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ChapterChapter 5 

Spectroscopicc Properties of Dendritic Ruthenium 

Complexes s 

InIn this Chapter the syntheses and photophysical investigation of three ruthenium complexes with dendritic 

ligandsligands are presented. As metal core [Ru(4,7-(SO3-Ph)2-phen)J*~ (4,7-(SO}-Ph)2-phen = 4,7-(diphenylsulfonate)-

1,10-phenantroline)1,10-phenantroline) was used, which is known to have a lifetime of 3.8 fjs in deaerated water at room 

temperature.temperature. The complexes exhibit lifetimes of ca. 10 /is in butyronitrile rigid matrix and of ca. 7 fjs in 

deaerateddeaerated acetonitrüe solution at room temperature. Protection effect of the dendritic branches towards 

dioxygendioxygen quenching is observed; the quenching rate constants indeed decrease upon increasing their length. 
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5.11 Introduction . 

Dendrimerss are well-defined macromolecules with tree-like structure that have recently 
1,2 2 

attractedd a lot of attention for both fundamental and applied research. Particularly 
interestingg are the dendrimers bearing metal centres that are able to perform specific 
functions,, such as photoinduced processes or redox reactions. Metallodendrimers have indeed 

1,2 2 

beenn studied for various applications, e.g. as catalysts, sensors, and molecular antennas. The 
metall  centres can be incorporated in topologically different parts of the dendrimer: in the 
repetitivee motif of the dendritic branches, at the peripheral units, or encapsulated in the core. 
Inn Chapter 4 examples of multinuclear complexes were shown where up to eight [Ru(bpy)3]

2+ 

moietiess were bound at the peripheral units of a peptidic dendrimer. Dendrimers were there 
usedd as carriers to increase the number of electrochemiluminescence (ECL) active units 
([Ru(bpy)3]

2+)) per ECL immunoassay label. Binding of the ruthenium centres at the periphery 
off  the dendritic structure prevented steric hindrance of the metal units and allowed retention 
off  the electronic properties of the chromophores. 

Encapsulationn of a photoluminescence centre in the core of a dendritic structure can be, on 
thee other hand, of high interest for different applications. In time-resolved fluorescence (TRF) 

33 4 

immunoassayss and high throughput screening assays the signal of the fluorescent label is 
readd after the decay of the background fluorescence, that is due to biological molecules 
presentt in the assay solution and emitting on the nanosecond time scale (see also Chapter 1, 
Sectionn 1.1). Therefore, the availability of labels with long emission lifetime is fundamental. 
Lanthanidess are already extensively used for TRF applications, due to their long excited-state 

1,3,5 5 

lifetime,, of a few milliseconds. Recently, labels emitting on a shorter time scale 
(microseconds)) have been increasingly demanded, in order to decrease the accumulation time 
perr assay. Ruthenium complexes with properly chosen ligands, such as [Ru(4,7-(S03-Ph)2-
phen)3]

4""  (4,7-(S03-Ph)2-phen = 4,7-di(phenylsulfonate)-l,10-phenantroline), are known to 
exhibitt in deaerated solutions excited-state lifetimes of up to a few microseconds. They are 
thereforee suitable candidates for TRF applications. However, the lifetime strongly decreases in 
thee presence of oxygen. Encapsulation of the photoluminescent [Ru(bpy)3]

2+ units in the core 
off  a dendrimer has been reported to decrease the emission quenching due to molecular oxygen 

88 9 

too an extent that depends on the chemical nature and size of the dendritic branches. ' Because 
molecularr oxygen can not be avoided in immunoassays, dendrimers can be a powerful tool to 
achievee desired excited-state lifetimes and high luminescence quantum yields in its presence. 

Duee to the strong interest in this field, we have designed, in collaboration with the group of 
Prof.. F. Vogtle (University of Bonn, Germany), three metal complexes with dendritic 
branchess of increasing length, that will be hereinafter indicated as [Ru(l)3]

2+, [Ru(2)3]
2+and 

[Ru(3)3]
2++ (see Scheme 5.1). As metal core we used the complex [Ru(4,7-(S03-Ph)2-phen)3]

4~, 
6,7 7 

knownn to have lifetime of 3.8 us in deaerated aqueous solution. In this Chapter the 

82 2 



SpectroscopicSpectroscopic Properties of Dendritic Ruthenium Complexes 

photophysicall  properties of the three complexes are presented and the effect of the dendritic 

ligandss is discussed. The reference compound [Ru(4,7-(SO,-Ph),-phen),]4~ is also discussed. 
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Schemee 1. Molecular structures of the complexes [RU(1)3]
2T, [RU(2)3]

2+ and [Ru(3)3]
2 

5.22 Photophysical Properties. 

Thee UV/Vi s absorption spectra for the investigated complexes [Ru(l)3] , [Ru(2)3] and 

[Ru(3)3]
2++ and the reference compound [Ru(4,7-(S03-Ph)2-phen)3]

4~ are depicted in Figure 

5.1.. In Figure 5.2 the emission spectra of [Ru(l)3]
2+ and [Ru(2)3]

2+ are reported. The 

spectroscopicc data for [Ru(l)3]
2+, [Ru(2)3]

2+and [Ru(3)3]
2+ in acetonitrile are summarized in 

83 3 
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Tablee 5.1. Data for [Ru(4,7-(S03-Ph)2-phen)3]
4" are also included for comparison, they are 

reportedd for aqueous solution due to the poor solubility of the complex in acetonitrile. 

EE 20 

300 0 4000 500 

/UU nm 

Figuree 5.1. UV/Vis spectra of [Ru(l)3]
2+ (— —), [Ru(2)3]

2+ (- -) and [Ru(3)3]
2+

acetonitrile.. Inset: UV/Vis spectra of [Ru(4,7-(S03-Ph)2-phen)3]
4" in water. 

n n 

Tablee 5.1. UV/Vis absorption and luminescence data of [Ru(l)3]
2+, [Ru(2)3]

2+and [Ru(3)3]
2+ 

inn acetonitrile air-equilibrated solutions, unless otherwise noted. 

Abs s 

Kax,Kax, nm 

465 5 

465 5 

466 6 

465 5 

/Imax,, nm 

614" " 

614 4 

613 3 

615 5 

r,, ns 

(aer.) ) 

940 0 

290 0 

420 0 

700 0 

Luminescence e 

r,, us 

(deaer.) ) 

3.7 7 

7.3 3 

6.9 9 

7.1 1 

(4m m 

0.014 4 

0.022 2 

kkqq x 10-9, 

Ms"1" " 

2.7 7 

1.7 7 

1.2 2 

0.68 8 

T,T, US* 

9.4 4 

10.1 1 

10.2 2 

[Ru(4,7-(S03--
Ph)2-phen)3]

4c c 

[Ru(l)3]
2+ + 

[Ru(2)3]
2+ + 

[Ru(3)3]
2+ + 

"k"kqq refers to dioxygen quenching constant rate. AAt 77 K. cData in H20. rfRef 
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Thee UV/Vis spectra of the complexes [Ru(l)3] , [Ru(2)3] and [Ru(3)3] are very similar 
too that of the reference compound [Ru(4,7-(SC>3-Ph)2-phen)3]4~, with the diphenyl-
phenanthrolinee intraligand (IL) absorption band (at 277 nm) and the cURu) to 7i*(phen) 
MLCTT band (at 465 nm) that remain nearly at the same energy (Figure 5.1). This proves that 
thee linkage of dendritic branches and their different lengths do not substantially affect the 
electronicc properties of the ruthenium core [Ru(4,7-(S03-Ph)2-phen)3]4". The absorption band 
duee to transitions at the benzyl groups, in the dendritic complexes, overlaps the diphenyl-
phenanthrolinee intraligand band at 277 nm, yielding an extinction coefficient that increases in 
thee series [Ru(l)3]

2+, [Ru(2)3]
2+and [Ru(3)3]

2+. 

2 2 

CD D 

^^ 1 

5500 600 650 700 750 800 

XIXI nm 

Figuree 5.2. Emission spectra of [Ru(l)3]
2+ ( ), [Ru(2)3]

2+ ( ) in air-equilibrated acetonitrile 

(̂ xcc = 450 nm). 

Thee complexes [Ru(l)3]2+, [Ru(2)3]2+and [Ru(3)3]2+ emit from the lowest 3MLCT excited 

state,, at the same wavelength as the reference compound (ca. 614 nm), see Figure 5.2 and 

Tablee 5.1. More interesting is the trend observed for the excited state lifetimes. In air-

equilibratedd acetonitrile, the lifetimes increase in the series [Ru(l)3]2+, [Ru(2)3]
2+ and 

[Ru(3)3]2+,, being 290, 420 and 700 ns, respectively. In contrast, the lifetimes measured for the 

threee complexes in deaerated acetonitrile solutions are the same within experimental error, 

beingg respectively 7.3, 6.9 and 7.1 us. For the reference complex [Ru(4,7-(S03-Ph)2-phen)3]
4", 

excitedd state lifetimes of 940 ns and 3.7 us were measured in air-equilibrated and deaerated 

aqueouss solutions, respectively. At low temperature, in butyronitrile rigid matrix at 77 K, the 

lifetimess of the dendritic complexes become 10 us, similar to the 9.4 us decay time measured 

85 5 
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forr the reference complex [Ru(4,7-(S03-Ph)2-phen)3]
4~ at 77 K in EtOH/MeOH (4:1) rigid 

matrix. . 

Thee similar lifetimes determined in rigid matrix at low temperature suggest that the 

electronicc properties of the ruthenium metal core of the investigated complexes are similar to 

thosee of the reference compound. The long excited state lifetime of the ruthenium diphenyl-

phenantrolinee core, as compared to [Ru(bpy)3]2+ ( r= 5.1 us in a butyronitrile rigid matrix at 

777 K) is known to be due to the larger n derealization and rigidity of the chelating ligand. 

Derealizationn and rigidity of the accepting ligand decrease the change in equilibrium 

displacementt between the ground and excited states, thereby decreasing excited/ground state 
12-17 7 

vibrationall  overlap and causing smaller non-radiative rate constants. For the bipyridine 

complexx (1.6 x 107 s"1) knr is approximately four times that of the phenanthroline compound 
122 17 

(3.88 x 106 s') in acetonitrile at 298 K, even though they emit at comparable energies. 
Fromm the Franck-Condon analysis of emission spectra, it follows that the bpy ligand is more 
distortedd in the excited state than phen, because of larger rigidity of the latter. 

Att room temperature, [Ru(l)3]2+, [Ru(2)3]2+ and [Ru(3)3]2+ have longer lifetimes than the 
referencee [Ru(4,7-(S03-Ph)2-phen)3]4" under deaerated conditions. This could be due to 
smallerr non-radiative rate constants for the dendritic compounds, caused by a larger rigidity 
inducedd by the branches. However, it must be noted that the measurements where performed 
inn different solvents, thus more efficient non-radiative decay via O-H vibrational modes in 
aqueouss solution might also explain the observed differences. The shorter lifetimes measured 
forr the investigated complexes under air-equilibrated conditions, as compared to the reference 
compound,, may be due to the different dioxygen concentration in the two solvents ([O2] = 1.9 
xx 10~3 M in acetonitrile and 0.29 x 10"3 M in water at 293 K). Further measurements should, 
however,, be performed for a better understanding of the different behaviours. 

Besidee these effects related to the first coordination sphere of the compounds, we observe 
somee interesting phenomena related to the dendritic structure. Increasing the dendrimer 
generationn from [Ru(l)3]2+ to [Ru(3)3]2+, the excited state lifetimes increase in aerated 
solutionss (see Table 5.1). The quenching of fairly long-lived excited states by molecular 
oxygenn contained in the solvents is a well-known phenomenon, that can involve both energy 
andd electron transfer. Oxygen quenching rate constants can be calculated following the Stern-

13 3 

Volmerr equation (Eq. 5.1) 

^/r=l+Jtqzp[02]]  (5.1) 

wheree z° and r are the excited-state lifetimes in deaerated and air-equilibrated solutions, 

respectively.. The kq calculated for [Ru(l)3]2+ is 1.7 x 109 M's"1, becoming smaller for 

[Ru(2)3]
2++ (1.2 x 109 M's1) and [Ru(3)3]

2+ (0.68 x 109
 M'S"1), Table 5.1. The £q values 
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decreasee upon increasing the length of the dendritic branches of the complexes. A similar 
effectt was already observed for other dendritic ruthenium complexes with different metal 
cores,, proving that the presence of long branches around it decreases the quenching rate by 
dioxygen.. The role played by the dendrimers is not yet completely clear in this respect. The 
lesss effective dioxygen quenching of the 3MLCT excited state of the ruthenium core on 
increasingg the dendrimer generation may depend on different factors: 1) decrease of the 
diffusionn rate constant of the metal complex, thereby lowering the probability of encountering 
aa molecule of oxygen; 2) lower solubility of the dioxygen in the interior of the dendrimer; 3) 
preferentiall  solvation of the metal core by dendrimers, hindering suitable orbital overlap for 
energyy or electron transfer. 

5.33 Conclusions 

Wee have investigated the spectroscopic properties of three metallodendrimers containing a 
derivativee of [Ru(4,7-(S03-Ph)2-phen)3]4~, as metal core, and dendritic branches of different 
lengthss and complexities. The presence of the dendritic substituents at the chelating ligands of 
thee ruthenium ion does not much affect the energy of the excited states of the luminescent 
metall  core, while it has a shielding effect on it. Excited-state quenching by molecular oxygen 
becomess in fact less effective upon increasing the size of the dendritic substituents, as shown 
byy the quenching rate constants that decrease upon increasing the dendrimer generation. 

Byy means of larger dendrimers, the excited state lifetime in air-equilibrated acetonitrile 
couldd be further prolonged, reaching a value close to the luminescence decay time of 7us 
measuredd for the investigated complexes under deaerated conditions. This could be of great 
interestt for diagnostics applications, in particular where non-aqueous environments are 
required,, such as technologies where the chromophores are encapsulated in organic 
nanoparticles.. Furthermore, upon judicious choice of the peripheral units the hydrophilicity of 
thee metallodendrimers can be tuned, and they can be suitable for assays in aqueous solutions. 

5.44 Experimental Section 

Materials.. Spectroscopic grade acetonitrile, butyronitrile, ethanol and methanol (Fluka) were used 
ass received. The ligands were prepared by the group of Prof. F. Vögtle at the University of Bonn, 
whilee the ruthenium complexes were synthesized in our laboratories by Uwe Hahn following the 
generall  procedure described below and depicted in Figure 5.3. 
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Figuree 5.3. General scheme for the synthesis of the investigated complexes [Ru(l)3]
2+, [Ru(2)3]

2+ and 
[Ru(3)3]

2+. . 

Synthesiss of [Ru(l)3](PF6)2, [Ru(2)3](PF6)2 and [Ru(3)3](PF6)2. 0.031 mmol of the dendron and 

0,011 mmol of RUCI32H2O were dissolved in 15 ml of diethylene glycol in the presence of few drops 

off  water. The solution was refluxed in a modified microwave oven for twice two minutes at 450 W. 

Thee orange solution was evaporated to dryness and 10 ml of water were added. The solution was 

treatedd with CH2CI2 to extract unreacted ligand. A saturated aqueous solution of NH4PF6 was added 

andd an orange precipitate was obtained. The mixture was filtered over celite, the precipitate washed 

withh water, diethyl ether and eluted with acetone. Thin-layer chromatography (eluent: H20/Na0 

(10%)) and CH3CN 1:3) showed that only one compound was present, which was strongly luminescent 

underr UV radiation. Yield 70%. 

[Ru(l)3](PF6)2:: 'H-NMR (400 MHz, Aceton-d6, 25°C); 8 [ppm] = 4.04 (br s, 12H, NC//2), 6.91-7.10 

(m,, 30H, ƒƒ„), 7.62-7.78 (m, 18H, ƒƒ„), 7.83 (s, 6H, //ar), 7.91 (m, 6H, ƒƒ„), 8.01 (s, 6H, H„),  8.57 (s, 

6H,, Hn). I3C-NMR (100.6 MHz, Aceton-dj, 25°C); 8 [ppm] = 47.7 (NCH2), 127.1, 127.7, 128.2, 

128.7,, 129.1, 129.8, 131.1, 134.3, 137.4, 138.2, 143.3, 148.5, 149.6, 153.9 (Car) 

[Ru(2)3](PF6)2:: 'H-NMR (400 MHz, Aceton-d6, 25°C); 5 [ppm] = 4.11 (br s, 12H, NC//2), 4.86 (s, 

24H,, OCH2), 6.35 (s, 6H, //ar), 6.45 (s, 12H, H„),  7.14-7.31 (br m, 60H, Ha), 7.70-7.79 (m, 18H, //„) , 

7.96-8.044 (m, 18H, Ha), 8.60 (m, 6H, /ƒ„). I3C-NMR (100.6 MHz, Aceron-d*, 25°C); 8 [ppm] = 47.7 

(NCH(NCH22),), 70.4 (OCH2), 101.7, 107.7, 127.1, 127.8, 128.4, 128.6, 129.2, 129.7, 131.0, 134.3, 137.2, 

138.0,, 140.6, 143.5, 148.4, 149.5, 153.8, 160.8 (Car) 

[Ru(3)3l(PF6)2:: 'H-NMR (400 MHz, Aceton-d6, 25°C); 8 [ppm] = 4.00 (br s, 12H, NC//2), 4.83 (s, 

48H,, OCH2), 4.88 (s, 24H, OCH2), 6.24-6.42 (m, 72H, Har), 6.56 (m, 12H, H„),  7.00-7.24 (m, 90H, 

ƒƒ„,.),, 7.50 (m, 18H, //„) , 7.73-7.91 (m, 18H, //ar), 8.33 (m, 6H, //ar). '3C-NMR (100.6 MHz, Aceton-ds, 

25°C);; 8 [ppm] = 47.3 (NCH2), 69.8, 70.2 (OCH2), 101.9, 102.1, 106.9, 107.3, 127.1, 128.4, 128.6, 

128.8,, 129.1, 129.8, 131.1, 134.3, 137.4, 138.2, 140.0, 143.3, 144.2, 148.5, 149.6, 153.9, 160.7, 160.8 

(Car). . 
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Generall  Techniques. UV/Vi s spectra were recorded on a Hewlett Packard 8453 diode-array 

spectrophotometer.. Emission and excitation spectra were recorded on a Spex 1681 spectrophotometer. 

Al ll  the emission spectra were corrected for the photomultiplier response. 

Time-resolvedd emission studies were performed at single wavelength, using a continuously tuneable 

(400-7000 nm) Coherent Infinity XPO laser as excitation source. The emission light was collected in an 

Oriell  monochromator, detected by a P28 PMT (Hamamatsu), and recorded on Tektronix TDS3052 

(5000 MHz) oscilloscope. A photodiode was used as external trigger source. 

Luminescencee quantum yields were measured in optically dilute solutions, using [Ru(bpy]b]Cl2 in 
18 8 

H200 ((Pen, = 0.028) as reference emitter. Estimated experimental errors in the reported data are as 

follows:: absorption and emission maxima  2 nm, emission lifetimes 8 %, emission quantum yields

200 %. Where required, deaerated solutions were prepared by freeze-pump-thaw technique on a 

vacuumm line. 
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