; Swager, T.MMater. Chem1999

9, 2123. : o . :
(46) Trouillet, L.; De Nicola, A.; Guillerez, SChem. Mater.200Q 12, occurring within the dlethynyl'thIOphene modules. Some
1611. intraligand CT character involving alkyl and thiophene units
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Figure 2. Ground-state absorption spectra for the series of five ligands

(part a, in dichloromethane) and five mononuclear and five binuclear

complexes (parts b and c, respectively, in acetonitrile). Only the first and
last members of each series are labeted; 1 and 5, respectively.

300

and with the small changes exhibited by the position of the
metal-to-ligand charge-transfeiMLCT) absorption bands
for both the mononuclear and binuclear complexes; see
below.

For the absorption spectra of both the mononuclear and
binuclear complexes (Figure 2, parts b and ¢, Tables 2 and
3), the spectral portion from 480 to 600 nm is ascribed to
IMLCT transitions!®'* The position of the absorption
maximum sticks very close to 505 nm in all cases, with the
intensity of theMLCT band for the complexes of the
mononuclear series (= 5 x 10* Mt cm™!) being about
half that of the corresponding complexes of the binuclear
series. It can be noticed that thEILCT transition for the
parent [Ru(terpy)?" complex, peaking at 490 nm, features
a weaker transition intensity,= 1.7 x 10* M~tcm 110 In
comparison to this complex, the more inten®dLCT
transition for theRuT,, series is likely due to a more extended
delocalization at the coordinated fragmentsTaf Similar
cases where terpy-phenylene ligands were employed have
been studied in detdiland provide hints on the correlation
between MLCT band intensity and effects due to appended
groups*® However, the fact that th&MLCT transition for
the RuT,Ru series is twice as intense as that of ReT,
series seems consistent with the somewhat localized nature
of the transition, likely restricted to the proximate terpy-
ethynyl fragment ofl ,.14??2 That a localized approach well
describes the nature of these transitions is further suggested
by the fact that the peak for the CT band undergoes very
small changes on going from the smallest=t 1) to the
largest sizer{ = 5) cases for both mononuclear and binuclear
series; see Tables 2 and 3 and Figure 2. Furthermore, only
a slight intensity increase<0%) is observed along the two
series (Figure 2), despite the presence of the underlying
absorption tail of the oligomeric ethynyl-thiophene fragments

as donors and terpys and acetylenic fragments as acceptorgFigure 2, part a). In conclusion, the absorption results
can also be presefft.It is worth noticing that the peak indicate that for both the uncoordinated and coordinated
maximum in this region undergoes a regular shift from 390 ligands the oligomeric diethynyl-thiophene fragments as a
to 450 nm on going from one to five repeat diethynyl- whole undergo efficient delocalization but the metal-to-ligand
thiophene units; a concomitant increase of the intensity of interations within the complexes are somewhat confined to
the band is also observed. This behavior indicates that theligand portions close to the metal center.

oligomeric diethynyl-thiophene linkage undergoes an effec-
tive electronic delocalization. However, the shift of the band
maximum to lower energy on going from= 1 to 5 reaches

a plateau fom > 3, indicative of a saturation effect in the
effective conjugation length, as previously notédAlso

Emission and PhotophysicsLuminescence results ob-
tained at room temperature and at 77 K are collected in
Tables 2 RuT, mononuclear series) and RYT,Ru
binuclear series)p = 1 to 5. Room-temperature lumines-
cence spectra obtained by employing the indicated excitation
worthy of note is that the position of the band maxima in wavelength are depicted in Figure 3. Regarding The
the 390-450-nm region is identical, apart from the case of ligands, the interaction ofr—z* and 'CT states has been
n = 1, for the free-ligand series and for the corresponding previously called for while discussing their fluorescence
members (with the sam®) of the series of the complexes  properties®® the possible effects related to the presence of
(i.e., both for the dicationicRuT, complexes and the  rotamers were also examined in connection with the resolved
tetracationicRuT,Ru complexes), Figure 2. The fact that profile of the fluorescence spectra as affected by the polarity
the same extent of the shift is found for the series of the of the solvent. For these ligands, the room-temperature band

free ligand and of the corresponding mononuclear and maximum is found to undergo a marked bathochromic shift
binuclear complexes indicates that within the bridging ligands

there is only a weak electronic connection between the 47) Hammarsti, L.; Barigelletti, F.; Flamigni, L.; Indelli, M. T.;
oligomeric ethynyl-thiophene linkage as a whole and the Armaroli, N.; Calogero, G.; Guardigli, M.; Sour, A.; Collin, J. P.;
terpy fragments (apart from the case mf= 1). This is Sauvage, J. Rl. Phys. Chem. A997, 101, 9061.

. - . ] - (48) Maestri, M.; Armaroli, N.; Balzani, V.; Constable, E. C.; Thompson,
consistent with the electrochemical behavior discussed above  A. Inorg. Chem.1995 34, 2759.

Inorganic Chemistry, Vol. 43, No. 23, 2004 7365



a.u.

intensity,

luminescence

05}

400 500 600 700 800
A, M

Figure 3. Room-temperature luminescence spectra for Thedichlo-
romethane, isoabsorbing solutions excitedat = 340 nm), andRuT,,
andRuT,Ru series (acetonitrile, isoabsorbing solutions excitedeat=
520 nm).

along with size (froom = 1 to 5)3 This is shown in Figure
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Figure 4. Changes of the band maxima for the ligand floresceil®e (
and the luminescence of tiT, mononuclear®) andRuT,Ru binuclear
(®) complexes in the serigs= 1 to 5.

fragments, as reported in the literatd?@° On the contrary
for n = 2, the lining up of several diethynyl-thiophene units
could result in a weakening of the electronic interaction
between the terpy termini.

B. Another explanation could be based on the interplay
of close-lying excited levels. For the Rupolypyridine
complexes, it is well known that the deactivation of the
luminescenMLCT levels to the ground level (GS) takes
place via direct and mediated paffid? The direct path is
governed by the “energy gap law” that states that rates for
nonradiative paths are related to the energy of the emitting
level 5352 The indirect path operates via thermal population
of levels lying higher in energy than the emittifigILCT
level #1053When these higher-lying levels atdC in nature,
enhanced nonradiative deactivation occurs owing to the
strong MC-GS coupling. It is interesting that for both series

3, part a. Here it is also shown that the luminescence intensityof the mononuclear and binuclear complexes at room

decreases in the series (fraf= 0.18 to 0.07 fon =1 and

5, respectively,dexc = 340 nm). The room-temperature
lifetimes for theT, ligands are alt < 1 ns, consistent with
the fluorescence nature of the emission. Regardingrtiie,
and RuT,Ru complexes, on the basis of their unresolved
emission profiles (Figure 3), the luminescence lifetime
range (100 ns, Tables 2 and 3), and quantum yielgls<
104-107%), the emission is ascribed fMLCT states of
predominantly Ru— terpy nature, as suggested by com-
parison with literature resulf8:14224950The fact that fom

temperature the emission level seems scarcely affected by
the size of the bridging ligand, Figure 3 (for results at 77 K,
see below). This is likely to rule out any energy gap law
effect for the diminished luminescence features for the
complexes witm > 2.

C. Finally, an explanation for the luminescence behavior
of Figure 3 could involve a role for the triplet level localized
at the oligomeric diethynyl-thiophene fragments. The point
is illustrated by Figure 4 where the change in the fluorescence
maximum for theT, ligands is compared with that for the

= 1, for both the mononuclear and binuclear cases, a morejyminescence oRuT, andRuT,Ru complexes. It is noticed
intense (and long-lived) luminescence is observed than forthat for theT, series, on going fronm = 1 to 5, (i) the

the casemn > 2 may be explained in different ways, as
discussed in points A, B, and C below.

A. A sizable electronic interaction between the terpy
termini of the bridging ligands (and the metal centers for
the cases oRuT,Ru) could be allowed when these are not
too far each other. This might be the caserfer 1, leading
to “electronic delocalization” effects involving the terpy

fluorescence level is stabilized by ca. 4500 ¢mwhile the
energy level of the emission for boRuT, and RuT,Ru
series undergoes smaller changes (see below for further data
from 77 K results) and (ii) the fluorescence intensity becomes
smaller and smaller (see Figure 3), which could be because
of more effective intersystem crossing steps, leading to
population of very weakly emitting (and elusive) triplet states

(49) Constable, E. C.; Housecroft, C. E.; Schofield, E. R.; Encinas, S.;
Armaroli, N.; Barigelletti, F.; Flamigni, L.; Figgemeier, E.; Vos, J.
G. Chem. Commuril999 869.

(50) Benniston, A. C.; Harriman, A.; Lawrie, D. J.; Mayeux,#hys. Chem.
Chem. Phys2004 6, 51.
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(51) Englman, R.; Jortner, JMol. Phys.197Q 18, 145.

(52) Kober, E. M.; Caspar, J. V.; Lumpkin, R. S.; Meyer, TJJPhys.
Chem.1986 90, 3722.

(53) Amini, A.; Harriman, A.; Mayeux, APhys. Chem. Chem. PhyX)04
6, 1157.
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Figure 5. Normalized 77 K luminescence spectra for the indicated

complexesdexc = 520 nm. The magnification factors are approximate
numbers.

centered on the diethynyl-thiophene fragmehta. direct
assessment of the triplet energy level for the seFieis not
available; however, a plausible singtétiplet energy separa-
tion is AEST &~ 5000 cn11.2454On this basis, on going from
n =1 to 5 it might be that the triplet energy level centered
on the thiophene-ethynyl fragmentsC(T,), becomes closer
and closer in energy to th#MLCT luminescence level(s),
localized at the metal centers d®uT, and RuT,Ru
complexes, Figure 4. Thus, for the complexedyaCT —
3LC(T,) deactivation path could become progressively avail-
able for increasingn values, resulting in depressed lumines-
cence properties, as actually observed.

Luminescence results obtained at 77 K in frozen aceto-
nitrile, for the complexefRkRuT, (n = 1 to 3; no emission
was detected fon > 3, Table 2) andRuT,Ru (n =1 to 4;
no emission was detected for= 5, Table 3) are illustrated
in Figure 5. From these results, one draws useful hints, as
commented on below. (i) A first observation regards the fact
that the luminescence peaks at 77 K are slightly bathochro-
mically shifted with respect to what happens at room
temperature. This behavior is opposite to that exhibited by
most luminophores of the vast family of the Ru{tpoly-
pyridine complexe&1°For these compounds, the formation

(54) Rothe, C.; Hintschich, S.; Monkman, A. P.; Svensson, M.; Anderson,
M. R. J. Chem. Phys2002 116, 10503.

of MLCT excited states results in substantial intramolecular
charge redistribution. This is accompanied by the reorienta-
tion of solvent molecules (an effect related to the polarity
of the solvent), and in fluid solvent, tAMLCT luminescence
energy levels undergo some stabilization. In frozen solvent
(as obtained at 77 K), such a stabilization effect cannot take
place (the solvent molecules cannot reorient), #MUCT
luminescence spectra usually exhibit a hypsochromic shift
with respect to what happens in fluid solvent. For BT ,

(n =1 to 3) andRuT,Ru (n = 1 to 4) complexes, the
luminescence spectral profiles at 77 K (Figure 5) are
consistent with &MLCT nature for emission, as also found
at room temperature. However, the 77 K luminescence
intensity is very weak, and the observed behavior is probably
related to the depletion of thiLCT luminescence levels

by lower-lying dissipative levels centered on the thiophene-
based fragments (see below). (i) On passing from 1 to
higher numbers of repeat diethynyl-thiophene units, the
SMLCT luminescence level undergoes a stabilization of ca.
1000 cmt, both for the mononuclear and binuclear com-
plexes. This indicates that t#ILCT Ru — terpy levels

are affected to some degree by delocalization occurring at
the oligomeric fragments. (iii) On going from= 1 to higher
values, the luminescence intensity drops dramatically, which
is similar to what happens at room temperature; see Figure
3. This latter observation excludes thermal activation to a
higher-lying dissipative level as a cause for the observed
luminescence quenching of tALCT luminescence levels
along the series (Figure 5); instead it is consistent with the
presence of lower-lying dissipative levels. These are likely
to be the elusive triplet levels from the repeat thiophene-
based fragment8,expected to become progressively stabi-
lized for increasingn values; see Figure 3, part a. These
triplet levels from the diethynyl-thiophene bridge would
therefore be responsible for the observed vanishing of the
SMLCT luminescence intensity in the larger mono- and
binuclear complexes.

Regarding possible photoinduced electron-transfer pro-
cesses within the complexes investigated, neither oxidative
nor reductive steps, *Ru(ll)~ T, and *Ru(ll) — T,
respectively, are allowed. Actually, at best the energy content
of the 3Ru—terpy level is estimated to be1.8 eV (corre-
sponding toley™ &~ 700 nm at 77 K, see Tables 2 and 3),
and on the basis of the electrochemical results of Table 1,
the driving force is always unfavorable by at least 0.4 eV.

As a final point, we note that the complexes exhibit slightly
enhanced luminescence properties in oxygen-free (de) solvent
at room temperature. For instance, fuT,, ¢ = 4.8 x
10* and 7% = 240 ns, which represents a doubling factor
with respect to what happens for the air-equilibrated case;
see Table 2. Likewise, fdRUT:Ru, ¢% = 8.6 x 10~ and
79 = 560 ns, 4 times the values found for the air-equilibrated
case, Table 3. Given that for air-equilibrated acetonitrilg [O
=1.9x10 35 eq 2 provides estimates for the rate constant
of diffusional quenching by dioxygerk,.>®

g

Piairan 1+ k770, 2)
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Accordingly, we foundk, to be 1.8x 10° and 2.8x 1C° intensity of the transitions in the visible regianif the range
M~ts 1 for RuT; andRuT;Ru, respectively, to be compared of (4—10) x 10* Mt cm?) can prove useful in view of
with 2 x 1® M~ st for [Ru(bpy)k]?".5"*8The smaller value  relevant applicationk:® The photophysical properties of the
of k, for the mononuclear complex could be due to a sort of complexes are apparently dominated by relatively long-lived
shielding effect by the pendamt ligand toward the portion ~ 3MLCT luminescent excited states£ 100—160 ns, at room
of the RuT; molecule actually bearing the Ru- terpy temperature), which are ascribed to largely localizedRu
excitation; statistical reasons might also be involved. (For terpy character. For both tHRuT, andRuT,Ru series, the
RuT;Ru, there are two centers for bearing the excitation, electrochemical and spectroscopic results indicate that the
even if not simultaneously available.) However, the issue of electronic interaction between the terpyridine subunits of the
possible differences toward oxygen quenching effects be-T, ligands (as mediated by the interposed diethynyl-
tween the mononuclear and binuclear complexes was notthiophene oligomeric fragments) is weak, particularly for the
systematically investigated because of the small luminescencdarger moleculesn = 3. The weak coupling between terpy

intensities observed far > 1 (Tables 2 and 3). and diethynyl-thiophene subunits could explain why low-
_ lying 3z—m* triplet states localized at the oligo ethynyl-
Conclusions thiophene framework do not completely quenchiueCT

The synthesis and characterization together with the luminescence. However, .pho.toinduced int'ramolecular elec-
electrochemical and photophysical properties of a new serieston transfer (both for oxidative or reductive schemes), as
of wirelike Ru-terpyridine complexes are reported. The com- driven by the energy content of the excited Ru-terpy levels
plexes contain ethynyl-linked, 3,4-dibutylthiophene-substi- and involving the dlethynyl-j[hlophene f_ragments, is |nh|b|ted
tuted terpyridine ligands so that their length ranges from 2 Py an unfavorable energetic balance in all cases. Given the
to 4 nm for a number of the ethynyl-thiophene modules mter_est of such wirelike complexgs as moleculqr components
varying from 1 to 5. For all cases, the oxidation of the ruthen- ©f thiophene-based photonic devices and to gain control over
ium center(s) occurs in the same potential range, without COMpetitive energy disposal paths, we are currently using
any significant splitting of the waves for the binuclear com- /i9and tailoring to adjust the energy levels of the excited
plexes. In the mononuclear complexes, an additional, ir- states Iocah;ed at the Ru-based and thiophene-based portions
reversible thiophene-based oxidation is observed with the Of the species.
higher number of ethynyl-thiophene modules. Well-resolved Acknowledgment. The FIRB project RBNEO19H9K
reduction potentials are found, corresponding to reduction “Molecular Manipulation for Nanometric Devices” by MIUR
steps at the various terpy segments. The absorption spectrand the Centre national de la Recherche Scientifique are
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