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1.11 THE IMPORTANCE OF EXCITED STATES 

Apartt from the stationary electronic ground state, all chemical compounds 

possesss an infinite number of non-stationary electronically excited states. Each of 

thesee excited states has its own electronic charge distribution and characteristic 

properties,, and, as a consequence, might have a chemistry that is as varied as that of 

thee ground state [1-4]. However, in virtually all cases the electronic ground state of a 

moleculee is known in much more detail than its manifold of excited states. To 

understandd - and ultimately exploit to one's advantage - the photochemical reactivity 

andd photophysical responses of molecular systems in nature and technology, a 

profoundd understanding of their excited states is essential. The interaction of 

moleculess with electromagnetic radiation, as is employed in molecular spectroscopy, 

iss one of the most important experimental probes for studying the spectroscopic and 

dynamicc properties of these electronically excited states [5-7]. 

Inn the following sections some theoretical and practical aspects of molecular 

spectroscopyy will be discussed. First we will focus on the theoretical description of 

excitedd states, transitions to them, and the rules governing these transitions. 

Subsequently,, we concentrate on the characteristics of the excited states with some 

emphasiss on Rydberg states as they form a manifold of states that is in general not 

directlyy associated with chemistry, but of interest in the present work. Chemists 

considerr Rydberg states in many cases as exotic states that do not have any direct 

relevancee to biological or technological applications. In that respect it is interesting to 

noticee that there is an increasing support for the suggestion that Rydberg states are 

ultimatelyy responsible for one of the big puzzles to chemists and biologists alike, 

namely,, the photostability of the DNA bases [8,9]. Finally, the basic principles of 
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somee computational methods that have served as helpful tools in this work will be 

reviewed. . 

1.22 ORBITALS AND TRANSITIONS. 

Inn a simple picture, molecules are depicted as nuclei with electrons that "move 

aroundd them". More accurately, one would speak of the probability distribution of the 

electrons,, which we normally describe by the molecular orbitals (MOs) they reside in. 

Thesee MOs, in turn, are most often expressed as a Linear Combination of Atomic 

Orbitalss (LCAO-MO). Although the labels a and K derive from the diatomic case 

wheree they designate the amount of orbital angular momentum around the 

internuclearr axis, one generally classifies MOs in organic compounds with the same 

labels.. These labels are then employed to indicate the type of binding they are 

involvedd in, i.e., a orbitals for single bonds, n orbitals for multiple bonds, and n-

orbitalss when electrons are concerned that are not involved in binding. For the 

majorityy of the molecules that are of interest in the present thesis, electrons in the 

nonbondingg orbital localised on an oxygen atom - the so-called n0 orbital - are 

prominentlyy involved in the description of excited states that are investigated. When 

thee molecule has symmetry elements, molecular orbitals can also be classified 

accordingg to their irreducible representation in the point group the molecule belongs 

to.. In case of C2v molecules like acetone and maleimide (Chapters 3 and 5, 

respectively)) the molecular orbitals can have either ai, a2, b], or b2 symmetry; the n() 

orbitall  of acetone, for example, is the 5b2 orbital. 

Thee electronic configuration of the ground state of a molecule is constructed by 

fillin gg the molecular orbitals following the Pauli principle in the energetically most 

favourablee way. If we look, for example, at the electronic ground state of acetone, the 

configurationn ...(2bi)2(5b2)
2(3bi)° is obtained [10]. Electronically excited states derive 

fromm excitation of electrons in occupied orbitals to unoccupied orbitals. It is clear that 

thee orbital of highest orbital energy in the ground-state configuration, the so-called 

highestt occupied molecular orbital (HOMO), will give rise to the (energetically) low-
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lyingg excited states. In the case of acetone, formamide, and (N-methyl)maleimide this 

orbitall  is the nonbonding n0 orbital localised on the oxygen atom(s) of the carbonyl 

group(s).. In a one-electron model, the electronic transition of lowest energy is 

associatedd with the so-called HOMOLUMO transition, in which an electron is 

transferredd from the HOMO to the lowest unoccupied molecular orbital (LUMO), the 

transitionn energy being determined by the energy difference between the two orbitals. 

Inn the case of organic molecules containing a carbonyl (C=0) group, this is often a 

transitionn from the nonbonding n0 orbital to an antibonding n orbital (an n0 -> TT* 

transition).. Other excited states are characterised in a similar way, i.e., employing the 

a,, 7i, and n nomenclature one speaks of %K* transitions when excitation occurs from a 

bondingg K to an antibonding jr*-orbital, and so on. 

Thee intensity of a one-photon dipole transition is proportional to the square of 

thee transition moment T given by: 

TT = f¥ ^ fdx (1.1)-

Heree ^ is the molecular wave function of the initial (final) state and £ the 

(total)) dipole moment operator. Calculation (and interpretation) of this transition 

momentt is generally done under the assumption of the Born-Oppenheimer (BO) 

approximation.. This approximation is based upon the large difference in masses 

betweenn the electrons and the nuclei in the molecule [11]. The motion of the nuclei is 

assumedd to be very sluggish compared with that of the electronic motion, and the 

electronss are therefore considered as moving in the Coulomb field of the static nuclei. 

Ass a result, the molecular wavefunction can be written as a product of a wavefunction 

yy describing the electrons and a wavefunction O describing the nuclei. Since the 

dipolee moment operator only operates on the spatial coordinates and not on the spin 

coordinatess of the electrons, the equation for the transition dipole moment can now be 

writtenn as: 
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TT = je, (JV ^Li^^ije^ x v jS,S,.rfr.9 (1.2a) 

== jy , |a(, \|/ ,</ie Je;0, t/T v jSSf dxs (1.2b). 

Thee transition moment in (1.2a) is divided into three parts. The term associated 

withh the electronic wavefunctions is the electronic transition moment; its value can be 

regardedd as a measure for the dipolar nature of the charge redistribution upon 

excitation.. Although the electronic transition moment is strictly speaking a function of 

thee nuclear coordinates, one often assumes that it hardly changes over the part of the 

potentiall  energy surface that is relevant for the transition (the Condon approximation). 

Inn that case the expression can be reduced to the form of (1.2b). The second term in 

(1.2b)) is the overlap integral between the wavefunctions for nuclear motion (the 

vibrationall  wavefunctions) in initial and final states, while the last term is the overlap 

integrall  between the spinfunctions of the two states. 

1.33 SELECTION RULES. 

Thee transition moment in the approximate form given in (1.2b) is a product of 

threee separate integrals. Its value will be zero if one of these integrals is zero. Such a 

transitionn with zero probability of occurrence is said to be forbidden, in contrast to 

allowedallowed transitions in which the transition moment is non-zero. Evaluation of the 

transitionn moment leads to the so-called selection rules. Each of the three parts gives 

risee to separate selection rules. 

Thee role of the electron spin in the transition is incorporated in the factor 

jSjSttSS rdxs. If the total electron spin is a good quantum number - thereby excluding 

thee presence of couplings with other angular momenta -, only transitions between 

statess with the same spin multiplicity are allowed. Such a situation pertains to the 

majorityy of low-lying transitions of organic compounds. The square of the vibrational 

overlapp integral is better known as the Franck-Condon factor. In the presence of 

4 4 



INTRODUCTION N 

symmetry,, the form of the integral immediately shows that transitions are only 

possiblee between vibrational states of the same symmetry. Such a strict selection rule 

cannott be defined when symmetry is absent, although one readily recognizes that the 

integrall  can only have a significant value if the vibrational wavefunctions overlap 

sufficiently.. This overlap is determined by the potential energy curves of the two 

electronicc states and the vibrational quantumnumbers [12,13]. 

Thee electronic term gives rise to electronic symmetry selection rules. It occurs 

becausee the electronic transition dipole moment can vanish as a result of integration 

overr the space coordinates of the electrons. Simply put: if the product y ; ® u*e ®i|/ f 

doess not contain the totally-symmetric irreducible representation, the transition is said 

too be forbidden. 

1.44 MOLECULES WITH CARBONYL AND AMIDE GROUPS. 

Thee common denominator of most of the molecules under survey in this thesis 

iss the presence of a carbonyl group. The characteristics and properties of carbonyl-

containingg compounds have been the subject of an enormous amount of studies. Here, 

somee of the essential facts will be mentioned. 

Thee interpretation of the valence electronic transitions of the carbonyl 

chromophoree as performed for example in classical textbooks [14,15] invokes a 

bondingg n orbital of CO, a nonbonding 2py orbital on the oxygen atom (n0), and an 

antibondingg rc* orbital between the carbon and oxygen atoms [16]. In general, the 

groundd state order of the orbital energies is n < n0 < n* as depicted in Figure 1.1a. 

Thee lowest-energy electron promotion is from the n0 orbital to the antibonding K* 

orbital,, the so-called mt*  transition. Transitions of this type are intrinsically weak on 

accountt of the lack of spatial overlap between the two orbitals as has been 

demonstratedd for acetone, formamide, and maleimide, and in many cases they are also 

symmetry-forbidden.. Excitation to the TC* orbital with C-0 antibonding character 
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leadss to a weakening of this bond and a concurrent lengthening to a value that is 

intermediatee between those of the C-0 and C=0 bonds. Furthermore, the presence of 

ann electron in the 7i*-orbital increases the electron density at the carbon atom. As a 

result,, this atom rehybridizes in order to confer some 's' character upon the promoted 

electron,, implying a loss of co-planarity. In carbonyl-containing compounds n7t* 

statess are important in a large variety of reactions. Primary steps in many of the major 

reactionss of nrr*  states of carbonyl compounds resemble reactions of alkoxy radicals. 

Suchh reactions are a-cleavage, hydrogen abstraction, and addition to alkenes. 

7t3* * 

n0-»7i i 

7T—>7I I 

tf f 

K* K* 

no o 

ÏÏ2—>7l3 ÏÏ2—>7l3 

7tl->7t3" " 

n0 0 

# -

aa b 

FigureFigure 1.1: Valence shell molecular orbitals and transitions in the (a) ketones and (b) amides 

Thee transition to the nit* state associated with the carbonyl group is traditionally 

expectedd to appear at energies similar to those found for the corresponding state in 

ethylenee [17] and with a corresponding large absorption cross section. For formamide 

andd (N-methyl)maleimide this is indeed the case. For acetone, however, the state is 

perturbedd and deviations from the expected behaviour occur as wil l be demonstrated 

inn Chapter 3. 

6 6 



INTRODUCTION N 

Additionn of an NH2 group adjacent to the carbonyl group has some important 

consequences.. It adds an extra n molecular orbital to the set (n2), and simultaneously 

lowerss and raises the %\ and TT3*  orbitals, respectively. As a result, the newly formed 

7i22 orbital can be anticipated to be very close to the n0 orbital. For formamide it is 

indeedd known that the two orbitals are nearly degenerate. States deriving from the 

excitationn from the n0 orbital (such as the n07r3*  state) and states associated with 

excitationn from the K2 orbital (such as the n2 K3*  state) can therefore be expected to be 

closee in energy. 

1.55 MULTIPHOTON ABSORPTION. 

Soo far, we have only considered one-photon absorption processes induced by 

thee transition dipole moment operator. Apart from this process, a molecule can also be 

excitedd by the simultaneous absorption of several photons, a process known as 

multiphotonn absorption. This process requires high light intensities and has only 

becomee of practical spectroscopic importance since the development of high-intensity 

laserr systems. It carries distinct advantages, in particular because multiphoton 

transitionss are subject to different selection rules [18,19] than apply to one-photon 

transitions.. These selection rules allow in many cases the excitation of states that 

cannott be accessed by one-photon absorption from the ground state. As an example, 

onee may consider the electronic transitions in centrosymmetric molecules. For one-

photonn absorption only gerade - ungerade or ungerade - gerade transitions are 

allowed,, whereas by two-photon absorption only transitions between states of the 

samee (un)gerade symmetry are allowed. 

Onee of the favourite techniques to detect multiphoton excitation of a particular 

statee is by the further absorption of another photon. At that point, the total energy of 

thee system is so high that photoionization can take place, resulting in the formation of 

ann ion and a free photoelectron. In this sequential process of (i) excitation followed by 

(ii )) ionization, the excitation step is in general the ionization rate-limiting step. In 
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otherr words, when the excitation process is resonant, a dramatic increase in the 

photoionizationn yield is observed with respect to the non-resonant case. One therefore 

speakss of Resonance Enhanced MultiPhoton Ionization (REMPI) spectroscopy. 

1.66 VlBROMC COUPLING 

Inn section 1.3 it has been argued that within the Born-Oppenheimer 

approximationn only electronic transitions are allowed between vibrational levels of 

thee same symmetry. In this thesis, however, we will often observe transitions that are 

att odds with this conclusion. The reason is that in these cases the Born-Oppenheimer 

approximationn is not strictly valid, and should be considered as a mere approximation 

too the reality in nature. The nuclear and electronic motions are in these cases in fact 

nott completely independent of each other, but weakly coupled. It is this coupling of 

v/èrationall  and electronic wavefuntions, also known as vibronic coupling, that is 

responsiblee for the non-zero intensity of symmetry-forbidden transitions. 

Expressedd in another way, one can say that the representation of a vibronic 

wavefunctionn as a product of one electronic and one nuclear wavefunction is not 

correct.. The calculation of the transition moment then requires that one should not use 

Born-Oppenheimerr wavefunctions, but rather vibronic wavefunctions in which this 

couplingg is incorporated. Within the Born-Oppenheimer approximation the 

symmetriess of the electronic wavefunctions determine whether a transition is 

forbiddenn or not. When vibronic coupling occurs, one should consider the symmetries 

off  the vibronic wavefunctions. Symmetry considerations thus make it possible to 

predictt which vibrations are effective in inducing transition moment into an otherwise 

forbiddenn transition. 

Althoughh one might think naively that vibronic coupling is only an exception to 

thee rule, it should be realised that the redistribution and radiationless dissipation of the 

energyy that has been put into a molecule by the absorption of light is only possible by 

virtuee of the breakdown of the Born-Oppenheimer approximation. These processes 

aree the primary steps in many important photochemical and photobiological processes 
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suchh as vision and photosynthesis, and form the basis for molecular electronics 

[20,21].. Studies of vibronic coupling thus lie at the basis of understanding and, 

ultimately,, efforts to manipulate to one's advantage the flow of internal energy and 

thee way that energy is used to induce particular photoresponses. 

1.77 EXCITED STATE PHOTOELECTRON SPECTROSCOPY. 

Inn conventional photoelectron spectroscopy a molecule is excited with a single 

high-energeticc photon from its electronic ground state to a virtual level above the 

lowestt ionic state, resulting in the loss of an electron and the formation of an ion in 

onee or more rovibronic states [22]. On the basis of the conservation of linear 

momentumm and the large mass difference between the photoelectron and the ion, 

practicallyy all the energy released in the ionization process is carried away by the 

photoelectron.. Since the total energy is conserved, the kinetic energy of the 

photelectronn (Ekinetlc,eiectron) can be related to the internal energy of the ion (EiBte™,/,,-on) 

byy the relation: 

EfanericelectronEfanericelectron = hv + Einlernal, neutral molecule ~ IEmolecule ~ EinternaUon K 1 V 

wheree IEmokcil!e and Eintemai, mutrai module are the ionization and internal energy of the 

molecule,, respectively, and hv is the photon energy absorbed by the molecule. Vice 

versa,versa, this relation implies that if one is able to measure the kinetic energy of the 

photoelectron,, one can immediately determine the internal (rovibronic) energy of the 

accompanyingg ion. Depending on the photon energy available, electrons from 

differentt valence molecular orbitals can be removed, leading to several bands in the 

photoelectronn spectrum. Each band corresponds to a transition to a particular 

electronicc state of the ion and contains information on the binding energies of the 

electrons. . 
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Thee same experiment can be performed on excited states, that is, the starting 

pointt of the ionization process is now considered to be an electronically excited state 

insteadd of the ground state. At this point it is not of direct importance how this state 

wass populated - in the present thesis one-photon as well as multi-photon absorption 

wass employed -, but what is important to realise is that within the Born-Oppenheimer 

approximationn the ionisation step is a process that occurs within the electronic and 

rotationalrotational parts of the initial (excited state) and final (ionic state plus photoelectron) 

wavefunctions.. With respect to the vibrational parts we find that the ionisation 

probabilityy is proportional to the same type of Franck-Condon factors that were 

encounteredd in the discussion on the excitation process in sections 1.2 and 1.3. Within 

thee Born-Oppenheimer approximation, the internal state distribution over the 

photoionss is thus directly determined by and related to the vibrational wavefunction of 

thee excited state. Analogous to dispersed emission spectroscopy where the 

wavefunctionn of an excited state is projected onto the vibrational manifold of the 

electronicc ground state, one can say that determination of the kinetic energy 

distributionn of the photoelectrons leads effectively to the projection of the 

wavefunctionn of the excited state onto the ionic manifold. Hence the title of this 

thesis,, excited state spectroscopy by ionic projection. 

Inn the discussion above it has been assumed implicitly that ionisation occurs to 

onlyy one particular electronic state in the ionic manifold. One of the advantages of 

performingg photoelectron spectroscopy on the excited state is that one is not limited to 

onlyy one electronic state - as is the case in dispersed emission where only the ground 

statee of the molecule is available for the projection - but can also employ other ionic 

states.. The ionisation probability of an excited state to the various ionic states is in 

generall  rather different. This implies that if one deals with coupled wavefunctions that 

containn different electronic characters, one can employ these different ionisation 

probabilitiess to determine the composition of the wavefunction. In the recent past, this 

conceptt has been employed very nicely to investigate excited state dynamics by time-

resolvedd photoelectron spectroscopy (cf. Ref. 23 and references therein). In the 
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presentt thesis it will be employed to disentangle coupled wavefunctions in the 

frequencyy domain. 

1.88 RYDBERG STATES 

Onee particular set of states that are studied in the present thesis are Rydberg 

states.. These states can be viewed as possessing an ionic core with a loosely-bound 

electronn orbiting around it in a diffuse hydrogen-type of orbital (which explains the 

nomenclaturee of these states as 3 s, 3p, 3d, or 4s etc.). In such a picture, molecular 

Rydbergg states become quite atomic-like and their description is very simple [24]. 

ground d 
ionicc state 

FigureFigure 1.2: Rydberg states and vibronic coupling 

Onn removal of the Rydberg electron, an ionic state is formed with a potential energy 

curvee that is very similar in shape and equilibrium position as that of the Rydberg 

state.. Based upon the description of the ionisation process given in the previous 

section,, it is immediately clear that the photoionization process to the electronic state 

off  the ionic core normally is dominated by Franck-Condon diagonal transitions (Av = 
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v+-v'=0).. From the internal state of the ion that is formed one can thus obtain a 

reliablee assignment of the vibrational state of the state that was populated in the 

precedingpreceding excitation process. 

Onn many occasions in this thesis we will find that an appropriate description of 

thee Rydberg state cannot be given in terms of only one excited rovibronic state. 

Instead,, the wavefunction contains the contribution of a state carrying the oscillator 

strengthh in the transition (the bright state), and contributions of dark states, i.e., states 

thatt cannot be directly excited, but that mix in by vibronic coupling. What happens in 

suchh a case upon ionisation is sketched in a simple example shown in Figure 1.2. 

Here,, the vibrationless level of a Rydberg state Rn is coupled to a close-lying 

vibrationall  level (v'm= i) of a lower-lying Rydberg state Rm. Following the Av = v*-

v'=00 propensity rule, the vibrationless Rydberg state R„  will ionize to the 

vibrationlesss ionic state, leading to the formation of an electron with energy ei. The 

coupledd vibronic state Km(v'm = i), however, will ionize to the vibrational level v+
m = i 

off  the ionic state, leading to photoelectrons with a kinetic energy £2. The 

photoelectronn spectrum of an excited state thus provides us with a direct view on how 

andd with what states an excited state is coupled. 

1.99 INTRODUCTION IN GENERAL COMPUTATIONAL METHODS. 

Thee energies and wavefunctions of stationary states of a system are given by the 

solutionss of the time-independent Schrödinger equation. To study the structural, 

electronicc and vibrational properties of molecules using quantum chemistry, the 

ultimatee goal is to solve this Schrödinger equation for the system of interest: 

fw,fw,t>lt>l(F,R)=EV(F,R)=EVfolfol{?,R){?,R) (1-5) 

Inn this equation H is the Hamilton operator composed of the kinetic and 

potentiall  energies of a system of atomic nuclei and electrons. The wavefunction 
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*¥*¥ lollol(r,R)(r,R) is one of the solutions of the eigenvalue equation and depends on the 

coordinatess of the electrons and the nuclei. The Born-Oppenheimer approximation 

statess that the overall wavefuntion *¥tot(r,R) can be separated into an electronic 

wavefunctionn *¥Jr;R) that is a function of the electron coordinates and depends 

onlyy parametrically on the nuclear coordinates, and a nuclear wavefunction *¥N(R) 

thatt is a function of the nuclear coordinates. The electronic wavefunctions are 

solutionss of the electronic Schrödinger equation with the following Hamilton operator 

inn atomic units: 

22 i i i J>i\ri-rj\ 

Thee first term in this Hamiltonian is the kinetic energy of the electrons, the 

secondd term the electrostatic attraction between electrons and nuclei, while the third 

termm derives from the Coulombic repulsion between the electrons. Because of this last 

term,, the Hamiltonian cannot be separated into the sum of one-particle Hamiltonians, 

andd the electronic Schrödinger equation cannot be solved exactly. 

Inn the following we will sketch how one proceeds to find an approximate 

solutionn for this Schrödinger problem. We will do that for the ground state of an n-

electronn system for which we assume that the wavefunction can be taken as a single 

Slaterr determinant. In that case an approximate solution can be found by assuming 

thatt each electron moves in some average electrostatic field V(ft) induced by the 

otherr n-\ electrons: 
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Thee Schrödinger problem can now be decomposed into n independent one-

electronn Schrödinger problems, leading to the Hartree-Fock (HF) equations that yield 

thee eigenfunctions \|/L of ht. However, since the field v{ri) is not known in advance, a 

solutionn can only be obtained by a Self-Consistent Field (SCF) procedure in which a 

calculationn is started using guess orbitals VIA that are iteratively optimised till self-

consistencyy is reached. For atoms, this procedure is relatively simple to implement, 

andd one is able to solve the HF equations numerically. Such a numerical solution is 

nott possible for molecules. The most often employed approach to solve the molecular 

HFF equations is to expand the spatial parts of the spin orbitals into a known set of 

basiss functions, generally taken as atomic orbitals centred on the various atoms (the 

previouslyy mentioned LCAO-MO assumption). Insertion of these expansions into the 

HFF equations then leads to the Roothaan equations. 

AA drawback of the Hartree-Fock approach is that the correlation between the 

electronss is completely neglected. This can in part be corrected for by so-called post-

Hartree-Fockk treatments like MP2 [25] and Configuration-Interaction (CI) methods, 

butt these are in general rather time-consuming steps. Density Functional Theory 

(DFT)) based upon the electron density has in recent years proven to be an attractive 

alternative.. HF calculations require the generation of wavefunctions with the three 

spatiall  coordinates of all electrons as variables. In contrast, the electron density 

dependss only on the three spatial coordinates regardless of the number of electrons. 

Thee basis for DFT is the proof by Hohenberg and Kohn [26] that the ground-state 

electronicc energy is determined completely by the electron density p(r). In other 

words,, there exists a one-to-one correspondence between the electron density of a 

systemm and its energy. 

Althoughh this theorem establishes the existence of such a functional, it does not 

providee the form of the functional. Kohn and Sham were the first to offer a practical 

approachh to perform DFT calculations [27], In their treatment, the unknown energy 

functionall  E[p(r)]  is partitioned as: 
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4p(r)]=E4p(r)]=E TT[p{r)]+E[p{r)]+E yy[p(F)]+E[p(F)]+E JJ[p(r)]+E[p(r)]+E xcxc[p(r)][p(r)]  (1.8) 

wheree ET[p(r)]  is the kinetic energy of the electrons, Ev[p(r)]  the electronic-

nuclearr attraction, and Ejfpfr)]  the Coulomb interaction between the electrons. 

Thee last term is the exchange-correlation energy that takes into account all 

nonclassicall  electron-electron interactions. In Kohn-Sham theory the electron density 

iss expressed in terms of a set of orthonormal one-electron functions by: 

p(f)p(f) = Y^t(?)\ (1.9). 
;"" = / 

Withh this expression, equation (1.8) can be solved once again iteratively analogous to 

thee previously described SCF procedure for solving the electronic Schrödinger 

equation.. In this case, however, the electron density is used to generate new guesses 

andd to reach convergence. 

Soo far, we have not specified the form of the exchange and correlation energy 

functionall  Exc[p(f)],  even though it is an essential ingredient for solving equation 

(1.8).. The exact form of this functional is not known, but over the years many 

reasonablee approximations have been suggested. The DFT calculations that are 

describedd in this thesis use the B3LYP functional developed by Becke [28,29]. This 

methodd is based upon the Becke 3 parameter functional (B3) for Exc[p(r)],  which 

cann be expressed as follows: 

*2[p00]]  -d- a)ET [P(r)] + aET'b 001+ bAET [p(r)] 
(1.10) ) 

++  Er[p(P)hcAEr[p(r)} 
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wheree a, b, and c are semi-emperical coefficients that have typical values of about 

0.2,, 0.7, and 0.8 respectively. In this expression A£f  8[p(r)] is the gradient correction 

too the Local Spin Density Approximation (LSDA) for the exchange developed by 

Beckee [28]. In the Local Spin Density Approximation it is assumed that the local 

electronn density is only a slowly varying function, and that the a and P spin densities 

aree not equal [30]. The EfDA[p(r% E^PA[p(r)],  and £f" [p(r) ] terms are the 

LSDA-basedd exchange and correlation terms, and the exact exchange term, 

respectively.. Finally, the £c
GG''[p(r)] term is the gradient correction based upon the 

Generalisedd Gradient Approximation (GGA). In this correction to the LSDA the 

exchangee and correlation energies are not only considered to be a function of the 

electronn density, but also a function of the derivatives of the electron density [30]. The 

particularr form employed in the B3LYP functional is the one developed by Lee, 

Yang,, and Parr (LYP) [31]. 

1.100 OUTLINE OF THE THESIS. 

Inn this thesis we will investigate the photophysical and dynamic properties of 

excitedd states of molecules, which can be considered as basic units of chemical 

classess of compounds that are essential in research fields ranging from atmospheric 

chemistryy to photonic applications. As has been explained in the previous sections, 

onee point of particular interest in these studies is the role of vibronic coupling, and 

experimentall  ways to observe and disentangle its effects. Apart from an experimental 

approachh that involves the application of one- or multiphoton excitation to populate 

excitedd states and ionic projection of the wavefunction of the excited state, the studies 

wil ll  make use of the results of ab initio calculations at various levels of sophistication. 

Inn Chapter 2 a study on excited states of chlorineoxide (CIO) will be described. 

Thiss molecule is important in environmental chemistry, and in particular, in the study 

off  the chemistry of the atmosphere. The chorineoxide radical is a chemically unstable 

andd highly reactive compound that has to be made in situ. It is therefore generated in 
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thiss thesis via the photodissociation of the chlorinedioxide (CIO2) molecule, which is 

alsoo crucial for understanding many photochemical processes occurring in the 

atmosphere.. The study has consequently a two-fold aim. Firstly, the spectroscopic and 

electronicc properties of the lowest-lying Rydberg state (C I") of the radical are 

investigated.. Secondly, this knowledge is employed to study the photodissociation 

processs of CIO2, in particular with respect to the final state distribution of the 

photoproducts. . 

Thee rest of the thesis deals with carbonylic compounds. The presence of nn* 

statess in these molecules turns them into compounds with distinctive photochemical 

andd photophysical properties that are in general not easily accessible to detailed 

spectroscopicc investigations. In Chapter 3 vibronic coupling pathways have been 

studiedd between valence and Rydberg states of acetone-h6 and -d6 and between 

Rydbergg states. The study starts with vibronic transitions involving the three 3p (3px, 

3py,, and 3p,) Rydberg states that have been reanalysed. Although the spectroscopy of 

thesee states has been subject of many studies in the past, it will be shown that most of 

thee commonly accepted ideas on the nature of the resonances in multiphoton 

excitationn spectra need to be revised. This has in particular become possible by the 

applicationn of a vibrational-energy-conserving projection on the vibrational manifold 

off  the ion, which enables us to resolve a coupled state into its uncoupled components. 

Furthermore,, a closer look has been taken at higher-lying Rydberg states. Up to eight, 

previouslyy not observed, Rydberg states have been characterised. The ionisatior 

behaviourr of these excited states demonstrates once again the important role of 

vibronicc coupling. 

Inn Chapter 4 the excited- and ionic-state manifolds of formamide, the most 

simplee compound containing the amide group as a chromophore, are studied. This 

classs of compounds has in the past resisted detailed spectroscopic studies, even 

thoughh amides pervade many biological and technological areas. It will be shown that 

concerningg the excited-state manifold of the neutral molecule, many states have been 

observedd and characterised for the first time by the application of multiphoton 
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excitationn in combination with excited-state photoelectron spectroscopy. In the past, it 

hass been concluded that the molecule has two close-lying ionization limits associated 

withh the n0 and 2n orbital (vide supra), but no real consensus was obtained on their 

exactt energies. In Chapter 4 this issue will be settled by the application of various 

experimentall  techniques. 

Maleimidee and its N-substituted derivatives are compounds that have found 

theirr way into technological and photonic applications. Although the viability of these 

applicationss is determined by the interaction of the molecule with light, it is 

remarkablee that so littl e is known about their electronic spectroscopy. In Chapter 5 

one-photonn excitation techniques are employed to study the properties of the excited 

statee that is dominating the absorption spectrum of maleimide and N-methyl 

maleimide.. This is actually the fourth excited singlet state that can consequently be 

anticipatedd to be heavily subject to internal conversion processes. It will be shown in 

thee Chapter that excited-state photoelectron spectroscopy in combination with ab 

initioinitio  calculations is able to visualise the various possible pathways. Moreover, the 

Chapterr will investigate in detail the ionic manifold and its susceptibility to N-methyl 

substitutionn by experimental and ab initio methods. 
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