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ChapterChapter I. Introduction: Excited States in Organometallic Complexes 

1.11 A General Introductio n 

Overr the past years an increasing amount of effort and creativity has been directed 

towardss the justification of academic research. Since a scientist's mind is on the average 

endowedd with an ample amount of imaginative powers, this has led to visions of future worlds 

inn which mankind is surrounded by molecules and molecular materials performing all sorts of 

usefull  functions. In contrast, the research described in this thesis is more fundamental in 

characterr and deals with the interaction of light and certain organometallic complexes. It aims 

att understanding certain electronic transitions and subsequent excited state processes. This 

certainlyy does not exclude the possibility of application of the type of complexes described. 

Inn the following section the process of light absorption as well as radiative and non-

radiativee excited state processes are briefly outlined. Many of the concepts described are 

implicitlyy or explicitly used in the experimental chapters of this thesis. 

1.22 Absorption of Light and Excited State Processes1-3 

Absorptionn of Light 

Thee absorption of light can be considered to be a resonance phenomenon in which the 

electricc field of light causes oscillation of the electrons in the molecule. Due to the quantized 

naturee of electronic states only photons with an energy exactly corresponding to the energy 

differencee between two electronic states may be absorbed. The probability that the interaction 

off  light with the molecule indeed induces electronic excitation is given by the so-called 

oscillatorr strength, which is related to the experimental extinction coefficient. The oscillator 

strengthh is related to the square of the transition dipole moment, which is in turn governed by 

aa number of selection rules, that can be divided into electronic, vibrational and spin factors. 

Thus,, the transition moment is largest for transitions between orbitals that have good spatial 

overlap.. Since light does not directly affect the electron spin, transitions during which the spin 

multiplicityy remains the same (spin-allowed transitions) generally have transition dipole 

momentss many orders of magnitude larger than spin-forbidden transitions. The transition 

dipolee moment vector has the same group theoretical symmetry properties as the translations 

alongg the three Cartesian axes. Hence, from group theory one can deduce that the product of 
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ChapterChapter 1. Introduction: Excited States in Organometallic Complexes 

thee symmetry representations of the final wavefunction, one of the components of the 

transitionn dipole vector, and the initial wavefunction must be totally symmetric to yield a non-

zeroo transition dipole moment. This leads for instance to the Laporte forbiddenness of ligand-

fieldd transitions in octahedral and other centrosymmetric complexes. However, vibrations and 

distortionss may lif t these symmetry restrictions. Furthermore, a certain amount of another 

transitionn may be admixed to the transition under study, which thus 'borrows' intensity. 

vibrationall  relaxation 

internal l 
conversion n 

Si i 

intersystem m 
crossing g 

absorption n 

fluorescence fluorescence 

vibrationall  relaxation 

radiationlesss decay 

phosphorescence e 

radiationlesss decay 

Figuree 1.1 A Jablonski diagram indicating radiative and non-radiative transitions between singlet (S) 

andd triplet (T) states. 

Afterr absorption of a photon, a molecule finds itself in the excited state (in the 

following,, by excited state generally electronically excited state wil l be meant). Al l molecules 

describedd in this thesis have a closed-shell ground state electronic configuration. This means 

thatt there are no unpaired electrons and the ground state has singlet spin multiplicity. In the 

excitedd state, the two unpaired electrons may have the same or opposite spin quantum 

numbers,, which gives rise to triplet and singlet spin multiplicity of this state, respectively. For 

thee same electronic state the singlet and triplet spin levels are separated by twice the amount 

off  energy associated with electron repulsion due to electron exchange. Since the movement of 
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ChapterChapter 1. Introduction: Excited States in Organometallic Complexes 

nucleii  is slow compared to electron movement, the atoms are still at their ground state 

positionss directly after arrival in the excited state (the Franck-Condon principle). Since the 

equilibriumm positions of the atoms are different from those in the ground state, the molecule 

possessess excess vibrational energy at this point. By collisions with other molecules, the 

moleculess can lose this energy. This process, which is called vibrational relaxation, is usually 

fast,, e.g. in solution, but can be slow in the gas phase at low pressure. From the thermally 

relaxedd excited state, non-radiative transitions can occur to other states during which the spin 

multiplicityy is retained (internal conversion) or changed (intersystem crossing). Additionally, 

thee energy corresponding to the loss of potential energy due to a transition can be emitted as a 

photon.. These radiative and non-radiative transitions are discussed in separate sections below. 

Figuree 1.1 depicts a very simple schematic picture of the possible transitions in a molecule 

(thee Jablonski diagram). 

Non-radiativ ee transitions 

Manyy radiationless transitions can be viewed as a jump from one potential energy 

surfacee to another at a certain molecular geometry, the crossing point (Figure 1.2). The 

electronicc energy of the higher excited state is converted into vibrational and electronic 

energyy of the lower excited state. In order for the radiationless transition at the crossing point 

too be allowed, it is essential that the two states are mixed to some extent at that point, creating 

ann avoided crossing (Figure 1.2B and 1.2 C). However, if this mixing is very strong, the 

energyy difference between the two potential energy surfaces is very large (Figure 1.2C) and 

noo jump wil l occur. In this case the molecule remains on the same potential energy surface 

andd only the state changes character. 

Figuree 1.2 Depiction of adiabatic potential energy surface crossings with (A) no interaction between 

states,, (B) weak interaction between the states and (C) strong interaction between the states. 

AA number of different mechanisms may cause mixing of the two states concerned. Of 

these,, vibrations are very important for internal conversion and non-radiative decay to the 
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ChapterChapter 1. Introduction: Excited States in Organometallic Complexes 

groundd state. Suitable vibrations, the so-called promotor vibrations, may cause the molecule 

too approach the crossing point geometry. Secondly, since energy must be conserved, after the 

non-radiativee transition, the molecule is in a vibrationally excited state. The vibrations that 

havee taken up this energy are called acceptor vibrations. 

Eo o 

AQe e 

HH I - * 
AQ. . 

Figuree 1.3 Ground- and excited-state potential energy diagrams in (A) the reference situation, (B) a 

situationn in which the excited state is severely distorted and (C) a situation with a small energy gap 

(Eo)) between ground and excited states. 

However,, even if no crossing occurs between two surfaces, a jump from one to the 

otherr may occur. In this case the rate depends on the Franck-Condon factor, the amount of 

overlapp between the iso-energetic vibrational wavefunctions of the two states. The magnitude 

off  this vibronic overlap depends on the relative equilibrium nuclear displacement (AQe) and 

thee energy gap (Figure 1.3). Figure 1.3A depicts a situation where the energy gap between 

groundd and excited states is large and the distortion in the excited state small. In this case, the 

vibrationall  overlap is small, since the amplitude of the vibrational wavefunction of the ground 

statee is small. In Figure 1.3B, the potential energy diagram is shown for a molecule which is 

severelyy distorted in the excited state. Since the amplitude of the ground state vibrational 

wavefunctionn is largest near the edges of the potential energy surface, the vibrational overlap 

iss larger in this case. The same effect is observed for a decrease in energy gap between ground 

andd excited states at constant nuclear displacement AQe (Figure 1.3C). Hence the slowest non-

radiativee decay rates (km) can be expected for only slightly distorted excited states, with a 

largee energy gap between ground and excited states. From theory, one can expect a linear 

relationshipp between In (km) and the energy gap, if the excited state displacement is small.4 

Thiss so-called energy gap law (EGL) has proven to give a successful description of non-

radiativee excited state decay in several series of transition metal complexes. ~ Besides, 
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ChapterChapter 1. Introduction: Excited States in Organometallic Complexes 

delocalisationn of orbitals over more atoms causes a decrease in the average distortion of the 

bonds,, leading to decreased displacement of potential energy curves along any normal 

coordinate.. In a number of studies on coordination compounds this has proven to slow down 

thee non-radiative decay process.5'8'9 These phenomena are of great importance for the work 

describedd in this thesis. 

L+l l 

Figuree 1.4 Possible orientations of the electron spin magnetic moment vector with respect to a 

magneticc field, resulting in singlet and triplet states. 

Vibronicc interaction cannot directly change the spin multiplicity of an electronic state. 

Hence,, for intersystem crossing processes another mixing mechanism is needed. In molecules 

withh a closed-shell ground state, this is usually spin-orbit coupling. In a magnetic field, the 

magneticc moment due to a spinning electron may be represented by a vector precessing about 

thee axis of this magnetic field. Since an electron can assume two different orientations with 

respectt to this axis, the two unpaired spins of an electronically excited state can be parallel or 

anti-parallel,, resulting in triplet and singlet excited states, respectively. Figure 1.4 depicts the 

possiblee relative orientations of the magnetic moment vectors with respect to each other. The 

strongestt field present in a molecule, in the absence of an external magnetic field, is that 

createdd by the orbital motion of electrons. This results in three triplet sublevels (Tx, Ty and Tz) 

thatt are not degenerate but separated by zero-field splitting. If one electron experiences a 

differentt magnetic field from the other, this wil l result in a difference in precession speed. 

Thus,, from the pure singlet (S) state, the To component of the triplet state is obtained (in the 

absencee of an external field the triplet components are usually denoted Tx, Ty and Tz). 

Alternatively,, the spin vector may also fli p from one orientation to the other. Due to the need 

forr conservation of total angular momentum, the orbital angular momentum has to change 

simultaneously.. This is made possible by spin-orbit coupling (SOC), the interaction of spin 

andd orbital angular momenta. The magnitude of the spin-orbit coupling constant depends on 
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thee principal and orbital angular momentum quantum numbers, but more importantly it 

increasess with the fourth power of the nuclear charge. This is the basis of the so-called 'heavy 

atomm effect'. Thus, whereas the SOC constant is negligible for H, it can be of the order of 

thousandss of wavenumbers for heavy transition and main-group metal atoms. 

However,, the intersystem crossing rate between two states of different spin 

multiplicityy is not only dependent on the magnitude of the SOC constant. First of all, since the 

spin-orbitt coupling Hamiltonian has the same symmetry properties as the three rotations, the 

symmetryy allowedness of intersystem crossing depends on the orbital symmetries of initial 

andd final states and the symmetry point group of the molecule. This means that the three 

triplett sublevels (Tx, Ty and Tz) can be populated at different rates. However, spin-lattice 

relaxationn is expected to cause a decay to equilibrium on a nanosecond timescale at room 

temperature.. Secondly, the same factors influencing non-radiative transitions in general are of 

influencee on the intersystem crossing rate (kisc). Thus, kisc increases with decreasing energy 

gapp between the two states and with increasing vibrational overlap. 

Radiativee transitions 

Inn principle, radiative transitions (luminescence) can be divided into spin-allowed 

(fluorescence)) and spin-forbidden (phosphorescence). In molecules containing heavy atoms, 

suchh as the transition metal complexes described in this thesis, the spin character of 

electronicallyy excited states is not pure, due to spin-orbit coupling. The radiative decay of 

suchh compounds is usually referred to by the general term luminescence. The efficiencies of 

radiativee decay processes depend on a number of factors. Firstly, they depend on competing 

non-radiativee decay rates. This leads for instance to the observation that luminescence usually 

occurss from the lowest excited state of given multiplicity (Kasha's rule), since the energy gap 

betweenn the first and higher excited states is small, giving rise to efficient internal conversion 

too the lowest excited state. In addition, fluorescence efficiency depends on the depopulation 

ratee of the excited singlet state by intersystem crossing. In the absence of non-radiative 

processes,, the radiative rate constant is proportional to the absorption oscillator strength and 

thee square of the absorption energy. Although theoretically only valid for atomic transitions, 

thiss was shown to be a good approximation for strongly allowed transitions in aromatic 

molecules.100 In general, radiative (kT) and non-radiative decay (knr) rates can be separated 

experimentallyy by use of the observable quantities of luminescence lifetime (r) and 

luminescencee quantum yield (<f>) according to equations 1.1 and 1.2: 
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fcfcrr=0/r=0/r (l.l ) 

kkntnt=\/v-k=\/v-krr (1.2) 

Equationss 1.1 and 1.2 are only correct if the emitting state is the same as the optically 

excitedd state, or populated from the optically excited one with unity efficiency, and the only 

processess deactivating the excited state are non-radiative and radiative decay. This latter 

assumptionn is invalid if chemical reactions occur from the excited state. The former one is 

invalidd if the optically occupied excited state radiatively or non-radiatively decays to the 

groundd state, before crossing to the emitting state occurs. This is the case, for instance, when 

intersystemm crossing from the singlet to the emitting triplet state is rather slow. 

Fromm Figure 1.3, it can also be deduced that the energy difference between absorption 

andd emission increases with increasing distortion in the excited state. Conversely, 

experimentall  observation of this energy difference (the apparent Stokes shift) can serve as a 

measuree for the distortion of complexes in the excited state. 

Onee type of process has been neglected so far, and that is chemical reactions from the 

excitedd state. They may occur directly from the excited state if it is dissociative, i.e. if there is 

noo minimum in the potential energy surface. Alternatively, non-radiative crossing from a non-

dissociativee to a dissociative excited state or thermal reactions from the excited state are 

possiblee pathways for photochemical reactions. As photochemical reactions are very 

importantt for the work described in this thesis, they are discussed below together with the 

generall  properties of different types of electronically excited states in organometallic 

complexes. . 

1.33 Types of Electronic Transitions and Excited States in 

Organometallicc Complexes11-13 

Inn organotransition-metal complexes, molecular orbitals may or may not be situated 

onn different parts (metal or ligands) of the molecule. Electronic transitions are classified 

accordingg to the positions of the molecular orbitals involved (Figure 1.5). This section gives 

ann overview and representative examples of different types of electronic transitions in 

transitionn metal complexes and the properties of the electronically excited states in which the 

complexx may arrive due to these transitions. Obviously, in one particular complex different 
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typess of electronic transitions and hence electronically excited states can occur. Which of 

thesee play a role, depends on the energy levels of metal and ligand orbitals and the interaction 

betweenn them. 

Inn this section only intramolecular excitations and excited state processes are treated. 

Bimolecularr and supramolecular processes are out of the scope of this thesis, although such 

interestingg phenomena as energy and electron transfer attract a lot of scientific attention 

nowadays. . 

Thee overview concludes with the particular type of electronic transition and excited 

statee that the majority of this thesis deals with. Subsequently, in the final section of this 

chapterr the aims and contents are given. 

L FF MLCT/ 

// IL 

E E 

Metall  Ligand 1 Ligand 2 metal-ligand 
oo bond 

Figur ee 1.5 Schematic overview of possible transitions in organometallic and coordination complexes. 

Ligandd Field (LF) . 

Thesee transitions, also known as d-d or metal-centered (MC) transitions are Laporte 

(symmetry)) forbidden in centrosymmetric complexes, hence e (the molar extinction 

coefficientt in M~'cnf') is typically not higher than a few hundred. Since the splitting of the d 

levelss of octahedral complexes is smaller for first than for second- and third-row transition 

metall  atoms, the LF states often play a major role in the excited state behaviour of complexes 

off  first-row transition metal atoms. Often LF excitation corresponds to a metal-ligand 

bondingg to antibonding transition and hence leads to ligand dissociation. The 

photosubstitutionn of ligands by water in aqueous solution of Cr(III ) complexes is a classical 

example.. When thermally accessible from another type of excited state, LF states can play a 

rolee in the photochemistry of complexes where the lowest energy transition does not have LF 

character,, like in the case of [Ru(bpy)3]2+. 
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Intraligan dd (IL) . 

Whenn one of the ligands possesses a low-lying electronic transition, this transition 

mayy also be lowest in energy in the complex. Intraligand or ligand centered (LC) excited 

statess themselves are usually not reactive. Typical examples are some of the 

metalloporphyrins,, as well as [M(bpy)3]3+ (M = Rh, Ir).14 In this case the IL excited state 

propertiess (such as luminescence lifetime) are those of the free ligand, although modified by 

ann external heavy atom effect. For example, the intersystem crossing efficiency of a zinc 

porphyrinn system was greatly enhanced by peripheral introduction of ruthenium porphyrin 

units.15 5 

Metal-to-Ligandd Charge Transfer  (MLCT) . 

Thiss type of electronic transition is the first we encounter in which actually both metal 

andd ligand are involved. In this case, an electron is transferred from a metal d orbital to a low-

lyingg empty orbital on a ligand. The oscillator strength for this type of transition is normally 

large,, with extinction coefficients in the order of 104 M~'.crrf \ The low-lying empty orbital 

involvedd in such an MLCT transition is very often a K* orbital of a bidentate chelating 

nitrogenn ligand such as bipyridine or phenanthroline. 

Absorptionn bands corresponding to MLCT transitions are often very solvatochromic 

i.e.i.e. their position depends on the solvent polarity.16 Usually, they shift to higher energy in 

moree polar solvents.17 

Thee prototypical example of a transition metal complex with a lowest MLCT 

transitionn is [Ru(bpy);02+ (bpy = 2,2'-bipyridine).111418'19 The main interest in this molecule 

stemss from the fact that in the excited state it can transfer an electron to another molecule, to 

anotherr part of a supramolecular assembly or to a semiconductor film and is also able to 

transferr its excited state energy to other molecules or parts of molecules. Interestingly, it was 

shownn recently that the lowest energy 3MLCT state of this molecule is formed within 300 fs 
20 0 

att room temperature. This means that the processes of vibrational relaxation and intersystem 

crossingg are very fast in this system. 

Ligand-to-Metall  Charge Transfer  (LMCT) . 

Iff  a highly oxidized transition metal, e.g. Mn(VII ) (d ), is bonded to a reducing ligand 

suchh as oxide or sulfide, low lying absorption bands due to LMCT transitions may be 
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observed.. A very typical example is the intensely purple coloured MnCV anion. For these 

inorganicc compounds no transitions can originate from the metal, since no d electrons are 

present.. Organometallic and coordination compounds may also display optically allowed 

LMCTT transitions, e.g. [Pd(Cl)2(L2)] (L2 is e.g. COD or 2 PPh3).
21,22 

Ligand-to-Ligandd Charge Transfer  (L'LCT) . 

Inn any organometallic or coordination complex with both reducing and oxidizing 

ligands,, excited states may occur in which charge is transferred from one ligand to the other. 

Iff  donor and acceptor parts are located on different parts of the same ligand, the transition is 

saidd to have 'intraligand charge transfer' character.1 ' 

Thee lowest-energy excited state of several Re(I)-based chromophore-quencher (C-Q) 

complexess has L'LCT character.24-26 Since the electronic interaction between donor and 

acceptorr is weak, the optical L'LCT transition of these C-Q complexes has an extremely low 

extinctionn coefficient (e.g. e= 2.4 NT1.cm-1 in the case of [Re(py-PTZ)(CO)3(bpy)]+; py-PTZ 

== phenothiazine-functionalized pyridine). However, the L'LCT state can be populated 

indirectly,, by optical dn(Re)—>7i*(bpy) MLCT excitation followed by py-PTZ—»Re 

intramolecularr electron transfer. The decay to the ground state is mainly non-radiative and the 

excitedd state properties must be studied by transient absorption spectroscopy, or indirectly by 

thee effect on the MLCT excited state lifetime of the chromophore. If the donor ligand is 

sensitivee to oxidation, photochemical ligand fragmentation may occur. 

Inn systems with an optically allowed L'LCT transition, the metal atom functions as an 

anchorr to keep both ligands in close proximity. One could consider these systems as metal-

substitutedd organic donor-acceptor compounds. Examples of such systems are tetrahedral 

zinc(II)) complexes bearing both a polypyridyl ligand such as bpy and a dithiolate or two 

thiolatee ligands. Since the metal is light, intersystem crossing is ineffective and the lowest 

excitedd state can be extremely long-lived, up to milliseconds at low temperatures.28 

Interestingly,, in the case of Zn(PhS)2(phen) (phen = 1,10-phenanthroltne), L'LCT excitation 

leadss to PhS* radical formation,29 which could indicate o-bonding character of the HOMO 

(seee next part). . 

Replacementt of Zn(II) by Pt(II) results in square planar complexes. Due to the good 

overlapp of (di)thiolate and diimine orbitals the extinction coefficients of the highly 

solvatochromicc L'LCT absorption bands are in the order of (4-19) x 10 M_1.cirf'. The 

complexess are often luminescent in solution at room temperature with lifetimes ranging from 
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severall  nanoseconds to a microsecond. Resonance Raman measurements confirmed the 

L'LCTT character of the lowest energy allowed transition."' 

Inn the latter complexes, the metal orbitals may be involved in the lowest-energy 

transitionn and in the lowest excited state to some extent. This is also the case in the complexes 

[Re(X)(CO)3(oc-diimine)]]  and [Ru(X)(CH3)(CO)2(a-diimine)] (X = CI, Br, I) for which a 

graduall  change from MLCT to L'LCT (L' = halide) was observed for the lowest-energy 

allowedd transition and excited state.' " 6 This type of L'LCT transition was also referred to as 

Halide-to-Ligandd Charge Transfer (XLCT) transition. 

Sigma-Bond-to-Ligandd Charge Transfer  (SBLCT). 

Thiss type of excited state plays a crucial role in the research discussed in this thesis. 

Therefore,, its properties are discussed in more detail. It is a special type of L'LCT transition, 

whichh occurs if the orbital from which the electron density originates has Metal-Ligand G-

bondingg character. Already forty years ago, it was found that the 395 nm absorption band of 

[Be(CH3)2(bpy)]]  must be due to a transition from a(Be-C) to 7t*(bpy). In the 70s Wrighton 

andd co-workers studied the [M(L)(CO)3(a-diimine)] (M = Mn, Re; L = Mn[CO]s, Re[CO]5, 

SnMe3,, SnPh3, GePh3; a-diimine = bpy, phen, biquin) complexes. They assigned the 

lowest-energyy absorption band to a G(M-L)—>Ji*(a-diimine) transition, which was at the time 

aa new type of electronic transition for transition metal complexes. Their assignment was 

basedd on a number of observations. The dependence of the absorption maximum on the nature 

off  the a-diimine ligand ruled out IL or LF transitions. Furthermore, a G ( M - L ) ^ G * ( M - L ) 

assignmentt was considered unrealistic for the same reason, as well as on account of the fact 

thatt the absorption maximum was found to be sensitive to solvent and temperature unlike 

otherr complexes for which a CT—>G* transition had been established. The difference in energy 

betweenn the MLCT band of e.g. [Re(Cl)(CO)3(a-diimine)] and the lowest-energy absorption 

bandd of the mentioned M-L complexes as well as their photolability in room temperature 

solution,, prompted them to exclude an MLCT assignment of this absorption band. Later this 

assignmentt was disputed, since the resonance Raman spectra, obtained by irradiation into the 

lowest-energyy absorption of [M{M'(CO) 5}(CO)3(a-diimine)]4a41 and [M(SnPh3)(CO)3(oc-

diimine)]422 (M, M' = Mn, Re), did not give any evidence of the involvement of the metal-

metall  bond in the electronic transition. The absorption band was reassigned to one or more 

MLC TT transitions and the observed photoreactivity was ascribed to population of a reactive 

statee by crossing from the optically accessible MLCT state. 
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Inn later years, more complexes were described where the observation of photolability 

wass ascribed to the involvement of such a ore*  state. One of the complexes showing this 

behaviourr is /flc-[Ir(III){tris-(6-isopropyl-8-quinolyl)dimethylsilyl}]43 and the o(Ir-Si)7t* 

statee of this complex giving rise to the Ir-Si bond homolysis was then called for the first time 

aa 'sigma-bond to ligand charge transfer' or 'SBLCT' state. This notation (used in this thesis) 

andd the orbital-based indication on* are equivalent. 

Thee controversy about the character of the lowest-energy transitions of these metal-

metall  bonded [M(L)(CO)3(a-diimine)] (M = Mn, Re) complexes as well as their interesting 

photochemicall  behaviour, has sparked extensive theoretical, spectroscopic and photochemical 

researchh by our group. This research was not restricted to the above mentioned metal-metal 

bondedd complexes, but included the isostructural Re-alkyl compounds [Re(R)(CO)3(a-

diimine)]]  (R = Me, Et, iPr, Bz). Later, the investigations were extended to Ru complexes, e.g. 

[Ru(I)(R)(CO)2(a-diimine)]]  (R = iPr, Bz) and [Ru(L1)(L2)(CO)2(a-diimine)] (L,, L2 = e.g. 

alkyl,, SnPh3, Mn[CO]5). These investigations and those of others yielded a huge amount of 

dataa from which some general conclusions can be drawn about the occurrence and properties 

off  SBLCT transitions and excited states. These are outlined in the following paragraphs. First, 

attentionn is paid to complexes having lowest allowed SBLCT transitions, not coinciding with 

MLCTT transitions. 

Inn main group organometallic compounds, the metal orbitals are not involved in low-

energyy MLCT transitions, which might coincide or mix with SBLCT transitions. For instance, 

thee complex [Zn(CH3)2(tBu-DAB)] (tBu-DAB = N^T-di-tert. butyl-l,4-diaza-l,3-butadiene) 

possessess an optically allowed a(C-Zn-C)—»7t*(DAB) (SBLCT) transition which was studied 

welll  both from an experimental and a theoretical viewpoint. Calculations showed that the 

lowest-energyy transition (e = 1.2 x 103 M_,cm_1 in diethyl ether44) occurs from the HOMO 

whichh consists of the antisymmetric a(Zn-C) combination, to the 7t*(tBu-DAB) LUMO.45 

Thee decrease in electron density due to the electronic transition gives rise to Zn-C bond 

homolysis.44 4 

Theree are, however, also transition metal complexes with lowest SBLCT transitions. 

Thiss is first of all the case when the metal is in a high oxidation state. A representative 

examplee is [Pt(CH3)4(R-DAB)] (R = tBu, cHx). DFT calculations showed that indeed the 

HOMOO has a(Cax-Pt-Cax) character, with a small metal contribution while the LUMO mainly 

consistss of the 7i*(R-DAB) orbital.46 This suggests that the lowest-energy optically allowed (e 

== 1.0 x 103 M_1cm~' in toluene) transition can be attributed to a o(Cax-Pt-Cax)->7c*(R-DAB) 
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SBLCTT transition. Another type of complexes with a pure lowest SBLCT transition are the 

metal-metall  and metal-alkyl bonded compounds [Ru(Li)(L2)(CO)2(a-diimine)] (Li, L2 = e.g. 

alkyl,, SnPh.i, Mn[CO]s). The lowest-energy, strongly allowed (e~ 5 x 103 - 10 x 103 NT'cm"* 

1̂ ^ 47-49 t r a n sj t j o n j i a s agaj n SBLCT character. This follows from density functional (DFT) 

MO-calculationss on the model complex [Ru(SnH3)2(CO)2(H-DAB)],50 which show that the 

HOMO,, denoted as o(Sn-Ru-Sn), is delocalized and consists of contributions from the anti-

symmetricc combination of the Sn fragment o orbitals Sn(sp3-sp3) (42%), and H-DAB(7t*) 

(27%)) orbitals, but only 15 % from the Ru(5p) orbital. According to the calculations, the 

LUMOO of the model complex is also delocalized since it has contributions from H-DAB(rc*) 

(61%),, Ru(4dyz) (11%) and Sn(sp3-sp3) (27%). Accordingly, the lowest-energy 

HOMO^LUMOO transition has SBLCT character. Because of the strong o-iz* interaction, 

thiss transition is less solvatochromic than e.g. the MLCT transition of the isostructural 

complexx [Ru(Cl)(Me)(CO)2(iPr-DAB)].33 

Forr many other complexes containing a metal fragment or alkyl group with a high-

lyingg a orbital, the character of the lowest-energy transition is less clear. A very well-studied 

seriess of complexes in this respect are the already mentioned Re and Mn complexes 

[M(L)(CO)3(a-diimine)]]  (M = Mn, Re; L = e.g. alkyl, SnPh3, Re[CO]5). High level 

(CASSCF/MR-CCI)) quantum chemical calculations on the model complexes [M(R)(CO)3(H-

DAB)]]  (M =Mn, R = H, Me, Et; M = Re, R = H) show that the lowest-energy allowed 

transitionn has virtually pure MLCT character for [Mn(H)(CO)3(H-DAB)] but strongly mixed 

MLCT/SBLCTT character for [Mn(R)(CO)3(H-DAB)] (R = Me, Et).51'52 Substitution of Mn by 

Ree in the model complex [M(H)(CO)3(H-DAB] (M = Mn, Re) also results in a change in 

characterr of the lowest-energy allowed transition from pure MLCT to mixed MLCT/SBLCT. 
31522 However, resonance Raman (rR) spectra, often used to characterize electronic transitions, 

doo not give any evidence for the SBLCT character of the lowest-energy absorption band of 

thesee complexes. Thus, in the case of [Re(CH3)(CO)3(a-diimine)], no resonance enhancement 

wass found for v(Re-CH3), although the band due to the methyl deformation vibration is 

weaklyy visible.53,54 Similarly, the rR spectra of the metal-metal bonded complexes do not 

showw a rR effect for the metal-metal stretching vibration. This implies that both the o(Re-

CH3)—>7t*(a-diimine)) and o(M-M')-»7t*(a-diimine) SBLCT transitions are not optically 

allowedd and that the reactive SBLCT state can only be occupied via an MLCT state. That the 

MLCTT state can be lower or higher in energy than the SBLCT state, follows from UV-

photoelectronn spectra that show that the G(Re-CH3) orbital of [Re(CH3)(CO)3(iPr-DAB)] is 
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lowerr in energy than the dn(Re) orbitals, whereas o(M-M') of the metal-metal bonded 

complexess [M{M'(CO) 5}(CO)3(a-diimine)] (M, M' = Mn, Re) is higher.55 

Thee lowest-energy transition character in the triangular cluster complexes 

[Os3(CO)to(a-diirriine)]]  is even less clear. Previously it was assigned to a d^(Os)->7t*(a-

diimine)) (MLCT) transition.56,57 However, recent DFT calculations suggest that the lowest-

energyy transition has a(Os-Os)—»7t*(a-diimine) character for oc-diimine = bpy, but for a-

diiminee = R-DAB it has very mixed character best described as a(Os-Os)7t*(a-

diimine)^o*(Os-Os)K*(a-diimine).58'599 The properties of the lowest excited states of these 

complexes,, are quite reminiscent of those of an SBLCT state {vide infra). 

Thee foregoing dealt with the properties of SBLCT transitions. In recent years a lot of 

informationn has been derived from (time-resolved) spectroscopic studies of the specific 

photochemicall  and photophysical properties of SBLCT states. These data are reviewed 

below. . 

Apartt from the lowest electronic transition, the lowest-excited state of 

[Re(CH3)(CO)3(a-diimine)) has also only littl e SBLCT character and the excited state lifetime 

off  [Re(CH3)(CO)3(dmb)] in 2-MeTHF at 80 K is 5.0 us, only slightly longer than that of the 

MLCTT state of [Re(Cl)(CO)3(bpy)] (2.7 us).60 Furthermore, going from the ground to the 

excitedd state, the shifts of the v(CO) frequencies are the same for the two complexes. These 

observationss seem to be in contradiction with the observed photolability of the 

[Re(CH3)(CO)3(a-diimine)]]  complexes. It was shown for [Re(CH3)(CO)3(dmb)], however, 

thatt this is due to the presence of two parallel pathways from the optically excited MLCT 

Franck-Condonn state. One is the direct crossing to the reactive 3SBLCT state within 400 fs, 

thee other is relaxation to the 3MLCT state, from which a reaction is not possible anymore.60 

Thiss shows that the Franck-Condon state must in fact have weakly mixed 'MLCT/ SBLCT 

character.. A similar ultrafast bond homolysis process was found for methylcobalamin; 

irradiationn of this compound in the near UV (400 nm) gave rise to a partitioning between 

promptt bond homolysis and the formation of an intermediate species described as a 

cob(III)alamin-XH33 ion pair, which in turn partly dissociates into radicals. At longer 

irradiaionn wavelengths only the latter pathway is found. 

Iff  the alkyl group R in [Re(R)(CO)3(a-diimine)] is a slightly stronger a donor than Me 

(e.g.. Et, iPr, Bz), the lowest excited state obtains 3SBLCT character, although this state can 

stilll  only be occupied via the MLCT states. This low energy of the 3SBLCT sate increases the 

quantumm yield of the photochemical Re-C bond homolysis of [Re(R)(CO)3(iPr-DAB)] from 
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0.011 (R = Me) to 0.77 (R = Bz) and even 0.99 (R = Et). Time-resolved IR measurements 

showedd that, contrary to the behaviour of [Re(CH3)(CO)3(dmb)], the excited state CO-

stretchingg frequencies of [Re(Bz)(CO)3(iPr-DAB)] in n-heptane are hardly different from 

thosee of the ground state. Recent FT-EPR measurements confirmed the triplet character of the 

reactivee excited state of these complexes.63 

Anotherr series of complexes, in which the SBLCT excited state is not optically 

accessiblee are [Ru(I)(R)(CO)2(a-diimine)] (R = iPr, Bz). However, population of the reactive 
3SBLCTT state through crossing from the non-reactive 'XLCT (X = I) gives again rise to alkyl 

radicall  formation. These radicals were characterized by (FT-)EPR spectroscopic 
tt 63.64 

measurements. . 

Directt SBLCT excitation of [Pt(CH3)4(a-diimine)] gives rise to efficient 

photochemicalphotochemical Pt-CH3 bond homolysis from the 3SBLCT state.46'65-68 The photochemical 

reaction,, which proceeds with almost unit efficiency in chlorinated solvents, is followed by 

veryy unselective chemical reactions. 

Thee photochemical behaviour of complexes with a lowest SBLCT state depends on 

thee metal-ligand bond strength in several ways. Thus, upon irradiation of 

[Ru(CH3)(SnPh;0(CO)2(iPr-DAB)]]  in room temperature solution, only the Ru-CH3 bond is 

broken,699 whereas in the case of [Ru{Mn(CO)5}(CH3)(CO)2(iPr-DAB)] only Ru-Mn bond 

splittingg is observed.70 

Thee sensitivity of the photochemical behaviour to the metal-ligand bond strengths is 

furtherr evidenced by the observation that the room temperature excited state lifetime of 

[Ru(CH3)(SnPh3)(CO)2(iPr-DAB)]]  is less than 5 ns,69 due to efficient Ru- CH3 bond 

homolysis,, while that of [Ru(SnPh3)2(CO)2(iPr-DAB)] is ca. 1 us, due to the strong Ru-Sn 

bonds.488 Depending on the metal-ligand bond strength, the photochemical reaction can be 

virtuallyy activationless as in the former case, or thermally activated as in the latter (Ea = 1.5 x 

1033 cm"1). In the latter case the photochemical quantum yield is still rather high due to the 

longg excited state lifetime. The complex [Re(Bz)(CO)3(iPr-DAB)] behaves similarly; it is 

quitee photoreactive (0= 0.77), but its lifetime (2.5 x 102 ns in toluene at room temperature) is 

muchh longer than that of the stable 3MLCT state of [Re(Me)(CO)3(tBu-DAB)] (-0.5 ns in 

CH2C12).
71'72 2 

Duee to the presence of a third metal atom, bond homolysis is reversible in the case of 

thee cluster complexes [Os3(CO)i0(a-diimine)]. Irradiation causes Os-Os bond homolysis 

yieldingg biradical species with lifetimes up to 1 us at room temperature depending on the oc-
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diiminee and solvent.56,57 Interestingly, apart from back reaction to the starting compound, 

intramolecularr charge redistribution may occur in coordinating solvents, giving zwitterionic 

complexess [~Os(CO)4-Os(CO)4-Os(CO)2(solvent)(a-diimine)+] with lifetimes of up to 

minutes.56,577 Recent time-resolved IR spectroscopic measurements provided the first 

experimentall  evidence for the conversion from biradical into zwitterionic species. 

Apartt from efficient bond homolysis, long excited-state lifetimes appear to be a 

generall  feature of  3SBLCT states, provided this lifetime is not decreased by photochemical 

instability.. Thus, the luminescence lifetimes of the [Re(L)(CO)3(cc-diimine)] complexes in 

loww temperature glasses (to prevent thermally activated photochemical reactions) are 

normallyy much longer (up to 1.1 x 102 (is for [Re(SnPh3)(CO)3(dmb)]) than those of  3MLCT 

states.39,744 For the ruthenium complexes [Ru(L,)(L2)(CO)2(a-diimine)] (L], L2 = e.g. alkyl, 

SnPh3,, Mn[CO]5) the excited state lifetimes under similar conditions can be even longer (up 

too 2.6 x 102 |is for [Ru(SnPh3)2(CO)2(iPr-DAB)]).48'49 In some cases SBLCT states are 

reactivee even in low temperature glasses. For instance, no luminescence was observed for 

[Pt(Me)4(bpy)].67 7 

Itt is clear from the foregoing that a lot is known about SBLCT states and transitions in 

d66 metal-diimine complexes. However, many questions remain, such as: How can we prove 

thee SBLCT character of an electronic transition experimentally? Can the SBLCT state be 

madee unreactive? How far can we extend the 3SBLCT state lifetime? What exactly is the 

influencee of the central metal atom on the excited state properties and dynamics? How far 

towardss the NIR can the excited state energy be tuned? Can we get more information about 

thee radical formation process? Can we extend the series of complexes with low lying SBLCT 

statess to other transition metals? The aim of this PhD project is to provide an answer to these 

questions. . 

1.44 Aims and Contents of this Thesis 

Thiss section outlines the approaches chosen to answer these questions in separate 

sections,, followed by a brief overview of the contents of chapters 2 to 8. 

Inn several chapters attention is paid to the experimental characterization of the 

electronicc transitions by resonance Raman (rR) spectroscopy (chapter 3, 4, 6 and 7). The 

finall  chapter (chapter 8) gives a critical discussion of the influence of the electronic transition 
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character,, metal-ligand interaction and orbital derealization on the rR spectra. The 

experimentall  data from the preceding chapters as well as from literature are included for this 

purpose. . 

Byy increasing the metal-ligand bond strengths, the homolysis efficiency is expected to 

decrease,, which can eventually yield photostable complexes with lowest SBLCT excited 

states.. In chapter  3, the influence of replacing Ru by Os in [M(SnPh3)2(CO)2{oc-diimine)] is 

investigated.. This replacement can be expected to increase the M-Sn bond strength, since 

transitionn metals from the third period generally form stronger bonds than those from the 

secondd period. As in these [M(SnPh3)2(CO)2(ct-diimine)] complexes the photochemical 

reactionn is thermally activated, lowering the SBLCT excited state energy might increase the 

activationn energy for crossing to the reactive excited state. To this end a-diimine ligands with 

low-lyingg n* orbitals are introduced, also in chapter  3. 

Inn general, the excited state lifetimes of a series of complexes with similar characters 

off  their lowest-excited states can be enhanced by increasing the rigidity of the complex (see 

chapterr 1.2). This influence of rigidity is investigated in chapter  3, by comparing the excited 

statee properties of the iPr-DAB (/V,/V-diisopropyl-l,4-diaza-I,3-butadiene) and the relatively 

rigidd dmb (4,4'-dimethyl-2,2'-bipyridine) complexes. At room temperature, the excited state 

lifetimee is expected to depend on the metal-ligand bond strength. Thus, by the same 

methodologyy of the preceding paragraph, it was attempted to increase the room temperature 

excitedd state lifetime. 

Sincee the central metal atom is involved to a limited extent in the SBLCT transitions 

andd excited states of the studied complexes, the question arises what influence this metal atom 

cann exert on the excited state energy and lifetime. The results of this investigation are 

presentedd in chapter  3 for Ru and Os, and in chapter  7 for Pt. 

Thee series of complexes with low lying SBLCT excited states is further extended to 

thee cw-[Rh(R)2(I)(CO)(dmb)] (R = Me, iPr) complexes of chapter  6. 

Thee excited-state energy of SBLCT states depends to a first approximation on the 

energyy of the G orbital as well as on that of the ligand K* orbital. Thus, by increasing the o 

orbitall  energy (chapter  4) or decreasing the K* orbital energy (chapter  3), the excited-state 

energyy is expected to decrease, possibly giving rise to near infrared emitting complexes. 

Apartt from determining the efficiencies of photochemical bond homolyses (chapter  3 

andd 4), a large amount of information about the radical formation dynamics may be obtained 

fromm time resolved FT-EPR spectroscopic studies. Such an investigation and its results are 
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describedd in detail in chapter 5. 

Thee contents of this thesis are as follows: 

Chapterr 2 discusses the experimental and theoretical research methods used in this 

thesis.. The aim is to give short outlines of these methods, rather than comprehensive reviews 

forr which the reader is referred to the literature. 

Chapterr 3 deals with the synthesis, electronic transitions and physical properties of 

thee SBLCT excited states of a series of [M(SnR3)2(CO)2(a-diimine)] (M = Ru, Os; R = Me, 

Ph).. The influence of M, R and the a-diimine ligand are discussed mainly using resonance 

Ramann as well as time-resolved absorption and emission spectroscopies at various 

temperatures. . 

Chapterr 4 investigates the consequences of incorporation of electron rich 

[RuCp(CO)2]]  groups as axial ligands on the photochemical, photophysical and redox 

propertiess of [Ru(L,)(L2)(CO)2(iPr-DAB)] (Li, U = SnPh3t RuCp[CO]2) at various 

temperatures. . 

Chapterr 5 reports the results of a detailed time-resolved FT-EPR investigation of the 

photochemicall  methyl radical formation from [Ru(Me)(SnPh3)(CO)2(iPr-DAB)] and 

[Pt(Me)4(iPr-DAB)].. By variation of excitation wavelength and solvent viscosity, important 

informationn is obtained with regard to the spin character of the excited state and the dynamics 

off  the radical formation process. 

Chapterr 6 extends the family of complexes having low-lying SBLCT excited states to 

thee Rh complexes ds-[Rh(R)2(I)(CO)(dmb)] (R = Me, iPr). In this chapter the synthesis, 

structuree and photochemical homolysis reactions of these complexes are discussed. 

Chapterr 7 studies the ground state electronic structures and SBLCT electronic 

transitionss in [Pt(I)(Me)3(iPr-DAB)], [Pt(Me)4(a-diimine)] and [Pt(SnPh3)2(Me)2(iPr-DAB)] 

usingg DFT calculations and resonance Raman spectroscopy. In addition, the low temperature 

emissionn properties and the influence of excited state character thereon are discussed. 

Chapterr 8 gives a critical assessment of the use of resonance Raman spectroscopy for 

thee study of electronic structure and transitions in d6 metal-diimine complexes. The 

influencess of electronic transition character, metal-ligand interaction and orbital 

derealizationn are discussed. 
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