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The absorption spectra and the luminescence properties of charge-transfer (MLCT) bands. All the complexes exhibit
emission from a triplet MLCT state, with maxima in thethree dinuclear RuII complexes and one trinuclear RuII

complex have been investigated. All the complexes have spectral range 840–950 nm (lifetimes between 40 and 80 ns)
at 298 K in fluid solution, and in the spectral range 760–810rack-type structures. The dinuclear complexes 1, 2, and 3

incorporate a bis-tridentate bridging ligand made up of a nm (lifetimes between 2 and 3 µs) at 77 K in rigid matrices.
A fine tuning of the absorption and luminescence propertiespyrimidine and four pyridine moieties, as well as two

2,29:69,2"-terpyridyl (tpy) ligands. The trinuclear complex 4 of complexes 1–3 can be achieved by changing the
substituents on the pyrimidine ring of the bridging ligand.incorporates a tris-tridentate bridging ligand made up of two

pyrimidine and five pyridine moieties, as well as three tpy Efficient energy transfer within the rack structure 4 occurs
from the (upper-lying) central metal-based chromophore toligands. The absorption spectra of the complexes show a

large number of ligand-centered (LC) and metal-to-ligand the (lower-lying) peripheral ones.

Introduction

The assembly of molecular components into large, well-
defined, and functional arrays (supramolecular species) is
currently a major research theme.[1] [2] Ruthenium(II) and
osmium(II) complexes with polypyridine-type and related
ligands are particularly useful units in the design of photo-
and redox-active multi-component systems. [3] Some of us
have recently reported the synthesis of rack-type polynu-
clear RuII complexes based on bis-tridentate and tris-triden-
tate bridging ligands made up of pyrimidine and pyridine
coordinating moieties, as well as 2,29:69,20-terpyridyl (tpy)
ligands. [4] [5] Such systems, as well as the related ladder-[6a]

and grid-type[6b26d] multi-metallic assemblies, exhibit struc-
tures of potentially great interest for the development of
photonic and electronic devices.[123,7] We report herein the
results of an investigation on the absorption spectra and
luminescence properties of three dinuclear RuII complexes
123 and a trinuclear RuII complex 4 with rack-type struc-
tures. The synthesis and NMR characterization of the trinu-
clear complex are also described.

Results and Discussion

The dinucleating bis-tridentate ligands of complexes 123
[a] Dipartimento di Chimica “G. Ciamician”, differ only in the nature of the substituents attached at the

Università di Bologna,
pyrimidine unit. X-ray crystal structure analyses[4] of 123via Selmi 2, I-40126 Bologna, Italy

Fax: (internat.) 139-051/2099456 have shown that the metal-to-metal distance and the center-
[b] Dipartimento di Chimica Inorganica, to-center distance of the central pyridine units of the tpyChimica Analitica e Chimica Fisica, Università di Messina,

ligands increase with increasing size of the substituent.Villaggio S. Agata, I-96166 Messina, Italy
Fax: (internat.) 139-090/393756 Non-negligible differences have also been found in the

[c] Laboratoire de Chimie Supramoléculaire, Institut Le Bel, pinching angle of the bis-tridentate ligand and in the con-Université Louis Pasteur,
4 rue Blaise Pascal, F-67000 Strasbourg, France vergence angle of the two ancillary tpy ligands. The sub-
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stituents can, of course, also be expected to influence the In the trimetallic complex 4, the tpy protons are in a per-

ipheral-to-central ratio of 2:1. The central tpy protonselectronic properties of the ligands.
(HT*) are more shielded than the peripheral tpy protons
(HT), as would be expected as the central tpy site is flanked

NMR Characterization of Complex 4 by two peripheral tpy9s, whereas the peripheral tpy9s have
only the central one in their vicinity.

The proton chemical shifts measured for the three terpyr- Comparison of the chemical shifts of central pyridine in
idine (tpy) ligands and the tris-tridentate ligand present in the ligand with those of the central pyridines in [Ru(tpy)2]21

4 are collected in Tables 1 and 2, respectively. Also included (5) allows determination of the ∆δ 5 values for H3999 and
in Table 1 are the chemical shift differences (in ppm) be- H4999. The values are indicative of greater deshielding for
tween the tpy units of complex 4 and [Ru(tpy)2]21 5 (∆δ H3999 than for H4999. This may be due to the preferred orien-
5), [8] and in Table 2, the chemical shift differences (in ppm) tation of the terminal pyridine on the central terpyridine
between 4 and 1 (∆δ 1). The importance of comparing the towards one side of the central pyridine of L, resulting in
1H chemical shifts to those of a related complex rather than greater deshielding at H3999 and H5 (Figure 1). The large
to those of the free ligand should be clear. Shielding effects deshielding value for H5 in 4 as compared to 1 (∆δ 1) may
exist between the terminal pyridines in the free ligand be- be explained in terms of the distorted positioning of the
cause of nitrogen lone pair induced helication. [9] On for- terminal pyridine of the central and peripheral terpyridines
ming the trimetallic complex, these shielding effects are no in 4 (Figure 1). The individual terpyridines sites in 1 are
longer present, making most of the protons in the free li- disymmetric in the solid state, as shown by the X-ray struc-
gand strongly deshielded in the metal complex. The assign- ture. [4] The terpyridines in 4 may behave similarly. This is
ments were made by the following methods: comparing pro- also supported by NOE interactions, which are found be-
ton coupling constants, decoupling experiments, comparing tween HT5 and HT5* as well as HT6 and HT5*. The motion
spectra, and verifying heterocycle connectivity using represented in Figure 1, which is expected to be fast on the
NOE.[10]

NMR timescale, leads to an averaged symmetry.

Table 1. Proton chemical shifts (in ppm) of terpyridine ligands in
4 and chemical shift differences between 4 and [Ru(tpy)2]21 5[a] in Absorption SpectraCD3CN; T denotes peripheral tpy hydrogens and T* denotes cen-
tral tpy hydrogens

The absorption spectra of compounds 1, 2, and 4 (aceto-
nitrile solution, 298 K) are shown in Figures 2 and 3. The
wavelengths of the absorption maxima and the values of
the molar absorption coefficients for complexes 124 and
the model compound [Ru(tpy)2]21 (5) in the visible region
are listed in Table 3.

The UV region of the absorption spectrum of each of theT6 T5 T4 T3 T39 T49
complexes is dominated by a variety of intense bands that

4 (HT) 7.01 6.94 7.80 8.34 8.65 [b] 8.51 [b] can be assigned to ligand-centered (LC) transitions of the
∆δ 5 20.32 20.21 20.11 20.14 20.09 10.11 tpy ligands and of the multi-tridentate bridging ligands. In
4 (HT*) 6.80 [b] 6.80 [b] 7.74 8.29 8.65 [b] 8.64 [b]

the visible region, several weaker bands are present, attribu-∆δ 5 20.53 20.50 20.17 20.19 20.09 10.24
table to metal2to2ligand charge-transfer (MLCT) tran-
sitions. [3] At first glance, one could distinguish three types[a] Data for 5 taken from ref. [8] 2 [b] Central position of multiplet.

Table 2. Proton chemical shifts and chemical shift differences in the free tris-tridentate ligand L and 4; for the assignments, see the
sketch below

699 599 499 399 59 49 39 5 2 3999 4999

L [a] 8.31 6.85 6.72 8.31 8.62 8.02 8.38 9.99 9.44 8.70 8.14
4 [b] 7.27 7.14 7.92 8.46 9.12 8.51 8.82 9.92 6.15 9.20 8.64
∆δ 1 [c] 0 0 20.01 10.01 10.01 10.01 0 10.66 20.09 10.46 10.24
∆δ 5 [d]

[a] In CDCl3; data from G. S. Hanan, U. S. Schubert, D. Volkmer, E. Rivière, J.-M. Lehn, N. Kyritsakas, J. Fischer, Can. J. Chem. 1997,
75, 169. 2 [b] In CD3CN. 2 [c] Data for 1 taken from ref. [4] 2 [d] Data for 5 taken from ref. [8]
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can be assigned to successive reductions of the bridging li-
gand. As expected, [3a] reduction of the tpy ligands occurs
at more negative potentials (around 21.5 V).

Figure 2. Absorption spectra in acetonitrile solution at 298 K (left
scale) and emission spectra in a rigid butyronitrile matrix at 77 K
(λex 5 480 nm; right scale) of compounds 1 and 2

The three MLCT absorption bands observed for com-
Figure 1. Proposed averaging motion of terpyridines in 4 pounds 123 in the visible region (Figure 2 and Table 3) can

be straightforwardly assigned in the light of the electro-
chemical results. The two low energy bands, with maximaof ligand units (tpy, bpy, and pyrimidine) in the metal coor-

dination spheres, but it should be noted that the latter two around 600 and 550 nm, are due to CT transitions to the
first and second LUMO9s of the bridging ligand, respec-units are conjugated so that it is probably more correct to

treat the multi-tridentate bridging ligands as single large tively, while the higher energy band, with a maximum at
around 450 nm, is due to a transition to the first LUMO ofmolecules. [2]

Complexes 123: Electrochemical measurements[4] show the tpy ligands. The difference between the potentials of the
first and second reduction waves is much larger than thethat these complexes undergo two (metal-centered) oxi-

dation processes at about 11.4 and 11.5 V vs. SCE, and energy separation between the two lowest energy absorption
bands because the second wave is associated with reductionseveral (ligand-centered) reduction processes. The separ-

ation between the two oxidation waves of the formally of an already reduced ligand. This interpretation is consist-
ent with the results obtained for a closely related dinuclearequivalent RuII ions shows that the metal2metal interac-

tion through the bis-tridentate ligands is not negligible, as RuII rack containing an anthryl subunit. [11]

As can be seen from Figure 2, the presence of the methylis typical for this kind of bridging ligand.[3d] The first two
reduction processes, which occur around 20.5 and 21.1 V, substituent on the pyrimidine ring in 2 displaces the

Table 3. Absorption and luminescence data for complexes 124 and for the model compound [Ru(tpy)2]21 5

Absorption Luminescence
Compound 298 K[a,b] 298 K[a] 77 K[c]

λmax, nm εmax, 21 cm21 λmax,[d] nm τ, ns λmax,[d] nm τ, µs

1 448 19400 845 77 792 2.4
555 10600
615 11000

2 458 14700 845 51 767 3.3
544 9900
597 9300

3 457 11700 845 37 786 2.5
555 7700
606 7900

4 405[e] 25500 920 40 810[f] 2.8
450[e] 25000
543 14500
624 19000

[Ru(tpy)2]21 5[g] 474 10400 629 < 1 598 10.6

[a] Air-equilibrated acetonitrile solution. 2 [b] Only the absorption bands in the visible region are indicated. 2 [c] Butyronitrile rigid
matrix. 2 [d] Corrected values. 2 [e] Overlapping bands, see Figure 3. 2 [f] λmax and highest energy feature of a structured band, see
Figure 3. 2 [g] Data taken from ref. [8]
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RuRbridging ligand bands to higher energy and the
RuRtpy band to lower energy compared to the situation in
1. This is due to the electron-donating nature of the methyl
group, which has two effects: (i) it increases the electron
density on the bridging ligand and therefore raises the en-
ergy of its LUMO9s; (ii) by increasing the σ-donor power
of the pyrimidine nitrogens, it increases the electron density
on the metal and therefore decreases the energy of the
MLCT band involving the tpy ligands, which are unaffected
by the pyrimidine substituent. The phenyl substituent pre-
sent in 3 has a similar, albeit smaller, effect.

Complex 4: In the trinuclear compound 4, the two lateral
subunits are equivalent, but different from the central one.
As expected, because of the larger number of subunits, the
molar absorbance is enhanced compared to that of the di- Figure 3. Absorption spectrum in acetonitrile solution at 298 K

(left scale) and emission spectrum in a rigid butyronitrile matrix atnuclear compounds over the entire UV/vis domain (Figures
77 K (λex 5 488 nm; right scale) of compound 42 and 3, Table 3). The lowest-lying MLCT band is displaced

to lower energy compared to that of the dinuclear species,
due to the more extended electronic delocalization on the which is associated with the bridging ligand. As already dis-

cussed for the absorption spectra, the nature of the substitu-bridging ligand (BL), which leads to a stabilization of its
LUMO. Such a low-lying MLCT band (as well as the ent on the pyrimidine ring of the bridging ligand is respon-

sible for fine-tuning the emission energy in 123, with 2 ex-MLCT band involving the second LUMO of the bridging
ligand) should receive contributions from two different hibiting the highest energy emission (Table 3). The emission

energy of 4 is lower than those of 123, as expected con-RuRBL transitions because, as mentioned above, the per-
ipheral RuII metal ions are different from an electronic sidering the electronic and redox properties of the bridging

ligand in 4, [5] and according to the interpretation of theviewpoint compared to the central RuII metal ion, since the
latter is coordinated by two pyrimidine rings. The central absorption data.

Compared with [Ru(tpy)2]21, [3] the luminescence life-metal ion should be more difficult to oxidize than the per-
ipheral ones, because pyrimidines are better electron ac- times of compounds 123 are longer at room temperature

and shorter at 77 K (Table 3). This can be explained byceptors than pyridines. [12] Indeed, this was confirmed by
electrochemical studies. In fact, 4 exhibits a two-electron recalling that the radiationless decay of the luminescent ex-

cited state in RuII polypyridine compounds occurs via anoxidation at 11.47 V vs. SCE in acetonitrile solution, as-
sociated with the peripheral non-interacting metal centers, upper-lying metal-centered triplet (3MC) level at high tem-

perature and by vibronic coupling directly to the groundfollowed by a one-electron oxidation process at 11.88 V,
attributable to oxidation of the central metal subunit. [5] Al- state at low temperature. [3] Since in compounds 123 the

luminescent level is lower in energy than in [Ru(tpy)2]21, [3]though the lowest-lying MLCT band for 4 is large and exhi-
bits a pronounced shoulder in its red tail, the expected two the activation energy for radiationless decay via the upper-

lying MC level should be larger (with the reasonable as-bands are not resolved, probably owing to their broadness
and slight energy difference (Figure 3). Interestingly, two sumption that in these complexes the 3MC excited state has

approximately the same energy), and the coupling with thebands are evident in the absorption spectrum of the com-
plex in the region corresponding to the RuRtpy CT tran- ground state should be stronger. The shorter lifetime at

room temperature and the longer lifetime at 77 K for 2sitions (compare the 4002500 nm region in the absorption
spectra shown in Figures 2 and 3). On the basis of the above compared with 1 (Table 3) is in line with such an interpret-

ation.considerations and the redox properties of 4, these absorp-
tion bands can be assigned, in order of increasing energy, to As mentioned above, the two metal-based chromophores

of 123 are identical, whereas in 4 the central metal-basedRu(peripheral)Rtpy CT transition(s) and Ru(central)Rtpy
CT transition(s), respectively. chromophore is different from the peripheral ones. Con-

sidering the different acceptor abilities of pyridine and py-
rimidine rings and the oxidation behaviour of the complex
(see above), the lowest 3MLCT state of each peripheral su-Luminescence Properties
bunit should be lower in energy than the corresponding le-
vel involving the central subunit. Because 4 contains twoThe emission spectra of compounds 1, 2, and 4 (rigid

butyronitrile matrix at 77 K) are shown in Figures 2 and 3. different metal-based chromophores, potentially lumi-
nescent from their respective lowest-lying 3MLCT level, [3]The wavelengths of the emission maxima and the excited-

state lifetimes of all the complexes are collected in Table 3. two emissions could in principle occur. The insensitivity of
the emission spectrum of 4 to the excitation wavelengthOn the basis of the emission energies, spectra, and life-

times, [3] the relatively weak emission exhibited by all the (both at 77 K and at room temperature), the matching be-
tween the absorption and excitation spectra, and the pres-complexes can be assigned to the lowest 3MLCT level,
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CH3CN solution) was placed in a 10 mm 3 10 mm cuvette, and aence of a single exponential luminescence decay with the
beam chopper (Stanford Research, model SR540) was placed be-same lifetime under all the experimental conditions, indi-
tween the excitation source and the sample; luminescence wascate that only the lowest-lying MLCT level of the assembly,
monitored at right angles to the excitation. A muon filterassociated with the peripheral chromophores, undergoes de-
(Northcoast, model 829B) was used as an electronic signal filter,activation through radiative decay, whereas the upper-lying
after the signal had been sent to a lock2in amplifier (Stanford

MLCT level, associated with the central subunit, transfers Research, model SR510). Luminescence lifetimes were measured
its electronic energy to the nearby chromophore. Thus, ef- with an Edinburgh single-photon counting apparatus (D2 lamp,
ficient energy transfer from the central chromophore to the λex 5 310 nm). Estimated errors are as follows: molar absorption
peripheral ones occurs within the trinuclear rack. coefficients, 10%; absorption maxima, ±2 nm; emission maxima in

the visible range, ±2 nm; emission maxima in the near-infraredFinally, the luminescence lifetimes of 123 at 77 K
range, ±4 nm; emission quantum yields, 20%; excited-state life-roughly obey the energy gap law,[13] but 4 exhibits a longer
times, 10%.lifetime than expected in comparison with the dinuclear sys-

tems (123). This is probably due to the greater delocaliz- Preparation of Complex 4: To Ru(tpy)Cl3 (0.0324 g, 0.0735 mmol)
and free tris-tridentate ligand (0.0102 g, 0.0188 mmol) was addedation of the acceptor ligand of the MLCT luminescent level
propan-2-ol/water (20 mL, 1:1) and N-ethylmorpholine (0.5 mL).in 4, which decreases the vibronic coupling between excited
The mixture was heated under reflux for 40 h, then cooled to roomand ground states, thereby reducing the Franck2Condon
temperature and filtered. Excess aqueous NH4PF6 was added to thefactors for non-radiative decay. [14]

solution and the precipitate was collected. The solid was purified
by successive recrystallizations from acetonitrile/toluene to afford
4 (0.0264 g, 58%) as a green solid. 2 M.p. > 300°C. 2 1H NMRConclusion (CD3CN, 400 MHz); the subscript T indicates protons of the per-
ipheral terpyridine ligands and T* indicates protons of the central

The absorption spectra and the luminescence properties terpyridine ligand: δ 5 9.29 (s, 1 H, H5), 9.20 (d, J 5 8.4 Hz, 2 H,
of one trinuclear and three dinuclear ruthenium(II) rack- H3999), 9.12 (d, J 5 8.4 Hz, 2 H, H59), 8.82 (d, J 5 8.2 Hz, 2 H,
type complexes have been studied. The absorption spectra H39), 8.65 (d, J 5 8.4 Hz, 6 H, HT39, T39*), 8.64 (m, 2 H, H4999,T49*),
of the complexes show a multitude of LC and MLCT 8.51 (m, 4 H, H49,T49), 8.46 (d, J 5 7.2 Hz, 2 H, H399), 8.34 (d, J 5
bands. All the complexes exhibit luminescence from the 8.2 Hz, 4 H, HT3), 8.29 (d, J 5 8.0 Hz, 2 H, HT3*), 7.92 (td, J 5

7.8, 1.5 Hz, 2 H, H499), 7.80 (td, J 5 8.0, 1.5 Hz, 4 H, HT4), 7.74lowest-lying 3MLCT level, both at 298 K in fluid solution
(td, J 5 8.2, 1.9 Hz, 2 H, HT4*), 7.27 (d, J 5 5.0 Hz, 2 H, H699),and at 77 K in rigid matrices. The absorption and emission
7.14 (ddd, J 5 7.5, 5.7, 1.2 Hz, 2 H, H599), 7.01 (d, J 5 5.5 Hz, 4 H,properties of the dinuclear compounds 123 are fine-tuned
HT6), 6.94 (ddd, J 5 7.4, 5.7, 1.5 Hz, 4 H, HT5), 6.80 (m, 4 H,by the substituents on the pyrimidine ring incorporated in
HT6*,T5*), 6.15 (d, J 5 0.8 Hz, 1 H, H2). 2 13C{1H} NMRthe bridging ligand framework. Excited-state decays are go-
(CD3COCD3, 100 MHz): δ 5 166.89, 165.32, 161.39, 158.43,

verned by direct vibronic coupling with the ground state at 157.96, 157.07, 156.89, 155.57, 155.07, 154.67, 154.51, 153.92,
77 K and by thermally-activated population of a close-lying 153.81, 153.16, 140.31, 140.16, 139.68, 139.65, 138.64, 137.13,
3MC level at room temperature. In 4, efficient electronic 136.97, 129.59, 128.95, 128.86, 128.67, 127.93, 126.83, 125.67,
energy transfer occurs from the upper-lying central chromo- 125.19, 124.98, 124.50, 118.50 (one overlapped resonance). 2 FAB:
phore to the lower-lying peripheral ones. This result is of m/z (%): 2272 (40) [M 2 PF6]1, 2126 (100) [M 2 2 PF6]1, 1981

(62) [M 2 3 PF6]1, 1063 (36) [M 2 2 PF6]21, 991 (78) [M 2 3interest with regard to the possible development of larger
PF6]21, 918 (33) [M 2 4 PF6]21. 2 C78H54F36N18P6Ru3·4CH3CN:(disymmetric) racks exhibiting vectorial energy and/or elec-
calcd. C 40.02, H 2.58, N 11.94; found C 40.33, H 2.81, N 11.40.tron transfer within their structures
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