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ChapterChapter 7 

(Spectro)electrochemicall  and Photophysical 

Studyy of a Heteronuclear Ruthenium(II) and 

Osmium(II)) Complex with 

Bridgingg Bis-(dipyridophenazine) Ligand. 

InIn this Chapter the (spectro)electrochemistry and the photophysical studies of the heteronuclear 

[(bpy)2Ru(bidppz)Os(bpy)rf[(bpy)2Ru(bidppz)Os(bpy)rf4Jr4Jr (bpy = 2,2'-bipyridine, bidppz = l,r-dipyrido[3,2-a:2',3'-c]phenazin-lJ'-

yldipyrido[3,2-a:2',3'-c]phenazine)yldipyrido[3,2-a:2',3'-c]phenazine) complex are presented. Steady-state emission and transient absorption 

measurementsmeasurements are in agreement with photoinduced energy transfer occurring from the excited ruthenium moiety 

toto the osmium unit. Although the electrochemical results and the steady-state absorption spectra show only 

weakweak electronic interaction between the ruthenium and osmium metal centres, a large energy transfer rate 

constantconstant ka > JO" s~' was found. Such fast process is most probably due to a Dexter-type energy transfer 

mechanism. mechanism. 
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bidppz z 

[Ru-bidppz-Ru]4++ : M1 = R u ( I I ) , M2 = O s ( I I) 

[Ru -b idppz -Ru ] 4 ++ : Mx = M2 = R u ( I I ) 

[ O s - b i d p p z - O s ]4 ++ : M1 = M2 = Os ( I I ) 

Schemee 7.1. Schematic formulas of the investigated compound and reference compounds and their 
abbreviations. . 

7.11 Introductio n 

Inn the previous Chapter we discussed the use of l,l'-dipyrido[3,2-a:2',3'-c]phenazine-l,r-
yldipyrido[3,2-a:2',3'-c]phenazinee (bidppz) as bridging ligand between two identical 
chromophores.. Due to the interesting properties of the bridge, such as possible two-electron 
reductionn with subsequent change in the structure and geometry of the complexes, we decided 
too investigate the analogous heteronuclear compound containing a ruthenium(II) and an 
osmium(II)) metal moiety (Scheme 7.1). 

Couplingg of a ruthenium and an osmium metal center, holding the same ancillary ligands, 

leadss to thermodynamically allowed photoinduced electron and energy transfer from the 

excitedd ruthenium unit to the osmium based component (see Chapter 1). Several studies have 

beenn performed in this regard, motivated by the interesting possibility to have vectorial and 

longg range charge and energy transfer transfer within covalently linked units. The rate and 

efficiencyy of the photoinduced processes however are not only dependent on the driving force 

(AG")(AG") of the reaction but also on the geometry, structure and electronic properties of the 
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bridgingg ligand. It is in fact very well known that for many heteronuclear compounds, the 
operatingg mechanism for electron and energy transfer reaction is a "through-bond" 
mechanism,, where the highest occupied and lowest unoccupied molecular orbitals of the 
bridgingg ligand mediate the orbital overlap of the two metal centers involved in the process, 

1-3 3 

resultingg in enhanced rate constant. Therefore, the possibility to modulate the electronic 
interactionn with a bridging ligand that can exist in more than one possible conformation is 
veryy appealing. This would ultimately lead to the design and development of systems in 
whichh an external stimulus (light, chemical reactants, electrons) could dramatically change 
thee electronic properties of the bridging ligand and therefore the rate of the photoinduced 
processes. . 

Furthermoree as shown in the previous Chapter, excitation of the ruthenium unit in the 
homodinuclearr complex already involves the bridging ligand, and not the ancillary ligands. 
Therefore,, fast photoinduced electron and energy transfer processes via the bidppz bridging 
ligandd can be expected. 

Inn this Chapter the (spectro)electrochemical and photophysical properties of the dinuclear 

ruthenium(H)) and osmium(II) complex with bidppz as bridging ligand and 2,2'-bipyridines 

ass ancillary ligands are described. 

Tablee 7.1. Electrochemical data of the investigated complex and reference compounds." 

Complexx bpy-,/0 bidppz271 bidppz"0 Ru'™ Os1™ 

[Ru-bidppz-Osl4++ -1.77(2) -1.41(1) -1.23(1) +0.91(1) 0.47(1) 

-2.055 (2) 

[Ru-bidppz-Ru]4++ -1.80(2) -1.42(1) -1.23(1) +0.91(2) 

-2.044 (2) 

[Os-bidppz-Os]4++ -1.74(2) -1.41(1) -1.22(1) +0.47(2) 

-2.033 (2) 

"Redoxx potentials (Em) in Voltvj Fc/Fc , in butyronitrile at 293 K. In brackets, the number 
off  transferred electrons. 
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7.22 Results and Discussion. 

7.2.11 Redox properties. 

Thee electrochemical data for the investigated complex |Ru-bidppz-Os]4+ are reported in 
Tablee 7.1. Data for the analogous homonuclear complexes [Ru-bidppz-Ru|4+ and |Os-
bidppz-Osi4++ are also presented for comparison purposes. A detailed discussion of the 
electrochemicall  behavior of the homodinuclear complexes can be found in Chapter 6. 

Inn the anodic region, the cyclic voltammogram of [Ru-bidppz-Os|4+ exhibits two one-
electronn reversible steps, at +0.47 and +0.91 V, assigned to the oxidation of the osmium and 
rutheniumm metal ions, respectively. The easier oxidation observed for the osmium moiety is 
duee to the higher energy of the valence (5d) orbitals of the osmium ion. Noticeably, the 
oxidationn potentials of osmium and ruthenium moieties in the heteronuclear complex remain 
unchangedd in the homonuclear [Ru-bidppz-Ru]4+ and [Os-bidppz-Os]4+ compounds, thus 
suggestingg a weak electronic communication between the metals in the three complexes 
(Tablee 7.1). 

Att negative potentials, [Ru-bidppz-Os]4+ undergoes several reversible ligand centered 
reductions,, with the first two occurring as one-electron steps at -1.23 and -1.41 V, 
respectively.. These values are similar to those found for [Ru-bidppz-Ru]4+ and [Os-bidppz-
Os]4++ (Table 7.1), and are close to the first reduction potential of dipyrido[3,2-a:2',3'-
c]phenazinee (dppz) ligand in [Ru(bpy)2(dppz)]2+. Several studies performed on dppz have 
shownn that this ligand can be considered as made of a phenantroline and a phenazine 

7-10 0 

moiety,, and the lowest unoccupied molecular orbital (LUMO) is mainly localized on the 
phenazinee part, with low coefficients at the coordinating nitrogen atoms of the phenantroline 
moiety.. ' Therefore, the first reduction in [Ru(bpy)2(dppz)]2+ occurs at the phenazine site of 
thee dppz ligand. For bidppz a similar situation can be expected. The two first cathodic steps 
inn [Ru-bidppz-OsJ2+ are then assigned to two consecutive reductions of the phenazine 
moietiess of the bridging ligand. This is also in agreement with the weak influence of the 
naturee of the metal ions on the first two reduction potentials, remaining them unchanged for 
thee ruthenium and osmium homonuclear complexes (Table 7.1). Importantly, the two central 
phenazinee moieties of the bridging bidppz ligand strongly electronically communicate, as 
showedd by the splitting of their reduction into two one-electron steps. The third and fourth 
cathodicc processes occur as two reversible two-electron steps at -1.77 and -2.05 V, 
respectively,, and they are assigned to pair-wise reduction of the ancillary bipyridines (Table 
7.1).. Noticeably, the first reduction of the bipyridines occurs at a potential average of the ones 
exhibitedd by the homonuclear complexes, consistent with a strong influence of the metal in 
stabilizingg the reduced bipyridines (Table 7.1). 
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7.2.27.2.2 Steady-state absorption spectroscopy 
Thee absorption spectrum of [Ru-bidppz-Os]4+ in dichloromethane solution is depicted in 

Figuree 7.1, where the spectra of [Ru-bidppz-Ru]4+ and [Os-bidppz-Os]4+ are also reported 
forr comparison. The inset in Figure 7.1 represents the absorption spectrum of the bidppz 
ligand.. Change of the solvent results only in minor spectral changes. 
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Figuree 7.1. UV/Vis spectra of [Ru-bidppz-Os]4+ ( ), |Os-bidppz-Osl4+ (-
bidppz-Ru]4++ ( ) in CH2C12. Inset: UV/Vis spectrum of bidppz in CH2C12. 

-)) and [Ru-

Thee absorption spectrum of [Ru-bidppz-Os]  + is identical to that of a solution containing 
[Ru-bidppz-Ru]4++ and [Os-bidppz-Os]4+ in a ratio of 1:1. This is in agreement with a weak 
electronicc communication between the two metal centers, that was already observed on the 
basee of the electrochemical properties. Thus, distinct ruthenium and osmium based MLCT 
excitedd states can be considered. 

Thee absorption spectrum of [Ru-bidppz-Os]4+ presents features characteristic of the class 
2,12 2 

off  ruthenium and osmium polypyridine complexes. The UV region is dominated by a 

singlett intraligand ('iL) band, at 290 nm, assigned to n-n* transitions at the bipyridine 

ligands,, and by a shoulder, at 300 nm, assigned to a 'lL(rc-7t*) transitions at the bidppz ligand 

(Figuree 7.1). The band, in the visible region, at 406 nm, corresponds t0 7t-7t*  transitions at the 

phenazinee moieties of the bidppz (Figure 7.1). At lower energy, a structureless band, at 440-

5200 nm, is due to spin allowed singlet metal-to-ligand charge-transfer ('MLCT) transitions 

fromm dn orbitals of the osmium and ruthenium metal ions to n* orbitals of the bipyridines and 

bidppz.. Due to the broadness of this band a more detailed assignment of the contributions of 

thee different transitions is not easy. However, 'MLCT transitions due to the osmium 
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componentt are expected to occur at lower energy than for the ruthenium moiety, as shown by 

thee absorption spectrum of the homonuclear compound |Os-bidppz-Os]4+ as compared to that 

off  [Ru-bidppz-Ru] 4+ (Figure 7.1), and in agreement with the easier oxidation of the osmium 

basedd component (Table 7.1). An important issue is the assignment of Ihe lowest lying MLCT 

excitedd state. Distinct transitions from rL. orbitals of the metals to n* orbitals of the 

phenantrolinee or phenazine moieties of the bridging ligand can be expected. On the base of 

thee electrochemical data the MLCT transitions from osmium to the phenazine part are 

expectedd to lie at lowest energy, however due to the poor overlap between LUM O and 4 

orbitalss a direct excitation occurs with small oscillator strength. The weak band observed 

betweenn 540 and 660 nm for [Ru-bidppz-Os]4+ is also present in the absorption spectrum of 

[Os-bidppz-Os]4+,, and corresponds to spin-forbidden MLCT transitions at the osmium 

center,, partially allowed by the spin-orbit coupling that is strong for heavy atoms. 

II /nm 
600 0 800 0 

1000 0 

Figuree 7.2. (A) UV/Vis spectra of |Ru-bidppz-Os]4+ ( 

bidppz-Osl6++ (
),, [Ru-bidppz-Os]5+ ( ) and [Ru-

)) in butyronitrile. (B) UV/Vis spectra of |Ru-bidppz-Os]4+ (- -),, [Ru-
bidppz-Os]3++ ( ) and [Ru-bidppz-Os]2+ ( )) in butyronitrile. 

122 2 



HeteronuclearHeteronuclear Ruthenium(II)-Osmium(II) Bis-DPPZ Complex 

Absorptionn spectra were recorded for the one- and two-electron oxidized and reduced 

speciess of [Ru-bidppz-Os]4+, in butyronitrile solution, using an optically transparent thin 

layerr electrochemical (OTTLE) cell, and are presented in Figure 7.2. 

Uponn oxidation and reduction, the absorption spectrum of [Ru-bidppz-Os]4+ undergoes 
majorr changes. Its behavior closely resembles that exhibited by the homonuclear [Os-bidppz-
Os]4++ and [Ru-bidppz-Ru]4+ compounds (Chapter 6). For the one-electron oxidized species, 
[Run-bidppz-Osm]5++ (Scheme 7.2), the 'MLCT band at 440-520 nm decreases in intensity, 
whilee the tail at lower energy disappears. The 'MLCT band then completely disappears upon 
furtherr oxidation to [Rum-bidppz-Oslnl6+ (Scheme 7.2). These spectral changes are in 
agreementt with the assignment of the band to MLCT transitions and with the electrochemical 
behaviorr of the complex. The 'iL bands, in the UV and at 406 nm, result red-shifted after 
oxidationn of the complex. 

Schemee 7.2. Scheme of the redox species of [Ru-bidppz-Os] 

Uponn one electron reduction, the band at 406 nm decreases in intensity, in agreement with 
thee assignment to a 'iL transition at the phenazine moieties of bidppz and consistent with the 
firstfirst reduction occurring at the phenazine part of the bridging ligand. Lower in energy (at 580 
nm)) a new band arises, which is also observed for the one-electron-reduced homonuclear 
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complexes,, [Os-bidppz-Os]  + and |Ru-bidppz-Ru]3+, and for the mononuclear 

[Ru(bpy)2(dppz)"]++ complex. Such transition is assigned to the radical anion of the phenazine 

moietyy of the bridging ligand. Upon addition of a second electron, the band at 580 nm 

decreasess in intensity and a low lying absorption band arises at 965 nm, due to an IL 

transitionn within the new largely delocalized rc-system of the planar C=C-linked phenazine 

moietiess of [bidppz]2" in [Ru-bidppz-Os)2+ (see Scheme 7.2). 

7.2.37.2.3 Emission properties 

Thee emission data for [Ru-bidppz-Os]4+ and the reference compounds [Ru-bidppz-Ru]4+, 
[Os-bidppz-Os]4+,, [Ru(bpy)2(dppz)]2+ and [Os(bpy)3]

2+ are reported in Table 7.2. The 
emissionn spectra of the dinuclear complexes, in air-equilibrated dichloromethane solution, are 
depictedd in Figure 7.3. The emission properties of [Ru-bidppz-Os)4+ were investigated upon 
excitationn at 460 nm, an isoabsorptive wavelength for equimolar solutions of all the dinuclear 
complexes. . 

1.5--

I / a . u . . 

1.00 -

0.5--

u.u— == — 1 - 1 1 ^ 
6000 700 800 

1 / nm m 

Figuree 7.3. . Emission spectra of [Ru-bidppz-Os]4+ (— —), [Os-bidppz-Os]4+ ( ) and |Ru-
bidppz-Ru]4++ ( ) in CH2C12, excitation at 460 nm (A = 0.1). 

Att room temperature, the emission of [Ru-bidppz-Os]4+ in dichloromethane occurs at 740 
nmm (Table 7.2). Comparison with the reference compounds [Os-bidppz-Os)4+ and 
[Os(bpy)3]

2+,, emitting at 750 and 716 nm respectively (Table 7.2), confirms that the emission 
off  the heteronuclear complex is due to a 3MLCT excited state of the osmium moiety. The red-
shiftt of the emission maximum found for [Ru-bidppz-Os]4+ and [Os-bidppz-Os|4+ compared 
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too [Os(bpy)3]
2+, is in agreement with the excited electron as localized on the bridging ligand, 

andd is consistent with the higher electron accepting character of the bridging ligand, due to 
thee presence of the phenazine part. The emission at 740 nm observed for [Ru-bidppz-Os]4+ 

decayss with lifetime of 20 ns, in deaerated dichloromethane solution, similar to the lifetime 
measuredd for [Os-bidppz-Os|4+ (16 ns) in the same experimental conditions, and it remains 
nearlyy unchanged for an air-equilibrated solution (19 ns), see Table 7.2. A weak emission 
observedd for [Ru-bidppz-Os]4+ at higher energy, 607 nm, with decay time of 380 ns (Table 
7.2)) is likely due to a small impurity (< 5%) of a mononuclear ruthenium species, 
[Ru(bpy)2((HO)2B-dppz)]2++ ((HO)2B-dppz = dipyrido[3,2-a:2\3'-c]phenazine-ll-yl-boric 
acid),, used as precursor for the synthesis of the heteronuclear complex. li t indeed shows 
similaritiess with the emission of the well known [Ru(bpy)ö(dppz)]2+ complex, emitting at 600 
nmm with a lifetime of 356 ns (Table 7.2). The excitation spectrum of [Ru-bidppz-Os]4+, 
recordedd at 700 nm, closely resembles the steady-state absorption spectrum of the complex, 
whilee it largely differ from it when recorded at 600 nm. Evidence for an emission occurring 
fromm the ruthenium moiety of [Ru-bidppz-Os]4+ was not found. The emission quantum yields 
off  the osmium moiety in [Ru-bidppz-Os]4+ and [Os-bidppz-Os|4+ in air-equilibrated 
dichloromethanee are similar, 0.0027 and 0.0031 respectively (Table 7.2), consistent with 
sensitizationn of the osmium center in the heteronuclear complex. 

Thee emission properties of [Ru-bidppz-Os]4+ are in agreement with energy transfer 
occurringg from the ruthenium moiety to the osmium centre with efficiency > 99%. Energy 
transferr from the excited ruthenium- to osmium-based component is observed for several 
heteronuclearr complexes, thermodynamically allowed by the energy difference between 

2,33 , 

donorr and acceptor excited states. It must be noticed that an interaction of few cm" between 
thee ruthenium and osmium moieties, which can not be observed by electrochemical and 
spectroscopicc investigations, may be sufficient to causee fast intercomponent energy transfer. 

Tablee 7.2. Emission data of the investigated complex and reference compounds. 

2933 Kfl 77 Kb 

Ruu Os Ru Os 

cnfcnf z/ns O ™ z/ns <2> rf z/us / IJnm z/us 

nmm nm nm 

[Ru-bidppz-Os]4++ 607 380 0.0012 738 19 0.0031 591 s!Ö 714 Ï T ~ 

[Ru-bidppz-Ru]4**  613 800 0.008 591 4.0 

[Os-bidppz-Os]44 750 16 0.0027 730 0.68 

[Ru(bpy)2dppzj2++ 600 356 581 5.0 

[Os(bpy)3]
2++ 717 700 1.1 

"Air-equilibratedd dichloromethane solutions. *Butyronitrile rigid matrix. 

125 5 



ChapterChapter 7 

Changingg solvent, the emission properties of [Ru-bidppz-Os| undergo major changes. In 
butyronitrile,, a more polar solvent than dichloromethane, no emission is indeed observed for 
thee osmium moiety. Similar behavior was already found for the homonuclear [Os-bidppz-
Os]4++ (see also Chapter 6), and is probably due to a strong shift to lower energy of the 
emittingg 3MLCT state and low emission quantum yield in this solvent. Similarly to the 
solutionn in dichloromethane, an emission originating from the ruthenium moiety in [Ru-
bidppz-Os]4++ could not be observed in butyronitrile, while a weak emission due to impurities 
wass found at .̂max = 628 nm. 

Inn butyronitrile rigid matrix at 77 K, |Ru-bidppz-Osl4+ shows emission at 714 nm, blue-
shiftedd compared with the emission at room temperature, in agreement with the charge 
transferr nature of the emitting excited state and the lack of solvent stabilization. The excited 
statee exhibits lifetime of 1.1 |us (Table 7.2), typical value for osmium polypyridine complexes 

14 4 

att 77 K. Consistent with the measurements at room temperature, an emission due to 
impuritiess is observed at 591 nm, that decays following first-order kinetics (r = 5.0 p.s). 
Energyy transfer from the ruthenium to the osmium moiety clearly takes place at low 
temperature,, and it is confirmed by the excitation spectrum recorded at 700 nm at 77 K in 
butyronitrilee rigid matrix. It indeed resembles the steady-state absorption spectrum profile of 
thee complex at room temperature. 

0.04 4 

AA A 

0.00 0 

-0.04 4 

-0.08-11
11 1 1 

4000 500 600 

XX I nm 

Figuree 7.4. Difference transient absorption spectra of [Ru-bidppz-Os|4+ in air-equilibrated CH2CI2 
solution,, measured at time delays of 0, 10, 20 and 45 ns, respectively (.4XC = 460 nm, 2 ns FWHM). 
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7.2.47.2.4 Time-resolved transient absorption spectroscopy 
Inn order to gain information on the photoinduced processes in the heterometallic [Ru-

bidppz-Os]4++ complex, transient absorption (TA) spectroscopy in the nano- and 
(sub)picosecondd time domain was performed. The ns-TA spectra were recorded for air-
equilibratedd dichloromethane and butyronitrile solutions upon excitation at 460 nm (2 ns 
FWHM)) and are depicted in Figures 7.4 and 7.5, respectively. For comparison purposes, the 
ns-TAA spectra of [Os-bidppz-Os]4+ in deaerated dichloromethane solution are reported in 
Figuree 7.6. They were recorded in the same experimental conditions as for [Ru-bidppz-Os]4+. 

Onn the nanosecond time scale, the TA spectra of [Ru-bidppz-Os]4+ in air-equilibrated 
dichloromethanee solution show bleach of the ground state at 400 and 490 nm, and differential 
transientt absorption at 350 and 580 nm (Figure 7.4). The recovery of the ground state follows 
first-orderr kinetics with a lifetime of 20 ns, similar to the decay time (19 ns) observed for the 
emissionn at 740 nm (see above). This result suggests that the excited state involved in the TA 
spectraa corresponds to the excited state emitting at 740 nm. In the nanosecond time-domain, 
thee TA spectra of [Ru-bidppz-Os]4+ and [Os-bidppz-Os]4+ show strong similarities. The ns-
TAA spectra of [Os-bidppz-Os]4+ show indeed the bleach of the ground state at 400 and 490 
nmm and transient absorption at 350 and 580 nm (Figure 7.6), with a profile closely resembling 
thee one exhibited by (Ru-bidppz-Os]4+ (Figure 7.4). The decay time of the bleach of the 
groundd state for [Os-bidppz-Os)4+ is 15 ns, similar to its emission lifetime (see also Chapter 
66 for a detailed discussion). The analogy of behavior of the two complexes in 
dichloromethanee is consistent with a lowest excited state of the same nature for the two 
compounds.. Importantly, an absorption band at 580 nm is also observed for the one-electron 
reducedd [Ru-bidppz-Os]3+ (Figure 7.2) assigned to the absorption of the phenazine radical 
anion.. Thus, differential absorption band in the TA spectra of [Ru-bidppz-Os]4+ is referred to 
thee absorption of the reduced phenazine. The TA spectra of [Ru-bidppz-Os]4+ and [Os-
bidppz-Os]4++ are in agreement with a lowest 3MLCT excited state that involves a transition 
fromfrom dn(Os) orbital to n*(bidppz), with the electron partially localized on the phenazine 
moiety. . 
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Figuree 7.5. Difference transient absorption spectra of [Ru-bidppz-Os]4+ in air-equilibrated 

butyronitrilee solution, measured at time delays of 0, 3 and 6 ns, respectively (ieXC = 460 nm, 2 ns 

FWHM). . 

Inn air-equilibrated butyronitrile solution, the nanosecond TA spectra of [Ru-bidppz-Os]4+ 

showw similar features as in dichloromethane, with bleach of the ground state at 400 and 490 

nmm and transient absorption at 350 and 580 nm (Figure 7.5). The ground state bleach recovers 

withh short decay time, less than 5 ns. Interestingly, the ratio between the intensity of the 

differentiall  absorption band at 580 nm and the bleach at 490 nm is higher for the TA spectrum 

recordedd in butyronitrile after the laser pulse (Figure 7.5, time delay 0 ns) compared with the 

ratioo in dichloromethane solution (Figure 7.4, time delay 0 ns). Analogously, the bleach at 

4000 nm is more intense for the solution in butyronitrile. This behavior is consistent with a 

largerr contribution of the phenazine moieties of the bridging ligand to the lowest 3MLCT 

excitedd state, as compared to the situation in dichloromethane. The higher polarity of 

butyronitrilee indeed better stabilizes a larger charge separation in the lowest lying 3MLCT 

state. . 
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Figuree 7.6. Difference transient absorption spectra of |Os-bidppz-Os| + in deaerated CH2C12 solution, 

measuredd at time delays of 0, 5, 10, 15 and 20 ns, respectively (i^c = 460 nm, 2 ns FWHM). 

Inn dichloromethane as well as in butyronitrile solution, no evidence of contributions from 

thee ruthenium moiety of [Ru-bidppz-Os]4+ to the ns-TA spectra is found. This is consistent 

withh energy transfer occurring from ruthenium to osmium on a shorter time domain. 

Inn the attempt to investigate the dynamics of the energy transfer process between ruthenium 

andd osmium in [Ru-bidppz-Os]4+ complex, TA spectroscopy was performed in the 

picosecondd time scale. The picosecond TA (ps-TA) spectra recorded for [Ru-bidppz-Os)4+ in 

dichloromethanee solution after excitation at 460 nm (FWHM 130 fs) are depicted in Figure 

7.7B.. For an easier understanding of the spectral changes, the ps-TA spectra of [Ru-bidppz-

Ru] 4++ and [Os-bidppz-Os]4+ in dichloromethane after excitation at 350 nm (FWHM 130 fs) 

aree also reported (Figure 7.7A). 

Inn Figure 7.7A a bleach of the 'MLCT absorption band can be observed for [Ru-bidppz-

Ru] 4++ at 480 nm while for [Os-bidppz-Os]4+ it is found at 490 nm (see Chapter 6 for a 

detailedd discussion). The red-shift observed for the osmium complex is due to the lower 

energyy of its 'MLCT level as compared to [Ru-bidppz-Ru] 4+. For the mixed metal complex 

[Ru-bidppz-Os]4++ after excitation at 460 nm a bleach due to the excited ruthenium moiety, 

andd in part also due to the excited osmium moiety, can be seen at 480 nm (trace recorded at 1 

pss time delay in Figure 7.7B). Within 10 ps this bleach is completely shifted to 490 nm, due 

too the excitation of the osmium moiety from the excited ruthenium center. This is a clear 

indicationn that energy transfer occurs in less than 10 ps. Such measurements and their kinetics 

aree complicated by the lack of a selective excitation of the ruthenium (donor) component. The 

excitedd state of the osmium, obtained by energy transfer, decays than in the nanosecond time 

domainn in agreement with the decay time of the emission recorded for the osmium component 

(199 ns, see above). 
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Figuree 7.7. (A) Difference transient absorption spectra of [Ru-bidppz-Ru]4+ ( ) and [Os-

bidppz-Os]4++ ( ) in CH2C12 solution, measured 1 ps after the laser pulse (  ̂ = 350 nm, 130 fs 

FWHM).. (B) Difference transient absorption spectra of [Ru-bidppz-Os]4+ in CH2C12 solution 

measured,, at time delays of 1 ( ), 10 ( ) and 800 ( ) ps (A x̂c = 460 nm, 130 fs 

FWHM). . 

Onn the base of the spectral changes (shift of the bleach of the MLCT band) observed at 

differentt time delays, and related to the decay of the excited ruthenium and formation of the 

excitedd osmium, the rate constant for the energy transfer process is ken>  10" s"1. This rate 

constantt is very fast for an interchromophore distance estimated to be 20 A (metal-metal 

distance).. However, as the excitation of the donor (Ru moiety) involves the bridging ligand, 

thee interchromophore distance can be expected to be shorter than 20 A. 

Thee energy transfer process can be either due to Föster-type or to Dexter-type mechanism. 

Föster-typee could be a contributing mechanism due to the good overlap between the emission 

spectrumm of the donor (ruthenium) moiety and the absorption spectrum of the acceptor 

(osmiumm ), as it can be seen from the emission band of [Ru-bidppz-Ru] 4+ (Figure 7.3) and 

absorptionn band of [Os-bidppz-Os]4+ (Figure 7.1). However, the observed energy transfer 

ratee ( > 10 ' s"1) is much faster than the rate constant (fccn = 2.1 x 107 s' ) calculated for 

Förster-typee mechanism for [Ru(bpy),]2+ and [Os(bpy)J2+ at shorter distance (17 A). 

Therefore,, a major contribution by Dexter-type mechanism can be expected. Furthermore, 

energyy transfer in [Ru-bidppz-Os]4+ occurs from the lowest triplet (3MLCT) excited state of 

thee ruthenium unit, therefore Dexter mechanism is more spin favourable(see also Chapter 1, 
15,166 4 + 

Sectionn 1.7). A final proof for the predicted Dexter-type mechanism in [Ru-bidppz-Os] 
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couldd be obtained upon changing conformation or geometry of the bridging ligand. As 
alreadyy mentioned, upon two-electron reduction of [Ru-bidppz-Os]4+ the bridging bidppz 
ligandd dramatically changes its electronic and geometrical properties. In such conditions, a 
changee in the rate of photoinduced processes can be expected. Work is in progress to 
determinee to what extent the reduction and subsequent protonation of the phenazine moieties 
off  bidppz ligand lead to a change in the photophysical behavior of the heteronuclear metal 
complex. . 

7.33 Conclusions 

Inn this Chapter the (spectro)electrochemical and photophysical properties of the 
heteronuclearr [Ru-bidppz-Os]4+ complex were described. Steady-state emission and transient 
absorptionn measurements are in agreement with photoinduced energy transfer occurring from 
thee excited ruthenium moiety to the osmium unit. Although the electrochemical results and 
thee steady-state absorption spectra show only weak electronic interaction between the 
rutheniumm and osmium metal centres, a high energy transfer rate constant £en > 10u s"1 was 
found.. Such fast process is most probably due to a Dexter-type energy transfer mechanism. 

Startingg from the heteronuclear [Ru-bidppz-Os]4+ complex, new systems could be 
developedd for the transfer of energy over long distance in a vectorial fashion. Furthermore, 
duee to the redox properties of the bridging bidppz ligand, change of the rate for the transfer 
off  energy could be obtained by an external stimulus such as redox reaction and pH change. 

7.44 Experimental Section 

Materials.. [(bpy)2Ru(bidppz)Os(bpy)2](PF6)4 ([Ru-bidppz-Os]4+) was synthesised in the group of 
Prof.. Peter Belser (University of Fribourg, Switzerland) and the synthesis procedure will be published 
elsewhere.. For electrochemistry and spectroscopy, butyronitrile (Acros) was dried over CaHï and 
freshlyfreshly distilled under nitrogen prior to use. For spectroscopy, acetonitrile, dichloromethane, ethanol 
andd methanol (Fluka, spectroscopic grade) were used as received. The supporting electrolyte B114NPF6 
(Aldrich)) was recrystallized twice from ethanol and dried overnight under reduced pressure at 60 °C. 
Thee internal standard ferrocene (Aldrich) was used as supplied. 

Generall  Techniques. Cyclic and differential pulse voltammetric scans were performed with a 
gastightt single-compartment cell under an atmosphere of dry nitrogen or argon. The cell was equipped 
withh a Pt disk working (apparent surface area of 0.42 mm2), Pt wire auxiliary, and Ag wire 
pseudoreferencee electrodes. The working electrode was carefully polished with a 0.25 um-grain 
diamondd paste between scans. The potential control was achieved with a PAR Model 283 potentiostat. 
Alll  redox potentials are reported against the ferrocene-ferrocenium (Fc/Fc+) redox couple used as an 
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internall  standard (EV2 = 0.38 V vs SCE in acetonitrile). Tetrabutylammoniumhexafluorophosphate 

(Bu4NPF6)) was used as supporting electrolyte. 

UV/Vi ss spectroelectrochemical experiments were performed with an optically transparent thin-layer 

electrochemicall  (OTTLE) cell, equipped with a Pt minigrid working electrode and quartz optical 

windows.. The controlled-potential electrolyses were carried out with a PA4 potentiostat (EKOM, 

Czechh Republic). All electrochemical samples were 5 * lO^M in the studied complex and contained 3 

xx 10'MBu4NPF6. 

UV/Vi ss spectra were recorded on a Hewlett Packard 8453 diode-array spectrophotometer. Emission 

andd excitation spectra were recorded on a Spex 1681 spectrophotometer. All the emission spectra are 

correctedd for the photomuitiplier response. 

Nanosecondd time-resolved absorption spectra were obtained using a setup described previously. 
Thee irradiation source was a continously tunable (400-700 nm) Coherent Infinity XPO laser working 
att 10 Hz (2 ns FWHM). Excitation laser light was typically less than 5 mJ pulse'. Samples were 
preparedd to have optical density, at the excitation wavelength, of ca. 0.3 in a 1 cm cuvette. For each 
sample,, spectra were measured at not less than 25 different time delays. 

Time-resolvedd emission studies were performed at single wavelength using a continously tunable 
(400-700nm)) 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. 

(Sub)pico-secondd transient absorption spectra and single wavelength kinetics were measured using a 
21 1 

setupp described in detail in a previous paper. The laser system was based on a Spectra-Physics 
Hurricann Titanium Sapphire regenerative amplifier system. The full spectrum setup was based on an 
opticall  parametric amplifier (Spectra-Physics OPA 800) as pump. A residual fundamental light, from 
thee pump OPA, was used for white light generation, which was detected with a CCD spectrograph. 
Thee single wavelength kinetics measurements setup was based on two OP As, one used for pumping 
andd the other one for probing, and an amplified Si-photodiode for detection. For both setups the OPA 

waswas used to generate excitation pulses at 350 nm. The output laser was typically 5uJ pulse' (130 fs 

FWHM)) with repetition rate of 1 KHz. A circular cuvette (d= 1.8 cm, 1 mm, Hellma), with the sample 
solution,, was placed in a homemade rotating ball bearing (1000 rpm), to avoid local heating by the 
laserr beam. The solutions of the samples were prepared to have an optical density at the excitation 
wavelengthh of ca. 0.5 in a 1 mm cell. The absorbance spectra of the solutions were measured before 
andd after the experiments. In all cases less than 10 % photodecomposition was observed. 

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

air-equilibratedd H20 {0tm = 0.028)22 and [Os(bpy)3](PF6)2 in air-equilibrated CH3CN (0em = 0.0035)" 

ass reference emitters. Estimated experimental errors in the reported data are as follows: absorption and 
emissionn maxima  2 nm, emission lifetimes 8 %, emission quantum yields  20 %. Where required, 
deaeratedd solutions were prepared by freeze-pump-thaw technique on a vacuum line. 
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