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CHAPTERR 2 

AA Combined Spectroscopic, Photochemical and 

Theoreticall Study of the Low-Lying Excited States of the 

Clusterss [Os3(CO)10(a-diimine)] 

Abstrac t t 

Densityy functional theoretical (DFT) calculations have been performed on the model clusters 

[Os3(CO)i0(a-diimine)]]  for a-diimine = 2,2'-bipyridine (bpy), pyridine-2-carbaldehyde imine (H-

PyCa)) and 1,4-diazabutadiene (H-DAB), together with a spectroscopic study of the corresponding 

clusterss with bpy, i-Pr-PyCa and i-Pr-DAB. On basis of the combined DFT, UV-vis and resonance 

Ramann data, the lowest-lying visible absorption band is assigned to a o(Osl-Os3)-to-^*(a-diimine) 

CTT transition for a-diimine = bpy and R-PyCa, and to a delocalized o(Osl-Os3)7f*-to-

0*(Osl-Os3)7f**  CT transition for a-diimine = R-DAB. The DFT calculations correctly predict the 

experimentallyy observed trends for this electronic transition: (i) the corresponding absorption band is 

thee most dominant feature in the visible spectrum, (ii)  its CT character decreases from a-diimine = 

bpyy to R-PyCa and is negligible for R-DAB, (Hi) the excitation energies decrease in the order a-

diiminee = R-DAB > bpy > PyCa, (iv) the oscillator strengths decrease from a-diimine = DAB > PyCa 

>> bpy. Measurements of photochemical quantum yields for zwitterion formation from [Os3(CO)i0(i-Pr-

PyCa)]]  in pyridine demonstrated for the first time that also population of the lowest-energy excited 

statee causes the photochemical reaction, although less efficiently than upon excitation into the higher-

lyingg electronic transitions. Two plausible schemes for the zwitterion formation have been proposed. 



Chapterr 2 

Introduction n 

Triangularr clusters of the type [Os3(CO)i0(a-diimine)] possess a diverse and intriguing 

photochemistryy which has been thoroughly studied over the last five years.1"6 On irradiation 

withh visible light the clusters undergo metal-metal bond cleavage reactions. Depending on the 

solvent,, nature of the a-diimine ligand and temperature, zwitterionic or biradical 

photoproductss are formed, which either regenerate the parent cluster or convert to stable 

open-structuree isomers (see Scheme 1). 

Schemee 1. General mechanism for the photoreactions of the clusters [Os3(CO)I0(a-diimine)] 

r|2-N=CC isomer 
(R-PyCa/R-DAB) ) 

Inn analogy with binuclear metal-metal bonded complexes such as [(CO)5MnMn(CO)3(a-

diimine)]7-10,, it was initially proposed that irradiation into the lowest-energy absorption band 

off  the triosmium clusters leads to optical population of a d„(Os)-to-;r*(a-diimine) charge 

transferr (MLCT) excited state. This primary event is followed by intersystem crossing to a 

reactivee CTTT* state, a representing a bonding cluster core orbital, in which an Os-Os bond is 

significantlyy weakened and finally becomes split. In order to learn whether this is a realistic 

model,, density functional theory (DFT) calculations were performed on the clusters 

[Os3(CO)io(a-diimine)]]  for a-diimine = 2,2'-bipyridine (bpy), pyridine-2-carbaldehyde imine 

biradical l 

zwittenon n 
groundd state 
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Low-Lyingg Excited States of the Clusters [OssfCCO^a-diimine)] 

(H-PyCa)) and 1,4-diazabutadiene (H-DAB) (see Figure 1). The three a-diimine ligands differ 

inn progressively replacing the two pyridyl rings in bpy by reactive imine bonds in H-PyCa 

andd H-DAB, and represent the basic structural types of all the a-diimine ligands used in our 

previouss photochemical and spectroscopic studies. DFT has proven to provide a good basis 

forr the calculations of molecular and electronic structures of transition metal complexes1116 

andd clusters17"19. Recently, it has been demonstrated that DFT accurately predicts the 

molecularr structure of the triosmium clusters, the fully optimized geometries being in good 

agreementt with the available crystallographic data.20 In this chapter DFT is used in 

combinationn with electronic absorption and resonance Raman (rR) spectroscopy to assign the 

visiblee absorption bands, in particular the lowest-energy electronic transition. In connection 

withh this, the influence of the a-diimine ligand is evaluated. In addition, on the grounds of the 

DFTT calculations and the measurements of wavelength- and temperature-dependent quantum 

yieldss for photochemical zwitterion formation, two plausible models for the latter 

photoreactionn will be discussed. 

o o 

88 /?s 
o o 

^ O s —QQ O s ^1 

S\S\ I  N 
uu c c 

oo o 
bpy y 

-NN N—R R—N N—R 

R- py C aa R-DAB 

Figuree 1. Molecular structures of [Os3(CO)i0(a-diimine)] and the a-diimine ligands (R = H, i-Pr) 

usedused in this study. 
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Low-Lyingg Excited States of the Clusters [Os3(CO)10(o:-diimine)] 

Results s 

Frontie rr  Orbital s and Excitatio n Energie s 

DFTT calculations were performed on the three model clusters [Os3(CO)io(c^diimine)] with 

a-diiminee = bpy, H-PyCa and H-DAB (see Figure 1), while the relevant spectroscopic data 

weree obtained for the corresponding bpy, /-Pr-PyCa and /-Pr-DAB clusters (vide infra). The 

geometryy optimizations of these model clusters have been previously reported.20 From these 

groundd state calculations the composition of the molecular orbitals has been obtained. 

Thee contributions of the relevant atomic wavefunctions to the frontier orbitals are given in 

Tablee 1 with the HOMO (H) and the LUMO (L) indicated in bold. 

First,, the frontier orbitals of [Os3(CO)io(bpy)] will be analyzed. The contour plots in the 

triosmiumm plane for the two highest occupied molecular orbitals, the HOMO and the 

HOMO-1,, and for the LUMO, the lowest unoccupied molecular orbital, are depicted in Figure 

2. . 

Figuree 2. Contour plots of the LUMO (a), HOMO (b) and HOMO-1 (c) of [Os3(CO)w(bpy)J in the 

triosmiumtriosmium plane, with the numbering of the osmium atoms given in the schematic representation (d). 

27 7 



Chapterr 2 

Thee LUMO mainly consists of the lowest 7r*(bpy) orbital. According to the contour plot, the 

LUMOO is antibonding between Osl and Os3, but as there is rather limited contour density at 

bothh Os atoms, this c-antibonding contribution will only be rather small. In contrast, the 

HOMOO is (7-bonding with respect to the Osl and Os3 centres that both strongly contribute to 

thiss orbital, whereas Os2 is almost not involved. Therefore, the HOMO can be best described 

ass a o(Osl-Os3) bonding orbital. All three osmium centres participate in the HOMO-1, that is 

bondingg with regard to the entire osmium triangle and will be denoted hereinafter as o(Os3). 

AA comparison of the contour plots for [Os3(CO)io(bpy)], [Os3(CO)io(H-PyCa)] and 

[Os3(CO)io(H-DAB)]]  (Figure 3) shows that the HOMO and LUMO are quite similar with 

respectt to the bonding and antibonding interactions between Osl and Os3, respectively. 

Figuree 3. Contour plots of the LUMO (a), HOMO (b) and HOMO-1 (c) of [Oss(CO)w(H-DAB)] in the 

triosmiumtriosmium plane, with the numbering of the osmium atoms given in the schematic representation (d). 

However,, on going from bpy to H-PyCa and H-DAB the energy of the lowest 7t* orbital of 

thee a-diimine ligand decreases, which is reflected in the composition of the HOMO and the 

LUMO.. For [Os3(CO)i0(H-PyCa)] the contribution of the 7T*(a-diimine) orbital to the HOMO 
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Low-Lyingg Excited States of the Clusters [Os3(CO)10(cc-diimine)] 

(28%)) is somewhat larger than for [Os3(CO)io(bpy)] (19%), at the expense of its contribution 

too the LUMO (65% vs 76%). Inversely, Osl and Os3 orbitals contribute slightly more to the 

LUMOO of the H-PyCa cluster. In the case of [Os3(CO)io(H-DAB)] the derealization is much 

stronger.. The ;r*(H-DAB) orbital contributes with 39% to the HOMO and with 45% to the 

LUMO.. Both frontier orbitals are strongly delocalized over Osl, Os3 and the a-diimine 

ligand,, and can therefore be denoted as o(Osl-Os3);r*(DAB) and O*(OS1-OS3)TT*(DAB), 

respectively.. Figures 2 and 3 also reveal that the HOMO-1 of [Os3(CO)i0(H-DAB)] has a 

differentt character compared to that of the other two clusters, being Osl-Os3 antibonding. 

Thee excitation energies and the oscillator strengths of the low-lying electronic transitions 

weree calculated using the ASCF method and are presented in Table 2. 

Tablee 2. Calculated and experimental excitation energies and oscillator strengths 

cluster r 

Os/bpy y 

Os/PyCa a 

Os/DAB B 

transition n 

H->L L 

H->L+1 1 

H-1->L L 

H-2->L L 

H-1->L+1 1 

H-2-»L+l l 

H-»L L 

H-1-*L L 

H-2->L L 

H->L+1 1 

H-1->L+1 1 

H-2->L+l l 

H->L L 

H-1-»L L 

H-2->L L 

H->L+1 1 

H-1-»L+1 1 

H-2->L+l l 

excitation n 

DFT" " 

1.72 2 

2.13 3 

2.30 0 

2.48 8 

2.61 1 

2.78 8 

1.66 6 

2.24 4 

2.36 6 

2.39 9 

n.c. . 

2.84 4 

1.82 2 

n.c. . 

2.44 4 

n.c. . 

n.c. . 

3.05 5 

energyy feV) 

exptl.* * 

2.U2.Ud d 

2.4f 2.4f 

3.06 3.06 

2.06* 2.06* 

2.26* 2.26* 

2.552.55d d 

3.15 3.15 

3.45 3.45 

2.40 2.40 

2.84 2.84 

3.06 3.06 

3.41 3.41 

oscillator r 

D Fr r 

0.149 9 

0.014 4 

0.070 0 

0.090 0 

0.007 7 

0.166 6 

0.219 9 

0.079 9 

0.069 9 

0.009 9 

n.c. . 

0.176 6 

0.235 5 

n.c. . 

0.076 6 

n.c. . 

n.c. . 

0.119 9 

strength h 

exptl.c c 

0.054 0.054 

0.075 0.075 

0.132 0.132 

""  n.c. = the calculation did not converge. * Experimental excitation energies obtained by extrapolation 

too E*MLCT = 0 in a plot of transition energies in different solvents vs the solvent parameter E*MLCT-21 

cc Experimental oscillator strengths calculated according to ƒ = 4.319.10"9 x e x Av, with the extinction 

coefficientt £ and Av (the width of the absorption band at half height) in toluene. d Corresponding 

absorptionss show significant negative solvatochromism. 
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Figuree 4. Electronic absorption spectra of [Os3(CO) lo(a-diimine)] for a-diimine = bpy 

(( ) , i-Pr-PyCa (••••) and i-Pr-DAB (---) in toluene. 

Electroni cc  Absorptio n Spectr a 

Thee near-UV-vis absorption spectra of the clusters [Os3(CO)io(a-diimine)] (a-diimine = 

bpy,, /-Pr-PyCa, i-Pr-DAB) in toluene are presented in Figure 4 and Table 3. The tentative 

assignmentt of the absorption bands is given in Table 2. In the visible region the spectra are 

characterizedd by a dominant lowest-energy band with a maximum between 520 and 600 nm. 

Att higher energy they exhibit a number of overlapping weaker absorptions. For a-diimine = 

bpyy and /-Pr-PyCa the visible absorptions are strongly solvatochromic. In order to evaluate 

andd compare the solvatochromic behaviour, the transition energies were plotted versus the 

empiricall  solvent parameter E*MLCT of Manuta and Lees,21 which is based on the 

solvatochromismm of the lowest MLCT transition of [W(CO)4(bpy)]. For the lowest-energy 

absorptionn band of the three clusters the solvent dependence is shown in Figure 5. All plots 

couldd be well fitted by linear regression. Their slope reflects the degree of solvatochromism, 

whereass the intercept at E*MLCT = 0 corresponds to the experimental transition energy 

extrapolatedd to apolar isooctane, which solvent will similarly interact with ground and excited 

states.. Therefore, the extrapolated values for the experimental transition energy are best 

comparedd with the calculated energies that refer to isolated 'gas-phase' molecules at 0 K (see 

Tablee 2). 

Inn the UV-vis spectrum of [Os3(CO)io(/'-Pr-PyCa)] two shoulders can be distinguished at 

thee high-energy side of the absorption band at 602 nm (see Figure 4). These absorptions are 

stronglyy solvatochromic. By contrast, the two shoulders at 405 and 357 nm at the low-energy 

sidee of an intense absorption in the near-UV region are solvent-independent. 
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Low-Lyingg Excited States of the Clusters [Os3(CO)10(«-diimine)] 

Tablee 3. Visible and near-UV absorption maxima and shoulders of the clusters 

[Os[Os33(CO)(CO) io(a-diimine)]a 

Os/bp y y 

Os/PyC a a 

Os/DA B B 

A(nm) a a 

558 8 

492(sh ) ) 

4033 (sh ) 

357(sh ) ) 

582 2 

534(sh ) ) 

467(sh ) ) 

394(sh ) ) 

358(sh ) ) 

521 1 

438 8 

403 3 

367(sh ) ) 

emax(M" 1cm"1)' ' ' 

484 0 0 

870 0 0 

890 0 0 

A(nm) * * 

588 8 

501(sh ) ) 

405(sh ) ) 

357(sh ) ) 

602 2 

548(sh ) ) 

486(sh ) ) 

394(sh ) ) 

359(sh ) ) 

519 9 

437 7 

405 5 

364(sh ) ) 

E(eV) " " 

2.1 1 1 

2.4 7 7 

3.0 6 6 

3.4 7 7 

2.0 6 6 

2.2 6 6 

2.5 5 5 

3.1 5 5 

3.4 5 5 

2.3 9 9 

2.8 4 4 

3.0 6 6 

3.4 1 1 

""  In toluene. * Extrapolated to E*MLCT = 0 (in isooctane) according to Manuta et al.21 

240--

— — 
o o B B 
—, , ^ ^ 

m m 
c c 

UJ J 

730 0 

??0 0 

210--

2000 H 

OO iPr-DAB 
AA iPr-PyCa 
++ bpy 

I I 
0.0 0 0.2 2 0.4 4 

I I 
0.6 6 

I I 
0.8 8 

Solventt scale E* 

Figuree 5. Solvatochromic behaviour of the lowest-energy absorption band of [Os3(CO) i0(a-diimine)] 

onon the empirical solvent scale E*MLCT according to Manuta and Lees.21 The solvents used (with 

E*MLCTE*MLCT in parentheses) were CCl4 (0.12; not measured for fOs3(CO)10(bpy)J due to poor solubility), 

toluenetoluene (0.3), CHCl3 (0.42), THF (0.59), CH2Cl2 (0.67), acetone (0.82), acetonitrile (0.98) andDMSO 

(1.0). (1.0). 
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Forr [Os3(CO)io(bpy)] the solvent-dependence of the intense lowest-lying absorption band at 

5888 nm and the only resolved shoulder at its high-energy side is even stronger. Again, the 

near-UVV set of shoulders at 394 and 359 nm is not solvatochromic. In contrast to the latter 

twoo clusters, none of the near-UV-vis absorptions of [Os3(CO)io(/-Pr-DAB)j is solvent-

dependent.. The lowest-energy absorption band (519 nm) is found at much higher energy 

comparedd to the clusters with the more basic bpy and i-Pr-PyCa ligands. The two absorption 

featuress around 400 and 360 nm are common to all three clusters. 

Resonanc ee Raman Excitatio n Profile s 

Resonancee Raman (rR) spectra of the studied clusters [Os3(CO)i0( a-diimine)] (a-diimine = 

bpy,, z'-Pr-PyCa and «eo-pentyl-DAB) excited by a single laser line have already been reported 

inn previous papers.1-2 Here the corresponding rR excitation profiles are presented, giving the 

intensity-dependencee of the rR bands on the excitation wavelength. With their aid the 

assignmentt of the different absorptions in the visible region of the absorption spectra is 

facilitated.. The rR spectra of the clusters [Os3(CO)i0(a-diimine)] (a-diimine = bpy, /-Pr-Pyca 

andd /-Pr-DAB) were measured at various excitation wavelengths of the Ar+- and dye lasers 

betweenn 457.9 and 610 nm.22 The rR spectra were recorded in KNO3 pellets to avoid the 

photochemicall  isomerization of [Os3(CO)io(/-Pr-PyCa)] and [Os3(CO)io(/-Pr-DAB)] taking 

placee in solution.3 The rR spectra of the clusters with a-diimine = bpy and /-Pr-PyCa show 

enhancedd Raman bands in the 1400-1600 cm"1 region belonging to mixed v(CC) and v(CN) 

vibrationall  modes of the a-diimine ligand. The frequencies and band patterns compare well 

withh those reported for related mononuclear a-diimine complexes, e.g. [Ru(bpy)3]
2+ (ref 23), 

[Cr(CO)4(bpy)]]  (ref. 24), [W(CO)4(iPr-PyCa)] (ref. 25) and [Ru(I)(Me)(CO)2(iPr-PyCa)] (ref. 

26).. In addition, a resonantly enhanced Raman band around 2080 cm"1 is attributed to the 

highest-frequencyy v(CO) stretching mode. The rR excitation profiles for the two most intense 

v(CC)/v(CN)) modes and for the v(CO) mode are given in Figure 6. 

Thee profiles show that all three vibrational modes are resonantly enhanced on excitation 

intoo the lowest-energy absorption band. The excitation profiles for [Os3(CO)io(/-Pr-PyCa)] 

(Figuree 6B) reproduce the first shoulder of the lowest-energy absorption band, but not the 

secondd one. Those for [Os3(CO)io(bpy)] (Figure 6A) decrease more steeply at the high energy 

sidee of the first absorption band. Similar excitation profiles were recorded for 

[Os3(CO)io(bpy)]]  in a 2-chlorobutane solution. In the rR spectrum of [Os3(CO)io(/-Pr-DAB)] 

thee vs(CN) vibrational band at 1478 cm"1 has only low intensity, while the /-Pr-DAB 

deformationn modes27 at 958 and 843 cm'1 and the <5(Os-CO) mode at 613 cm"1 are very 

strong.. The rR excitation profiles for the <5(iPr-DAB) and vs(CN) modes (Figure 6C) 

reproducee the lowest-energy band of the absorption spectrum. It should be noted that this 

lowest-energyy band is strongly shifted to longer wavelengths in the solid state (A™» = 559 nm 

inn KBr vs 521 nm in toluene). 
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4000 450 500 550 600 650 700 750 450 500 550 600 650 700 750 
Wavelengthh (mn) Wavelength (nm) 

Figuree 6. Resonance Raman excitation 

profilesprofiles for selected vibrational modes oj 

fOsfOs33(CO)(CO)ww(bpy)J(bpy)J (A), [Os3(CO)w(i-Pr-

PyCa)]PyCa)] (B) and [Os3(CO),„(i-Pr-DAB)]  (C) 

inin KN03 pellets. The intensities Irei are given 

relativerelative to the 1050 cm'1 peak of KN03. The 

correspondingcorresponding solid state visible absorption 

spectraspectra were recorded in KBr pellets. 

4000 450 500 550 600 650 700 750 
Wavelengthh (nm) 

Photochemistry ::  Wavelength-Dependen t Quantu m Yield s 

Thee clusters [Os3(CO)io(o!-diimine)] produce zwitterions upon irradiation in the strongly 

coordinatingg solvent pyridine.1'2 At room temperature these zwitterions largely react back 

withinn minutes, but at sufficiently low temperatures they are virtually stable and the 

photoreactionn quantum yields <P\ of their formation can be determined. For a-diimine = i-Pr-

PyCaa and 2-acetylpyridine-A^-isopropylimine (/-Pr-AcPy) the values of <Px were reported 

previouslyy only for Ar+-laser excitation wavelengths between 457.9 and 514.5 nm.2 These 

excitationn wavelengths merely cover the higher-energy shoulders and not the lowest-energy 

absorptionn band of the clusters with their maximum in pyridine around 550 nm. The quantum 

yieldss <Px, presented in Table 4 and Figure 7, were measured in pyridine at 263 K and include 

dye-laserr irradiation into the lowest-lying absorption band of [Os3(CO)io(/-Pr-PyCa)] {&,„  = 

514.5,, 541.6, 577.0 and 596.0 nm). These quantum yields are compared with the previously 
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determinedd values for [Os3(CO)i0(/-Pr-PyCa)] and [Os3(CO)10((-Pr-AcPy)].2.3 The quantum 

yieldss <2>5i4.5 and <2>54i are ca. 0.21, thus significantly exceeding the values of ca. 0.13 for <t> sll 

andd <J>5%. The quantum yield determined for the 514.5 nm excitation is about 20% higher than 

thee value reported earlier.2 This difference is most probably due to considerable differences in 

thee experimental set-ups used for the two measurements (see Experimental Section). 

Tablee 4. Quantum yields fy (x 1(f) for photochemical zwitterion formation and isomerization 

reactionsreactions of selected [Os3(CO)10(a-diimine)] clusters 

Afaa (nm) 457.99 488.0 514.5 541.6 6 577.0 0 596.0 0 reaction n 
Os/iPrPyCa"" " 

Os/iPrPyCaoc c 

Os/iPrAcPy°'c c 

Os/nPrAcPyDC C 

Os/iPrPyCâ ^ 

20.0(0.4)) 21.1(2.0) 12.6(0.8) 13.8(0.8) 

16.2* * 

2 9 .// 28.3 28.2* 

18.3" " 

0.2955 0.319 0.299 

""  Quantum yields determined in pyridine at 263 K. * This work. ' Values taken from reference 2. 

''Quantumm yields determined in THF at 298 K. eEa(514.5nm) = 718 cm"1. f Ea(457.9nm) = 511 cm"1. 
gg Ea(514.5nm) = 440 cm"'. '' Ea(514.5nm) = 689 cm"1, i' Zwitterion formation. ' Isomerization (see 

Schemee 1). 
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Figuree 7. Plot of the UV-vis spectrum of [Os3(COJ „fiPr-PyCa)]  together with the wavelength-

dependentdependent quantum yields @x for the zwitterion formation in pyridine at 263 K. 
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Discussio n n 

HOMO-LUMOO Transitio n 

Basedd on the DFT calculations the allowed HOMO-to-LUMO transition in 

[Os3(CO)io(bpy)]]  and [Os3(CO)i0(R-PyCa)] is assigned as a o(Osl-Os3)-to-7r*(a-diimine) 

transition.. It gives rise to the intense lowest-energy band in the visible region of the 

absorptionn spectrum. Its negative solvatochromism is characteristic for a charge transfer (CT) 

transitionn directed towards an a-diimine ligand. Examples of CT transitions are Metal-to-

Ligandd (MLCT or d^TT*),28"30 Halide-to-Ligand (XLCT)26'31 or Sigma-Bond-to-Ligand 

(SBLCTT or OTT*)10 CT transitions. For [Os3(CO)io(a-diimine)] the charge transfer character is 

calculatedd to decrease on replacing bpy by i-Pr-PyCa, and indeed, the solvatochromic effect is 

largerr for the former cluster. For [Os3(CO)io(R-DAB)] both the HOMO and the LUMO are 

stronglyy delocalized over the 7r*(R-DAB) orbital and the Osl and Os3 centres. In this case the 

lowest-lyingg band is assigned to a O7r*-to-a*7r*  transition having hardly any CT character. 

Thiss assignment is in excellent agreement with the absence of any solvatochromic shift. The 

limitedd CT character has allowed Nijhoff et al. to explain the diminished tendency for 

photochemicall  zwitterion from [Os3(CO)io(R-DAB)] compared to the R-PyCa and bpy 

clusters.2-33 Resonance Raman (rR) spectroscopy is another valuable tool for the assignment of 

thee electronic transitions. For electronic transitions with charge transfer character to an a-

diiminee ligand, the Raman bands attributed to vibronically coupled vs(CC)/vs(CN) stretching 

modess of the latter ligand show a strong rR enhancement. This result was indeed obtained on 

excitationn into the lowest-energy electronic transition of the clusters [Os3(CO)io(a-diimine)] 

(a-diiminee = bpy, R-PyCa). In agreement with the negligible CT character of the lowest-

energyy electronic transition of [Os3(CO)io(*'-Pr-DAB) only a weak rR effect is observed for 

thee C=N stretching mode at 1478 cm"1, while at the same time strong rR bands were found for 

thee i-Pr-DAB deformation modes at 843 and 958 cm"1 and skeletal modes between 620 and 

2900 cm" . These observations are characteristic for z-Pr-DAB complexes of which both the 

HOMOO and LUMO are strongly delocalized, e.g. [M(SnPh3)2(CO)2(z-Pr-DAB)] (M = Ru, Os) 

andd [Ru{RuCp(CO)2}2(CO)2(/-Pr-DAB)].27'32.33 The low frequency of the vs(CN) mode is in 

linee with the strong ;r-back donation to the Z-Pr-DAB ligand in the ground state. 

Thee observed solvatochromism and rR effects for [Os3(CO)io(a-diimine)] (a-diimine = 

bpy,, R-PyCa) thus document that the lowest-energy transition has predominant charge 

transferr character towards the a-diimine ligand. However, they do not reveal the character of 

thee initial optical orbital. In particular, they do not distinguish between MLCT and 07T* 

transitions,, in which the transition originates in a molecular orbital with predominant d^Osl) 

orr delocalized o(Osl-Os3) character, respectively. According to the DFT calculations the 

HOMOO has o(Osl-Os3) character and the lowest-energy absorption belongs to a <7-to-7T* 

(SBLCT)) transition, instead of a d«(Osl)-to- *̂  (MLCT) transition, as was considered 

previously.1'2 2 
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Forr all three clusters the calculated excitation energies of the lowest-lying electronic 

transitionn are systematically 0.4 - 0.6 eV lower than the experimental values, while the 

experimentall  values for the oscillator strength are 2 to 3 times lower than the calculated ones. 

Moree importantly, regardless these relatively large discrepancies several experimental trends 

forr the HOMO-LUMO transition have been correctly reproduced by the calculations: (/) the 

excitationn energies increase in the order a-diimine = R-PyCa < bpy < R-DAB, (ii)  the 

calculatedd oscillator strengths predict the lowest-energy transition to be the most intense one 

inn the visible region, and (Hi) they decrease in the order a-diimine = DAB > PyCa > bpy. 

Higher-Lyin gg Electroni c Transition s 

Itt is clear that the ASCF calculated excitation energies have a limited accuracy, while the 

absorptionn features in the visible region are generally broad and poorly resolved. As this 

complicatess the assignment of the higher-lying electronic transitions, only a few general 

commentss will be made. 

Thee calculated transitions can be divided into two groups. The first one consists of the 

energeticallyy low-lying transitions directed to the LUMO, viz. the HOMO-to-LUMO, the 

(HOMO-l)-to-LUMOO and the (HOMO-2)-to-LUMO transitions. The higher-lying transitions 

fromm the three highest occupied orbitals to the LUMO+1 belong to the second group. 

Forr the ligands bpy and R-PyCa the LUMO has mainly 7T*( a-diimine) character while the 

LUMO+11 is delocalized over the osmium carbonyl core. As a consequence, the first group 

possessess significant charge transfer character and gives rise to the solvatochromic lowest-

lyingg absorption band and the shoulders at its high-energy side. Unexpectedly, no resonance 

Ramann effect is observed for the a-diimine localized vs(CC)/vs(CN) stretching modes upon 

excitationn into the high-energy shoulder of the lowest band of [Os3(CO)i0(bpy)]. At the 

momentt there is no straightforward explanation for this observation.34 A similar effect is 

observedd for the rR excitation profiles of [Os3(CO)io(/-Pr-PyCa)] that follow the lowest-

energyy absorption band and the higher lying shoulder, but not the second shoulder that also 

showss negative solvatochromism. 

Thee second group consists of predominantly cluster core localized transitions directed to 

thee LUMO+1. The non-solvatochromic absorption bands between 350 and 450 nm are 

thereforee tentatively attributed to electronic transitions belonging to this group. 

Currently,, the calculation of the excitation energies is in progress using time-dependent 

DFT.. TD DFT has recently been demonstrated to give considerably more accurate results for 

severall  transition metal complexes than the ASCF method employed in this work.13"16 This 

approachh will enable a more detailed assignment of the visible electronic transitions for the 

triosmiumm a-diimine clusters under study. It is reasonably expected that due to the low cluster 

symmetryy a significant mixing of the separate electronic transitions in Table 2 will occur, 

improvingg the fit between the energies and intensities of the calculated transitions with the 

experimentall  data. 
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Photochemica ll  Cleavage of the Metal-Meta l Bond 

Ass described in the Introduction, the clusters [Os3(CO)i0(a-diimine)] undergo a variety of 

photochemicall  reactions depending on the a-diimine ligand, solvent and temperature. The 

mechanismss of these reactions have in common that the first step is metal-metal bond 

cleavagee (see Scheme 1). This reaction may be explained by the GT& character (a-diimine = 

bpy,, R-PyCa) of the lowest-energy excited state. However, first of all it is not certain that the 

removall  of an electron from the o(Osl-Os3) bonding orbital sufficiently weakens the 

metal-metall  bond to induce its cleavage. Secondly, whereas the metal-metal bond cleavage 

occurss independently of the irradiation wavelength, the quantum yield for zwitterion 

formationn does depend on the latter parameter (see Table 4). This testifies that in any case the 

lowest-energyy optically populated G7t* state cannot be the only excited state responsible for 

thee photoreactivity. 

Thee wavelength-dependence of the quantum yield for zwitterion formation from 

[Os3(CO)ioO'-Pr-PyCa)]]  in pyridine is demonstrated in Figure 7, showing the obtained 

quantumm yields for the different excitation wavelengths together with the electronic absorption 

spectrum.. Under the experimental conditions the maximum of the lowest absorption band lies 

att 555 nm and the shoulders at its high-energy side at 512 and 440 nm. For Am = 577.0 nm 

andd 597.0 nm, irradiation takes place exclusively into the lowest absorption band. 

Interestingly,, the corresponding quantum yields are ca. 0.13, which is significantly lower than 

forr irradiation at higher energies. The 514.5 nm irradiation mainly falls in the poorly resolved 

secondd absorption band. An intermediate situation applies for the 541.6 nm excitation. It is 

expectedd that for higher-energy excitation the quantum yields for the zwitterion formation are 

identicall  to 0514.5. This expectation is based on the wavelength-independence (457.9 < hn< 

514.5)) of the quantum yields for the isomerization of this cluster, as well as of those for the 

zwitterionn formation in case of the closely related cluster [Os3(CO)ioO'-Pr-AcPy)] (and other 

derivativess of these clusters).2-4 In addition to the wavelength-dependence, the quantum yields 

forr the zwitterion formation from [Os3(CO)io(a-diimine)] (a-diimine = z'-Pr-PyCa, R-AcPy; 

Airrr ^ 514.5 nm) proved to be temperature-dependent, corresponding to an activation energy 

rangingg between 440 and 718 cm"1 (see Table 4). 

Inn Scheme 2 two mechanisms are proposed to explain the wavelength- and temperature 

dependencee of the quantum yield data. They differ with respect to the rate of the metal-metal 

bondd cleavage process, which is either ultrafast taking place on a femtosecond time scale, or 

occurss on a longer time scale. According to Mechanism 1, the 'slow' metal-metal bond 

homolysiss takes place from a single reactive excited state (e.g. the 3OTT*  state), which has a 

barrierr for the reaction. This reactive excited state is populated more efficiently from the 

higherr optically excited states than from the lowest-energy lcm* state. According to 

Mechanismm 2, upon population of the higher-lying excited states the metal-metal bond 

homolysiss can occur both via an ultrafast pathway, i.e. directly from the optically populated 

state,, and via a slower pathway after initial relaxation to the lowest-energy C7T* state. The 

latterr pathway is the only one available on long-wavelength irradiation, resulting in the lower 
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quantumm yield. At this moment it is too speculative to favour one mechanism over the other 

onn basis of the available experimental results only. Therefore, femtosecond spectroscopic 

studiess are to be conducted in the near future in order to resolve this issue. 

Schemee 2. Possible mechanisms for the zwitterion formation from [Os3(CO)l0(i-Pr-PyCa)J in pyridine 

Mechanismm 1 

excitedd states 

Mechanismm 2 

excitedd states 
ultrafast t 

/3__ *\ zwitterion 
(( OTT*) (3(3cncn*\*\  zwitterion 

groundd state groundd state 

Conclusions s 

Accordingg to the DFT calculations, the lowest-lying optically accessible excited state of 

thee clusters [Os3(CO)io( a-diimine)] is not a d^Osl)-to-7r*(a-diimine) CT state, as previously 

proposed.. Instead, it possesses ö(Osl-Os3)-to-;r*(a-diimine) CT character for a-diimine = 

bpy,, R-PyCa and delocalized ö(Osl-Os3)7r*-to-cr*(Osl-Os3)7r*  CT character for a-diimine 

== R-DAB. Thus, already in the lowest-excited state there is some weakening of the Os-Os(a-

diimine)) bond. For a-diimine = «'-Pr-PyCa it was demonstrated for the first time that optical 

populationn of this lowest excited state ultimately leads to bond cleavage and zwitterion 

formation.. This reaction is however more efficient from the higher-lying CT excited states. 

Ultrafastt femtosecond spectroscopic experiments are needed to distinguish between several 

plausiblee mechanisms that can explain the observed wavelength dependence of the 

photoreactionn quantum yields. 
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Experimenta ll  Sectio n 

Computationall  Details 

Alll  Density Functional Theory calculations were performed using the Amsterdam Density 

Functionall  program package (ADF-2.3). 35'37 The Local Spin Density (LSD) exchange correlation 

potentialpotential was used38 with the Local Density Approximation of the correlation energy (Vosko-Wilk-

Nusair).399 Furthermore, Becke's nonlocal corrections40'41 to the exchange energy and Perdew's 

nonlocall  corrections42'43 to the correlation energy were included in the calculation of the gradients. 

Relativisticc effects were treated by a quasi-relativistic method where Darwin and mass-velocity terms 

aree incorporated. For Os the inner shells (ls-5p) were frozen. A triple-̂  STO basis set was used for the 

valencee part of Os (5d-6s), additionally augmented by one diffuse 6p function. For C and N, the 2s and 

2pp valence shells were described by a triple-̂  STO basis, augmented by one 3d polarization function. 

Forr O and H a double-̂  STO basis was used. Excitation energies and oscillator strengths (£a]c) were 

calculatedd using the program Dipole44 with separately optimized excited state orbitals. The 

experimentallyy determined oscillator strengths (£xp) for the visible absorption band were calculated 

usingg the equation fexJ>= 4.319 x 10"9 e^ Av. 

Material ss and Preparations 

Thee clusters [Os3(CO)i0(a-diimine)] (or-diimine = 2,2'-bipyridine (bpy), pyridine-2-carbaldehyde 

A^-iPr-iminee (iPr-PyCa) and l,4-di-iPr-l,4-diazabutadiene (iPr-DAB)) were synthesized according to 

publishedd procedures.1'2 The solvents used for UV-vis spectroscopy were of spectroscopic grade 

(Merck:: CC14, toluene, CHC13, CH2C12, acetone, acetonitrile, DMSO) and analytical grade (ACROS: 

THF)) and used as purchased. The solvents used for photochemical experiments were dried over 

sodiumm wire (ACROS: toluene, analytical grade) or CaH2 (Aldrich: pyridine, spectroscopic grade) and 

freshlyy distilled under a nitrogen atmosphere prior to use. All photochemical samples were prepared 

underr careful exclusion of light and using standard inert gas techniques. 

Spectroscopicc Measurements 

Electronicc absorption spectra were recorded on Varian Cary 4E and Hewlett-Packard 8453 

spectrophotometers.. Resonance Raman spectra of the clusters, dispersed in KN03 pellets, were 

recordedd on a Dilor XY spectrometer equipped with a Wright Instruments CCD detector. A Spectra 

Physicss 2040E ArMaser was used as the excitation source and as a pump for Coherent Radiation 

Modell  590 and 490 dye lasers with Rhodamine 6G or Coumarin 6 dye solutions. Intensities of the 

resonantlyy enhanced Raman bands were measured relative to the 1050 cm"1 Raman band of KN03. 

Quantumm Yield Measurements 

Quantumm yields for the light-induced disappearance of [Os3(CO)i0(iPr-PyCa)] in pyridine were 

determinedd by measuring the decay of the absorption band of the cluster at 557 nm with a Varian Cary 

4EE spectrophotometer. Corrections were made for the absorbance of the photoproduct. The quartz 

samplee cuvette was cooled using an Oxford Instruments DN 1704/54 liquid nitrogen cryostat equipped 

withh CaF2 and quartz windows. The sample was irradiated inside the sample compartment of the 
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spectrophotometerr by the laser lines of a Spectra Physics Model 2040E Ar+-laser, or by those of the 

dyee lasers (vide supra). The photon flux was determined in front of and behind the sample cuvette 

withh two Applied Photophysics quantum counter detectors, thereby allowing direct determination of 

thee number of photons absorbed. Corrections were made for reflection of light at the cuvette windows. 

Thee quantum counters were calibrated before and after each single quantum yield measurement with 

solutionss of Aberchrome 540P (ref. 45) or Aberchrome 999P (ref. 46) in toluene. For each excitation 

wavelength,, the quantum yield was determined at least in duplicate, each measurement typically 

involvingg ten irradiation intervals during which the solution was stirred. 
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