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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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ChapterChapter 1, Introduction: Excited States in Organometallic Complexes 

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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ChapterChapter I. Introduction: Excited States in Organometallic Complexes 

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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ChapterChapter 1. Introduction: Excited States in Organometallic Complexes 

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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ChapterChapter 1. Introduction: Excited States in Organometallic Complexes 

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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ChapterChapter 1. Introduction: Excited States in Organometallic Complexes 

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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ChapterChapter 1. Introduction: Excited States in Organometallic Complexes 

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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2.11 Introductio n 

Inn this chapter the most important methods (experimental and theoretical) used for the 

researchh described in this thesis are discussed. Firstly, a number of (time-resolved) 

spectroscopicc methods to investigate electronic transitions, the physical properties of the 

excitedd state and the product formation and dynamics of photoinduced chemical reactions are 

discussed.. Subsequently, (spectro)electrochemical techniques are briefly introduced. The 

chapterr closes with some information on the quantum chemical calculation methods used in 

thiss thesis. 

2.22 (Time-Resolved) Spectroscopic Techniques 

Traditionally,, in order to investigate their mechanisms, photochemical reactions were 

studiedd at low temperatures. Apart from studies in conventional solvents, many experiments 

weree performed in liquid xenon or in solid matrices.1- Lowering the temperature slows down 

orr stops secondary (thermal) reactions, allowing the primary photochemical steps to be 

studiedd by steady-state spectroscopic techniques. The other approach is to use time-resolved 

techniques.. This is the only option for studying excited states and processes that are very fast 

evenn at low temperatures. The various (time-resolved) spectroscopic techniques used in this 

thesiss are outlined hereinafter. 

2.2.11 Resonance Raman (rR) Spectroscopy.4-6 

Iff  a sample is irradiated with light, most of the photons (if not absorbed or reflected) 

passs straight through. However, some photons are scattered, due to the dipole which is 

inducedd in the molecule by the fluctuating electric field of the light. This is the same 

phenomenonn that is responsible for the blue colour of the sky. The Nobel prize winning 

observationn was that some of the scattered light has a different wavelength from that of the 

incidentt light.7 It was shown that the energy difference is exactly one vibrational quantum. 

Thee situation in which the molecule is initially in the zeroth vibrational level of the ground 

statee and ends up in the first excited vibrational level, is called Stokes Raman scattering. In 

thee less common situation that the molecule is initially in the first vibrationally excited state, 
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wee are dealing with anti-Stokes Raman scattering. Scattering can be considered as a two 

photonn process, in which the molecule is taken from an initial to a final state through some 

intermediate,, virtual state (Figure 2.1). 

V-V : : 

Rayleighh scattering Raman scattering (Stokes) Raman scattering (anti-Stokes) 

Figuree 2.1 Mechanisms of Rayleigh, Stokes Raman and anti-Stokes Raman scattering, v is the 

frequencyy of the incident light and v, is the frequency of a certain vibration. 

Thee intensity of the Raman-scattered light is proportional to the square of the polarizability, 

connectedd to the mobility of the electrons of the molecule. An interesting situation arises 

whenn the energy of the incident light approaches a strongly allowed electronic transition. In 

thiss case the polarizability is given by eq. 2.1: 

Wn=£<4M0|g>2X X 
(f|v)(v|i) ) 

vv —v -V e Xc+ i r e e 

(2.1) ) 

wheree g and e are the electronic ground and excited state, respectively; i, v and f are the 

vibrationall  wavefunctions of initial, virtual and final vibrational levels, and <elMalg> is the 

electronicc transition dipole moment. 

Inspectionn of eq. 2.1 immediately shows that in this situation, the difference between 

vevv - vgi (the frequency difference between a vibrational level of the excited state and the 

groundd state) and vexc (the excitation frequency) becomes very small and hence the 

polarizabilityy very large. In this case it is assumed that the states involved in the scattering 

processs are only those that the excitation light is in resonance with. A number of other 

requirementss for a large polarizability (and hence a large resonance enhanced Raman 

intensity)) is immediately clear as well: as Raman scattering is a two-photon process, it 

dependss on the square of the electronic transition dipole moment and resonance enhancement 

iss therefore strongest for strongly allowed electronic transitions. Furthermore, since the 

moleculee is normally in a totally symmetric ground state, both the virtual and final vibrational 
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levelss need to be totally symmetric as well, in order for the two overlap integrals in eq. 2.1 to 

bee non-zero. Hence, only bands due to totally symmetric vibrations are observed in rR 

spectra.. These overlap integrals are largest if the ground and excited state potential energy 

curvess are strongly displaced. Therefore, the magnitude of the resonance enhancement of the 

Ramann intensity of a band due to a certain normal vibration increases with increasing 

distortionn along that normal coordinate upon excitation. It is on these last two observations 

thatt much of the interpretation of rR spectra in this thesis is based (chapter 3,4, 6, 7, 8). 

Althoughh outside of the scope of this thesis, from careful intensity analysis in 

combinationn with computational techniques such parameters as the excited state distortions 

andd vibrational reorganization energies may be extracted.4,8'9 

Ass a light source in our laboratory an Ar+ laser is used in combination with Coherent 

modell  CR490 and CR590 dye lasers, employing Stilbene, Coumarin 6 and Rhodamine 6G 

dyes,, giving an excitation range of 430 - 600 nm. Traditionally a very high quality 

monochromatorr in combination with a photomultiplier is used. However, in our laboratory the 

scatteredd light is detected by a CCD camera, decreasing recording times. 

2.2.22 (Time-Resolved) Emission Spectroscopy 

Continuouss wave (CW) emission spectroscopy typically employs a mercury or xenon 

lampp as the excitation source. The desired excitation wavelength is selected by a 

monochromator.. The emitted light is passed through a second monochromator, which is 

scannedd through a certain wavelength range. The light is generally detected by a 

photomultiplierr tube. In this way, the emission spectrum is obtained. Keeping the emission 

monochromatorr at a set wavelength and scanning the excitation monochromator yields the 

excitationn spectrum. Usually, the luminescence quantum yield is obtained by measuring the 

integratedd emission intensity of the sample and of a reference with known quantum yield 

underr the same conditions, e.g. [Ru(bpy)3](PF6)2 (<km - 0.062 in deaerated CH3CN). 

Correctionss must be made for the absorption at the excitation wavelength, the refractive index 

off  the solvent according to: 

(„(„  V 

v" v v 
(2.2) ) 

wheree s is the sample, r is the reference, / is the integrated emission intensity, A is the 

absorptionn at the excitation wavelength and n is the refractive index of the solvent. 
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Apartt from the luminescence quantum yield and emission maximum, the emission 

lifetimee (T) is another important parameter. To determine this quantity, time-resolved methods 

aree necessary. These employ pulsed lasers such as nitrogen or Nd: YAG lasers, if necessary in 

combinationn with suitable dye lasers. The emission can be measured at a single wavelength 

usingg a monochromator and a fast photomultiplier connected to an oscilloscope. 

Alternatively,, a spectrographic detection system (a grating in combination with a diode array 

orr CCD detector) can be used. The detector is 'switched on' for a certain time (the gating time) 

startingg from an arbitrary delay after the laser pulse. This has the advantage that the spectrum 

iss recorded in a single shot rather than point by point. The disadvantage is that for decay 

analysiss the experiment has to be repeated at many different delays in order to make fitting to 

ann exponential function sensible. In this PhD project, such an optical multichannel analysis 

(OMA)) setup was used. The emission spectra were recorded using at least 30 different delay 

settings,, spanning at least three lifetimes. For fitting to biexponential or higher order functions 

singlee line measurements should be used. The emission quantum yields, reported in this 

thesis,, were obtained with the same setup as used for the time-resolved measurements. A very 

longg gating time was used to ensure detection of all the emitted photons. Comparison to a 

referencee compound (see eq. 2.2) gave the emission quantum yield. From the emission 

quantumm yield (0fem) and the emission lifetime (T) , the radiative (kr) and non-radiative (kat) 

decayy rate constants can be calculated according to equation (2.3 and 2.4): 

* r = 0 /rr (2.3) 

Jtnrr = 1 / T - Jtr (2.4) 

assumingg that the emitting state is populated from the optically occupied one with an 

efficiencyy of unity (see section 1.2). 

2.2.33 Time-Resolved Absorption Spectroscopy10 

Apartt from determining the parameters for the radiative and non-radiative decay of the 

excitedd state, a great deal of information about the excited state can be obtained from its 

absorptionn spectrum. The first absorption spectrum of an excited state (of fluorescein in boric 

acid)) was already obtained in 1941." Apart from excited states, transient absorption 

spectroscopyy is also suitable for the study of short-lived photochemical intermediates. The 
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contemporaryy setup is similar to the time-resolved emission setup described in the previous 

section,, with the exception that a second light beam is needed to record the actual absorption 

spectrumm (the probe beam). In the nanosecond to microsecond time domain, this is usually a 

flashflash lamp. The pump and probe beams can be perpendicular (in this thesis) or nearly 

collinear.. The monitoring light can be detected by a monochromator-photomultiplier 

combinationn or alternatively, (this thesis) by the OMA detection system described in the 

previouss section. To correct for variations in the monitoring light intensity a reference 

monitoringg beam is needed in the latter type of setup. Both monitoring beams are transferred 

viaa optical fibers to the CCD detector and their intensities are recorded at the same time. It is 

possiblee to direct both beams through the same cuvette, while exciting only one part, using 

e.g.e.g. 1.0 mm holes for the monitoring beams and a 1 cm slit for the pump beam. It was found 

inn our laboratory that employing a 50% mirror to divide the monitoring light, sending one part 

throughh the excited sample and one part through a reference cuvette greatly improved the 

signal-to-noisee ratio. This is due to variable inhomogeneity of the monitoring light spot. 

Usingg the 50% mirror, the same part of this spot is used for both sample and reference beams, 

thusthus eliminating that part of measurement noise. Figure 2.2 shows a schematic representation 

off  the setup used. 

sample e 

excitationn source 

Figuree 2.2 Schematic setup for transient absorption measurements. 

Sincee most of the complexes studied are photolabile to a certain extent, a flow-through 

systemm had to be employed. To this end the outer compartments of two (sample and 

reference)) thermostatible cuvettes (Hellma 160.001-QS) were connected in series to a pump 

(Verderr 2040). At least 30 mL of solution was circulated through this closed system. 
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2.2.44 Time-Resolved Infrare d (TRIR) Spectroscopy12" 15 

Mostt of the complexes described in this thesis bear carbonyl ligands. The frequencies 

off  the stretching vibrations of carbonyl ligands (v(CO)) are very sensitive to the electronic 

andd molecular structure of the complex. Moreover, the extinction coefficients of absorptions 

duee to these vibrations are high and the carbonyl stretching region of the infrared (IR) 

spectrumm is relatively transparent. This makes IR-spectroscopy an excellent tool for 

investigatingg carbonyl complexes. Since excited states and primary photoproducts are often 

shortt lived, time resolved IR spectroscopy is a convenient means for their study. 

Overr the past decade TRIR spectroscopic techniques have evolved enormously. Many 

TRIRR studies of transition metal complexes have been concerned with their MLCT excited 

states.. It was shown that the carbonyl stretching vibrations normally shift to considerably 

higherr frequencies going to an MLCT state, since lowering the electron density on the 

transitionn metal atom decreases the metal-CO n-backbonding. Much smaller shifts of the 

v(CO)) frequencies have been observed for the IL excited state of [Re(PPh.3)(CO)3(dppz)]+,16 

thee L'LCT (L' = I) excited state of [Ru(I)(Me)(CO)2(iPr-DAB)]17 and the SBLCT excited 

statess of [Re(Bz)(CO)3(iPr-DAB)]18 and [Ru(SnPh3)2(CO)2(iPr-DAB)].'9 In these cases the 

metall  is not or hardly involved in the electronic transition. The v(CO) bands may then even 

shiftt to lower frequencies since the a-diimine ligand is a weaker rc-acceptor in the excited 

state,, compared to the ground state, increasing the metal-CO rc-backbonding in the excited 

state. . 

Initially ,, TRIR spectra were recorded using tunable IR lasers and fast IR detectors. In 

thee last few years, step-scan Fourier Transform IR has been increasingly used to this end.20 

Recently,, sub-picosecond time resolutions have been achieved by pump-probe methods 

similarr to those used in ultrafast transient electronic absorption spectroscopy.1' 

2.2.55 Electron Paramagnetic Resonance (EPR)21 

Thee essential requirement for a compound to be EPR active is the presence of one or 

moree unpaired electrons. Apart from stable radicals, reactive radical species can be generated 

e.g.e.g. by (electro)chemical one-electron reduction or oxidation of a diamagnetic parent species, 

orr by photoinduced chemical processes such as bond homolysis or electron transfer. Unstable 

radicall  species can be transformed into relatively stable radicals by reaction with e.g. nitroso 

compounds,, that give stable radical adducts. This is called the spin-trapping technique. 
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EPRR spectroscopy is based on the fact that the energies of the two electron spin levels 

aree inequivalent in a magnetic field, separated by the so-called Zeeman splitting. When the 

moleculee is irradiated with microwaves of an energy corresponding to the energy difference 

betweenn the spin levels, absorption of radiation can occur. The resonance condition is: 

hvhv = gnBB (2.5) 

wheree B is the magnetic field, }i% is the Bohr magneton (9.273 x 10"24 JT_I), and g is the g 

value,, which is comparable to the chemical shift in NMR. This g value is 2.00226 for a free 

electron.. The observed g value for a radical deviates from this value, if the applied magnetic 

fieldd induces a local electric current. Nuclei with non-zero spin quantum numbers induce a 

locall  magnetic field at the position of the unpaired electron, due to their nuclear spin. 

Consequently,, the resonance line is split into a number of lines corresponding to the number 

off  possible spin orientations of the nucleus. This phenomenon is called hyperfine splitting. It 

iss on this effect that much of the merit of the EPR technique is based, since the magnitude of 

thiss splitting effect, the hyperfine splitting constant, depends on the distance between the 

nucleuss and the unpaired electron. Hence determination of the hyperfine splitting constants 

givess information about the electronic structure of the studied paramagnetic species. 

Typically,, commercial instruments use a klystron as microwave source, that operates 

att a set frequency, usually at ca. 10 GHz (the X-band of microwave radiation). The 

correspondingg magnetic field (of ca. 0.3 T) is produced by an electromagnet. The EPR 

spectrumm is recorded by sweeping the magnetic field and observing the change in absorption 

off  microwave radiation. To improve the signal-to-noise, the field is usually modulated 

(typicallyy at a 100 kHz frequency) with an amplitude less than the resolution desired, due to 

whichh the EPR spectrum is obtained as its first derivative. 

2.2.66 Fourier-Transfor m Electron Paramagnetic Resonance (FT-EPR)22-24 and 

Chemicallyy Induced Dynamic Electron Polarization 5' 6 

Thee short lifetime of free radicals created a need for time-resolved methods in EPR 

spectroscopyy as well. Whereas the lower intrinsic sensitivity of NMR compared to EPR, 

resultedd in the development of Fourier Transform (FT) NMR techniques at an early date, this 

developmentt has been relatively slow in EPR. As the principles are identical, they can be 

foundd in any FT-NMR textbook. Briefly, a short pulse of electromagnetic radiation causes 90° 

changee of the magnetization direction from the z-axis (the direction of the external magnetic 
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field)) to the xy-plane. The magnetization, which now rotates in the xy-plane, induces an 

alternatingg current in the receiver coil. With time the magnetization returns to the equilibrium 

directionn and the signal fades. This free induction decay (FID) represents the spectrum of the 

paramagneticc species in the time domain. Fourier transformation yields the spectrum in the 

frequencyy domain (Figure 2.3). 

Microwave e 

deadtime e 
(1200 ns) 

X X Startt FID 
recording g 

ifMmHH nitm||<»frn* „ 

Fourierr Transform 

Frequency y 

Figuree 2.3 Example of free induction decay (FID) recorded after a 90° microwave pulse and the 

frequencyy domain spectrum of a radical obtained after Fourier transformation. 

Thee actual FT-EPR spectrometer used has been described.24,27 The generated 

microwavee radiation is amplified by a travelling wave tube amplifier (TWT), that generates 1 

kWW microwave pulses (of ca. 15 ns duration) which pass through a variable attenuator into the 

microwavee cavity. The microwave signal generated by the sample is frequency down 

convertedd by mixing with a reference signal from the microwave source in a quadrature IF 

mixer.. The two-channel output (corresponding to the FID of the magnetization along the x-

andd y-axes) is fed to a digital oscilloscope. A CYCLOPS phase cycling routine is used to 

correctt for imperfect quadrature detection. Typically 100 FIDs per phase (400 in total) are 

averagedd by the oscilloscope before transfer to the controlling computer. The phase of the 

outputt signal is slightly dispersive, which can be corrected for by using a stable radical 
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reference.. The spectral bandwidth covered by a single microwave pulse is limited by 

inequalityy 2.6: 

Ness  - ow l < ye B) (2.6) 

inn which Q*es and aw are the resonance and applied microwave frequencies, respectively, and 

yee is the gyromagnetic ratio of the electron spin and B\ is the strength of the microwave field. 

Forr the equipment used, this yields a bandwidth of 12 G. Hence, spectra covering 

moree than this range must either be corrected for loss in intensity or obtained at several field 

settings.. Another limitation of the equipment is that during the first 120 ns after the 

microwavee pulse, no signal can be recorded due to cavity ring-down. In practice this limits 

thee applicability of the technique to radicals with a line width of less than 1 G. By linear 

predictionn singular value decomposition (LPSVD), which is based on the assumption that the 

FIDD can be represented as the sum of a number of exponentially damped sinusoids, the 

missingg part of the FID can be reconstructed. This results in an increase of signal-to-noise, but 

cann create artifacts in the frequency-domain spectrum. 

Inn the studies described in this thesis the radicals were generated by a pulsed laser. By 

varyingg the delay between laser and microwave pulses, information about the radical kinetics 

cann be obtained. Importantly, the FID represents the time-domain spectrum of the radicals 

presentt at the time of the microwave pulse. Any radical formation or decay during FID 

recordingg only causes line broadening in the frequency domain spectrum. An effect of the 

shortt time delay between radical formation and measurements is that the spin distribution may 

deviatee from Boltzmann equilibrium values. The spin distribution will eventually decay to the 

Boltzmannn equilibrium through spin-lattice relaxation (after several microseconds). Processes 

thatt create non-Boltzmann electron spin distributions are collectively known as chemically 

inducedd dynamic electron polarization (CIDEP) mechanisms. The mechanisms that are 

importantt in this thesis are outlined below. More mechanisms exist, notably those in which a 

(stable)) radical interacts with a triplet excited state,25 but these are not discussed here. 

Hyperfin ee dependent CIDEP mechanisms 

SToSTo Radical Pair Mechanism (ST0 RPM) 

AA photochemically generated geminate radical pair is created with singlet or triplet 

characterr depending on the spin multiplicity of the excited state which it originates from. The 
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energiess of the two spin states of the radical pair are separated by twice the exchange 

interactionn (J). Since the singlet radical pair state is considered the bonding state,28 J is 

negativee for neutral radical pairs. In the case of radical ion pairs indications for positive signs 

off  J have been obtained.29 The exchange interaction is far too large for any efficient 

interactionn to occur between the singlet and any of the triplet sublevels. However, if the 

radicalss diffuse apart within the solvent cage, the exchange interaction, which depends on the 

overlapp of the unpaired electron orbitals,28 rapidly decreases until the singlet (S) level and the 

T00 component of the triplet level are degenerate (Figure 2.4). At this point the hyperfine 

interactionn may induce differences in precession frequencies of the two radicals and mixing 

betweenn the S and To spin levels occurs. However, the magnetic hyperfine interaction itself 

cannott create spin polarization,30 whereas exchange interaction can. Hence a re-encounter of 

thee two radicals in the solvent cage is needed. This process can be repeated, increasing the 

generatedd polarization. Thus the magnitude of the generated polarization depends on the time 

thee radical pair spends in the solvent cage and hence it is expected to increase with increasing 

solventt viscosity. The sign of the polarization in one hyperfine component of the EPR 

spectrumm depends on the sign of the exchange interaction and the spin multiplicity of the 

excitedd state precursor. This leads to the general observation that for a negative exchange 

energyy and a triplet precursor, low field peaks are in emission and high field peaks are in 

absorption.. The magnitude of the spin polarization of a certain hyperfine component depends 

onn the difference in resonance frequencies between that hyperfine component and the 

hyperfinee components of the other radical of the pair. Finally it must be noted that ST0 mixing 

doess not create net spin polarization, but rather redistributes spins of the two radicals of the 

pair. . 

ST-iST-i Radical Pair Mechanism (ST-i RPM). 

Itt can be seen from Figure 2.4 that mixing between the S and T_i levels is also possible. 

However,, since the mixing region is small, it has been generally assumed that this type of 

RPMM is only important for systems with large hyperfine interactions or in viscous solvents (in 

whichh the radicals are kept in close proximity for a long time).24,26 Due to the need for total 

angularr momentum conservation, a hyperfine-interaction-induced nuclear spin flip has to 

occurr simultaneously with the electron spin flip (in the opposite direction and on the same 

radical).. If the radical pair is initially formed in the T_i (pp) state no nuclear spin flip can 

occurr for the all-(3 nuclear spin state. For a positive hyperfine interaction, this means that the 

highestt field line has a zero contribution from this mechanism. There is another, hyperfine-
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independentt part, that contributes to ST_i polarization.31 This is due to the fact that one of the 

radicalss in its particular hyperfine state may interact with the other radical in all of its 

hyperfinee states, giving rise to a net emission polarization for a triplet state precursor. 

Combined,, the polarization pattern due to the ST_i RPM for a triplet state precursor is totally 

emissivee with a stronger polarization for the lowest field line than for the highest field one. 

en n 
i _ _ 
CD D 
C C 

LU U 

Figuree 2.4 Diabatic potential energy curves of the singlet (S) and triplet levels of a radical pair, 

separatedd by twice the exchange energy (/) as a function of interradical distance. ST0 and ST., indicate 

positionss at which hyperfine interaction induced mixing may occur between mentioned levels. 

Hyperfin ee independent CIDEP mechanisms 

TripletTriplet Mechanism (TM)' 

Ass was mentioned in chapter 1, intersystem crossing (ISC) rates depend on the symmetries of 

thee states involved, as well as on that of the spin-orbit coupling Hamiltonian. In the absence 

off  a magnetic field the three triplet states (Tx, Ty and Tz) are not degenerate due to dipolar 

couplingg of the two electrons. This means that in the absence of a magnetic field ISC can be 

anisotropic,, i.e. one of the triplet sublevels is populated preferably (Figure 2.5). In a magnetic 

fieldd the triplet sublevels are governed by the direction of this field. Since the molecule rotates 

inn solution, no preferential population of any of the triplet sublevels (To, T i), separated by the 

ZeemanZeeman splitting, is expected. However, since for organic molecules in the magnetic field of 

ann X-band spectrometer, the zero-field and Zeeman splittings are of the same order of 

magnitude,, some correlation between the two descriptions of the triplet states does exist. This 

correlationn becomes stronger when the rotational correlation time is increased, i.e. in more 

inter-radicall distance 
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viscouss solvents. The excess population of one of the triplet sublevels translates into excess 

populationn in one of the spin levels of the free radical (Figure 2.5), creating a net emission or 

absorptionn effect in the EPR spectrum. However if the radical formation is slower than the 

spin-latticee relaxation decay (typically a few nanoseconds) of the triplet spin polarization, no 

TMM spin polarization is observed. Then, the spin distribution in the free radicals depends on 

thee Boltzmann equilibrium spin distribution in the triplet excited state. On the other hand, if 

thee triplet excited state is too short-lived, i.e. shorter than the order of one precession turn 

(1000 ps at 10 GHz), the energies of the triplet sublevels become uncertain and again no spin 

polarizationn in the free radicals is generated. This creates a time window that the 

photochemicall  reaction rate has to be in, in order for the TM to operate. 

ISC C 

T T 

Too reaction 

Outsidee magnetic field 

Insidee magnetic field 

radicals s 

hv v 

Figuree 2.5 Schematic overview of the important processes in the Triplet Mechanism (TM) induced 

spinn polarization. 

,33-36 6 Spin-OrbitSpin-Orbit Coupling Mechanism (SOCM) 

Thee radical pair in its triplet state can only convert to its singlet state by intersystem crossing 

whenn in close contact. Since ISC-rates are spin-sublevel selective, this leads to selective 

depopulationn of some of the triplet sublevels in the contact radical pair. If the remaining 

triplett contact radical pairs subsequently proceed to disintegrate into free radicals, hyperfine 

independentt spin polarization will have been generated. This mechanism can be distinguished 

fromm the TM, since in SOCM the presence of heavy atoms will increase the polarization, but 

decreasee the radical formation yield. 
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2.33 (Spectro)electrochemistry 

Sincee in photochemical and redox reactions the same (frontier) orbitals may be 

involved,, data from reversible electrochemical processes can supplement those from 

photochemicall  measurements.37 For instance, the difference between reduction and oxidation 

potentialss is often used as an indication for the energy difference between the zeroth 

vibrationall  levels of ground and excited states. Furthermore, some photoproducts {e.g. 

radicals)radicals) can be conveniently generated by electrochemical methods and transient species 

(e.g.(e.g. D+-A" states) observed in time-resolved spectra can be assigned by recording the spectra 

off  electrochemical oxidation and reduction of the donor and acceptor moieties, respectively. 

Finally,, in situ electrogenerated species may have interesting photophysical and 

photochemicall  properties themselves. 

Thee commonly used method for the determination of oxidation and reduction 

potentialss is cyclic voltammetry (CV). In this experiment the voltage applied to a sample 

solutionn with added electrolyte is scanned, while recording the current.38'39 At a certain 

predefinedd potential the scan direction is reversed (hence: cyclic voltammetry). Initially, 

assumingg no electrode process occurs and the solution resistance is close to zero, no current 

flows.. Once the potential reaches a value at which the sample compound is oxidized or 

reduced,, the current rises. Since the solution is not stirred, the concentration of the parent 

compoundd in the thin layer near the working electrode surface (the electrode double layer) 

decreases.. At a certain potential the concentration gradient is steepest and the diffusion-

controlledd Nernstian current reaches a maximum. The parent compound has then been 

exhaustivelyy electrolyzed at the electrode surface. Continued sweeping of the potential shifts 

thee zone of electrolysis further to the bulk solution, the concentration gradient drops again and 

thee Faradaic current decreases exponentially to the mass transport limiting value. Figure 2.6 

displayss a typical example of a cyclic voltammogram. Apart from a working electrode and a 

counterr electrode, some means must be devised to determine the applied potential. For the CV 

measurementss presented in this thesis, a silver wire was employed as a pseudo-reference 

electrode.. Since the potential of such an electrode varies with temperature and chemical 

compositionn of the solution, all potentials are given relative to the redox potential of the 

Fc/Fc++ couple (Fc = ferrocene) used as an internal standard.40'41 Many types of absolute 

referencee electrodes exist, e.g. saturated calomel electrodes (SCE). However, these suffer 
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fromm the disadvantage that they cannot be used in air-tight, evacuable CV-cells of the type 

usedd in this thesis. 

I I 
O O 

-- Potential 

Figuree 2.6 Typical example of a cyclic voltammogram. 

CVV does not provide any specific information on bonding and electronic properties. 

However,, since oxidized and reduced species have their own spectroscopic (UV/Vis, IR, 

EPR,, resonance Raman, etc.) properties, the combination of cyclic voltammetry and 

spectroscopicc techniques is a powerful one. Spectroelectrochemistry (IR, UV/Vis) has 

advancedd hugely since the development of optically transparent thin layer electrochemical 

(OTTLE)) cells. The working electrode of such a cell usually consists of a transparent wire 

mesh,, rather than a solid surface.42,43 Spectroelectrochemical techniques at various 

temperaturess are used in chapter 4. 

2.44 Quantum chemical calculations44'45 

2.4.11 Introductio n 

Thee investigations dexcribed in this thesis make use of quantum chemical calculations 

inn several instances, in order to clarify the electronic structure of the complexes under study, 

too assign low-lying electronic transitions and to assign bands observed in resonance Raman 

spectra.. This section attempts to give a very brief introduction in quantum chemical 

calculationss in general and density functional methods in particular. 
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Inn quantum chemical calculations one generally aims to solve the famous Schrödinger 

equationn (eq. 2.7): 

inn which (2.7) 

Althoughh elegant in its simplicity, it is analytically unsolvable for multi-electron systems. The 

firstt two terms of the Hamiltonian, describing the kinetic energy of the entire system and the 

potentiall  energy due to the electrostatic interaction of the electrons with the nuclei do not pose 

anyy problems, in contrast to the third term, which describes the electron-electron interaction. 

Hence,, the aim is to approximate this electron-electron interaction in such a way that the 

equationn can be solved, while at the same time giving reliable results. In ab initio methods, 

oncee an approximate model for the molecular electronic wavefunction has been obtained, one 

proceedss to perform the calculations rigorously without further approximations. As this gives 

risee to lengthy calculations especially for large molecules, simplified methods have been 

developedd in which experimental information is used in the calculation to obtain accurate 

informationn about electronic structures and so on. These latter methods are collectively 

knownn as semi-empirical methods. 

AA common first approximation of the electron-electron interaction is that each 

electronn moves in an average field of the other electrons. In this way the n-electron equation 

cann be separated into n one-electron equations. A frequently used way to solve these 

equationss is by the self-consistent field (SCF) method, starting with a set of guess orbitals 

fromm which the operator can be constructed. Solution of the n one-electron equations yields a 

neww set of orbitals, which can in turn be used to adjust the operator. This iterative process 

continuess until the obtained orbitals remain constant. 

However,, by approximating the electron-electron interaction as described above, it 

wass assumed that each electron moves independently, thus neglecting electron correlation. 

Severall  ways have been developed to make post-SCF corrections that approximate electron 

correlationn in some way, such as configuration interaction (CI) and M0ller-Plesset 
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perturbationn methods, e.g. MP2. The calculations described in this thesis were performed by a 

differentt approach, known as density functional theory. 

2.4.22 Density Functional Theory46,47 

Densityy functional theory (DFT) deals with electron densities rather than 

wavefunctions.. This theory is based on the theorem that the total energy of a system is a 

functionall  of the system's electron density.48 In general a functional is the integration of a 

functionn over space. If this function contains first or higher derivatives, integration yields a 

non-locall  functional. 

Ratherr than solving the Schrödinger equation, in DFT-calculations the aim is to 

minimizee the energy functional, which reduces calculational costs enormously, compared to 

conventionall  ab initio methods. This energy functional can be written as a sum of functionals 

describingg the kinetic energy, the electrostatic interaction between electrons and nuclei, the 

repulsionn of each electron moving in the average field of all the other electrons and, finally, 

thee electron exchange and correlation interaction.49 A self-consistent field approach (see 

above)) can be taken to perform the calculation. The last term, the electron exchange and 

correlationn energy functional has to be approximated and it is the quality of this 

approximationn that determines the quality of the results of the calculation. A popular method 

iss the local density approximation, in which one assumes that the system can be approximated 

locallyy by a homogeneous electron gas. Additionally, more accurate functionals have been 

developed,, on which most of the success of the DFT-method is based. Another important 

factorr is the choice of basis sets; molecular orbitals can be represented by a linear 

combinationn of one-electron orbitals or basis functions, which is called the basis set. A great 

deall  of effort is being put into the development of better basis sets. Over the last 20 years, 

time-dependentt DFT-methods were developed,50 which have been implemented recently in 

somee program packages. These methods, which give access to properties such as Raman 

intensitiess and excitation energies are also used in chapter 7 of this thesis. 
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ChapterChapter 3. Tuning the Excited State Properties of [M(SnRj)2(CO)2((X-diimine)] (M = Ru, Os) 

3.11 Abstract 

Thee influences of R, the ot-diimine and the transition metal M on the excited state 

propertiess of the complexes [M(SnR3)2(CO)2(oc-diimine)] (M = Ru, Os; R = Ph, Me) were 

investigated.. Various synthetic routes were used to prepare the complexes, which all possess 

ann intense Sigma-Bond-to-Ligand Charge Transfer band in the visible region corresponding 

too a transition from a c(Sn-M-Sn) to a 7U*(a-diimine) orbital. The resonance Raman spectra 

showw that many bonds are only weakly affected by this transition. The room temperature 

time-resolvedd absorption (TA) spectra of [M(SnR3)2(CO)2(dmb)] (M = Ru, Os; R = Me, Ph; 

dmbb = 4,4'-dimethyl-2,2'-bipyridine) show the absorptions of the radical anion of dmb, in line 

withh the SBLCT-character of the lowest excited state. The excited state lifetimes at room 

temperaturee vary between 0.5 and 3.6 |is and are mainly determined by the photolability of 

thee complexes. All complexes are photostable in a glass at 90 K, under which conditions they 

emitt with very long lifetimes. The extremely long emission lifetimes {e.g. r = 1.1 ms for 

[Ru(SnPh3)2(CO)2(dmb)])) are about a thousand times longer than those of the MLCT states 

off  the [Ru(Cl)(Me)(CO)2(oc-diimine)] complexes. This is due to the weak distortion of the 

formerr complexes in their 3SBLCT states as seen from the very small Stokes shifts. 

Remarkably,, replacement of Ru by Os hardly influences the absorption and emission energies 

off  these complexes; yet the emission lifetime is shortened due to an increase of spin-orbit 

couplingg (SOC). The quantum yield of emission at 90 K is 1 - 5% for these complexes, which 

iss lower than might be expected on the basis of their slow non-radiative decay. 

3.22 Introductio n 

Mostt coordination and organometallic compounds containing a low-valent transition 

metall  and an a-diimine ligand such as 2,2'-bipyridine (bpy) possess intense low-energy 

Metal-to-Ligandd Charge Transfer (MLCT) transitions in the visible region of the spectrum. 

Bestt known are [Ru(bpy)3]
2+ u and [Re(Cl)(CO)3(bpy)]3'4 which proved to be good 

photosensitizerss for energy and electron transfer processes. Although [Ru(bpy)3]
 + is more 

suitablee as a photosensitizer due to its longer excited state lifetime and greater stability of its 

oxidationn product, the [Re(L)(CO)3(a-diimine)]+/0 complexes are more flexible since the 
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ligandd L can be varied at will,4 giving rise to large variation in excited state properties. Thus, 

whenn L = CP is replaced by L = I", the HOMO obtains predominant halide character and the 

low-energyy transitions change character from MLCT or d^Re)—»ji*(a-diimine) to Halide-to-

Ligandd Charge-Transfer (XLCT ) or p^L) —> 7i*(a-diimine).5 Yet another situation arises if L 

iss an alkyl or metal fragment bound to Re via a high-lying o(Re-L) orbital. The lowest 

excitedd state then has a(Re-L)7E*(oc-diimine) or Sigma-Bond-to-Ligand Charge Transfer 

(SBLCT)) character.6 The SBLCT states are normally shorter lived than the MLCT and XLCT 

statess since they give rise to homolysis of the metal-metal or metal-alkyl bond with 

formationn of radicals. For quite a few [Re(L)(CO)3(oc-diimine)]+/0 complexes these radicals 

andd their formation have been studied with (time-resolved) spectroscopic techniques.6'7 

Interestingly,, most of these complexes are not only photostable at low temperature, 

butt their 3SBLCT states are also much longer lived than 3MLCT or 3XLCT states usually are. 

Forr instance, [Re(Br)(CO)3(dmb)] (dmb = 4,4'-dimethyl-2,2'-bipyridine) emits in a 2-MeTHF 

glasss at 80 K from its mixed 3MLCT/3XLCT state at 525 nm with a lifetime of 3.7 jxs, 

whereass [Re(SnPh3)(CO)3(dmb)] emits from its 3SBLCT state at 609 nm with a lifetime of 1.1 

xx 102 |is under these conditions.5,6 

Inn order to further increase the variation in excited state properties we have extended 

ourr photochemical studies to complexes of the type [Ru(Li)(L2)(CO)2(a-diimine)], in which 

bothh Li and L2 can be varied.8 Especially those complexes proved to be of great interest in 

whichh both Li and L2 are bound to Ru by a high-lying c orbital. The HOMO of these 

complexess is a G(L]-RU-L 2) orbital and, accordingly, the lowest-energy transition has o"(L[-

Ru-L2)->rc*(a-diimine)) (SBLCT) character. Depending on the relative strengths of the Ru-Li 

andd Ru-L2 bonds and their involvement in the HOMO, one of these bonds is preferably 

brokenn on irradiation. If both Ru-Lj/L2 bonds are strong, as in the case of LL = L2 = SnPh3, 

thee complexes proved to be less photoreactive at room temperature and photostable and very 

longg lived in their 3SBLCT states in a glass at 80 K. In the case of [Ru(SnPh3)2(CO)2(iPr-

DAB)]]  (iPr-DAB= N,W-diisopropyl-l,4-diazabutadiene) an emission lifetime of 2.6 x 102 |is 

wass measured under these conditions, which is exceptional for charge transfer states of 

organometallicc complexes.8 This result prompted us to extend our investigations on these 

complexess further and develop organometallic systems that are photostable at room 

temperaturee and emit in the near infrared region with still an appreciable lifetime, to be of use 

ass luminescent labels in biochemical separations. For this purpose, oc-diimine ligands with 

low-lyingg 7t*  orbitals were employed in order to shift the emission to the NIR and to increase 
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thee barrier for the radical formation. In order to increase the photostability further, Ru was 

replacedd by Os in [Ru(SnPh3)2(CO)2(a-diimine)] because transition metal atoms from the 

thirdd row are expected to form stronger bonds with tin than those of the first and second row. 

Figuree 3.1 shows the general structure of the odi imine ligands and of the complexes under 

study. . 

SnR R 
M=Ru,, Os 

, c oo R = Me, Ph 

dmb b pAn-BIAN N 

iPr-DAB B 

— // MeO—V y—N N—<( V - OMe 

pAn-DAB B 

Figuree 3.1 Schematic structures of the [MCSnRjMCO^Coc-diimine)] complexes and the a-diimine 

ligandss used. 

3.33 Experimental Section 

Materials.. [Ru,(CO),2] (ABCR), K2OsCl6 (Alfa), I2 (Merck), SnClPh, (Merck, zur Synthese), 

SnClMe.ii  (Acros, 99%), 4,4'-dimethyl-2,2'-bipyridine (dmb, Fluka), formic acid (Merck) and 

formaldehydee (aq, 40%, EGA Chemie) were used as received. Solvents purchased from Acros (THF, 

hexane,, dichloromethane, acetonitrile, diethyl ether, methanol, 2-MeTHF), Merck (heptane), BDH 

(ethanoll  abs.), Baker (n-propanol) were dried on and distilled from the appropriate drying agent if 

necessary.. Silica gel (kieselgel 60, Merck, 70-230 mesh) for column chromatography was dried and 

activatedd by heating in vacuo at 160 °C overnight. 

Syntheses.. All syntheses were performed under a nitrogen atmosphere using standard Schlenk 

techniques.. A',A''-diisopropyl-l,4-diazabutadiene (iPr-DAB),9 A/,N'-di-(p-methoxyphenyl)-l,4-
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diazabutadienee (pAn-DAB),10 A^N'-bis-(p-methoxyphenylimino)-acenaphthene (pAn-BIAN)" 12 and 

[Ru(SnPh3)2(CO)2(iPr-DAB)] l?? were prepared according to literature procedures. 

Thee complexes [Ru(I) 2(CO)2(a-diimine)] (a-diimine = pAn-DAB, pAn-BIAN , dmb) were 

preparedd according to the procedure used for the synthesis of [Ru(I)2(CO)2(dmb)]: A mixture of 

1.0555 g (2.14 mmol) [Ru(I)2(CO)2(MeCN)2] and 442 mg (2.37 mmol) dmb was suspended in 50 mL 

diethyll  ether and refluxed for 30 minutes. The reaction mixture was cooled down to room temperature 

andd the residue was filtered off (G3 glass filter), washed with pentane and dried in vacuo to yield the 

productt as a yellow powder. Yield: 94%. IR (THF); v(CO): 2049, 1991 cm"1. 'H NMR (CDC13); 8: 

2.611 (s, 6H, dmb CH3), 7.38 (d, 3J = 5.5 Hz, 2H, dmb H5), 8.22 (s, 2H, dmb H3), 8.95 (d, V=5.8 Hz, 

2H,, dmb H6) ppm. [Ru(I) 2(CO)2(pAn-DAB)] : Yield: ca. 90 %. IR (THF); v(CO): 2056, 2002 cm"1. 
lHH NMR (CDC13); S: 3.88 (s, 6H, OCH3), 6.99 (d, V = 9 Hz, 4H, o-C^OCHO, 7-68 (d> ^ = 9 Hz> 

4H,, m-C6//4OCH3), 8.12 (s, 2H, imine H) ppm. [Ru(I) 2(CO)2(pAn-BIAN)] : Yield: ca. 90%. IR 

(THF);; v(CO): 2056, 2003 cm"1. 'H NMR (CDCI3); 8: 3.95 (s, 6H, OCH3), 7.12 (d, V = 9 Hz, 6H, 

H3+H9,, see Figure 3.1 for numbering), 7.52 (pst, 2H, H4), 7.80 (d, V = 8.8 Hz, 4H, H10), 8.04 (d, 2H, 

V=8.3Hz,, H5)ppm. 

Thee polymer [Os(Cl)2(CO)2]„  was prepared by a modified literature procedure.14 K20sCl6 

(8233 mg, 1.7 mmol) was dissolved in a mixture of formic acid (40 mL) and formaldehyde (aq, 40%, 

155 mL). The reaction mixture was deaerated by bubbling nitrogen through for 20 minutes and 

subsequentlyy refluxed for 3 days during which the color changed from dark red via greenish to light 

yellow.. The solvent was removed in vacuo and the resulting product was triturated with 

dichloromethane.. The product was dissolved in acetone and filtered to remove KCI. Evaporation of the 

solventt yielded the product as an off white powder. Yield: ca. 90 %. IR (THF); v(CO): 2117, 2022 

cm"1. . 

[Os(Cl)2(CO)2(dmb)]]  was prepared by a modified literature procedure.14 [Os(Cl)2(CO)2]„  (269 

mg,, 0.85 mmol) and dmb (180 mg, 0.97 mmol) were dissolved in 30 mL n-propanol. The reaction 

mixturee was refluxed for several hours, until IR showed complete conversion. After removing the 

solventt in vacuo the product was purified by column chromatography (activated silica, 

hexane/dichloromethanee gradient elution). The product was obtained as a light yellow powder. Yield: 

ca.ca. 90 %. IR (THF); v(CO): 2030, 1960 cm"1. UV/Vis (THF); A,™: 296, 373 nm. 'H NMR (CDC!,); 

8:8: 2.63 (s, 6H, dmb CH,), 7.45 (d, V = 5.3 Hz, 2H, dmb H5), 8.02 (s, 2H, dmb H3), 8.94 (d, V = 5.7 

Hz,, 2H, dmb H6) ppm. 

[Os(Cl)2(CO)2(iPr-DAB)] .. [Os(Cl)2(CO)2]„  (201 mg, 0.63 mmol) and iPr-DAB (182.1 mg, 

1.300 mmol) were dissolved in 30 mL absolute ethanol. The reaction mixture was refluxed for several 

hourss until IR showed complete conversion. The solvent was evaporated and after purification by 

columnn chromatography (activated silica, hexane:THF = 1:1), the product was obtained as an orange 

powder.. Yield: 63 %. IR (THF); v(CO): 2034, 1965 cm"1. UV/Vis (THF); A,™: 419 nm. 'H NMR 
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(CDC10;; 8: 1.50, 1.52 (d, V = 6.6 Hz, 12H, CH(C//3)2), 4.32 (sept, V = 6.5 Hz, 2H, CW(CH3)2), 8.55 

(s.. 2H, imine CH) ppm. 

[Ru(SnPh3)2(CO)2(dmb)].. [Ru(I)2(CO)2(dmb)] (206.2 mg, 0.35 mmol) was dissolved into 25 

mLL THF. A solution of LiSnPIv, in THF (prepared from SnClPhh and freshly cut lithium metal) was 

addedd gradually (in the dark) until IR showed complete conversion. Methanol (2 mL) was added to 

quenchh any unreacted LiSnPh.,. The solvent was evaporated and after purification by column 

chromatographyy in the dark (activated silica, hexane/dichloromethane gradient elution), the product 

waswas obtained as a red microcrystalline powder. Yield: ca. 50 %. Elem. Anal.; calcd. for 

C5oH42N202RuSn2:: C 57.67, H 4.07, N 2.69; found C 57.33, H 3.91, N 2.58. FAB-MS; m/z: 1042 

[M +],, 965 [M+ - Ph], 691 [M+ - SnPh,]. IR (THF); v(CO): 1996. 1942 cm1. UV/Vis (THF); A™*: 

327,, 521 nm. 'H NMR (C6D„); 8: 1.65 (s, 7Sn-H = 9 Hz, 6H, dmb CH,). 5.80 (d, V = 5.6 Hz, 2H, dmb 

H5),, 6.66 (s, dmb H3), 7.02 (m, 9H, m//>-SnC6H5), 7.41 (m, 6H, o-SnC6H,), 8.29 (d, V = 5.9 Hz, 2H, 

dmbb H-6) ppm. 1?C NMR APT (CfiD6); 8 : 20.2 (dmb Me), 122.8 (dmb C5), 125.4 (dmb C3), 127.1 

(/7-SnCflH,).. 127.7 (m-SnC6Hs), 137.4 (7Sn_c = 36Hz. o-SnC6H5), 145.1 (dmb C4). 145.4 (dmb C2). 

150.77 (VSn_c = 12Hz, //»'^SnCfiH0, 151.8 (JSn_c = 12 Hz, dmb C6), 208.0 (CO) ppm. 

[Ru(SnPh3)2(CO)2(pAn-DAB)] .. To a solution of 285 mg [Ru(I)2(CO)2(pAn-DAB)] in THF, 

0.55 mL NaKi alloy was added. Stirring at room temperature yielded a solution of a highly reactive 

anionicc intermediate. The remaining NaK, alloy was filtered off using a G3 frit and two equivalents of 

SnClPfhh were added in the dark. After column chromatography (activated silica, 

dichloromethane/hexanee gradient elution) the product was obtained as a brownish green powder. 

Yield:: ca. 50%. FAB-MS; m/z: 1126 [M+], 1049 (M+ - Ph), 776 (M+ - SnPh,). IR (THF); v(CO): 

2011,, 1960 cm-1. UV/Vis (THF); A,„„ : 396, 449, 570 nm. 'H NMR (CftDft); S: 3.18 (s, 6H, OCH,), 

6.633 (d, V - 9 Hz, 4H, o-C6«4OCH3). 6.82 (s, JSn-n = 27 Hz, 2H, imine H ),7.09 (d, V = 9 Hz, 4H, m-

C6//4OCH,),, 7.19 (m, 18H. m/p-SnC6H5), 7.50 (m, 12H, o-SnC6H,) ppm. "C NMR APT (C6D6); 

5:55.11 (OCH0. H4.4 ( o-C6H4OCH?), 124.5 (wi-C6H4OCH3), 127.1 (p-C6H4OCH,), 128 (m/p-

SnC6Hs).. 138.0 (JSn-c = 35 Hz, o-SnCAHs), 141.3 (f'/J50-SnC6Hs), 160.5 (s, 7Sn_c = 15 Hz, imine C), 

204.00 (CO) ppm. 

[Ru(SnPh3)2(CO)2(pAn-BIAN)] .. This complex was prepared from [Ru(I)2(CO)2(pAn-

BIAN) ]]  and SnClPh? according to the procedure for [Ru(SnPh.02(CO)2(pAn-DAB)]. Yield: ca. 50 %. 

FAB-MS;; m/z: 1250 [M+], 1173 [M +-Ph], 899 [M+ - SnPh3]. IR (THF); v(CO): 2011, I960 cm"1. 

UV/Vi ss (THF); A,liax: 272, 321, 377sh, 400sh, 455, 607 nm. 'H NMR (CD2C12); 8: 3.86 (s, 6H, OCH,), 

6.633 (d, V= 8.7 Hz, 4H, H10, see Figure 1 for numbering), 6.73 (d, V = 7.2 Hz, 2H, H3), 6.9 (m, 18H, 

m/p-SnQH,),, 7.03 (d, V = 8.7 Hz, 4H, H9), 7.24 (m, 12H, o-Sn-C6H5), 7.28 (pst, 2H, H4), 7.82 (d, 2H 

VV = 8.4 Hz, H5) ppm. I?C NMR APT (CD2C12); 5:56.2 (OCH?), 114.1 (C9, see Figure 3.1 for 

numbering),, 122.8 (C3) 124.6 (C10), 127.7 (C4), 128.1 (p-SnC6H5), 128.4 (m-SnC6H5), 128.5 (C2), 
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128.77 (C5), 131.1 (C6), 138.0 (Jŝ c = 34 Hz, <?-SnC6H5), 140.7 (C7), 142.9 (Z/wo-SnC6H5), 144.3 

(C8),, 159.9 (CI 1), 161.6 (CI), 204.1 (CO) ppm. 

Thee complexes [Ru(SnMe3)2(CO)2(a-diimine)] (a-diimine = dmb, iPr-DAB ) were prepared 

byy reaction of [Ru(I)2(CO)2(a-diimine)] and LiSnMe3 according to the procedure used for the 

synthesiss of [Ru(SnPh3)2(CO)2(dmb)] (vide supra). [Ru(SnMe3)2(CO)2(iPr-DAB)] . Yield: ca. 50 %. 

IRR (THF); v(CO): 1993, 1936 cm"1. UV/Vis (THF); A™: 277, 404, 511 nm. 'H NMR (CDC13); 8: 

0.033 (s, 7Sn-H = 43 Hz, 18H, SnMe), 1.38 (d, 12H, V = 6.6 Hz, CH(C//3)2), 4.47 (septet, 2H, V = 6.6 

Hz,, Ctf(CH3)2), 7.82 (s, JSn-H = 26 Hz, 2H, imine H) ppm. 13C NMR APT (C6D6); S: -8.5 (ySn-c = 198 

Hz,, SnCH3), 25.0 (CH(CH3)2)), 63.8 (CH(CH3)2), 141.6 (imine-C), 181.5 (7Sn-c = 48 Hz, CO) ppm. 

[Ru(SnMe3)2(CO)2(dmb)].. Yield: ca. 50 %. IR (THF); v(CO): 1984, 1928 cm"1. UV/Vis (THF); 

A™*:: 257sh, 409, 598 nm. 'H NMR (QD6); 8 : 0.10 (s, JSn-H = 38 Hz, 18H, SnMe 2.63 (s, ySn.H - 11 

Hz,, 6H, dmb CH3), 6.07 (d, V = 5.9 Hz, 2H, dmb H-5), 7.08 (s, 2H, dmb H3), 8.70 (d, V = 5.9 Hz, 

2H,, dmb H6) ppm. 13C NMR APT (C6D6); 8 : -10.1 (SnMe), 20.5 (dmb CH3), 122.8 (ySn.c = 13 Hz, 

dmbb C5), 124.4 (ySn_c = 8 Hz, dmb C3), 144.3 (/Sn-c = 16 Hz, dmb C4), 149.7 (ys„-c = 16 Hz, dmb 

C2),, 151.5 (ySn-c = 12 Hz, dmb C6), 210.5 (CO) ppm. 

[Os(SnPh3)2(CO)2(dmb)].. [Os(Cl)2(CO)2(dmb)] (332.4 mg, 0.66 mmol) was dissolved into 25 

mLL THF. A solution of LiSnPh3 in THF (prepared from SnClPh3 and freshly cut lithium metal) was 

addedd gradually (in the dark) until IR showed complete conversion. Methanol (2 mL) was added to 

quenchh any unreacted LiSnPh3. The solvent was evaporated and after purification by column 

chromatographyy in the dark (silica, hexane/dichloromethane gradient elution) the product was 

obtainedd as a red microcrystalline powder. Yield: ca. 50%. FAB-MS; m/z:ll30 [M+], 1053 [M+ - Ph], 

7811 [M+ - SnPh3]. IR (THF); v(CO): 1989, 1930 cm'1. UV/Vis (THF); A™„: 305, 358sh, 514 nm. 'H 

NMRR (C6D6); 8: 1.67 (s, JSn-H = 9 Hz, 6H, dmb CH3), 5.71 (d, V = 5.9 Hz, 2H, dmb H5), 6.62 (s, dmb 

H3),, 7.02 (m, 9H, m/p-SnC6H5), 7.41 (m, 6H, o-SnC6H5), 8.45 (d, V = 6.0 Hz, 2H, dmb H6) ppm. ,3C 

NMRR APT (C6D6); 8: 20.1 (dmb CH3), 123.1 (dmb C5), 126.2 (dmb C3), 127.2 (m//>-SnC6H,), 127.7 

(m/p-SnC6H5),, 137.5 USn-c = 35Hz,, o-SnC6H5), 144.0 (ySn.c = 16 Hz, dmb C4), 145.2 USn_c = 13 Hz, 

dmbb C2), 151.7 (dmb C6), 150.7 (7Sn-c = 11 Hz, i>so-SnC6H5), 190.8 (CO) ppm. 

[Os(SnPh3)2(CO)2(iPr-DAB)] .. Os(Cl)2(CO)2(iPr-DAB) (183 mg, 0.40 mmol) was dissolved 

inn 30 mL THF. After addition of NaK3-alloy (0.5 mL) , the color changed from orange via green to 

brown-yellow.. The reaction mixture was filtered and added in the dark to a solution of 293 mg (0.88 

mmol)) SnClPh3 in 10 mL THF. This mixture was stirred for a few minutes and the solvent was 

removedd in vacuo. After purification by column chromatography in the dark (silica, 

hexane/dichloromethanee gradient elution) the product was obtained as an orange microcrystalline 

powder.. Yield: ca. 50%. FAB-MS; m/z: 1086 [M+], 1009 [M+ - Ph], 737 [M+ - SnPh3]. IR (THF); 

v(CO):: 1996, 1939 cm"1. UV/Vis (THF); A w 287, 494 nm. lH NMR (CDC13); 8: 0.95 (d, V = 6.6 

Hz,, 12H, CH(C//3)2), 4.62 (sept, V = 6.6 Hz, 2H, C//(CH3)2), 7.25 (m, 9H, m/p-SnC6H5), 7.32 (m, 6H, 

55 5 



ChapterChapter 3. Tuning the Excited State Properties oflM(SnR3)2(CO)2(a-diimine)] (M = Ru, Os) 

o-SnCeHO,, 8.15 (s, Jsn-H = 23.7 Hz, 2H, imine H) ppm. ,3C NMR APT (C6D6); Ö: 24.8 (CH(CH3)2), 

65.44 (CH(CH3)2), 128.0 (m/p-SnC^), 128.2 (m/p-SnC6H5), 137.7 (7Sn_c = 34 Hz. a-SnC6H5), 142.7 

(iywo-SnCfiHO,, 148.5 (Jsn-c = 15 Hz, imine C), 187.9 (CO) ppm. 

[Os(SnMe3)2(CO)2(iPr-DAB) ]]  was prepared from [Os(Cl)2(CO)2(iPr-DAB)] and LiSnMe? 

accordingg to the procedure used for the synthesis of [Ru(SnPh3)2(CO)2(dmb)] {vide supra). Yield: ca. 

500 %. IR (THF); v(CO): 1984, 1927 cm"1. UV/Vis (THF); X^: 257, 370, 484 nm. 'H NMR (C6D6); 

S:S: 0.28 (s, 18H, 7Sn.H = 46 Hz. SnMe), 1.04 (d, 12H, V = 6.6 Hz, CH(C//,)2). 4.47 {septet, 2H, -J = 

6.66 Hz, C//(CH,)2), 7.52 (s. /Sn_H = 22 Hz, 2H, imine H) ppm. I?C NMR APT (CfiDfi); 8: -9.1 (JSn_c = 

2288 Hz, SnCH3), 25.2 (CH(CH,)2)), 65.0 (CH(CH3)2), 143.0 (imine-C), 190.9 (JSn_c = 38 Hz, CO) 

ppm. . 

Spectroscopicc Measurements. All spectroscopic measurements were performed under a 

nitrogenn atmosphere. Infrared spectra were recorded on Bio-Rad FTS-7 and FTS-60A FTIR 

spectrophotometerss (the latter equipped with a liquid-nitrogen-cooled MCT detector), and electronic 

absorptionn spectra on Varian Cary 4E and Hewlett-Packard 8453 spectrophotometers. NMR spectra 

weree recorded on a Bruker AMX 300 (300.13 MHz and 75.46 MHz for 'H and '3C, respectively) 

spectrometer.. Resonance Raman spectra of the complexes dispersed in KN03 pellets were recorded on 

aa Dilor XY spectrometer equipped with a Wright Instruments CCD detector, using a Spectra Physics 

2040EE Ar+ in combination with Coherent CR490 and CR590 dye lasers (with Coumarin 6 and 

Rhodaminee 6G dyes) as the excitation sources. Steady state emission spectra were measured on a 

SPEXX Fluorolog 2 (equipped with an RCA C31034 Peltier cooled GaAs photomultiplier). 

Nanosecondd time-resolved electronic absorption and emission spectra were obtained using a 

setupp described previously.7 A teflon mask around the glass tube sample cell with 1 mm holes for the 

probee light and a 1 cm slit for the pump light was used for the low-temperature transient absorption 

spectrum.. As irradiation sources the second harmonic (532 nm) of a Spectra Physics GCR3 Nd:YAG 

laser,, a Quanta Ray PDL  pulsed dye laser with a Coumarin 440 solution (440 nm) or a continuously 

tunablee (400-700 nm) Coherent Infinity XPO laser were used. Emission quantum yields were 

measuredd relative to a standard solution of [Re(Cl)(CO)3(bpy)] in 2-MeTHF (0 = 0.028 at 77 K), 

usingg a gate of 10 ms. 

Time-resolvedd IR measurements were performed at the University of Nottingham. The 

detailedd description of the step-scan apparatus developed at the University of Nottingham will be 

publishedd elsewhere.'5 The set-up consists of a commercially available step-scan FTIR spectrometer 

(Nicolett Magna 860) equipped with a 100 MHz 12-bit digitizer and a 50MHz MCT detector. The 

samplee was excited using the second (532 nm) or third (355 nm) harmonic from a Nd:YAG laser 

(Spectronn SL80SG). The data collection was performed with OMNIC software. Synchronization of the 

Nd:YAGG laser with data collection was achieved by means of a pulse generator (Stanford DG535). 

Thee signal passes a low-noise pre-amplifier (Stanford Research System, Model SR560) which has 
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beenn set up at 1MHz for our experiments. Experiments at 77K were performed in a home-built IR cell, 

withh CaF2 windows. Typically, a 1mm pathlength was used. 

Photochemicall  quantum yields were determined by observation of the decay of the first 

absorptionn band of solutions of the complexes in dichloromethane at 21.0 °C by in situ irradiation in a 

Variann Cary 4E spectrophotometer using previously described procedures.7 

3.44 Results 

3.4.11 Syntheses 

Thee procedure used for the synthesis of [Ru(SnPh3)2(CO)2(iPr-DAB)]16 is not suitable 

forr the preparation of the [Ru(SnR3)2(CO)2(a-diimine] complexes containing other a-diimine 

ligandss than R-DAB. Instead, these complexes were prepared from [Ru(I)2(CO)2(a-diimine)], 

whichh was obtained by reaction of the appropriate a-diimine ligand with 

[Ru(I)2(CO)2(MeCN)2],
177 and LiSnR3. 

However,, during the preparation of [Ru(SnPh3)2(CO)2(pAn-BIAN)] the last step 

resultedd in decomposition. [Ru(I)2(CO)2(pAn-BIAN)] was therefore prepared first and 

subsequentlyy reduced using sodium-potassium alloy to give a highly reactive intermediate. 

Thiss intermediate was then allowed to react with two equivalents of SnClPh3, yielding the 

desiredd product. This method, which has also been used for the synthesis of 

[Ru(Me)(I)(CO)2(bpy)]18199 was also successfully used for the synthesis of 

[Ru(SnPh3)2(CO)2(pAn-DAB)]. . 

Thee recently synthesized complexes [Os(Cl)2(CO)2(a-diimine)],14 proved to be 

excellentt starting compounds for the preparation of [Os(SnPh3)2(CO)2(a-diimine)]. The 

synthesiss started with the formation of the polymer [Os(Cl)2(CO)2]n which was allowed to 

reactt with the a-diimine ligand. Subsequent addition of LiSnPh3 to a solution of this complex 

affordedd [Os(SnPh3)2(CO)2(a-diimine)] in the case of dmb. However, in the case of the iPr-

DABB complex, the last step of this reaction sequence resulted in decomposition and 

[Os(SnPh3)2(CO)2(iPr-DAB)]]  was therefore synthesized from [Os(Cl)2(CO)2(iPr-DAB)] 

usingg the procedure used for [Ru(SnPh3)2(CO)2(pAn-BIAN)] . 

Al ll  compounds are strongly coloured microcrystalline powders. They have a trans-

(SnR3,, SnR3), cis-(COt CO)-configuration, as can be seen from their IR and NMR spectra.13 
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Thee complexes are photostable in the solid state, but photolabile in solution to varying 

degrees. . 

3.4.22 Electronic absorption and resonance Raman spectra 

Alll  complexes under study show an intense absorption band at 500 - 600 nm (Table 

3.1),, which has been assigned to a a(Sn-Ru-Sn)-»7r,*(iPr-DAB) Sigma-Bond-to-Ligand 

Chargee Transfer (SBLCT) transition in the case of [Ru(SnPh3)2(CO)2(iPr-DAB)].13 The 

absorptionn bands are only weakly solvatochromic. For instance, Av= vmax(MeCN) -

vmax(toluene)) = 0.57 x 103 cm"1 for [Ru(SnPh3)2(CO)2(iPr-DAB)], which is much less than 

thee solvatochromism of the MLCT band of e.g. the isostructural complex 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  (Av= 1.9 x 103 cm-1).18 Furthermore, the absorption bands of 

thee R-DAB and pAn-BIAN complexes (Table 3.1, entries 1, 2, 5, 7 and 9) are less 

solvatochromicc (Av - 0.2 x 103 - 0.6 x 103 cm-1) than those of the aromatic dmb complexes 

(Av== 1.2 x 103-1.5x 103 cm"1) (Table 3.1, entries 4, 6 and 8). 

Tablee 3.1 Electronic absorption spectral data and transient absorption lifetimes of the 

M(SnR3)2(CO)2(a-diimine)) complexes at room temperature. 

entry y 

ld d 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

metal l 

Ru u 

Ru u 

Ru u 

Ru u 

Ru u 

Ru u 

Os s 

Os s 

Os s 

R R 

Ph h 

Ph h 

Ph h 

Ph h 

Me e 

Me e 

Ph h 

Ph h 

Me e 

a-diimine e 

iPr-DAB B 

pAn-DAB B 

pAn-BIAN N 

dmb b 

iPr-DAB B 

dmb b 

iPr-DAB B 

dmb b 

iPr-DAB B 

electronicc absorption; 

toluene e 

523 3 

577 7 

614 4 

542 2 

517 7 

630 0 

497 7 

537 7 

485 5 

CH2C122 (£)a 

519(6.8) ) 

5722 (2.7) 

6055 (16) 

5299 (3.8) 

515(7.2) ) 

612(5.3) ) 

4955 (6.2) 

519(4.1) ) 

4844 (6.9) 

A,naxx (nm) 

MeCN N 

508 8 

567 7 

601 1 

503 3 

511 1 

581 1 

485 5 

496 6 

482 2 

Ab b 

0.57 7 

0.31 1 

0.35 5 

1.4 4 

0.23 3 

1.3 3 

0.50 0 

1.5 5 

0.13 3 

transient t 

lifetime1""  (ps) 

1.0 0 

1.9 9 

3.6 6 

1.0 0 

2.6C C 

0.50 0 

1.5 5 

2.5 5 

1.4 4 

aeinl00 M .cm ; A = vm„(MeCN) - v,m,(toluene) in 10 cm ; °in THF at room temperature; from 

reff  '\ "̂'uncertainty large due to overlap of transient and ground state absorptions. 

Onn going to a 2-MeTHF glass at 80K, the absorption bands of the complexes become 

narrowerr and shift by ca. 20 nm to shorter wavelengths. They become asymmetric for the R-

DABB complexes, while those of the aromatic a-diimine compounds show a pronounced 
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shoulderr on their short wavelength side. As the DFT-calculations on the model complex 

[Ru(SnH3)2(CO>2(H-DAB)]]  do not show the presence of any close-lying electronic 

transition,166 this shoulder is attributed to a vibrational sideband. 

Inn order to characterize the SBLCT transition further, we studied the resonance Raman 

(rR)) spectra of the complexes. Upon excitation into an allowed electronic transition, such rR 

spectraa normally show resonance enhancement of Raman intensity for those vibrations which 

aree most strongly coupled to this transition.20 In other words, this technique allows us to 

characterizee the electronic transition by revealing which bonds of the complex are affected 

mostt (see section 2.2.1). RR spectra were recorded for all [M(SnR3)2(CO)2(iPr-DAB)] (M = 

Ru,, Os; R = Me, Ph) complexes under study and for comparison also for 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  in order to determine in which way the rR spectra are affected 

byy the type of electronic transition (SBLCT vs. MLCT). The wavenumbers of the most 

stronglyy enhanced Raman bands are collected in Table 3.2. The spectrum of 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  is rather simple (Figure 3.2A); it shows a strong rR effect for 

vs(CN)) of the iPr-DAB ligand at 1573 cm-1 and for a band at 492 cm"', belonging to a 

combinedd vfRu-CH.i) and vs(Ru-CO) mode (see chapter 8). A weaker effect is observed for 

vs(CO)) at 2017 cm-1. This spectrum is characteristic for excitation into an MLCT transition, 

sincee such a transition is accompanied by reduction of the iPr-DAB ligand (rR effect for 

Vs(CN))) and oxidation of the central metal atom (rR effect for vs(CO)). 

Tablee 3.2 Resonance Raman data of the complexes [M(SnR3)2(CO)2(iPr-DAB)] (M=Ru, Os; R = Ph, 

Me)) and [Ru(Cl)(Me)(CO)2(iPr-DAB)] in KN03. 

metall  R resonance Raman data 

vs(CO)) vs(CN) <SS(CH) 5 (DAB) 

"RTPP Ph 1473s 1283s 1166w 953s 836s 651 w 610m 419w 250m 197m 

Oss Ph 1467s 1272s 1168w958s 844s 657w 614m 424m 256m 211w 

Ruu Me 1473s 1286s 1178s 971s 850s 651m 615m 496w 425w 264w 229m 

Oss Me 1470m 1279s 1172s 968s 850s 646w 614m 494w 420m 251 w 189w 

"RÜCÏM?? 2017w 1573s 492m 
afromm refK;h [Ru(Cl)(Me)(CO)2(iPr-DAB)]( from ref1H 

Thee bands observed in the rR spectra of the [M(SnPh3)2(CO)2(iPr-DAB)] complexes 

aree weaker than those of [Ru(Cl)(Me)(CO)2(iPr-DAB)], while more bands are resonantly 

enhanced.. The spectra of e.g. [Ru(SnPh3)2(CO)2(iPr-DAB)] (Figure 3.2B) show rR effects for 
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stretchingg and deformation modes of the iPr-DAB ligand (1473, 1283, 953 and 836 cm"1), 

whilee vs(CO) is not observed at all. Some of these resonance effects are exceptional and their 

occurrencee will be explained in the Discussion Section. In addition, several lower-frequency 

rRR bands (at 610, 419, 250 and 197 cm"1 for [Ru(SnPh3)2(CO)2(iPr-DAB)]) are observed, 

whichh belong to (combined) metal-ligand stretching and deformation modes.21'22 The 

correspondingg osmium complex [Os(SnPri3)2(CO)2(iPr-DAB)] has virtually the same rR 

spectrum,, while the spectra of the corresponding [M(SnMe3)2(CO)2(iPr-DAB)] complexes 

additionallyy show a strong rR effect for a band at ca. 1170 cm-1, which is assigned to a CH3 

deformationn mode of the SnMe3 ligand 23 3 

2000 0 15000 1000, 
Wavenumberss (cm ) 

500 500 

Figuree 3.2 Resonance Raman spectra of (A) [Ru(Cl)(Me)(CO)2(iPr-DAB)] ( ^ = 457.9 nm), (B) 

[Ru(SnPh3)2(CO)2(iPr-DAB)]]  (A,,xc = 457.9 nm), (C) [Os(SnPh3)2(CO)2(iPr-DAB)] (^xc = 488.0 nm), 

(D)) [Ru(SnMe3)2(CO)2(iPrDAB)] (^xc= 476.5 nm) and (E) [Os(SnMe3)2(CO)2(iPrDAB)] (AeXC= 476.5 

nm).. Asterisks denote NOj" peaks. 

3.4.33 Time-resolved electronic absorption and emission spectra 

Nanosecondd time-resolved absorption (TA) spectra of the complexes were measured 

inn THF at room temperature and for [Os(SnPh3)2(CO)2(dmb)] also in a 2-MeTHF glass at 90 

K.. Both spectra of the latter complex are shown in Figure 3.3. In most spectra the bleaching 
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off  the ground state absorption is not observed due to the much stronger excited state 

absorption.. The TA spectra of all complexes are very similar, and consist of strong 

absorptionss with maxima at ca. 350 and 530 nm, and a weak, broad, band above 600 nm. The 

low-temperaturee spectrum of [Os(SnPh3)2(CO)2(dmb)] shows that this latter absorption is a 

separatee band and not the tail of the 530 nm band. The 90 K spectrum of 

[Os(SnPh3)2(CO)2(dmb)]]  shows that the 530 nm absorption band consists of two components. 

Similarr features, i.e. a broad, composite, band around 500 nm, a very broad and weak 

absorptionn above 600 nm, and an intense band between 350 and 400 nm, have also been 

observedd in the TA spectra of [Re(Br)(CO)3(dmb)],24 [Re(SnPh3)(CO)3(dmb)]6 and 

[Re(CH3)(CO)3(dmb)]77 and in the spectrum of reduced [Re(Br)(CO)3(dmb)].24 They closely 

resemblee the bands found in the absorption spectrum of the [dmb]*~ radical anion25 and are 

thereforee assigned to the intraligand transitions of the [dmb]"~ radical anion in the SBLCT 

statess of the complexes. At room temperature the excited states, which have lifetimes varying 

betweenn 0.5 and 3.6 (is, are quenched by oxygen, which confirms their triplet character. For 

instance,, the transient lifetime of [Os(SnPh3)2(CO)2(dmb)] is reduced by a factor of ten in the 

presencee of oxygen. 

Wavelengthh (nm) 

Figuree 3.3 Transient absorption difference spectra (solid lines) and ground state absorption spectra 

(dottedd lines) of [Os(SnPh3)2(CO)2(dmb)] in THF at room temperature (A) and in a 2-MeTHF glass at 

900 K (B). The delay between the transient absorption difference spectra is 200 ns (A) and 20 us (B). 
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Nanosecondd time-resolved emission spectra were recorded for the compounds in a 2-

MeTHFF glass at 90 K, under which conditions the complexes are completely photostable. The 

emissionn data (Table 3.3) show that the emitting states of all [M(SnR3)2(CO)2(a-diimine)] 

complexess are very long-lived, much longer than the 3MLCT state of the structurally related 

compoundd [Ru(Cl)(Me)(CO)2(iPr-DAB)]. The longest lifetime (T = 1.1 ms) is observed for 

[Ru(SnPh3)2(CO)2<dmb)],, in which complex the dmb is a rigid aromatic ligand. The SnMe3 

substitutedd complexes have slightly shorter emission lifetimes than the SnPh3 ones, which 

wass previously observed for [Re(SnR3)(CO)3(phen)] (R = Me, Ph).26 

Figuree 3.4 shows the absorption and excitation spectra of [Ru(SnPh3)2(CO)2(dmb)], 

togetherr with its CW emission spectrum excited at 500 nm. The excitation spectrum does not 

deviatee from the absorption spectrum, which means that the population of the emissive state 

hass the same efficiency throughout the first absorption band. 

B B 
HH -

350350 400 450 500 550 600 

Wavelengthh (nm) 

650 0 700 0 750 0 800 0 

Figuree 3.4 Emission spectrum (solid line, Â xc= 500 nm), excitation spectrum (dashed line, X*m=  620 

nm)) and ground state absorption spectrum (dotted line) of [Ru(SnPh,)2(CO)2(dmb)] in a 2-MeTHF 

glasss at 90 K. 

Justt as for [Ru(SnPh3)2(CO)2(iPr-DAB)]8 a weak emission is observed at the low-

energyy side of the broad emission band, which is only produced by excitation at the low-

energyy side of the first absorption band. Its lifetime is somewhat shorter than that of the much 
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strongerr high-energy component. For instance, the emission of [Ru(SnPh3)2(CO)2(dmb)] has a 

lifetimee of 1.1 ms at 440 nm excitation (Table 3.3) and 0.76 ms at 532 nm excitation. As the 

lifetimess do not differ much, taking into account the difference in emission energy, both 

emissionss most likely belong to the same excited state of the complex in a different 

environmentt or isomeric form. The former explanation was e.g. given in the case of 

[Re(SnPh3)(CO)3(bpy)],, since the effect was not observed for this complex in its solid state.26 

Variablee excitation wavelength time-resolved emission measurements, using a continuously 

tuneablee Coherent Infinity XPO laser, showed that both the emission maximum and lifetime 

aree constant for excitation wavelengths covering most of the absorption band and only start to 

changee at the extreme long-wavelength side of the absorption band. 

Tablee 3.3 Emission data of [M(SnR3)2(CO)2(a-diimine)] and [Ru(Cl)(Me)(CO)2(iPr-DAB)] in a 2-

MeTHFF glass at 90 K. 
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Replacementt of ruthenium by osmium has only a small effect on the absorption and 

emissionn energies of the [M(SnPh3)2(CO)2(a-diimine)] complexes. In spite of this, the 

emissionn lifetimes of the Os complexes are much shorter, due to the increase of spin-orbit 

couplingg (SOC) going from Ru to Os. For all complexes the quantum yields of emission 

(Tablee 3.3) from the 3SBLCT states are rather low in view of their very long emission 

lifetimes.. In the next section we will discuss this observation and its consequences in more 

detail. . 
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Inn the time-resolved FTIR spectra (Figure 3.5), the difference between iPr-DAB and 

dmbb complexes is clearly visible. Thus, the excited state IR spectrum of 

[Os(SnPh3)2(CO)2(iPr-DAB)]]  is very similar to that of [Ru(SnPh3)2(CO)2(iPr-DAB)],8 i.e. the 

v(CO)) bands have shifted to slightly lower wavenumbers. Apparently, in the excited state, the 

a-diiminee ligand is a poorer 7t-acceptor, which increases tt-backbonding to CO. In contrast, in 

thee excited states of the two dmb complexes [M(SnPh3)2(CO)2(iPr-DAB)] (M = Ru, Os), the 

v(CO)) bands have shifted to higher wavenumbers. This indicates that 7t-backbonding to CO 

hass decreased, although the frequency shift is far less than observed for the MLCT states of 

e.g.e.g. [Re(Cl)(CO)3(bpy)]. Work is in progress to clarify this difference. 

0.0 33  - i 

0.0 2 2 

0.0 1 1 

0.0 0 0 

a a 
o o 
i i 

-0.0 1 1 

-0.0 2 2 

193 2 2 

-0.033 -| 1 1 1 1 1 1 1 1 1 1 1 r" 

20400 202 0 200 0 198 0 196 0 194 0 192 0 190 0 

Wavenumberss  (cm' 1) 

Figuree 3.5 Transient IR difference spectra of (A) [Os(SnPh,)2(CO)2(iPr-DAB)], (B) 

[Os(SnPh,)2(CO)2(dmb)]]  and (C) [Ru(SnPh3)2(CO)2(dmb)] in nBuCN/nPrCN (5:4 v/v) at 77 K, A„c = 

3555 nm. Spectra A and C have been offset by 0.02 and -0.02, respectively, for clarity. 
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3.55 Discussion 

Thee complexes under study belong to a group of a-diimine compounds in which two 

co-ligandss are bound to the central metal atom via high-lying a orbitals. These co-ligands 

mayy be alkyl groups or metal fragments. The lowest-energy transitions of these complexes are 

fundamentallyy different from those of complexes with only one such co-ligand, e.g. 

[Ru(Cl)(R)(CO)2(a-diimine)],188 or [Ru(Cl)(SnPh3)(CO)2(a-diimine)].8 Transitions from the 

a(Ru-R)) or o(Ru-Sn) orbitals to 7t*(a-diimine) are normally not observed and the lowest-

energyy transitions of these latter complexes have d«(Ru) -> n*(a-diimine) (MLCT) character. 

Thiss situation changes completely when two metal fragments are coordinated in an axial 

positionn to Ru (or Os), as e.g. in the case of [M(SnR3)2(CO)2(a-diimine)]. According to 

densityy functional (DFT) MO-calculations on the model complex [Ru(SnH3)2(CO)2(H-

DAB)],166 the HOMO, denoted as o(Sn-Ru-Sn), consists of contributions from the anti-

symmetricc combination of the Sn fragment a orbitals Sn(sp3-sp3) (42%), and from the Ru(5p) 

(15%)) and H-DAB(jt* ) (27%) orbitals. This implies a strong a-n* interaction, i.e. a large 

delocalizationn of electron density from the Sn-Ru-Sn ö-bond over the H-DAB ligand. 

Accordingg to the calculations, the LUMO of the model complex is also delocalized since it 

hass contributions from H-DAB(TE* ) (61%), Ru(4dyz) (11%) and Sn(sp3-sp3) (27%). The 

o(Sn-M-Sn)->Tt*(oc-diimine)) transition between the HOMO and LUMO is strongly allowed. 

Inn view of the nature of the orbitals involved, this transition is called Sigma-Bond-to-Ligand 

Chargee Transfer (SBLCT).27 Because of the strong G-n* interaction, the lowest-energy 

(SBLCT)) transitions of the complexes under study are less solvatochromic than e.g. the 

MLCTT transition of the isostructural complex [Ru(Cl)(Me)(CO)2(iPr-DAB)] (see Table 3.1). 

Thee population of 7t*(iPr-DAB) in the ground state, due to the strong o-n* interaction, 

causess a lengthening of the CN-bond and a shortening of the CC-bond, since the lowest %*-

orbitall  of an a-diimine such as iPr-DAB is anti-bonding between the N and C atoms of the 

N=C-C=NN skeleton and bonding between the central C atoms. This is evident from the crystal 

structuree of [Ru(SnPh3)2(CO)2(iPr-DAB)], in which CN- and CC-bond lengths of 1.34 A and 

1.399 A, respectively, were found. This indicates much more population of 7t*(iPr-DAB) in the 

groundd state than for [Ru(I)(Me)(CO)2(iPr-DAB)] having CN- and CC-bond lengths of 1.26 

AA and 1.48 A, respectively. As can be seen from Table 3.1, the absorption bands of the R-

DABB and pAn-BIAN complexes are less solvatochromic than those of the aromatic dmb 
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compounds.. This means that the o and 71* orbitals of the dmb complexes have less interaction 

and,, accordingly, their o(Sn-M-Sn)->7C*(a-diimine) (M = Ru, Os) transitions have more 

chargee transfer character. The strong CT-7T* interaction of the R-DAB complexes causes the 

SBLCTT transition to occur at higher energy than expected on the basis of its 7t*-orbital 

energy.. This effect becomes evident when SnPh3 is replaced by the more electron donating 

SnMe33 in the complexes [Ru(SnR3)2(CO)2(a-diimine)] (R = Ph, Me; a-diimine = iPr-DAB, 

dmb)) (Table 3.1). A red shift of the absorption band is then observed in the case of the dmb 

complexes,, but not for the iPr-DAB compounds. 

Thee differences between the [M(SnPh3)2(CO)2(cx-diimine)] complexes possessing a 

low-energyy SBLCT transition and the isostructural complex [Ru(Cl)(Me)(CO)2<iPr-DAB)] 

havingg a lowest MLCT transition, are not only reflected in the absorption spectra, but also 

becomee evident when their resonance Raman spectra and especially their photophysicai and 

photochemicall  behaviour are compared. The main difference is the observation of rather 

strongg rR effects for a few vibrations in the case of [Ru(Cl)(Me)(CO)2(iPr-DAB)] and weak 

rRR effects for many vibrations in the case of the [M(SnR3)2(CO)2(iPr-DAB)] complexes. The 

latterr observation confirms the delocalized character of the SBLCT transition during which 

manyy bonds are only weakly distorted in the excited state. This weakness of distortion is also 

demonstratedd by the emission spectra [vide infra). The rR spectra of [Ru(SnPh3)2<CO)2(iPr-

DAB) ]]  (which is taken as a representative for all the [M(SnR3)2(CO)2(iPr-DAB)] complexes) 

showw strong rR effects for bands at 1473, 1283, 953 and 836 cm-1, while vs(CO) is not 

observedd at all. The absence of vs(CO) implies that the charge density at the central metal 

atomm is hardly affected by the electronic transition. This result agrees with the main 

conclusionn from the DFT calculations on the model complex [Ru(SnH3)2(CO)2(H-DAB)], 

thatt the central metal atom and the carbonyls are hardly involved in the a—»H* (SBLCT) 

transition.11 The rR band at 1473 cm-1 is assigned to vs(CN), which is lower in frequency than 

forr [Ru(Cl)(Me)(CO)2(iPr-DAB)] (1568 cm-1), due to the strong 7i-backbonding to iPr-DAB. 

Thee observation of a rR effect for a band at 1283 cm-1 is exceptional. It has only been 

observedd for complexes such as [W(CO)4(R-DAB)] (R = p-tolyl, mesityl),28 

[Re{Re(CO)5}(CO)3(iPr-DAB)] 211 and [Ru(L!)(L 2)(CO)2(iPr-DAB)] (L,, L2 = metal 

fragment)8'29,300 in which there is a very strong 7i-backbonding. According to calculations, it is 

aa coupled <5S(CH) + vs(CN) vibration, in which <5S(CH) is a symmetric in-plane deformation 

off  the imine hydrogen atoms (chapter 8). This coupling, which is responsible for the 

resonancee enhancement of this vibration, can occur because of the small energy difference 
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betweenn these two local modes. In the case of [Ru(SnPh3)2(CO)2(iPr-DAB)] strong rR effects 

aree also observed for deformation modes of iPr-DAB at 953 and 836 cm"1. These vibrations 

aree always observed in the case of a strong d -̂Ti*  or o-n* interaction (chapter 8).8'28-30 The 

observationn of 5(CH3) (for the SnMe3 complexes) indicates that the transition indeed occurs 

fromm a a(Sn-M-Sn) orbital rather than a d^M) orbital. 

Accordingg to the TA spectra the complexes [M(SnPh.3)2(CO)2(a-diimine)] have much 

longerr excited state lifetimes at room temperature (r = 0.5 - 3.6 fis, Table 3.1) than 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  (T = 63 ns)31 even though the former complexes are 

photolabile.. This photoiability, not observed for [Ru(Cl)(Me)(CO)2(iPr-DAB)], is a specific 

propertyy of complexes having a lowest SBLCT state and involves a homolytic splitting of a 

M-Snn bond from this state.32 Because of this photoiability, the 3SBLCT states of e.g. 

[Ru(SnPh3)2(CO)2(dmb)]]  and [Ru(SnPh3)2(CO)2(iPr-DAB)] have accidentally the same 

lifetimess (Table 3.1) although the dmb ligand is much more rigid and the SBLCT state of its 

complexx is at somewhat higher energy (Table 3.3). The large influence of the photoreactivity 

onn the excited state lifetime becomes also evident when the iPr-DAB ligand is replaced by an 

a-diiminee with a lower-lying K* orbital, such as pAn-DAB or pAn-BIAN. The SBLCT states 

aree then lower in energy and, although the energy-gap-law (EGL) predicts a decrease of 

excitedd state lifetime, this lifetime becomes much longer due to the larger photostability 

(Tablee 3.1). For instance, the quantum yield for the photoreaction of the 

[Ru(SnPh3)2(CO)2(R-DAB)]]  complexes in CH2C12 at room temperature is 0.10 for R = iPr but 

onlyy 0.006 for R = pAn. This increase of photostability is most probably due to an increase of 

thee barrier for this reaction, which is already large in the case of [Ru(SnPh3)2(CO)2(iPr-

DAB)].322 As the Os-Sn bonds are stronger than the Ru-Sn bonds, the [Os(SnPh3)2(CO)2(a-

diimine)]]  complexes are more photostable than the Ru ones (e.g. 0 = 0.038 for 

[Os(SnPh3)2(CO)2(iPr-DAB)]]  and 0 =0.10 for its Ru analogue). As a result, their SBLCT 

statess are also longer lived than those of the Ru compounds, despite the larger spin-orbit 

couplingg constant of the Os atom. Because of their photostability, the lifetimes of the Os 

complexess at room temperature also increase when iPr-DAB is replaced by dmb, i.e. when 

thee a-diimine becomes more rigid (Table 3.1). 

Thee differences between the 3SBLCT states of the [M(SnPh3)2(CO)2(a-diimine)] 

complexess and the 3MLCT state of [Ru(Cl)(Me)(CO)2(iPr-DAB)] become even more 

pronouncedd at low temperature, under which conditions all complexes are photostable. The 

emittingg 3SBLCT states of the [M(SnR3)2(CO)2(cc-diimine)] complexes are much longer lived 
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thann the 3MLCT state of [Ru(Cl)(Me)(CO)2(iPr-DAB)], an effect which was already noted 

forr the complex [Ru(SnPh3)2(CO)2(iPr-DAB)].8 This increase of lifetime is caused by a 

decreasee of distortion of the complexes in their lowest excited state, which is reflected in a 

decreasee of the apparent Stokes shift (i.e. the energy difference between the absorption and 

emissionn maxima, A£abs-em, see Table 3.3) from 10 x 103 cm"' to (3.5 - 6.0) x 103 cm"1 going 

fromm [Ru(Cl)(Me)(CO)2(iPr-DAB)] to [M(SnR3)2(CO)2(a-diimine)]. This implies that for the 
3SBLCTT state the potential energy curve is shifted less with respect to that of the ground state 

andd that the vibrational overlap between these curves is smaller for [M(SnPh3)2(CO)2(iPr-

DAB)]]  than for [Ru(Cl)(Me)(CO)2(iPr-DAB)]33"35 causing a decrease of the rate constant for 

non-radiativee decay km. In fact, km decreases by a factor of thousand going from 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  to [Ru(SnPh3)2(CO)2(iPr-DAB)] (Table 3.3) even though the 

emissionn energy hardly changes. Correspondingly, the emission lifetime, which is mainly 

determinedd by knr, increases by a factor of ca. one thousand viz. from 0.30 us to 2.6 x 10 us. 

Iff  an R-DAB ligand is replaced by pAn-BIAN and finally by a fully aromatic ligand 

thee a-diimine becomes more rigid. The complex is then even less distorted in its excited state 

andd this results in a smaller apparent Stokes shift, a smaller value of knT and a longer emission 

lifetime.. Of course, part of the decrease of knT is caused by the fact that the dmb complex 

emitss at somewhat higher energy. The rigidity of the dmb ligand, combined with the specific 

propertiess of the 3SBLCT state, causes the complex [Ru(SnPh3)2(CO)2(dmb)] to have an 

extremelyy long emission lifetime of 1.1 ms in a glass at 90 K. Emission lifetimes this long are 

virtuallyy unknown for charge transfer states of organometallic complexes. Various other types 

off  long-lived excited states are known and they all feature a diminished involvement of the 

transitionn metal atom in the excited state. Thus, for Ru(II) a-diimine complexes in which a 

low-lyingg intraligand (IL) state interacts with the MLCT state, the excited state lifetime may 

increasee by two orders of magnitude. An example is [Ru(bpy-pyr)(bpy)2]2+, a [Ru(bpy)3]2+ 

typee complex in which one bpy ligand has been functionalized with a pyrene group. In this 

casee the MLCT emission decay is biexponential, the longer-lived component (T = 50 us at 

roomm temperature) being due to internal conversion from the higher-lying pyrene IL state to 

thee 3MLCT state.36 When an ethynyl group is inserted between the bpy and pyrene units, the 

ILL and MLCT states are in thermal equilibrium, leading to a single exponential decay with a 

lifetimee of 46 us.37 An even longer excited state lifetime was found for tRu(CN2-np)(bpy)2]
 + 

(CN2-npp = naphtho[2,3-/][l,co]phenanthroline-9,14-dicarbonitrile), viz. r=  464 us at 77 K.38 

Excitedd states that are virtually purely IL in character can have even longer lifetimes. 
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Exampless include various metalloporphyrins39 and the complexes [M(bpy)3]3+ (M= Rh, 

Ir).40'411 Ligand-to-ligand charge transfer (L'LCT) states, among which the SBLCT states may 

bee reckoned in view of the limited involvement of the transition metal, can be long-lived as 

well.422 In the L'LCT state of [Zn(4-Cl-PhS>2(phen)] negative charge has been transferred from 

thee thiolate donors to the phenanthroline acceptor. The lifetime of this 3L'LCT state is 8 ms at 

6.55 K.43 For analogous transition metal complexes the excited state lifetime is shorter, e.g. r = 

6.11 (J.s for [Pt(bpy)(mnt)] (mnt = maleonitriledithiolate) in the solid state at 77 K. 

Replacementt of ruthenium by osmium has only a small effect on the absorption and 

emissionn energies of the [M(SnPh3)2(CO)2(a-diimine)] complexes. Thus, the energy of the 
3SBLCTT state hardly varies with M. In spite of this, the excited state lifetime is much shorter 

duee to an increase in spin-orbit coupling (SOC). In contrast to this, MLCT states show a 

decreasee of both the emission energy and lifetime when Ru is replaced by Os. For instance, 

thee complex [Ru(bpy)3]Ci2 emits in a 77K ethanol/methanol glass at 584 nm with a lifetime of 

5.33 (is, while [Os(bpy)3]Cl2 emits at 710/773 nm with a lifetime of 0.83 |is under these 

circumstances.444 Complexes with a lowest IL state also show a decrease of excited state 

lifetimee going from a second- to a third-row transition metal. For instance, the excited state 

lifetimee of [M(bpy)3]
3+ is 2.2 ms for M = Rh,40 but only 0.080 ms for M = Ir.41 Likewise, the 

excitedd state lifetime of [M(TPP)] (TPP = tetraphenylporphyrine) is 2.8 ms for M = Pd and 

0.299 ms for M = Pt.39 

Forr all complexes under study the quantum yields of emission <Ptm from the SBLCT 

statee are rather small in view of their very long emission lifetimes. By using the equation 

<p<pcmcm/i=/i=  0jsc/:r values are obtained for O^dd that do not exceed 1.8 x 102 s~' (Table 3.3). In 

fact,, these values are much lower than that found e.g. for the isostructural complex 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  (<£,«& = H x 102 s"1) having a lowest 3MLCT excited state. In 

general,, 3MLCT states have radiative decay constants kT that are even higher and range 

betweenn 104 and 105.36 These low values of 0-lscA:rfor the emission from the SBLCT state are 

ratherr unexpected since the electronic transition to the corresponding ' SBLCT state is 

stronglyy allowed (£= 3 - 15 x 103 M~'.cm_1, Table 3.1), which implies a large kr. Hence &\x 

mustt be much smaller than unity resulting in a low value for <P\sckT. Such values are obtained 

iff  crossing between 'SBLCT and 3SBLCT is slow or if there is a competing intersystem 

crossingg from the 'SBLCT state to another, non-emitting, state of e.g 3MLCT character. 

Accordingg to recent CASSCF/CASPT2 calculations of the ground and some singlet and triplet 

excitedd states of the model complex [Ru(SnH3)2(CO)2(Me-DAB)],45 both factors may play an 
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importantt role here. Thus, the calculated energy difference between the 'SBLCT and 3SBLCT 

statess of 5400 cm"1 is rather high compared with that between the lowest 'MLCT and 3MLCT 

statess (1500 cm"1). This large energy difference may cause a slowing down of the intersystem 

crossingg to such an extent that fluorescence from the 'SBLCT state can compete with this 

process.. In fact a short-lived and only slightly Stokes-shifted emission was observed, most 

probablyy belonging to fluorescence from the 'SBLCT state.6,8 This luminescence, which is not 

duee to fluorescence from solvent impurities or any other artifact, has a lifetime of 8.0 x 10 ps 

forr [Ru(SnPh3)2(CO)2(iPr-DAB)] in a 2-MeTHF glass at 90 K. This lifetime was determined 

withh a Hamamatsu streak camera setup,46 using a nitrogen laser (AeXC = 337 nm) as the 

excitationn source. 

AA second noteworthy result of the CASSCF/CASPT2 calculations is the presence of a 
3MLCTT state very close in energy to the absorbing 'SBLCT state. Intersystem crossing to this 
3MLCTT state will compete with decay to the 3SBLCT state, the more since crossing between 
11 SBLCT and 3MLCT has been found to be much more efficient than between 'SBLCT and 
3SBLCTT states.47 Moreover, occupation of the 3MLCT state in question is not expected to 

givee rise to any strong additional emission since the electronic transition to the corresponding 

'MLCTT state, observed as a weak band at ca. 400 nm in the case of [Ru(SnPh3)2(CO)2(iPr-

DAB)] ,, is overlap forbidden. 

Wee therefore propose that the low emission quantum yields of the complexes under 

studyy are the result of two effects, i.e. the large energy gap between the SBLCT and " SBLCT 

statess and the presence of a non-emissive 3MLCT state close in energy to the 'SBLCT state. 

3.66 Conclusions 

Thee results of this study show that the photostability of these complexes at room 

temperaturee can be increased appreciably by using an a-diimine with a low-lying n* orbital 

andd osmium instead of ruthenium. In this way virtually photostable complexes were prepared 

withh lifetimes of ca. 4 |is. In a glass at 80 K all complexes are photostable and since the 

complexess are only weakly distorted in their emitting 3SBLCT states according to the Stokes 

shiftt and resonance Raman spectra, extremely long emission lifetimes of up to 1.1 ms were 

obtained. . 
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Thee emission quantum yields are rather low and ab initio calculations suggest that this 

mayy be due to an inefficient decay to the emitting 3SBLCT state, but this wil l be investigated 

furtherr by ultrafast time-resolved absorption studies. 
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4.11 Abstract 

Thee photophysical, photochemical and redox properties of the title complexes were 

investigated.. Resonance Raman measurements revealed the lowest-energy electronic 

transitionn to possess Sigma-Bond-to-Ligand Charge Transfer (SBLCT) character. At low 

temperaturess long-lived near-IR emission was observed. Irradiation in solution results in 

homolyticc splitting of a Ru-Ru bond as the primary step, followed by secondary reactions of 

thee radical fragments depending on the experimental conditions. (Spectro)electrochemical 

investigationss of the title species proved that the axial [RuCp(CO)2] groups exert a stabilizing 

influencee on the corresponding radical cations, while destabilizing the corresponding radical 

anions,, compared to the redox behaviour of other ruthenium complexes of this type. 

4.22 Introductio n 

Thee photochemical, photophysical and redox properties of the complexes trans, cis-

[Ru(Li)(L 2)(CO)2(iPr-DAB)]]  (iPr-DAB = ^^V-diisopn>pyl-l,4-diaza-l,3-butadiene) have 

beenn studied extensively in our laboratory.1-5 In this general formula Li and L2 represent 

electronn donating ligands such as alkyl- or metal-containing groups. It was shown that in the 

lowest-excitedd state of these complexes electron density has been transferred from the o(Li-

Ru-L2)) system to the n* orbital of iPr-DAB, which contrasts with the lowest MLCT state of 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  and the XLCT (X = I) state of [Ru(I)(Me)(CO)2(iPr-DAB)].^8 

Onee of the consequences of this cm* or Sigma-Bond-to-Ligand Charge Transfer (SBLCT) 

excitedd state character is a dramatic increase in excited state lifetime.2 On the other hand, 

removall  of electron density from the bonding Li-Ru-L2 ö orbital imparts all members of the 

seriess [Ru(L])(L2)(CO)2(iPr-DAB)] with a certain degree of photoreactivity. 

Thee present study was undertaken to investigate the influence of strongly electron 

releasingg axial ligands on the photophysical and photochemical behaviour. Therefore, two 

novell  complexes were synthesized bearing one or two [RuCp(CO)2] groups as axial ligands. It 

wass expected that incorporation of these ligands would shift the electronic absorption 

maximumm to lower energy, hence giving rise to near-infrared emission. This is very 

interestingg in view of the challenging application of such compounds as luminescent labels 
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e.g.e.g. in biochemical separations, since in the near infrared spectral region of the spectrum the 

backgroundd luminescence is negligible. A long luminescence lifetime is also desirable in 

orderr to make time gated detection viable. In order to understand the influence of the electron 

releasingg [RuCp(CO>2] axial ligand(s) on the electronic properties and reactivity of the title 

complexess in more detail, a (spectro)electrochemical study was also undertaken. 

4.33 Experimental Section 

Materials.. [Ru3(CO)12] (ABCR), I2 (Merck), SnClPh3 (Aldrich) and [Ru(CO)2Cp]2 (Strem) 

weree used as received. Solvents purchased from Acros (THF, 2-MeTHF, hexanes, dichloromethane), 

Merckk (heptane) were dried on and distilled from the appropriate drying agent. Silica gel (kieselgel 60, 

Merck,, 70-230 mesh) for column chromatography was dried and activated by heating in vacuo at 160 

°CC overnight. 

Syntheses.. All syntheses and measurements were performed under a nitrogen atmosphere 

usingg standard Schlenk techniques. yV,W-diisopropyl-l,4-diaza-l,3-butadiene (iPr-DAB),26 

[RuCp(H)(CO)2],
177 [RuCp(CO)2]2,

17 [Ru(Cl)(SnPh3XCO)2(iPr-DAB)]10 and [Ru(I)2(CO)2(iPr-

DAB)] 277 were prepared according to literature procedures. 

[Ru(SnPh3)[RuCp(CO)2](CO)2(iPr-DAB)ll  (1). [RuCp(CO)2]2 (216 mg, 0.48 mmol) was 

dissolvedd in 30 mL THF. An excess of 0.6 mL NaK2g was added through a syringe under stirring. The 

yelloww colour of the reaction mixture changed to brown yellow during the next 45 min after which IR 

spectraa showed virtually complete conversion to [RuCp(CO)2]~.20 The resulting solution was added 

graduallyy through a syringe to a solution of [Ru(Cl)(SnPh3)(CO)2(iPr-DAB)] (182 mg, 0.24 mmol) in 

300 mL THF under the exclusion of light. The reaction mixture turned purple immediately. The solvent 

wass evaporated and the product was purified by column chromatography on activated silica, using a 

CH2Cl2/hexanee eluent (1:3 v/v). The product elutes prior to the [RuCp(CO)2]2 main impurity. It was 

obtainedd as a purple microcrystalline solid in approximately 50% yield. FAB-MS; m/z: [M+] not 

detected,, 813 [M+ - 2 CO], 764 [M+ - Ph - CO], 649 [M+ - RuCp(CO)2]. IR (THF): See Table 4.1. 

UV/Vi ss (É/M-'.cnf') (CH2C12): See Table 4.1. lH NMR (CDC13); S : 0.99 (d, 6 H, V = 6.5 Hz, 

CH(C//3)22 pointing toward SnPh3, assignment based on comparison with the 'H NMR spectra of 

[Ru(SnPh3)2(CO)2(iPr-DAB)]]  (8 = 0.97)1 and 2 (vide infra); 1.19 (d, 6 H, V = 6.5 Hz, CH(C//3)2 

pointingg toward RuCp(CO)2), 4.40 (septet, 2 H, 3J = 6.6 Hz, C//(CH3)2), 5.22 (s, 5 H, C5H5), 7.27 (m, 

99 H, o/p-SnC6H5), 7.38 (m, 6 H, m-SnC6H5), 7.87 (s, 2 H, JSn.H = 21 Hz, imine CH) ppm. I3C NMR 

APTT (QAO; ö: 25.1, 24.5 (CH(CH3)2), 63.0 (CH(CH3)2), 86.4 (C5H5), 128.0, 127.7 (s, m/p-SnC6H5), 
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137.88 (s, ySn-C = 34 Hz, o-SnC6H5), 144.5 (s, ipso-SnC6H5), 145.4 (s, imine C), 205.7 (s, Riw,^CO), 

209.77 (s, RucemrarCO) ppm. ,l9Sn NMR (acetone-d6); ö: -45.6 ppm. 

[Ru[RuCp(CO)2]2(CO)2(iPr-DAB)]]  (2). This compound was synthesized from [Ru(I)2(CO)2(iPr-

DAB)]]  (104 mg, 0.19 mmol) following the same procedure as for 1 and obtained as a dark green 

microcrystallinee solid in approximately 50% yield. C24H26N206Ru3 (869.52): calcd. C 38.87, H 3.53, N 

3.78;; found C 38.69, H 3.36, N 3.70. FAB-MS; m/z : 743 [M+], 521 [M+ - RuCp(CO):]. IR (THF): See 

Tablee 4J. UV/Vi s (£/M^cm~')(CH2Cl2): See Table 4.1. 'H NMR (CDC13); 5: 1.21 (d, 12H,V = 6.6 

Hz,, CH(C//3)2), 4.36 (sept, 2 H, V = 6.6 Hz, C//(CH3)2), 5.24 (s, 10 H, C5H5), 7.99 (s, 2H, imine CH) 

ppm.. ' 'C NMR APT (C6D6); S : 24.8 (CH(CH3)2), 61.6 (CH(CH3)2), 86.4 (CSH5). 143.7 (imine C), 

205.77 (Rtw-CO), 214.6 (Ru„wr„rCO) ppm. 

Spectroscopicc Measurements. UV/Vis: Varian Cary 4E and Hewlett-Packard 8453. IR: Bio-

Radd FTS 7 and FTS 60A, the latter equipped with a liquid-nitrogen-cooled MCT detector. NMR: 

Brukerr AMX300 ('H and i3C) and DRX300 (mSn). Resonance Raman: Dilor XY spectrometer, with 

ann SP2040E Ar+ laser and Coherent CR 490 and 590 dye lasers as excitation sources and a Wright 

Instrumentss CCD detector. EPR: Varian E-104A. FAB-MS : JEOL JMS SX/SX102A four-sector mass 

spectrometer,, coupled to a JEOL MS-MP7000 data system. Elemental analyses were performed at H. 

Kolbee Mikroanalytisches Laboratorium in Miilheim an der Ruhr. 

Time-resolvedd emission and absorption spectra were recorded at 90 K in an Oxford 

Instrumentss cryostat. A Spectra Physics GCR-3 Nd:YAG laser, operating at 10 Hz was used as the 

excitationn source. The desired wavelength (532 nm) was obtained by frequency doubling of the 1064 

nmm fundamental. The setup has been described elsewhere.16 For the low temperature absorption, a 

teflonn mask with 1 mm holes for the probe light and a 1 cm slit for the pump light was used. 

Quantumm yields of the photoreactions were determined from the disappearance of the parent 

complexes,, following the decay of their lowest-energy absorption band. For this purpose the sample 

waswas irradiated within the UV/Vis spectrophotometer with one of the laser lines of an SP2025 Ar+ laser 

throughh an optical fiber in a previously described setup.16 

Cyclicc Voltammograms (CV) of approximately 10"3 M solutions of the parent complexes were 

recordedd with added NBu4PF6 (0.1 - 0.3 M) as supporting electrolyte in a gas-tight, single-

compartment,, three-electrode cell equipped with platinum disk working (apparent surface area 0.42 

mm2),, platinum gauze auxiliary and silver wire pseudoreference electrodes. The cell was connected to 

aa computer-controlled PAR Model 283 potentiostat. Redox potentials are reported relative to 

Ew(Fc/Fc+)) (Ew = 0.575 and 0.43 V vs SCE in THF and CH3CN, respectively). Ferrocene was added as 

internall  standard.28 The scan speed was 100 mV/s. IR-spectroelectrochemical measurements at 

variablee temperatures were performed with ca 10~2 M solutions in previously described optically 

transparentt thin-layer electrochemical (OTTLE) cells.29'30 The potential was controlled during these 

measurementss by a PA4 (EKOM, Czech Republic) potentiostat. 
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4.44 Results and Discussion 

4.4.11 Spectroscopic Properties 

Thee title compounds, purple [Ru(SnPh3){RuCp(CO)2}(CO)2(iPr-DAB)] 1 and green 

[Ru{RuCp(CO)2} 2(CO)2(iPr-DAB)]]  2 were prepared by addition of K[RuCp(CO)2] to 

[Ru(Cl)(SnPh3)(CO)2(iPr-DAB)]]  and [Ru(I)2(CO)2(iPr-DAB)] respectively, according to the 

proceduree used for the synthesis of [Ru{Re(CO)s}2(CO)2(iPr-DAB)].9 Both complexes are 

highlyy photoreactive in solution and virtually photostable in the solid state. The 'H and l3C 

NMRR chemical shifts for the coordinated iPr-DAB ligand are similar to those found for other 

trans,trans, cw-[Ru(L0(L2)(CO)2(iPr-DAB)] complexes, pointing to axial positions of the 

[RuCp(CO)2]]  groups (See Figure 4.1). Both 1 and 2 may exist as a mixture of several 

rotamerss in solution. 

Figuree 4.1 Schematic molecular structures of the complexes 1 and 2. 

Thee electronic absorption data are collected in Table 4.1. Due to the electron-releasing 

characterr of the [RuCp(CO)2] group, the lowest-energy absorption bands of both 1 and 2 are 

red-shiftedd compared to those of other complexes of this series such as 

[Ru(SnPh3)2(CO)2(iPr-DAB)].9l°° In the case of 1 this absorption band is considerably less 

solvatochromicc than e.g. the Metal-to-Ligand Charge Transfer (MLCT) band of the 

structurallyy related complex [Ru(Cl)(Me)(CO)2(iPr-DAB)]6 and even less than found for all 

presentlyy known non-halide complexes of the [Ru(Li)(L2)(CO)2(iPr-DAB)] series.9'10 For 2 

thee solvatochromism is negligible. This is indicative of an electronic transition with a limited 

chargee transfer character. Upon cooling a 2-MeTHF solution of 1 or 2 to a glassy solid at 80 

KK the lowest-energy band shifts to higher energy by ca. 350 cm"1. 
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Tablee 4.1 Spectroscopic data for complexes 1 and 2. 

UV/Visaa IR1"' resonance Raman (cm" ) 

A , n a, b ( ec )) Ad 

1571(5770),383,333,3066 358 1993m, 1960s, 1933s, 1460s,1281s,951s,829s,609m,4I6w,242m,192m 

1918w w 

22 605(7070),463,352 82 199lw, 1967s, 1946s, 1459vw,1281vw,954m,833m,601m,499w,320s, 

1926s,, 1919sh,1897w 184s,119s,104s 
ainn CH2C12 at room temperature, bin nm, cin M~'.cm~ \ dA= VmaX(MeCN) - vmail(hexane) (in cm"1); ein 

THFF at room temperature. 

Inn order to characterize the lowest-energy electronic transition, resonance Raman (rR) 

spectraa were recorded for both complexes by irradiation into the corresponding absorption 

band.. This technique relies on the resonance enhancement of Raman intensity for those 

vibrationss which are coupled to the allowed electronic transition activated by laser excitation. 

Thee wavenumbers of the observed Raman bands are collected in Table 4.1. The rR spectra of 

11 and 2 (Figure 4.2) are significantly different. That of 1 shows resonantly enhanced Raman 

bandss at 1460 cm-1 and 1281 cm-1, which belong to vs(CN) and (%(CH) of the coordinated 

iPr-DABB ligand, respectively.2 Their resonance enhancement indicates that the electronic 

transitionn involves some degree of charge transfer to the lowest 7C* orbital of the iPr-DAB 

ligand.. Its occupation gives rise to a lengthening of the C=N bond and appearance of the 

correspondingg stretching mode in the rR spectrum. The absence of a resonantly enhanced 

vs(CO)) band implies that the 71-backbonding from the central Ru atom to the CO ligands is 

similarr in ground and excited states, which agrees with a delocalized Ru-Ru(iPr-DAB)-Sn 

systemm and a small charge transfer character of the transition. In contrast, rR spectra obtained 

byy excitation into MLCT transitions, for example in the case of [Ru(Cl)(Me)(CO)2(iPr-

DAB)] ,, show a rR effect for vs(CO),6 in agreement with their pronounced MLCT character. In 

thee case of 2 the lowest-energy transition has virtually no charge transfer character since the 

bandss due to the internal stretching vibrations of the iPr-DAB ligand are absent in the rR 

spectrum.. This observation is in line with the negligible solvatochromism of this absorption 

band.. This effect of the charge transfer character on the resonance Raman spectrum is not a 

particularr property of an SBLCT transition; it has also been found for the MLCT transitions 

off  W(CO)4(a-diimine) (see chapter 8).11 
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Basedd on the rR data, the lowest-energy absorption band of 1 is assigned to an 

electronicc transition qualitatively described as a(Sn-Ru-Ru)->7i*(iPr-DAB) (SBLCT) with 

somee mixing between the a and 71* orbitals. In the case of 2 this transition occurs between 

frontierr orbitals possessing a strongly mixed o(Ru-Ru-Ru)-Jt*(iPr-DAB) character. A 

similarr mixing between o and TI* orbitals was found in density functional calculations on the 

relatedd model compound [Ru(SnH3)2(CO)2(H-DAB)].' These calculations described the 

HOMOO and LUM O as mixed contributions of a Ru p orbital, the sp3-sp3 combination of the 

SnH33 ligands and the 7T*(H-DAB) orbital. The contribution of the ;r*(iPr-DAB) orbital to the 

HOMOO and LUM O is expected to vary from one complex to another, with a concomitant 

effectt on the charge transfer character and the solvatochromism of the HOMO-»LUMO 

(SBLCT)) transition. 

— ii  1 1 ' 1  1— 

20000 1500 1000 500 
Wavenumberss (cm1) 

Figuree 4.2 Resonance Raman spectra of 1 (top) and 2 (bottom) recorded by excitation (Xexc = 514.5 

andd 590.0 nm, respectively, indicated by arrows) into the lowest-energy transition (UV/Vis spectra in 

inserts)) of the complexes dispersed in KN03-pellets. 

Goingg from 1 to 2, i.e. replacing the axial SnPli3-ligand by the more electron releasing 

[RuCp(CO)2]]  group, the mixing between the a and Jt*  orbitals in both the HOMO and the 

LUM OO increases. As a result the HOMO->LUMO transition loses most of its charge transfer 
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character,, which is reflected in the absence of bands due to the iPr-DAB stretching vibrations 

inn the rR spectrum of 2. In the 1000 - 100 cm"1 region of the rR spectrum of 1 resonantly 

enhancedd bands can be observed at 951 and 829 cm"1 (iPr-DAB deformation vibrations) and 

att 609, 416, 242 and 192 cm"1 (metal-ligand stretching modes). These bands were also 

observedd in the rR spectra of [Ru(SnPh3)2(CO)2(iPr-DAB)] and 

[Ru(SnPh3){Mn(CO)5}(CO)2(iPr-DAB)].244 In addition to these vibrations, the rR spectrum of 

22 shows extra bands at 499, 320, 119 and 104 cm"1, while the peak at 242 cm"1 is missing. 

Thee latter two bands are very intense and may belong to a v(Ru-Ru) or a v(Ru-Ru-Ru) 

mode. . 

Tablee 4.2 Emission properties of compounds 1 and 2 in a 2-MeTHF glass at 80 K (/Uc = 532 nm). 

compound d 

1 1 

2 2 

Ru(Cl)(Me)(CO)2(iPrDAB)a a 

a**  - - j - 7 

/Uss (nm) 

559 9 

593 3 

387 7 

Asmm (nm) 

830 0 

855 5 

650 0 

Stokess shift (cm ') 

5841 1 

5168 8 

10455 5 

r(us) ) 

16 6 

9 9 

0.3 3 

Figuree 4.3 Low temperature transient absorption difference spectra of 1 (top) and 2 (bottom) in 2-

MeTHFF glasses at 90K. The time delay between spectra is 4 ^s. 
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4.4.22 Low Temperature Emission and Transient Absorption 

Inn a 2-MeTHF glass at 80 K both 1 and 2 show luminescence with a much longer 

lifetimee than that of [Ru(Cl)(Me)(CO)2(iPr-DAB)] (Table 4.2).7 This is remarkable, since 1 

andd 2 emit in the near infrared region, whereas the latter compound emits at much higher 

energy.. At first sight, this observation seems to be in contradiction with the energy gap law. 

However,, it can be explained by the fact that the lowest excited state has a different character. 

Ass mentioned in the section 4.1 and chapter 1, the use of two o-bound axial donor ligands 

resultss in a special type of lowest excited state, the SBLCT state. The long excited state 

lifetimee is a general property of this type of excited state, and can be rationalized as follows: 

Inn the SBLCT excited state the complexes are less distorted, which is reflected in a smaller 

apparentt Stokes shift of their emission (Table 4.2). This feature originates in the delocalized 

naturee of the electronic system, causing a slight distortion of many bonds in the excited state, 

whilee the distortion along any normal coordinate is very small. Consequently, the excited 

statee lifetime increases, owing to reduction of vibrational overlap between ground and excited 

statee wavefunctions. This situation also applies to related [Ru(L|)(L2)(CO>2(iPr-DAB)] 

complexes,, as judged from time-resolved emission and infrared data and from MO 

calculations.1'22 At low temperatures, it proved possible to record transient absorption spectra 

ass well (Figure 4.3). The transient features and ground state bleach have the same lifetime as 

foundd in the emission spectra. Interestingly, the bleach does not disappear completely, 

indicatingg a slight photolability of 1 and 2 even in low temperature glasses. 

4.4.33 Photochemistry 

Complexess 1 and 2 are photoreactive in solution upon irradiation into their lowest 

SBLCTT absorption band. The photoreactions were monitored with UV/Vis, IR and EPR 

spectroscopies.. The spectroscopic data of the parent complexes, photoproducts and reference 

compoundss are collected in Table 4.3 and the photoreaction pathways are summarized in 

Schemee 4.1. 

Firstt of all, solutions of 1 and 2 were irradiated in situ in an EPR spectrometer in the 

presencee of a radical trap. The EPR spectrum recorded after irradiation of a THF solution of 1 

inn the presence of an excess of triphenylphosphine with a high-pressure mercury lamp 

(;U>4555 nm) was identical to that of the radical [Ru(SnPh3)(PPh3)(CO)2(iPr-DAB)]*, 

obtainedd by irradiation of [Ru(SnPh3)2(CO)2(iPr-DAB)] in the presence of 

triphenylphosphine.33 The other radical fragment, [RuCp(CO)2]\ which was also formed by 
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thee homolysis of the Ru-Ru bond, was not observed. However, on irradiation of 1 in toluene 

containingg an excess of nitrosodurene, a different radical species was formed, which was 

identifiedd as the nitrosodurene-trapped [RuCp(CO)2]" radical.12 Exactly the same spectrum 

wass recorded upon irradiation of 2 under the same conditions, proving that in both cases 

homolyticc Ru-Ru bond splitting is the primary photochemical process. 

InIn situ laser irradiation (X,n = 514.5 nm) of 1 in dichloromethane in an IR spectrometer 

att room temperature caused the appearance of several new bands in the CO stretching region, 

whilee those of the starting compound decreased in intensity. Initially, two bands appeared at 

20566 and 2005 cm"1, accompanied by three other bands at 1991, 1965 and 1936 cm"1. The 

formerr two bands are assigned to [RuCp(Cl)(CO)2], in good agreement with the literature 

valuess of 2057 and 2009 cm"1 in CC14.
13 The other three bands are attributed to 

[Ru(SnPh3)(CO)2(iPr-DAB)]2,, a product which also results from photolysis of 

[Ru(SnPh3)2(CO)2(iPr-DAB)].33 In addition, a small peak is detectable at 1773 cm"1, which is 

assignedd to [RuCp(CO)2]2, its other v(CO) bands being obscured by the previously mentioned 

bands. . 

ii  1 1 1 1 1 1 1 1 1 . 1 . 1 

3000 400 500 600 700 800 900 
Wavelengthh (nm) 

Figuree 4.4 UV/Vis spectral changes accompanying 514.5 nm irradiation of 2 in THF at room 

temperature. . 
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Tablee 4.3 Spectroscopic data of complexes 1 and 2 and their photoproducts upon 514.5 nm irradiation. 

Compoundd (solvent/temp) v(CO)) (cm"1) Amass (nm) 
11 (CH2C12; 293 K) 
[RuCp(Cl)(CO)2] ] 
[Ru(Cl)(SnPh3)(CO)2(iPrDAB)] ] 
[Ru(SnPh3)(CO)2(iPrDD AB)]  2 

[RuCp(CO)2J2 2 

1993m,1961s,1933s,1920sh h 
2056,2005 5 
2032,1974 4 
1991w,, 1965m, 1936s 
1773a a 

308,334,384,571 1 

-440 0 

1(THF;213K) ) 
[RuCp(THF)(CO)2]

+ + 

[RuCp(H)(CO)2] ] 
[Ru(SnPh3)(CO)2(iPrDAB)]2 2 

[RuCp(CO)2]2 2 

1991m,1958s,1931s,1915w w 
2045,1991 1 
2026,1959 9 
1991w,1959m,1932s s 
1991,1776a a 

11 (THF; 293 K) 
unassigned d 
[RuCp(H)(CO)2] ] 
[Ru(SnPh3)(CO)2(iPrDAB)]2 2 

[RuCp(CO)2]2 2 

1993m,1960s,1933s,1918w w 
2037,2010 0 
2022,1961 1 
1991w,1961m,1935s s 
1991,1961,1935,1783 3 

308,333,382,570 0 

385,690 0 

22 (CC14; 263 K) 

[RuCp(Cl)(CO)2] ] 
[Ru(Cl)) {RuCp(CO)2}  (CO)2(iPrDAB)] 

1996w,1971s,1948s,1929s, , 
1922sh,1898w w 
2058,2009 9 
1974s,1953m,1923w,ll  767 w 

22 (THF ;  21 3 K ) 
[RuCp(THF)(CO) 2]

+ + 

[R uu {RuCp(CO) 2}  (THF)(CO) 2(iPrDAB)] + 

1990w,,  1965s ,  1945s ,  1924s ,  1894 w 
2045,199 0 0 
1967s,1943m,1924w,1763w w 

22 (THF; 293 K) 

[RuCp(H)(CO)2] ] 
[Ru{RuCp(CO)2}(THF)(CO)2(iPrDAB)]+ + 

[Ruu {RuCp(CO)2}  (CO)2(iPrDAB)]2 

1992w,, 1967s, 1946s, 1926s, 1919sh, 350,462,604 
1897w w 
2023,1959 9 
1972s,1959m,1925w,I764w w 
1988,1959,19400 495,703 

Referencee compounds 
[Ru(SnPh3)(CO)2(iPrDAB)]22 (THF*) 
[Ru(OTf)(SnPh3)(CO)2(iPrDAB)](THF*) ) 
[RuCp(CO)2]2(THF) ) 

[RuCp(CO)2]22 (THF; 213 K) 
[RuCp(CO)2]2(CH2Cl2) ) 
[RuCp(H)(CO)2]]  (Heptane)c 

[RuCp(H)(CO)2]]  (THF) 
[RuCp(H)(CO)2]]  (CH2C12) 
[RuCp(Cl)(CO)2]]  (CCl4)

d 

[RuCp(THF)(CO)2]
+ + 

[Ru(Cl)(SnPh3)(CO)2(iPrDAB)] ] 

1988w,, 1963m, 1934s 385,690 
2040,1981 1 
2009w,1997s,1967m,1955m,1936s,1788 265,331 
3s s 
1992s,, 1965w,1948w,1934w, 1778s 
2002s,, 1966s, 1936m, 1773s 
2032,1974 4 
2022,1960 0 
2025,1953 3 
2057,2009 9 
2048,1995 5 
2033,1974 4 

aThee other v(CO) bands are obscured by those of the other photoproducts; bref  ?; cref 17 ; dref 13 
ewithh added NBu4PF6 electrolyte. 
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Onn prolonged irradiation of the dichloromethane solution of 1 new bands appeared at 

20333 and 1974 cm"1 at the expense of the peaks belonging to [Ru(SnPh3)(CO)2(iPr-DAB)]2. 

Thesee IR peaks and an absorption band at ca. 440 nm reveal the formation of 

[Ru(Cl)(SnPh3)(CO)2(iPr-DAB)]]  in agreement with literature data for this complex.3 The 

dichloromethanee solvent apparently does not act as an efficient radical scavenger, allowing 

thee [Ru(SnPh3)(CO)2(iPr-DAB)f and [RuCp(CO)2]*  radicals to dimerize before chlorine 

abstractionn from the solvent takes place. This particularly applies to the former radical. The 

photochemicall  quantum yield of this reaction was determined and appeared to be rather high 

(0.71).. These data show that SBLCT excitation of 1 causes homolysis of the Ru-Ru bond, 

followedd by dimerization or reaction with the solvent (Scheme 4.1). The Ru-Sn bond remains 

unaffected. . 

Irradiationn (Ajn = 514.5 nm) of 2 in spin trapping CCU at 263 K gave rise to several 

neww v(CO) bands belonging to two chlorinated products (Scheme 1). The bands at 2058 and 

20099 cm"1 belong to [RuCp(Cl)(CO)2] in agreement with literature data.13 The second product 

(v(CO)) at 1974, 1953, 1923 and 1767 cm"1) is assigned to [Ru(Cl){RuCp(CO)2}(CO)2(iPr-

DAB)] .. The interesting feature of this product is the v(CO) band due to a bridging carbonyl 

groupp (1767 cm-1). We assume that one carbonyl group occupies a Ru-Ru bridging position. 

Thee quantum yield of the photochemical reaction of 2 was determined to be 1.16 in CH2C12. 

Thiss quantum yield, and also that for 1 (see above), is much higher than that for 

[Ru(SnPh3)2(CO)2(iPr-DAB)]]  (0.10, chapter 3), which implies that the Ru-Ru bond is weaker 

thann the Ru-Sn bond. The quantum efficiency higher than 1 may indicate that the radicals, 

formedd upon homolytic Ru-Ru bond splitting, react with the starting compound in an electron 

transferr chain reaction. Similar observations were made for several related rhenium, 

manganesee and ruthenium complexes. ! 

Forr comparison, the photochemistry of 1 and 2 was also studied in THF in the absence 

off  radical traps (Scheme 4.1). In this case the major photoproduct of 1 was clearly 

[Ru(SnPh3)(CO)2(iPr-DAB)]22 (v(CO) = 1991, 1961, 1935 cm"1, A™ = 385, 690 nm). The 

otherr expected dimeric product [RuCp(CO)2]2 was only formed in a minor amount. In 

addition,, some other bands were observed at 2037, 2022 and 2010 cm"1. These peaks 

increasedd in intensity on prolonged irradiation, at the expense of those belonging to 

[RuCp(CO)2]2.. The band at 2022 cm"1, together with a band at -I960 cm"1 (hidden under the 

19611 cm-1 band), is assigned to [RuCp(H)(CO)2], formed via hydrogen abstraction from the 

solventt by [RuCp(CO)2]\ The same v(CO) values were found for [RuCp(H)(CO)2] 
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synthesizedd from Ru3(CO)i2 and cyclopentadiene.17 Similar reactions of [RuCp(CO)2]" were 

reportedd recently.18 The assignment of the 2037 and 2010 cm"1 bands is not entirely clear, but 

theyy must also belong to a species containing the [RuCp(CO)2] moiety. On irradiation at 213 

KK in THF the major products were the same. However the 2037 and 2010 cm"1 bands were 

absent,, whereas a new product was observed with bands at 2045 and 1991 cm"1, fitting nicely 

withh data for the [RuCp(THF)(CO)2]
+ cation (Table 4.3). 

SnPh3 3 

hv v 

[Ru(SnPh3)(CO)2(iPr-DAB)] '' + [RuCp(CO)2] ' 

CH2C12; ; 
THF F 

CH2C1; ; 

[Ru(SnPh3)(CO)2(iPr-DAB)]2 2 

CH2C1,, I 

[Ru(Cl)(SnPh3)(CO)2(iPr-DAB)] ] 

CH2C12; ; 
THF F 

[RuCp(CO)2] 2 2 

CH2C1 1 

\~N<THF,213K K 

[RuCp(Sv)(CO)2]
+ + 

LTH F F 

[RuCp(H)(CO)2] ] 

CH2C12 2 

[RuCp(Cl)(CO)2] ] 

RuCp(CO)2 2 

II „„c o 
' ' 

22 RuCp(CO)2 

hv v 

[Ruu (RuCp(CO)2) (CO)2(iPr-DAB)]*  + [RuCp(CO)2] ' 

THF, , 
293K K 

THF F 

[Ruu {RuCp(CO)2) (CO)2(iPr-DAB)]2 

[Ruu {RuCp(CO)2 ((THF)(CO)2(iPr-DAB)]+ 

CC14 4 CCL L 
JJ

^ T H F ^ B K K 
[RuCp(THF)(CO)2]

+ + 

THF,, 293K 
[RuCp(H)(CO)2] ] 

[RuCp(Cl)(CO)2] ] 

[Ru(Cl)) (RuCp(CO)2}  (CO)2(iPr-DAB)] 

Schemee 4.1 Photochemical pathways of 1 and 2 in various solvents. 
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Irradiationn of a THF solution of 2 also yielded a mixture of products. Clearly visible 

aree peaks at 2023 and - I960 cm-1 due to [RuCp(H)(CO)2]. In addition, there is a series of 

peakss at 1967, 1943, 1924 and 1766 cm-1, which most probably belong to 

[Ru{RuCp(CO)2}(THF)(CO)2(iPr-DAB)]+,, in close correspondence with the v(CO) values 

forr the chlorinated derivative formed in CCU (vide supra). A third product with v(CO) bands 

att 1988, - I960 and 1940 cm"1 is proposed to be [Ru{RuCp(CO)2}(CO)2(iPr-DAB)]2. This 

assignmentt is not only in agreement with the behaviour of 1, but is also supported by the 

investigationn of this reaction with UV/Vi s spectroscopy. The product spectrum exhibits a low 

energyy absorption band at 703 nm which is characteristic for such a dimer (Figure 4.4). At 

loww temperatures (213 K) no dimeric products were observed, but only the cationic species 

[Ru{RuCp(CO)2}(THF)(CO)2(iPr-DAB)]++ and [RuCp(THF)(CO)2]
+. Apparently, the 

increasedd viscosity of the solvent at low temperatures hampers the dimerization of the 

radicals,, while coordination of THF induces electron transfer reactions. 

AA B R1 

1 — 1 — i — 1 — i — 1 — i — 1 — 1 — 1 — 1 — —— — > 1 1 1 > 1 < 1 — 

1.00 0.5 0.0 -0.5 -1.0 -1.5 -1.0 -1.5 -2.0 -2.5 

i — 1 — 1 — < —— -  1  1 ' 1 ' r ~ 

1.00 0.5 0.0 -0.5 -1.0 -1.5 -1.0 -1.5 -2.0 -2.5 

Voltss vs Fc/Fc+ 

Figuree 4.5 Cyclic voltammograms showing the oxidation of 1 (A) and 2 (C) and the reduction of 1 (B) 

andd 2 (D) in butyronitrile solutions at 213 K. 

4.4.44 Redox properties and reactivity 

Thee complexes 1 and 2 were the subject of a (spectro)electrochemical study. Cyclic 

voltammogramss were recorded at variable temperatures to determine the electrode potentials 
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andd to study the reversibility of the corresponding redox processes (Figure 4.5, Table 4.4). 

Thee nature of the redox products was investigated by IR-spectroelectrochemistry. The 

spectroscopicc data are collected in Table 4.5. 

Tablee 4.4 Reduction and oxidation potentials (V vs Fc/Fc+) 

compound d 

1 1 
1 1 

2 2 

2 2 

[Ruu {RuCp(CO)2}  2(CO)2(iPrDAB)]H 

[RuCp(CO)2]2 2 

[RuCp(THF)(CO)2]
+ + 

[RuCp(CO)2r r 
[Ru(SnPh3)2(CO)2(iPrDAB)] ] 

[Ru(SnPh,)(CO)2(iPrDD AB )]" 

£p.aa A£D 

-1.98 8 

-1.89b b 

-2.04 4 

-2.11 1 

-2.57 7 

-1.47 7 

-1.91 1 

0.16 6 

0.17 7 

0.06 6 

-0.09 9 

0.24 4 

0.37 7 

-1.27 7 

0.34 4 

-1.07 7 

0.07 7 

0.06 6 

conditions s 

THF/2933 K 

nPrCN/213K K 

THF/2933 K 

nPrCN/213K K 

nPrCN/213K K 

THF/2933 K 

THF/2933 K 

THF/2933 K 

THF/2933 K 

reference e 

thiss work 

thiss work 

thiss work 

thiss work 

thiss work 

thiss workc 

thiss workc 

thiss workc 

5 5 

5 5 

'anodicc process, A£p(Fc/Fc+) = 0.06 V; bA£p = 0.12 V; cthe 

[RuCp(CO)2]22 in THF was studied independently by 

spectroelectrochemistry.. Literature data in refs 31'32. 

redoxx behaviour of the dimer 

cyclicc voltammetry and IR 

Att room temperature the oxidation of 1 is chemically completely irreversible in THF. 

However,, at 213 K in butyronitrile two oxidation waves became apparent, with the first 

oxidationn process (01) being partly reversible (/e//a = 0.7) on the voltammetric timescale at 

thee scan rate of 100 mV/s (Figure 4.5A). The following anodic step (02) is completely 

irreversible.. The fact that the step 01 was found more than 150 mV more negatively than that 

off  [Ru(SnPh3)2(CO)2(iPr-DAB)]5 indicates that the oxidation of 1 is significantly located on 

thee [RuCp(CO)2] moiety. 

Oxidizingg 1 at 01 led to the appearance of four bands in the IR carbonyl-stretching 

region.. The product formation was independent of the temperature employed. The primary 

one-electronn oxidized product detected at RR1 (Figure 4.5A) at 213 K by cyclic voltammetry, 

iss not detectable on the spectroelectrochemical timescale of seconds to minutes. Of the four 

bands,, those at 2079 and -2030 cm"1 are attributed to [RuCp(nPrCN)(CO)2]
+, in accordance 

withh both the literature values of 2090 and 2044 cm-1 for [RuCp(MeCN)(CO)2]
+ in CH2C12 '

9 

andd with the observation that upon electrochemical oxidation of [RuCp(CO)2]2 in nPrCN a 

productt with identical v(CO) wavenumbers was formed (Table 4.5). The two remaining 
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bandss (2042 and 1987 cm"1) must be due to [Ru(SnPh3)(nPrCN)(CO)2(iPr-DAB)]+, as their 

wavenumberss are close to the values found for [Ru(OTf)(SnPh3)(CO)2(iPr-DAB)] (2040 and 

19811 cm" in THF). Taking these data into account, we propose the following oxidation path 

forr 1: initially, the unstable radical cation (l** ) is formed, which rapidly splits to give the five-

coordinatee [Ru(SnPh3)(CO)2(iPr-DAB)]" radical and the [RuCp(nPrCN)(CO)2]
+ cation. The 

formerr species binds a solvent molecule and converts to the corresponding cation in a second 

oxidationn step. On the reverse scan, small cathodic peaks were observed (RR2, Figure 4.5A), 

butt the corresponding processes were not investigated in detail. 

Tablee 4.5 IR-spectroelectrochemical data of reduction (THF, room temperature) and oxidation 

(nPrCN,, 193 K) products. 

compoundd v(CO) (cm ') conditions reference 

11 1992m, 1958s, 1930s, 1913w nPrCN/193 K this work 

11 1992m, 1969s, 1932s, 1916w THF/293 K this work 

22 1989w, 1965s, 1946s, 1924s, 1910sh, nPrCN/193 K this work 

1897w w 

22 1992w,1967s,1946s,1926s,1915sh, THF/293 K this work 

1893w w 

[RuCp(nPrCN)(CO)2]
++ 2079,2031 nPrCN/193 K this work 

[RuCp(MeCN)(CO)2]
++ 2090,2044 CH2Cl2/293 K 19 

[RuCp(CO)2]""  1887,1801 THF/293 K this work 

[Ru(SnPh3)(nPrCN)(CO)2(iPrDAB)]++ 2041,1987 nPrCN/193 K this work 

[Ru(SnPh3)(OTf)(CO)2(iPrDAB)]]  2040,1981 THF/293 K 10 

[Ru(SnPh3)(CO)2(iPrDAB)rr 1924,1856 THF/293 K 5 

[Ru{RuCp(CO)2}2(CO)2(iPrDAB)]+**  2021 w, 1997s, 198ls,l962s, 1930w nPrCN/193 K this work 

[Ru(nPrCN)2(CO)2(iPrDAB)]2++ 2116,2060sh nPrCN/193 K this work 

[Ru{RuCp(CO)2}(CO)2(iPrDAB)rr 1927,1847 nPrCN/193 K this work 

Thee oxidation of 2 is completely irreversible in THF at room temperature. However, at 

2133 K in butyronitrile at a v > 100 mV/s the first oxidation process (01) is completely 

reversible,, as indicated by A£p = 61 mV and /c//a = 1 (Figure 4.5C). For equimolar solutions 

off  1 and 2 virtually the same anodic current was observed at £a(01) at 213 K. Considering 

similarr values for the diffusion coefficients of 1 and 2, this reveals that also the oxidation of 2 

att low temperatures is a one-electron process. Indeed, the initial oxidation product of 2 

observedd in the corresponding IR-spectroelectrochemical experiment in nPrCN at 193 K 
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exhibitss a v(CO) pattern very close to that of the parent compound 2, but shifted by ca. 35 

cm-11 to larger wavenumbers (v(CO) at 2021, 1997, 1981, 1962 and 1930 cm"1, Figure 4.6). 

Thiss points to a similar molecular structure of the one-electron oxidized product compared to 

thatt of neutral 2. It is therefore concluded that at low temperatures the one-electron oxidized 

productt [Ru{RuCp(CO)2h(CO)2(iPr-DAB)]+*  is stable both on the voltammetric and the 

spectroelectrochemicall  time scales. This is the first time that a stable radical cation has been 

spectroscopicallyy characterized for complexes [Ru(Li)(L2)(CO)2(oc-diimine)], albeit at low 

temperatures. . 

22000 2100 2000 1900 
Wavenumberss (cm'1) 

1800 0 1700 0 

Figuree 4.6 IR spectral changes upon oxidation of 2 in butyronitrile at 193 K. The insets are the parent 

compoundd (A), the corresponding radical cation (B) and the secondary oxidation products 

[Ru(nPrCN)2(CO)2(iPrDAB)]2++ and [RuCp(nPrCN)(CO)2]
+, indicated by x and o, respectively (C). 

Thee asterisk denotes a small [RuCp(CO)2]2 impurity in the starting compound. 

Thee second anodic step of 2 (02) became separated from the reversible 01 step at 213 

K,, but remained completely irreversible (Figure 4.5C). The corresponding oxidation of 2+", 

followedd in situ by IR-spectroscopy at 193 K produced species with v(CO) at 2116, -2060 

andd 2079, 2030 cm"1. The latter two bands are again attributable to [RuCp(nPrCN)(CO)2]
+, 

whilee the former two bands must be due to a highly positively charged species, e.g. 
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[Ru(nPrCN)2(CO)2(iPr-DAB)]2+.. The secondary oxidation products of 2**  were reduced back 

att RR2, resulting in a mixture of the parent complex 2 and [RuCptCOhk-

Inn THF at room temperature, the irreversible reduction of 1 at Rl (see Table 4.4) 

producedd the IR-detectable anions [Ru(SnPh3)(CO)2(iPr-DAB]" (v(CO) at 1924 and 1855 

cm"1)55 and [RuCp(CO)2]" , (v(CO) at 1887 and 1801 cm"1, close to the literature data20). In 

additionn to these main bands a smaller v(CO) peak arose at 1782 cm"1. This peak can be 

assignedd to the dimer [RuCp(CO)2k, its remaining peaks being hidden under the other v(CO) 

bandss (see Table 4.4). The reduction path of 1 is therefore proposed to involve initially an 

unstablee radical anion, which rapidly falls apart into the stable [Ru(SnPh3)(CO)2(iPr-DAB]~ 

anionn and the [RuCp(CO)2]' radical (see Scheme 4.2). The latter species partly dimerizes, but 

itss majority is reduced to the [RuCp(CO)2]" anion at the reduction potential of 1. The fact that 

thee latter reduction potential is similar to that of [Ru(SnPh3)2(CO)2(iPr-DAB)]5 indicates that 

reductionn takes place primarily on the Ru(iPr-DAB) moiety. 

Thee radical anion 1"" could only be detected by cyclic voltammetry in butyronitrile at 

sufficientlyy low temperatures (Figure 4.5B). At 213 K the reduction of 1 is a chemically partly 

reversiblee one-electron process with ljl c = 0.78 at v = 100 mV/s (see Figure 4.4B). The final 

reductionn products [Ru(SnPh3)(CO)2(iPr-DAB]~ and [RuCp(CO)2r are oxidized at similar 

electrodee potentials (Table 4.4). Therefore, on the reverse anodic scan the oxidation of the two 

anionss cannot be distinguished and appears as a single anodic peak (R02) at -1.18 V (THF, 

roomm temperature) and -1.00 V vs Fc/Fc+ (butyronitrile, 213 K, Figure 4.5B). IR 

spectroelectrochemistryy revealed that reoxidation of both anions at room temperature at R02 

mainlymainly regenerates the parent complex 1. In addition a minor amount of the dimer 

[Ru(SnPh3)(CO)2(iPr-DAB]22 was produced at the end of the reoxidation. Obviously, 

[Ru(SnPh3)(CO)2(iPr-DAB]""  was present in a small excess in the thin solution layer after the 

reductionn and therefore, once all [RuCpfCOh]" had been consumed in the course of the 

parallell  reoxidation, the remaining [Ru(SnPh3)(CO)2(iPr-DAB]" was oxidized to give the 

dimerr via a previously reported ECEC path.5 

Thee reduction of 2 at Rl (Figure 4.5D, Table 4.4) is completely chemically 

irreversiblee at moderate voltammetric scan rates, independent of temperatures between 293 

andd 193 K. Corresponding IR spectroelectrochemical experiments again showed the 

formationn of the [RuCp(CO)2]" anion (v(CO) at 1887 and 1801 cm"1). Two other v(CO) 

bandss observed at 1927 and 1847 cm"1 are tentatively ascribed to the thermally unstable 

[Ru{RuCp(CO)2}(CO)2(iPr-DAB]""  anion. Attempts to prevent its decomposition by carrying 
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outt the reduction of 2 in butyronitrile at 193 K were not successful. Considering the combined 

voltammetricc and spectroelectrochemical results, we conclude that the reduction of 2 initially 

yieldss the radical anion [Ru{RuCp(CO)2}2(CO)2(iPr-DAB)]~*  which rapidly dissociates into 

[Ru{RuCp(CO)2}(CO)2(iPr-DAB]""  and [RuCp(CO)2]* . The latter radical further reduces to 

thee corresponding anion. No dimerization of the latter radical was observed in this case, 

probablyy due to the more negative reduction potential of 2 (see Table 4.4). The former anion 

iss thermally unstable and dissociates into another equivalent of [RuCp(CO)2]~ and 

unidentifiedd carbonyl products. This decomposition also explains the fact that the reverse 

oxidationn at the anodic peak R02 at -1.27 V (THF, room temperature) and -1.06 V vs Fc/Fc+ 

(butyronitrile,, 213 K, Figure 4.5D) only concerns the [RuCp(CO)2]" anion, yielding mainly 

thee [RuCp(CO)2]2 dimer instead of recovering the parent complex 2. 

SnPh3 3 

„X O O 
partlyy chemically reversible at 
loww temperatures 

-e e 

; R U ^ ^ 

T O O 

RuCp(CO)2 2 

[Ru(SnPh3)(RuCp(CO)2)(CO)2(iPr-DAB)]+'' . 

+e e 

partlyy chemically reversible at 
loww temperatures 

fast t 

[Ru(SnPh[Ru(SnPh33)(CO))(CO)22(iPr-DAB)]' (iPr-DAB)]' 
+ + 

[RuCp(nPrCN)(CO)2]
+ + 

[Ru(SnPh3)(nPrCN)(CO)2(iPr-DAB)]+ + 

[Ru(SnPh3)) (RuCp(CO)2) (CO)2(iPr-DAB)]~ 

fastt (at 293 K) 

[Ru(SnPh3)(CO)2(iPr-DAB)]__ + [RuCp(CO)2]' 

+e~ ~ 
V2V2 [RuCp(CO)2]2 - + e 

«"I I 
[Ru(SnPh3)(CO)2(iPr-DAB)]""  +[RuCp(CO)2] 

-2e~ ~ 

Schemee 4.2 Reduction and oxidation pathways of 1 in nPrCN. 

Thee redox behaviour of the complexes 1 (Scheme 4.2) and 2 (Scheme 4.3) differs 

considerablyy from that of the complexes [Ru(Li)(L 2)(CO)2(iPr-DAB)] (L,, L2 = GePh3, 

SnPh3,, PbPh3; not all combinations were investigated) previously studied in our laboratory.5 

Thee latter complexes are reduced reversibly even at room temperature, producing fairly stable 

radicall  anions. In contrast, their oxidation is completely irreversible in the temperature range 

available.. Apparently, coordination of the SnPh3 axial ligands contributes significantly to the 
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stabilityy of the radical anion, mainly due to the strong derealization of the SOMO over the 

(Ph3Sn)2Ru(iPr-DAB)) moiety and also due to the strong Ru-Sn bond.1 On the other hand, the 

[RuCp(CO)2]]  units exert a stabilizing influence on the radical cation, where the 7t-donor Cp-

ringss compensate for the reduced electron density on the axial ruthenium atom(s), compared 

too the neutral precursors. This property of Cp-rings has been recognized e.g. in the complexes 

[RuCpX(iPr-DAB)]]  (X = CI, OTf, r|2-ethene, py).21 

reversiblee at low 
temperaturess _e 

[Ruu {RuCp(CO)2}  2(CO)2(iPr-DAB)f 

-e e 

[Ru(nPrCN)2(CO)2(iPr-DD AB)] 

++ [RuCp(nPrCN)(CO)2]
+ 

2+ + 

+2e" " 

[Ru{RuCp(CO)2} 2(CO)2(iPr-DAB)r* * 

fast t 

[Ruu {RuCp(CO)2}  (CO)2(iPr-D AB)f 

++ [RuCp(CO)2]* 

«-) ) 

[RuCp(CO)2r r 
decompositionn products 

Schemee 4.3 Reduction and oxidation pathways of 2 in nPrCN. 

4.55 Conclusions 

Thee incorporation of strongly donating [RuCp(CO)2] group(s) as axial ligand(s) in 

[Ru(Li)(L2)(CO)2(iPr-DAB)]]  yields complexes with a relatively high-lying G ( L I - R U - L 2 ) 

HOMO.. This is reflected in relatively negative oxidation potentials of 1 and 2 compared to 

otherr [Ru(Li)(L2)(CO)2(iPr-DAB)] complexes.1, 2 As a further consequence the emission 

shiftss to the near infrared (NIR) spectral region, with lifetimes in the order of 10 (is at 80 K. 

Thiss property is very interesting from the viewpoint of the potential use of this type of 

complexess as NIR emitting labels.22"25 However, the photochemical reactivity of the studied 

complexes,, which involves homolytic cleavage of a Ru-Ru bond as the primary photoprocess, 

presentss a serious obstacle for such applications. The [RuCp(CO)2] group(s) also split off 

uponn electrochemical reduction and oxidation of the complexes. The most remarkable 

differencee between the redox behaviour of 1 andd 2 in comparison with the previously studied 
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[Ru(Li)(L2)(CO)2(iPr-DAB)]]  complexes5 is the stabilizing influence of the [RuCp(CO)2] 

groupss on the one-electron-oxidized products. 
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ChapterChapter 5. Photochemical Methyl Radical Formation Studied by FT-EPR 

5.11 Abstract 

Thee photoinduced methyl radical formation from the title complexes 

[Ru(R)(SnPh3)(CO)2(iPr-DAB)]]  (R = CH3, CD3; iPr-DAB = MA^-diisopropyl-l,4-diaza-l,3-

butadiene)) and [Pt(Me)4(iPr-DAB)] was the subject of a detailed time resolved Fourier 

transformm EPR (FT-EPR) study. The FT-EPR spectra of the radicals show pronounced 

Chemicallyy Induced Dynamic Electron Polarization (CIDEP) effects due to the ST0 and ST_i 

radicall  pair mechanisms (RPM). The relative contributions of the two CIDEP mechanisms 

dependd on solvent polarity and viscosity. In the case of the [Ru(R)(SnPh3)(CO)2(iPr-DAB)] 

complexes,, the polarization pattern is also strongly excitation wavelength dependent. This 

effectt is attributed to extremely fast reactions from different thermally non-equilibrated 

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

5.22 Introductio n 

Manyy studies have been made of the photochemical alkyl radical formation from 

transitionn metal1"10 and main group metal11-13 compounds with alkyl ligands. Alkyl radicals 

cann be used as addition polymerization initiators14 or reagents in organic synthesis.15 

Therefore,, these types of metal-alkyl compounds can be very useful in these fields.16 

Detailedd (time-resolved) spectroscopic studies revealed that in the case of the 

complexess [Re(R)(CO)3(dmb)] (R = Me, Et, iPr; dmb = 4,4'-dimethyl-2,2'-bipyridine)2^ and 

[Ru(I)(R')(CO)2(iPr-DAB)]5177 (R' = iPr, Bz; iPr-DAB = /V,/V-diisopropyl-l,4-diaza-l,3-

butadiene)) radical formation proceeds through a metal-alkyl bond homolysis reaction from a 

Sigma-Bond-to-Ligandd Charge Transfer (SBLCT) state. This reactive excited state is 

populatedd from an optically excited state that has predominant Metal-to-Ligand Charge 

Transferr (MLCT) character. In the case of [Ru(Li)(L2)(CO)2(iPr-DAB)] (L,, L2 = alkyl group 

orr metal fragment) and [Pt(Me)4(iPr-DAB)], the lowest energy transition has SBLCT 

character.. In these complexes, the SBLCT state is fairly stable and long-lived in the case of 

e.g.e.g. [Ru(SnPh3)2(CO)2(iPr-DAB)]18 but very reactive for e.g. [Ru(CH3)(SnPh3)(CO)2(iPr-

DAB)]]  (1H) and [Pt(Me)4(iPr-DAB)] (2).1'6 

Ourr recent work has shown that Fourier transform EPR (FT-EPR) spectroscopy can be 

aa very useful technique in studies of the mechanism of photoinduced radical formation from 
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organometallicc complexes.219 Analysis of the Chemically Induced Dynamic Electron 

Polarizationn (CIDEP) effects, which are caused by spin-selective photophysical and 

photochemicall  processes, gave insight into the dynamics of alkyl radical formation. FT-EPR 

studiess showed that the radical formation occurs from a precursor with triplet character in 

thesee cases. Apart from our own studies, one other time-resolved EPR study in organometallic 

chemistryy is known. 

Inn spite of our successful application of the FT-EPR technique in the field of 

organometallicc photochemistry, the remarkably strong dependence of CIDEP effects on the 

naturee of ligands and solvent found in our earlier work were not fully understood. Here we 

presentt a detailed FT-EPR study of the (deuterated) methyl radical formation from the 

organometallicc complexes [Ru(R)(SnPh3)(CO)2(iPr-DAB)] (R = CH3, CD3) (1H and ID 

respectively)) and [Pt(Me)4(iPr-DAB)] (2). Of particular interest is the finding that the methyl 

radicall  spectra in the case of 1 display a spin polarization pattern that is strongly dependent 

onon excitation wavelength. A preliminary account of this work has appeared in the literature. 

5.33 Experimental Section 

Thee complexes [Ru(R)(SnPh3)(CO)2(iPr-DAB)] (R = CH3, CD,; iPr-DAB = N,N'-

diisopropyl-l,4-diaza-butadiene)) (1H and ID respectively),22 and [Pt(Me)4(iPr-DAB)] (2)23 were 

synthesizedd according to literature procedures. Toluene, dichloromethane, methanol, 2-propanol, 

ethylenee glycol and 1,2-propane diol (Aldrich) were used as received. 

FT-EPRR measurements were performed with a home-built spectrometer.2425 The response of 

thee sample to the JI/2 microwave pulses was detected in quadrature with application of the CYCLOPS 

phasee cycling routine. All measurements were performed at room temperature. Solutions of the 

complexess {ca. 1-2 mM) were freed of oxygen by purging with argon prior to and during 

measurements.. The solutions were pumped through a quartz EPR flow cell held in the microwave 

cavity.. The second or third harmonic of a Quanta Ray GCR12 Nd:YAG laser (-20 mJ/pulse, 10 Hz) 

wass used for excitation at 532 or 355 nm, a Lambda-Physik EMG103 MSC XeCl excimer laser for 

excitationn at 308 nm (-20 mJ, 10 Hz), and an excimer laser pumped dye laser (Lambda-Physik FL 

3001,, ~2 mJ, 10 Hz) for excitation at 440 nm. Unless noted otherwise, 400 FIDs (100 per phase) were 

averagedd to obtain the spectra. 

Thee time evolution of transient spectra was measured as follows. The FID produced by a rt/2 

(155 ns) microwave pulse was recorded for a series of delay times ij (10 ns to 5 |is) between laser and 
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microwavee pulses. Amplitudes, linewidths, and phases of resonance peaks were derived from the FIDs 

withh a LPSVD analysis routine.26 Since the spectra of the methyl radicals cover a frequency range that 

farr exceeds the bandwidth of the spectrometer, EPR spectra presented in the figures are assembled 

fromm FIDs obtained with a set of distinct field values. Spectra from the deuterated methyl radical were 

obtainedd at a single field setting. Spectral intensities were corrected for photochemical decomposition 

duringg the measurement. Corrections for the variation in signal intensity with change in frequency 

offsett were based on calibration data given by a free radical reference. 
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500 0 600 0 700 0 800 0 

5000 600 

Wavelengthh (nm) 

RR = CH3(1H) 
CD3(1D) ) 

„«.CO O 

,iPrr . . 
.. M , .„.«'Me 

e e 

Me e 

Figuree 5.1 Schematic molecular structures and electronic absorption spectra of 

[Ru(Me)(SnPh3)(CO)2(iPr-DAB)]]  (1H) and [Pt(Me)4(iPr-DAB)] (2) in toluene. 

5.44 Results 

Figuree 5.1 shows the complexes under study as well as their electronic absorption 

spectra.. The lowest-energy absorption band of the title complexes lies between 500 and 550 

nm.. The band was attributed to the o->Jt*  or Sigma-Bond-to-Ligand Charge Transfer 

(SBLCT)) transition from the HOMO (which has o(Sn-Ru-Me) or o(Me-Pt-Me) character, 

respectively)) to the 7t*(iPr-DAB) LUMO.1'18 

Thee FT-EPR spectra of the radicals produced by irradiation of 1H and ID in toluene 

forr delay times of 50 ns and 1 u:s are shown in Figure 5.2. The spectra are assigned to the 
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CH3""  and CD3" radicals on the basis of measured hyperfine splitting constants (hfsc) of 2.27 

mTT (CH3') and 0.33 mT (CD3') which are in close agreement with literature values.27,28 It is 

notedd that the FT-EPR spectra do not show a signal contribution due to the 

[Ru(SnPh3)(CO)2(iPr-DAB)] '' or [Pt(Me)3(iPr-DAB)] ' radicals, probably due to their short T2 

values.. This prevents detection of FT-EPR spectra because of the instrument dead time. The g 

valuess of the [M(CO)3(tBu-DAB)] ' (M = Mn, Re) radicals were found at values (2.0043 and 

2.00599 respectively)29 similar to that of the radical anion of the free ligand (2.0034).30 The g 

valuess of [Ru(SnPh3)(CO)2(iPr-DAB)] ' or [Pt(Me)3(iPr-DAB)] ' radicals are probably similar 

too those of [M(CO)3(tBu-DAB)]*  (M = Mn, Re), because all these complexes are structurally 

andd electronically very similar. This means that the g values of the [Ru(SnPh3)(CO)2(iPr-

DAB)] **  or [Pt(Me)3(iPr-DAB)]" radicals are close to those of the CH3' and CD3" radicals 

(2.00255).. Since for the metal centered [Mn(CO)3(PBu3)2] ' radical a higher value of 2.030 

wass found,31 it was concluded that the odd electron in [M(CO)3(fBu-DAB)] ' (M = Mn, Re) is 

mainlyy localized on the tBu-DAB ligand. 

1H H 

Absorption n 

t t 
I I 

Emission n 

s**ims**im ****** muni )) J w / V pjpj  *»lHKiW 

200 Gauss 

1D D 

500 ns 
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i^l^LJLJü|jj , ilUviL 

Figuree 5.2. FT-EPR spectra of the methyl radicals produced by photoexcitation (532 nm) of ~1 mM 

[Ru(R)(SnPh3)(CO)2(iPr-DAB)],, R = CH3 (1H, left) or CD3 (ID, right) in toluene for short (50 ns) 

andd long (1 (is) delay times. Note that the field range of the CD3' spectra is smaller than that of the 

CH3'' spectra and that absorption peaks point up. 

99 9 



ChapterChapter 5. Photochemical Methyl Radical Formation Studied by FT-EPR 

Thee CH3" and CD3' spectra obtained with rd - 50 ns show a low-field-emission/ high-

field-absorptionn (E/A) CIDEP pattern. In the case of the former radical an additional net 

emissionn component is observed (E*/A), while in the latter a net absorption contribution is 

presentt (E/A*) . It is clear that the CH3' radical spectrum (Fig. 5.2A) has a much larger signal-

to-noisee ratio than that of the CD3' radical (Fig. 5.2B). Since the photoreactivities of 1H and 

I DD are the same and the spectra were recorded using solutions with similar concentrations, 

thiss indicates that the electron polarization generated in the formation of CH3' is much larger 

thann that of CD3'. 
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Figuree 5.3 FT-EPR spectra of the methyl radicals produced by photoexcitation (532 nm) of ~1 mM 

solutionss of 1H (left) and 2 (right) in (from top to bottom) toluene, dichloromethane, and methanol at 

500 ns delay time. Solvent viscosities, n (in mPa.s), and relative dielectric constants e, are included. 

Ass shown in Figure 5.2 (C, D), at Td = 1 ^.s the spin systems are close to thermal 

equilibrium.. An analysis of the time profiles (not shown) of the intensities of the resonance 

peakss of the CH3" radical in toluene at room temperature shows an exponential decay to 

thermall  equilibrium with a rate constant of 9.5(0.8) x 106 s_1 corresponding to a spin-lattice 

relaxationn time of 105(13) ns. By comparison, a 7"i measurement of the methyl radical 
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generatedd by pulse radiolysis in aqueous solution gave a value of 0.2 us. For the CD3' 

radicall  a value of 74(40) ns is found. The large uncertainty in this value is due to the 

relativelyy poor signal-to-noise which reflects the absence of strong signal enhancement by 

CIDEP. . 
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Figuree 5.4. FT-EPR spectra of the methyl radicals produced by photoexcitation (532 nm) of -1 mM 

1HH (left) and 2 (right) in (from top to bottom) methanol, 2-propanol, ethylene glycol, and 1,2-propane 

dioll  at 50 ns delay time. Solvent viscosities, r; (in mPa.s), and relative dielectric constants e, are 

included. . 

Too determine the operative CIDEP mechanisms unambiguously, the solvent effect on 

thee polarization pattern observed in the spectra of the CH3*  radicals, obtained by irradiation of 

solutionss of 1H and 2, was investigated. First the solvent polarity was varied, keeping the 

viscosityy at a similar value. The results are shown in Figure 5.3, together with the viscosities 

777 (in mPa.s) and relative dielectric constants S- of the solvents (the latter values are used as 
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indicationn of solvent polarity). It can be seen that going from toluene to dichloromethane and 

finallyy to methanol, i.e. with increasing solvent polarity, the net emission signal contribution 

too the spectra increases relative to the E/A contribution. When taking into account the 

dielectricc loss due to the solvent on signal intensity, the signal-to-noise ratios of all the spectra 

aree fairly similar. 

1H H 

U N . . 
3088 nm 

1D D 

4400 nm 

************ »y J*««n 

Figuree 5.5. Laser excitation wavelength dependence of the FT-EPR spectra of the methyl radical 

producedd by photoexcitation of 1H (left) and ID (right) dissolved in toluene for a delay time of 50 ns. 

Withh 440 nm excitation, signals are the average produced by 4000 laser shots. 

Inn contrast, the signal intensity clearly increases upon increasing the solvent viscosity 

inn the case of 2 (Figure 5.4). The decrease in signal intensity per measurement stays constant, 

indicatingg a similar photochemical quantum yield in all solvents. In the case of 1H a 

complicationn arises due to the limited solubility of the complex when using ethylene glycol or 
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1,2-propanee diol as solvents. In both systems the length of the free-induction decay (FID) 

increases,, which transforms to narrower lines in the frequency domain. From the increase in 

signall  intensity, it is clear that an increase in solvent viscosity leads to a pronounced increase 

inn a signal contribution stemming from a particular CIDEP mechanism, rather than a decrease 

off  another component. It should be noted that the hyperfme dependent polarization pattern 

remainss unaffected by the strong increase in solvent viscosity, proving that the increased 

polarizationn is due to a hyperfine dependent CIDEP mechanism. No strong solvent 

dependencee of the polarization pattern was observed for ID, the importance of which will be 

discussedd hereafter. 

Finally,, the influence of the excitation wavelength on the polarization pattern was 

investigatedd by recording FT-EPR spectra for 1H, ID and 2, using 308, 355, 440 and 532 nm 

irradiation.. The surprising results for 1H and ID in toluene are depicted in Figure 5.5. 

Excitationn at shorter wavelengths leads to a shift in polarization pattern from E*/A to E/A* 

forr 1H and from E/A* to A for ID. For the latter complex this shift is accompanied by a large 

increasee in signal intensity. The polarization patterns observed for radicals generated from 1H 

usingg short wavelength irradiation seem to be less solvent sensitive than those observed using 

longg wavelength irradiation, since the results for 1H are virtually the same in methanol and 

toluenee (not shown). In contrast, no influence of the excitation wavelength on the polarization 

patternn was observed in the case of 2. In a recent study on the photoinduced reactions of 

xanthonee with alcohols, a slight excitation wavelength dependence of the polarization pattern 

wass observed.33,34 An earlier example35 was later disputed.36 

5.55 Discussion 

Alll  the recorded FT-EPR spectra in this study display an E/A pattern to some extent. 

Thiss is a clear indication that the ST0 radical pair mechanism (RPM) is operative and that the 

radicalss are formed from a triplet excited state precursor (assuming the sign of the exchange 
-i-j -i-j 

interactionn is negative, i.e. the singlet radical pair state is lower in energy than the triplet). In 

itss usual form, this mechanism is a three-step process. After formation of the geminate radical 

pair,, the radicals diffuse apart which decreases the exchange interaction, allowing the singlet 

levell  and the T0 component of the triplet level to mix through the hyperfine coupling. The 

magnitudee of the polarization created in this way is a function of the difference in resonance 
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frequenciess between the two (hyperfine components of the) radicals that form the radical 

pair.37,388 The finding that deuteration strongly decreases the polarization magnitude (cf. Fig. 

5.2AA and 5.2B) establishes that the difference in resonance frequencies must be primarily 

determinedd by the hyperfine coupling constant. A comparison of the signal intensities of the 

spectraa from ID at short and long delay times (cf. Fig. 5.2) shows that the CIDEP and 

Boltzmannn signals are of similar magnitude. Given the short T\, this means that the observed 

intensityy pattern in the spectrum for ID (Fig. 5.2B) can be satisfactorily explained by a 

combinationn of Boltzmann and ST0 RPM signal contributions. 

Ass shown in Figure 5.3, an increase in solvent polarity leads to a decrease in 

polarizationn due to the ST0 RPM in the spectra of 1H and 2 (cf. Fig. 5.3). Apparently, the 

moree polar solvents can cause the radical pair to break up at some point before the final 

reencounterr step of the STo RPM. Upon increase of the solvent viscosity, in polar solvents 

wheree the ST0 RPM signal contribution is small, the net emissive signal contribution is 

stronglyy enhanced for 1H and 2 (cf. Fig. 5.4), but not for ID. This suggests that this 

contributionn is due to a CIDEP mechanism in which the polarization is generated by hyperfine 

interactionn as well. The contribution is attributed to the ST_i RPM  37'3940 in which the singlet 

levell  interacts with the T_i component of the triplet level, rather than with the T0 component. 

Thiss one step mechanism is generally only operative in cases of high solvent viscosity and/or 

largee hyperfine interaction. This mechanism generates a net emissive spectrum with stronger 

polarizationn in the low field than in the high field part of the spectrum. Exactly this pattern is 

observedd when employing a very high viscosity solvent (Figure 5.4). The operation of this 

mechanismm in a polar solvent suggests also that the ST0 RPM contribution is diminished due 

too prevention of the reencounter step rather than more rapid break up of the geminate radical 

pair. . 

Thee triplet mechanism (TM) which is often invoked to explain net polarization 

patternss could in principle also give rise to the observed net emission contribution in the 

spectraa of 1H and 2. In this mechanism, spin polarization is created through spin-selective 

intersystemm crossing (ISC) from the singlet to the triplet excited state.37,41 This polarization is 

thenn transferred to the radicals. The magnitude of the hyperfine independent TM polarization 

dependss on solvent viscosity and reaction rate.41'42 An increase in viscosity increases the 

rotationall  correlation time leading to a larger spin polarization. Apart from the hyperfine 

dependencee of the polarization pattern, this matches our experimental observations. For TM 

CIDEPP to make a significant signal contribution, the reaction rate (kT) should be large enough 

too compete with the rate of spin-lattice relaxation of the triplet which typically is > 10 s" . 
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Onn the other hand, if the reaction rate is fast compared to the electron spin Larmor frequency, 

kktt > ö?o, spin-selective ISC does not give rise to TM CIDEP.42 There are indications that the 

photochemicall  reaction rate is indeed very high. Firstly, the observed photochemical quantum 

yieldd of ca. 0.5 is temperature independent and excitation wavelength dependent throughout 

thee lowest-energy absorption band.6 This suggests that the photochemical reaction is an 

activationlesss process in competition with vibrational relaxation.43 Secondly, for a related 

complex,, [Re(Me)(CO)3(dmb)] (dmb = 4,4'-dimethyl-2,2'-bipyridine), the excited state 

lifetimee was experimentally determined to be shorter than 400 fs.44 Several other examples of 

ultrafastt photochemical reactions in organometallic chemistry have been reported in the 

literature.9'45"499 A final argument against a TM contribution, is the fact that the solvent 

viscosityy has no influence on the polarization pattern in die case of ID. This would be 

expectedd if the hyperfine independent TM were operative (vide supra). 

Thee excitation wavelength dependence of the polarization pattern found for 1H and 

IDD (cf. Fig. 5.5) can also be explained by the fact that optical excitation is followed by a 

reactionn from thermally non-equilibrated excited states (a so-called prompt chemical 

reaction).reaction). As noted before, the lowest-energy absorption band of 1 and related complexes has 

beenn assigned to a a(Sn-Ru-Me) -> 7C*(iPr-DAB) (SBLCT) transition on the basis of the 

resonancee Raman and time-resolved IR spectra, and DFT MO calculations on model 

complexess such as [Ru(SnH3)(Me)(CO)2(H-DAB)] . According to these calculations the 

o(Sn-Ru-Me)) HOMO is a delocalized orbital, which consists of contributions from px(Ru), 

thee antisymmetric sp3(Sn)-sp3(Me) combination and Jt*(H-DAB).18 Similarly, the first 

electronicc transition of 2 is the a(Me-Pt-Me) -> 7t*(iPr-DAB) (SBLCT) transition.1 The 

secondd electronic transition of complexes 1 and 2 found at 388 nm for 1H and at 326 nm for 2 

(inn toluene cf. Fig. 5.1) belongs to a d„(Ru, Pt) -> Jt*(iPr-DAB) (MLCT) transition.1,18 In 

contrastt to the SBLCT state, this MLCT state is not reactive and MLCT excitation will only 

resultt in radical formation via occupation of the lower lying reactive SBLCT state. In 

agreementt with this, irradiation of 2 into its second absorption band with 355 nm results in 

exactlyy the same polarization pattern as found upon 532 nm excitation. 

Inn the case of 1H, 440 and 532 nm excitation give again rise to the same polarization 

pattern.. With the available setup irradiation of 1H into its second absorption (MLCT) band at 

3888 nm was not possible. Surprisingly, the use of 355 nm excitation gave rise to a polarization 

patternn different from that observed at 440 and 532 nm, but exactly as that found upon 308 

nmm irradiation. Apparently, the radicals formed on 355 nm excitation are not produced from 
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thee lowest SBLCT state via MLCT excitation as for 2. In view of the close similarity of the 

polarizationn patterns, the radicals obtained by 355 and 308 nm excitation are most likely both 

producedd from a thermally non-equilibrated excited state at higher energy. 

AA likely candidate for this higher lying excited state is the second SBLCT state. 

Accordingg to DFT MO calculations, the model complex [Ru(SnH3)2(CO)2(H-DAB)]50 has 

indeedd a second c'(Sn-Ru-Sn) orbital, consisting of contributions from dx2(Ru) and the 

symmetricc sp3(Sn)+sp3(Sn) combination. A second SBLCT transition, i.e. a'(Sn-Ru-Sn) —> 

7i*(H-DAB )) will originate from this orbital and is expected ca. 2 eV higher in energy than the 

firstt SBLCT transition. The first SBLCT transition lies at 531 nm for 1 and hence the second 

SBLCTT transition should be at about 300 nm for 1. This second SBLCT state will also be 

reactivee and the different polarization patterns in the FT-EPR spectra of 1 are therefore 

attributedd to the formation of radicals by prompt chemical reaction from the two different 

SBLCTT states. In the case of 2, the energy difference between the two a(Me-Pt-Me) orbitals 

iss expected to be much larger (3.3 eV), according to DFT MO calculations of [Pt(Me>4(iPr-

DAB)].511 This should position the second SBLCT transition at about 220 nm, which explains 

thee absence of any wavelength effect for 2. 

Thee above explanation is supported by the absence of any wavelength dependence of 

thee CIDEP pattern in the case of the related complexes [Ru(I)(iPr)(CO)2(iPr-DAB)] and 

[Re(R)(CO)3(4,4'-dimethyl-2.2'-bipyridine)]]  (R= Et, iPr).3 These complexes only have a 

singlee G(M-R) bond and therefore only one low-lying SBLCT state from which radicals are 

formed. . 

Forr both 1H and ID a strong increase in absorptive contribution to the CIDEP pattern 

iss observed on short wavelength irradiation, suggesting that this additional component is due 

too a hyperfine independent mechanism. Apart from the TM, one other hyperfine independent 

mechanismm is known: the spin-orbit coupling induced polarization mechanism (SOCM).52'53 

Thiss mechanism involves spin-selective back reaction from a triplet contact radical pair to the 

singlett ground state, which leads to selective depopulation of certain triplet sublevels. 

However,, since this mechanism is independent of the excitation wavelength, it is unlikely to 

bee operative. 
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5.66 Conclusions 

Numerouss studies dealing with spin selectivity of photochemical reactions involving 

transitionn metal complexes have been published in recent years.54'55 Most of these papers deal 

withh magnetic field effects on reaction dynamics and very few are concerned with 

applicationss of time-resolved EPR. The results presented here and in previous work 2'19'20 

showw that investigations with time-resolved EPR techniques can contribute to the 

understandingg of the mechanisms of photochemical reactions involving transition metal 

complexes. . 
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ChapterChapter 6. The complexes cis-[Rh(R)2(I)(CO)(dmb)]: Synthesis, Structure and Photoreactivity 

6.11 Abstract 

Inn this chapter the synthesis, structure and photochemistry of the novel rhodium(III) 

complexess ds-[Rh(R)2(I)(CO)(dmb)] (R = Me (1), iPr (2)) are described. Although many di-

andd trimethyl-rhodium(III) complexes are known, ris-[Rh(iPr)2(I)(CO)(dmb)] (2) is the first 

diisopropyl-rhodium(III)) compound. Single crystal X-Ray diffraction studies revealed the 

structuree of 1. The lowest electronic transition has Halide-to-Ligand Charge Transfer 

characterr according to resonance Raman spectra, obtained by excitation into the 

correspondingg absorption band. Upon irradiation in solution, both 1 and 2 give rise to Rh-R 

bondd homolysis as evidenced by spin-trap EPR investigations. The photoreaction occurs after 

crossingg to the reactive Sigma-Bond-to-Ligand Charge Transfer (SBLCT) state. For the iPr-

complexx homolysis is observed at longer wavelength irradiation than for the methyl 

derivative,, indicating that in the former case the SBLCT-state is lower in energy. 

6.22 Introductio n 

Complexess with a lowest Metal-to-Ligand Charge Transfer (MLCT) state, such as 

[Ru(bpy)3]2+andd [Re(Cl)(CO)3(bpy)] have been extensively studied with regard to their 

excitedd state properties. By replacement of the chloride in the latter complex by a strongly o 

donatingg ligand L, such as an alkyl group or metal fragment, a(Re-L) of [Re(L)(CO>3(a-

diimine)]]  may become the HOMO. As a result, the lowest excited state obtains Sigma-Bond-

to-Ligandd Charge Transfer (SBLCT) character.1,2 The photochemical properties of the 

complexess [Re(L)(CO)3(a-diimine)] have been studied extensively in our laboratory.3"5 It was 

foundd that occupation of the SBLCT excited state can give rise to efficient Re-L bond 

homolysis.. Later these studies were extended to [M(Li)(L 2)(CO)2(a-diimine)] (M = Ru, Os) 

andd [Pt(L)2(Me)2(a-diimine)].6-8 However, not many complexes are known from group 9, in 

whichh low lying SBLCT states are present. One well studied example is vitamin B12 and its 

modell  complexes,9 for which the SBLCT excited state was proposed to be responsible for the 

observedd Co-C bond splitting.10 Apart from these examples, to our knowledge the only group 

99 organometallic complexes shown to possess such SBLCT excited states are/ac-[Ir(III){tris-

(6-isopropyl-8-quinolyl)diorganosilyl}],11122 and [Ir(R)(CO)(PPh3)2(mnt)j (R = Me, Et; mnt = 

maleonitriledithiolate).13 3 
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Heree we present the synthesis, structure and photochemistry of two novel complexes 

[Rh(R)2(I)(CO)(dmb)]]  (R = Me (1), iPr (2); dmb = 4,4'-dimethyI-2,2,-bipyridine). 

6.33 Experimental Section 

Materials.. I2 (Merck), 4,4'-dimethyl-2,2'-bipyridine (dmb, Fluka), MeMgCl (3.0 M in THF, 

Aldrich),, iPrMgCl (2.0 M in THF, Aldrich), AgN03 (Aldrich, 99%) were used as received. Solvents 

purchasedd from Acros (THF, hexane, pentane, dichloromethane, acetonitrile, diethyl ether, methanol, 

2-MeTHF)) were dried on and distilled from the appropriate drying agent when necessary. Silica gel 

(kieselgell  60, Merck, 70-230 mesh) for column chromatography was dried and activated by heating in 

vacuovacuo at 160 °C overnight. 

Syntheses.. All syntheses were performed under a nitrogen atmosphere using standard Schlenk 

techniques.. [Rh(Cl)(CO)2]2H was prepared according to a literature procedure. 

[Rh(Cl)(CO)(dmb)].. To a solution of [Rh(Cl)(CO)2]2 in THF, 1.1 eq dmb in THF was added 

att -78 °C. The reaction mixture was allowed to warm to room temperature while stirring. Evaporation 

off  the solvent and washing with hexane afforded the red product as a solid in ca. 90% yield. IR (THF); 

v(CO)) : 1970 cm-1. UV (THF); A,nax: 501 nm. 'H NMR (CDC13); 8: 2.42 (s, 6H, dmb CH3), 2.54, (s, 

6H,, dmb CH3), 7.04 (d, V = 5.6 Hz, 2H, dmb H5), 7.29 (d, V = 5.9 Hz, 2H, dmb H5), 7.76 (s, 1H, 

dmbb H3), 7.80 (s, 1H, dmb H3), 8.51 (d, V = 5.6 Hz, 2H, dmb H6), 9.16 (d, V = 5.8 Hz, 2H, dmb H6) 

ppm. . 

[Rh(N03)(CO)(dmb)].. A suspension of exactly one equivalent of AgN03 in a solution of 150 

mgg [Rh(Cl)(CO)(dmb)] in THF was stirred overnight at room temperature. Filtration and evaporation 

off  the solvent gave the red product in near quantitative yield. IR (THF); v(CO): 1970 cm"1. 'H NMR 

(CDC13);; 5: 2.42 (6H, dmb CH3), 2.54, (6H, dmb CH3), 7.04 (2H, dmb H5), 7.29 (2H, dmb H5), 7.76 

(1H,, dmb H3), 7.80 (1H, dmb H3), 8.51 (2H, dmb H6), 9.16 (2H, dmb H6) ppm. 

[Rh(I)2(N03)(CO)(dmb)].. Dropwise addition of one equivalent of I2 in THF to a solution of 

1000 mg [Rh(N03)(CO)(dmb)] in THF at -78 °C, overnight stirring at room temperature and 

subsequentt evaporation of the solvent yielded the crude product. Washing with pentane gave the pure 

orange-brownn product in ca. 80% yield. IR (THF); v(CO): 2098 cm"1. 'H NMR (CDC13); 8: 2.64 (s, 

6H,, dmb CH3), 2.68 (s, 6H, dmb CH3), 7.35 (d, V = 5.8 Hz, 2H, dmb H5), 7.55 (d, V = 6.3 Hz, 2H, 

dmbb H5), 7.99 (s, 2H, dmb H3), 8.66 (d, V = 6.0 Hz, 2H, dmb H6), 9.69 (d, V = 5.9 Hz, 2H, dmb H6) 

ppm. . 

CM-[Rh(Me)2(I)(CO)(dmb)]]  (1). To a solution of [Rh(I)2(N03)(CO)(dmb)] (100 mg) in THF 

att -78 °C, two equivalents of MeMgCl (3.0 M in THF) were gradually added through a syringe, while 

followingg the reaction by IR. The colour of the reaction mixture changed from brown to brown-red 
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duringg the addition. The solid obtained after quenching of the excess of Grignard and evaporation of 

thee solvent in vacuo, was dissolved in CH2CI2 and washed repeatedly with water. Drying on anhydrous 

MgS044 and evaporation of the solvent yielded the crude product which was purified by column 

chromatographyy (activated silica, CHïC^/hexane gradient elution) and obtained as a yellow-brown 

solidd in ca. 50 % yield. FAB-MS; m/z: [M+] not detected, 817 [2M+ - I] (resulting from gas phase 

clustering),, 787 [2M+ - I - 2 Me], 457 [M+ - Me], 345 [M+ - I] , 315 [M+ - 2 Me - I] , 287 [M+ - 2 Me 

-- I - CO]. IR (THF) ; v(CO) : 2031 cm"1. UV (THF); A™,: 295, 370 nm. *H NMR (CD2C12); 8: 0.54 

(d,, JR Ĥ = 2.2 Hz, 3H, Rh-Meax, assignment corresponding to ls), 1.18 (d, J  ̂ H = 2.0 Hz, 3H, Rh-

Meeq),, 2.53, (s, 3H, dmb CH3), 7.33 (d, V = 5.6 Hz, 2H, dmb H5), 7.42 (d, V = 5.3 Hz, 2H, dmb H5), 

8.077 (s, 2H, dmb H3), 8.76 (d, V = 5.6 Hz, 2H, dmb H6), 8.77 (d, 37 = 5.3 Hz, 2H, dmb H6) ppm. !3C 

NMRR APT (CD2CI2): 5 -0.9 (d, J  ̂ c = 22 Hz, Rh-Meax), 6.6 (d, y^-c = 22 Hz, Rh-Meeq), 21.4 (dmb 

Me),, 123.7 (dmb C3), 123.9 (dmb C3), 127.3 (dmb C5), 127.7 (dmb C5), 147.7 (dmb C6), 151.4 (dmb 

C6),, 150.6 (dmb C4), 151.5 (dmb C4), 152.7 (dmb C2), 155.2 (dmb C2), 191.3 (7^ c = 68 Hz, CO) 

ppm. . 

cis-[Rh(iPr)2(I)(CO)(dmb) ]]  (2). This complex was synthesized by reaction of 

[Rh(I)2(N03)(CO)(dmb)]]  (100 mg) and two equivalents of iPrMgCl in Et20 using the same method as 

forr [Rh(Me)2(N03)(CO)(dmb)]. The reaction product was purified by pentane extraction of the solid 

obtainedd after quenching and evaporation of the solvent. The orange-brown product was obtained in 

80%% yield. FAB-MS; m/z: [M+] not detected, 929 [2 M+ - I] (resulting from gas phase clustering), 843 

[22 M+ - 1 - 2 iPr], 729 [2 M+ - I - 4 iPr -CO], 701 [2 M+ - 1 - 4 iPr- 2 CO], 401 [M+ - I] , 315 [M+ -

22 Me - I] , 287 [M+ - 2 Me - I - CO]. IR (THF) ; v(CO) : 2021 cm"1. UV (THF); A,nax: 295, 370 nm. 

'HH NMR (CD2C12); 8: 0.72 (pst, V - J R̂ = 6.3 Hz, 3M, Rh-CH(Ctf3)2), 0.92 (m, 1H, Rh-C//(CH3)2 

(ax,, assignment corresponding to l5)), 1.09 (pst, V = 7R^H » 6.3 Hz, 3H, Rh-CH(Ctf3)2), 1.24 (m, 3H, 

Rh-CH(0/3)2,, 1-7 (m, 3H, Rh-CH(C//3)2), 2.09 (m, 1H, Rh-C//(CH3)2 (eq)), 2.52 (s, 3H, dmb CH3), 

2.588 (s, 3H, dmb CH3), 7.36 (d, V = 5.4 Hz, 1H, dmb H5), 7.43 (d, V = 5.1 Hz, 1H, dmb H5), 8.02 (s, 

2H,, dmb H3), 8.61 (d, V = 6.0 Hz, 2H, dmb H6), 8.76 (d, V = 5.4 Hz, 2H, dmb H6) ppm. nC NMR 

APTT (CD2C12); 8: 16.9 (d, y ^ c = 2.8 Hz, Rh-CH(CH3)2), 18.8 (d, y ^ c = 2.6 Hz, Rh-CH(CH3)2), 

21.55 (dmb Me), 27.3 (Rh-CH(CH3)2), 30.4 (Rh-CH(CH3)2), 31.7 (y^-c = 22 Hz, Rh-CH(CH3)2), 

33.77 (y^-c = 23 Hz, Rh-CH(CH3)2), 123.6 (dmb C3), 123.9 (dmb C3), 127.2 (dmb C5), 127.5 (dmb 

C5),, 147.2 (dmb C6), 150.4 (dmb C4), 151.0 (dmb C6), 151.5 (dmb C4), 152.6 (dmb C2), 155.5 (dmb 

C2),, 193.1 (yRh_c = 73 Hz, CO) ppm. 

Measurements.. FAB+-MS spectra were obtained on a JEOL JMS SX/SX102A four-sector 

masss spectrometer coupled to a JEOL MS-MP7000 data system. Infrared spectra were recorded on 

Bio-Radd FTS-7 and FTS-60A FTIR spectrophotometers (the latter equipped with a liquid-nitrogen-

cooledd MCT detector), and electronic absorption spectra on Varian Cary 4E and Hewlett-Packard 

84533 spectrophotometers. NMR spectra were recorded on a Varian Mercury 300 (300.13 MHz and 
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75.466 MHz for 'H and l3C, respectively) spectrometer. Resonance Raman spectra of the complexes 

dispersedd in KNO3 pellets were recorded on a Dilor XY spectrometer equipped with a Wright 

Instrumentss CCD detector, using a Spectra Physics 2040E Ar+ laser as the excitation source. EPR 

spectraa were recorded using a Varian E-104A instrument. The radicals were generated by in situ 

irradiationn using an Oriel high pressure mercury lamp. 

Single-crystall  structure determination of 1. Suitable crystals of 1 were grown by vapour 

diffusionn of hexane into a solution of 1 in CH2C12 at -20 °C. Crystal data: C!5H18IN2ORhCH2Cl2, FW 

== 557.05, colourless block, 0.36 x 0.27 x 0.12 mm3, monoclinic, P2,/c (No. 14), a = 11.0746(3) A, b 

== 14.1766(4) A, c = 14.5336(4) A, /J = 119.462(2)°, V = 1986.70(10) A3, Z = 4, p = 1.862 g cm"1. 

Intensitiess were measured on a Nonius KappaCCD diffractometer, with rotating anode (Mo-K«, A = 

0.71073A)) at 150 K. The absorption correction was based on multiple measured reflections 

(PLATON16,, n - 2.69 ram"1, 0.63-0.71 transmission). 17229 measured reflections, 4538 unique 

reflectionss (Rinl = 0.0553). The structure was solved with direct methods (SIR-9717) and refined with 

thee program SHELXL-9718 against F2 of all reflections up to a resolution of (sin 0/A)max = 0.65 A-1. 

Thee two equatorial ligand positions are partially occupied by methyl and carbonyl groups, 

respectively.. The carbon atoms were not split and refined with an occupancy of 1. For the carbonyl 

oxygenn and the methyl hydrogens the occupancy was refined under the assumption that the total 

occupancyy is 1. The refinement resulted in a disorder ratio of 0.677(7):0.323(7). Non hydrogen atoms 

weree refined freely with anisotropic displacement parameters. Hydrogen atoms were refined as rigid 

groups.. 221 parameters. The drawing, calculations and checking for higher symmetry were performed 

withh the PLATON16 package. R(/>2a(/)): Rl = 0.0275, wR2 = 0.0635. R (all data): Rl = 0.0332, wR2 

== 0.0654. S= 1.102. 

Crystallographicc data (excluding structure factors) for the structure in this chapter have been 

depositedd with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 

150426.. Copies of the data can be obtained, free of charge, on application to CCDC, 12 Union Road, 

Cambridgee CB2 1EZ, UK (fax: +44-1223 336033 ore-mail: deposit@ccdc.cam.ac.uk). 

6.44 Results and Discussion 

6.4.11 Syntheses 

Thee synthesis of [Rh(Cl)(CO)(a-diimine)] from [Rh(Cl)(CO)2]2 was shown to proceed 

byy oc-diimine coordination resulting in [Rh(Cl)(CO)2(a-diimine)], prior to CO loss.19 This 

pentacoordinatedd complex may dissociate into an [RJi(CO)2(<x-diimine)]+(Cl)~ ion pair.20 
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Thesee intermediates were isolated in several cases.21-23 The synthesis of [Rh(Cl)(CO)(dmb)] 

(dmbb = 4,4'-dimethyl-2,2'-bipyridine) did not yield such species. Thus, the product obtained 

wass red in accordance with the observed colour for [Rh(Cl)(CO)(bpy)],4 whereas e.g. 

[Rh(CO)2(phen)]+(C104rr was reported to be green.22 Moreover, only one band due to v(CO) 

wass found in the IR spectrum at 1970 cm"1 in THF, in correspondence with literature data for 

[Rh(Cl)(CO)(bpy)]]  (1977 cm"1 in MeCN).25 In addition, 'H NMR showed the dmb ligand to 

bee in an asymmetric environment, which is not the case for [Rh(CO)2(oc-diimine)]+(Cl)~. 

Apartt from these products, in the reaction of [Rh(Cl)(CO)2k with an oc-diimine ligand 

affordedd [Rh(CO)2(Cl)2] " [Rh(CO)2(a-diimine)]+ ion pairs,2223 especially when an excess of 

[Rh(Cl)(CO)2]22 was used. Our synthetic procedure did not give rise to such species. 

Whenn [Rh(Cl)(CO)(dmb)] was allowed to react with one equivalent of I2, a mixture of 

twoo products was formed, in both of which the dmb ligand is in an asymmetric environment 

accordingg to ;H NMR. Since removal of the chloride ligand, using AgNC>3, prior to oxidative 

additionn of I2 was found to result in a single, pure product, the products of the reaction of 

[Rh(Cl)(CO)(dmb)]]  with I2 were not investigated further. NMR showed that the two pyridyl 

ringss of the dmb ligand of [Rh(I)2(N03)(CO)(dmb)] are unequal. 

Figuree 6.1 Displacement ellipsoid plot of 1 (50% probability level). The CH2C12 molecule, present in 

thee asymmetric unit, has been omitted for clarity. The methyl and carbonyl groups in the equatorial 

planee are disordered: The ligand position at CI consists of 67.7(7)% carbonyl and 32.3(7)% methyl; 

thee ligand position at C2 vice versa. 
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Graduall  addition of MeMgCl to [Rh(I)2(N03)(CO)(dmb)] caused the IR band due to 

thee starting compound (2098 cm-1) to disappear, while initially a band at 2058 cm-1 appeared 

whichh was in turn replaced by one at 2031 cm" . This indicates successive addition of two 

methyll  groups. Single crystal X-Ray diffraction studies (vide infra) revealed the structure to 

bee that depicted in Figure 6.1. 

Additionn of iPrMgCl to [Rh(I)2(N03)(CO)(dmb)] gave the corresponding orange-

brownn diisopropyl-rhodium species [Rh(iPr)2(I)(CO)(dmb)] (2) The v(CO) vibration has 

shiftedd to lower wavenumbers (2021 cm-1), in line with the higher o-donating strength of the 

isopropyll  group, compared to the methyl ligand. Although Rh-iPr complexes are known,26-29 

22 is to our knowledge the first diisopropyl-rhodium complex. Table 6.1 presents all 

vibrationall  (IR, resonance Raman) data for complexes 1 and 2. 

Tablee 6.1 Vibrational data for complexes 1 and 2. 

Compoundd IRa v(CO)b resonance Raman0 (cm" ) 

[Rh(Me)2(I)(CO)(dmb)]]  (1) 2031 1621, 1560, 1492, 1322, 1284, 1030, 564, 526 

[Rh(iPr)2(I)(CO)(dmb)]]  (2) 2021 1621, 1560, 1492, 1326, 1276, 1033, 570, 523, 234 

dmbb - 1606, 1561, 1486, 1315, 1290, 1034,236u 

ainn THF at room temperature; bin cm-1; cin KNO3; Selected Raman bands observed on 514.5 nm 

excitationn of the ligand dispersed in a KNO3 pellet. 

6.4.22 Crystal structure of cw-[Rh(Me)2(I)(CO)(dmb)] (1) 

Tablee 6.2 lists the most important bond lengths and angles of 1, while Figure 6.1 

showss a molecular The coordination environmentof the Rh centre is distorted octahedral. The 

equatoriall  positions are occupied by the dmb ligand, a methyl and a carbonyl group, while an 

iodidee and methyl group are in the axial ones. The dmb ligand is essentially planar with N-Rh 

bondd lengths of 2.124(2) and 2.144(3) A. The N-Rh-N angle of 76.76(9)° is significantly 

smallerr than the perfect octahedral angle of 90°. The Rh-I bond length (2.7936(3) A) is 

similarr to that in [Rh(Cl)(I)(CH2I)(CO)(PEt3)2] (2.803 A),30 and also to that of the iso-

e lect r icc complexes trans, m-[Ru(I)(CH3)(CO)2(iPr-DAB)] (2.7998(9) A),31 but slightly 

shorterr than that of [Pd(I)(Me)3(bpy)] (2.834 A).32 The axial Rh-CH3 bond (2.102(3) A) is 

significantlyy longer than the equatorial ones (1.933(4) and 2.014(3) A), indicating that the 

axiall  Rh-CH3 bond is weaker (for the methyl carbonyl disorder, see section 6.3). A similar 

situationn was encountered for [Pt(Me)4(cHx-DAB)] where the axial and equatorial Pt-C bond 

lengthss are 2.140(8) A and 2.045(5) A, respectively.15 In contrast, for [Pd(I)(Me)3(bpy)], the 
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axiall  and equatorial Pd-C bond lengths are similar (2.040 A and 2.034/2.046 A, 

respectively). . 32 2 

Tablee 6.2 Important bond lengths (A) and angles (") of non-hydrogen atoms of 1. Esd in last digit in 

parentheses. . 

Bond d Lengthh (A) Bonds s 

300 0 4000 500 600 
Wavelengthh (nm) 

Anglee O 

Rh-I I 

Rh-Cl l 

Rh-C2 2 

Rh-C3 3 

Rh-Nl l 

Rh-N2 2 

Dmb b 

N1-C4-C10-N2 2 

2.7936(3) ) 

1.933(5) ) 

2.014(3) ) 

2.103(4) ) 

2.144(2) ) 

2.124(3) ) 

Torsionn Angle (°) 

1.0(4) ) 

I-Rh-Nl l 

I-Rh-N2 2 

I-Rh-Cl l 

I-Rh-C2 2 

I-Rh-C3 3 

Nl-Rh-Cl l 

Cl-Rh-C2 2 

N2-Rh-C2 2 

Nl-Rh-N2 2 

89.86 6 

90.93 3 

92.20 0 

92.87 7 

179.56 6 

101.54 4 

84.94 4 

96.61 1 

76.76 6 

1 1 

1.4--

1.2--

1.0--
3 3 

03 3 

~oTT 0 . 8 -
o o 
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Figuree 6.2 Absorption spectra of 1 (dotted) and 2 (drawn) in THF. 

6.4.33 Electronic absorption and resonance Raman (rR) spectra 

Figuree 6.2 depicts the absorption spectra of 1 and 2 in THF. The spectra of both 

complexess show the dmb intraligand band at 295 nm as well as an absorption band at ca. 370 

nm.. The negative solvatochromism (Av = v(MeCN) - v(toluene) = 2.2 x 103 cm"1) indicates 

thatt the transition belonging to the lowest-energy absorption band has strong charge transfer 
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character.. In order to characterize these electronic transitions, rR spectra were recorded by 

excitationn into these bands (Figure 6.3, Table 6.1). 

20000 180 0 160 0 140 0 120 0 100 0 80 0 60 0 40 0 20 0 

Wavenumberss  (cm' 1) 

Figuree 6.3 Resonance Raman spectra of (A) 1 (^xc = 457.9 nm) at room temperature and (B) 2 (Â X( 

457.99 nm) at 90K in KN03. Asterisks denote nitrate bands. 

Thee merit of the rR technique is based on the fact that those vibrations show a high Raman 

intensityy that are coupled to the allowed electronic transition which is excited. For 

comparison,, the Raman spectrum of the free ligand was recorded under the same conditions. 

Thee resonance enhanced vibrations for both 1 and 2 can all be assigned to dmb ligand 

vibrations,, although the intensities of the resonance Raman bands of the complexes differ 

fromm those of the free ligand. This difference is due to the fact that in resonance Raman the 

intensityy of a particular band is determined by the distortion of the compound in the excited 

statee along the normal coordinate of that vibration, whereas the change in polarizability 

determiness the intensity of a normal Raman band. The observation of resonance enhanced 

dmbb vibrations implies the involvement of this ligand in the electronic transition belonging to 

thee absorption band into which excitation takes place. The CO stretching frequency is not 

resonancee enhanced, which implies that the charge density on the central metal atom is not 

affectedd by the electronic transition hence ruling out an MLCT assignment. No alkyl ligand 

vibrationss are resonance enhanced which makes Sigma-Bond-to-Ligand Charge Transfer 

(SBLCT)) character unlikely. Taking this into account, the lowest-energy absorption band 

mostt probably belongs to a Halide-to-Ligand Charge Transfer XLCT (X = I) transition. A 
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similarr character of the lowest-energy electronic transition was found for [Re(I)(CO)3(a-

diimine)],344 [Ru(I)(Me)(CO)2(a-diimine)],31 and [Pt(I)(Me)3(iPr-DAB)].7 

6.4.44 Photochemistry 

Bothh 1 and 2 are photoreactive in solution at room temperature. In order to study the 

primaryy photochemical step, THF solutions of 1 and 2 containing an excess of the spin-trap 

nitrosodurene,, were irradiated in situ in an EPR spectrometer using a mercury lamp and 

suitablee cutoff filters. Figure 6.4 presents the EPR spectrum obtained on irradiation (Airr>435 

nm)) of a THF solution of 2 containing an excess of nitrosodurene, as well as the PEST 

Winsim355 simulated spectrum. 

Fieldd — 

Figuree 6.4 Experimental (top) and simulated (bottom) EPR spectra obtained on irradiation 

(Ain>435)) of 2 in a THF solution containing an excess of nitrosodurene. 

Thee complicated spectrum indicates that both the metal fragment radical and the alkyl 

radicall  are trapped by nitrosodurene. Irradiation in the presence of an excess of PPli3, used 

previouslyy to trap the metal fragment selectively,36 did not result in any observable EPR 

signal.. The best fit  is obtained by assuming the presence of a small amount of a third EPR 

activee species (probably free nitrosodurene radical), in addition to the nitrosodurene (nd) 

trappedd isopropyl and metal fragment radicals. The hyperfine splitting constants for nd-iPr* 

derivedd from the fitting procedure are an = 13.59 G and aH = 6.80 G, in agreement with 
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literaturee values of 13.8 G and 6.7 G, respectively.37 The fitted hyperfine constants for the nd 

trappedd metal fragment are an = 16.66 G (nd), ORI, = 1.19 G and ÜN = 2.16 G (dmb). Due to 

thee large linewidth of the latter radical (5.8 G) these last two splitting constant values are not 

veryy reliable. The fact that these values are small indicates that the electron spin is mainly 

locatedd on the nd nitrogen atom. 

Complexx 1 does not show any radical formation under these circumstances, but shorter 

wavelengthh irradiation (Ain>335 nm) does give rise to EPR detectable signals. In all cases, the 

photochemicall  reaction is not very efficient, with estimated quantum yields less than 0.01. On 

loweringg the temperature, the efficiency is even much lower. 

Ann XLCT excited state generally does not result in photochemical bond homolysis. 

Hence,, the observed photoreaction must occur after crossing from the optically occupied 

electronicc state to a reactive one. Of the excited states known to give rise to bond homolysis, 

thee SBLCT state is the most likely candidate. Similar XLCT to SBLCT crossings were found 

forr [Ru(I)(R)(CO)2(iPr-DAB)] (R = iPr, Bz).3839 In general, the energy of the transition metal 

too carbon bond of a metal-alkyl complex increases with increasing o donor strength of the 

alkyll  group, decreasing the energy of the SBLCT-state. In the complexes under study, the iPr 

groupp is the stronger a donor. This explains that radical formation occurs at lower-energy 

irradiationn for 2 than in the case of 1. 

6.55 References 

1)) Morse, D. L.; Wrighton, M.S.J. Am. Chem. Soc. 1976, 98, 3931. 

2)) Luong, J. C; Faltynek, R. A.; Wrighton, M. S. J. Am. Chem. Soc. 1980,102, 7892. 

3)) Stufkens, D. J. Comments Inorg. Chem. 1992,13, 359. 

4)) Rossenaar, B. D.; Kleverlaan, C. J.; van de Ven, M. C. E.; Stufkens, D. J.; Vlcek, Jr., A. Chem. Eur. 

J.J. 1996, 2, 228. 

5)) Rossenaar, B. D.; Lindsay, E.; Stufkens, D. J.; Vloek, Jr., A. Inorg. Chim. Acta 1996, 250, 5. 

6)) Aarnts, M. P.; Stufkens, D. J.; Wilms, M. P.; Baerends, E. J.; Vlcek, Jr., A.; Clark, I. P.; George, M. 

W.;; Turner, J. J. Chem. Eur. J. 1996, 2, 1556. 

7)) van Slageren, J.; Zalig, S.; Klein, A.; Stufkens, D. J. submitted to Inorg. Chem..; chapter 7. 

8)) van Slageren, J.; Stufkens, D. J. submitted to Inorg. Chem.; chapter 3. 

9)) Shiang, J. J.; Walker, II, L. A.; Anderson, N. A.; Cole, A. G.; Sension, R. J. J. Phys. Chem. B 1999, 

103,103, 10532. 

121 1 



ChapterChapter 6. The complexes cis-[Rh(R)2(l)(CO)(dmb)]: Synthesis, Structure and Photoreactivity 

10)) Kunkely, H.; Vogler, A. J. J. Organomet. Chem 1993, 453, 269. 

11)) Djurovich, P. I.; Watts, R. J. Inorg. Chem. 1993, 32,4681. 

12)) Djurovich, P. I.; Watts, R. J. J. Phys. Chem. 1994, 98, 396. 

13)) Bradley, P.; Suardi, G.; Zipp, A. P.; Eisenberg, R. J. Am. Chem. Soc. 1994,116, 2859. 

14)) McCleverty, J. A.; Wilkinson, G. Inorg. Synth. 1966, 8, 211. 

15)) Hasenzahl, S.; Hausen, H.D.; Kaim, W. Chem. Eur. J. 1995,1,95. 

16)) Spek, A. L. PLATON, a multipurpose crystallographic tool; Utrecht University: Utrecht, 1999. 

17)) Altomare, A.; Burla, M. C; Camalli, M.; Cascarano, G. L.; Giacovazzo, C; Guagliardi, A.; 

Moliterni,, A. G. G.; Polidori, G.; Spagna, R. J. Appl. Cryst. 1999, 32, 115. 

18)) Sheldrick, G. M. SHELXL-97, program for crystal structure refinement; University of Göttingen: 

Germany,, 1997. 

19)) Mitryaikina, M. A.; Gracheva, L. S.; Polovnyak, V. K.; Usachev, A. E.; Yablokov, Y. V. J. Gen. 

Chem.Chem. USSR 1992, 62, 821. 

20)) Imhoff, P.; van Asselt, R.; Elsevier, C. J.; Zoutberg, M. C.; Stam, C. H. Inorg. Chim. Acta 1991, 

184,184, 73. 

21)) Delgado-Laita, E.; Sanchez-Munoyerro, E. Polyhedron 1984, 3, 799. 

22)) Gillard, R. D.; Harrison, K.; Mather, 1. H. J. Chem. Soc, Dalton Trans. 1975, 133. 

23)) van der Poel, H.; van Koten, G.; Vrieze, K. Inorg. Chim. Acta 1981, 51, 241. 

24)) Morton, S.; Nixon, J. F. J. Organomet. Chem. 1985, 282, 123. 

25)) Mestroni, G.; Camus, A.; Zassinovich, G. J. Organomet. Chem. 1974, 65, 119. 

26)) Pahor, N. B.; Dreos-Garlatti, R.; Geremia, S.; Randaccio, L.; Tauzher, G.; Zangrando, E. Inorg. 

Chem.Chem. 1990, 29, 3437. 

27)) Mak, S.-T.; Yam, V. W.-W.; Che, C.-M.; Mak, T. C. W. J. Chem. Soc, Dalton Trans. 1990, 2555. 

28)) Steinborn, D.; Ludwig, M. J. Organomet. Chem. 1993, 463, 65. 

29)) Collman, J. P.; Brauman, J. I.; Madonik, A. M. Organometallics 1986, 5, 310. 

30)) Gash, R. C; Cole-Hamilton, D. J.; Whyman, R.; Barnes, J. C; Simpson, M. C. J. Chem. Soc, 

DaltonDalton Trans. 1994, 1963. 

31)) Kleverlaan, C. J.; Stufkens, D. J.; Fraanje, J.; Goubitz, K. Eur. J. Inorg. Chem. 1998, 1243. 

32)) Byers, P. K.; Canty, A. J.; Skelton, B. W.; White, A. H. Organometallics 1990, 9, 826. 

33)) Clark, R. J. H.; Dines, T. J. Angew. Chem. Int. Ed. Engl. 1986, 25, 131. 

34)) Rossenaar, B. D.; Stufkens, D. J.; Vlcek, Jr., A. Inorg. Chem. 1996, 35, 2902. 

35)) Duling, D. R. J. Magn. Res. Ser. B 1994, 104, 105. 

36)) Aarnts, M. P.; Stufkens, D. J.; Vlcek, Jr., A. Inorg. Chim. Acta 1997, 266, 37. 

37)) Kleverlaan, C. J.; Stufkens, D. J. Inorg. Chim. Acta 1999, 284, 61. 

38)) Nieuwenhuis, H. A.; van de Ven, M. C. E.; Stufkens, D. J.; Oskam, A.; Goubitz, K. 

OrganometallicsOrganometallics 1995, 14, 780. 

39)) Kleverlaan, C. J.; Stufkens, D. J. /. Photochem. Photobiol. A: Chem. 1998, 116, 109. 

122 2 



 ËJtÊ*. 

AnAn Experimental and Theoretical Study of the Electronic 

TransitionsTransitions and Emission Properties of [Pt(I)(CH3)3(iPr-

DAB)],DAB)], [Pt(CH3Uordiimine)] and [Pt(SnPh3)2(CH3)2(iPr-

DAB)] DAB)] 

Vann Slageren, J.; Stufkens, D.J.; ZaliS, S., Klein, A. submitted to Inorg. Chem. 



ChapterChapter 7. Electronic Transitions and Emission Properties ofPt(IV)-diimine complexes 

7.11 Abstract 

Thiss chapter reports the results of a combined spectroscopic (UV/Vis, resonance 

Raman),, emission and theoretical study of [Pt(I)(CH3)3(iPr-DAB)] (iPr-DAB = NJT-

diisopropyl-l,4-diaza-l,3-butadiene),, [Pt(CH3)4(R-DAB)] (R = alkyl or aryl), [Pt(CH3)4(a-

diimine)]]  (a-diimine = tBu-Pyca, tmphen), and [Pt(SnPh3)2(CH3)2(iPr-DAB)]. The difference 

inn character between the Halide-to-Ligand Charge Transfer (XLCT; X = I) transition of the 

firstt complex and the Sigma-Bond-to-Ligand Charge Transfer (SBLCT) transitions of the 

others,, is clearly established by resonance Raman (rR) spectroscopy. DFT MO calculations 

confirmm the assignment of the frontier orbitals and lowest-energy electronic transitions, and 

supportt the interpretation of the rR spectra. Furthermore, all complexes emit at low 

temperatures,, with excited state lifetimes strongly depending on the character and reactivity of 

thee lowest excited state. 

7.22 Introductio n 

Thee [Pt(CH3)4(a-diimine)] complexes have been studied in some detail, ever since 

theyy were first reported in 1972.' These investigations included the reactions of these 

complexess with acids,2 methyl group transfer reactions and reductive eliminations,3 and, most 

importantlyy for this study, their photoreactivity. ~ This photosensitivity was already 

mentionedd in the first paper,1 and was later shown to involve a homolytic Pt-Cax bond 

splittingg reaction from a triplet excited state. This was concluded from the results of EPR,7'8 

CIDNPP studies,4"5 triplet quenching, 4'5 product analysis,6 and, more recently, FT-EPR 

measurements.99 This photoreactivity arises from the special character of the HOMO, which, 

accordingg to DFT MO calculations is a a(Me-Pt-Me) orbital, consisting of the antisymmetric 

combinationn of the axial methyl ligand orbitals, and only a small contribution from a platinum 

pp orbital.6 Since the LUMO mainly consists of the lowest n* orbital of the a-diimine, the 

lowest-energyy electronic transition has a-»Tt*  or Sigma-Bond-to-Ligand Charge Transfer 

(SBLCT)) character. This transition removes electron density from an already weak aCPt-Ca*) 

bond,, which renders these complexes very photoreactive. 
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Thuss far, the emission properties of the [Pt(CH3)4(cc-diimine)] complexes have 

receivedd much less attention than those of other d transition metal complexes, with lowest 

SBLCTT excited states,1011 such as [Re(R)(CO)3(a-diimine)] (R = alkyl, metal fragment),12"15 

andd [M(L 1)(L2)(CO)2(a-diimine)] (M = Ru, Os; L,, L2 = e.g. CH3, SnPh3, Mn(CO)5, 

RuCp(CO)2,, etc.).16"20 In the case of the Ru and Os complexes, the HOMO is a o(L,-M-L 2) 

orbital,, and the lowest-energy transition has again SBLCT character.1618 The SBLCT states of 

thesee complexes are reactive at room temperature, but stable at low temperature. Under the 

latterr conditions, the excited state of these complexes can be extremely long lived, up to 1.1 

mss for [Ru(SnPh3)2(CO)2(dmb)] (dmb = 4,4'-dimethyl-2,2'-bipyridine).1619 

Inn this chapter, the electronic absorption, resonance Raman and emission spectra of 

[Pt(I)(CH3)3(iPr-DAB)]]  (1), [Pt(CH3)4(a-diimine)] (2a-g) and of the novel complex 

[Pt(SnPh3)2(CH3)2(iPr-DAB)]]  (3) (iPr-DAB = N,N-diisopropyl-l,4-diaza-l,3-butadiene) are 

presented.. The variety of oc-diimine ligands in the complexes [Pt(CH3)4(diimine)] is chosen to 

establishh their electronic and steric influence on the excited states. Tmphen (3,4,7,8-

tetramethyl-l,10-phenanthroline)) is well known to provide highly luminescent complexes 

withh rather long excited state lifetimes. This is mainly due to the rigidity of this diimine 

ligand.. Futhermore it represents a relatively electron-rich ligand compared to the 1,4-

diazabutadienes.. The tBu-Pyca (pyridine-2-carbaldehyde-tert.-butylimine) ligand was 

establishedd as an intermediate between the aliphatic DAB ligands and aromatic oc-diimine 

ligandss like bipyridine or phenanthroline.6 In addition, DFT MO calculations are performed to 

characterizee the molecular orbitals and to assign the electronic transitions belonging to the 

UV/Vi ss absorption bands, as well as the vibrations observed in the resonance Raman spectra. 

Itt is shown that variation of the axial ligands going from 1 to 2 to 3 has a dramatic effect on 

thee spectroscopic and excited state properties. Figure 7.1 presents the general structure of the 

complexes. . 

II Me SnPh3 

Figuree 7.1 Schematic structures of the complexes under study. 
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7.33 Experimental 

Materials.. I2 (Merck), SnClPh3 (Merck, zur Synthese), tmphen (3,4,7,8-tetramethyl-1,10-

phenanthroline)) were used as received. Solvents purchased from Acros (THF, hexane, 

dichloromethane,, acetonitrile, 2-MeTHF) were dried on and distilled from the appropriate drying 

agentt when necessary. Silica gel (kieselgel 60, Merck, 70-230 mesh) for column chromatography was 

driedd and activated by heating in vacuo at 160 °C overnight. 

Syntheses.. All syntheses were performed under a nitrogen atmosphere using standard Schlenk 

techniques.. The complexes [Pt(CH3)4(R-DAB)] (2a-e),8 [Pt(CH3)4(tBu-Pyca)] (tBu-Pyca = pyridine-

2-carbaldehyde-tert.-butylimine)) (2f),8 [Pt(CH3)2(iPr-DAB)],8 as well as MAP-diisopropyl-M-

diazabutadienee (iPr-DAB),21 were prepared according to literature procedures. 

[Pt(I) 2(CH3)2(iPr-DAB)] .. An excess of I2 was added to a solution of [Pt(CH3)2(iPr-DAB)] in 

CH2C12.. Evaporation of the solvent and subsequent washing with pentane yielded the product as a dark 

brownn powder in 60 % yield. H NMR (CDC13); S: 1.55 (d, V = 6.6 Hz, 12H, CH(C//3)2); 2.24 (s, Jn. 

HH = 73.1 Hz, 6H, Pt-CH3); 4.63 (septet, V = 6.6 Hz, 2H, Ctf(CH3)2); 8.53 (s, 7P, H = 30.9 Hz, 2H, 

iminee H) ppm. 

[Pt(I)(CH 3)3(iPr-DAB) ]]  (1) was prepared by oxidative addition of CH,I to [Pt(CH3)2(iPr-

DAB)]]  in near-quantitative yield.2223 'H NMR (CDC13); 5 : 0.66 (s, JP(_H = 72.6 Hz, 3H, Pt-Me„); 

1.422 (s, Jp,_H = 70.2 Hz, 6H, Pt-Meeq); 1.41 (d, 37 = 6.6 Hz, 6H, iPr-DAB CH3); 1.54 (d, V = 6.6 Hz, 

6H,, CH(C#3)2); 4.64 (septet, V = 6.6 Hz, 2H, C//(CH3)2), 8.61 (s, yPl.H = 28.2 Hz, 2H, imine H) ppm. 

[Pt(CD3)4(iPr-DAB) ]]  (2b) was prepared from CD3Li , CD3I and [Pt(Cl)2]2(ji-SMe2)2 

accordingg to the same procedure as [Pt(CH3)4(R-DAB)].8 'H NMR (CD2C12); 8: 1.35 (d, 'J = 6.6 Hz, 

12H,, CH(C//3)2); 4.56 (septet, V = 6.6 Hz, 2H, C//(CH3)2), 8.63 (s, ./*_„  = 31.5 Hz, 2H, imine H) 

ppm. . 

[Pt(CH 3)4(tmphen)]]  (2g) was prepared according to the same procedure as [Pt(CH3)4(R-

DAB)]. 88 'H NMR (Cf,D6): S: 0.39 (s, JPt.H = 44 Hz, 3H, Pt-Meax); 1.97 (s, 7Pl H - 72.6 Hz, 6H, Pt-

Mecq);; 1.69 (s, 6H, tmphen 4,7-CH3); 1.89 (s, 6H, tmphen 3,8-CH3); 7.41 (s, 2H, tmphen H 5,6); 9.01 

(s,, yPt-H =15.3 Hz, 2H, tmphen H 2,9) ppm. 

[Pt(SnPh3)2(CH3)2(iPr-DAB)]]  (3). A setup consisting of two two-necked Schlenk vessels 

connectedd by a G3 glass frit, was assembled. Water was rigorously removed by heating under vacuum. 

Onee Schlenk vessel was charged with 106 mg [Pt(I)2(CH3)2(iPr-DAB)] and the other with a solution 

off  162 mg SnClPh3 in THF. The latter solution was freeze-pump-thaw degassed three times, after 

whichh THF was added to the platinum compound. After addition of an excess of NaK alloy to the 

brownishh solution of [Pt(I)2(CH3)2(iPr-DAB)], this solution turned purple and later brown-yellow. 

Thiss extremely air-sensitive intermediate was filtered over a G3 glass filter into the solution of 
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SnClPh3,, which turned blue-green immediately. Evaporation of the solvent yielded a green solid, 

whichh was purified using column chromatography (activated silica, CH2Cl2/hexane gradient elution). 

Thee desired blue complex eluted in the first fraction. The second fraction contained a brown-red 

compoundd of unclear composition. FAB-MS; m/z: (M+ not detected), 716 (M+ - SnPh3). UV/Vi s 

(toluene);; A,™: 351, 657 nm. 'H NMR (CD2C12) : Ö: 0.94 (d, 3J = 6.6 Hz, 12H, CH(C//3)2), 1-34 (s, 

V HH = 67.8 Hz, 3JSn̂ H = 23.4 Hz, 6H, Pt-CH3) 4.67 (sept, 3J = 6.6 Hz, 2H, C7/(CH3)2), 7.25 (m, 9H, 

m//?-SnC6H5),, 7.29 (m, 6H, o-SnC6H5), 8.44 (m, VSn_H, 3JP,-H = 29.1 Hz, 37.2 Hz, 2H, imine H) ppm. 

Spectroscopicc Measurements. All spectroscopic measurements were performed under a 

nitrogenn atmosphere. Infrared spectra were recorded on a Bio-Rad FTS-7 spectrophotometer, and 

electronicc absorption spectra on Varian Cary 4E and Hewlett-Packard 8453 spectrophotometers. NMR 

spectraa were recorded on a Varian Mercury 300 (300.13 MHz and 75.46 MHz for lH and 13C, 

respectively)) spectrometer. Resonance Raman spectra of the complexes dispersed in KN03 pellets 

weree recorded on a Dilor XY spectrometer equipped with a Wright Instruments CCD detector, using a 

Spectraa Physics 2040E Ar+ and Coherent CR490 and CR590 dye lasers (with Coumarin 6 and 

Rhodaminee 6G dyes) as the excitation sources. Nanosecond time-resolved electronic absorption and 

emissionn spectra were obtained with Spectra Physics GCR3 Nd:YAG and Coherent Infinity XPO 

excitationn sources and an OMA detection system, described previously.24 

Computationall  Details. The iPr-DAB ligand was simplified to Me-DAB during the 

calculationn of vibrational frequencies, while the SnPh3 moiety was replaced by SnH3 in all 

calculations.calculations. The ground state electronic structures of [Pt(CH3)4(iPr-DAB)] (2a), 

[Pt(SnH3)2(CH3)2(iPr-DAB)]]  and [Pt(I)(CH3)3(iPr-DAB)] (1) complexes were calculated by density 

functionall  theory (DFT) methods using the ADF199925'26 program package, while Gaussian 9827 was 

usedd for the calculations of the vibrations. The lowest-energy electronic transitions of the closed shell 

complexess were calculated by time-dependent DFT methods using the ADF-RESPONSE28 and G98 

programs. . 

Withinn Gaussian 98, Dunning's polarized valence double £ basis sets29 were used for C, N and 

HH atoms and the effective quasirelativistic effective core pseudopotentials and corresponding 

optimizedd set of basis functions3031 for Pt, I and Sn. In these calculations, the hybrid Becke's three 

parameterr functional with the Lee, Yang and Parr correlation functional (B3LYP)32 were used. 

Withinn the ADF program, Slater type orbital (STO) basis sets of triple £ quality with 

polarizationn functions for Pt and double £ with polarization functions for remaining atoms were 

employed.. The inner shells were represented by a frozen core approximation, viz. Is for C, N, ls-3d 

forr I, l s ^d for Pt and ls-4p for Sn were kept frozen. The following density functionals were used 

withinn ADF: a local density approximation (LDA) with VWN parametrization of electron gas data or a 

functionall  including Becke's gradient correction33 to the local exchange expression in conjunction with 

Perdew'ss gradient correction34 to the LDA expression (BP). The scalar relativistic (SR) zero order 
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regularr approximation (ZORA) was used within this study. The Adiabatic Local Density 

Approximationn (ALDA), ignoring the frequency dependence, was used in post-SCF time-dependent 

DFTT calculations.28 

Thee calculations on [Pt(CH3)4(R-DAB)] (2) and [Pt(SnH3)2(CH3)2(R-DAB)] were performed 

inn constrained C2V symmetry, with the z-axis coincident with the C2 symmetry axis. The R-DAB 

ligandd and the C atoms of the equatorial CH3 groups are located in the yz plane and the SnltyCH;, 

axiall  ligands lie on the x axis. Calculations on [Pt(I)(CH3)3(R-DAB)] (1) were performed in 

constrainedd Cs symmetry, with the z-axis bisecting the DAB ligand as above. 

7.44 Results and Discussion 

7.4.11 Syntheses 

Figuree 7.1 shows the compounds under study. The syntheses of [Pt(I)(CH3)3(iPr-

DAB)]]  (1) and[Pt(CH3)4(a-diimine)] (2a-g) are fairly straightforward and proceed according 

too literature methods.822'23 The synthesis of [Pt(SnPh3)2(CH3)2(iPr-DAB)] (3), on the other 

hand,, is not trivial. Attempts to react [Pt(I)2(CH3)2(iPr-DAB)] with LiSnPh3 resulted in 

decomposition.. Instead [Pt(I)2(CH3)2(iPr-DAB)] was reduced using NaK alloy to yield a 

highlyy reactive intermediate, which was allowed to react with two equivalents of SnClPh3. 

Althoughh several other organometallic Pt(IV) complexes with a Pt-Sn bond are known,35"38 

onlyy a few compounds with a trinuclear Sn-Pt-Sn bonded system have been reported.39'40 

7.4.22 Absorption spectra and MO calculations 

Complexess 2 and 3 absorb in the visible region, whereas 1 absorbs only at higher 

energyy (Table 7.1, Figure 7.2). The assignments of the lowest-energy absorption bands are 

basedd in part on DFT MO-calculations on complexes 1, 2a and on [Pt(SnH3)2(CH3)2(iPr-

DAB)]]  which serves as a model compound for 3. The results of these calculations are 

collectedd in Tables 7.2-7.6. 

Thee frontier orbital characters of complex 1 are clearly different from those of the 

otherr complexes. The highest occupied MOs are formed by a set of almost degenerate orbitals 

(27a""  and 37a') which both have p,t (I) character (Table 7.2). The lower lying occupied orbital 
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366 a' is a a(I-Pt-CH3) orbital, again mainly halide in character, while below this MO is a set 

off  metal localized MOs (not shown). The LUMO (38a') has mainly (86%) Ji*(iPr-DAB) 

character.. The two lowest-energy allowed (a'-»a') transitions are therefore expected to have 

Halide-to-Ligandd Charge Transfer (XLCT, X = I) character. This expectation is supported by 

time-dependentt (TD) DFT calculations which show that these transitions have 98% 

37a'-»38a'' and 98% 36a'->38a' character, respectively. The ADF/BP calculated (vacuum) 

transitionn energies of 0.98 eV and 1.94 eV are much too low to be accounted for by solvent 

effects.. The G98/B3LYP calculated values of 1.64 eV and 2.35 eV are closer to the 

experimentall  ones (2.87 eV and -3.87 eV in toluene), but still too low. This is not an 

uncommonn result of DFT calculations on transition metal complexes possessing metal-halide 

bonds.4 4 41-43 3 

Tablee 7.1 Long wavelength absorption maxima. 

# # 

1 1 

2a a 

2b b 

2c c 

2d d 

2e e 

2f f 

2g g 

3 3 

Compound d 

[Pt(I)(CH 3) 3(iPr-DAB) ] ] 

[Pt(CH 3) 4(iPr~DAB) ] ] 

[Pt(CD 3) 4(iPr-DAB) ] ] 

[Pt(CH 3) 4(tBu-DAB)] b b 

[Pt(CH 3) 4(cHx-DAB)] b b 

[Pt(CH 3) 4(Xyl-DAB) f f 

[Pt(CH 3) 4(tBu-Pyca)] b b 

[Pt(CH 3) 4(tmphen) ] ] 

[Pt(SnPh 3) 2(CH3) 2(iPr-DAB) ] ] 

Am»»» (toluene )  (nm ) 

432 2 

531 1 

515 5 

520 0 

532 2 

605 5 

493 3 

446 6 

657 7 

InnInn (MeCN )  (nm ) 

372 2 

479 9 

464 4 

471 1 

485 5 

550 0 

449 9 

410 0 

620 0 

AA (cnT') a 

373 4 4 

204 4 4 

213 4 4 

2001 1 

1822 2 

1653 3 

1988 8 

1969 9 

908 8 
av(MeCN)-v(toluene);; "from ref* 

Thee results for [Pt(CH3)4(iPr-DAB)] (2a) are in line with those of earlier calculations 

onn the [Pt(CH3)4(H-DAB)] model complex.6 Thus, the HOMO is mainly composed of the 

antisymmetricc combination of the axial sp3(CH3) orbitals and px(Pt), while the LUMO mainly 

consistss of the lowest K* orbital of the iPr-DAB ligand (see Figure 7.1 for the orientation of 

thee axes). According to DFT calculations (Table 7.3), some mixing between o and n* orbitals 

occurss in both HOMO and LUMO. The lowest-energy transition has 93% 13bi-»14bi 

(HOMO-»LUMO)) character according to TD DFT calculations (Table 7.4). In view of the 

characterss of the orbitals involved, it can best be described as a Sigma-Bond-to-Ligand 

Chargee Transfer (SBLCT) transition. The second allowed transition (91% 12bi-»14bi) has 
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MLC TT character. The calculated absorption maxima (623 and 386 nm, respectively, Table 

7.4)) are lower than the observed absorption maxima (531 and 326 nm in toluene, 

respectively),, but this is expected in view of the solvatochromic behaviour of the absorption 

bands. . 

3000 0 

4000 600 

Wavelengthh (nm) 
800 800 

Figuree 7.2 UV/Vi s absorption spectra of [Pt(I)(CH3)3(iPr-DAB)] (1, drawn), [Pt(CH3)4(iPr-DAB)] 

(2a,, dashed) and [Pt(SnPh3)2(CH3)2(iPr-DAB)] (3, dotted) in THF at room temperature. The inset 

showss the complete spectrum of 3. 

Tablee 7.2 ADF calculated one-electron energies and percentage composition of selected highest 

occupiedd and lowest unoccupied molecular orbitals of [Pt(I)(CH3)3(iPr-DAB)] (1) expressed in terms 

off  composing fragments. 

MO O E(eV) ) Prevailing g 

Character Character 

Pt t I I Me,. . Me», , iPr-DAB B 

Unoccupied d 

38a' ' 

Occupied d 

27a" " 

37a' ' 

36a' ' 

-3.84 4 

-4.75 5 

-4.78 8 

-5.57 7 

71**  R-DAB 

II  (p„) + PK<W 

II  (p.) + Pt(d„) 

1(0),, Pt, Me(a) 

7(dxy);; 1 (px) 

6(dJ J 

33 (dxy) 

7(px);l(dz2);4(dxy) ) 

6 6 

91 1 

94 4 

59 9 

1 1 

20 0 

1 1 

1 1 

5 5 

86(7i*) ) 
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Tablee 7.3 ADF calculated one-electron energies and percentage composition of selected highest 

occupiedd and lowest unoccupied molecular orbitals of [Pt(CH3)4(iPr-DAB)] (2a) expressed in terms of 

composingg fragments. 

MÖÖ E(eV) Prevailing Character Pt (Me)a, (Me)et] iPr-DAB 

Unoccupied d 

14b,, -3.35 TI 'R-DAB+(Me)ax 8(dK); 1 (px) 14 77(rc*) 

Occupied d 

13b,, -4.19 Meax + Pt + 7t*R-DAB 9(px); l(dM) 73 3 13 

9a22 -5.48 dp, + 7i*R-DAB 75 (dxy); 8 4 12 

21a,, -5.71 dp,+ Meeq 53 (dz2); 22 (dx2_y2) 17 7 

12b,, -5.93 dp,+ R-DAB 71 (d^); 1 (px) 10 6 12 

Tablee 7.4 TD DFT calculated lowest-energy singlet excitation energies and observed absorption 

maximaa for [Pt(CH3)4(iPr-DAB)] (2a). 

Statee Composition Calculated transition energy Aabs(nm)a Cal c. osc. strength 

(eV)) (nm) 

~~TTAA]]  93% (13b, -  14b,) L99 623 531 0.021 

'B22 94% (9a2 -> 14b,) 2.26 549 n.o.b 0.002 

'A,, 91% (12b, -> 14b,) 3.21 386 326 0.072 

"Observedd wavelength maximum in toluene at room temperature. bnot observed 

Thee characters of the relevant MOs and calculated electronic transitions of 

[Pt(SnH3)2(CH3)2(iPr-DAB)]]  (which serves as a model for 3) are similar to those of 2a. A 

slightlyy stronger o-n* mixing is present in the frontier orbitals (Table 7.5) of the former 

complex.. Thus, the contribution of the lowest 7t*(iPr-DAB) orbital to the HOMO is 18%, 

comparedd to only 13% in the case of 2a. Similarly, the contribution of the axial ligands to the 

LUM OO is 23% in the case of [Pt(SnH3)2(CH3)2(iPr-DAB)], but only 14% for 2a. On the other 

hand,, the derealization in [Pt(SnH3)2(CH3)2(iPr-DAB)] is still significantly less than in the 

isoelectronicc model complex [Ru(SnH3)2(CO)2(H-DAB)].18 In this latter complex the 

contributionss of 7t*(iPr-DAB) to the HOMO and of SnH3 to the LUMO are both 27%, 

accordingg to DI T calculations. Recent calculations on [Ru(SnH3)2(CO)2(iPr-DAB)] showed 

thatt this calculated difference is certainly not due to replacement of iPr-DAB by H-DAB in 

thee former calculations.44 This decrease of derealization, going from [Ru(SnH3)2(CO)2(H-

DAB)]]  to [Pt(SnH3)2(CH3)2(iPr-DAB)] is also responsible for the shift of the first absorption 
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bandd to lower energy, going from [M(SnPh3)2(CO)2(iPr-DAB)] (M = Ru, Os) (523 and 497 

nmm in toluene, respectively) to complex 3 (657 nm in toluene). This effect is mainly due to 

stabilizationn of the HOMO by the strong o-n* interaction in the former complexes.1819 

Anotherr consequence of the weaker G-K* interaction for 3 is a lowering of the molar 

extinctionn coefficient from over 6.0 x 10 NT'.cm-1 in the case of the Ru/Os complexes to 1.1 

xx 10 M_1.cm_1 in the case of 3, which is in fact very similar to the extinction cofficients of 

thee complexes 2. 

Thee calculated maximum of the lowest allowed electronic transition of 

[Pt(SnH3)2(CH3)2(iPr-DAB)]]  (655 nm, Table 7.6) is the same as the observed absorption 

maximumm of 657 nm of 3 in toluene. The second absorption band (observed at 351 nm in 

toluenee for 3) seems to consist of three allowed transitions (Table 7.6) of very mixed 

character.. The observed ratio of the extinction coefficients of 1:10 for the low and high 

energyy absorptions respectively, fits very well with the calculated oscillator strengths. 

Employingg the more electron rich fBu-Pyca and tmphen ligands shifts the absorption 

maximumm of the [Pt(CH3)4(oc-diimine)] complexes to higher energy in line with the higher n* 

levell  of these ligands. 

Tablee 7.5 ADF calculated one-electron energies and percentage composition of selected highest 

occupiedd and lowest unoccupied molecular orbitals of [Pt(SnH3)2(CH3)2(iPr-DAB)] expressed in 

termss of composing fragments. 

MÖÖ E(eV) Prevailing Character Pt SnH3 Me iPr-DAB 

Unoccupied d 

25a, , 

17b, , 

Occupied d 

16bi i 

l l a 2 2 

24a, , 

18b2 2 

15b, , 

14b, , 

22a, , 

-1.41 1 

-3.54 4 

-4.87 7 

-6.18 8 

-6.21 1 

-6.57 7 

-6.64 4 

-7.27 7 

-7.43 3 

dPl++ SnH3 

TCTC R-DAB + SnHj 

SnH33 + Pt + 7C* R-DAB 

dp,++ 71* R-DAB 

dp,, + Me 

7iR-DABB + dp, + Me 

dpt+R-DAB B 

SnH3 3 

SnH3 3 

66 (d,2); 13 (dx2_y2) 

5(dn) ;; 1 (pK) 

100 (p0; 6(dK ) 

677 (dxy); 

500 (dz2); 23 (dxi_y2) 

1 2 ^ ) 3 ^ ) ) 

666 (d«); 1 ( pj 

4 (d«) ) 

22 (s); 1 (dz2) 

70 0 

23 3 

60 0 

5 5 

6 6 

13 3 

84 4 

87 7 

7 7 

5 5 

6 6 

18 8 

38 8 

6 6 

6 6 

7 7 

4 4 

71l l 

18 8 

22 2 

8 8 

41 1 

14 4 

6 6 

2 2 
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Tablee 7.6 TD DPT calculated lowest-energy singlet excitation energies (eV) for 

[Pt(SnH3)2(CH3)2(iPr-DAB)]. . 

Statee Composition 

'A,, 96% (16b, -> 17b,) 

'B22 94% (1 la2 -> 17bi) 

'A,, 86% (15bl -» 17bl); 10% (14bl -> 17bl) 3.49 

'B,, 68% (16b, -> 25a,); 20% (22a, -> 17b,) 

'A,, 89% (14b, -> 17b,) 

'B,, 79% (22a,-»17b,); 14% (16b,->25a,) 

"Observedd absorption maximum for [Pt(SnPh3)2(CH3)2(iPr-DAB)] in toluene at room temperature. 
hNott observed 

Calculated d 

energy y 

(eV) ) 

1.89 9 

2.80 0 

3.49 9 

3.85 5 

3.88 8 

3.98 8 

transition n 

nm m 

656 6 

443 3 

355 5 

322 2 

320 0 

311 1 

AabSS ( nm)1 

657 7 

n.o.b b 

n.o.b b 

351 1 

n.o.b b 

n.o.b b 

Calc.. osc 

strength h 

0.028 8 

0.007 7 

0.029 9 

0.248 8 

0.028 8 

0.078 8 

«S»^twy*>^« »» '«»> »i ui• Ay . 

v « N N MX*J\J>*»*I»JHWMX*J\J>*»*I»JHW  '<»i 

25000 2000 1500 1000 

Wavenumberss (cm'1) 

500 0 

Figuree 7.3 Resonance Raman spectra obtained by excitation into the lowest-energy absorption band of 

(A)) [Pt(I)(CH3)3(iPr-DAB)] (1) (?w = 457.9 nm), (B) [Pt(CH3)4(cHx-DAB] (2a) (XCK = 488.0 nm), 

(C)) [Pt(CD3)4(iPr-DAB)] (2b) and (D) [Pt(SnPh3)2(CH3)2(iPr-DAB)] (3) (Xnc = 595.6 nm) in KN03. 

Asteriskss denote N03~ bands. 
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7.4.33 Resonance Raman spectra 

Inn order to further characterize the electronic transitions and confirm their assignment, 

thee resonance Raman (rR) spectra of the complexes 1, 2a-g and 3 were investigated. Such 

spectra,, obtained by excitation into an allowed electronic transition, show resonance 

enhancementt of the Raman intensity for those vibrations which are most strongly affected by 

thatt particular electronic transition. The complexes containing aliphatic R-DAB ligands are 

especiallyy suited for this study, since the simple structure of these ligands simplifies the rR 

spectraa of their complexes. In order to assist in the assignment of the Raman bands, the 

vibrationall  frequencies of [Pt(I)(CH3)3(Me-DAB)], [Pt(CH3)4(Me-DAB)] and 

[Pt(SnH3)2(CH3)2(Me-DAB)]]  were calculated using the Gaussian 98 program package (Table 

7.7). . 

Thee three types of complexes show different rR spectra (Figure 7.3). The main feature 

off  the rR spectrum of [Pt(I)(CH3)3(iPr-DAB)] (1) (Figure 7.3A) is the presence of only one 

strongg band at 1597 cm'1. According to the present DFT calculations and in agreement with 

resultss for the related complex [Ru(I)(CH3)(CO)2(iPr-DAB)],46 this band is assigned to 

vs(CN)) of the iPr-DAB ligand. The calculated wavenumber of this frequency of 1647 cm-1 is 

aboutt 3% too high, which is a usual deviation for DFT calculated frequencies using B3LYP 

potentialss and double C, basis sets. A scaling factor of 0.961 was recommended in literature.47 

Forr all complexes, this vs(CN) vibration has a CC-stretching motion contribution, similar to 

thatt shown for 3 in Figure 7.4. The spectrum shows a few other, much weaker, bands. Of 

these,, the 1226 cm-1 band (calculated 1279 cm-1) can be ascribed to an umbrella type 

deformationn of the axial methyl group on the basis of the calculations, while the band at 553 

cm-11 belongs to the symmetric Ceq-Pt-Ceq stretching motion. 

Noo Pt-I stretching vibration was observed, in contrast to the case of [Re(I)(CO)3(iPr-

48 8 

DAB)] ,, where v(Re-I) was found to be resonantly enhanced by the XLCT transition. The 

onlyy vibration with v(Pt-I) character was calculated at 121 cm-1 for 1. In this region, rR 

bandss are hard to detect, due to scattered laser light and the presence of a nitrate vibration. 

Thus,, v(Pt-I) may have escaped detection. For other complexes v(Pt-I) was observed, viz. at 

1422 cm"1 for the mixed valence complex [Pt(I)3(diaminobenzene)],49 at ca 130 cm-1 for linear 

chainn mixed valence M(II)/Pt(IV ) (M = Ni, Pt) complexes,50'51 and also at ca 130 cm-1 for the 

[Pt(CH3)3(I)(L)2]]  complexes, where L denotes a phosphine ligand.52 No bands are observed 

abovee 2000 cm-1. These results are in agreement with the XLCT (X = I) character of the 

electronicc transition. 
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Tablee 7.7 Calculate d (unsealed )  an d observe d resonanc e Rama n band s 

Comple x x 

[Pt(I)(CH 3) 3(Me-DAB) ]]  (calc. ) 

[Pt(I)(CH 3) 3(iPr-DAB) ]]  (1 ) 

[Pt(CH 3) 4(Me-DAB) ]]  (calc. ) 

[Pt(CH 3) 4(iPr-DAB) ]]  (2a ) 

[Pt(CD 3) 4(Me-DAB) ]]  (calc. ) 

[Pt(CD 3) 4(iPr-DAB) ]]  (2b ) 

[Pt(CH 3) 4(tBu-DAB) ]]  (2c ) 

[Pt(CH 3) 4(cHx-DAB) ]]  (2d ) 

[Pt(CH 3) 4(Xyl-DAB) ]]  (2e ) 

[Pt(CH 3) 4(tBu-Pyca) ]]  (2f ) 

[Pt(CH 3) 4(tmphen) ]]  (2g ) 

Vs(CN))  + 

Ss (CH3) a i i 

2731 1 

247 8 8 

275 9 9 

272 0 0 

2^CCH3 ) „ „ 

232 0 0 

1802 2 

2325 5 

233 4 4 

v s (CN) ) 

1647 7 

1597 7 

v s (CN) ) 

1602 2 

1564 4 

1590 0 

1567 7 

1585 5 

1548 8 
c c 

d d 

e e 

a a 

S,(CH 3) „ „ 

1279 9 

1226 6 

os(CH3) a; ( ( 

1213 3 

1175 5 

923 3 

894 4 

1173 3 

1171 1 

1159 9 

1177 7 

1173 3 

572 2 

v s(PtC) eq q 

555 5 

517 7 

n.o. b b 

525 5 

518 8 

583 3 

e e 

V,(PtC)« , , 

578 8 

553 3 

v,(PtC) „ „ 

497 7 

469 9 

454 4 

n.o. b b 

477 7 

472 2 

520 0 

vs(CN)) 8S(CH)/ 6s(DAB) 6S(DAB)) 

vs(CN) ) 

[Pt(SnH3)2(CH3)2(Me-DAB)]]  1552 1410 979 839 

(calc.) ) 

[Pt(SnPh3)2(CH3)2(iPr-DAB)]]  (3) 1475 1293 948 834 
aInn the assignments the major contribution is mentioned, see text for more details; not 

observed;; cvs(CN) and ring stretching motions observed at 1607, 1554, 1504, 1302 cm"1; dvs(CN) and 

ringg stretching motions observed at 1625, 1564, 1482, 1302, 1263, 1248, 1157, 1077, 1025 cm" 

';evs(CN)) and ring stretching motions observed at 1648, 1585, 1521, 1441, 1385, 1313, 1246 cm'1; 

'Metal-ligandd stretching and ligand deformation vibrations observed at 798, 746, 640, 581, 533, 511, 

4655 cm"1. 

Thee rR spectra of [Pt(CH3)4(R-DAB)] (2a-d) show the same vs(CN) vibration at 

1550-15800 cm-1, the calculated value (1602 cm"1) being again a few percent too high. The 

lowerr frequency of this vibration compared to that of 1, is due to the rc-backbonding to the R-

DABB ligand. Since 7t*(R-DAB) is antibonding with respect to the CN bonds, occupation of 

thiss orbital in the ground state leads to a weakening of that bond and a decrease of its 

frequency.. A further increase of the rc-backbonding is observed in the rR spectra of 3 (vs(CN) 

== 1475 cm-1, vide infra), in agreement with the MO calculations (vide supra). The difference 

inn character between the lowest-energy electronic transitions of 1 and 2 is evident from the 
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factt that the strongest rR band in the spectra of 2a-d (observed at 894 cm"1 for 2b and at ca 

11700 cm"1 for the other ones), is very weak in the spectrum of 1 (at 1226 cm"1). This band has 

beenn observed before, although much weaker, in the rR spectra of [Re(R)(CO)3(dmb)] (R = 

CH3,, CD3; dmb = 4,4'-dimethyl-2,2'-bipyridine) and then shifted from 1166 to 898 cm"1 upon 

deuteration.533 Based on the calculations and the observed frequency shift upon deuteration, it 

iss assigned to a symmetrical umbrella-like motion of the axial methyl groups, C\(CRT,ICDT). 

Itss overtone is observed at ca. 2330 cm"1 for the [Pt(CH3)4(R-DAB)] complexes and at 1802 

cm"11 for the CD3 complex 2b, while the combination band of vs(CN) and 8S(CH3/CD3) is 

observedd at 2720 - 2770 cm"1 and 2478 cm"1 for the two types of complexes, respectively. 

Thee observation of this strong rR effect for 5,(CH3/CD3) is in line with the SBLCT character 

off  the electronic transition, since such a transition lowers the electron density in the Pt-CH3 

bonds,, which in turn causes a change of the CH3 angles. The symmetrical Cax-Pt-Cax 

stretchingg vibration is also expected to be influenced by the SBLCT electronic transition. 

Indeed,, it is observed as a weak band at about 470 cm"1. The band at ca. 520 cm"' is ascribed 

too a symmetrical Ceq-Pt-Ceq stretching vibration on the basis of the calculations. The rR 

spectraa of the other [Pt(CH3)4(a-diimine)] complexes (2e-g) are more complicated since in 

additionn to «^(CPb), many ring-stretching motions of the ligands are resonantly enhanced. For 

[Pt(CH3)4(tmphen)]]  (2g), a number of metal-ligand and ligand deformation modes are 

observedd additionally between 467 and 640 cm"1. 

AA  B / \ 
HH H H\ ;H 

< K \\ \ H / 
)) N N ( ) N N ( 

/ \\ A 
Mee Me Me Me 

Figuree 7.4 Schematic pictures of the displacements that belong to the two most resonance enhanced 

vibrationss of Pt(SnPh,)2(CH,)2(iPr-DAB) (3), viz vs(CN) (A) and &(CH) (B); see text for details. 

Thee rR spectrum of [Pt(SnPh3)2(CH3)2(iPr-DAB)] (3) shows, apart from vs(CN) (at 

14755 cm"1), a strong band at 1293 cm"1. According to the calculations it is an in plane 

(5s(iminee CH) mode, combined with vs(CN) and with a contribution from v(CC) (See Figure 

7.4).. Recent rR measurements on the isoelectronic [M(SnPh3)2(CO)2(iPr-DAB)] (M= Ru, Os) 
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complexess show exactly the same band.16'19 The calculated value of 1410 cm"' for this &(CH) 

vibrationn deviates more than expected from the observed value. This is due to the fact that this 

vibrationn is very sensitive to the substituents on the nitrogen atoms of the DAB ligand. Recent 

calculationss on [Ru(SnH3)2(CO)2(R-DAB)] (R = Me, iPr) showed a change in calculated 

frequencyy of the above mentioned vibration from 1405 cm-1 to 1326 cm-1 going from R = Me 

too R = iPr.44 The 948 and 834 cm ' bands correspond to ligand deformation bands. They were 

alsoo found for the [M(SnPh3)2(CO)2(iPr-DAB)] (M = Ru, Os) complexes, although more 

intensee due to the stronger c-n* interaction. ' 

Tablee 7.8 Absorption and emission data of the complexes in a 2-MeTHF glass at 90K 

# # 

1 1 

2a a 

2c c 

2d d 

2e e 

2f f 

2g g 

3 3 

Compound d 

[Pt(I)(CH 3) 3(iPr-DAB) ] ] 

[Pt(CH 3) 4(iPr-DAB) ] ] 

[Pt(CH 3) 4(tBu-DAB) ] ] 

[Pt(CH 3) 4(cHx-DAB) J J 

[Pt(CH 3) 4(Xyl-DAB) ] ] 

[Pt(CH 3) 4(tBu-Pyca) J J 

[Pt(CH 3) 4(tmphen) ] ] 

[Pt(SnPh 3) 2(CH3) 2(iPr-DAB) ] ] 

Aabs(nm ) ) 

373 3 

468 8 

464 4 

457 7 

535 5 

449 9 

416 6 

615 5 

KmKm (nm ) 

550 0 

775 5 

750 0 

775 5 

805 5 

694 4 

600 0 

809 9 

Afabs^emtcm"' ) ) 

862 8 8 

846 4 4 

821 8 8 

897 9 9 

626 9 9 

785 0 0 

7371 1 

3899 9 

T(10 2ns ) ) 

6.9 9 

0.2 5 5 

0.3 5 5 

0.4 4 4 

0.1 9 9 

1.8 8 

93 3 

12 2 

7.4.44 Low Temperature Emission Spectra 

Absorptionn and time-resolved emission spectra were recorded for all complexes in a 2-

MeTHFF glass at 90 K, under which conditions they are more or less photostable. The 

absorptionn bands are blue-shifted by about 20 nm compared to room temperature, due to the 

rigidochromicrigidochromic effect. Table 7.8 shows the absorption and emission maxima, as well as the 

emissionn lifetimes. First of all, [Pt(I)(CH3)3(iPr-DAB)] (1) emits from its XLCT state with a 

lifetimee of 6.9 fis, which is slightly longer than the XLCT emission lifetime of the related 

complexx [Ru(I)(CH3)(CO)2(iPr-DAB)] (1.8 lis),54 due to the higher emission energy. 

Althoughh [Pt(CH3)4(bpy)] was reported to be non-emissive even in a glass,5 we found 

thee [Pt(CH3)4(a-diimine)] complexes to emit weakly. The emission lifetimes of the 

[Pt(CH3)4(a-diimine)]]  complexes is quite short compared to those of other complexes with a 

lowestt SBLCT state, such as [Ru(Li)(L2)(CO)2(oc-diimine)], where L, and L2 can be alkyl 

groupss or metal fragments.161719'20 For instance, the complex [Ru(CH3)(SnPh3)(CO)2(iPr-
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DAB)]]  emits at 715 nm with a lifetime of 32 (as in a glass at 80 K, whereas 2a emits at 775 

nmm with a lifetime of 25 ns. This difference is too large to be ascribed to an energy-gap-law 

effect,, but can be due to two other factors: First of all, the complexes are not entirely 

photostablee under the measurement conditions, as can be seen from a change of colour of the 

samplee after the experiment. Secondly, the complexes are more distorted in their SBLCT 

statess than the Ru ones. A measure for this distortion is the energy difference between the 

absorptionn and emission maxima which is e.g. 8464 cm"1 for 2a but only 5974 cm"1 for 

[Ru(CH3)(SnPh3)(CO)2(iPr-DAB)].166 A large distortion of the complex in its excited state 

leadss to a large vibrational overlap of the excited state with the ground state, which shortens 

thee excited state lifetime.55,56 Employing the more rigid ligands tBu-Pyca or tmphen 

decreasess the distortion of the complexes in the excited state. This, together with a higher 

emissionn energy, results in an increase of emission lifetime from 25 ns for 2a to 177 ns for 2f 

too 9.3 (j.sfor2g. 

3. 3. 

4000 500 600 700 800 900 
Wavelengthh (nm) 

Figuree 7.5 Low temperature (90K) absorption (dotted) and time-resolved emission (drawn) spectra of 

33 in 2-MeTHF. Time delay between the emission spectra is 250 ns. 

Thee complex [Pt(SnPh3)2(CH3)2(iPr-DAB)] (3) is not only completely photostable in a 

glass,, but also much less distorted in its excited state (AEabs-em = 3899 cm"1) than the 

complexess 2. This causes a dramatic increase in the low temperature excited state lifetime to 
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1.22 us in spite of the low emission energy. For comparison, the analogous complex 

[Os(SnPh3)2(CO)2(iPr-DAB)]]  has a longer excited state lifetime of 32 (is, but emits at higher 

energyy (655 nm compared to 809 for 3). 
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ChapterChapter 8. Influences on the Resonance Raman Spectra ofd6 Metal-Diimine Complexes 

8.11 Abstract 

Thiss chapter presents the results of a resonance Raman (rR) study of d6 transition 

metall  cc-diimine complexes. The a-diimine ligand employed is A^W-diisopropyl-M-diaza-

1,3-butadienee (iPr-DAB) which has a relatively simple structure and hence few vibrations. 

Thiss makes assignment of the vibrational spectra of complexes of this ligand easier. It is 

shownn that with the help of DFT calculations the bands observed in the rR spectra, obtained 

byy irradiation into the lowest-energy absorption band, can be assigned unambiguously. 

Comparisonn of the spectra show how factors such as metal-ligand interaction and electronic 

transitionn character affect the rR spectra and enables one to assess how rR spectra can be used 

too characterize electronic transitions. 

8.22 Introductio n 

Mostt of the early experimental data on molecular vibrations were provided by Raman 

spectroscopy,, but the development and use of this technique stagnated when commercial 

infraredd spectrometers became available in the 1940s. The discovery of the laser as a powerful 

monochromaticc light source and the development of sensitive detectors in the 1960s initiated 

thee renaissance of Raman spectroscopy. In addition, contrary to the light sources used earlier, 

laserss and dye-lasers made the recording of so-called resonance Raman (rR) spectra viable. 

Suchh rR spectra show enhancement of intensity of some Raman bands when the frequency of 

thee exciting light approaches that of a strongly allowed electronic transition. If, as is usually 

thee case, the ground state is totally symmetric, only bands due to totally symmetric vibrations 

aree resonantly enhanced. Additionally, the intensity of a rR band belonging to a certain 

vibrationn depends on the relative displacement of the potential energy curve of the excited 

statee with respect to that of the ground state along the normal coordinate of that vibration. In 

otherr words, the intensities are highest for those vibrations, which are most strongly coupled 

too that particular electronic transition. Although absorption bands of molecules contain 

informationn about all the displaced normal modes, they normally show up as an unresolved 

envelopee in condensed media when many modes are displaced. In contrast, rR 'excitation 

profiles'' (EP), which represent the rR intensity of a specific vibration as a function of the 
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wavelengthh of excitation, provide instead information about the displacement of individual 

modes.. EPs of many inorganic complexes were successfully analysed by Zink and others6'7 in 

termss of excited state distortions with the time-dependent theory of Lee, Tannor and Heller.8-

100 Thus, rR spectra do not only provide the vibrational frequencies of a molecule in its ground 

statee but also characterize its allowed electronic transitions by giving valuable information 

aboutt the involvement of invidual vibrations in these transitions. 

Forr many years we have applied the rR technique to assign and characterize the low-

energyy electronic transitions of low-valent transition metal a-diimine complexes.11-16 The 

mainn aim of these studies was to determine the changes in structure caused by the electronic 

transitionss and to relate these changes to the photochemical and photophysical behaviour of 

thee complexes. However, most rR bands could only be assigned qualitatively, since a 

completee vibrational analysis of the complexes was too complicated at the time. Partly due to 

increasingg computer processor speeds, quantum chemical calculations have recently improved 

too such an extent that they can now provide unambiguous assignments of vibrational spectra 

evenn for complicated systems. 

Inn view of this development and in order to obtain comparative rR data of a series of 

d66 metal a-diimine complexes differing in their ground- and/or excited state bonding 

properties,, we recorded the rR spectra of these complexes under the same conditions. All 

complexess under study (Figure 8.1) contain the same a-diimine ligand iPr-DAB (NJV-

diisopropyl-l,4-diaza-l,3-butadiene).. This ligand was chosen since due to its simple structure 

itt has relatively few vibrations. At the same time, DFT B3LYP calculations were performed 

onn the free ligand and several (model) complexes. 
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Figuree 8.1 Schematic structures of ligand and complexes under study. 

Thiss chapter shows that by thorough comparison of the rR spectra of these complexes 

inn combination with the results of the DFT calculations, most rR bands can be assigned. 
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Furthermore,, the influences of electronic transition character, and metal-ligand interaction on 

thee rR spectra can be separated and understood. 

8.33 Experimental Section 

Materials.. Triphenylphosphine (PPh3, Aldrich), [W(CO)6] (Strem), neutral alumina (Fluka) 

andd AgN03 (Aldrich) were used as received. Solvents purchased from Acros (dichloromethane, 

pentane,, tetrahydrofuran, toluene), were dried on and distilled from the appropriate drying agent. 

Syntheses.. All syntheses were performed under a nitrogen atmosphere using standard Schlenk 

techniques.. N,N'-diisopropyl-l,4-diaza-l,3-butadiene (iPr-DAB),17 [Ru(Cl)(R)(CO)2(iPr-

DAB)],13-13-188 [Ru(R)(SnPh3)(CO)2(iPr-DAB)],19 [Pt(R)4(iPr-DAB)] (R = CH,, CD,),20'21 

[M(SnPh3)2(CO)2(iPr-DAB)]]  (M = Ru, Os),19'22 [Pt(SnPh3)2(CH3)2(iPr-DAB)],21 

[Ru{RuCp(CO)2} 2(CO)2(iPr-DAB)],233 were synthesized according to published procedures 

[Re(PPh3)(CO)3(iPr-DAB)](N0 3)) was prepared by stirring [Re(Br)(CO)3(iPr-DAB)] with 

onee equivalent of AgN03 and an excess of PPh3 in CH2C12. Filtration, evaporation of the solvent and 

washingg with pentane afforded the pure product in near quantitative yield. IR (THF); v(CO): 2027, 

1927,, 1908 cm1. 'H NMR (CDCI3); 5: 1.50 (d, V = 6.6 Hz, 12H, CH(Ctf3)2), 4.22, (septet, V = 6.6 

Hz,, 2H, Ctf(CH3)2), 7.3-7.5 (m, 15H, PPh3), 8.61 (s, 2H, imine H) ppm. 

[W(CO) 4(iPr-DAB) ]]  was prepared by refluxing [W(CO)6] and 1.1 equivalent of iPr-DAB 

overnightt in toluene. Flash column chromatography over neutral alumina yielded a mixture of product 

andd starting compound, the latter of which was removed by sublimation (30 °C) in vacuo. IR 

(CH2C12);; v(CO): 2013, 1909, 1843 cm '. >H NMR (CDC13); S: 1.56 (d, V = 6.6 Hz, 12H, CH(C//3)2), 

4.29,, (septet, V = 6.6, 2H, C//(CH3)2), 8.59 (s, 2H, imine H) ppm. 

Spectroscopicc Measurements. Resonance Raman spectra of the complexes dispersed in 

KN033 pellets were recorded on a Dilor XY spectrometer equipped with a Wright Instruments CCD 

detector,, using Spectra Physics 2040E Ar+ laser in combination with Coherent CR490 and CR590 dye 

laserss (with Coumarin 6 and Rhodamine 6G dyes) as excitation sources under a 180° backscattering 

geometry.. The pellet was spun in order to minimize thermal and photochemical decomposition. Data 

acquisitionn was controlled by Dilor Labspec 2.08 software. The spectra were calibrated using the 

Ramann bands due to the symmetrical stretching and in plane bending vibrations of NO-T (at 1051 and 

7166 cm"1, respectively)24 and corrected for baseline deviations using Grams software. 

Computationall  Details. The ground state electronic structures were calculated by density 

functionall  theory (DFT) methods using the ADF19992526 and Gaussian 9827 program packages. 

Gaussiann 9827 was used for the calculations of the vibrations. 
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Withinn Gaussian 98, Dunning's polarized valence double t, basis sets28 were used for C, N, O, 

CII  and H atoms and the quasirelativistic effective core pseudopotentials and corresponding optimized 

sett of basis functions29 for W, Ru, Os, Pt and Sn. In these calculations, the hybrid Becke's three 

parameterr functional with the Lee, Yang and Parr correlation functional (B3LYP)W were used. 

Withinn the ADF program, Slater type orbital (STO) basis sets of triple £ quality with 3d 

polarizationn functions for C and additional p functions for metals were employed. The inner shells 

weree represented by a frozen core approximation, viz. Is for C, N, O, ls-2p for CI, Is—3d for Ru, l s-

4dd for Os, Is—4f for Pt and ls-4p for Sn were kept frozen. The following density functionals were 

usedd within ADF: a local density approximation (LDA) with VWN parametri zati on of electron gas 

dataa or a functional including Becke's gradient correction31 to the local exchange expression in 

conjunctionn with Perdew's gradient correction32 to the LDA expression (BP). The scalar relativistic 

(SR)) zero order regular approximation (ZORA) was used within this study. 

Thee calculations on iPr-DAB, [W(CO)4(Me-DAB)], [Pt(CH3)4(Me-DAB)], [Pt(CD3)4(Me-

DAB)] ,, [Pt(SnH3)2(CH3)2(Me-DAB)], [Ru(SnH3)2(CO)2(iPr-DAB)], [Ru(SnH3)2(CO)2(Me-DAB)] 

andd [Os(SnH3)2(CO)2(Me-DAB)] were performed in constrained C2v symmetry, with the z-axis 

coincidentt with the C2 symmetry axis. The R-DAB ligand and the C atoms of the equatorial 

CO/CH3/CD3groupss are located in the yz-plane and the SnH3/CH3/CD3 axial ligands lie on the x-axis. 

Calculationss on [Ru(Cl)(CH3/CD3)(CO)2(Me-DAB)] and [Ru(CH3)(SnMe3)(CO)2(Me-DAB)] were 

performedd in constrained Cs symmetry, with the z-axis bisecting the DAB ligand as above. 

8.44 Results and Discussion 

Inn this section the Raman spectrum of the free iPr-DAB ligand and the rR spectra of 

severall  of its complexes are presented, assigned and discussed. The assignments of the rR 

bandss are based on comparisons with literature data, and on the results of DFT calculations. 

Firstly,, the Raman spectrum of free iPr-DAB is presented and assigned. The complexes to be 

discussedd thereafter were selected as follows: [Re(PPh3)(CO)3(iPr-DAB)]+ and [W(CO)4(iPr-

DAB)]]  are both characterized by MLCT transitions in the visible region, but the metal-a-

diiminee interaction is stronger for the W(0) than the Re(I) complex. The effect of this 

differencee in interaction on the rR spectra is the subject of the second part of this section. The 

thirdd part is concerned with the complexes [Re(CH3)(CO)3(iPr-DAB)] , [Ru(Cl)(R)(CO)2(iPr-

DAB)] ,, [Ru(R)(SnPh3)(CO)2(iPr-DAB)] and [Pt(R)4(iPr-DAB)] (R = CH3, CD3) and deals 

withh the influence of the introduction of methyl co-ligands on the rR spectra and character of 
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thee CT transition. Finally, the fourth part of this section contains the rR spectra of the di- and 

trinuclearr metal-metal bonded complexes [Ru(Cl)(SnPh3)(CO)2(iPr-DAB)], 

[Re{Re(CO)5}(CO)3(iPr-DAB)],, [Pt(SnPh3)2(CH3)2(iPr-DAB)], [M(SnPh3)2(CO)2(iPr-

DAB)]]  (M= Ru, Os) and [Ru{RuCp(CO)2}2(CO)2(iPr-DAB)]. In the subsequent conclusions 

section,, the principal factors (71-backbonding, orbital derealization and electronic transition 

character)) that influence the rR spectra are discussed. Table 8.1 lists the main resonance 

enhancedd rR bands of all complexes under study. 

1600 0 12000 800 
Wavenumberss (cm1) 

400 0 

Figuree 8.2 The Raman spectrum of iPr-DAB in CH2C12, Kxc = 514.5 nm. Asterisks denote solvent 

bands. . 

(1)) The ligand N,N'-diisopropyl-l,4-diaza-l,3-butadiene (iPr-DAB) . 

Thee Raman spectrum of iPr-DAB was obtained by excitation at 514.5 nm of the 

freshlyy sublimed free ligand in CH2C12 solution, rather than dispersed in a KNO3 pellet, in 

orderr to prevent sublimation by the laser beam. Figure 8.2 displays the resulting Raman 

spectrum,, with solvent bands denoted with asterisks (*). To assist the assignment, the 

vibrationss of this ligand were calculated in constrained s-cis geometry. The main band is 

observedd at 1636 cm"1 and is attributed to the symmetrical stretching vibration of the CN 

bonds,, vs(CN). It is calculated about 3% too high (1693 cm"1), but such a difference between 

calculatedd and observed frequencies is quite normal for DFT calculations with B3LYP 

functionalss and double C, basis sets.33 A number of weaker bands are found, but these are not 

readilyy assigned with the help of the calculations. 
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Tablee 8.1 Main bands in the rR spectra of several iPr-DAB complexes. Assignments include major 

contributionss only, for details see text. Calculated values3 are between brackets. 

Compound d 

iPr-DA B B 

Re(PPh3)(CO) 3(iPr-DAB ) ) 

W(CO)4(iPr-DAB ) ) 

Re(CH3)(CO) 3(iPr-DAB ) ) 

Ru(Cl)(CH 3)(CO) 2(iPr-DAB ) ) 

Ru(Cl)(CD 3)(CO) 2(iPr-DAB ) ) 

Pt(CH 3) 4(iPr-DAB ) ) 

Pt(CD 4) 4(iPr-DAB ) ) 

Ru(CH3)(SnPh 3)(CO) 2(iPr-DAB ) ) 

Ru(CD3)(SnPh 3)(CO) 2(iPr-DAB ) ) 

Ru(Cl)(SnPh 3)(CO) 2(iPr-DAB ) ) 

Re[Re(CO) 5](CO) 3(iPr-DAB ) ) 

Pt(SnPh 3) 2(CH3) 2(iPr-DAB ) ) 

Ru(SnPh 3) 2(CO) 2(iPr-DAB ) ) 

Os(SnPh 3) 2(CO) 2(iPr-DAB ) ) 

Ru[RuCp(CO) 2] 2(CO) 2(iPr-DAB ) ) 

Vs(CO) ) 

2025 5 

2017 7 

v s (CN)£(CH)&(Me ) ) 

1636s s 

(1693 ) ) 

1557s s 

1499 9 1147 7 

(2089)(1545)(1409 ) ) 

(2084) bb (1531 )  (1176 ) 

1988 8 

2017 7 

1511 1 

1573 3 

(2110)(1626 ) ) 

2016 6 1573 3 

(2109 ))  (1626 ) 

1564 4 

(1602 ) ) 

1567 7 

(1590 ) ) 

1492 2 

1359 9 

1296 6 

1156 6 

1209 9 

(1269 ) ) 

924 4 

(962 ) ) 

1175 5 

(1213 ) ) 

894 4 

(923 ) ) 

1156 6 

(1543)(1407)(1209 ) ) 

1490 0 

1543 3 

1467 7 

1474 4 

1296 6 

1289 9 

1292 2 

(1552)(1410 ) ) 

1473 3 1283 3 

(1541 ))  (1405 ) 

(1528) c(1327 ) ) 

1472 2 1278 8 

(1540)(1393 ) ) 

1473 3 1280 0 

884 4 

<5UDAB) ) 

961 1 

931 1 

844 4 

847 7 

(960)(830 ) ) 

950 0 

948 8 

957 7 

949 9 

953 3 

836 6 

835 5 

838 8 

834 4 

836 6 

(971 ))  (836 ) 

959 9 

958 8 

842 2 

832 2 

<5UMCO) ) 

623 3 

(610 ) ) 

(616 ) ) 

610 0 

(652 ) ) 

604 4 

605 5 

610 0 

(601 ) ) 

(650 ) ) 

610 0 

(641 ) ) 

606 6 

v 5(MC) ) 

432 2 

(431 ) ) 

(427 ) ) 

451 1 

492 2 

(500 ) ) 

490 0 

(496 ) ) 

478 8 

419 9 

(478 ) ) 

(490 ) ) 

418 8 

(480 ) ) 

405 5 

v s (MN) ) 

222 2 

(216 ) ) 

(227 ) ) 

241 1 

(239 ) ) 

250 0 

(238 ) ) 

aa iPr-DAB was simplified to Me-DAB, and SnPh3 was replaced by SnH3;
 n[W(CO)4(iPr-DAB)]; 

L[Ru(SnH3)2(CO)2(iPr-DAB)] ] 
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(2)) The influence of metal-ligand interaction 

Thee iPr-DAB ligand has a low-lying JI*  orbital, while low-valent transition metal 

atomss have relatively high-lying filled metal d orbitals. Because of this, the complexes 

formedd between such a metal and a chelating iPr-DAB ligand possess low-energy Metal-to-

Ligandd Charge Transfer (MLCT) transitions. Such an MLCT transition affects the bonds and 

vibrationss of iPr-DAB and to a lesser extent those of the co-ligands. Which vibrations are 

influencedd by an MLCT transition depends on the strength of the metal-ligand interaction as 

wil ll  be shown by the rR spectra of two representative complexes. 

ii  1 1 1 r 
i M w v 1 - '' '"•*' 

20000 1600 1200 800 400 

Wavenumberss (cm'1) 

Figuree 8.3 RR spectra of [Re(PPh3)(CO)3(iPr-DAB)]+ (top, AeXC = 457.9 nm) and [W(CO)4(iPr-DAB)] 
(bottom,, KK = 514.5) in KN03. Asterisks denote N03~ bands. 

[Re(PPh3)(CO)3(iPr-DAB)] +.. As the first example of a complex with a lowest MLCT 

transitionn [Re(PPh3)(CO)3(iPr-DAB)]+ was selected rather than the well known complex 

[Re(Cl)(CO)3(iPr-DAB)] .. In the latter complex the chloride ligand orbitals participate in the 

highestt filled orbitals, causing a deviation of the lowest-energy electronic transition from pure 

MLC TT character. This is evidenced by the observation of v(Re-Cl) in the rR spectrum of this 

complex.12344 The rR spectrum of [Re(PPh3)(CO)3(iPr-DAB)]+, obtained by excitation into its 

lowest-energyy absorption band, only shows two resonantly enhanced Raman bands (Figure 
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8.3).. The stronger one of these is found at 1557 cm-1 and is attributed to vs(CN). It is ca. 80 

cm-11 lower in frequency than observed for the free ligand, due to dr(Re)-Tt;*(iPr-DAB) Tt-

backbonding.. This TC* orbital is antibonding with respect to the CN bonds, which explains the 

loweringg of frequency of vs(CN) in the ground state of the complex compared to the free 

ligand.. The MLCT transition increases the electron density in the 7t*(iPr-DAB) orbital even 

more.. Hence, this transition affects the CN stretching vibration, leading to resonance 

enhancementt of the Raman intensity for this vibration in the rR spectrum. The other 

resonantlyy enhanced band at 2025 cm-1 belongs to the in-phase symmetric vibration vs(CO) of 

thee three carbonyls.35 During the electronic transition the metal atom is oxidized, which 

decreasess the metal-CO Tt-backbonding and leads to resonance enhancement of the CO 

stretchingg vibration. 

[W(CO)4(iPr-DAB)].. Going from Re(I) to W(0) the metal d orbital energy is raised, 

causingg an increase of the metal-MPr-DAB jc-backbonding. In the rR spectrum (Figure 8.3) 

thiss is manifested by a lowering of frequency for vs(CN) from 1557 to 1499 cm'1. The 

calculatedd value is 1531 cm"1 for [W(CO)4(iPr-DAB)]. Since the metal atom is oxidized 

duringg the electronic transition, the in-phase symmetric mode of the carbonyls, vs(CO), is 

againn resonantly enhanced and observed at 2017 cm"1 (calculated at 2089 cm"1). However, a 

numberr of extra Raman bands are observed for [W(CO)4(iPr-DAB)] (at 1147, 931, 847, 624, 

480,, 432 and 222 cm"1), which are not present in the spectrum of the Re complex. With the 

aidd of the DFT vibrational calculations these can be assigned. The band at 1147 cm" was 

observedd at 1150 cm-1 for [Mo(CO)4(iPr-DAB)],3? and found to shift on ,5N isotope 

substitution.388 It is assigned to a vibration which has combined &(CH) and vs(CN) character. 

Thee former component is an in-plane symmetric motion of the two imine hydrogen atoms. 

Thee frequency of this vibration is very sensitive to the nature of the substituent on the N 

atomss of the diazabutadiene backbone, which was proven by vibrational calculations on 

[W(CO)4(R-DAB)jj  (R = Me, iPr) {vide infra). For R= Me, 4(CH) is calculated at 1409 cm"1, 

whilee the calculated value for R = iPr (1176 cm"1) is much closer to the observed one (1147 

cm"1).. The bands found at 931 and 847 cm"1 (calculated at 960 cm"1 and 830 cm"1 for 

[W(CO)4(iPr-DAB)])) are assigned to in-plane deformation modes of the ligand. For 

[W(CO)4(Me-DAB)]]  these deformation vibrations are not correctly calculated. Similar results 

weree obtained for the calculations for other Me-DAB model complexes. The band found at 

6233 cm"1 (calculated at 616 cm"1) is due to a 4(WCO) mode, while the ones observed at 480 

andd 431 cm"1 (calculated at 449 and 427 cm"1, respectively) belong to combined vs(WC) and 
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vs(WN)) modes. Additionally, the band at 222 cm-1 has been attributed to vs(WN) on the basis 

off  isotope labelling studies, and is calculated at 227 cm-1. The occurrence of these extra rR 

bandss is caused by the increase of interaction between the metal dn and ligand n* orbitals in 

bothh the HOMO and LUM O going from the Re to the W complex, leading to derealization 

off  these orbitals. As a result the electronic transition has less charge transfer character and 

obtainss partial metal-ligand bonding to anti-bonding character. As such a transition causes a 

weakeningg of the metal-nitrogen bonds and distortion of the iPr-DAB ligand, it invokes rR 

effectss for deformation modes of iPr-DAB and for vs(W-N).37 This d*-ft*  interaction can be 

furtherr enhanced by increasing the metal d-orbital energy (e.g. in [Ni(CO)2(tBu-DAB)]),39 or 

byy decreasing the 7T*(a-diimine) orbital energy (e.g. in [W(CO>4(R-DAB)] (R = pTol, 

Mes)).'' The rR spectra of these complexes show much higher intensities for the ligand 

deformationn modes below 1000 cm"1 while at the same time both vs(CO) and vs(CN) have 

becomee much weaker. In extreme cases, vs(CO) and vs(CN) virtually disappear. 

Soo far, the co-ligands were not directly involved in the HOMO^LUM O transition. 

However,, this situation changes if a co-ligand is introduced with high-lying filled orbitals 

whichh contribute to the HOMO. For instance, in the case of the halide (X) complexes 

[Re(X)(CO)3(ct-diimine)]]  a p7t(X) orbital contributes to the HOMO, causing a change of 

characterr of the low-energy transition from Metal-to-Ligand Charge Transfer into Halide-to-

Ligandd Charge Transfer going from X = Cl~ to X = I".12 Another ligand with a high-lying 

orbitall  is the methyl ligand. The influence of the introduction of this ligand in d6 metal-

diiminee complexes on the rR spectra is discussed in the next section. 

(3)) The influence of methyl ligands 

[Re(CH3)(CO)3(iPr-DAB)]. 4°° Due to the electron donating character of the methyl 

group,, the lowest-energy MLCT transition is shifted to longer wavelength with repect to that 

off  [Re(PPh3)(CO)3(iPr-DAB)]+. Although, UV-photoelectron spectroscopic studies showed 

thatt the ö(Re-CH3) orbital itself lies at only slightly lower energy than the metal d-orbitals,40 

thee rR spectra show only a small influence of the CH3 group. Thus, similarly to 

[Re(PPh3)(CO)3(iPr-DAB)] \\ vs(CO) (at 1988 cm"1) and vs(CN) (at 1511 cm"1) are observed. 

Thee shifts of these vibrations to lower frequency compared to the PPh3 complex are again in 

correspondencee with the higher electron density on the metal, leading to an increase of both 

metal—»COO and metal—>diimine 71-backbonding. A weak band at 1156 cm- is the first 

evidencee that the CH3 ligand participates in the electronic transition. Since for the 
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correspondingg complexes [Re(R)(CO)3(dmb)] (R = CH3, CD3; dmb = 4,4'-dimethyl-2,2'-

bipyridine)) this vibration was found to shift from 1166 to 898 cm"1 going from the CH3 to the 

CD33 complex,16 it is assigned to the symmetrical CH3 deformation vibration, <5j(CH3). A 

similarr vibration was found for [Re(CH3)(CO)s].41 The weak band at 732 cm"1 is assigned to 

thee corresponding rocking mode of the CH3 group, p(CH3). Further bands are observed at 

503,, 488 and 451 cm"1, all of which are very weak and belong to metal-ligand stretching and 

deformationn modes, probably similar to the ones found for [W(CO)4(iPr-DAB)]. In 

conclusion,, the rR spectra of [Re(CH3)(CO)3(iPr-DAB)] are very similar to those of 

[Re(PPh3)(CO)3(iPr-DAB)]+,, and the methyl ligand of the former complex is only weakly 

involvedd in the charge transfer transition. 

i^r^wwSi»^^^^^ ^ ^ 
20000 160 0 120 0 80 0 

Wavenumberss  (cm 1) 

400 0 

Figuree 8.4 RR spectra of (A) [Ru(Cl)(CH3)(CO)2(iPr-DAB) (A^ = 457.9 nm), (B) 

[Ru(CH3)(SnPh3)(CO)2(iPr-DAB)) (/W = 488.0 nm), (C) [Pt(CH3)4(iPr-DAB)] (A^ = 591.0 nm) and 

(D)) [Pt(CD3)4(iPr-DAB)] (^xc = 545.0 nm) in KN03. Asterisks denote NO," bands. 

[Ru(Cl)(R)(CO) 2(iPr-DAB) ]]  (R = CH3, CD3).
13 RR spectra were recorded for the 

complexess [Ru(Cl)(R)(CO)2(iPr-DAB)] (R = CH3, CD3) (Figure 8.4) and DFT vibrational 

calculationss were performed on the model complexes [Ru(Cl)(R)(CO)2(Me-DAB)] (R = CH3, 

CD3).. The rR spectra of [Ru(Cl)(R)(CO)2(iPr-DAB)] (R = CH3, CD3) are very similar to 
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thosee of the Re-methyl complex discussed above. Thus, vs(CO) is observed at 2016 cm-1 

(calculatedd at 2110 cm-1 for the model complex). Furthermore, vs(CN) is observed at 1573 

cm""  (calculated at 1626 cm" ). In addition, a weak band is observed at 1209 cm"1 (calculated 

att 1269 cm"1) which shifts to 924 cm"1 (calculated at 962 cm ~') on deuteration of the methyl 

group.. Again this band is attributed to «^(CH^CD .̂ A strongly enhanced band is observed at 

ca.ca. 490 cm-1 for both the CH3 and CD3 complex. For the [Ru(I)(R)(CO)2(iPr-DAB)] 

complexes,, this band was assigned to vs(Ru-CO) and not to v(Ru-CH3), in view of the lack 

off  shift on deuteration.15 The present calculations show that this normal mode (calculated at 

5000 cm"1, observed at 492 cm"1) has vs(Ru-N) and vs(Ru-CO) character with a v(Ru-CH3) 

contributionn for the CH3 complex. According to the calculations, v(Ru-CD3) does not 

contributee to this normal mode (calculated at 496 cm"1, observed at 490 cm-1) in the CD3 

complex. . 

[Ru(SnPh3)(R)(CO)2(iPr-DAB)]]  (R = CH3, CD3).
19 Replacement of CI" by an SnPh3 

ligandd drastically changes the electronic structure of these complexes. The methyl and SnPh3 

ligandss are in axial positions and the HOMO consists of the antisymmetric combination of 

theirr lone pairs with a small contribution of a p(Ru) orbital.14 This o(Sn-Ru-Me) orbital has 

thee same symmetry as the 7T.*(iPr-DAB) orbital. The main difference with the preceding 

complexess is that instead of dn(Ru), o(Sn-Ru-Me) is responsible for the 7t-backbonding to 

iPr-DABB in the HOMO and that the charge transfer transition to this ligand originates from 

thiss orbital. This transition is called a a—>n*  or Sigma-Bond-to-Ligand Charge Transfer 

(SBLCT)) transition. As is shown hereinafter, the rR spectra of these and other metal-methyl 

complexess with a lowest SBLCT state are different from those discussed before. For the 

assignmentt of the rR bands of this complex (Figure 8.4), the DFT calculated vibrations of the 

modell  complex [Ru(CH3)(SnMe3)(CO)2(Me-DAB)] are used. 

Thee first striking observation is the absence of an rR effect for vs(CO), which implies 

thatt the electron density on the central metal atom is hardly affected by the SBLCT transition. 

Thiss may be due to the fact that the central metal atom is hardly involved in this transition, or 

becausee the transition has littl e charge transfer character due to a strong O-K* interaction, 

comparablee with the d^-n* interaction in the complexes [Ni(CO)2(tBu-DAB)] and 

[W(CO)4(R-DAB)]]  (R = pTol, Mes) (vide supra). Probably, both effects are of importance 

here.. The DFT calculations show that the p(Ru) orbital contributes merely ca. 12% to the 

HOMOO and LUMO of the model complex [Ru(SnH3)(CH3)(CO)2(H-DAB)].14 On the other 

hand,, the small solvatochromic shift of the SBLCT transition19 points to a strong G-TC* 
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interactionn in ground and excited states. The low frequency of vs(CN) (observed at 1491 cm"1, 

calculatedd at 1543 cm"1) is due to a strong Tt-backbonding to iPr-DAB. At 1156 cm"1, <5j(CH3) 

iss found, shifting to 884 cm"1 on deuteration. This vibration is strongly resonance enhanced 

forr this complex since the SBLCT transition lowers the electron density in the o(SnPh3-Ru-

CH3)) orbital, causing a change of the methyl bonds and angles and accordingly a rR effect for 

<5S(CH3).. In the case of [Ru(Cl)(CH3)(CO)2(iPr-DAB)] the rR effect of <SS(CH3) is weaker, 

sincee the methyl ligand of this complex has only a minor contribution to the HOMO and the 

lowestt MLCT transition. The low frequency of vs(CN) and the appearance of &(DAB ) 

deformationn vibrations at 950 and 836 cm"1 point again to a strong derealization of HOMO 

andd LUMO, just as in the case of [W(CO)4(iPr-DAB)] (vide supra). In addition, however, a 

neww (weak) band shows up at 1296 cm"1. According to the calculations, it mainly consists of a 

symmetricc in-plane movement of the imine hydrogen atoms, coupled to a symmetric CN 

stretchingg vibration, and is therefore denoted as 5,(CH), like in the case of [W(CO)4(iPr-

DAB)] . . 

VHTW W 
/,I/,I \ / \ \ 

OCC CO 
Figuree 8.5 Pictorial representation of the ^(CH) vibration. 

Figuree 8.5 shows a pictorial representation of this vibration. It was shown in the case 

off  [W(CO)4(iPr-DAB)] (vide supra) that the large difference between the observed (1296 cm" 

')) and the calculated value (1407 cm"1) is due to the sensitivity of the frequency of this 

vibrationn to the nature of R in the R-DAB ligand. Further bands are observed at 610 and 241 

cm"11 (calculated 618 and 239 cm"1) belonging to ^(RuCO) and vs(RuN), respectively, 

acoordingg to the calculations. 
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[Pt(R) 4(iPr-DAB) ]]  (R = CH3, CD3).
21,42 The two axial methyl groups of this complex 

contributee to two a(CH3-M-CH3) orbitals. One of these is the HOMO which consists of the 

antisymmetricc combination of the axial methyl sp3 orbitals, of 7c*(iPr-DAB) and a minor 

contributionn from a p(Pt) orbital. The rR spectra, obtained by excitation into the SBLCT 

transitionn of [Pt(R)4(iPr-DAB)] (R = CH3, CD3) (Figure 8.4) are interpreted with the help of 

DFTT calculations on the [Pt(R)4(Me-DAB)] (R = CH3, CD3) model complexes. 

Twoo major bands are found in the rR spectra. First of all, vs(CN) is observed at ca. 

15655 cm"1 (calc. at ca. 1595 cm"1) for both the CH3 and CD3 complexes (Table 8.1). 

However,, the most intense rR band is found at 1175 cm"1 for the CH3 complex and at 894 cm" 

11 for the CD3 complex. This band is again assigned to the symmetrical deformation of the 

methyll  groups, &(CH3/CD3), on the basis of the shift on deuteration and the calculated 

frequenciess of 1213 and 923 cm"1 for the CH3 and CD3 model complexes, respectively. The 

rRR intensity of &(CH3/CD3) is much higher for these complexes than for [Re(CH3)(CO)3(iPr-

DAB)]]  and [Ru(Cl)(R)(CO)2(iPr-DAB)] (R = CH3, CD3) and even higher than for 

[Ru(CH3)(SnPh3)(CO)2(iPr-DAB).. This agrees with the results from DFT calculations that in 

thee [Pt(R)4(iPr-DAB)] (R = CH3, CD3) complexes the o(CH3) orbitals are the main 

contributorss to the HOMO from which the SBLCT transition originates. For [Pt(CH3)4(iPr-

DAB)] ,, vs(PtC)eq and vs(PtC)ax are found as very weak bands at 517 and 469 cm"1, 

respectively.. Although especially the latter vibration can be expected to be vibronically 

coupledd to the SBLCT electronic transition, the absence of strong resonance enhancement 

contradictss this expectation. 

(4)) The influence of metal-metal bonds 

Justt as the methyl ligand, a metal fragment bonded to the central metal atom can affect 

thee rR spectra in various ways, depending on the involvement of the metal-metal bonding 

orbitall  in the excited electronic transition. If in the complex [Ru(Cl)(Me)(CO)2(iPr-DAB)] 

thee methyl ligand is replaced by SnPh3, the rR spectrum of the resulting complex 

[Ru(Cl)(SnPh3)(CO)2(iPr-DAB) ]]  is even simpler than that of [Ru(Cl)(Me)(CO)2(iPr-

DAB)] .. In this case only the Raman band belonging to vs(CN) is resonance enhanced. It has 

shiftedd from 1576 to 1543 cm"1, pointing to an increase of rc-backbonding on going to 

[Ru(Cl)(SnPh3)(CO)2(iPr-DAB)].1419Thee rR band belonging to vs(CO) has disappeared. This 

couldd imply a loss of charge transfer character, but the relatively high frequency of vs(CN) 

(15433 cm"1) points to a weak metal-diimine 7t-backbonding and an appreciable transfer of 
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chargee during the transition. Hence, the disappearance of vs(CO) is probably at least in part 

duee to the fact that the transition has partly XLCT (X = CI) character, in line with similar 

observationss when CI" is replaced by Tin [Ru(Cl)(CH3)(CO)2(iPr-DAB)].13 In addition, only 

veryy weak bands are observed at 605, 478 and 244 cm"1, due to <5(RuCO), vs(Ru-C) and 

vs(Ru-N)) respectively, in accordance with the assignments of bands at similar frequencies for 

e.g.e.g. [W(CO)4(iPr-DAB)] (vide supra). 

Thee influence of replacing a methyl group by a metal fragment is much larger when 

thee methyl ligand in [Re(CH3)(CO)3(iPr-DAB)] is substituted by a Re(CO)5 fragment. The 

HOMOO of [Re{Re(CO)5}(CO)3(iPr-DAB)] was shown to be the o(Re-Re) orbital,43 but the 

lowest-energyy allowed transition has dn(Re)->7C*(iPr-DAB) (MLCT) character.11 Again, the 

absencee of any v(CO) band in the rR spectrum obtained by excitation into this MLCT 

transition,, shows the small degree of charge transfer character, due to the fact that both 

HOMOO and LUMO are delocalized over the Re-DAB metallacycle. In this case the 

derealizationn is so extensive that even vs(CN) (observed at 1467 cm-1) has become weak. In 

factt the strongest bands in the rR spectrum are now the ^(DAB) bands at 957 and 838 cm"1. 

Thee band observed at 1289 cm"1 is attributed to the same &(CH) vibration that is observed for 

[Ru(R)(SnPh3)(CO)2(iPr-DAB)]]  (R = CH3, CD3) (vide supra). 

Thee last part of this section is devoted to trinuclear metal-metal bonded complexes. In 

thesee complexes the metal fragments participate in the HOMO and in the lowest-energy 

transition,, which therefore has SBLCT character, just as in the case of [Pt(CH3)4(iPr-DAB)] 

(vide(vide supra). 

[Pt(SnPh3)2(CH3)2(iPr-DAB)].211 In this complex, rc-backbonding lowers the 

frequencyy of vs(CN) to the very low value of 1474 cm"1. This is accompanied by an intensity 

increasee of <$,(CH) at 1292 cm"1 (Figure 8.6) Apparently, a frequency lowering of vs(CN) 

causess a coupling of this vibration to 5;(CH), which coupling results in resonance 

enhancementt of the latter vibration. This change in enhancement of &(CH) appears to be 

ratherr sudden, since this vibration is only weak for [Ru(CH3)(SnPh3)(CO)2(iPr-DAB)] 

(vs(CN)) at 1492 cm"1), but strongly enhanced for [Pt(SnPh3)2(CH3)2(iPr-DAB)] (vs(CN) at 

14744 cm"1). However, the &(DAB) vibrations (observed at 949 and 834 cm"1) are only very 

weaklyy enhanced. This means that in spite of the strong rc-backbonding in this complex, its 

SBLCTT transition does not cause a distortion of the Pt-iPr-DAB metallacycle, which 

indicatess that the derealization of HOMO and LUMO is rather weak and SBLCT transition 
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inn this complex has appreciable charge transfer character. With decreasing charge transfer 

character,, the DAB deformation modes become enhanced {vide infra). 

^^J\^^^^m«"«*i ^^J\^^^^m«"«*i 

* U w i ^ ^ ^ w w N * 44 '»»W» <<^>«MAtwAww w 
11 1 1 1 — | 1 1 1 1 1 1 1 1 1 1 1 1 — 

20000 180 0 160 0 140 0 120 0 100 0 80 0 60 0 40 0 20 0 

Wavenumberss (cm1) 

Figuree 8.6 RR spectra of (a) [Pt(SnPh3)2(CH3)2(iPr-DAB)] (Ae« = 595.6 nm, recorded at 90 K), (b) 
[Ru(SnPh3)2(CO)2(iPr-DAB)]]  (A„ c = 457.9 nm) and (c) [Ru{RuCp(CO)2} 2(CO)2(iPr-DAB)] (A« = 
590.00 nm) in KN03. Asterisks denote NO," bands. 

[M(SnPh3)2(CO)2(iPr-DAB)]]  (M = Ru, Os).22 In order to investigate the influence of 

thee central metal atom on the electronic structure and SBLCT transition, the rR spectra of 

bothh the Ru and Os complexes were studied. The spectrum of [Ru(SnPh3)2(CO)2(iPr-DAB)] 

iss shown in Figure 8.6. In addition, DFT calculations were performed on the model 

complexess [Ru(SnH3)2(CO)2(iPr-DAB)], [Ru(SnH3)2(CO)2(Me-DAB)] and 

[Os(SnH3)2(CO)2(Me-DAB)]]  in order to deduce the influence of both the central metal atom 

andd the substituents R of R-DAB on the vibrational frequencies. 

Thee observed vs(CN) and ^(CH) bands in the rR spectra, obtained by excitation into 

thee SBLCT transition of the [M(SnPh3)2(CO)2(iPr-DAB)] (M = Ru, Os) complexes, are 

hardlyy shifted compared to those of [Pt(SnPh3)2(CH3)2(iPr-DAB)]. Thus, vs(CN) is observed 

att ca. 1473 cm"1 and <SS(CH) at 1292 and 1278 cm"1 for M = Ru and Os, respectively. The 
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DFTT calculations show that the frequency of S,(CH) is very sensitive to the substituent R of 

thee R-DAB ligand, since the calculated frequency of &(CH) of [Ru(SnH3)2(CO)2(R-DAB)] 

(RR = Me, iPr) shifts from 1405 cm"1 to 1326 cm"1 going from R = Me to R = iPr. As expected, 

thee latter value is a few percent too high, compared to the observed frequency (1292 cm" ). 

Thee lowest-energy absorption bands of [M(SnPh3)2(CO)2(iPr-DAB)] (M = Ru, Os) are less 

solvatochromicc (A = v(MeCN) - v(toluene) = 5 0 0 - 6 00 cm"1) than that of 

[Pt(SnPh3)2(CH3)2(iPr-DAB)]]  (A = 900 cm"1). This explains the high intensity of the &(DAB) 

vibrationss in the rR spectra of [M(SnPh3)2(CO)2(iPr-DAB)] (M = Ru, Os) and their absence 

inn the spectrum of [Pt(SnPh3)2(CH3)2(iPr-DAB)] {vide supra), since these vibrations become 

enhancedd whenever the HOMO and LUMO orbitals become strongly delocalized. 

Interestingly,, the observed frequencies of all bands hardly shift going from the Ru to the Os 

complex,, which supports the results of our DFT calculations that Ru and Os orbitals are only 

minorr contributors to the HOMO and LUMO. It also implies that the rc-backbonding to iPr-

DAB,, reflected in a low frequency of vs(CN), can only be caused by a strong O-K* interaction 

betweenn the SnPh3 ligands and iPr-DAB. The strong G-K* interaction is also evident from a 

largee JSn-H coupling constant for the imine protons of iPr-DAB.1922 Furthermore, the crystal 

structuree of this complex shows a significantly elongated CN bond. 

Similarr low-frequency bands are observed for these complexes as for other complexes 

withh a delocalized electronic system. Thus S,(MCO) is observed at 610 cm"1, vs(MC) at 419 

cm"11 and vs(MN) at ca. 249 cm"1. Although the intensities of these bands are lower than those 

off  the other ones, the distortion along these normal modes is significant in view of their low 

frequencies. . 

[Ru{RuCp(CO) 2}2(CO)2(iPr-DAB)]. 233 This complex is an example of an extremely 

delocalizedd electronic system, shown by e.g. the solvatochromism of its first absorption band, 

whichh is negligible. Just as in the case of [Re{Re(CO)5}(CO)3(iPr-DAB)] this leads to a 

completee disappearance of vs(CN) and &(CH), while the ^(DAB) bands and the metal-ligand 

andd metal-metal stretching modes are the strongest in the rR spectrum (Figure 8.6). This 

impliess that the SBLCT transition of this complex has metal-ligand and metal-metal bonding 

too antibonding character, which is accompanied by a distortion of the iPr-DAB ligand. 
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8.55 Conclusions 

Thee preceding section gave an overview of the rR spectra of a number d6 metal-

diiminee complexes , with special attention paid to three factors that influence the appearance 

off  these spectra.These three factors are: (1) the 7t-backbonding to the iPr-DAB ligand, (2) the 

derealizationn of the frontier orbitals determining the degree of charge transfer character of 

thee excited transition and (3) the character of that transition. 

Wheneverr a strong rc-backbonding is present in the ground state of the complex, 

whetherr by dn-n* or G-K* interaction, the symmetric CN stretching vibration is lowered in 

frequency.. If vs(CN) is shifted to a frequency lower than ca. 1490 cm"1, a concomitant 

resonancee enhancement of 4(CH) (Figure 8.5) is observed. Apparently, this is due to &(CH) 

obtainingg some vs(CN) character, thus being vibrationally coupled to the electronic transition. 

Derealizationn of the orbitals between which the electronic transition occurs, results in 

thee loss of charge transfer character. As a consequence, stretching vibrations, such as vs(CO) 

andd in extreme cases also v,;(CN) disappear from the rR spectrum, while <5S(DAB) vibrations 

gainn intensity. Since <S;(CH) is coupled to vs(CN), the bands due to both vibrations decrease 

simultaneouslyy in intensity when derealization increases. 

Inn the case of methyl complexes, the change in character of the electronic transition 

fromm MLCT to SBLCT gives rise to strong resonance enhancement of intensity for the 

symmetricc methyl group deformation vibration. Remarkably the metal-carbon stretching 

vibrationn is not resonantly enhanced. Hence, the metal-methyl ligand stretching vibration is 

generallyy not a good indicator of electronic transition character, in contrast to ^(CH^). 

Onee of the remarkable results of this study is that, while the rR spectra of e.g. 

[Ru(Cl)(CH3)(CO)2(iPr-DAB)]]  and [Ru(SnPh3)2(CO)2(iPr-DAB)] are very different in 

appearance,, most of these differences can be rationalized in terms of n-backbonding and 

orbitall  derealization rather than attributed to a change in the character of the electronic 

transition. . 

AA large part of the assignments of the vibrations were based on DFT-calculations. As 

suchh they have proven very useful. However, it was also shown that structural simplifications 

inn the calculated complex (e.g. iPr-DAB to Me-DAB) may have profound influence on the 

frequencyy and character of certain calculated vibrations. 
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SUMMARY SUMMARY 
Thiss thesis deals with the electronic transitions and excited state properties of a 

numberr of d6 metal-metal and metal-alkyl bonded organo-transition metal complexes. In the 

introductoryy chapter  1, the important scientific aims and approaches of this PhD project were 

formulated.. The exceptional photochemical and photophysical behaviour of these complexes 

iss a consequence of the fact that their lowest-energy excited state has Sigma-Bond-to-Ligand 

Chargee Transfer (SBLCT) character. Such SBLCT transitions transfer electron density from a 

a-bondingg orbital to an empty ligand orbital. As was outlined in section 1.3, this has two 

mainn consequences for the properties of the excited state reached after such an SBLCT 

transition.. On one hand, the dimished electron density in the a-bonding orbital causes a 

weakeningg of the corresponding bond. This leads to photochemical bond homolysis which 

cann be extremely efficient. On the other hand, the SBLCT state has a very long lifetime 

wheneverr bond homolysis is not efficient. Such inefficient bond homolysis can be due to 

strongg metal-ligand bonds or because the temperature is too low to allow thermally activated 

chemicall  reactions from the excited state. 

Thee first aim of this PhD project was to obtain experimental evidence for the SBLCT 

characterr of low-lying allowed electronic transitions. The chosen experimental method was 

resonancee Raman (rR) spectroscopy. From rR spectra it can be deduced which vibrations are 

affectedd by certain allowed electronic transitions and hence information can be obtained about 

thee character of these transitions. For example, the rR spectra, obtained in chapter  3 by 

excitationn into the MLCT transition of [Ru(Cl)(Me)(CO)2(iPr-DAB)] and the SBLCT 

transitionn of [M(SnPh3)2(CO)2(iPr-DAB)] (M = Ru, Os), are totally different. The former 

spectrumm shows that symmetric CO- and CN-stretching vibrations, as well as the Ru-CO 

deformationn vibration, are influenced by the MLCT transition. The latter spectrum shows the 

absencee of vs(CO), but the presence of many in-plane and out-of-plane ligand and metal-

ligandd deformation modes. All these vibrations were assigned partly by means of DFT 

vibrationall  calculations. However, as chapter  8 shows, these differences can all be 

rationalizedd in terms of increase in metal-ligand interaction going from the first to the second 

typee of complexes rather than ascribed to a difference in character of the electronic transition. 

Hence,, for these complexes rR spectroscopy is not a suitable tool to determine the electronic 
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transitionn character. On the other hand, rR spectroscopy proved to be excellently suited to 

establishh the SBLCT contribution to the electronic transitions of metal-methyl bonded 

complexess (chapters 7 and 8). To this end the Raman band due to the symmetric methyl 

deformationn vibration was used. In rR spectra, obtained by excitation into MLCT transitions 

off  e.g. [Ru(Cl)(Me)(CO)2(iPr-DAB)] or [Re(Me)(CO)3(iPr-DAB)], this band was hardly 

discernible,, whereas it was the strongest band in the rR spectrum of e.g. [Pt(Me)4(iPr-DAB)] 

wheree the electronic transition has SBLCT character. The conclusion of the experimental 

resultss described in chapter  8 is that resonance Raman spectroscopy can be an excellent tool 

too obtain experimental evidence for the character of electronic transitions, though certainly 

nott for all systems. 

AA second question was whether complexes with a lowest 3SBLCT state can be made 

photostable.. The most photostable complex known up to recently was 

[Re(SnPh3)(CO)3(dmb)],, which still photodecomposes, however, from its 3SBLCT state with 

aa quantum yield of 0.03-0.06 depending on the wavelength of excitation. From the complexes 

describedd in this thesis [Ru(SnPh3)2(CO)2(pAn-DAB)], [Ru(SnPh3)2(CO)2(pAn-BIAN)] , 

[Os(SnPh3)2(CO)2(iPr-DAB)]]  and [Os(SnPh3)2(CO)2(dmb)] proved to be significantly more 

photostablee (chapter  3). For the Ru complexes this was due to a lowering of the SBLCT state 

energyy since the a-diimine ligand used had a very low-lying n* orbital. This increases the 

energyy barrier for the thermally activated reaction from the relaxed excited state. For the Os 

complexes,, it is the inherently strong Os-Sn bond that decreases the efficiency of the 

photochemicall  bond homolysis. An important consequence of the decrease of photolability 

wass that the room temperature excited state lifetime is significantly enhanced (up to 3.6 u.s in 

thee case of [Ru(SnPh3)2(CO)2(pAn-BIAN)]) . The low excited-state energy of the Ru-

complexess is an additional advantage in view of potential application as near-IR emitting 

labelss (chapter  3). 

Althoughh these room temperature data already indicate that, despite their reactivity, 

SBLCTT states may be much longer lived than MLCT states, this difference proved to be much 

moree pronounced in low-temperature glasses, where homolysis reactions do not restrict the 

excitedd state lifetime. Mainly due to a much smaller distortion in the excited state, leading to a 

diminishedd vibrational overlap between ground- and excited states, SBLCT states proved to 

bee much longer lived than MLCT states of related complexes. The longest emission lifetime, 

viz.viz. 1.1ms, was obtained for [Ru(SnPh3)2(CO)2(dmb)] in 2-MeTHF at 90 K (chapter  3). 

Interestingly,, substituting Ru by Os in [Ru(SnPh3)2(CO)2(dmb)] led to a fivefold 

decreasee in excited state lifetime (chapter  3), while the absorption and emission energies 
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remainedd unaffected. In this way the influences of spin-orbit coupling on the excited state 

lifetimee may be studied separately from those of excited state distortion and energy. 

Substitutionn of Ru and Os in the complexes [M(SnPh3)2(CO)2(iPr-DAB)] (M = Ru, Os) 

(chapterr  3) for Pt (chapter  7) red-shifted absorption and emission energies of the resulting 

[Pt(SnPh3)2(Me)2(iPr-DAB)]]  complex due to decrease of frontier orbital delocalization, 

whichh decreases overlap stabilization and hence the HOMO-LUMO gap. 

Chapterss 3 and 4 describe the attempts to shift absorption and emission energies 

towardss the red or near infrared (NIR) regions of the spectrum. The approach used in chapter 

33 is to lower the LUMO energy, while in the experiments of chapter  4 the HOMO energy is 

raised.. Both approaches result in complexes that emit in the NIR at 90 K, e.g. Aem = 821 nm 

forr [Ru(SnPh3)(CO)2(pAn-BIAN)] (chapter  3) and Km = 855 nm for 

[Ru{RuCp(CO)2} 2(CO)2(iPr-DAB)]]  (chapter  4). Interestingly, the use of the electron 

donatingg RuCp(CO)2 ligands in the latter complex stabilizes also the one-electron oxidized 

product,, making this complex the only representative of this series for which such an oxidized 

speciess was ever observed. However, this approach where the o-orbital energy is increased, 

sufferss from the disadvantage that the resulting complexes are very photolabile at room 

temperature.. Although (weakly) NIR-emitting complexes were obtained by both approaches, 

alll  these data were obtained from measurements on glassy solid samples at low temperature. 

Att room temperature, no emission was observed from these complexes, while the emission of 

similarr complexes emitting at higher energies was rather weak. The reason for the low 

emissionn quantum yield even at low temperature is not yet clear, but in view of the results of 

recentt ab initio calculations on the ground and excited states of the model complex 

[Ru(SnH3)2(CO)2(Me-DAB)]]  it is proposed that intersystem crossing from the optically 

populatedd ' SBLCT state to the emitting 3SBLCT state is inefficient due to the large energy 

gapp between these states and because of competing nonradiative decay to another (non-

emitting)) triplet excited state (of  3MLCT character). One consequence is that future 

applicationss of these complexes as luminophores are rather improbable. 

Thee other main property of SBLCT states, their efficient photoinduced radical 

formation,, was successfully applied in the past since several d metal-alkyl complexes proved 

too be efficient photoinitiators for radical polymerizations. Chapter  5 reports the results of a 

moree fundamental study of these radicals, viz. an FT-EPR study of the methyl radicals, 

obtainedd by irradiation of solutions of [Pt(CH3)4(iPr-DAB)] and [Ru(R)(SnPh3)(CO)2(iPr-

DAB)]]  (R = CH3, CD3). This study confirms the triplet character of the excited state from 
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whichh the radicals are formed. By extensive variation of the solvent, the chemically induced 

dynamicc electron polarization (CIDEP) was shown to stem from combined contributions of 

thee STo and ST_i radical pair mechanisms. The absence of triplet mechanism induced CIDEP 

inn the radicals produced by irradiation into the lowest-energy absorption band suggests that 

thee radical formation is a very fast process. Very interestingly, the CIDEP pattern of the 

photogeneratedd radicals is strongly excitation wavelength dependent. This rare observation 

provess that radical formation proceeds according to different pathways depending on the 

excitationn wavelength. 

Chapterr  6 presents two novel complexes, [Rh(R)2(I)(CO)(dmb)] (R = Me, iPr). The 

structuree of the methyl complex was solved by single-crystal X-ray diffraction. It was found 

thatt excitation into the lowest absorption band of these complexes in solution gave rise to 

homolyticc Rh-R bond splitting. This photoreaction occurs after crossing from the optically 

excitedd XLCT (X = I) to the reactive SBLCT state. For the iPr-complex homolysis is 

observedd at longer wavelength irradiation than for the methyl derivative, indicating that in the 

formerr case the SBLCT-state is lower in energy. 

Itt is clear from the foregoing that much more is known now about SBLCT states and 

transitionss in d6 metal-diimine complexes than when this PhD project started. The remaining 

questionn is along which lines research of SBLCT states and transitions should continue and 

whatt problems are still to be solved. 

Importantt aspects of these complexes are their photolability and emission properties. 

Byy varying the a-diimine ligand it was possible to make the complexes virtually photostable, 

whilee at the same time lowering the SBLCT state energy to such an extent that emission in the 

NTRR was observed. Unfortunately, this emission was rather weak in a low-temperature glass 

andd not observable at room temperature. Although theoretical data give some clues about the 

reasonss for this behaviour, not found for complexes having a lowest MLCT state, further 

researchh should first of all be concerned with this problem. This can be done by gaining 

informationn from ultrafast time-resolved absorption studies, about the non-radiative decay 

channelss that decrease the emission efficiency of these complexes. The results of these studies 

mightt indicate how such complexes with a lowest SBLCT state should be remodelled in order 

too be not only photostable and possess very long emission lifetimes but also emit with high 

quantumm yields. Such time-resolved measurements may also indicate which factors determine 

thee shape of the potential energy curves of the SBLCT-states and the activation barrier for 

dissociationn in case of the photoreactive complexes. 

Recently,, ultrafast electronic absorption and time-resolved FT-EPR spectroscopic 
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measurementss on metal-alkyl bonded complexes suggested that fast bond homolysis can 

occurr from the Franck-Condon state. In contrast to these compounds, for many complexes 

describedd in this thesis, the SBLCT excited state has a well developed minimum in the 

potentiall  energy surface. Further (ultrafast) time-resolved spectroscopic (UV/Vis, IR, FT-

EPR)) studies should be able to shed light on the excited state dynamics of such systems. 

Apartt from developing new systems that emit more strongly from their SBLCT states, 

itt is of interest in any case to know which other complexes are characterized by a lowest 

SBLCTT state. From the many studies that have already been performed, all, apart from those 

off  the Os clusters [Os3(CO)io(a-diimine)], dealt with d6 Mn, Re, Ru, Os or Pt complexes with 

a-diiminee ligands. It can be expected that lowest SBLCT states and transitions are not limited 

too these complexes. One striking absentee are the complexes of group 9 transition metal 

atoms.. Although two rhodium-alkyl complexes were reported in chapter 6, where the 

occurrencee of an SBLCT state was proven, the lowest-energy allowed transition has Halide-

to-Ligandd Charge Transfer rather than SBLCT character for these complexes. SBLCT 

systemss should also not be limited to a-diimine systems. Many other ligands are known with 

low-lyingg empty orbitals such as porphyrins. 

Finally,, the radicals formed by the homolysis reactions from the metal-diimine 

complexess with two a-bonded ligands, described in this thesis, diffuse apart from each other, 

makingg the photoreactions irreversible. In the abovementioned Os clusters, the radicals are 

keptt together in a biradical species by an Os(CO)4 fragment, which can lead to interesting 

secondaryy reactions. Systems might be devised where the o-bonded ligand is connected to the 

rc-acceptingrc-accepting ligand or to a co-ligand, which may give rise to similar biradical formation and 

interestingg follow-up reactions. 
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Ditt proefschrift beschrijft het onderzoek naar de eigenschappen van de electronische 

overgangenn en aangeslagen toestanden van een reeks d6 metaal-metaal en metaal-alkyl 

gebondenn organo-overgangsmetaalcomplexen. In het inleidende hoofdstuk 1 werden de 

belangrijkstee wetenschappelijke doelen van dit promotieonderzoek uiteengezet, alsmede de 

methodenn om deze te bereiken. Het uitzonderlijk fotochemisch en fotofysisch gedrag van deze 

complexenn is het gevolg van het feit dat hun laagst-energetische electronenovergang gepaard 

gaatt met ladingsoverdracht vanuit een sigma-bindende baan naar een ligandorbitaal. In dit 

proefschriftt wordt hiervoor de afkorting gebruikt van de Engelse term, SBLCT. Zoals 

beschrevenn in paragraaf 1.3, heeft dit twee belangrijke gevolgen voor de eigenschappen van 

dee aangeslagen toestand. Aan de ene kant leidt verlies aan electrondichtheid tot verzwakking 

vann de a-binding. Dit veroorzaakt fotochemische bindingshomolyse, die zeer efficiënt kan 

zijn.. Aan de andere kant heeft de SBLCT-toestand een extreem lange levensduur, zolang 

bindingshomolysee niet efficiënt is. Een dergelijke reactie kan inefficiënt zijn vanwege sterke 

metaal-ligandd bindingen of omdat de temperatuur te laag is om thermisch geactiveerde 

chemischee reacties uit de aangeslagen toestand toe te staan. 

Hett eerste doel van dit promotieonderzoek was om experimenteel bewijs te verkrijgen 

voorr het SBLCT-karakter van laagliggende toegestane electronische overgangen. De gekozen 

experimentelee methode was Resonantie Raman (rR) spectroscopie. Uit rR-spectra kan 

afgeleidd worden welke trillingen worden beïnvloed door bepaalde electronische overgangen 

enn hieruit kan informatie verkregen worden over het karakter van deze overgangen. Zo zijn 

bijvoorbeeldd de rR-spectra, verkregen in hoofdstuk 3 door excitatie in respectievelijk de 

MLCT-overgangg van [Ru(Cl)(Me)(CO)2(iPr-DAB)] en de SBLCT-o vergang van 

[M(SnPh3)2(CO)2(iPr-DAB)],, totaal verschillend. Het spectrum van de eerste verbinding laat 

zienn dat de symmetrische CO- en CN-streküïlling evenals de Ru-CO-deformatietrilling 

wordenn beïnvloed door de MLCT-overgang. In het spectrum van het tweede complex is 

vs(CO)) afwezig, maar zijn vele in-het-vlak en uit-het-vlak deformatietrillingen aanwezig. 

Dezee trillingen werden deels door middel van vibratieberekeningen op DFT-niveau 

toegekend.. Echter, zoals hoofdstuk 8 laat zien, kunnen deze verschillen alle eerder verklaard 

wordenn met een toename van metaal-ligandinteractie gaande van het eerste naar het tweede 

typee complexen dan met een verschil in karakter van de electronische overgang. Daarom is 
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rR-spectroscopiee voor deze complexen geen geschikt middel om het karakter van de 

electronischee overgang te bepalen. Aan de andere kant, bleek rR-spectroscopie wel uitermate 

geschiktt te zijn om het SBLCT-karakter van de electronische overgangen van metaal-

methylgebondenn complexen vast te stellen (hoofdstukken 7 en 8). Hiertoe werd de Raman 

bandd van de symmetrische methyl-deformatietrilling gebruikt. In rR-spectra, verkregen door 

excitatiee in de MLCT-overgang van bijvoorbeeld [Ru(Cl)(Me)(CO)2(iPr-DAB)] of 

[Re(Me)(CO)3(iPr-DAB)]]  was deze band nauwelijks te onderscheiden, terwijl het de sterkste 

bandd was in het rR-spectrum van [Pt(Me)4(iPr-DAB)], waarvan de electronische overgang 

SBLCT-karakterr heeft. De conclusie van de resultaten beschreven in hoofdstuk 8 is dat rR-

spectroscopiee een uitstekende techniek kan zijn om experimenteel bewijs te verkrijgen voor 

hett karakter van een electronische overgang, maar zeker niet voor alle systemen. 

Eenn tweede vraag was of complexen met een laagste 3SBLCT-toestand fotostabiel 

gemaaktt kunnen worden. Het meest fotostabiele d6-overgangsmetaalcomplex dat tot nu toe 

bekendd was, is [Re(SnPh3)(CO)3(dmb)], hoewel dat complex nog steeds fotochemisch 

ontleedtt met een kwantumopbrengst bij kamertemperatuur van 0.03-0.06 afhankelijk van de 

excitatiegolflengte.. Van de in dit proefschrift beschreven complexen, bleken 

[Ru(SnPh3)2(CO)2(pAn-DAB)],, [Ru(SnPh3)2(CO)2(pAn-BIAN)], [Os(SnPh3)2(CO)2(iPr-

DAB)]]  en [Os(SnPh3)2(CO)2(dmb)] alle significant fotostabieler (hoofdstuk 3). Voor de Ru-

complexenn is dit het gevolg van verlaging van de energie van de SBLCT toestand, aangezien 

hett gebruikte a-diimine ligand een zeer laagliggende rc*-orbitaal heeft. Dit verhoogt de 

energiebarrièree voor de thermisch geactiveerde reactie uit de gerelaxeerde aangeslagen 

toestand.. Voor de Os-complexen is het de inherent sterke Os-Sn binding, die de efficiëntie 

vann de fotochemische homolysereactie verlaagt. Een belangrijk gevolg van de afname van de 

fotolabiliteitt was dat de levensduur van de aangeslagen bij kamertemperatuur aanzienlijk 

verlengdd werd (tot 3.6 |is in het geval van [Ru(SnPh3)2(CO)2(pAn-BIAN)]). De lage energie 

vann de aangeslagen toestand van de Ru-complexen is een extra voordeel in het kader van 

mogelijkee toepassing als nabij-infrarood emitterende labels (hoofdstuk 3). 

Hoewell  deze resultaten al aangeven dat SBLCT-toestanden, ondanks hun reactiviteit, 

veell  langer kunnen leven dan MLCT-toestanden, bleek dit verschil veel uitgesprokener te zijn 

inn lage-temperatuur glazen, waar homolysereacties de levensduur van de aangeslagen toestand 

niett beperken. Voornamelijk door een veel kleinere vervorming in de aangeslagen toestand, 

hetgeenn leidt tot een verminderde vibrationele overlap tussen grond- en aangeslagen toestand, 

blekenn SBLCT-toestanden veel langer te leven dan MLCT-toestanden van vergelijkbare 

complexen.. De langste levensduur van de aangeslagen toestand van 1.1 ms werd verkregen 
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voorr [Ru(SnPh3)2(CO)2(dmb)] in 2-MeTHF bij 90 K (hoofdstuk 3). 

Hett is interessant dat vervanging van Ru door Os in [Ru(SnPh3)2(CO)2(dmb)] leidde 

tott een vijfvoudige afname van de levensduur van de aangeslagen toestand, terwijl de 

absorptie-- en emissie-energie onveranderd bleven. Op deze wijze kan de invloed van spin-

baankoppelingg op de levensduur bestudeerd worden onafhankelijk van de vervorming van het 

complexx in de aangeslagen toestand en de energie van die toestand. Vervanging van Ru en Os 

inn [M(SnPh3)2(CO)2(iPr-DAB)] (M = Ru, Os) (hoofdstuk 3) door Pt (hoofdstuk 7) leidde tot 

roodverschuivingg van de absorptie- en emissie-energie van het gevormde 

[Pt(SnPh3)2(Me)2(iPr-DAB)]]  complex, ten gevolge van de afname van delocalisatie in de 

grensorbitalen,, hetgeen de overlapstabilisatie en dus de HOMO-LUMO afstand verkleint. 

Hoofdstukkenn 3 en 4 beschrijven de pogingen om de absorptie- en emissie-energie 

naarr het rode of nabij-infrarode (NIR) gebied van het spectrum te verschuiven. De benadering 

gebruiktt in hoofdstuk 3 was om de energie van de LUMO te verlagen, terwijl in hoofdstuk 4 

dee energie van de HOMO verhoogd werd. Beide benaderingen resulteerden in NIR-

emitterendee verbindingen, bijvoorbeeld X*m = 821 nm voor [Ru(SnPh3)2(CO)2(pAn-BIAN)] 

(hoofdstukk 3) en Aem = 855 nm voor [Ru{RuCp(CO)2} 2(CO)2(iPr-DAB)] (hoofdstuk 4). Het 

iss opmerkelijk dat het gebruik van electron-donerende liganden in het laatste complex 

bovendienn het één-electron-geoxideerde product stabiliseert, hetgeen dit complex tot de enige 

vertegenwoordigerr van deze reeks complexen maakt waarvoor zo'n geoxideerd deeltje ooit is 

waargenomen.. Echter heeft de benadering waarbij de energie van de a-orbitaal wordt 

verhoogdd als nadeel dat de resulterende complexen bij kamertemperatuur zeer fotolabiel zijn. 

Hoewell  NIR-emitterende complexen werden verkregen door middel van beide benaderingen, 

hebbenn al deze gegevens betrekking op metingen aan de verbindingen opgelost in vaste 

glazenn bij lage temperatuur. Bij kamertemperatuur werd geen emissie voor deze complexen 

waargenomen,, terwijl de emissie bij lage temperatuur en die van vergelijkbare complexen die 

bijj  hogere energie emitteren, nogal zwak is. De reden voor de lage emissiekwantumopbrengst 

iss nog niet duidelijk, maar gezien de resultaten van recente ab initio berekeningen aan de 

grond-- en aangeslagen toestanden van [Ru(SnH3)2(CO)2(Me-DAB)] wordt voorgesteld, dat 

dee intersystem crossing van de optisch bezette ' SBLCT-toestand naar de emitterende 

SBLCT-toestandd inefficiënt is, ten gevolge van het grote energie verschil tussen deze twee 

toestandenn en vanwege concurrerend niet-stralend verval naar een andere (niet-emitterende) 

triplett aangeslagen toestand (met 3MLCT-karakter). Dit maakt toekomstige toepassing van 

zulkee complexen als luminoforen tamelijk onwaarschijnlijk. 
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Dee andere hoofdeigenschap van SBLCT-toestanden, hun efficiënte radicaalvorming, is 

succesvoll  in de praktijk gebruikt aangezien verscheidene d6 metaal-alkylcomplexen goede 

foto-initiatorenn voor radicaalpolymerisaties bleken te zijn. Hoofdstuk 5 rapporteert over een 

meerr fundamenteel onderzoek van deze radicalen, namelijk een FT-EPR studie van de 

methylradicalen,, die verkregen werden door bestraling van oplossingen van [Pt(CH3)4(iPr-

DAB)]]  en [Ru(R)(SnPh3)(CO)2(iPr-DAB)] (R = CH3, CD3). De resultaten van dit onderzoek 

bevestigenn het triplet karakter van de aangeslagen toestand waaruit de radicalen worden 

gevormd.. Door uitgebreide variatie van het oplosmiddel werd aangetoond dat de chemisch-

geïnduceerdee dynamische electronpolarisatie (CIDEP) zijn oorsprong heeft in gecombineerde 

bijdragenn van de STo-en ST_i-radicaalpaarmechanismen. De afwezigheid van door het triplet-

mechanismee geïnduceerde CIDEP in de radicalen, die zijn ontstaan door in te stralen in de 

laagst-energetischee absorptieband, suggereert dat de radicaalvorming een zeer snel proces is. 

Zeerr interessant is het feit dat het CIDEP-patroon van de fotochemisch gegenereerde 

radicalenn sterk afhangt van de excitatiegolflengte. Deze zeldzame waarneming bewijst dat de 

radicaalvormingg via verschillende paden verloopt afhankelijk van de excitatiegolflengte. 

Hoofdstukk 6 beschrijft twee nieuwe complexen, m-[Rh(R)2(I)(CO)(dmb)] (R = Me, 

iPr).. De structuur van het methylcomplex werd opgelost met éénkristal Röntgendiffractie. Er 

werdd gevonden, dat excitatie in de laagste absorptieband in oplossing leidt tot homolytische 

Rh-R-bindingssplitsing.. Deze fotoreactie treedt op na crossing van de optisch geêxciteerde 

XLCT-- (X = I) naar de reactieve SBLCT-toestand. Voor het iPr-complex wordt de homolyse 

waargenomenn bij langere-golflengtebestraling dan voor het methylderivaat, hetgeen aantoont 

datt in het eerste geval de SBLCT-toestand lager in energie is. 

Uitt het voorgaande is duidelijk dat nu veel meer bekend is over SBLCT-toestanden en 

-overgangenn in d6 metaal-diiminecomplexen dan aan het begin van dit promotieonderzoek. 

Restt de vraag langs welke lijnen onderzoek naar SBLCT-toestanden en -overgangen 

voortgezett zou kunnen worden. 

Dee belangrijke aspecten van deze complexen zijn hun fotolabiliteit en emissie-

eigenschappen.. Door het cc-diimine ligand te variëren, konden de complexen vrijwel 

fotostabiell  worden gemaakt, terwijl tegelijkertijd de energie van de SBLCT-toestand zodanig 

werdd verlaagd dat NIR-emissie werd waargenomen. Helaas was deze emissie nogal zwak in 

eenn lage-temperatuurglas en niet waarneembaar in oplossing. Hoewel theoretische resultaten 

enigee aanwijzingen geven over de redenen voor dit gedrag, dat niet gevonden wordt voor 

complexenn met een laagste MLCT-toestand, zou verder onderzoek zich allereerst moeten 

richtenn op dit probleem. Dit kan geschieden door met behulp van ultrasnelle tijdsopgeloste-
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absorptiemetingenn informatie te verkrijgen over de niet-stralende vervalkanalen die de 

efficiëntiee van de emissie van deze complexen verlagen. De resultaten van deze studies 

zoudenn kunnen aangeven hoe dergelijke complexen met een laagste SBLCT-toestand 

gehermodelleerdd moeten worden, teneinde niet alleen fotostabiel te zijn en een zeer lange 

levensduurr te bezitten, maar ook met hoge kwantumopbrengst te emitteren. Dergelijke 

tijdsopgelostee metingen zouden ook aan kunnen geven welke factoren de vorm bepalen van 

dee potentiële-energiecurves van de SBLCT-toestand en de barrière voor dissociatie in het 

gevall  van fotoreactieve complexen. 

Recentee ultrasnelle electronische absorptie- en tijdsopgeloste FT-EPR-metingen aan 

metaal-alky]]  gebonden complexen tonen aan dat snelle bindingshomolyse kan optreden 

vanuitt de Franck-Condon toestand. In tegenstelling tot deze verbindingen hebben de SBLCT-

toestandenn van vele van de in dit proefschrift beschreven complexen een potentièle-

energieoppervlakk met een duidelijk minimum. Verdere (ultrasnelle) tijdsopgeloste 

spectroscopischee (UV/Vis, IR, FT-EPR) studies zouden licht moeten kunnen werpen op de 

dynamicaa van de aangeslagen toestand van zulke systemen. 

Naastt het ontwikkelen van nieuwe systemen die sterker emitteren vanuit hun SBLCT-

toestandd is het belangrijk te weten welke andere systemen gekarakteriseerd worden door een 

laagstee SBLCT-toestand. Van de vele studies die al gedaan zijn hadden alle, behalve die van 

dee [Os3(CO)io(a-diimine)] clusters, betrekking op d6 Mn, Re, Ru, Os of Pt complexen met ct-

diimine-liganden.. Verwacht mag worden dat SBLCT-toestanden niet beperkt zijn tot deze 

complexen.. Opvallend afwezig zijn de complexen van de groep 9 overgangsmetaalatomen. 

Hoewell  twee nieuwe rhodium-alkyl complexen werden beschreven in hoofdstuk 6 waarvoor 

hett optreden van een SBLCT-toestand werd bewezen, heeft de laagst-energetische 

electronischee overgang XLCT- (X = I) en geen SBLCT-karakter. SBLCT-systemen zouden 

ookk niet beperkt moeten zijn tot complexen van a-diimines , omdat vele andere liganden, 

zoalss bijv. porfyrines, ook laagliggende lege orbitalen bezitten. 

Tenslotte,, diffunderen de radicalen gevormd door de homolysereacties van de in dit 

proefschriftt beschreven metaal-diiminecomplexen met twee a-gebonden liganden, uit elkaar, 

hetgeenn de fotoreacties irreversibel maakt. Bij de bovengenoemde Os-clusters, worden de 

radicalenn bijeengehouden in een biradicaal door een Os(CO)4-fragment, hetgeen leidt tot 

interessantee secundaire reacties. Er zouden systemen ontwikkeld kunnen worden waarin het 

o-gebondenn ligand verbonden is met het rc-acceptorligand of met een co-ligand, wat tot 

soortgelijkee vorming van biradicalen en tot interessante vervolgreacties zou kunnen leiden. 
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Waarr een onschuldig telefoontje vanaf het station Milano Centrale al niet toe kan 

leiden.. In dit geval: 4 jaar zwoegen, 293 syntheses, honderden IR- en NMR-spectra, 967 UV-

spectra,, 48 cyclische voltammogrammen, 134 EPR-spectra, 602 FT-EPR-metingen, 408 

Raman-spectraa en 76 emissie- en excitatiespectra en 561 tijdsopgeloste absorptie- en 

emissiespectra.. De vruchten die dit af heeft geworpen, staan hiervoor beschreven. Het feit dat 

ditt proefschrift met WinZip 7.0 terug te brengen is tot één HD diskette relativeert het geheel 

ietwat. . 

Ditt alles geschiedde onder de begeleiding van maar liefst drie bazen, die ik uiteraard 

alledriee veel dank verschuldigd ben. Allereerst wil ik prof. Dick Stufkens bedanken, niet 

alleenn voor de niets te wensen overlatende dagelijkse begeleiding, maar ook voor zijn 

capaciteitt het doel van en het overzicht over een onderzoek niet uit het oog te verliezen 

alsmedee zijn gave een heldere structuur aan te brengen in artikelen, hoofdstukken en andere 

schrijfselen.. Deze laatste zin had bijvoorbeeld een stuk helderder gekund. Mijn andere 

promotor,, prof. Ad Oskam, regelde haast ongemerkt dat er altijd meer dan voldoende geld en 

middelenn voor het onderzoek aanwezig waren. Dan als laatste der bazen wil ik electro-goeroe 

enn hardwerker FrantiSek Hartl bedanken. Franti, bedankt voor al je wetenschappelijke hulp en 

visie,, zowel bij de experimenten als bij het schrijven. Eveneens bedankt voor de gezamenlijke 

biertjess en gesprekken in de Roetertoeter (RTTR, vide infra) en elders. 

Inn het begin heb ik veel hulp gehad van twee mensen. Allereest is dat mijn directe 

voorgangerr Maxim Aarnts, die ik graag wil bedanken voor alle practische tips over synthese, 

maarr ook over metingen. Hierdoor kreeg het onderzoek een vliegende start. Dit was ook te 

dankenn aan Cees Kleverlaan die letterlijk nooit te beroerd was om even uitleg te geven over 

welkk meetinstrument dan ook. Onze gesprekken over wetenschap, onder het genot van koffie 

off  bier, leverden ieder gemiddeld genoeg ideeën op voor drie promoties, naast alle andere 

zakenn die besproken werden. Dat leidde zelfs één keer tot een wel heel wetenschappelijke 

slaapplaatss (drie letters). Daarnaast, Cees, ben je een echte vriend geworden! Onze vakantie in 

Zuid-Amerikaa is voor mij onvergetelijk. Ook bedankt dat je mijn paranimf hebt willen 

worden. . 

Datt geldt ook voor mijn andere paranimf, Maarten Bakker. Maarten, jouw kijk op de 

wetenschapp in het algemeen en clusters in het bijzonder, evenals je uitgesproken commentaar 
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opp lezingen, de mensheid en de rest zal ik nooit vergeten. Bedankt ook voor de gezelligheid in 

enn buiten het lab. De derde van de drie jonge veelbelovende promovendi is Peter Groen. 

Peter,, bedankt voor de goede tijd, variërend van gesprekken over filmscenario's tot 

matrixexperimentenn in het weekend, van kunstwerken voor CS tot berekeningen. De laatste 

derr Mohikanen is Frank Vergeer. Frank, onze nieuwe jonge veelbelovende promovendus, 

bedanktt voor vele gezellige uurtjes in de RTTR, op filmavonden bij jou thuis en gezelligheid 

opp het lab. Veel succes met de rest van je promotie! 

Eenn deel van dit onderzoek werd uitgevoerd in de groep van prof. Hans van Willigen 

aann de University of Massachusetts at Boston in, hoe kan het ook anders, Boston (USA). 

Hans,, bedankt dat je me tot twee keer toe de mogelijkheid hebt gegeven in je lab FT-EPR 

metingenn te doen. Bedankt ook voor de gastvrijheid van jou en je vrouw. Zeker de keer dat de 

Bostonn Marathon werd gehouden. Ik had nooit gedacht, datje die zelf zou lopen! I would like 

too thank Débora Martino very much for all the hours we spent together doing the 

measurements.. Deb, thanks a lot also for your hospitality and good company when Cees and I 

visitedd you in Argentina! I would also like to thank Alejandro Bussandri for his help in 

gettingg me reacquainted with the equipment during my second stay. 

II  cooperated with Axel Klein during several one-month stays of his. Axel, thanks a lot 

forr our very fruitful collaboration, the long working hours and the beers we had together. 

Thankk you, your wife and the kids for your hospitality during my stay in Stuttgart (or actually 

Winnenden). . 

Thee DFT calculations, performed by Stanislav 7AWI from the Heyrovsky Institute in 

Prague,, were a great help in understanding the electronic structure, the electronic transitions 

andd the vibrations of my complexes. Standa, thanks a lot for all these calculations and your 

unendingg patience when I asked for yet another calculation. 

Hanss Hofstraat (toen nog Akzo Nobel) wil ik graag bedanken voor de metingen die ik 

inn Arnhem heb mogen doen. Furthermore, I would like to thank Julia Weinstein (University 

off  Nottingham) for performing the time-resolved inrared measurements on my complexes. 

Thankk you and Mike George for allowing me to incorporate some preliminary results in 

chapterr 3. Sander Gaemers, bedankt voor ons vrijdagmiddag 99Ru NMR-experiment, dat 

uitgroeidee tot een publicatie! Thanks are also due to Martin Lutz for solving the crystal 

structuree of chapter 6. Boke de Pater, bedankt voor experimentele hulp bij de syntheses van 

datzelfdee hoofdstuk. Luisa De Cola, thanks for helping me in finding a post-doc position. 

Ondankss het teruglopende studentenaantal, heb ik ook studenten mogen begeleiden. 

Dee enige die een jaar lang bleef was Lou Vermeer. Lou, bedankt voor al je werk aan de 
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lastigee rhodiumchemie van hoofdstuk 6! Op het laatste nippertje vielen alle stukjes dan toch 

nogg in elkaar. Ook bedankt voor alle PM3 berekeningen. Dan wil ik ook graag mijn 

maandvakstudentenn Marcel Duin, Peter Keeven, Lou Vermeer en Alexander Wirtz bedanken 

voorr hun bijdragen aan mijn onderzoek. 

Verderr wil ik bedanken: Theo Snoeck, Henk Luyten (de man die eigenhandig het 

instrumenteell  hoogwaardige onderzoek in de werkgroep mogelijk maakt), John van 

Ramesdonkk (flits), Jan Meine Ernsting (NMR), Taasje Mahabiersing, Andries Terpstra, Loes 

Boomsmaa en Anneke Ritter van het secretariaat, Tjerk van Goudoever (instrumentmakerij), 

Ronn Groenestein en Gerrie Braspenning (glasblazerij), Ronald Nieuwendam en Gerrit 

Hardemann (electronische dienst), Kees Bergfeld (magazijn), Mike van Kleef en Wim de Waal 

(centraall  magazijn), Martin van Teunenbroek (gebouwbeheer), Ankie Koeberg, Marijke 

Duyvendakk en Rickey Tax (bibliotheek) en eenieder die enigerlei ondersteunende 

werkzaamheidd voor mij heeft verricht of waar ik anderszins contact mee heb gehad. 

Dankk aan alle IMC-collega's en ex-collega's, waaronder Anouk, Arianna, Ba§ak, 

Boke,, Cees, Chaode, Dorette, Frank B., Frank V., Floris, Gino, Hans G., Hans-Werner, 

Herbert,, Jasper, Jeroen D., Jos D., Jos N., Lou, Maarten, Mara, Marcel D., Marcel van E., 

Martijnn van L., Martin, Mary, Mirco, Nicolette, Peter, Piotr, Rafael, René, Sander G., Sander 

K.,, Sirik, Wim en alle MLO-, HLO- en universiteitsstudenten en -stagiaires van anorganische 

chemie. . 

Voortss dank ik hartelijk: An Siong, Marco, Walter, Joyce, Irma, Francis, Margriet, 

Laura,, Jorrit, Richard, Mark&Sophia, Thomas TM Lotte, Otto, Jorre, Berry, Marije, Anja, 

Erwin,, Trudy, Kees van W., Thomas C, VIRUS, de Gothenburg sound, IBB 109bg, Stichting 

Mensaa Academica Amstelodamensis, de Roetertoeter, Cantarell, Café de Roeter, Abe Veneto, 

Charlie'ss Kitchen en John Harvard's Brewhouse. 

Mij nn dank gaat vanzelfsprekend ook uit naar Sophie en Bas, mijn ouders en 

grootvader. . 

Finally,, I would like to express my sincere gratitude to Mara, whose love and patience 

duringg the last six months have been a tremendous support. 
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