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ChapterChapter 4, Part B 

4B.11 Abstract 

Inn order to study the secondary thermal reactions of the biradicals formed upon irradiation 

off  the cluster [Os3(CO)io('Pr-AcPy)] on the picosecond time scale, single-wavelength kinetic 

tracess were recorded in various solvents in the nanosecond and microsecond time domains. In 

weaklyy coordinating solvents (2-chlorobutane, THF, acetone) with acetonitrile (MeCN) added 

ass a co-solvent, the kinetic traces in the nanosecond time domain reveal a decrease of the 

biradicall  lifetime together with incomplete recovery of the parent cluster, depending on the 

concentrationn of MeCN. In accordance with previous studies, where biradicals were shown to 

rapidlyy react with alkenes (alkene = cyclohexene, 1-octene, styrene), these spectral changes 

aree attributed to the formation of MeCN-stabilized biradicals via substitution of the weakly 

coordinatingg solvent molecules. Kinetic traces of [Os3(CO)io('Pr-AcPy)] in neat MeCN on the 

nanosecondd time scale did not show any change with respect to those in the picosecond time 

domain,, but on a microsecond time scale there is again a decrease of the bleach with a 

lifetimee of 19.7 microseconds. This process is ascribed to the conversion of the MeCN-

stabilizedd biradicals into the corresponding zwitterions. The same process was observed when 

1.00 M MeCN was added to a solution of [Os3(CO)ioCPr-AcPy)] in 2-chlorobutane and THF (r 

== 13.5 and 13.7 microseconds, respectively). The observation of this conversion confirms the 

conclusionn that even in MeCN irradiation of [Os3(CO)i0('Pr-AcPy)] results in the formation of 

biradicalss as thee main primary photoproduct. 

4B.22 Introduction 

Thee results of the combined ultrafast UV-vis and IR absorption study described in Part A 

off  this Chapter have revealed that, depending on the coordinating ability of the solvent, either 

exclusivelyy biradical or, contemporarily, biradical and zwitterionic photoproducts are formed 

fromm the lowest an* excited state of the clusters [Os3(CO)io(ct-diimine)] on the picosecond 

timee scale. In agreement with previous studies,1" 2 the formation of solvent-stabilized 

zwitterionss [ Os(CO)4-Os(CO)4-+Os(S){CO)2(a-diirnine)] (S = solvent) is only observed in 

stronglyy coordinating solvents such as acetonitrile (MeCN) or pyridine. These zwitterions 

largelyy regenerate the parent cluster with lifetimes strongly dependent on the solvent. Thus, 

thee lifetimes of the zwitterions formed by irradiation of [Os3(CO)i0(
1Pr-AcPy)] ('Pr-AcPy = 2-

acetylpyridine-N-isopropylimine)) vary from 38 s in MeCN to over 30 minutes in pyridine.1"2 

Thee open-structure biradicals ['Os(CO)4-Os(CO)4-+Os(CO)2(a-dtirnine)' ] formed in non- or 

weaklyy coordinating solvents (toluene, 2-chlorobutane (2-ClBu), THF), are much shorter-

livedd and thermally revert to the parent cluster with lifetimes varying from 5 nanoseconds (ns) 

too 4 microseconds (u.s), depending on the solvent and a-diimine ligand.2"3 Instead of reacting 

back,, biradicals may, however, also convert into the corresponding zwitterions via an 
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intramolecularr electron transfer reaction. This alternative pathway for zwitterion formation is 

onlyy efficient when the electron transfer competes with the back reaction of the biradical. 

Slowingg down the latter reaction can, for instance, be achieved by lowering the temperature. 

Indeed,, whereas at room temperature the solvent-stabilized biradicals ["Os(CO)4-Os(CO)4-
+Os(S)(CO)2('Pr-AcPy)'' ] (S = THF, acetone) revert to the the parent cluster [Os3(CO)]oCPr-

AcPy)],, below 223 K (THF) or 243 K (acetone) solvent-stabilized zwitterions are formed.3 

Anotherr way to slow down the biradical back reaction is to increase the coordinating ability 

off  the Lewis base present. Thus, irradiation of [Os3(CO),0(
1Pr-AcPy)] in 2-ClBu in the 

presencee of alkenes (alkene = cyclohexene, 1 -octene, styrene) results in rapid formation of 

long-livedd alkene-stabilized biradicals with lifetimes varying from 4.3 us (cyclohexene) to 

14.22 jas (styrene).3 Whereas the lifetime of the cyclohexene-stabilized biradical is only 

restrictedd by the back reaction to the parent complex, time-resolved IR measurements 

revealedd that the corresponding octene- and styrene-stabilized biradicals almost quantitatively 

convertt into their corresponding zwitterions. Hence, increasing the coordinating ability of the 

Lewiss base L in the order cyclohexene < 1-octene < styrene increases the lifetime of the 

biradicall  to such an extent, that electron transfer to the {'Os(CO)4}  radical site and 

concomitantt formation of zwitterions effectively competes with the back reaction of the 

biradical. . 

Ass described in Part A, irradiation of the cluster [Os3(CO)io('Pr-AcPy)] in coordinating 

MeCNN not only produces MeCN-coordinated zwitterions but also results in the formation of 

MeCN-stabilizedd biradicals directly from the excited state. In accordance with the strong 

coordinatingg ability of the MeCN molecules, we expect the MeCN-stabilized biradicals 

formedd on the picosecond time scale to be eventually converted into their corresponding 

zwitterionss just as observed for the alkene-coordinated biradicals (vide supra). In order to 

collectt evidence for such a conversion we focus in this part on the secondary reactions of 

thesee biradicals monitored by single-wavelength transient absorption spectroscopy in the 

nano-- and microsecond time domains. In addition, we also investigated the formation of 

MeCN-stabilizedd biradicals in weakly coordinating solvents such as 2-ClBu, THF and acetone 

whenn MeCN is added as a co-solvent. Similar to the the alkene-coordinated biradicals, the 

formationn of MeCN-biradicals in these media is expected to take place via substitution of the 

weaklyy coordinating solvent within the biradical lifetime. The cluster [Os3(CO)i0('Pr-AcPy)] 

('Pr-AcPyy = 2-acetylpyridine-ALisopropylimine), whose structure is schematically depicted in 

Figuree 1 of Part A, was selected for this study, as its net photochemistry is fully reversible. In 

addition,, a detailed understanding of the electron-transfer reactions of the latter cluster is of 

utmostt importance for the successful design of a redox-switchable system as described in Part 

C.. For comparison, some experiments were repeated with [Os3(CO)io{Me2N(CH2)3-AcPy}], 

inn which the a-diimine ligand bears the pendant sidearm Me2N(CH2)3-, capable of 
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coordinatingg to the unsaturated {0s(CO)2(a-diimine)}  site in both the biradical and 

zwitterion. . 

4B.33 Experimental 

Materialss and preparations. [Os3(CO)i2] (Strem Chemicals), 2-pyridinecarboxaldehyde and 

isopropylaminee (Acres) were used as purchased. Trimethylamine-/V-oxide dihydrate, Me3NO-2H20 

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

acetone,, MeCN, CH2C12, THF; Aldrich: 2-ClBu) were dried over sodium wire (THF), CaH2 (2-ClBu, 

CH2C12,, MeCN) and CaS04 (acetone) and freshly distilled under a nitrogen atmosphere prior to use. 

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

KK overnight and stored under N2. The ligand 2-acetyipyridine-/V-isopropylimine ('Pr-AcPy) and the 

clusterss [Os3(CO)10('Pr-AcPy)] and [Os3(CO)!0{Me2N(CH2)rAcPy}] were synthesized according to 

publishedd procedures.2*4 They were characterized by FT-1R, UV-vis, and 'H NMR spectroscopies. 

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

spectrophotometer,, FT-1R spectra on a Bio-Rad FTS-7 spectrometer and 'H NMR spectra on a Bruker 

AMXX 300 (300.13 MHz for 'H) spectrometer. Nanosecond flash photolysis transient kinetics were 

measuredd by irradiating the sample with 7 ns (FWHM) of a Spectra Physics GCR-3 Nd:YAG laser (10 

Hzz repetition rate) and using pulsed Xe-lamp probe light perpendicular to the laser beam. The 

excitationn wavelength (532 nm) was obtained by frequency doubling. The experimental details of this 

home-builtt nanosecond single-line set-up are described in Chapter 2. 

4B.44 Results and discussion 

Thee nanosecond transient absorption (ns TA) spectra of [Os3(CO)i„('Pr-AcPy)] in 2-ClBu 

reveall  a strong bleaching between 430 and 615 nm due to the disappearance of the ground-

statee absorption of [Os3(CO)io('Pr-AcPy)]. Transient absorptions appear below 430 nm and in 

thee long-wavelength region, and are ascribed to the photogenerated biradical.2,3 Due to the 

relativelyy low intensity of the latter absorption band, the secondary thermal reactions of the 

biradicalss in the ns-jas time domains were studied by monitoring the UV-vis spectral changes 

att the maximum of the bleach (560 nm). We first describe the formation of MeCN-stabilized 

biradicalss in weakly coordinating solvents when MeCN is added as a co-solvent, and then the 

conversionn of these species into the corresponding zwitterions. The lifetimes of the solvent-

stabilizedd biradicals ["Os(CO)4-Os(CO)4-+Os(S)(CO)2(
iPr-AcPy)*  ] (S = 2-ClBu, THF, 

acetone)) and MeCN-stabilized biradicals are collected in Table 1. 
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Tablee 1. Lifetimes of the solvent-stabilized biradical photoproducts of [Os3(CO)io('Pr-AcPy)] and 

[Os3(CO)]o{NMe2(CH2)3-AcPy}]]  in the absence (ti) and presence (x2) of co-solvent and of the co-

solvent-stabilizedd biradicals (T3), as obtained from the nanosecond kinetic traces. 

Cluster r 

[Os^COM'Pr-AcPy)] ] 

[Os3(CO),o{NMe2(CH2)3--

AcPy}] ] 

Solvent t 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

THF F 

THF F 

THF F 

THF F 

Acetone e 

Acetone e 

Acetone e 

Acetone e 

MeCN N 

2-ClBu u 

THF F 

THF F 

Co-solvent t 

--

THFF (0.25 M) 

THFF (0.5 M) 

THFF (1.0 M) 

Acetonee (1.0 M) 

Acetonee (1.5 M) 

Acetonee (2.0 M) 

Acetonee (3.0 M) 

MeCNN (0.25 M) 

MeCNN (1.0 M) 

--

MeCNN (0.25 M) 

MeCNN (0.5 M) 

MeCNN (1.0 M) 

--

MeCNN (0.25 M) 

MeCNN (0.5 M) 

MeCNN (1.0 M) 

--

--

--

--

T|| [ns] 

22(0.3) ) 

--

--

--

--

--

--

--

--

--

104(7) ) 

--

--

--

677(2) ) 

--

. . 

--

--

--

71(0.5) ) 

--

X22 [ns] 

--

--

--

--

--

--

--

--

5.0(0.9) ) 

--

--

95(6) ) 

87(7) ) 

--

--

581(2) ) 

517(2) ) 

457(3) ) 

--

--

--

--

T 33 Tnsl 

--

33(0.4) ) 

40(0.5) ) 

51(0.6) ) 

120(0.9) ) 

133(0.7) ) 

155(0.9) ) 

180(0.9) ) 
a a 

13.5(0.2)b b 

--
a a 

a a 

13.7(0.2)b b 

--
a a 

a a 

a a 

19.7(0.3)b b 

11.3(0.6)bc c 

--

19.0(1.7)b-c c 

aa Not determined. Lifetime in microseconds. c Biradical internally stabilized by attachment of the 

pendantt side-arm. 

Formationn of MeCN-coordinated biradicals 

Similarr to the alkene-stabilized biradicals {vide supra), MeCN-stabilized biradicals are 

expectedd to be formed in weakly coordinating solvents like 2-ClBu, THF and acetone when 

MeCNN is added as a co-solvent. In this case, formation of MeCN-biradicals results from 

substitutionn of the weakly coordinating bulk solvent by MeCN within the lifetime of the 

solvent-stabilizedd biradicals ['Os(CO)4-Os(CO)4-
+Os(S)(CO)2(a-diimine)'] (S = 2-ClBu, 

THF,, acetone). In order to establish the occurrence of such a bimolecular reaction, single 

89 9 



ChapterChapter 4, Part B 

wavelengthh pump-probe measurements (pump = 532 nm; probe = 560 nm) were performed in 

differentt solvents with MeCN added as a co-solvent at various concentrations. 

Inn neat 2-ClBu, the kinetic trace of the biradical product of [Os3(CO)io('Pr-AcPy)] at 560 

nmm is mono-exponential and gives rise to a lifetime of 22 ns (Table 1). When 0.25 M MeCN 

iss added to this solution, the observed bleach reduces to ca. 85% of its initial intensity with a 

lifetimee of 5 ns, after which no more changes are observed on the ns timescale. This rapid 

decayy is attributed to a fast coordination of MeCN to the weakly stabilized {+Os(S)(CO)2('Pr-

AcPy)**  }  (S = 2-ClBu) moiety of the biradical. In order to determine the rate constant ks for 

thee formation of the MeCN-stabilized biradical, Eq. (1) is applied, in which T| and T2 are the 

lifetimess of the biradical in the absence and presence of MeCN, respectively. 

1/T2== 1/TI +£s[MeCN] 0) 

Usingg the experimentally determined lifetime Xi in the absence of MeCN, the rate constant 

kkss is calculated to be 6.2 x 108 M"'s"', which is in good agreement with the values reported for 

thee formation of cyclohexene-stabilized biradicals in 2-ClBu.3 Clearly, the formation of the 

MeCN-coordinatedd biradicals in 2-ClBu is very fast, hardly any barrier hindering the 

coordinationn of an MeCN molecule to the {+Os(CO)2(a-diimine)' }  moiety. 

Thus,, in the presence of 0.25 M MeCN the lifetime of the 2-ClBu-substiruted biradical 

couldd be determined from the kinetic trace (%i = 5 ns). This is, however, not the case anymore 

iff  higher concentrations of MeCN are present since T? is then too short. This lifetime could 

alsoo not be derived from the kinetic trace when instead of MeCN, THF or acetone were 

presentt as co-solvent. In these cases the kinetic profiles show complete regeneration of the 

parentt cluster with lifetimes (r3, see Table 1) that are strongly dependent on the concentration 

off  the co-solvent. When the concentration of THF in 2-ClBu increases, for example, from 

0.255 M to 0.5 M and 1.0 M, the observed lifetime T3 concomitantly increases from 33 to 40 

andd 51 ns, respectively (see Table 1). This lifetime refers to the THF-coordinated biradicals, 

whichh are significantly longer-lived than their 2-ClBu-stabilized analogues due to the 

substantiallyy increased basicity of the Lewis base. Analogous to the alkene-stabilized 

biradicalss described by Bakker et al.,3 the THF-biradicals mainly decay via dissociation of the 

coordinatingg solvent, after which the initially formed biradical can either complex another 

THFF molecule or regenerate the parent cluster. As complexation of another THF molecule 

becomess more efficient at increasing THF concentrations, formation of the parent clusters is 

retardedd and the lifetime of the biradicals increases. The latter experiments show that 

substitutionn of the weakly coordinating 2-ClBu molecule by a more strongly coordinating 

Lewiss base within the biradical lifetime is a general reaction, which does not exclusively 

occurr in the presence of strongly coordinating Lewis bases such as MeCN or alkenes. As the 

THF-- and acetone-stabilized biradicals are, however, much shorter-lived than their MeCN-
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andd alkene-coordinated analogues, the regeneration of the parent cluster in the former cases is 

alreadyy observed on the ns time scale. 

Changingg the bulk solvent from 2-ClBu to THF or acetone (again in the presence of 

MeCN)) affects the formation of MeCN-coordinated biradicals. The solvent-stabilized 

biradicalss (S = THF, acetone) are not only much longer-lived than in 2-ClBu (THF: r = 104 

ns,, acetone: r = 680 ns), but their reaction with MeCN is also much slower due to the higher 

coordinatingg ability of THF and acetone. Similar to 2-ClBu, the kinetic profiles in these 

solventss show a reduction of the biradical lifetime and an incomplete recovery of the parent 

cluster,, depending on the concentration of MeCN. Increasing the concentration of MeCN in 

acetone,, for example, from 0.25 to 0.5 and 1.0 M results in a decrease of the observed lifetime 

fromm 581 to 517 and 457 ns, respectively (Figure 1, Table 1). 

0.00-0.00-

0.02-0.02-

0.04-0.04-

0.06-0.06-

^ f l f f l ^ ^ ^ 
jdflpBKmSS"" " 

iF^ ^ 

2 2 

t,(ps) t,(ps) 

Figuree 1. Transient kinetics at 560 nm measured for [Os3(CO)i,)('Pr-AcPy)] in acetone with MeCN 

addedd as a co-solvent at various concentrations. The traces are recorded following irradiation at 532 

nmm with a Nd:YAG laser (7 ns FWHM, average of 4 shots at 10 s intervals, 5 mj pulse" ). 

Ass is clear from Eq. (1), plotting l/x2 as a function of [MeCN] allows the determination of 

thee rate constant for substitution (ks). The values thus obtained are 3.9 x 106 (THF) and 7.0 x 

1055 M"1 s"1 (acetone), respectively, being indeed 2-3 orders of magnitude lower than ks in 2-

ClBu.. This behaviour nicely demonstrates the role of the solvent. The weakly coordinating 2-

ClBuu poorly interacts with the { +Os(CO)2(a-diimine)'~}  moiety in the biradical, leaving it 

largelyy unsaturated and susceptible to fast reaction with an MeCN molecule. By contrast, in 

THFF and acetone the bulk solvent molecules and the more strongly coordinating MeCN 

competee for the available coordination site. Since THF and acetone are present in large excess 

comparedd to MeCN, the former solvents coordinate rapidly and become only slowly 

substitutedd by MeCN. 
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Conversionn of MeCN-coordinated biradicals into corresponding zwitterions 

Inn order to study thoroughly the conversion of MeCN-coordinated biradicals into the 

correspondingg zwitterions, kinetic profiles were recorded in the ns-ps time domains in neat 

MeCN.. Kinetic traces of [Os3(CO)io('Pr-AcPy)] in MeCN on the ns time scale did not show 

anyy change with respect to those in the ps time domain, but on a (is time scale there is again a 

decreasee of the bleach with a lifetime of 19.7 ps (Figure 2). This process most likely involves 

thee transformation of an MeCN-stabilized biradical into an MeCN-zwitterion. A similar 

processs has been observed with time-resolved IR spectroscopy while irradiating 

[Os3(CO)io('Pr-AcPy)]]  in neat styrene.3 From the IR spectral changes in the CO-stretching 

regionn it was then established that the styrene-stabilized biradicals were converted with a 

lifetimee of 13.7 ps into the corresponding zwitterions. In view of the close correspondence in 

lifetimess it is assumed that a similar charge-separation process occurs for [Os3(CO)io('Pr-

AcPy)]]  in MeCN. The decrease of the bleach is due to the fact that the zwitterions absorb 

moree strongly around 560 nm than the corresponding biradicals. 

o.oo o.oo 

 -0.02-

-0.04--0.04-

-0.06 -0.06 

00 20 40 60 80 

Figuree 2. Transient kinetics at 560 nm measured for [Os3(CO)i0('Pr-AcPy)] in MeCN following 

irradiationn at 532 nm with a Nd:YAG laser (7 ns FWHM, average of 4 shots at 10 s intervals, 5 mJ 

pulse"1). . 

Thee same process is observed when 1.0 M MeCN is added to a solution of [Os3(CO)io('Pr-

AcPy)]]  in 2-ClBu or THF. The bleach then decays with a lifetime of 13.5 and 13.7 ps, 

respectively.. Interestingly, the cluster [Os3(CO)io{Me2N(CH2)3-AcPy}], for which zwitterions 

weree detected with time-resolved microwave conductivity (TRMC) directly after the 7 ns 

laserr pulse, also shows this second way of zwitterion formation via the biradicals with 

lifetimess of 11.3 ps in 2-ClBu and 19.0 us in THF. From these observations we conclude that 

thee slower primary photoprocess, observed for [Os3(CO)i0('Pr-AcPy)] in MeCN with a 

lifetimee of ca. 20 ps (see part A), indeed involves the formation of MeCN-coordinated 

biradicalss that transform into zwitterions in the ps time domain. In non- or weakly 

MUUg MUUg 
ffflppl l 

92 2 



ThermalThermal Pathways of the Biradical Photoproducts of the Cluster [Os3(CO) ,„('Pr-AcPv)] 

coordinatingg solvents with MeCN added as a co-solvent, a similar pathway is followed, 

exceptt for the fact that formation of MeCN-biradicals takes place only on the ns time scale. 

Thee UV-vis spectral changes observed on the ns time scale upon irradiation of 

[Os3(CO)io('Pr-AcPy)]]  in THF containing 0.5 M MeCN2 therefore cannot be attributed to the 

formationn of MeCN-stabilized zwitterions but reflect the formation of MeCN-coordinated 

biradicalss via substitution of the THF Lewis bases. The MeCN-coordinated biradicals show a 

behaviourr very similar to that of the alkene-stabilized biradicals (alkene = 1-octene, styrene) 

andd provide a second example where the conversion of biradicals into zwitterions containing 

thee same Lewis base is directly observable at room temperature. The results of the combined 

time-resolvedd studies of [Os3(CO)i0('Pr-AcPy)] in MeCN are summarized in Scheme 1. 

Schemee 1. Schematic representation of the photoreaction pathways established for [Os3(CO)io('Pr-

AcPy)]]  in MeCN (= L), together with the lifetimes of the transients. 

groundground state zwittehon zwittehon 

4B.55 Conclusions 

Thee conclusion that even in MeCN irradiation of [Os3(CO)i0('Pr-AcPy)] resulted in the 

formationn of biradicals as the major primary photoproduct (see Part A), was confirmed by 

single-wavelengthh transient absorption measurements on this cluster in the microsecond time 

domain.. These measurements showed a further decay of the bleach with a lifetime of ca. 20 

microseconds,, which is ascribed to the conversion of the MeCN-stabilized biradicals into the 

correspondingg zwitterions. The same process was observed upon addition of 1.0 M MeCN to 

aa solution of [Os3(CO),0(
iPr-AcPy)] in 2-ClBu or THF (r = 13.5 and 13.7 microseconds, 

93 3 



ChapterChapter 4. Part B 

respectively).. A similar biradical pathway was established by Bakker et al. with time-resolved 

IRR spectroscopy for this cluster dissolved in styrene (r = 13.7 microseconds). As shown 

before,, the zwitterions regenerate the parent cluster within seconds to minutes, again 

dependingg on the coordinating ability of the solvent. 
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