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ChapterChapter 4, Part A 

4A.11 Abstract 

(Sub)picosecondd time-resolved transient absorption and infrared spectra of the triangular 

[Os3(CO)io(a-diimine)]]  clusters were recorded in order to study the primary photoprocesses 

responsiblee for the formation of biradicals and zwitterions. The transient absorption spectra of 

[Os3(CO);o('Pr-AcPy)],, obtained by excitation into its visible absorption band, show a bleach 

duee to the disappearance of the parent cluster and a new absorption with a maximum at 630 

nm.. This transient absorption is assigned to the excited state of the cluster having 

predominantt a(Os-Os)7t*(1Pr-AcPy) character. In a non-coordinating solvent the bleach and 

transientt absorption decay with a lifetime of 25  2 picoseconds but do not disappear 

completely.. The bleach decays to ca. 30 % of the initial signal and the transient absorption 

changess into a much broader absorption that is ascribed to the open-triangle biradical, formed 

byy homolytic cleavage of an Os-Os(a-diimine) bond. The lifetime of the excited state does 

nott depend on the solvent as long as it is non-coordinating, but it depends on the energy of the 
3a7i**  excited state, as shown by a comparison of the results for [Os3(CO)io('Pr-AcPy)] and 

[Os3(CO)io(dmb)].. Variation of the 3an* state energy causes a change of the barrier for the 

reaction.. In coordinating acetonitrile (MeCN) the excited state of [Os3(CO)io('Pr-AcPy)] 

decayss double-exponentially. The longer lifetime (r = 21.4 picoseconds) matches that 

determinedd in non-coordinating solvents and is therefore ascribed to biradical formation. 

Consistentt with previous observations that in coordinating solvents at least part of the 

zwitterionss are formed in the picosecond time domain, the second and faster process (r= 2.9 

picoseconds)) is assigned accordingly. The zwitterions are formed by heterolytic splitting of an 

Os-Os(a-diimine)) bond induced by coordination of MeCN to the {Os(CO)2('Pr-AcPy)} 

moietyy of the cluster in the excited state. The parallel formation of biradicals and zwitterions 

directlyy from the excited state was confirmed by the time-resolved IR spectra in MeCN, 

whichh showed that both species are already present in the picosecond time domain. The 

uniquee result of this study is that coordinating solvents such as MeCN may induce both 

homolyticc and heterolytic cleavage of a metal-metal bond in clusters. 

4A.22 Introductio n 

Ass a part of our investigations into the photoreactions of radical-producing metal-metal " 

andd metal-alkyl6"9 bonded a-diimine complexes, the photochemistry of the trinuclear clusters 

[Os3(CO)io(a-diimine)]]  was studied in rather great detail by our group10"15 (see Scheme 1). 

Accordingg to DFT calculations on several (model) clusters16 the lowest-energy transition of 

[Os3(CO)io(a-diimine)]]  has predominant a(Os-Os) —> Jt*(a-diimine) character, by which the 

metal-metall  bond of (CO)4Os-Os(C0)2(a-diimine) is weakened. Irradiation into this 

transitionn is therefore expected to cause a homolytic cleavage of that bond, and biradicals 
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['Os(CO)4-Os(CO)4-
+Os(CO)2(a-diimine)'ll  are indeed formed in non- or weakly 

coordinatingg solvents (toluene, 2-chlorobutane, THF).14' '5 These biradicals are short-lived 

andd have merely been identified by nanosecond (ns) time-resolved UV-vis and IR 

spectroscopies14,, 15 and by EPR spectroscopy on addition of spin-trapping agents.14 In 

coordinatingg solvents (MeCN, pyridine), however, solvent-stabilized zwitterions fOs(CO)4-

Os(CO)4-
+Os(S)(CO)2(a-diimine)]]  (S = solvent) are formed,14' '5 whose lifetimes vary from 

tenss of seconds in MeCN to minutes in pyridine. Nanosecond time-resolved microwave 

conductivityy measurements showed that zwitterions are already present directly after a 7 ns 

laserr pulse.11 Both the biradicals and zwitterions regenerate the parent cluster, although a 

smalll  part of the biradicals undergoes an intramolecular radical coupling reaction with 

formationn of the 50e isomer of the parent complex, provided the a-diimine may act as a 6e 

donorr and G-N, 112-N', r)2-C=N' coordinates to two Os atoms (Scheme 1). 

Schemee 1. Mechanism of the photoreactions of the clusters [Os3(CO)io(a-diimine)]. 

ait*ait* excited state 

zwitterion zwitterion 
groundground state 

r\r\ -N=C isomer 
(R-PyCa/R-DAB) (R-PyCa/R-DAB) 

Thee question remains at what stage zwitterions are formed upon irradiation in neat MeCN 

orr pyridine. This may occur as a primary photoprocess viz. by heterolytic cleavage of an Os-

Oss bond in the excited state, provoked by MeCN (Scheme 1, pathway I), or by homolytic 

splittingg of that bond, followed by coordination of MeCN to the biradical and intramolecular 

electronn transfer (Scheme 1, pathway II). The ns time-resolved absorption spectra were not 

conclusivee about the two pathways but quantum yield measurements of the photoreaction of 

[Os3(CO)io(nPr-AcPy)]]  in pyridine in dependence of applied pressure gave some clue about 
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ChapterChapter 4, Part A 

thee primary photoprocess.14 From these measurements a rather small positive volume of 

activationn was derived, which is not in line with zwitterion formation as the main primary 

photoprocess.. For, zwitterion formation as well as coordination of the solvent molecule will 

bee accompanied by a significant volume collapse due to increased electrostriction and a 

decreasedd intrinsic volume, respectively. It was therefore concluded that the volume change is 

mainlyy governed by bond cleavage. Although this points to biradical formation as the main 

primaryy photoprocess and conversion into zwitterions according to pathway II, we recall that 

thee ns time-resolved microwave conductivity measurements showed the presence of 

zwitterionss directly after a 7 ns laser pulse." 

Fromm the above experimental data we conclude that zwitterions are either formed out of the 

biradicalss in the subnanosecond time domain or next to the biradicals in a primary 

photoprocess,, but only as a minor process. In order to find out which mechanism is correct we 

investigatedd the primary photoprocesses of the cluster [Os3(CO)io('Pr-AcPy)] ('Pr-AcPy = 2-

acetylpyridine-/V-isopropylimine)) (1) using picosecond (ps) time-resolved (transient) 

absorptionn (TA) and infrared (TRIR) spectroscopies. In addition we present some 

comparativee data for the clusters [Os3(CO)io(dmb)] (dmb = 4,4'-dimethyl-2,2'-bipyridine) (2) 

andd [Os3(CO)ioO?-Cl-BIAN)] (p-Cl-BIAN = A^,iV ,-bis(p-Cl-phenylimino)acenaphthene) (3) 

(seee Figure 1), possessing a-diimine ligands with their lowest-lying n* orbital at, 

respectively,, higher and lower energy than 'Pr-AcPy. The latter clusters were studied in order 

too reveal the influence of the energy of the an* state on the excited-state lifetime. The 

schematicc structures of the clusters and the a-diimine ligands are depicted in Figure 1. 

'Pr-AcPy(\)'Pr-AcPy(\) dmb (2) p-CI-BIAN (3) 

Figuree 1. Schematic structures of the clusters [Os3(CO)i0(a-diimine)] and the a-diimine ligands used 

inn this study. 
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4A.33 Experimental 

Material ss and preparations. [Os3(CO)|2] (Strem Chemicals), 2-pyridinecarboxaldehyde, 

isopropylaminee (Acros), acenaphthenequinone, 4-Cl-aniline (Aldrich), ZnCl2 and 4,4'-dimethyl-2,2'-

bipyridinee (Fluka) were used as purchased. Trimethylamine-jV-oxide dihydrate, Me3NO2H20 

(Janssen),, was dehydrated before use by vacuum sublimation. Solvents of analytical grade (Acros: 

diethylether,, CH2C12, tetrahydrofuran (THF), acetonitrile (MeCN); Aldrich: 2-chlorobutane (2-ClBu)) 

weree dried over sodium wire (diethylether, THF) and CaH2 (2-CIBu, CH2C12, MeCN) and freshly 

distilledd under a nitrogen atmosphere prior to use. Acetic acid (glacial, Acros) was used as received. 

Silicaa 60 (70-230 mesh, Merck) for column chromatography was activated by heating in vacuo at 450 

KK overnight and stored under N2. 

Syntheticc procedures. All syntheses were performed under an inert atmosphere of dry nitrogen, using 

standardd Schlenk techniques. The ligand 2-acetylpyridine-jV-isopropylimine ('Pr-AcPy) and the 

clusterss [Os3(CO),„('Pr-AcPy)] (1), [Os3(CO)l0(dmb)] (2) and [Os3(CO)10{Me2N(CH2)3-AcPy}] were 

synthesizedd according to published procedures.10 14' '7 They were characterized by FT-IR, UV-vis, and 

'HH NMR spectroscopies. 

Synthesiss of iV,JV'-bis(/>-CI-phenylimino)acenaphthene (p-Cl-BIAN) . A mixture of 

acenaphthenequinonee (2.0 g, 11 mmol), anhydrous ZnCl2 (1.7 g, 12 mmol) and 4-Cl-aniline (3.1 g, 24 

mmol)) in 30 ml glacial acetid acid is heated to reflux. After 30 minutes the suspension is cooled to 

roomm temperature and the solid filtered off. The product is washed with acetic acid (2x10 ml) and 

diethyletherr (4 x 20 ml) and air-dried, giving (p-Cl-BIAN)ZnCl2 as an orange solid in almost 

quantitativee yield. The complex is suspended in 100 ml CH2C12 and a solution of 7 g K2C03 in 200 ml 

H200 is added. This biphasic system is shaken vigorously in a separation funnel after which the CH2C12 

becomess clear red and is separated. The aqueous layer is extracted with additional CH2C12 (2 x 50 ml) 

afterr which the combined organic layers are dried over MgS04, filtered and evaporated to dryness, 

givingg /7-C1-BIAN as an orange solid in ca. 60% yield. H NMR (CDCI3) (for numbering scheme see 

Figuree 1): 6 7.93 (d, V = 8.1 Hz, 2H, H5), 7.44 (d, V = 8.4 Hz, 4H, H10), 7.42 (pst, 2H, H4), 7.07 (d, V 

== 8.7 Hz, 4H, H9), 6.96 (d, V = 7.2 Hz, 2H, H3). 

Synthesiss of [Os3(CO)10(/>-Cl-BIAN) ] (3). A solution of [Os3(CO)10(MeCN)2] (100 mg, 0.11 mmol) 

andp-Cl-BIANN (65 mg, 0.16 mmol) in 20 ml THF was stirred overnight in the dark. After this period 

thee solvent was evaporated in vacuo. Purification of the crude product by column chromatography 

overr silica using pentane as eluent yielded 3 as a blue solid in very low yield. 'H NMR (CDCI3): 6 

7.844 (d, 3J= 8.1 Hz, 2H, H5), 7.51 (d, V = 1.5 Hz, 1H, H9/H,0), 7.49 (d, V = 3 Hz, IH, H9/H10), 7.46 

(d,, 3J= 3 Hz, IH, H9/H,0), 7.43 (d, 3J= 1.5 Hz, IH, H9/H,0), 7.35 (d, V = 2.1 Hz, IH, H9/H10), 7.33 (d, 

VV = 2.1 Hz, IH, H9/H,o), 7.32 (pst, 2H, H4), 7.30 (d, V = 3 Hz, IH, H9/H10), 7.28 (d, 3J = 5 Hz, IH, 

H9/H,0),, 6.70 (d, V = 7.2 Hz, 2H, H3). UV-vis (2-CIBu): 308, 604 nm; THF: 325, 605 nm. FAB" MS 

(m/z):(m/z): [M+H]+ 1252.9 (calculated 1252.9). 

73 3 



ChapterChapter 4, Part A 

Spectroscopicc measurements. Electronic absorption spectra were recorded on a HP 8453 diode array 

spectrophotometer,, FT-IR spectra on a Bio-Rad FTS-7 spectrometer, ]H NMR spectra on a Bruker 

AMXX 300 (300.13 MHz for 'H) spectrometer and mass spectra on a JEOL JMS SX/SX102A four-

sectorr mass spectrometer. 

Picosecondd transient absorption (ps TA) spectra and single-wavelength kinetic traces were 

recordedd using the set-up installed at the University of Amsterdam.18 For both experiments the pump 

OPAA was used to generate excitation pulses at 350 and 505 nm. The output power was typically 5 uJ 

pulse"1.. Picosecond time-resolved infrared (ps TRIR) experiments were carried out at the Central Laser 

Facilityy of the Rutherford Appleton Laboratory.'y In this case, 500 nm pulses were used for excitation 

off  the sample. The ps TA and ps TRIR set-ups are described in more detail in Chapter 2. 

4A.44 Results and Discussion 

Thee UV-vis absorption spectra of the clusters [Os3(CO)io('Pr-AcPy)] (1) and 

[Os3(CO)io(dmb)]]  (2) show an intense [e = (5.5-6.3) x 103 M'cm"1] solvatochromic band with 

aa maximum between 500 and 600 nm.10'14 According to DFT calculations on [Os3(CO)io(H-

PyCa)]]  (H-PyCa = pyridine-2-carbaldehyde-imine), a model cluster for 1, this band belongs to 

severall  charge-transfer transitions from the triosmium core to the a-diimine ligand, denoted 

ass a(Os-Os) -^ 7r*(cc-diimine).16 

Picosecondd transient absorption (ps TA) spectra of cluster 1 were measured in 2-

chlorobutanee (2-ClBu), CH2C12, THF and MeCN, and of 2 in 2-ClBu. As the spectra of 1 

weree of much higher quality than those of 2, a greater selection of solvents was used in the 

casee of 1. The TA spectra were obtained by excitation at 350 and 505 nm and spectral 

changess were detected in the wavelength region 510-700 nm. Kinetic profiles were probed at 

5400 nm (bleach) and 630 nm (absorption) at intervals of 1 ps up to 100 ps. The TA spectra of 

11 in 2-ClBu and MeCN measured 5-70 ps after the 130 fs laser pulse, are depicted in Figures 

22 and 4, respectively. The kinetic profiles of 1 in 2-ClBu probed at 540 nm (top) and 630 nm 

(bottom)) are shown in Figure 3. The lifetimes derived from the kinetic traces are presented in 

Tablee 1. 

Ultrafastt  transient absorption measurements in non-coordinating solvents 

Thee TA spectrum of cluster 1 in 2-ClBu, obtained at /j = 5 ps (Figure 2) shows a bleach at 

aboutt 570 nm, which is very close to the maximum of the ground-state absorption of the 

clusterr in this solvent (564 nm), and an absorption with a maximum at 630 nm. Both the 

bleachh and absorption decay with a lifetime of 25  2 ps. The remaining TA spectrum 

obtainedd at ^ = 70 ps, shows the bleach at 575 nm, which is ca. 30 % of the initial signal. The 

latterr bleach does not change significantly in the ps time domain. At least part of the transient 

speciess does not regenerate the parent cluster but converts into a second species. This is 
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apparentt from the long-wavelength absorption that transforms with the same lifetime as the 

decayy of the bleach into a much broader absorption without a distinct maximum. 

0.05--

0.00-0.00-

-0.05--0.05-

-0.10--0.10-

550550 600 650 700 
WavelengthWavelength (nm) 

Figuree 2. Transient difference absorption spectra of [Os3(CO)i0('Pr-AcPy)] (1) in 2-ClBu, measured at 

timee delays of -5 (baseline), 5, 15, 30, 50, and 70 ps, respectively, after 505 nm, 130 fs FWHM 

excitation. . 

Inn agreement with the results from the MO calculations16 the first transient absorption is 

assignedd to an excited state having predominant an* character, in which an electron has been 

transferredd from an Os-Os bonding orbital to the lowest n* orbital of the 'Pr-AcPy ligand. 

Suchh broad absorptions above 600 nm are rather specific for complexes in metal-to-a-diimine 

excitedd states'' 2' 20' 2' and for a-diimine radical anions containing at least one aromatic 

group.200 22' 23 A similar transient absorption has been observed in the ns TA spectra and 

assignedd to the biradical 4-Os(CO)4-
+Os(CO)2(a-diimine)"l.14, '5 This assignment 

wass based on the detection of trapped radical species by EPR spectroscopy and more recently 

onn the results of a ns time-resolved IR spectroscopic study.15 In order to verify that these 

broadd absorptions in the ps and ns time domains refer to the same species, we have also 

recordedd the TA spectra at 250, 500 and 750 ps after the laser pulse. These spectra do not 

differr from those measured at 100 ps as well as at 10 ns. From this result we conclude that the 

biradicalss observed previously in the ns time-resolved studies, are also present in the ps time 

domainn and formed directly from the cluster in its excited state. 

Thee kinetic profiles in all non-coordinating solvents are mono-exponential and give rise to 

thee same excited-state lifetime. From the fact that the photoreaction does not proceed in the fs 

timee domain, but within ca. 25 ps, we conclude that the i<m*  state has a small barrier for the 

reactionn - probably due to interaction with a repulsive 3aa* state of the OS3 core - which is 

nott influenced by the polarity of the solvent. The presence of such a barrier has already been 
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derivedd from temperature-dependent quantum yield measurements on the photoreaction of a 

closelyy related cluster. This barrier should be smaller for a cluster possessing an a-diimine 

ligandd with a higher-lying n* orbital. The ian* state is then higher in energy, whereas the 

reactivee aa* state is not affected by variation of the JT* orbital energy. As a result, the barrier 

wil ll  be lower and the lifetime of the 3G7i*  state wil l be shortened. In the same way, clusters 

containingg an a-diimine ligand with a lower-lying n* orbital should have a larger barrier for 

decompositionn into biradicals. This effect of the a-diimine on the barrier for the reaction was 

investigatedd by replacing the 'Pr-AcPy ligand in [Os3(CO)io('Pr-AcPy)] by dmb (dmb = 4,4'-

dimethyl-2,2'-bipyridine)) and />-Cl-BIAN (jP-Cl-BIAN N,N'-b\s(p-C\-

phenylimino)acenaphthene). . 

0.00-0.00- A/I 

-0.01 -0.01 

-0.02 -0.02 

-0.03 -0.03 
20 20 40 40 

'aa (PS) 

60 60 80 80 100 100 

0.02-0.02-

0.01 0.01 

0.00 0.00 v v 

20 20 40 40 60 60 80 80 100 100 

Figuree 3. Kinetic profile of the difference absorbance of [Os3(CO)i0('Pr-AcPy)] (1) in 2-ClBu at 540 

nmm (top) and 630 nm (bottom) after 505 nm, 130 fs FWHM excitation. 

Althoughh the TA spectra of [Os3(CO)io(dmb)] (2) in the femto/picosecond time domain are 

lesss reliable than those of 1 due to its photolability and the strong overlap between the 

absorptionss of the parent cluster and its transient, we could yet derive from the spectra in 2-
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ClBuu two lifetimes of the 3an* state of 0.6 and 5 ps in a ratio of 5:2. These lifetimes are much 

shorterr than that of cluster 1 in this solvent, which agrees with a lower barrier for the reaction. 

Thee observation of a very short lifetime of 0.6 ps implies that part of the clusters decompose 

intoo biradicals before the relaxed 3an* state is reached. In line with the expected influence of 

thee a-diimine ligand, experiments on the cluster [Os3(CO)i0(p-Cl-BIAN)] (3), possessing the 

stronglyy Tt-accepting a-diimine ligand p-Cl-BIAN, did not result in the formation of 

biradicals.. This implies that for this cluster the barrier for biradical formation is so high that 

cleavagee of an Os-Os(p-Cl-BIAN) bond is no longer feasible. Apart from the barrier for the 

reactionn being increased, non-radiative decay to the ground state in the latter cluster is also 

moree competitive due to increased overlap between the vibrational wavefunctions of the 

ground-- and excited state (energy gap law). This smaller energy difference between ground-

andd excited state is also evident from the UV-vis spectrum of 3, which shows the lowest-

energyy transition at ca. 600 nm. A similar influence of the a-diimine ligand on the excited-

statee lifetime has been observed for the corresponding metal-metal bonded complexes 

[Ru(SnPh3)2(CO)2(R-DAB)].55 When the 'Pr-DAB ligand was replaced by pAn-DAB (pAn-

DABB = 7V,jV'-di(p-methoxyphenyl)-l,4-diaza-l,3-butadiene) having a lower-lying n* orbital, 

thee arc*  state of the complex was lowered in energy and its excited-state lifetime increased 

duee to the larger barrier for decomposition into radicals. The decay processes for optically 

excitedd clusters 1 and 2 are depicted in terms of the qualitative potential energy curves in 

Schemee 2. 

Schemee 2. Qualitative excited-state potential energy curves and reaction dynamics of the clusters 1 

(( ) and 2 ( - - - ). 

3 3 

F F 

t t 

Q Q 
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Uponn excitation cluster 1 arrives in a 'arc*  state after which it decays very rapidly to the 

correspondingg triplet state. Due to interaction with a higher-lying reactive state, probably of 
3a a**  cluster core character, the potential energy surface of the 3<TJI* state obtains a low-

energyy barrier leading to the formation of biradicals. Evidence for the partial decay to the 

groundd state is derived from the following observations. The total quantum yield of zwitterion 

formationn out of 1 in pyridine is 0.3,'4 while there is a complete conversion of the biradicals 

intoo zwitterions in such a coordinating solvent.15 Since the laser power used is so high that all 

moleculess of 1 are excited to the 'arc*  state, the limited quantum yield of biradical and 

zwitterionn formation must be due to branching between the decay to the ground state and the 

crossingg of the barrier from the relaxed 3a7r*  state. This is confirmed by the quantum yield of 

biradicall  formation from the excited state, that can be obtained using the experimentally 

determinedd Ae values of the excited state (Ae * 0) and the biradical (Ae = 4700) at 570 nm. By 

multiplyingg the ratio between the intensity of the remaining bleach at ?<j = 70 ps and the initial 

bleachh at tA = 1 ps with the ratio between the ground-state e and the Ae of the biradical, a 

quantumm yield of 0.4 is obtained, which is very close to the total quantum yield for zwitterion 

formationn in pyridine. Interestingly, irradiation at 350 nm gave the same transient spectra and 

lifetimes,, which implies that irradiation of cluster 1 is always followed by decay to the 

lowest-excitedd l<3%*  state, from which the reaction occurs by passing the barrier. Increasing 

thee energy of the 3a7u* state by substituting an a-diimine ligand with a higher-lying 7i*  orbital, 

resultss in a lower barrier in the case of the dmb cluster 2 and in a shorter lifetime of the 

excitedd state. In the latter case part of the clusters reacts from a non-relaxed excited state. 

Tablee 1. Lifetimes of the transients of [Os,(CO)|0(a-diimine)] in different solvents derived from their 

kineticc profiles probed at 630 nm (unless noted otherwise). 

Compoundd Solvent Lifetime [ps] 

[Os3(CO),o('Pr-AcPy)]]  (1) 2-CIBu 26.6/25.3a 

CH2C122 25.9/24.8a 

THFF 20.6 

MeCNN 2.9/21.4 (l:3)b 

rOs3(CO)io(dmb)]]  (2) 2-CIBu 0.6/ 5.0(5:2)b 

aa -Vobe = 540 nm. b Double-exponential behaviour with the ratio in brackets. 

Ultrafastt  transient absorption measurements in acetonitrile 

Thee decay of the transient absorption of 1 in MeCN is bi-exponential, with lifetimes of 2.9 

andd 21.4 ps, contributing to the decay in a 1:3 ratio. Due to the relatively weak transient 

bleachh around 540 nm, kinetics in this solvent could only reliably be measured at 630 nm. The 

observationn of two lifetimes indicates that decay from the excited state involves either two 

differentt precursors or a sequential reaction. We are most likely dealing here with two 
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precursors,, viz. a solvent-free and a solvent-coordinated excited cluster. The latter species 

(exciplex)) wil l give rise to the faster process of 2.9 ps. Such an influence of solvent 

coordinationn on the excited-state lifetime has been observed before for several metal-metal 

andd metal-alkyl bonded a-diimine complexes. Thus, the ns TA spectra of 

[(CO)5MnRe(CO)3('Pr-DAB)]]  in toluene show a transient absorption of the 307t*  state, which 

decayss totally within 100 ns with the formation of radicals.' However, in 2-MeTHF the 

absorptionn of the 3GK* state is not observed anymore and the radicals are already present 

directlyy after a 7 ns laser pulse. Similarly, the complex [Re(benzyl)(CO)3('Pr-DAB)] 

decomposess into radicals with a lifetime of the an* state of 250 ns in toluene, but in THF the 

photoreactionn is already complete within 50 ps.24"26 

Althoughh the occurrence of two primary photoprocesses can be understood, it is not yet 

clearr which of them gives rise to zwitterion formation. At least one of them must result in 

zwitterionss in view of our previous ns time-resolved microwave conductivity (TRMC) 

study.""  These TRMC measurements showed that irradiation of a cyclohexane solution of 

[Os3(CO)io{Me2N(CH2)3-AcPy}],, in which the a-diimine ligand bears the pendant sidearm 

Me2N(CH2)3-,, results in a readily measurable conductivity transient which is already present 

withinn the 7 ns laser pulse. This implies that the photoproduct has a dipole moment larger 

thann that of the ground-state cluster and accordingly has a zwitterionic structure. This 

zwitterionn is formed by coordination of the N-donor sidearm either to the cluster in its excited 

statee or to the photoproduced biradical. Similarly, zwitterions wil l be formed by the 

interactionn of MeCN with cluster 1. 

0.06-0.06-

0.03 0.03 

o.oo-o.oo-

0.03 0.03 

550550 600 650 700 

WavelengthWavelength (nm) 

Figuree 4. Transient difference absorption spectra of [Os3(CO)l0('Pr-AcPy)] (1) in MeCN, measured at 

timee delays of -5 (baseline), 5, 15, 30, 50, and 70 ps, respectively, after 505 nm, 130 fs FWHM 

excitation. . 
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Ass the transient spectra of 1 in MeCN at time delays of 100, 250, 500 and 750 ps did not 

showw any further change, the zwitterions must be formed in the ps time domain via one of the 

twoo processes discussed above. From the TA spectra alone the presence of zwitterions cannot 

bee derived since there is only a small difference in the shape of the transient absorption bands 

observedd for 1 in 2-ClBu and MeCN, respectively. Most likely, the slower process, having the 

samee lifetime of ca. 20 ps as in all other solvents, involves homolysis of an Os-Os(a-diimine) 

bondd followed by rapid solvent coordination. The faster process is then the formation of 

zwitterionss by association of MeCN to the cluster in its an* excited state, followed by 

heterolyticc splitting of an Os-Os(a-diimine) bond. If this interpretation is correct, the presence 

off  zwitterions on the ps time scale should convincingly be revealed by ps time-resolved 

infraredd spectra of 1 in MeCN. 

Picosecondd time-resolved infrare d experiments 

Picosecondd time-resolved infrared (ps TRIR) spectra were recorded for cluster 1 in 2-ClBu 

andd MeCN at several pump-probe delays between 0 and 500 ps after excitation at 500 nm. 

Representativee difference absorption spectra for 1 in 2-ClBu at six selected time delays are 

shownn in Figure 5. Due to the low symmetry of cluster 1, its ground-state IR spectrum 

displayss a considerable number of v(CO) bands in both 2-ClBu and MeCN. The extensive 

overlapp between the bleached v(CO) bands of the complex in the ground state and the 

transientt absorption bands of the lowest 3a7i*  excited state, precludes the assignments of the 

excited-statee CO-stretching modes to a large extent. Only the clearly separated highest-

frequencyy band at 2083 cm"1 can therefore be used to monitor the changes in electron density 

onn the cluster core upon population of the excited state and the subsequent formation of 

primaryy photoproducts. 

21202120 2080 2040 2000 1960 1920 1880 

WavenumbersWavenumbers (cm') 

Figur ee 5. Difference ps TRIR spectra of cluster 1 in 2-ClBu at 2 , 5 (o), 15 (A ) , 30 (0), 50 ) and 

5000 (V) ps after 500 nm excitation (ca. 150 fs FWHM, 5 uJ pulse"1). 
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Afterr irradiation into the lowest-energy absorption band of 1 in 2-ClBu, the spectra at early 

timee delays (< 3 ps) clearly display instantaneous bleaching of the parent v(CO) bands. In 

addition,, broad transient absorption bands are observed with maxima around 2089 and 2028 

cm"11 together with small transient bands at 1999, 1948 and 1891 cm"1, all belonging to the 

excitedd state of 1. Thus, the highest-frequency ground-state band at 2083 cm"1, which partially 

overlapss with the corresponding transient feature, is clearly shifted to higher frequency (2089 

cm"1)) in the excited state. This is in line with the assignment of the excited state having 

predominantlyy an* character, where removal of an electron from the cluster core will result in 

aa slight decrease in rt-backdonation to the carbonyl ligands. On longer time scales (up to 100 

ps)) the initially observed v(CO) bands decay and weak remaining bands at 2068, 2018, 1999, 

1985,, 1971 cm"1 and a broad absorption between 1950 and 1910 cm'1 indicate the formation 

off  a long-lived primary photoproduct that in accordance with the TA experiments is assigned 

too the biradical ['Os(CO)4-Os(CO)4-
+Os(CO)2(a-diirnine)" ]. This assignment is further 

confirmedd by the close correspondence between the resulting ps TRIR spectrum at ta = 500 ps 

andd the reported ns TRIR spectrum of 1 in 2-ClBu at t& = 40 ns.15 Upon decay of the excited-

statee absorption bands also the parent bleaches fade away. The remaining TRIR spectrum at ^ 

== 500 ps shows the parent bleaches at 2083 and 2033 cm"1 at ca. 40 % of their initial intensity, 

whichh is close to the 30% observed in the TA experiments. As the overlap between the parent 

v(CO)) bands and those of the excited state does not change on the picosecond time scale, the 

parentt bleach recovery provides another proof that ca. 60% of the excited molecules directly 

decayss to the ground state. Moreover, as the transient absorption bands do not shift, the 

excited-statee lifetime can be estimated by plotting the IR intensities at 2043 and 2018 cm"1 

againstt time, resulting in mono-exponential decays with lifetimes of 21.1 and 25.5 ps, 

respectively.. These excited-state lifetimes are also in good agreement with the values 

obtainedd from the single-wavelength TA experiments (vide supra). 

Excitationn of 1 in MeCN initially results in ps TRIR spectra, which are very similar to 

thosee obtained in 2-ClBu. Again, the first spectra after excitation display instantaneous 

bleachingg of the parent v(CO) bands together with transient absorption bands that are 

significantlyy broader than in 2-ClBu due to interaction with the solvent. At longer time delays 

(upp to 100 ps) the excited-state v(CO) bands decay and, just as in 2-ClBu, small remaining 

bandss at 2058 and 2008 cm"1 together with a broad absorption between 1955 and 1895 cm ' 

indicatee the formation of biradicals (compare Figure 6a and 6b). The generally smaller v(CO) 

wavenumberss for the biradicals in MeCN reveal the coordination of the solvent molecules as 

itt increases the electron density on the cluster core and as a result the 7i-backdonation to the 

carbonyll  ligands. However, unlike in 2-ClBu, the biradicals are not the only photoproducts. 

Thiss is concluded from the observation that in MeCN the lowest-frequency transient IR band 

++ This maximum is estimated from the lineshapes at the low- and high-frequency side of the 2033 cm'1 bleach. 
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doess not decay to the baseline. Instead, its intensity increases on longer time scales, resulting 

inn a distinct band at 1877 cm"1 at ti = 100 ps. At longer time delays, an additional absorption 

att 1965 cm"' is observed, which is absent in non-coordinating 2-ClBu. Importantly, both 

transientt v(CO) bands also arose in rapid scan FTIR spectra of 1 in MeCN on the second time 

scalee due to formation of zwitterions absorbing at 1971 and 1873 cm"1 (see Figure 6). 

21002100 2050 2000 1950 1900 1850 

WavenumbersWavenumbers (cm') 

Figuree 6. Difference IR spectra of cluster 1 (a) in 2-ClBu at td = 500 ps after 500 nm excitation; (b) in 

MeCNN at t&=  100 ps after 500 nm excitation; (c) in MeCN at tA = 2.5 s after 532 nm excitation. 

Asteriskss denote v(CO) bands of the biradicals while arrows denote v(CO) bands of the zwitterions. 

Thee band positions of the lowest-frequency v(CO) band in both experiments indicate a 

largee contribution from the stretching of the carbonyls of the anionic {  Os(CO)4}  moiety and 

aree in good agreement with those observed for the lowest-frequency v(CO) band of the 

electrochemicallyy reduced open-structure products [Os3(CO)io(a-diimine)] and 

[Os3(CO)io(a-diimine)]2
2~.233 Hence, the ps TRIR spectra in MeCN unambiguously prove that 

zwitterionss are indeed already present on the ps time scale, being most likely formed directly 

fromm the excited state. Unfortunately, the ps TA and TRIR spectra do not reveal whether 

formationn of the solvent-coordinated excited cluster takes place directly after excitation, i.e. in 

thee 'cm* excited state, or after decay to the lowest-lying 3aiz* state. 

4A.55 Conclusions 

Theree is now convincing evidence from picosecond transient absorption and infrared 

spectraa that the 3cnt*  state of cluster 1 has a lifetime of ca. 20 picoseconds independent of the 

polarityy of the solvent used. From this state the cluster undergoes homolysis of an Os-Os(a-

diimine)) bond, resulting in a solvent-stabilized biradical. According to previous investigations 

thesee biradicals regenerate the parent cluster with a lifetime depending on the coordinating 

abilityy of the solvent and the a-diimine ligand. In the coordinating solvent MeCN the major 
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partt of the kinetics shows a reaction with the same lifetime of the 3cnt*  state. In view of this 

similarityy it is proposed that also in this case biradicals are formed. The much faster process 

off  ca. 3 picoseconds in MeCN involves association of MeCN to the excited cluster, followed 

byy heterolytic cleavage of an Os-Os(a-diimine) bond. This process explains the observation 

off  zwitterions in the ps TRIR spectra and during previous nanosecond time-resolved 

microwavee conductivity measurements. As for the corresponding biradicals, previous 

investigationss have shown that these zwitterions regenerate the parent cluster within seconds 

orr minutes, again depending on the coordinating ability of the solvent. These processes are 

schematicallyy depicted in Scheme 3. 

Schemee 3. Schematic representation of the photoprocesses of cluster 1 in MeCN (= L), together with 

theirr lifetimes. 

Os-Os-  Os^ 
/v v 

biradical biradical 

groundground state zwitterion zwitterion 
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