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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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CHAPTERR ONE 

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 
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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 WIT H CARBONYL AND AMID E 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 

t f 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. 
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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 OUTLIN E 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 

16 6 



INTRODUCTION N 

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. 

18 8 



INTRODUCTION N 

REFERENCES S 

[I ]]  M.B. Robin, Higher Excited States of Polyatomic Molecules, Vol. II, Academic Press, Inc., New 

York,, 1975. 

[2]]  J.A. Barltrop and J.D. Coyle, Excited states in organic chemistry (John Wiley & Sons, London. 

1975). . 

[3]]  M.B. Robin, "Higher Excited States of Polyatomic Molecules", Vol. I, (Academic Press, Inc., 

Neww York, 1974). 

[4]]  M. Klessinger and J. MichI, "Excited states and photochemistry of organic molecules", (VCH 

Publishers,, New York, 1995). 

[5]]  G. Herzberg, Molecular Spectra and Molecular Structure, Vol. I, Spectra of Diatomic 

Molecules,Molecules, Van Nostrand, Princeton, 1950. 

[6]]  G. Herzberg, Molecular Spectra and Molecular Structure, Vol, III.  Electronic Spectra of 

PolyatomicPolyatomic Molecules, Van Nostrand, Princeton, 1967. 

[7]]  K.P. Huber and G. Herzberg, Molecular Spectra and Molecular Structure, Vol. IV. Constants of 

DiatomicDiatomic Molecules, Van Nostrand, Princeton, 1979. 

[8]]  A.L. Sobolewski and W. Domcke, Eur. Phys. J. D 20, 369 (2002) 

[9]]  A.L. Sobolewski, W. Domcke, C. Dedonder-Lardeux and C. Jouvet, Phys. Chem. Chem. Phys. 

4,, 1093(2002) 

[10]]  D.H.A. ter Steege, A.C. Wirtz, and W.J. Buma, J. Chem. Phys. 116, 547 (2002). 

[II ]]  (a) M. Born and J.R. Oppenheimer, Ann. Phys., 84, 457 (1927); (b) M. Born, Nachr. Akad. 

Wiss.. Gottingen. Math.-Phys. KL, Ha, PI (1951): (c) M. Born and K. Huang, Dynamics of 

CrystalCrystal Lattice (Oxford University, New York, 1954). 

[12]]  J. Franck, Trans. Faraday Soc, 21, 536 (1925); 

[13]]  (a) E.U. Condon, Phys. Rev., 28, 1182 (1926); (b) E.U. Condon. Phys. Rev., 32, 858 (1928). 

[14]]  N.L. Allinger, M.P. Cava, D.C. de Jongh, C.R. Johnson, N.A. Lebel, and C.L. Stevens, Organic 

ChemistryChemistry (Worth, New York, 1971). 

[15]]  J.M. Hollas, Modern Spectroscopy (Wiley, Chichester, 1987). 

[16]]  M. Merchan, B.O. Roos, R. McDiarmid, and X. Xing, J. Chem. Phys., 104, 1791 (1996). 

[17]]  E.E. Barnes and W.T. Simpson, , J. Chem. Phys. 39, 670 (1963). 

[18]]  W.M. McLain and R.A. Harris in; Excited States, edited by E.C. Lim (Academic Press, New 

York,, 1977). 

[19]]  M.N.R. Ashfold, S.G. Clement, J.D. Howe, and CM. Western, J. Chem. Soc. Faraday Trans. 

89,, 1153(1993). 

[20]]  J. Michl, V. Bonacic-Koutecky, Electronic Aspects of Organic Photochemistry, Wiley, New 

York,, 1990 

19 9 



CHAPTERR ONE 

[21]]  J. Jortner and M.A. Ratner, Molecular Electronics, IUPAC, Blackwelt, Oxford. 1997 

[22]]  D.W. Turner and M.I. Al-Joboury, J. Chem. Phys. 37, 3007 (1962). 

[23]]  S.-H. Lee, K.-C. Tang, I-C. Chen, M. Schmitt, J.P. Schaffer, T. Schultz. J.G. Underwood, M.Z. 

Zgierski,, and A. Stolow, J. Phys. Chem. A. 106. 8979 (2002) 

[24]]  S.N. Dixit and V. McKoy. Chem Phys. Lett. 128, 49 (1986). 

[25]]  C. Mellerand M.S. Plesset. Phys. Rev. Lett. 46. 618 (1934). 

[26]]  P. Hohenberg and W. Kohn, Phys. Rev. A. 136, 864 (1964). 

[27]]  W. Kohn and L.J. Sham, Phys. Rev. A. 140. 1133 (1965). 

[28]]  A.D. Becke, Phys. Rev. A., 38, 3098 (1988). 

[29]]  A.D. Becke, J. Chem. Phys. 98, 5648 (1993). 

[30]]  F. Jensen. "Introduction to Computational Chemistry", (John Wiley & Sons, New York, 1999). 

[31]]  C. Lee. W. Yang, and R.G. Parr, Phys. Rev. B 37, 785 (1988). 

20 0 



REMPI-PESS OF THE CLO RADICAL: THE C T STATE 

CHAPTERR TWO 

RESONANCE-ENHANCEDD MULTIPHOTO N IONISATIO N PHOTOELECTRO N 

SPECTROSCOPYY OF THE C L O RADICAL : THE C2£ STATE * 

ABSTRACT T 

AA (2+1) one-colour resonance-enhanced multiphoton ionisation study is carried 

outt on the C22" state of the CIO radical in the one-photon energy range 29500 - 31250 

cm"1.. The CIO radical is produced by one-photon photolysis of C102 employing 359.2 

nmm photons derived from a separate laser. In this way a significant concentration of 

vibrationallyy excited CIO in its spin-orbit split X 2nn (H = 3/2 or 1/2) electronic 

groundd state is produced. In addition to mass-resolved excitation spectra, kinetic-

energyy resolved photoelectron spectra for the X3Z"(v+) <- C2I"(v'=3-5) transitions are 

measured.. These transitions are not completely Franck-Condon diagonal, and indicate 

aa decrease in bond length on removal of the Rydberg electron from the C22" state. In 

additionn to an unambiguous assignment of the C2I" state, valuable information is 

obtainedd on the degree of vibrational excitation with which the nascent CIO radical is 

formedd in the photolysis of C102. Analysis of the photoelectron spectra is supported 

byy Franck-Condon calculations based on potential energy curves either from 

experimentall  spectroscopic parameters, or obtained by theoretical ab initio methods. 

**  D.H.A. ter Steege. M. Smits, CA. de Lange, N.P.C. Westwood, J.B. Peel, and L. Visscher, Faraday 

Discuss.,, 115, 259 (2000). 
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2.11 INTRODUCTION 

Atmosphericc chemistry has attracted appreciable interest in recent years, 

becausee the physical and chemical processes which are at the root of phenomena such 

ass ozone depletion and global warming are becoming increasingly understood. In the 

stratospheree the short-wavelength solar radiation causes fragmentation of parent 

moleculess leading to short-lived reactive species which may be formed in 

electronically,, vibrationally and rotationally excited states, and which can initiate 

chainn reactions leading to seriously depleted ozone concentrations. The CIO radical is 

aa case in point, because under Antarctic conditions this radical and higher chlorine 

oxidess resulting from the breakdown of chlorofluorocarbons (CFCs) under the 

influencee of solar radiation are now known to be crucial in the catalytic ozone 

breakdownn cycles in that part of the globe [1]. The Nobel Prize in Chemistry, awarded 

too Crutzen, Molina and Rowland in 1995, recognized the scientific and societal 

importancee of the elucidation of such atmospheric processes. 

Fromm the point of view of the chemical physicist the CIO radical in its excited 

statess is not all that well characterised. In the laboratory the CIO radical can be 

producedd in a number of ways. The earliest method was introduced by Pannetier and 

Gaydonn [2] who seeded hydrogen-oxygen flames with molecular chlorine. Later 

Porterr and Wright [3] observed CIO production after flash photolysis of Cl2/02 

mixtures.. Another method of generating CIO is the reaction between CI atoms, often 

producedd in an electrodeless microwave discharge, and ozone [4-6]. Also, the 

reactionss between O atoms and C120 [7], and between H and CI atoms and C102 [8,9], 

havee been used to produce CIO. In this work we generate CIO through photolysis of 

C1022 via its dissociative A2A2 excited state [10,11]. We note that the main 

photodissociationn channel, C102(A
2A2) -> C10(X2n, v") + 0(3P), is enhanced when 

bandss associated with the antisymmetric stretching mode are excited in the A2A2 state 

off  C102 [10,12,13]. The competing, but minor, dissociation channel giving C1(2P) + 

02(( Ig', Ag, Zg
+) has also been investigated [14-16]. In all these production methods 
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thee CIO radical is formed with different degrees of electronic, vibrational and 

rotationall  excitation. 

Thee ground state of the CIO radical is characterised by the outer valence 

electronn configuration ...(7a)2(2rt)4(37i)3. This configuration leads to an inverted 2UQ 

groundd state, with 2Uy2 below 2IT| 2 separated by a spin-orbit splitting of -321.77 cm' 

'.. CIO in its X2n32 state has been studied with various experimental physical 

methods.. We mention matrix isolation infrared absorption spectroscopy [17,18], 

tunablee diode laser infrared absorption measurements [19,20], a vacuum ultraviolet 

absorptionn study [21], and microwave spectroscopy [22], which have all contributed 

too a reliable set of precise vibrational and rotational constants for the CIO radical in its 

X 2nn state. 

Thee lowest ionic states obtained by ejecting an electron out of the 3K 

antibondingg orbital give a ...(7CT)2(2TT)4(37I)2 configuration leading to three relatively 

close-lyingg 3I~, :A and ' l ^ ionic states with ionization energies of 10.887 [23], 11.750 

[23]]  and 12.46 eV [5], respectively. 

Thee lowest valence excited state, labeled A, with valence shell configuration 

,..(7a)2(2Tt)3(37r)44 has 2nQ symmetry, and is inverted with a spin-orbit splitting of-

519.55 cm"1 [24]. Promotion of a bonding 2n electron to an antibonding 3TT orbital 

enlargess the bond length and lowers the vibrational frequency. The A state has been 

studiedd extensively by absorption and emission spectroscopy [24-28], and is known to 

bee predissociative [25]. The existence of a second valence excited state, B I , 

presumablyy with electron configuration ...(7a)'(2rc)4(37t)4 [25], has not been 

confirmedd directly. It is estimated to be located ~ 31000 cm'1 above the ground state, 

andd is quite likely predissociative as well. The location of the B state is inferred from 

thee A-doubling observed in the electronic ground state of the CIO radical [29]. 

Higher-lyingg excited states of the CIO radical possess Rydberg character and six 

statess labeled C to H have been characterised so far. These states are all formed by 

promotingg an antibonding 3K electron into a predominantly nonbonding Rydberg 

orbital.. The lowest-lying Rydberg state is the C2Z" state, with configuration 
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...(7OT(27Ï)) (3TT) (8a) . The Rydberg electron possesses predominantly 4SG character 

att small internuclear distance, and significant 3da character at larger internuclear 

distancess [30]. This state has been investigated previously by VUV absorption 

spectroscopyy [21], laser induced fluorescence (LIF) [31,32], and (2+1) resonance-

enhancedd multiphoton ionisation (REMPI) spectroscopy [33]. Accurate spectroscopic 

constantss are known from [20,21,24]. The D (3n->9a), E (3TT->10O), and F 

(37t—Mia)) Rydberg states are all believed to have 2I~ symmetry [23,30]. The 

Rydbergg electron in the D state has dominant 4pa character at small internuclear 

distance,, and strong 4sa character at larger R [30]. The Rydberg electron in the E 

statee evolves rapidly from an s,p,d admixture for small R to dominant 4pa character at 

largerr R [30]. For the F state there is a gradual change with internuclear distance from 

dominantt sa and pa character to stronger da character [30]. These Rydberg states 

havee been studied with single-photon vacuum ultraviolet absorption spectroscopy 

[21],, (3+1) REMPI spectroscopy [23,34], and REMPI-PES [23]. The G and H states 

aree even less well known. The G state possesses a 'A core on the basis of REMPI-PES 

[23],, its overall symmetry has been suggested to be 2n or 2A [35]. The symmetry of 

thee H state still needs to be ascertained [33]. 

Dependingg on the way in which CIO X2n is generated, the distribution over the 

ground-statee IT32 and 2U\2 spin-orbit components, and vibrational and rotational 

levelss can vary substantially. It is important to obtain precise experimental 

informationn about this distribution. Not only does this provide significant clues to the 

mechanismss that produce CIO, in addition it will affect the chemical reactivity of the 

CIOO radical under atmospheric conditions. Depending on the method of observation 

CIOO is observed to be formed vibrationally cold after reaction of CI with O3 [34], or 

vibrationallyy excited up to v'=3,4 using LIF detection [31,32]. When CIO is formed 

followingg photodissociation of ClOi, the amount of CIO generated and its state 

distributionn is known to vary with the photolysis wavelength [31,36,37]. When 

employingg the latter production mechanism it is therefore important to use a separate 

photolysiss laser whose wavelength is optimised for CIO generation. This can be 
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achievedd by tuning the photolysis laser to appropriate vibrational features of the 

A2A2(vi,V2,v3)) <- X2Bi dissociative transition of C102 [10,36]. 

REMPII  has proved to be extremely valuable to study and characterise excited 

statess of small molecules and short-lived radicals because of its excellent selectivity 

andd high sensitivity when employing appropriate detection techniques. It is most 

easilyy performed in combination with mass-resolved ion detection, but the preferred 

modee of operation is in conjunction with photoelectron spectroscopy (REMPI-PES) 

whichh involves kinetic-energy resolved electron detection. 

Inn the present paper we describe REMPI and REMPI-PES studies on the C2X 

statee of the CIO radical generated by photolysis of C102. Studies of CIO excited states 

usingg (2+1) REMPI are rare, the only other work being that of [33]. These REMPI-

PESS experiments allow an unambiguous assignment of the C I" state. In addition, 

sincee the C2I"(v' ) state is populated by two-photon excitation from the X Ftafv") 

groundd state, valuable information is obtained on the degree of vibrational excitation 

withh which the nascent CIO radical is formed in the photolysis of C102. This 

informationn is important in understanding the photofragmentation mechanisms of the 

parentt C102 compound. Analysis of our PE spectra is further supported by Franck-

Condonn calculations in which the appropriate potential energy curves are either taken 

too be Morse potential curves based on experimental spectroscopic parameters, or have 

beenn obtained by theoretical ab initio methods. 

2.22 EXPERIMENTAL SETUP 

Thee tunable light source used in our MPI experiments consists of two pulsed 

dyee lasers pumped by a Lumonics HyperEx-460 excimer laser operating on XeCl 

(3088 nm, ~ 10 ns pulses, 30 Hz repetition frequency). A HyperDye 300 operated with 

RDCC 360 NEU with an output of 1 mJ and served as the dissociation laser. The REMPI 

probee laser (Lumonics Hyperdye-500) ran on DCM in DMSO with an output of 2 mJ 

andd was frequency doubled using a Lumonics HyperTrak-1000 unit with a conversion 
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efficiencyy of about 10 percent using angle-tuned non-linear KDP. The two beams 

enterr the ionisation region of a "magnetic bottle" electron spectrometer from opposite 

sidess with the dissociation laser beam unfocused and the probe laser beam, optically 

delayedd by 15 ns, focused by a 25 mm quartz lens to a spot size of 3.10~K cm2. 

Thee "magnetic bottle1' electron spectrometer has been described in detail 

previouslyy [38-40] and only a short description will be presented here. The 

spectrometerr consists of a flight tube in which a magnetic field is generated which 

divergess from 1 T in the ionization region to 10"3 T at the beginning of a 50 cm long 

flightt tube. This strong inhomogeneity enables the parallelization of about 2JI sr 

(50%)) of the emitted electrons produced in a single laser shot. The electrons are 

spatiallyy separated according to their kinetic energies and detected at different times 

byy a pair of microchannel plates (MCPs) at the end of the flight tube. The electron 

signall  is preamplified and recorded by a digital storage oscilloscope (Textronix TDS 

774,, 500 MHz) connected to a microcomputer (Intel 80486DX2, 66 MHz) for further 

analysis. . 

Thee use of the "magnetic bottle" electron spectrometer as a time-of-flight mass-

resolvedd ion spectrometer has on several occasions proved to yield valuable additional 

spectroscopicc information, although the ion detection efficiency is lower than for 

electronn detection. Appropriate voltages can be applied to two grids at opposite sides 

off  the ionisation region and the voltages on the MCPs are adjusted to permit the 

detectionn of positively charged ions. The mass resolution in this mode is about 1 at 

1500 amu. 

CIOO radicals were produced through photolysis of C102 via the (10,0,0) band of 

itss dissociative A2A2 excited state, with the dissociation laser set at 359.2 nm. C102 

wass produced by passing pure Cl2 gas (Matheson, 99.5%) through a glass tube packed 

withh NaC102 (Aldrich, 80% technical grade) [41]. The sample was effusively 

introducedd into the spectrometer, with typical pressures of 10'4 mbar in the ionization 

regionn and 10"6 mbar in the flight tube at a system background pressure of 2.10"7 

mbar. . 

26 6 



REMPI-PESS OF THE CLO RADICAL: THE C2S STATE 

AA (2+1) one-colour REMPI-PES study was carried on the CIO radical in the 

one-photonn energy range 29 500 31 250 cm"1 using the probe dye laser. The energy 

scalee of the photoelectrons was calibrated using the known (2+1) REMPI signals of 

Krr [42], introduced into the spectrometer simultaneously with CIO2. An energy 

resolutionn of ~ 15 meV with an absolute accuracy of + 5 meV was achieved for all 

photoelectrons.. In addition, mass-resolved ion excitation spectra were obtained by 

monitoringg the 35C10 and 37C10 isotopomers, which were measured simultaneously 

byy setting suitably time-gated integrators. 

2.33 COMPUTATIONAL DETAILS 

Thee potential energy curve of the CIO 2n ground state was calculated at the 

Completee Active Space Self-Consistent Field [43] (CASSCF) level of theory. The 

potentiall  energy curves of the Rydberg states of CIO were calculated with an 

improvedd virtual orbital method [30]. We first optimized core orbitals for the 3I " state 

off  the C10+ ion at the CASSCF level of theory and added the Rydberg electron in a 

subsequentt Restricted Active Space Configuration Interaction (RASCI) [44] 

calculationn allowing only single occupancy of the virtual (RAS3) orbitals. This 

methodd takes care of the relaxation of the core orbitals with respect to the ground state 

andd of near-degeneracy interactions but does not include so-called dynamical electron 

correlationn effects. 

Al ll  calculations were performed with the DALTON program system [45] and 

employy the daug-cc-pVTZ basis sets of Dunning and coworkers [46-48]. The active 

spacee used in the CASSCF calculation for the X2n ground and 3£" ionic states 

consistedd of the 7a, lit  and 3n orbitals, while we included all virtual orbitals in the 

RAS33 space for the CIO C2I"(v' ) calculations. On the potential energy curve 78 

pointss were calculated in the range 1.2-1.8 A with a spacing of 0.002 A around the 

minimumm and a maximum of 0.04 A at the edges. The resulting data for the C2Z" and 

X^nn states were spline-fitted to obtain numerical functions of 1024 evenly spaced 
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pointss for use in the calculation of the Franck-Condon factors. These were determined 

viavia a standard method of numerical solution of the one-dimensional vibrational 

Schrödingerr equation. Vibrational wavefunctions and energies were obtained for v 

valuesvalues from 0 to 7 covering an energy range of 10000 cm . 

2.44 RESULTS AND DISCUSSION. 

Excitationn spectra are commonly recorded either by employing mass-resolved 

ionn detection or by monitoring the total electron count. The latter method in this case 

leadss to overlapping spectra from the 35C10 and 37C10 isotopomers (ratio 3:1) and so 

ionn detection, preferably on 35C10, was employed. 

60000 0 MI500 0 6100(1 1 

two-photonn energy (cm") 

FigureFigure 2.1: Experimental excitation spectrum of the CIO C~Z(v') *-<— X2Tlffv ") transition using a 
singlesingle tunable laser for both photolysis of 'CIO'2 and the spectroscopy of the CIO radical generated in 
thethe process. 

Inn Figure 2.1 we present an excitation spectrum obtained by 35C10+ ion 

detectionn in the two-photon energy range 59000-62500 cm" , the expected energy 
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regionn for the C2I <-+-  X2n excitation [35]. This spectrum shows different 

vibrationall  intensity distributions from those obtained previously [33], not 

surprisinglyy since the previous study involved a different production method 

(dischargee of Cl2, 02, and Ar) and rotational and vibrational cooling using a 

supersonicc expansion. The present spectrum was obtained by using a single laser 

whichh produces photons both for the C102 dissociation as well as for the subsequent 

two-photonn resonant MPI spectroscopy of the 35C10 radical. The observed excitation 

spectrumm shows much detailed rotational structure and is dominated by a band head 

startingg at a two-photon energy of 60 411 cm'1. About 23 cm'1 to the red the spectrum 

showss a weaker band head. We have carried out simulations using rotational constants 

Be,, rotation-vibration coupling constants a and y, and vibrational constants coe and 

coexee for the X [20,21,24] and C [21] states, as well as the ground-state spin-orbit 

splittingg A [21]. These parameters are summarised in Table 2.1. 

TableTable 2.1: Spectroscopic constants for the 35ClOX217and C2I states. 

v0.oo <oe coexe A Bc a y 

X 2n;; - 853.72 5.58 -321.77 0.623473 0.005945 0.000016 

C2 I '' 58374.73 1077.74 6.365 0.69805 0.005762 

Al ll  values in cm ' taken from [20,21,24]. 

Inn these simulations a transition from 2X~ <-<- 2na and a temperature of 500 K were 

assumed.. In a two-photon excitation process AJ = 0, , 2 transitions are allowed, 

andd the corresponding rotational branches and their intensities were calculated. As 

shownn in Figure 2.2b, the simulated C227(v'=5) <^<- X2n3/2(v"=4) transition agrees 

reasonablyy well with the observed spectrum in Figure 2.2a, where the above strong 

andd weak features correspond to the P and O band heads, respectively. The C I" 

(v'=5)) <—<- X2ni/2(v"=4) transition was also simulated, but barely observed. At our 

excitationn wavelength of 331.2 nm the excess energy available after photolysis of 

ClOii  is estimated to be ~ 11 400 cm"1 at 500 K [36], which is ample for production of 

thee CIO radical in its v"=4 vibrational state. The assignment of the other features in 
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thee observed excitation spectrum will become clear later. The broad feature around 59 

6000 cm"1 is of unknown origin. 

Thee rotational structure in the region of the band head is degraded to the blue. 

Thiss is consistent with the conjecture that an antibonding (3JT) electron is promoted to 

aa nonbonding (3dcr/4sa) Rydberg orbital, which would lower the bond distance and 

increasee the moment of inertia of the molecule in the excited state compared to that in 

thee ground state. 

(v'=5)) (v'-4)D>. 

(v'=5))  (v"=4)„., 

— '' 1 ' 1  1 < 1  1 1 1 1 — 

6000 00 6010 0 6020 0 6030 0 6040 0 6050 0 6060 0 6070 0 

two-photonn energy (cm ) 

FigureFigure 2.2: Experimental (a) and simulated (b) excitation spectra of a representative part of the CIO 
C~Z(v')C~Z(v') <—<— X'JJffv") transition using a single tunable laser for the photolysis of CIO: and the 
spectroscopyspectroscopy of the CIO radical generated in the process. Assignments are given above the spectrum. 

Theree is an important problem in obtaining REMPI spectra of a species 

producedd by photodissociation of a precursor with only a single laser. When the one-

photonn absorption spectrum of the precursor compound shows significant 

(vibrational)) structure, intensity changes due to variations in the photolysis efficiency 
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cann not be distinguished from those due to intrinsic changes in the excitation spectrum 

off  the CIO radical formed. This is precisely the case with the A2A2(vi,v2,v3) <- X2B| 

absorptionn spectrum of C102, where the A2A2 state is known to be predissociative 

[36].. It is therefore preferable to employ one laser at a fixed wavelength for the 

photolysiss of the parent compound, and a second laser for the spectroscopy of CIO. 

Fromm a recent study [49] of the one-photon A2A2 <- X2B| absorption spectrum of 

C1022 no transition at 30 194 cm"1 is apparent, since it is outside the range covered. 

However,, if we extrapolate the data of Lim et al. [49], a transition to A A2 (13,2,0) is 

estimatedd to occur at approximately 30190 cm"1 or 331.2 nm. In this picture both the 

symmetricc Cl-0 stretch and bend modes are excited. 

— 11 1 1 1 1 1 1 1 1 ' 1 ' 1 ' 1 ' 1 
590000 5950 0 6000 0 6050 0 6100 0 6150 0 6200 0 6250 0 6300 0 

two-photonn energy (cm ) 

FigureFigure 2.3: Experimental excitation spectrum of the CIO C?Z(v') <-<-  X2I7a(v") transition using a 
separateseparate laser at 359.2 nm for the photolysis of C102 and a second tunable laser to scan the CIO 
transition.transition. Assignments are given above the spectrum. 
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Additionally,, the C2I " (v'=5) <-<-  X2n3/2 (v"=4) excitation is estimated to 

occurr around 60395 cm'1. At the chosen wavelength both the C102 photolysis and the 

CIOO REMPI process appear sufficiently efficient, leading to the dominant feature in 

Figuree 2.1. 

Inn Figure 2.3 we present another excitation spectrum of the CIO radical in the 

two-photonn energy range 59000-62500 cm'1. This spectrum was again obtained in a 

(2+1)) REMPI process employing 35C10+ ion detection. However, the crucial 

differencee with the spectrum shown in Figure 2.1 is that here a separate photolysis 

laserr with a wavelength of 359.2 nm (~ 27840 cm"1) was added which pumps the 

AA A2( 10,0,0) <- X2Bi (0,0,0) one-photon transition of C102. This procedure ensures 

thatt the production of CIO is approximately constant, leading to an excitation 

spectrumm which is much more representative for the spectroscopy of the CIO radical. 

Thee difference with the spectrum in Figure 2.1 is striking. Again, several features 

arisingg from the C2I"(v' ) <-<- X2FIn(v") transition are observed and extensive and 

nott completely resolved rotational structure is present. In order to aid with the 

analysis,, simulations of the excitation spectrum were attempted with the same 

molecularr parameters as above and an estimated temperature of 500 K. Again, the 

agreementt with the experimental spectrum is quite reasonable. On the basis of our 

simulationss we assign various transitions of the type C2Z"(v'=2-5) ^<_ X2FI]/2. 

3/2(v"=0-4).. The positions of the band heads of the observed P and O branches, as 

welll  as the corresponding results of the simulations, are summarised in Table 2.2. 

Att our photolysis wavelength of 359.2 nm the excess kinetic energy available is 

approximatelyy 9050 cm"1, more than sufficient for the observed vibrational excitation. 

Fromm our spectra it is not easy to decide whether the CIO radical is formed in higher 

vibrationall  levels than v"=4. The observable transitions expected from these levels 

eitherr occur outside the spectral range accessed during the present experiments, or are 

predictedd to be weak. The expected low intensities arise from the small Franck-

Condonn factors that play a role in the two-photon excitation processes C2I"(v')<-<— 
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X2Ili/2,3/2(v">4)) which appear in our spectral range [50]. Our results, therefore, do 

nott allow any conclusions about CIO X ui  2,3 2(v">4) formation. 

TableTable 2.2: Experimental and simulated band head positions. 

c 2r(v')4-x 2nn(v" ) ) 

V'=2< --  V"= 0 0=1/ 2 

v'=2< --  v"= 0 0=3- 2 

v'=3< —— v"= 0 0=1/ 2 

v'=3< —— v"= 0 n=3. 2 

v'=2< --  v"= l  o=,/ 2 

v'=2< --  v"= l  0=3/ 2 

v'=3< --  v"= l  0=1 2 

v'=3< —— v"= l  0=3, 2 

v'=4< --  v"= l  Q=I  2 

v'=4< --  v"= l  0=3/ 2 

v'=4« --  v"= 2 0=1- 2 

v'=4< —— v"= 2 0=3/ 2 

v'=5< --  v"= 2 o=l, 2 

v'=5« --  v"= 2 0=3 2 

v'=5« --  v"= 4 0=1/ 2 

v'=5< --  v"= 4 0= 3 2 

00 branc h 

Exp. . 

Nott  obs. * 

6061 6 6 

Nott  obs . 

6164 6 6 

Nott  obs . 

5977 2 2 

6048 8 8 

6080 8 8 

6151 2 2 

6183 2 2 

Nott  obs . 

6100 6 6 

6169 8 8 

6201 2 2 

Nott  obs . 

6038 8 8 

Sim. . 

6028 6 6 

60611 1 

61321 1 

6164 6 6 

5945 0 0 

5977 3 3 

6048 5 5 

6081 0 0 

6150 8 8 

6183 3 3 

6068 0 0 

6100 5 5 

61691 1 

6201 6 6 

6007 0 0 

6039 5 5 

PP branc h 

Exp. . 

Nott  obs . 

6063 8 8 

Nott  obs . 

6167 6 6 

Nott  obs . 

5979 6 6 

6051 6 6 

6083 2 2 

6154 0 0 

6186 0 0 

6071 1 1 

6103 0 0 

6172 6 6 

6204 2 2 

6010 4 4 

6041 1 1 

Sim. . 

6031 4 4 

6063 7 7 

61351 1 

6167 5 5 

5947 3 3 

5979 7 7 

6051 2 2 

6083 6 6 

6153 8 8 

61861 1 

6070 7 7 

61031 1 

6171 9 9 

6204 3 3 

6009 4 4 

6041 7 7 

Alll  values in cm" 
**  not observed 

Inn a recent study CIO2 was photolysed in the spectral region between 335 and 

3700 nm [37] in a single-laser experiment, and C10+ was monitored with REMPI. CIO 

wass found to be generated in its spin-orbit split electronic ground state in vibrational 

levelss v"=3-6. With a laser wavelength of 360.2 nm or 27 762 cm"1 one-photon 

excitationn of C102 to its A2A2( 10,0,0) state takes place with significant CIO 

X2riQ(v"=5)) production. Previous experiments that involved the wavelength-

dependentt formation of vibrationally excited CIO from the photolysis of CIO2 include 

33 3 



C H A P T ERR TWO 

aa study in the spectral region 356-370 nm [51]. Employing a laser at 351 nm to excite 

thee A2A2 (11,0,0) dissociative band of C102 the formation of CIO X 2nn in vibrational 

levelss v"=0^1 was observed [36]. Our experiments essentially confirm such results. 

(a)) 60488 cm (b)608088 cm 

ii  r 

>/ J WW UAW' 
0,00 0.2 0,4 

AA A 
0.00 0.2 0.4 

(c)6l832cm m (d)) 62012 cm 

66 5 4 

0,00 0,2 0,4 

Electronn energy (eV) 

0,00 0,2 0,4 

Electronn energy (eV) 

FigureFigure 2.4: Photoe/ectron spectra obtained at two-photon energies of (a) 604HH cm' which 

correspondscorresponds to the O branch band head in the C2T (v '=})  <-<-  X2n, 7(v' '=1) transition: (b) 60808 

cm'cm' which corresponds to the O branch band head in the C2Z~ (v'=3) <—f-X2n„;(v"=l)  transition: 

(c)(c) 61832 cm' which corresponds to the O branch band head in the C'T (v'=4) <-<-  X2ft12(v"=l) 

transition:transition: and (d) 62012 cm' which corresponds to the O branch band head in the C2Z(v '=5) <-<-

XX22nni;i; 2(v'2(v' '=2) transition. 

Thee experimental peak height ratios for the C2E"(v'=3) <—<- X2n3/2(v"=l) and 

C2ZXv'=3) ) X 2n,/2(v"=l) ,, and for the C2S~(v'=4) X2n3/2(v"=2)) and C2S" 

(v'=4)) <—•<— XTIi/2(v"=2) transitions, are estimated as about 2.5:1. If this intensity 
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ratioo reflects a Boltzmann distribution over the ground-state spin-orbit split doublet, a 

temperaturee of- 500 K is derived. In view of uncertainties about laser dye curves and 

thee limited signal to noise ratio this temperature is only very approximate at best. 

Fixingg the probe laser wavelength on specific features in the excitation spectrum 

off the C22T state and analysing the ejected electrons according to their kinetic 

energies,, PE spectra from the C22T state to the accessible ionic states were observed. 

PEE spectra obtained at two-photon energies of (a) 60488 cm"1 which corresponds to 

thee O branch band head in the C2X~ (v'=3) <-<-  X2n12(v"=l) transition; (b) 60808 

cm"11 which corresponds to the O branch band head in the C I" (v'=3) <— <-

X2ri3/2(v"=l)) transition; (c) 61832 cm"1 which corresponds to the O branch band head 

inn the C2S" (v'=4) <-<-  X2n3/2(v"=l) transition; and (d) 62012 cm"1 which 

correspondss to the O branch band head in the C2Z~(v'=5) <-<- X2n3/2(v"=2) 

transitionn will be discussed in some detail. The PE spectra are presented in Figure 2.4. 

Thee PE spectra only show evidence for one-photon transitions from the C"S 

statee to the lowest X3I" lowest ionic state. This is not surprising, since the C I" state 

cann be viewed as the lowest Rydberg state belonging to a series converging upon the 

lowestt ionic state. Often for a Rydberg state the shape and position of the potential 

energyy curve are very similar to that of the ionic state upon which the series 

converges,, leading to Franck-Condon diagonal spectra with Av - v+ - v , = 0. Indeed, 

alll PE spectra show a maximum intensity at the diagonal transition. However, the off-

diagonall Franck-Condon factors are not negligible and indicate a slight difference in 

bondd lengths between the C2S" state and the lowest X3X" ionic state. Moreover, the PE 

spectraa confirm unambiguously that the C2I" state can be described predominantly as 

aa 3X" core with an external Rydberg electron, which is removed on photoionisation. 

Thee PE spectra arising from C22"(v'=3) are similar in appearance, with the 

dominantt transition to X3I"(v+=3) as expected for photoionisation from a Rydberg 

state.. The C2I'(v'=3) state in (a) is reached from CIO X2ITi 2, and in (b) from X2n3 2. 

Forr one-photon ionisation the difference in the positions of the dominant peaks in the 

PEE spectra shown in Figures 2.4a and 2.4b should therefore correspond to half the 
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spin-orbitt splitting in the neutral ground state. Indeed, a shift of 19  1 meV is 

observedd in going from Figure 2.4a to 2.4b. The PE spectra arising from C2I"(v'=4) 

andd C I'(v'=5) show dominant transitions to v+=4 and v+=5 respectively, but for 

higherr v' off-diagonal Franck-Condon factors become progressively important. In our 

PEE spectra we observed vibrational spacings in the X3E" lowest ionic state which 

correspondd well with an earlier experimental value of 1040 cm"' obtained by 

conventionall PES [5]. The slight differences that exist for the 35C10 and 37C10 

isotopomerss are not resolved. 

R(A) ) 

-534.44 J 1 

FigureFigure 2.5: Potential energy curves as a function of internuclear distance for the X2Fland C2I states 
ofof the CIO radical, and the X3Z lowest ionic state of CIO', calculated at the ah initio CASSCF level oj 
theory. theory. 

Inn order to calculate Franck-Condon factors we generated ab initio potential 

energyy curves using the improved virtual orbital CASSCF method outlined above. 

Thesee curves are presented in Figure 2.5 and show minima at 1.602, 1.473 and 1.464 

AA for the CIO X2n , C2I" and C10+ X3I" states, respectively. The calculated excitation 

energiess (Te) relative to the X2n ground state are 53292 cm"1 for the C2E" and 79 634 

cm"'' for the ionic X3Z" state. 
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Ourr calculated ground state CIO bond length is too long by 3 pm. Song and 

Sungg [52] presented HF, MP4 and CISD calculations which show that the ground-

statee bond length of CIO is shortened by 2 pm upon inclusion of dynamical electron 

correlation,, while the C10+ bond length remains almost unchanged. Since these 

dynamicall electron correlation effects are not well represented in the CASSCF 

method,, this is likely to be the major cause of the discrepancy found in our present 

calculations.. The curves for the C2I" and ionic X3S" state are very similar and this 

leadss to a very diagonal Franck-Condon matrix. The improved virtual orbital method 

does,, however, give a possible bias for such a diagonal matrix because both the 

primaryy Rydberg state and possible interacting valence states are represented with the 

samee set of doubly occupied orbitals. This may underestimate the influence of such 

valencee states. When analysing the occupancy of the C2S" state we find that it is 

clearlyy a Rydberg state with only little mixing from other states. To get a better 

descriptionn of this mixing and of the missing dynamical electron correlation effects 

wee therefore also tried optimizing the C and other Rydberg states directly within a 

RASSCFF formalism using a larger active space that included double excitations out of 

coree orbitals. With this procedure, however, we encountered severe problems in 

convergingg to the proper excited states. The RASSCF procedure implemented in 

DALTONN [45] converged to different local minima depending on the starting orbitals 

chosenn and made it impossible to obtain a reliable representation of the full potential 

energyy curves. This convergence problem might be an indication of a stronger 

couplingg between states than is apparent from the improved virtual orbital method, but 

moree work is necessary to substantiate this hypothesis. 

Franck-Condonn factors were also calculated from Morse potential energy curves 

constructedd from experimental information available for the CIO C I" state [21] and 

C10++ X3I" ionic state [5]. The data available for the lowest ionic state are somewhat 

questionable,, since the Morse potential had to be composed on the basis of vibrational 
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spacingss of 1040 cm"' between v*=0 and v+=l [5], and of 1024 cm"' between v+=3 

andd v+=4 as estimated in this work. 

Inn Figure 2.6 our experimental Franck-Condon factors measured for the X3I" 

(vv ) <- C S"(v') one-photon ionisation transitions are compared with the results of our 

calculationss based on ab initio and Morse potential energy curves. The ab initio 

calculatedd Franck-Condon factors are more diagonal than those computed from the 

Morsee curves, but the overall correspondence is reasonable. The agreement between 

ourr experimental Franck-Condon factors and those computed from our Morse type 

potentialss is optimal for a bond length of 1.475  0.005 A for CIO' in its X3Z" state, a 

valuee in agreement with the previous experimental estimate of 1.48  0.01 A [5]. 

v'' = 3 v'' = 4 v'' = 5 

(a) ) 

(b) ) 

(c) ) 

FigureFigure 2.6: Franck-Condon factors for the ~'Z(v') f- C~I(v') one-photon ionisation transitions 
obtainedobtained from (a) the present experiments; (b) the present ab initio calculations; (c) calculated on the 
basisbasis of Morse potentials derived from spectroscopic parameters of the CIO C2! state [21] and the 
CIO*CIO*  3T state [5, this work]. 
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2.55 CONCLUSIONS 

Thiss paper presents a REMPI and REMPI-PES study of the lowest-lying 

Rydbergg state of the CIO radical, C2I"(v'=3-5). This state is now unambiguously 

characterisedd and is found to possess a 3I~ core and a Rydberg electron of ka 

symmetry.. When the Rydberg electron is removed on photoionisation, the Franck-

Condonn factors accompanying the ionisation to the lowest X3S" ionic state are not 

completelyy diagonal. Using ab initio and experimental potential energy curves a 

comparisonn between experimental and calculated Franck-Condon factors shows a 

changee in bond length on removal of the Rydberg electron, suggesting that the bond 

lengthh in the X3Z~ ionic state is 1.475  0.005 A. In addition it is confirmed that UV 

laserr photolyis of CIO2 via its dissociative A2A2(vl,v2,v3) band generates the CIO 

radicall in its electronic X2TIQ electronic ground state, but with a significant degree of 

vibrationall excitation up to at least v"=4. 
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VII BRON IC COUPLING IN ACETONE 

CHAPTE RR THREE 

VlBRONI CC COUPLING IN EXCITE D STATES OF ACETONE * 

ABSTRACT T 

Photoelectronn spectroscopy of Rydberg states of acetone-h6 and -d 6 populated 

byy two- or three-photon excitation has been employed to unravel the vibronic 

descriptionn of excited-state levels. For the 3p Rydberg states vibronic transitions have 

beenn reanalysed, leading to various reassignments and the observation of hitherto non-

reportedd transitions. In addition, several ionic vibrational frequencies could be 

determined.. At higher excitation energies previously identified, and in the present 

studyy newly identified, members of two Rydberg series have been characterised. The 

nss Rydberg series was explored up to the 8s state, the nd series up to the 7d state. 

Basedd upon the unambiguous assignments of vibronic character that we obtain for 

excited-statee levels, various valence-Rydberg and Rydberg-Rydberg vibronic 

couplingg pathways come to light and are analysed. 

** D.H.A. ter Steege, A.C. Wirtz, and W.J. Buma, J. Chem. Phys. 116, 1 (2002). 
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3.11 INTRODUCTION. 

Acetonee is the simplest aliphatic derivative of the carbonyl family. As such, it is 

ann obvious choice for studying the spectroscopic and dynamic properties of the 

excitedd states of this family of homologues. The photoresponse of carbonyl containing 

compounds,, for example in the form of photodissociation of ketones, is important in 

photobiologyy for various reasons, amongst which the fact that three out of four DNA 

basess contain such functional groups. Because of its simplicity, small size, and central 

positionn in many areas of chemistry, the interpretation of the electronic spectrum of 

acetonee has been, and still is subject of many spectroscopic studies. Theoretical 

studiess of the spectroscopic properties of carbonyl compounds have, however, mainly 

beenn focussed on formaldehyde (H2CO) [1-3]. A few ab initio studies on the excited 

statess of acetone have been performed at various levels of sophistication [4-8]. These 

calculationss considered mainly the nn*, nn*, and GIZ* valence states, as well as the 

lower-lyingg n=3 and n=4 Rydberg states 

Acetonee belongs to the C2V symmetry point group, with the z-axis along the 

C=00 bond and the CCOC skeleton in the yz plane and the electronic configuration 

...(2bi)2(5b2)
2(3bi)°° in its l'Ai ground state. Vibrational frequencies of the ground 

statee have been compiled by Shimanouchi [9] and are given in Tables I and II for 

acetone-h66 and -d6, respectively. For the comparison with other studies, particularly 

thosee of Goodman et al, [10] and McDiarmid et al. [11], it is important to notice that 

twoo notations seem to be in use. This alternative numbering of vibrations is indicated 

inn the Tables as well. The vi2(a2) anti-gearing and V24(bi) (alternatively labelled as 

vn)) gearing modes have attracted particular attention in the context of understanding 

torsionall potential interactions in coupled methyl tops in the electronic ground, 

excited,, and ionic states of acetone [10,12-15]. 

Thee highest occupied molecular orbital (5b2) is a non-bonding orbital, which in 

firstfirst approximation can be represented by the 2py atomic orbital on oxygen [7]. 

Concentratingg on the singlet manifold, we see that excitation from this lone pair 

orbitall ny to the 3bi(;t*) orbital leads to the first excited singlet valence state 1 'A2 that 
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hass its 0-0 transition at 30439.9145 cm'1 [16]. This dipole-forbidden transition has 

beenn the subject of many experimental studies [17-20] concentrating on aspects such 

ass the role of vibronic coupling and interaction with triplet states [16,21,22], The first 

Rydbergg state derives from excitation of a lone pair electron to the 3s Rydberg orbital, 

givingg rise to the l'B2 state located at 6.35 eV[14,23-26]. Vibronic coupling comes 

prominentlyy forward in the excitation spectra of this state by the activity of the Vi2(a2) 

andd Vi4(bi) nontotally-symmetric vibrations [14]. 

Inn the present study we will primarily be concerned with the 3p and higher 

Rydbergg states. In particular the 3p Rydberg states have been the subject of extensive 

research,, starting with various efforts to establish the order of the 3px ( 2 ^ ) , 3py 

(2*A|),, and 3pz (2'B2) states [24,27]. The comparison of the one-photon absorption 

spectrumm with the two-photon Resonance Enhanced MultiPhoton Ionisation (REMPI) 

spectrumm under linearly and circularly polarised excitation light conditions ultimately 

enabledd the unambiguous assignment of the origin transitions found at 7.36, 7.41, and 

7.455 eV as deriving from the 3px, 3py, and 3pz states, respectively [11,24,27,28]. 

Photoacousticc spectroscopy [28] demonstrated dramatic differences in the 

radiationlesss decay channels available to the three Rydberg states. In particular the 3py 

Rydbergg state was considered to be subject to considerable mixing with the TIK*  (*AI) 

valencee excited state [29], although for the 3pz Rydberg state some mixing with an 

na** valence excited state was invoked as well [28]. Subsequent extensive studies of 

thee two- and three-photon excitation spectra of the 3p Rydberg states and their 

polarizationn dependence led to assignments of active vibrations in the excitation 

spectrumm [7,11,27]. In these excitation spectra anomalously intense vibrational bands 

att high vibrational energies could be observed that were attributed to the effects of 

vibronicc coupling with the TIK* state. Their presence led to an approximate location of 

thee 7i7t* state between 7.5 and 7.7 eV, approximately where the nn* and Aj 3py 

Rydbergg potential curves were calculated to cross. Despite many efforts, however, 

directt observation of this valence excited state has been unsuccessful. 
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Tablee 3.1: Experimental and ab initio vibrational frequencies (cm1) of ground, excited, and ionic 
statesstates of acetone-ht,". 

sym m 

a] ] 

ai i 

3 | | 

a. . 

ai i 

ai i 

ai i 

ai i 

&2 2 

a2 2 

a2 2 

a2 2 

b2 2 

b2 2 

b2 2 

b2 2 

b2 2 

b2 2 

b2 2 

b. . 

b, , 

b, , 

b, , 

b, , 

V V 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

18 8 

19 9 

20 0 

21 1 

22 2 

23 3 

24 4 

mode e 

CH3-d-stretch h 

CH3-s-stretch h 

COCO strectch 

CH3-d-deform m 

CH3-s-deform m 

CH33 rock 

CCCC stretch 

CCCC deform 

CH3-d-stretch h 

CH3-d-deform m 

CH33 rock 

Torsion n 

CHrd-stretch h 

CH3-s-stretch h 

CH3-d-deform m 

CH3-s-deform m 

CCC stretch 

CHj-rock k 

COO ip-bend 

CH3-d-stretch h 

CH3-d-deform m 

CH rrock k 

COO op-bend 

Torsion n 

alt.b b 

18 8 

19 9 

20 0 

21 1 

22 2 

23 3 

24 4 

13 3 

14 4 

15 5 

16 6 

17 7 

X'A . . 

3019 9 

2937 7 

1731 1 

1435 5 

1364 4 

1066 6 

777 7 

385 f f 

2963 3 

1426 6 

877 7 

77.8 8 

3019 9 

2937 7 

1410 0 

1364 4 

1216 6 

891 1 

530 0 

2972 2 

1454 4 

1091 1 

484f f 

124.5 5 

3P x x 

<'A2) ) 

14688 c 

1395c c 

1293 3 

1050c c 

326.2 2 

1432c c 

892c c 

70.8 8 

453 3 

129.4 4 

3pv v 

('A,) ) 
3128 8 

2424 4 

1309 9 

1058e e 

324e e 

70 0 

484 4 

3Pz z 
('82) ) 

3148 8 

1376c c 

1280c c 

1042e e 

316e e 

868c c 

366e e 

X2B :
C C 

15411 c (1548) 

14100 e 

(1288) ) 

1046ee (1049) 

682e e 

339ee (313) 

1484° ° 

66.7 7 

359c c 

B3LYP P 
X :B,d d 

3084 4 

2940 0 

1570 0 

1395 5 

1269 9 

1045 5 

675 5 

321 1 

3007 7 

1400 0 

868 8 

-49 9 

3083 3 

2933 3 

1385 5 

1313 3 

984 4 

882 2 

350 0 

3014 4 

1424 4 

1032 2 

454 4 

116 6 

experimentall frequencies taken from Refs. [9,11,13,15,25], except those labeled e. 
00 alternative numbering employed for example in Refs. [11] and [13]. 
cc frequencies reported in the He(I) photoelectron study of Ref. [41] are given in parentheses. 
dd after scaling with factor 0.9614 [48]. 
cc frequency determined in present work. 
'' assignments of vs and v23 in the ground state have been subject of discussion [9,16,27,49]. 
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TableTable 3.2: Experimental and ab initio vibrational frequencies (cm' ) of ground, excited, and ionic 
statesstates of acetone-da

sym m 

a. . 

ai i 

ai i 

a: : 

a. . 

a. . 

ai i 

a. . 

a2 2 

a2 2 

a2 2 

a2 2 

b2 2 

b2 2 

b2 2 

b2 2 

b2 2 

b2 2 

b2 2 

b, , 

b, , 

b, , 

b, , 

b, , 

V V 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

18 8 

19 9 

20 0 

21 1 

22 2 

23 3 

24 4 

mode e 

CH3-d-stretch h 

CH3-s-stretch h 

COCO strectch 

CH3-d-deform m 

CH3-s-deform m 

CH33 rock 

CCC stretch 

CCCC deform 

CH3-d-stretch h 

CH3-d-deform m 

CH33 rock 

Torsion n 

CH3-d-stretch h 

CH3-s-stretch h 

CH3-d-deform m 

CH3-s-deform m 

CCC stretch 

CH3-rock k 

COCO ip-bend 

CH3-d-stretch h 

CHj-d-deform m 

CH3-rock k 

COCO op-bend 

Torsion n 

alth h 

18 8 

19 9 

20 0 

21 1 

22 2 

23 3 

24 4 

13 3 

14 4 

15 5 

16 6 

17 7 

X'A . . 

2264 4 

2123 3 

1732 2 

1080 0 

1035 5 

887 7 

689 9 

320° ° 

2205 5 

1021 1 

669 9 

53.4 4 

2264 4 

2123 3 

1004 4 

1035 5 

1242 2 

724 4 

475 5 

2227 7 

1050 0 

960 0 

4055 e 

96.0 0 

3px x 
CA2) ) 

2433 3 

2165 5 

1028d d 

969d d 

8233 d 

672 2 

279.5 5 

1109d d 

671d d 

49.1 1 

98.2 2 

3pv v 
('A,) ) 

1792 2 

8322 d 

660 0 

278d d 

100 0 

3pz z 

<'B2) ) 

2411 1 

10222 d 

817d d 

665 5 

275d d 

877d d 

3455 d 

X2B2 2 

1030d d 

966d d 

798d d 

6699 d 

234d d 

1113d d 

6788 d 

42.4 4 

3555 d 

B3LYP P 
X2B,C C 

2291 1 

2108 8 

1534 4 

1023 3 

967 7 

826 6 

633 3 

277 7 

2228 8 

1012 2 

657 7 

-34 4 

2287 7 

2103 3 

898 8 

988 8 

1033 3 

704 4 

332 2 

2232 2 

1025 5 

888 8 

383 3 

87 7 
aa experimental frequencies taken from Refs. [9,11,13,15,25], except those labeled . 
hh alternative numbering employed for example in Refs. [11] and [13], 
ee after scaling with factor 0.9614 [48]. 
dd frequency determined in present work. 
cc assignments of v8 and v23 in the ground state have been subject of discussion [9,16,27,49], 
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Startingg with the 3d Rydberg states, information on the higher excited states 

becomess scarcer. Partly on the basis of ab initio calculations, the 3dx
2_y

2 (3' B2) and 

3dxyy ( 2 'B ] ) Rydberg states were assigned to three-photon resonances found at 8.09 

andd 8.17 eV, while the 3dvz (3jAi) state was associated with a diffuse broad 

absorptionn band around 7.8 eV [7]. This state was proposed to be perturbed by the 

7nr** valence state in a similar way as the 3py Rydberg state. In the same multiphoton 

ionisationn study, two of the three 4p Rydberg states were identified at 8.55 and 8.60 

eVV on the basis of their quantum defect. Evidence for Rydberg states higher than 4p 

hass been reported in two early absorption studies [30,31]. At that time, however, no 

conclusivee assignments were made. 

Inn the present work we will apply excited-state photoelectron spectroscopy to 

studyy the spectroscopic and dynamic properties of the Rydberg manifold of acetone 

startingg with the 3p Rydberg states. As amply demonstrated in previous studies [32-

36],, this approach has unique advantages over the commonly employed approach of 

mass-resolvedd ion detection, since in general it allows the unambiguous identification 

off the (ro)vibronic character of the excited state from which ionisation took place. Put 

inn another way, one might say that the projection of the wavefunction of the excited 

statee on the ionic manifold, as done in the photoionisation step, ultimately enables the 

reconstructionn of this wavefunction. As will be shown, these characteristics enable us 

too elucidate various aspects of the electronic structure of acetone, in particular those 

relatedd to vibronic coupling between excited states. Although previous studies have 

pavedd the way for the assignment of the rich vibrational structure observed in the 

excitationn spectra of the 3p Rydberg states [7,11], the fact that these three states are 

energeticallyy so close together has inhibited a definite assignment of all resonances. 

Indeed,, it will become clear that various previous assignments need to be revised or 

refined.. At higher excitation energies previously identified Rydberg states have been 

characterised,, and new states identified up to the 8s Rydberg state. A common theme 

evidentt from all photoelectron spectra is that vibronic coupling pervades at all 

possiblee levels, be it between Rydberg and valence states, be it between the various 
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componentss of one Rydberg state, e.g., 3px. 3py, and 3pz, or be it between Rydberg 

statess with Rydberg electrons of different angular momentum or principal 

quantumnumber.. In fact, it will be shown that in the present study some of the 

identifiedd Rydberg states are "unobservable" in our excitation spectra, but become 

observablee by vibronic coupling in the photoelectron spectra of other states. Finally, 

ass a spin-off, the present study has enabled the determination of the, till now 

unknown,, frequency of several vibrations in the ground state of the acetone radical 

cation. . 

3.22 EXPERIMENTAL AND THEORETICAL DETAILS. 

Thee setups we use have been described in great detail previously [37,38] and 

willl therefore only be summarized briefly here. In our experiments we partly made 

usee of samples seeded into supersonic expansions, but also performed studies using 

effusivee beams. The high-resolution (2+1) Resonantly Enhanced MultiPhoton 

Ionisationn (REMPI) spectra and PhotoElectron spectra (PES) of supersonically cooled 

acetonee and deuteroacetone have been measured using a pulsed dye laser running on 

DCMM dissolved in DMSO (Lumonics Hyperdye-300), which was pumped by a XeCl 

excimerr laser (Lambda Physik EMG103MSC). This excimer laser gives 10 ns pulses 

withh a maximum pulse energy of 200 mJ and is typically used at a repetition rate of 30 

Hz.. The dye laser output was frequency doubled using an angle-tuned KD*P crystal 

inn an INRAD II autotracker and focused by a 25 mm quartz lens into the ionisation 

regionn of the spectrometer. This spectrometer consists of a 2n analyser that has been 

slightlyy modified from the original design by Kruit and Read [39], and has been 

interfacedd with a pulsed molecular beam. In the ionisation region of the spectrometer 

aa strongly diverging magnetic field parallelises the trajectories of the electrons 

producedd in a laser shot. The kinetic energies of the electrons are subsequently 

analysedd by means of a time-of-flight technique. After detection by a pair of 

microchannell plates, the signal is stored in a 500 MHz digital oscilloscope (Tektronix 

TDS540),, which is connected to a computer (Intel 80486 DX2 66 MHz). 
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Ann excitation spectrum is constructed by integration of (part of) the 

photoelectronss over the scanned wavelength region. Photoelectron spectra are 

recordedd by increasing in steps the retarding voltage on a grid surrounding the flight 

tube,, and transforming each time only the high-resolution part of the time-of-flight 

spectrum.. In this way, an optimum energy resolution of about 10 meV can be 

obtainedd for all kinetic energies. The energy scale of the photoelectrons as well as the 

laserr wavelengths were calibrated using multiphoton resonances of krypton or xenon 

[40]. . 

Thee pulsed supersonic expansion is generated by expansion of 3 bar He mixed 

withh room-temperature acetone vapour through a 0.5 mm diameter pulsed nozzle 

(Generall Valve Iota One System) into a chamber that is pumped by an Edwards 

Diffstakk 2000 oil diffusion pump backed by an Edwards E2M40 rotary pump. The 

expansionn chamber is connected through a Beam Dynamics skimmer with a diameter 

off 0.5 mm to the ionisation chamber, which in turn is evacuated by a Balzers TPH 170 

turbomolecularr pump backed by a Leybold Trivac D16B rotary pump. The flight tube 

iss pumped by a Leybold Turbovac 450 turbomolecular pump backed by a Leybold 

Trivacc D16B rotary pump. A pulse duration of typically 200 \is at a repetition rate of 

300 Hz resulted in a pressure in the expansion chamber of about 6><10"5 mbar. Without 

gass input the pressure is about 1 * 10"7 mbar. The pressure in the flight tube is typically 

1x10"" mbar, and remains basically the same under operating conditions. A home-

builtt delay generator is used to control the timing of the gas pulse relative to the laser 

pulse. . 

(3+1)) REMPI experiments have been performed on effusively introduced 

sampless using a laser system that consists of a pulsed dye laser (Lumonics Hyperdye-

500,, bandwidth -0.08 cm"1) pumped by a Lumonics HyperEx-460 excimer laser. For 

thee (3+1) experiments several dyes have been used: Coumarine 480, 460, and 440 and 

Exalitee 428, 416, 411, 404, 398 and 389. The laser beam is in these effusive 

experimentss focussed into the ionisation region of a first-generation magnetic bottle 
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electronn spectrometer by a 25 mm quartz lens. Commercially available acetone-h6 and 

-d$$ were used as supplied. 

Inn conventional electron-detected excitation spectroscopy all photoelectrons, 

irrespectivee of their kinetic energies, are collected and their yield monitored during 

thee scan. In the present study we will be interested in monitoring electrons that derive 

fromm ionisation to very well-defined ionic levels. In order to accomplish this with a 

goodd energy resolution, we have to retard the electrons in the flight tube, but at the 

samee time take care that during a scan over a rather large energy range these electrons 

stilll arrive within a preset gate. This has been realised by employing a wavelength 

dependentt retarding voltage on the flight tube. 

Forr the analysis of our high-resolution photoelectron spectra it turned out to be 

necessaryy to have a rather accurate idea of ionic vibrational frequencies. In the past a 

feww of these frequencies have been determined [10,15,41], but not enough to serve 

ourr purpose. Following previously reported calculations [10], we have therefore 

performedd ab initio calculations of the equilibrium geometry and the associated 

harmonicc force field at the UB3LYP/6-31G* [42-44] level employing the Gaussian 

suitee of programs [45]. These calculations have been done assuming C2v symmetry of 

thee molecule with an eclipsed-eclipsed geometry of the methyl groups, and lead to the 

frequenciess reported in Tables I and II for acetone-h6 and -d6, respectively. From 

thesee Tables it can be seen that for vn an imaginary frequency is calculated. We do 

nott interpret this as an indication for a departure from C2V symmetry in the X B| ionic 

groundd state, rather that at this level the employed method is not adapted to deal with 

thee flat potential energy surface along V12. Indeed, other studies [10] report that the 

eclipsed-eclipsedd geometry of the molecule is a stable minimum on the potential 

energyy surface of the radical cation. 

3.33 RESULTS AND DISCUSSION. 

3.3.1.3.3.1. (2+1) REMPI-PES of supersonically cooled acetone-h6 and -d6. 
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Inn Figure 1 the two-photon resonance enhanced multiphoton ionisation spectra 

off supersonically cooled acetone-h6 and acetone-dé in the two-photon energy range of 

592000 to 62200 cm"1 are shown. In this excitation region the 3p Rydberg states have 

beenn located previously [10-13,15,24,27-29], The excitation spectra show various 

resonancess that are tabulated in Tables III and IV for acetone-h6 and -d6, respectively. 

Theirr assignments have been done on the basis of photoelectron spectra recorded at 

thesee resonances, utilizing the calculated ionic frequencies referred to in the previous 

section.. The vibrational frequencies that have been determined for the various states 

onn the basis of these assignments are collected in Tables I and II for acetone-h6 and -

d6,, respectively. Although this particular part of the excitation region has been 

extensivelyy investigated in the past [11], it will become clear that the application of 

excited-statee photoelectron spectroscopy leads to new insights in the spectroscopic 

andd dynamic properties of the excited states. To this purpose we will show and 

discusss in the following some typical photoelectron spectra. 

Thee (2+1) photoelectron spectrum of acetone-h6 taken at the 0-0 transition to the 

3pxx ( A2) state (59360 cm"1) [11] is depicted in Figure 2a. The spectrum shows only 

onee peak with an energy of 1.333+0.005 eV, which - employing a lowest ionisation 

energyy of 9.708 eV [15] - can be assigned as deriving from an ionisation process, 

startingg from a vibrationless ground state, v"=0, to the vibrationless ionic state, v*=0. 

Wee will abbreviate such a v =0 <— v"=0 ionisation as the 0"-0+ peak in the rest of this 

paper.. The corresponding photoelectron spectrum for acetone-d^ (not shown) was 

takenn at 59363 cm" and displays, apart from the dominant peak associated with 

ionisationn to the v"=0, a small peak shifted by 121 meV (976 cm') from the 0"-0+ 

peak,, which can be assigned to ionisation to the v5
+=l level on the basis of the 

calculatedd ionic frequencies. The observation of a predominant Av=v-v'=0 behaviour 

stronglyy suggests that the equilibrium geometry and potential energy surface of the 

3pxx Rydberg state and of the ground ionic state are very similar, in agreement with the 

conclusionss drawn from previous ZEKE-PFI studies [10,15]. 
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xJ^\J xJ^\J U U V^Xo^^M^* ^ ^ 

- ii  ' 1 1 1 ' 1 ' 1 ' 1

590000 5950 0 6000 0 6050 0 6100 0 6150 0 6200 0 

Two-photonn energy (cm") 

FigureFigure 3.1: (2+1) REMPI spectrum of jet-cooled acetone-h6 (top) and acetone-d6 (bottom). 

Thee photoelectron spectrum depicted in Figure 2b was recorded at a two-photon 

energyy of 59684 cm'. This resonance was previously assigned to the (3px)80 

transitionn [11]. In that case Av=0 behaviour would lead us to expect that ionisation via 

thiss resonance should predominantly lead to ions in the v8
+=l level. The spectrum 

showss a small peak at 1.396+0.005 eV deriving from ionisation to the vibrationless 

ion,, and an intense peak peak shifted 41 meV from the 0"-0+ peak, which indeed 

arisess from ionisation to the v8
+=l level. This spectrum thus not only confirms the 

previouss assignment [11], but also gives insight in the vibrational frequencies in the 

ionicc ground state of acetone. From this spectrum and others, we can conclude that the 

v88 ionic vibrational frequency is 42+3 meV (339+24 cm"1). The (3px)8|, transition in 

acetone-d66 is found at 59642 cm'. Ionisation via this state leads to a photoelectron 
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spectrumm similar to the one obtained for acetone-h6: an intense Av=0 peak is seen that 

iss shifted by 29+5 meV (234+40 cm"') from a non-observable 0"-0+ peak. 

TableTable 3.3:. Observed two- and three-photon transitions for acetone-h6 and their assignments. 
AssignmentsAssignments given in bold concern transitions that either have been reassigned or were not reported in 
previousprevious studies. 

3p,('A2) ) 3p>(lA,) ) 3p7('B :) ) 
Two-- Three-

photonn photon 

vv (cm1) vfcm'1) AvJ(cm"') assignment Ava(cm~') assignment Av a ( cm ' ) assignment 

5936 0 0 

5943 0 0 

5968 4 4 

5975 6 6 

5977 0 0 

5981 0 0 

6009 4 4 

6025 2 2 

6041 0 0 

6046 0 0 

6047 6 6 

6075 5 5 

6078 0 0 

6079 2 2 

6082 8 8 

6096 2 2 

6113 6 6 

6137 4 4 

6147 0 0 

5937 3 3 

5979 7 7 

6011 0 0 

6044 0 0 

6078 6 6 

6110 7 7 

6147 0 0 

6224 1 1 

6255 9 9 

0 0 

70 0 

324 4 

396 6 

45 0 0 

892 2 

105 0 0 

111 6 6 

1395 5 

143 2 2 

146 8 8 

0 0 

12' ' 

8!,12 ' ' 

23i/8j24 ; ; 

11 1 

10 0 

324 4 

640 0 

247 1 1 

278 9 9 

2' ' 

-o 8o o 

316 6 

366 6 

686 6 

868 8 

104 2 2 

128 0 0 

137 6 6 

19! ! 

8'19 ! ! 

'' A V given relative to the two-photon origin transitions. 
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FigureFigure 3.2: (2+1) Photoelectron spectra of acetone-h6 at (a) 59360 cm1 ((3pJ00); (b) 59684 cm' 

((3((3PPJS'JS'00););  (c) 59770 cm' ((3Py)0°0); (e) 60094 cm' ((3Pz)0°0 and (3pv)%\); (f) 60460 cm' <(3Pz)W0); 

(g)(g) 60792 cm' ((3pJ\o'0); (h) 60828 cm' ((3pJ ?>\) and of acetone-d6 at (d) 59846 cm' ((3p>) 0° ƒ 

Ionn inEemai eriergv (cm > 

11 1 1 1 

ilil  I 3 1 44 1 5 

Km-eticc energy (cV) 

~i~i 1 r 

144 J 5 l£ 1.33 \A 

~11 1 1 1 

11 1 1 1 
II Wo two $00 o 

1.33 1 4 1 5 1 6 1 7 3.' 
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TableTable 3.4: Observed two- and three-photon transitions for acetone-d6 and their assignments. 
AssignmentsAssignments given in hold concern transitions that either have been reassigned or were not reported in 
previousprevious studies. 

3px('A2) ) 3pv('Al) ) 3p?(
1B:) ) 

Two-- Three-
photonn photon 

ï77 (cm1) v (cm"1) Ava(cm~') assignment Ava(cm"') assignment Av 3 ( cm ' ) assignment 

59363 3 

59408 8 

59642 2 

59846 6 

60034 4 

60083 3 

60124 4 

60186 6 

60332 2 

60358 8 

60391 1 

60428 8 

60472 2 

60678 8 

60706 6 

60900 0 

60960 0 

59377 7 

59835 5 

60094 4 

60369 9 

61105 5 

61327 7 

61597 7 

0 0 

45 5 

279 9 

671 1 

823 3 

969 9 

1028 8 

1109 9 

1964 4 

0 0 

12 2 

*; ; 

a a 

6! ! 

*: : 

4: : 

10 0 

*\ *\ 

278 8 

545 5 

832 2 

1751 1 

275 5 

345 5 ï i i 

626 6 

817 7 

877 7 

1022 2 

*m *m 
6| , , 

15Ó Ó 

4i i 

AA v given relative to the two-photon origins. 

Ass yet, the photoelectron spectra exhibit rather expected behaviour. This 

situationn becomes quite different when ionisation via the 0-0 transition to the Sp^'Ai) 

Rydbergg state is considered. Normally, we would expect an intense 0"-0+ peak, and 

althoughh the photoelectron spectrum shown in Figure 2c does indeed show a 0"-0+ 
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peakk at 1.409+0.005 eV, also two other peaks are seen. Under the supersonic 

conditionss of our experiments our initial state is the vibrationless ground state. Within 

thee Born-Oppenheimer approximation [46] only excitation of totally-symmetric 

vibrationall levels would be permitted, and ionisation should thus in the end lead to 

ionss that are also in totally-symmetric vibrational levels. The small peak displaced by 

833 meV (669 cm'1) from the 0"-0+ peak can indeed be assigned without problem to 

ionisationn to the V7+(ai)=l level (see Table I). However, the same Table shows that 

ann assignment of the peak shifted by 50 meV (~ 400 cm"1) in terms of a totally-

symmetricc vibrational level is not possible. We must therefore find another 

explanationn for this peak. If we forget for the moment our symmetry considerations, 

wee see that the ionic 8'l2 l vibrational level of a2 symmetry would have the correct 

vibrationall energy. Ionisation to this level implies, however, excitation of the same 

vibrationall level in the intermediate state. Now all pieces fall together because the 

onlyy electronic state that would come into consideration to have this particular 

vibrationall level close to the 3py state is the 3px('A2) state. The vibronic symmetry of 

thee (3px)8
112I level would then be Ai, i.e., the same symmetry as the 3py Rydberg 

state.. We thus have to come to the conclusion that the (3px)8
1121 and (3py)0° levels 

aree coupled on account of their near-degeneracy. As a result, the ionisation process 

doess not only reveal the (3py)0° character, but also the coupled (3px)8' 12' character. 

Excitationn of the (3py)0° level in acetone-d6 has been reported to occur at a 

significantlyy higher energy [27]. Ionisation via this state was recorded at 59846 cm'1 

andd is shown in Figure 2d. W7e observe an intense peak at the 0"-0+ position at 1.430 

eV.. A small broad peak is observed shifted by 56 meV (452 cm'1). Inspection of Table 

III leads once again to the conclusion that this energy cannot be assigned to a totally-

symmetricc ionic vibrational level. On the other hand, the value of 56 meV matches 

veryy well the energy difference between the origin transitions to the 3px and 3py 

states.. If we therefore assume that the peak finds its origin in the coupling between a 

3pxx vibrational level with a2 symmetry and the 3py vibrationless level, we find that it 

correspondss either to ionisation to the 8'l23 level (54 meV) or the 19'24' level (52 
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meV).. Notice that in the present case ionisation to the 8'12' level can definitely be 

ruledd out - in that case a peak at 40 meV would have been expected. From the 

intensityy of the various peaks in Figure 2d it is clear that in acetone-d6 the coupling of 

thee 3py and the 3px states is less than in acetone-h6, in line with the observation that 

thee energy gap between the two coupled levels is smaller in acetone-h6. The third 

peak,, 122 meV (984 cm"') displaced from the 0"-04 peak, is assigned to ionisation to 

thee 5 ionic level, as we observed previously for ionisation via the vibrationless 

transitionn to the 3px state of acetone-do. 

11 1 ' 

i i I_ _ 11 ' 

\3 3 

11 1 ' 1 ' 1 ' 1 ' 

1 1 1 , 1 1 , 1 1 1 

3p» » 

3P. . 

3p, , 

590000 5950 0 6000 0 6050 0 6100 0 

"ii  '  r 

x4 4 

HH '  r 

3P, , 

3p, , 

h\ h\ 

590000 59500 60000 60500 61000 

Two-photonn energy (cm ) 

FigureFigure 3.3: (2+1) REMPI spectra of jet-cooled acetone-h6 (top) and acetone-dt, (bottom) separated 
intointo the contributions o/3p„ 3pr, and 3p: Rydberg states. 
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Inn the last example a situation was encountered where we cannot 

unambiguouslyy assign the ionic vibrational level to which ionisation occurs, simply 

becausee there are various possibilities that cannot be discriminated with our 

experimentall resolution. At the same time we know that the ionic vibrational energy 

matchess well the energy difference between two excited states, which implies that we 

doo know the electronic character of the coupled state. It is clear that the higher we will 

goo in excitation energy, the more this will occur on account of the increase in 

vibrationall level density. 

Thee photoelectron spectrum recorded at the 3pz('B2) origin for acetone-h6 is 

shownn in Figure 2e. In line with our expectations an intense 0"-0+ peak is seen. We 

furthermoree observe peaks shifted 43 meV (347 cm"1), 92 meV (742 cm"1), 131 meV 

(10577 cm"1), and 169 meV (1363 cm"1) from the 0"-(T peak. Again we will try to 

assignn these peaks to totally-symmetric vibrational levels. In this spirit, the peaks at 

1699 meV and 131 meV are readily assigned to V4*"=l and v6~=l, respectively. Since in 

acetone-hóó the (3py)8j, transition is almost degenerate with the 3pz origin transition, 

onee would most logically assign the peak at 43 meV to ionisation to the v«+=l level. 

Thiss is, however, not the complete story. Firstly, below we will show excitation 

spectraa in which we can visualise the contributions of the individual Rydberg states to 

thee various resonances (Figure 3). The 3py trace shows there that the presumed 

(3py)) 8j, transition has the same intensity as the (3py) 0j| transition. For the other two 

Rydbergg states the 8J, transition is significantly less intense than the 0° transition. 

Suchh a difference would a priori  not be expected. Secondly, for acetone-de the origin 

transitionn to the 3pz state is not degenerate with the (3py)8j, transition. The 

photoelectronn spectrum obtained at the (3p7)0° transition in acetone-d^ shows, apart 

fromm an intense 0"-0+ peak, a peak at 40 meV (323 cm"1) that cannot be assigned to a 

totally-symmetricc level, but matches very well the ionic frequency of the CO in-plane-

bendd Vi9 of b? symmetry. This vibration is predicted to have an ionic frequency of 350 

cm"11 in acetone-h6 (Table I), and it may thus well be that the 43 meV peak in the 
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photoelectronn spectrum of acetone-lv, contains a contribution of ionisation to the ionic 

1911 level as well, thereby giving an explanation for the intensity anomaly noticed 

above.. From the activity of V19 in the photoelectron spectra we can conclude that 

vibronicc coupling occurs between the 3p/ ('F^) and 3pv ('Ai) states. 

Forr the 92 meV (742 cm"1) peak in Figure 2e no appropriate a, vibrational level 

cann be found. We notice that this energy is close to the energy difference between the 

3pxx and 3p, Rydberg states. It is therefore reasonable to assume that this peak results 

fromm the coupling of a 3px vibrational level with the 3pz Rydberg state. Various 

possibilitiess such as the 8'23' (96 meV), 7'24' (98 meV), or even the S ' ^ 1 ^ 1 (93 

meV)) come to mind. The observation of a peak at 89 meV (718 cm"1) in the 

correspondingg photoelectron spectrum of acetone-d6 would slightly favour the 7*24' 

assignment,, but in the end there are simply too many possibilities that cannot be 

distinguishedd unambiguously with our experimental resolution. On top of that, it 

shouldd be realised that because of different energy gaps, nontotally symmetric 

vibrationall levels that are prominently visible for acetone-h6 may not be visible for 

acetone-d^^ and vice versa. What can be said with reasonable certainty is, however, 

thatt the 92 meV (89 meV for -do) peak finds its origin in the ionisation of a vibrational 

levell of the 3px Rydberg state. 

Thee above examples, and many others not discussed here, clearly show that the 

dominantt peaks in the photoelectron spectra derive from Av=0 ionisation processes, 

bee it from accessible vibrational levels of a certain Rydberg state, be it from levels 

thatt have become accessible by vibronic coupling. This implies that, when comparing 

ionisationn via two different resonances associated with one particular Rydberg state, 

thee kinetic energy of photoelectrons can be expected to have an absolute energy shift 

thatt is equal to the shift in photon energy. By setting gates in the time-of-flight 

spectrumm on photoelectron peaks associated with Av=0 ionisation from the 3px, 3py, 

andd 3pz Rydberg states, and compensating for changes in the electron kinetic energies 

whenn the excitation wavelength is scanned by adjusting the electric field in the flight 

tubee - thus realising that these photoelectrons always arrive at the same time at the 
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detectorr - we are able to dissect the spectrum previously shown in Figure 1 into the 

contributionss of the 3px, 3py, and 3pz Rydberg states. The results for both acetone-h6 

andd acetone-dó are shown in Figure 3. These spectra immediately show the previously 

discussedd coupling between the three 3p states. An almost textbook example of the 

mixingg of a bright and a dark state can be seen when the excitation spectrum of the 0-

00 transition to the 3py state is considered (Figure 4). When electrons deriving from 

ionisationn of 3px and 3py levels are monitored separately, a dip is observed in the 3py 

channell at 59756 cm', This dip is exactly at the same place as the 81121 level of the 

3pxx state. Mixing of the two levels results in a redistribution of intensity and we 

consequentlyy see intensity appearing in the 3px channel at the same time that the 

intensityy decreases in the 3py channel. 

Anotherr aspect of interest of the excitation spectra that is now elucidated are the 

rotationall contours of the various resonances, which are seen to occur either as sharp 

orr relatively broad. For identical photons - as is the case for the single laser 

experimentss we are reporting here - the two-photon T 2
2 l 0 and the T0

C transition 

tensorss may induce transition intensity [13, 47]. The former transition tensors give 

riserise to AJ=0, +1, and  rotational transitions, the latter only to AJ=0 transitions. 

Simulationss employing rotational constants of the ground state of the neutral and the 

radicall cation confirm the suspicion that the sharp features should be interpreted as 

indicatingg a dominance of the T0° tensor for these transitions. Because this tensor is 

totally-symmetric,, we would in first instance expect the narrow resonances to be 

associatedd with transitions to the 3py(
1Ai) state. Such is not the case, as is clearly 

demonstratedd in Figure 3: transitions to the 3py levels appear as "broad" features, 

whilee the "sharp" features are all associated with vibronically induced transitions to 

thee 3px and 3pz states. The observation that transitions to 3py levels appear as broad 

featuress while they would be expected to be narrow indicates that they are lifetime 

broadened.. This would be in line with previous suspicions that the 3py state is subject 

too vibronic coupling with the valence excited 7ut* ('Ai) state. Photoacoustic 

measurementss [28, 29] give ample reason to believe that this TIK* state has a very 

61 1 



CHAPTERR THREE 

shortt lifetime, and its mixing with the 3py state would thus lead to a shortening of the 

lifetimee of this state - in agreement with our observations. Although our photoelectron 

spectraa do not exhibit any direct signature of this 3py - nn* vibronic coupling, we can 

concludee that the excitation spectra indirectly give evidence for its presence. 

Fromm the traces shown in Figure 3, and the previously determined polarization 

behaviourr of the resonances [11] we are now able to come to the unambiguous 

assignmentss given above in Tables III and IV. Our assignments differ in a number of 

casess with those of previous studies. In Tables III and IV these assignments are 

indicatedd in bold. In the following a number of the more prominent differences will be 

discussed. . 

Thee sharp line in the 3px channel spectrum at 60252 cm"1, 892 cm"1 above the 0-

00 transition, has been observed [11]. but was not assigned. Its small width indicates 

thatt we deal here with a vibrational level of aj symmetry, and thus with a transition 

thatt obtains transition intensity by coupling with the 3py state. The most likely 

candidatee is the CH3 rock vibration vn. The corresponding 3px channel in acetone-d^ 

showss a small sharp line 671 cm"1 shifted from the 0-0 transition. Upon deuteration 

thee frequency of vn is observed to decrease from 877 to 669 cm"1 in the neutral 

groundd state [9], and predicted to decrease from 868 cm"1 to 657 cm"1 in the ionic 

state.. We can consequently safely assign the resonance to (3px) 1 \l0 transition. 

Thee resonance at 60460 cm"1 in the excitation spectrum of acetone-hf, was 

previouslyy assigned to the (3py)23„ transition [11]. Figure 3 shows that at this 

excitationn energy activity is observed in both the 3py and the 3pz channels. Because of 

(i)) its position - 366 cm"1 to the blue of the 3pz origin - and (ii) its small width, we 

concludee that we deal here with the (3pz)19jJ transition. Confirmation is found in the 

correspondingg photoelectron spectrum (Figure 2f) that does not show a 0"-0" 

transition,, but a peak shifted by 46 meV from the theoretical 0"-0+ peak. The 

spectrumm in Figure 2f shows a similar intensity pattern as seen in Figure 2e for 

ionisationn via the 0-0 transition to the 3pz state, all peaks being displaced, however, by 

thee energy of the 191 ionic level. The peaks displaced by 92 meV and 139 meV can 
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noww easily be assigned as deriving from ionisation from levels associated with the 3py 

andd 3px states, while the peaks shifted by 219 meV and 179 meV from the 0"-0' peak 

correspondd to ionisation to the 41191 andó119' ionic levels, respectively. No evidence 

iss found for a (3py)23j; transition [11]. In acetone-d^ we observe a similar transition at 

604288 cm"1 that was previously assigned to the (3py)23g transition as well. On similar 

groundss as for acetone-h6 we revise this assignment to the (3pz) \9{} transition. 

Att 60755 cm"1 a broad line is observed for acetone-hö for which an 

photoelectronn spectrum is obtained that shows only one intense peak shifted by 179 

meVV (1443 cm"1) from the 0"-0+ transition. This observation is at odds with the 

previouss (3py)8g assignment, but would rather indicate ionisation to the V4=l level. 

Sincee the 60755 cm"1 resonance is shifted by 1395 cm"1 from the (3px)0|J transition, 

wee reassign it to the (3px) 4^ transition. The same transition is found for acetone-dé at 

603955 cm"1, 1032 cm"1 displaced from the (3px)0|] transition. The associated 

photoelectronn spectrum shows an intense peak 124 meV (1000 cm"1) from the 0"-0+ 

transitionn in agreement with the revised assignment. 

Thee resonance observed at 60792 cm"1 in acetone-hf, was previously thought to 

derivee from the (3py)6j, transition [11]. Its width and presence in the 3px channel 

indicates,, however, that we deal here with a vibronic level of Ai symmetry. Because 

thee resonance is displaced by 1432 cm"1 from the 3px origin transition, we assign it as 

thee (3px)10j) transition. The photoelectron spectrum depicted in Figure 2g does not 

showw a 0"-0+ transition, but an intense peak at 184 meV (1484 cm"1) that supports our 

assignment.. Small peaks shifted by 134 meV (1081 cm"1) and 95 meV (766 cm"1) 

correspondd to ionisation from levels associated with 3py and 3pz. In acetone-d6 a 

similarr resonance is observed in the 3px channel at 60472 cm'1. This resonances was 

assignedd as the (3py)7^ transition [11], but since (i) the photoelectron spectrum 

revealss an intense peak 138 meV (1113 cm'1) from the 0"-0+ transition, (ii) it is 1110 

cm"11 shifted from the (3px)0„ transition, and (iii) its width does not support a 

63 3 



CHAPTERR THREE 

transitionn to a 3py vibrational level, we conclude that we deal here with the (3px)10|, 

transition. . 

(3py)0„ „ 

59700 0 59750 0 59800 0 59850 0 59900 0 

Two-photonn energy (cm ) 

FigureFigure 3.4: Expanded view of the (2+1) REMPI spectrum of jet-cooled acetone-h6 at the quasi-

degeneratedegenerate (3pJ )2080 and(3pv)00 transitions. 

Wee finally consider the resonance observed at 60828 cm" in the 3px channel of 

acetone-h6,, previously assigned to the (3pz)7j, transition. This resonance is shifted by 

14688 cm"1 from the (3px)0„ transition, and its photoelectron spectrum (Figure 2h) 

showss an intense peak shifted by 191 meV (1541 cm"1) from the 0"-0+ transition. 

Previouss photoelectron spectra [41] and our ab initio calculations (Table I) indicate 

thatt this peak corresponds with ionisation to the V3+=l level, which, in turn, implies 
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thatt the resonance should be assigned to the (3px)3j, transition. Peaks in the 

photoelectronn spectrum shifted by 131 meV and 91 meV arise from ionisation from 

levelss associated with the 3py and 3pz states. 

~ii ' r 

5900 00 6000 0 6100 0 6200 0 6300 0 6400 0 

Three-photonn energy (cm ) 

FigureFigure 3.5: (3+1) REMPI spectrum of room-temperature acetone-h6 (top) and acetone-d6 (bottom) in 
thethe region of 59000-64000 cm . This spectrum is the composite of three different scans joint at the 
indicatedindicated excitation energies. 

Thee assignments as discussed above give evidence for various manifestations of 

vibronicc coupling. In the case of the 3py state, interaction with the TOT* valence state is 

nott directly observed, but deduced, amongst else (vide infra), from the broadening of 

thee two-photon resonances. Secondly, in the majority of the cases coupling occurs 

betweenn a Franck-Condon allowed level and Franck-Condon forbidden levels on 
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accountt of near-degeneracy, as a result of which the Franck-Condon forbidden 

transitionn obtains intensity in the excitation step, while in the photoionisation step the 

multi-statee description is dissected. Finally, Franck-Condon transitions are observed 

thatt do not become allowed by near-degeneracy of nontotally symmetric vibrational 

levelss with allowed totally symmetric vibrational levels. These concern the transtions 

too a2 vibrational levels of the 3px state, for example (3px)12j,, one transition to a b] 

vibrationall level of this state, and transitions to b? vibrational levels of the 3pz state. 

Althoughh not seen in the present study, Kundu et al. [13] previously also observed the 

extremelyy weak (3px)24j, transition, i.e., a transition to a b[ vibrational level of the 

3pxx state. It has been suggested that for the 3px state a2 modes might be particularly 

activee because of the vibronic coupling that might occur then with the 7i7t* valence 

statee [14]. The present results, in combination with the two-photon transition 

probabilityy coefficients calculated by Galasso [5], give a strong indication that the 

dominantt coupling routes concern vibronic coupling within the 3p Rydberg manifold. 

Thee calculations predict that the two-photon excitation cross section of the 3px and 

3pzz states are of the same order of magnitude, while the one of the 3py state is an order 

off magnitude larger. The two-photon excitation cross-section of the mi* state is in-

betweenn those of the 3px,z and 3py states. Indeed, it is found that all three origin 

transitionss have an intensity that is of the same order of magnitude, bearing in mind, 

however,, that the origin transition to the 3py state is severely lifetime broadened. On 

thee basis of these calculated numbers one would thus predict (i) that because of the 

smalll energy differences, 3p interstate coupling is more effective than coupling with 

valencee states, and (ii) that 3px^-3py and 3pz«-»3py coupling would be more effective 

inn inducing two-photon transition intensity than 3px^->3pz coupling, in perfect 

agreementt with our observations of (3px)(a2)|, and (3pz)(b2)f, transitions, and the 

extremee weakness of a (3px)(b1)J) transition. 

3.3.2.3.3.2. (3+1) REMPI-PES ofacetone-h6 and -d6. 
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Thee spectral region above the 3p states has in the past not been investigated 

extensively.. A few experimental results concerning excitation above the 3p states 

havee been reported by Merchan et al. [7], who investigated acetone-h6 and -d̂  by jet-

cooledd (3+1) REMPI in the energy region of 7.7-8.3 eV. Here they assigned 

transitionss to 3d Rydberg states. As was noticed previously [11], (1+2) ionisation 

startss to interfere in this wavelength region, and we have therefore not pursued any 

additionall two-photon excitation. In this section (3+1) REMPI results will be 

discussedd that we have obtained in the energy region of 7.3-9.5 eV. The majority of 

thesee experiments have been performed under effusive conditions since previous 

experimentss indicated that the widths of the three-photon resonances are significantly 

largerr than the widths of the two-photon resonances, and that there is little to gain by 

performingg jet-cooled experiments. 

3.3.2.1.3.3.2.1. 58500 - 64200 cm'1 (7.2-7.9eV) spectral region. 

Thiss area contains the 3p region that has been extensively investigated by (2+1) 

REMPII in previous studies [11,29] as well as in the previous section. The three-

photonn excitation spectra obtained with electron detection for acetone-h6 under jet-

cooledd conditions and -d6 under effusive conditions are shown in Figure 5, and agree 

withh those reported in previous work using ion detection. Figure 5 shows that - when 

comparedd to the 0-0 transtions to the two other 3p states - the 0-0 transition to the 3py 

statee is relatively more intense than in the (2+1) REMPI spectrum. The higher laser 

intensityy required for (3+1) as compared to (2+1) multiphoton processes, advantages 

thee ionisation process when it is in competition with decay processes from the excited 

state.. The change in relative intensities may thus be taken as further evidence for the 

short-livedd nature of the 3py Rydberg state. Photoelectron spectra have been measured 

forr various resonances of both acetone-h6 and -d6 and were found to confirm the 

assignmentss and conclusions reported in the previous section. The spectral region 

containingg the high-energy part of the 3p excitation region that has not been 

investigatedd using two-photon excitation needs some further discussion. 
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FigureFigure 3.6 (3+1) Photoelectron spectra ofacetone-d6 at (a) 61327 cm'1 ((3pJ5\) and (d) 61597 cm' 

((3py)((3py) 20), andofacetone-h6 at (b) 62241 cm'1 ((3pv) 2
l
0) and (c) 62559 cm'1 ((3pJ l\%\). 

Forr acetone-h6 the (3pz) 4J, transition was previously observed using two-photon 

excitationn at 61467 cm" , but for acetone-d6 this transition was not reported. In the 

presentt (3+1) experiments we indeed observe and confirm with photoelectron 

spectroscopyy this transition at 61470 cm"1, but moreover find that for acetone-d6 the 

samee transition occurs at 61105 cm"1, i.e., 1022 cm"1 shifted from the 3pz origin. 

Ionisationn via this resonance leads to a photoelectron spectrum with an intense peak 
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shiftedd by 127 meV (1024 cm"1) from the 0"-0+ peak, in agreement with a v4
+=l 

assignment.. Furthermore, a peak shifted by 216 meV (1742 cm') is present that 

exactlyy matches the energy where one would expect a signal associated with 

ionisationn of a 3px vibrational level. 

Thee peak in the excitation spectrum of acetone-d^ at 61327 cm" has neither 

beenn reported before. Ionisation at this energy leads to the photoelectron spectrum 

displayedd in Figure 6a that has an intense peak shifted by 243 meV (1960 cm"1) from 

thee 0"-0+ peak. We assign this peak to the v5
+=2 level because of the presence of a 

peakk at 122 meV (984 cm"1) that is assignable to v5
+=l. On the basis of the excitation 

energyy and this photoelectron spectrum, we conclude that the resonance should be 

assignedd as the (3px) 5 J transition. Corroboration of this assignment is found in the 

presencee of the (3px)5|, transition in the (2+1) results. Peaks shifted by 154 and 194 

meVV in the photoelectron spectrum originate from coupling with the 3py and 3pz 

states. . 

Forr acetone-h6 vibronic transitions to CH stretch vibrational levels of the 3p 

Rydbergg states would, energetically speaking, take place in the region around 62250 

cm"1.. It is good to realise that a priori  one would not expect to see vibronic transitions 

too these kind of levels since that would imply that the geometry of the molecule 

changess along these vibrational coordinates. Since it is a non-bonding lone-pair 

electron,, mainly localised on the oxygen atom, that is excited, it would be hard to 

rationalisee such geometry changes. Moreover, if such transitions were visible in the 

excitationn spectra of the 3p Rydberg states, one may expect the same Franck-Condon 

factorss for ionisation from the ground state, i.e., such transitions should then also 

appearr in He(I) photoelectron spectra. Since this is not the case [41], any vibronic 

activityy in this energy region points to an unusual situation. 

Ourr (3+1) excitation spectrum displays two intense peaks at 62241 and 62559 

cm"1.. Xing et al. reported a similar pair of transitions, shifted, however, by 50 cm" to 

thee red (62193 and 62517 cm"1, respectively) [11]. Based on the spectra shown in 

Refs.. [7] and [11], the energy difference between the two peaks, and the observed 
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differencee between jet-cooled and room-temperature excitation spectra, we assume 

thatt we deal here with the same transitions, and that the shift is only due to different 

experimentall conditions. These resonances were previously assigned as a "local 

origin"" and as the "local origin + v8" [7]. They concluded that this local origin 

correspondss to a vibrational subband of the 3py transition that has been enhanced by 

thee energetically proximal 'A, (TIK*) valence transition. In the original three-photon 

excitationn work [11] the local origin was assigned as the (3py)2|, transition, but this 

assignmentt was not repeated in the subsequent study [7]. The assignment to the 

(3py)2yy transition implies that the frequency of the v2 vibration is reduced 

tremendouslyy from 2937 cm"1 in the ground state to only 2425 cm"1 in the 3py state. 

Thiss reduction was taken as evidence for a strong vibronic coupling between the 3py 

andd the TUI* excited states via v2, which - since the 3py is the lower of the two states -

wouldd lead to a decrease of the frequency of v2 in the 3py state and a (non-confirmed) 

increasee in the nn* state. 

Thee photoelectron spectrum obtained at 62241 cm"1 (Figure 6b) displays a small 

0"-0++ peak and an intense peak, shifted by 368 meV (2947 cm"'). The location of this 

peakk peak would be consistent with the formation of ionisation to the v2
f=l level (see 

Tablee I), and thus with an assignment of the resonance as (3py) 2[. There remains a 

catch,, however, because the energy of 368 meV in the photoelectron spectrum 

matchess also "exactly" the energy expected for ionisation of a 3px vibrational level. 

Alternatively,, one might therefore assign the resonance to excitation and ionisation of 

aa vibrational level of the 3px Rydberg state. The totally-symmetric nature of the 

transitionn [11] dictates, however, that the excited vibrational level is of A2 symmetry. 

Thiss implies (i) that the bright state in excitation is not that particular vibrational level 

off the 3px state, and (ii) that such a level has become accessible by vibronic coupling 

withh the 3py state, which should thus be the bright state in excitation. One way to 

reconcilee these observations is to say that it is indeed the (3py)2|, transition that 

providess the transition moment for excitation, but because of the short-lived nature of 
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thee 3py state - which will only be enhanced by the proximity of the (3py)2' level to 

thee perturbing nn* state - the 3px state becomes the bright state in the ionisation 

process.. The photoelectron spectrum shows two additional peaks. The small peak, 

shiftedd by 175 meV (1411 cm"1) from the 0"-0+ derives from ionisation to the v /= l 

level,, while coupling with the 3pz state leads to the signal at 256 meV (2065 cm" ). 

TableTable 3.5: Observed three-photon transitions to higher-lying Rydherg states ofacetone-hfi and -d6. 

acetone-h, , , 

vv  (cm 1 ) 

6525 0 0 

6562 8 8 

6591 0 0 

7155 3 3 

7189 0 0 

7390 2 2 

7417 0 0 

7525 8 8 

7542 0 0 

7606 8 8 

7617 6 6 

(n-8 ) ) 

2.9 8 8 

4.0 3 3 

4.1 4 4 

4.9 8 8 

5.1 5 5 

6.0 1 1 

6.1 7 7 

7.0 1 1 

7.1 9 9 

acetone-d̂ , , 

vv  (cm 1) 

6532 5 5 

6560 4 4 

6586 5 5 

6615 9 9 

6896 1 1 

6933 9 9 

7004 1 1 

7151 1 1 

7183 5 5 

7384 4 4 

7414 5 5 

7520 8 8 

7538 4 4 

7601 7 7 

7613 4 4 

(n-ö ) ) 

2.9 1 1 

2.9 7 7 

3.4 3 3 

3.5 0 0 

4.0 2 2 

4.1 2 2 

4.9 6 6 

5.1 4 4 

5.9 7 7 

6.1 3 3 

6.9 3 3 

7.1 2 2 

assignmen t t 

3d s V( 'B 2 ))  0 ° 

3d , VV « o 

3dxy ('B, ))  0 ° 

3d, VV 61 , 

4p x('A 2))  0 ° 

4p ?('B 2)0j ; ; 

4Pxx  4; , 

4d0 ^ ^ 

5ss  0 ° 

5d0 ° ° 

6ss  0 ° 

6dd n j 

7ss  0 ° 

7d0 ° ° 

8ss  0| J 

Thee peak at 62559 cm"1 in our acetone-h6 excitation spectrum, previously 

assignedd as "local origin + v8" [7], does not resolve this ambiguity. The associated 

photoelectronn spectrum (Figure 6c) displays a small peak shifted by 42 meV (341 cm 

')) from the 0"-0+ peak, consistent with formation of v8
+=l ions. The most intense peak 
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iss shifted by 400 meV (3230 cm"1) and agrees both with ionisation to the 2 Y ionic 

levell and with ionisation of a 3px vibrational level. 

Moree information is obtained from the acetone-d6 spectra. Here, a relatively 

intensee resonance is observed at 61597 cm'1 that is shifted by 2234 and 1762 cm"1 

fromm the 3px and 3py origins, respectively. The strongest peak in the photoelectron 

spectrumm (Figure 6d) is shifted by 280 meV (2258 cm"1) from the 0"-0+ peak. Table II 

indicatess that this energy is at odds with a v2~=l assignment, but agrees perfectly with 

thee ionisation signal of a 3px vibrational level expected at 278 meV from the 0"-0* 

peak.. This observation would thus favour the explanation based on the (3py)2
] state 

beingg the bright state in excitation, and the coupled 3px state the bright state in 

ionisation.. Figure 6d displays two additional small bands shifted by 231 and 191 

meV.. The latter band agrees with the expected position for ionisation of the 3p, state 

(1888 meV). The former band is assigned to ionisation of 3py vibrational levels that are 

populatedd by IVR. This would account for the observed difference between the 1762 

cmm (218 meV) spacing in excitation and the 231 meV spacing in the photoelectron 

spectrum. . 

3.3.2.2.3.3.2.2. 65 000 - 71 000 cm1 (8.0-8.8 e V) spectral region. 

Forr excitation energies superseding the 3p Rydberg states the signals decrease 

dramaticallyy in intensity, and it is not always possible to obtain excitation and 

photoelectronn spectra under jet-cooled conditions with a sufficient signal-to-noise 

ratioratio to allow their detailed analysis. We have therefore recorded in most cases spectra 

underr both jet-cooled as well as effusive conditions. As indicated already previously, 

three-photonn excitation itself leads to rather broad resonances. The difference in 

resolutionn between jet-cooled and effusive conditions is therefore generally not 

dramatic.. Resonances found in this energy region are tabulated in Table V. 

Thiss part of the spectrum is dominated by two peaks found at 65250 and 65910 

cm"11 in acetone-h6, and 65325 and 65865 cm"1 in -d*. Previous (3+1) REMPI 
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experimentss located the three-photon origin transitions to the 3dx _y (3 B2) and 3dxy 

(2'B,)) Rydberg states at 65293 and 65944 cm"1 (65352 and 65987 cm"1 for -d6) , 

respectivelyy [7]. Compared to these numbers, we thus find here for acetone-h6 red 

shiftss of 43 and 34 cm', respectively, that are probably caused by the different 

experimentall conditions, and the fact that the resonances are rather broad. Indeed, 

photoelectronn spectra recorded at these resonances confirm that they concern 0-0 

transitions.. As is by now expected, the photoelectron spectra also show that the states 

aree extensively coupled to the lower-lying 3p Rydberg states. The vibrational 

developmentt is rather restricted: for acetone-h6 we find and confirm by photoelectron 

spectroscopyy the previously proposed (3dx
2.y

2)8j, transition at 65628 cm" , for 

acetone-d66 the (3dx
2-y

2)8|, transition at 65604 cm"1 and the (3dx
2.y

2)6j, transition at 

661599 cm"1. 

ii  i 

710000 7200 0 7300 0 7400 0 7500 0 7600 0 7700 0 

Three-photonn energy (cm ) 

FigureFigure 3.7: (3+1) REMPI spectrum of room-temperature acetone-h6 in the region of71000 - 76500 
cm'.cm'. The spectrum has been obtained employing two different dyes in the two indicated scans. 

Thee quantum defects of the 3p states lead us to expect transitions to the 4p states 

too occur around 69000 cm'1. Indeed, for acetone-h6 two origin transitions have 

previouslyy been assigned at 68999 and 69348 cm"', respectively [7], while for 

acetone-d66 these transitions were located at 68793 and 69350 cm'. In the present 
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studyy the transitions in this spectral region were so weak for acetone-h6 that neither 

underr jet-cooled, nor under effusive conditions a decent excitation spectrum could be 

obtained.. For acetone-dé, on the other hand, the (3+1) REMPI spectrum showed 

distinctt peaks at 68961 and 69339 cm"1 for which photoelectron spectra indicated that 

theyy should be assigned as origin transitions. In passing by, we notice that also in the 

three-photonn excitation study of Merchan et al. [7] the reported acetone-h6 spectrum 

hadd a significant lower signal-to-noise ration in this region than the -d6 spectrum. 

Thesee transitions most logically would be assigned to the two 4p states assigned 

previously,, were it not that the transition at 68961 cm"' seems rather much displaced 

fromm the reported value of 68793 cm"1 [5]. A posteriori we notice, however, that the 

valuess of Merchan et al. imply a negative isotope shift of 206 cm"1 for the 68999 cm"1 

transition,, which is at odds with the values of isotope shifts of the other transitions 

observedd so far: apart from a small negative value for the 3pz excitation, only positive 

valuess were found. The transition energy of 68793 cm"1 is therefore most likely 

incorrectlyy reported. 

Comparisonn with the splittings in the 3p manifold enables us to assign the two 

originn transitions. The energy difference between them is 378 era'1 and is expected to 

bee roughly proportional to 1/n*3. That means that an analogous energy difference of 

aroundd 1000 cm" can be expected in the 3p manifold. The two Rydberg states having 

ann energy difference that comes close to this value are the 3px and 3pz Rydberg states. 

Ann additional argument for the implied non-observability of the 4py Rydberg state is 

thatt we can expect this state to be short-lived on account of its coupling with the 7ur.* 

state.state. These arguments strongly favour an assignment of the peaks at 68961 and 

693399 cm" to the 4px and 4pz Rydberg states, respectively. 

3.3.2.3.3.3.2.3. 71 000 - 76 500 cm1 (8.8 - 9.5 eV) spectral region. 

Thee jet-cooled (3+1) REMPI spectrum of acetone-h6 in the spectral region of 

710000 76500 cm" is shown in Figure 7. In order to have sufficient signal intensity, 
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thee spectrum was recorded in the two indicated scans using Exalite 416 and 404 for 

thee 71500-72500 and 72500-76500 cm"' regions, respectively. Efforts to record 

spectraa between 72000 and 73500 cm"' with Exalite 411 were not successful due to 

loww dye gain. An analogous spectrum (not shown) was obtained for acetone-d6. 

Effusivee (3+1) REMPI spectra show similar results, albeit that the maxima of the 

peakss are shifted by 30-40 cm"' to the red. The spectra show eight resonances whose 

positionss are given in Table V. The resonances observed in the present study match 

welll peaks observed in previous one-photon work [31], although in that work an 

assignmentt was not attempted. 

6d d 

— i i 

3.0 0 0.55 1.0 1.5 2.0 2.5 
Kineticc energy (eV) 

FigureFigure 3.8: (3+1) Photoelectron spectrum of acetone-h6 via the 0-0 transition to the 6d Rydberg state 
atat 75258 cm'. 

Becausee of the low signal intensities, photoelectron spectra have been recorded 

underr effusive conditions. These spectra demonstrate that the resonances are 

associatedd with origin transitions. In general, the photoelectron spectra show that the 

statess excited at these energies are subject to extensive coupling with lower lying 
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Rydbergg states. An example is shown in Figure 8 where ionisation occurs via the 

resonancee assigned to the 6d manifold. Apart from ionisation to the vibrationless level 

off the ion, extensive ionisation occurs to high vibrational ionic levels. Under the 

assumptionn of a Av=0 ionisation behaviour, we can calculate what excitation energy is 

associatedd with each peak in the photoelectron spectrum. As indicated in Figure 8, 

thesee excitation energies agree well with the excitation energies of Rydberg states 

determinedd previously and in the present study. Apart from states that were already 

known,, the photoelectron spectra also enable us to observe and assign states that we 

havee not observed as resonances in the excitation spectra - in this particular case, for 

example,, the 5p Rydberg states. 

Calculationn of the quantum defect associated with each of the observed 

transitionss in the excitation spectrum leads to the conclusion that members are 

observedd of two Rydberg series with quantum defects of approximately 0 and 0.85. 

Thee first series can be grouped nicely with the 'B^n-^dxy) transition observed at 

659100 cm" , and allows us to conclude that this concerns an nd Rydberg series of 

whichh we have now identified the n=3-7 members. The second series is assigned to 

thee ns series, of which the first member is the in the introduction mentioned 3s state 

locatedd at 51232 cm"1. The states excited in the present experiments are described by 

thee excitation of an electron from the nonbonding lone pair orbital that in first 

approximationn can be represented by the 2py orbital on the oxygen atom. Atomic 

selectionn rules then dictate a A/-+1 propensity for one-photon excitation, and a 

33 propensity for three-photon excitation. The present assignment to ns and nd 

Rydbergg states is thus in good agreement with such expectations. 

3.44 CONCLUSIONS. 

Thee application of photoelectron spectroscopy to characterise excited states of 

acetone-h66 and -d6 has led to a detailed picture of the spectroscopic properties of 

excitedd states of acetone, and of some vibrational properties of the ground state of the 

76 6 



VlBRONICC COUPLING IN ACETONE 

radicall cation. In particular for the 3p Rydberg states, the present study has modified 

andd extended assignments proposed in previous multiphoton ionisation studies. Apart 

fromm the characterization of previously observed states, some eight new Rydberg 

statess have been identified and studied. The observed photoelectron spectra give in all 

casess evidence for an important role of vibronic coupling in determining the 

observablee spectroscopic properties of the excited states under investigation. This has 

beenn exemplified to the extreme for 3p Rydberg states where the state that is excited 

inn the multiphoton excitation process could be projected on the basis of the 3px, 3py, 

andd 3pz states. One of the dominating coupling pathways, which is not directly visible 

inn the photoelectrons spectra, but can be deduced from the combination of excitation 

andd ionziation properties of excited states, is that between the TIK* ( A[) excited 

valencee state and Rydberg states of Ai symmetry. Because of the short-lived nature of 

thee former state, Rydberg states of Ai symmetry lose intensity in excitation and 

ionisation,, but ultimately reveal themselves once again by vibronic coupling with 

longer-livedd Rydberg states. Although vibronic coupling of the TXTC* excited valence 

statee with Rydberg states of other symmetries is theoretically possible, it has been 

shownn that for these states other vibronic couplings prevail. These pathways do 

becomee nicely visible in the photoelectron spectra and concern the intra-, e.g., 

betweenn the 3p components, and interstate, e.g., between 7d and 3p, couplings 

betweenn all other Rydberg states. Because of this coupling, excitation energies of 

statess that were not visible in our excitation spectra, e.g., the 4p and 5p Rydberg 

states,, could be determined from photoelectron spectra taken at higher excitation 

energies. . 
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CHAPTERR FOUR 

EXCITEDD AND IONIC STATES OF FORMAMIDE: AN EXCITED-STATE 

PHOTOELECTRONN SPECTROSCOPY AND AB INITIO STUDY * 

ABSTRACT T 

High-resolutionn excited-state photoelectron spectroscopy has been applied to unravel 

thee spectroscopic and dynamic properties of the excited states of formamide populated 

byy two- and three-photon excitation. In combination with ab initio calculations, this 

approachh has led to various reassignments of previously observed states, and to the 

observationn of new states. One of the aspects that particularly comes forward from the 

presentt study is the important role of vibronic coupling, which leads to states of 

heavilyy mixed character. Projection on the ionic manifold - as is done in our studies -

is,, however, able to dissect the wavefunction into its various contributions. Our 

studiess have enabled us as well to resolve an apparent disagreement concerning the 

valuess of the ionisation energies of the ground and first excited state of the radical 

cation.. We find here adiabatic values of 10.233+0.008 and 10.725+0.020 eV, 

respectively.. A final issue our studies shed light on concerns the vibrational properties 

off the ground state of the radical cation. 

** D.H.A. ter Steege, C. Lagrost, W.J. Buma, D.A. Leigh, and F .Zerbetto, J. Chem. Phys. 117, 8270 
(2002). . 
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4.11 INTRODUCTION. 

Becausee of the presence of the amide group in biologically important molecules 

andd because it is the repeat unit in industrially important polymers, it is generally 

recognisedd that a full understanding of its electronic properties is important. 

Formamidee being the simplest model that contains this chromophore is in this respect 

thee most natural compound to be studied. We have an additional interest in formamide 

andd related molecules, because of our involvement in an experimental research 

programmee that is directed at the study of amide-based supramolecular systems. 

Thesee so-called rotaxanes have demonstrated to be a class of highly versatile 

molecularr systems that offer great promise for the design of materials with user-

definedd properties [1-5]. Formamide is the simplest chromophore present in the 

molecularr building blocks of such rotaxanes, and the study of its electronic states is 

thereforee a prerequisite for the gas-phase study of larger building blocks based upon 

thiss chromophore that are present in rotaxanes. 

Formamidee is a planar molecule of Cs symmetry. Its electronic ground state 

configurationn is given by ...(7a)2(8a)2(9a)2(l7r)2(2n)2{10a)2(3Tr*)(), or in terms of 

molecularr orbitals of Cs symmetry, by the ..(7a,)2(8a,)2(9a,)2(la")2(2a,,)2(10a')2(3a,,)° 

configurationn [6]. As far as the doubly-occupied orbitals are concerned, the relevant 

oness can be characterised as follows: the I71 (la") orbital is delocalised and totally 

bonding,, the nonbonding 2n (2a") orbital has electron density on the oxygen and 

nitrogenn atoms, and the nominally nonbonding 10a (10a1) orbital is mostly localised 

onn the oxygen atom, and therefore often designated as the n0 orbital. The 3rt* (3a") 

orbitall is antibonding, and is of importance when low-lying electronically excited 

statess are considered. The vibrational properties of the ground state have been 

investigatedd in the gas-phase and in low-temperature noble gas, nitrogen, and CO 

matricess with IR and Raman spectroscopy [7-12]. These properties and the structural 

propertiess of the molecule in its electronic ground state have also been subject of 

severall theoretical studies [13-15]. Although the bond lengths and bonding angles of 
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thee ground-state structure of formamide have been well characterised in various 

microwavee [16-19], gas-phase electron diffraction [20], and vibration-rotational 

studiess [21], the planarity of the molecule has for quite some time been subject of 

debatee [12,22,23], in particular in relation with the possibility of a nonplanar peptide 

unit,, and in relation with the amide resonance model. 

Thee two highest occupied molecular orbitals, no and 2n, have been reported to 

bee very close in energy [6,24,25] with the general consensus nowadays that the n0 

orbitall is above the 2n orbital. The ionic ground state D0 is consequently assumed to 

derivee from the removal of an electron from this no orbital, leading to the X"A' ionic 

state,, whereas removal of an electron from the 2n orbital leads to the Di (1"A") ionic 

state.. It is remarkable that there does not seem to be a similar agreement on the 

ionisationn energies. The by now generally quoted values for the adiabatic value to Do 

aree 10.13 [26] and 10.15 eV [27], while for D, values of <10.52 [26] and 10.40 eV 

[27]] are taken. Strangely enough, however, there is in literature also reported a 

valencee electron spectrum with a resolution that is superior to all other reported 

spectra.. In that study it is concluded that the adiabatic binding energy of the n0 (10a') 

orbitall is 10.226 eV, and that of the 2n (2a") orbital <10.699 eV [28]. Although 

theoreticall calculations in general support the order mentioned above, they still are 

hesitantt to commit themselves completely as the calculated energies are so close, and 

moreover,, rather sensitive on the level of the calculation and the molecular geometry. 

Inn the present study we will settle this issue by a combination of experimental 

methodss such as threshold ionisation, non-resonantly two-photon ionisation, and 

excited-statee photoelectron spectroscopy on the one hand, and theoretical methods on 

thee other hand. 

Thee electronic absorption spectrum of formamide has been measured by several 

groupss [6,24,29,30]. Five bands, historically labelled as W, R|, V,, R2, and Q, have 

beenn identified in this spectrum. A weak n0-3n* (W band) has been placed at 5.8 eV. 

AA recent vacuum-ultraviolet (VUV) - electron energy loss spectroscopic (EELS) 

studyy [6] places the 2TT;—3TT;* valence transition (V|) at 7.36 eV. This study has 
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identifiedd two Rydberg states at 6.70 eV (R,) and at 7.72 eV (R2), and proposed a 

largee number of assignments for other weak features in terms of Rydberg states 

convergingg primarily upon D0, but in some cases also in terms of Rydberg states 

convergingg upon Di. Originally the Q band at 9.2 eV was assigned as resulting from 

thee l7r-37i* excitation, but it would now seem that it arises from the superposition of 

transitionss to several Rydberg states. 

Excited-statee photoelectron spectroscopy has shown to be a powerful tool to 

characterisee excited states [31]. The essence of the technique is that the electronic and 

vibrationall wavefunctions of an excited state, populated in a one- or multiphoton 

excitationn process, are projected onto the rovibronic manifold of the radical cation. In 

generall it is seen that this projection can well be done on the vibrational manifold of 

thee ground state D0 of the radical cation. Ab initio techniques, and in particular 

Densityy Funtional Theory (DFT) methods, have by now become so advanced for the 

groundd state of the radical cation that the identification of the final state of such a 

ionisationn process - as far as the ion is concerned - can be done quite reliably. This 

thuss opens up the door to a detailed characterisation of the state that was ionised in 

termss of ionic wavefunctions, and leads thee way to its identification. In several studies 

wee have by now shown the kind of detail that can be reached. For example, in similar 

studiess on the excited-state manifold of acetone [32] we demonstrated that 

considerablee reassignments needed to be done of spectra that for a long time were 

consideredd as "solved". One other aspect that came forward from that particular study 

wass how well wavefunctions could be dissected in terms of vibronically interacting 

statess using the technique of excited-state photoelectron spectroscopy. Not only small 

molecularr systems are amenable to these kinds of analyses; for 1,1'-

bicyclohexylidene,, for example, these techniques allowed us to propose a solution to a 

long-standingg problem concerning the apparent presence of two low-lying valence 

statess while only one would a priori  be expected [33]. 

Inn the present study we have investigated with these experimental techniques in 

combinationn with ab initio DFT calculations the spectroscopy and dynamics of 
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excitedd states of formamide. These states were populated employing two- as well as 

three-photonn excitation, which, to our knowledge, is the first time that these states 

havee been investigated with multiphoton excitation. We will show that our approach 

enabless us to assign unambiguously the resonant features in these spectra. As a 

consequence,, we find that previously proposed assignments need to be revised, and 

cann extend considerably our knowledge on the excited-state and ionic manifold of this 

molecule. . 

4.22 EXPERIMENTAL AND THEORETICAL DETAILS. 

Thee set-up employed in the present experiments has been described in detail 

previouslyy [34,35] and will therefore only be summarised here. Two- and three-

photonn excitation spectra as well as excited-state photoelectron spectra have been 

measuredd using a laser system consisting of a XeCl excimer laser (Lumonics 

HyperEx-460)) producing 10 ns pulses with a maximum energy of 200 mJ per pulse 

andd typically used at a repetition rate of 30 Hz, in combination with a pulsed dye laser 

(Lumonicss Hyperdye-500) running on several laser dyes. For the three-photon 

excitationn experiments this dye laser operated on the Coumarine dyes C540A, C500, 

C480,, C460, and C440 as well as Exalite 428 and 416, whereas for the two-photon 

excitationn experiments DCM, Rhodamine 610 and Rhodamine 590 were used. In the 

latterr experiments the dye laser output was frequency doubled using an angle-tuned 

KD*PP crystal. The resulting excitation light was focused by a 25 mm quartz lens into 

thee ionisation region of a so-called magnetic bottle spectrometer, which is a slightly 

modifiedd version of "2n analyser" designed by Kruit and Read [36] that has been 

interfacedd with a pulsed molecular beam. In the ionisation region of this spectrometer, 

aa strongly diverging magnetic field parallelises the trajectories of the electrons 

producedd in a laser shot. After detection by a pair of microchannel plates, the signal is 

storedd in a 500 MHz digital oscilloscope (Tektronix TDS540), which is connected to a 

personall computer. 
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Ann excitation spectrum is constructed by monitoring the yield of all produced 

photoelectrons,, or, alternatively, photoelectrons with selected kinetic energies, as a 

functionn of the laser wavelength. Photoelectron spectra are recorded by increasing in 

stepss the retarding voltage on a grid surrounding the flight tube, and transforming 

eachh time only the high-resolution part of the time-of-flight spectrum. In this way, an 

optimumm energy resolution of about 6-8 meV can be obtained for all kinetic energies, 

althoughh in the present experiments typical resolutions of 10-15 meV were obtained. 

Inn Section III.B. experiments will be described in which photoelectrons were created 

withh a very low kinetic energy. Under our standard experimental conditions, these 

photoelectronss would not be detectable, and we therefore applied in those cases a 

smalll electric field on the ionisation region by means of two grids mounted on the 

polee faces of the magnet in order to "push" these electrons into the flight tube. The 

energyy scale of the photoelectrons (with and without extra electric field) and the laser 

wavelengthh were calibrated using multiphoton resonances of krypton or xenon [37]. 

Commerciallyy available formamide (Aldrich, 99+% spectrophotometric grade) was 

usedd as supplied. 

Inn the first instance, we tried to perform experiments employing the pulsed 

molecularr beam. For such experiments it turned out necessary to heat the sample to 

obtainn enough vapour pressure. As was also noticed before [6], heating leads, 

however,, to decomposition with ammonia (Nfh) as one of its products. Since under 

thesee conditions the multiphoton resonances from ammonia overwhelmingly 

dominatedd excitation and photoelectron spectra, the experiments were in the end 

carriedd out on formamide introduced into the spectrometer via an effusive beam. 

Thee analysis of our excited-state photoelectron spectra required an accurate 

knowledgee of the harmonic force fields of the neutral molecule and of its radical 

cationn in their electronic ground states S0 and D0, respectively. To this purpose, ab 

initioinitio  calculations of the equilibrium geometries and harmonic force fields have been 

performedd at various levels. In particular, we have investigated whether the form of 

thee employed Density Functional (B3LYP vs. BLYP) [38-41], and the inclusion of 

higherr angular momentum basis functions - since these functions have been reported 
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too be necessary for an accurate description of bending vibrations [42] - was of major 

influence.. It was found that the (U)B3LYP/6-311+G* [43,44] level was appropriate 

forr the information we wanted to recover, and it are the results of these calculations, 

whichh have been performed employing the Gaussian suite of programs [45], that will 

bee reported here. 

4.33 RESULTS AND DISCUSSION. 

4.3.14.3.1 Calculations. 

Inn excited-state photoelectron spectroscopy the vibronic wavefunction of an 

intermediatee vibronically excited state is projected onto the vibrational manifold of 

onee of the electronic states of the ion, in general the ground state Do. When the 

excitedd state is a Rydberg state, one generally observes that this ionisation process 

takess place with a predominant Av = v*-v' = 0 propensity, i.e., the vibrational 

quantumm numbers remain unchanged upon ionisation. Knowledge of the state in 

whichh the ion is created thus immediately enables one to specify the vibrational 

contentt in the intermediate state. Since, as yet, there is virtually nothing known about 

thee vibrational frequencies in the ground state of the radical cation of formamide, 

calculationss have been performed to determine these frequencies. 

Optimisationn of the molecular geometry in So and Do under the condition of Cs 

symmetryy leads to the geometrical parameters given in Table 4.1. In a previous study, 

thee ground state of the neutral molecule was studied employing the larger 6-

311++G(2d,2p)) basis set [12]. The results obtained in the present calculations nearly 

duplicatee those results, and are in good agreement with the parameters as determined 

inn experimental studies. The ground state of the radical cation derives in our 

calculationss from the removal of an electron from the 10a' orbital, which is generally 

describedd as non-bonding and localised on the oxygen atom. The optimised geometry 

off the Do state indicates that the non-bonding character of the no orbital is only 
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approximate:: in particular the O O and C-N bondlengths, as well as the hybridisation 

off the carbon atom are effected by the removal of an electron from this orbital. 

TableTable 4.1: Geometrical parameters <A and degrees) offormamide in its neutral ground stale Si, and in 

thethe ground state D„  of the radical cation. 

Soo S(l Dn 

c-o o 
N-C C 

H,h-N N 

H2
b-C C 

H,b-N N 

O-C-N N 

H rN-C C 

H2-C-N N 

H,-N-C C 

O-C-N-H, , 

H2-C-N-H, , 

Experimental" " 

1.219 9 

1.352 2 

1.002 2 

1.098 8 

1.002 2 

124.7 7 

118.5 5 

112.7 7 

120.0 0 

0.0 0 

0.0 0 

B3LYP/6-31KG* * 

1.212 2 

1.360 0 

1.009 9 

1.106 6 

1.004 4 

125.1 1 

119.6 6 

112.5 5 

121.7 7 

0.0 0 

0.0 0 

UB3LYP/6-311+G* * 

1.263 3 

1.298 8 

1.017 7 

1.104 4 

1.015 5 

126.6 6 

122.2 2 

121.0 0 

120.2 2 

0.0 0 

0.0 0 

aa Values taken from Ref. [19] 
bb Hi and H-* are cis and trans, respectively, to the formyl hydrogen atom H2. 

Tablee 4.2 reports the vibrational frequencies that are obtained from the 

calculationn of the harmonic force field for both states. Previously, the planarity of 

formamidee in So - and associated with this, the validity of the amide resonance model 

-- has been subject of quite some debate that culminated in the theoretical study of 

Foragasii and Szalay [23]. In this study it was shown that the planarity of the molecule 

alsoo comes out at a theoretical level, but that one needs to be cautious in employing an 

appropriatee combination of electron correlation methods and basis set. From Table 4.2 

itt can be concluded that the present methodology is indeed suitable since no 

imaginaryy frequencies are found. As yet, we have tacitly assumed that the description 

off the normal modes remains the same upon ionisation. The Duschinsky matrix for 

totally-symmetricc modes in So and Do reported in Table 4.3 shows that in fact the 
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oppositee is true: a significant mode scrambling is observed, in particular for the V4and 

V55 modes. 

TableTable 4.2: Experimental and ab initio vibrational frequencies (cm ) of ground and ionic states of 
formamide. formamide. 

Frequency y X 'A ' a a 

B3LYP P 

X'A' ' 

Exp. . 

X-A'a a 

B3LYP P 

X ' A " " 

Exp. . 

V| | 

V2 2 

v3 3 

V4 4 

v5 5 

vA A 

v7 7 

Vx x 

v9 9 

Vl O O 

V'l l l 

V12 2 

3596 6 

3466 6 

2856 6 

1738 8 

1596 6 

1379 9 

1230 0 

1028 8 

552 2 

999 9 

624 4 

237 7 

3545 5 

3451 1 

2852 2 

1734 4 

1572 2 

1378 8 

1255 5 

1030 0 

565 5 

1059 9 

602 2 

289 9 

3509 9 

3400 0 

2904 4 

1648 8 

1572 2 

1304 4 

1155 5 

1061 1 

479 9 

937 7 

702 2 

624 4 

3363 3 

1627 7 

1210 0 

1073 3 

481 1 

595 5 

aa Present calculations, frequencies scaled by 0.9676 (Ref. 53). 
bb Frequencies taken from Ref. 8. 
cc Present work, reported frequencies are averages over measured values in various photoelectron 
spectra. . 

Apartt from a comparison with experimental frequencies from our excited-state 

photoelectronn spectra (vide infra), the validity of the present theoretical results can 

alsoo be tested by comparison of the predicted photoelectron spectrum for ionisation of 

Soo to D0 with experimental He(I) photoelectron spectra [26-28]. Within the Condon 

approximationn and assuming that the electronic transition moment for the ionisation 

processs is independent of the photoelectron kinetic energy, the intensities in the 

photoelectronn spectrum can be approximated by the Franck-Condon factors associated 

withh ionisation of the vibrationless level in the ground state So to vibrational levels in 

DQ.. The calculated intensities [46] for transitions to the six lower totally-symmetric 
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fundamentall vibrational levels are given in Table 4.3, from which it is concluded that 

significantt activity of the 1572 cm" mode is expected in the photoelectron spectrum. 

Thiss is indeed what is observed in the experimental spectrum that is dominated by a 

1977 meV (1590 cm"1) progression. Previously this vibration was associated with v^, 

butt the present calculations demonstrate that such a description is not correct. Activity 

iss also predicted to occur in the ionic 1648 cm"' mode, but in the reported spectra this 

activityy overlaps with that of the 1572 cm"1 mode. 

TableTable 4.3: Duschinsky matrix for the totally-symmetric modes in the S„ (rows, labelled by frequency in 

cm'cm' and normal mode numbering) and D<, (columns, labelled by frequency in cm' and normal mode 

numbering)numbering) stales of formamide excluding CM and \'ff stretch vibrations. The last row gives the 

calculatedcalculated intensities for ionisation of the vibrationless level of So to fundamental levels of totally-

symmetricsymmetric modes in D„  with I[0jj] taken as 100.0. 

17388 (v 4) 

1596(v 5) ) 

1379(v h) ) 

12300 (v 7) 

10288 (vx ) 

5522 K ) 

]64 8 8 

(V 4~) ) 

-0.5 2 2 

0.8 2 2 

0.0 5 5 

-0.1 9 9 

0.1 2 2 

0.0 0 0 

1572 2 

(V5 ) ) 

0.6 4 4 

0.5 5 5 

-0.2 4 4 

0.4 2 2 

-0.2 2 2 

0.0 1 1 

1304 4 

(v;) ) 

-0.3 7 7 

-0.0 6 6 

0.3 9 9 

0.8 2 2 

-0.1 2 2 

0.0 9 9 

1155 5 

(v;) ) 

0.3 9 9 

0.1 3 3 

0.8 7 7 

-0.2 0 0 

0.0 0 0 

-0.1 3 3 

1061 1 

(v« ) ) 

0.1 4 4 

0.0 0 0 

-0.0 9 9 

0.2 3 3 

0.9 5 5 

0.1 3 3 

479 9 

(v 9- ) ) 

0.0 6 6 

0.0 2 2 

0.1 0 0 

-0.1 4 4 

-0.1 0 0 

0.9 8 8 

IKVi)!,] /!^]] 33-9 67-5 6 3 2 9 2.00 2.9 

Sincee the equilibrium geometry and force field of Rydberg states converging 

uponn Do generally closely resemble those of D(), the Franck-Condon calculations also 

givee a strong indication of the vibrational activity we may expect to see in their 

excitationn spectra, as has been amply demonstrated in recent studies on nitrogen-
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containingg cage compounds [47-50]. The present calculations thus tell us to anticipate 

dominantt activity of the V5 and v4 modes. The calculated Duschinsky matrix shows at 

thee same time that the distribution of activity over these two modes is rather 

susceptiblee to the precise magnitude of the normal mode rotations. In this respect it is 

worthh to mention that even small differences in electronic structure - as occurring for 

examplee by the nominally nonbonding Rydberg electron - might lead to a different 

distributionn of vibrational activity over the v4 and v5 modes in the excitation spectrum 

off a Rydberg state and the He(I) photoelectron spectrum of the ground state. 

Concurrently,, this conclusion implies that photoelectron spectroscopy of excited 

Rydbergg states may show non-diagonal ionisation. Since the frequency difference 

betweenn the v* and V5 modes is of the order of our experimental resolution, this non-

diagonall ionisation will not be directly visible in the form of two separate peaks, but 

ratherr as a shift of a photoelectron peak to apparently lower or higher frequency in 

comparisonn to its position in other photoelectron spectra. 

4.3.24.3.2 Ionisation energies. 

Ass explained in the introduction, the values and assignment of the first and 

secondd ionisation potential have been subject of discussion for quite some time. A 

majorr disturbing observation in this respect is that it is far from clear where the 

differencee between the adiabatic values for D0 of 10.13 [26] and 10.15 eV [27] on the 

onee hand, and 10.226 eV [28] on the other hand comes from. In the present work, we 

havee determined the adiabatic value of the lowest ionisation potential in a number of 

ways.. Our first results were obtained by applying direct two-photon ionisation and 

observingg the onset of ionisation. To this purpose, an excitation spectrum was made of 

thee two-photon energy region of 81400 - 84700 cm"1 (10.092 - 10.502 eV) employing 

electronn detection. In this energy range the time-of-flight spectrum shows two 

electronn peaks of which the kinetic energy changes proportional to the two-photon 

energy.. By setting gates in the time-of-flight spectrum on these two photoelectron 
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peaks,, and compensating for changes in their kinetic energy upon scanning the 

excitationn wavelength by adjusting the electric field in the flight tube - thus realising 

thatt these photoelectrons always arrive at the same time at the detector -, we were able 

too separate the excitation spectrum into contributions of ionisation to the two 

ionisationn limits, and determine these energies accurately. The resulting spectra are 

shownn in Figure 4.1. From the lower spectrum the adiabatic value of the lowest 

ionisationn energy is determined as 10.228+0.015 eV, while for the second threshold a 

valuee of 10.419+0.015 eV is found. The difference between the two values, 0.191 eV 

(15411 cm" ), matches perfectly the vibrational frequency of v<, and agrees well with 

thee frequency of the vibrational progression observed previously in all He(I) 

photoelectronn spectra [26-28]. 

810000 82000 83000 84000 

Two-photonn energy (cm"') 

85000 0 

FigureFigure 4.1: Threshold two-photon ionisation spectra of formamide. The lower spectrum displays the 
ionisationionisation channel associated in the present study with ionisation to the vibrationless level ofD„,  the 
upperupper spectrum with ionisation to the Vj =7 level ofD„. 
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Inn a second experiment, direct two-photon ionisation was performed at a one-

photonn energy of 43500 cm"' (2hv = 10.787 eV). Kinetic-energy-resolved electron 

detectionn led in that case to the photoelectron spectrum depicted in Figure 4.2. In this 

spectrumm we associate the peak of highest kinetic energy with ionisation of the 

vibrationlesss level v=0 in S0 to the vibrationless level v+=0 in D0 - such a peak will in 

thee rest of this article be abbreviated as the 0"-0+ peak - and determine from its 

positionn an adiabatic ionisation energy of 10.230+0.015 eV. The spectrum shows 

D, , v5 5 
+=2 2 v5

+=l l Do o 

0,0 0 0,2 2 
— i — — 

0,4 4 
— i — — 

0,6 6 0,8 8 

Electronn kinetic energy (eV) 

FigureFigure 4.2: Kinetic-energy-resolved detection ofphotoelectrons after direct two-photon ionisation oj 
formamideformamide at a one-photon energy of 43500 cm' . 

furthermoree a progression in a vibration with a frequency of 208 meV. This frequency 

andd the intensity distribution over the observable members is in good agreement with 

thee spectra obtained with He(I) excitation [26-28], and with our threshold-resolved 

photoionisationn experiments (vide supra). Our calculations indicate that, although the 
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vibrationall frequency found in this experiment and in the threshold ionisation 

experimentt match within the experimental error, part of the difference between the 

19]] and 208 meV values is real. Table 4.2 shows that a similar activity is predicted 

forr both v* and v_;. The onset of the threshold observed in the threshold experiment 

iss in that case associated with the v* threshold and the v^ threshold cannot be 

resolved,, while in the direct two-photon ionisation experiment the photoelectron 

peakss should in fact be assigned as the non-resolvable peaks to v* and vT levels, as a 

resultt of which these peaks undergo an apparent shift with respect to the threshold 

experiment. . 

Inn the two previous experiments ionisation has been performed non-resonantly. 

Inn the next section excited-state photoelectron spectroscopy will be performed, i.e., 

thee ionisation process will occur resonantly. Also from these experiments an adiabatic 

ionisationn energy could be determined. Averaging over the various photoelectron 

spectra,, we find in that case a value of 10.233+0.008 eV. We thus come to the 

conclusionn that the presently determined value for the adiabatic ionisation energy 

supportss the value reported previously by Siegbahn et al. [28], 

Inn the study by Siegbahn et al. a value of 10.699 eV was reported for the vertical 

ionisationn energy to D,. The ionisation pattern to D, showed a 222 meV progression, 

andd it was therefore suggested that the adiabatic ionisation energy is either equal to 

thee vertical ionisation energy, or one quantum lower, i.e., 10.477 eV. The spectrum 

shownn in Figure 4.2 has a better resolution than the spectrum given in [28], although 

nott as high a signal-to-noise ratio. From Figure 4.2 we determine a vertical ionisation 

energyy of 10.725+0.020 eV for Di - the energy resolution in this part of the spectrum 

iss lower because of the near-zero kinetic energy of the generated photoelectrons. At 

ann energy 222 meV below this peak labelled as D] the spectrum does not give 

evidencee for another peak, and we therefore conclude that for D| the vertical 

ionisationn energy is equal to the adiabatic ionisation energy. 
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4.3.3 4.3.3 ExcitationExcitation and excited-state photoelectron spectroscopy. 

Figuree 4.3 shows the two- and three-photon resonance enhanced ionisation 

spectraa of formamide in the energy range of 61000 to 76000 cm"' (7.56 - 9.42 eV) 

presentedd as overlapping scans over the various dye ranges that have not been 

correctedd for the dye gain curves. The excitation spectra in Figure 4.3 have been 

recordedd employing electron detection of all electrons irrespective of their kinetic 

energies,, as well as mass-resolved ion detection. For mass-resolved ion detection we 

foundd that the parent ion peak could be detected, but that it was much smaller than 

fragmentationn peaks, in particular that of CHO*. Monitoring either the parent ion or 

thee dominant fragmentation peaks led, apart from a difference in signal-to-noise ratio, 

too the same excitation spectrum, which, in turn, was the same as that found with 

electronn detection. This proves that the peaks in our excited-state photoelectron 

spectraa (vide infra) derive at least for the major part from ionisation of formamide 

itself,, and not from one or more of its fragments. 

60000 0 62500 0 65000 0 67500 0 70000 0 72500 0 75000 0 

FigureFigure 4.3: Multiphoton excitation spectra of formamide in the energy range of 61000 to 76000 cm' 
(7.56(7.56 - 9.42 eV). In the upper spectrum resonance enhancement occurs at the two-photon level, in the 
lowerlower spectrum at the three-photon level. 
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Ionn internal energy (cm"1) 
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Thee multiphoton excitation spectra show various resonances that are tabulated 

inn Table 4.4. As will be discussed below, excited-state photoelectron spectroscopy 

enabless us to come to a definite assignment of the vibronic nature of the excited state 

fromm which ionisation took place at these resonances. Consideration of the quantum 

defectt then leads in turn to the assignments that are given in Table 4.4. About half of 

thesee resonances were observed as well in a previous VUV photoabsorption and EEL 

studyy [6] where assignments were proposed in terms of Rydberg states converging 

uponn Do and Di. For the lower energy region - up to the 4s Rydberg state - our 

excited-statee photoelectron spectra confirm these assignments, but at the same time 

theyy extend our knowledge on the excited state structure because we observe more 

resonances.. Starting with the 4s state, however, our excited-state photoelectron 

spectraa dictate different assignments. 

Inn the following we will show and discuss some of the excited-state 

photoelectronn spectra that bring out the more salient aspects of the spectroscopic and 

dynamicc properties of the excited and ionic states of formamide. Figure 4.4a displays 

thee excited-state photoelectron spectrum of the state reached by two-photon excitation 

att 62260 cm"1 (7.719 eV). For three-photon excitation a similar spectrum was 

obtained.. The general consensus is that the transition to the vibrationless level of the 

'(3p'' <- no) state is located here. Since we will not encounter any triplet states in the 

presentt study, and because all observed Rydberg states have D0 as their ionic core, we 

willl in the following abbreviate this state as the 3p' state. Considerations as have been 

donee in the previous sections on the electronic structure of a Rydberg state in relation 

too its ionic core makes us expect that ionisation from this state should predominantly 

occurr to the vibrationless level of D0. Indeed, we find that the dominant peak in this 

spectrumm has an energy of 1.345+0.010 eV, which, employing an adiabatic ionisation 

energyy of 10.233 eV, is readily associated with ionisation to the v+=0 level starting 

fromm a vibrationless ground state. This result thus confirms the previous [3p']0j, 

assignment.. As remarked in the previous section, equally important is that it validates 

ourr conclusion concerning the value of the lowest ionisation potential. 

97 7 



CHAPTERR FOUR 

TableTable 4.4: Resonances observed in the two-and three-photon excitation spectra of formamide and their 
assignments.assignments. Indicated in hold are resonances that previously have not been reported, or have been 
assignedassigned differently. 

2hv v 

(cm') ) 

62260 0 

63256 6 

63848 8 

64820 0 

65330 0 

65810 0 

66408 8 

68120 0 

68360 0 

68592 2 

68832 2 

69324 4 

69596 6 

3hv v 

(cm') ) 

62274 4 

62740 0 

63222 2 

63823 3 

64428 8 

64821 1 

65349 9 

66420 0 

66938 8 

68118 8 

68573 3 

68817 7 

VUV V 

(eV) ) 

7.72 2 

7.83 3 

7.92 2 

8.03 3 

8.10 0 

8.16 6 

8.21 1 

8.29 9 

8.44 4 

8.56 6 

8.63 3 

Assign. . 

[3p']0{J J 

[3p]0g g 

[3p"]0S S 

[3p']5|, , 

[3p]5j, , 

[3p"]5i i 

[3p']55 5 

[3p]5s s 

[3p"]5f, , 

[3d]0° ° 

[3d*]0° ° 

[3d']] 12} 

[3d"]9(', , 

[3d"]0|! ! 

[3d']7|, , 

[3d']5(
l, , 

(n-ö) ) 

2.33 3 

2.35 5 

2.38 8 

2.66 6 

2.76 6 

2.83 3 

2hv v 

(cm1) ) 

70118 8 

70340 0 

70670 0 

71252 2 

71672 2 

71956 6 

72244 4 

72684 4 

72820 0 

73220 0 

73888 8 

74212 2 

74518 8 

75020 0 

75540 0 

3hv v 

(cm') ) 

70157 7 

70372 2 

70670 0 

VUV* * 

(eV) ) 

8.74 4 

Assign. . 

[3d-]oj ; ; 

[3d"]] 51, 

[4s]] oj; 

[3d']] 55 

[3d'"]5|, , 

[3d"]] 5,1 

[4s]] 5{, 

[4p']0g g 

[4p"K K 

[3d'"]55 5 

[4s]] 55 

[4d]0g g 

[4d']0g g 

[4d"]0S S 

[4d"']0g g 

(n-6) ) 

2.97 7 

3.04 4 

3.34 4 

3.36 6 

3.63 3 

3.70 0 

3.82 2 

3.97 7 

Valuess reported in VUV absorption study [6]. 

Inn the three-photon excitation spectrum a resonance is observed at 63222 cm"1 

(7.8400 eV), which is much less clear in the two-photon counterpart. VUV-absorption 

measurementss proposed a [3p"]0jj assignment, and we expect accordingly a strong 

0"-0++ peak in the photoelectron spectrum. This expectation is met by the spectrum 

depictedd in Figure 4.4b that shows, on the other hand, at the same time that the 

dominantt peak in the spectrum is one that is associated with ionisation to an ionic 
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levell with 122 meV (984 cm'1) of vibrational energy. Additionally, a small peak is 

observedd that is shifted by 199 meV (1605 cm"1) from the 0"-(T peak. As in the rest of 

thiss article, we will choose to assign peaks at the latter energy to the v~ = 1 level, but 

att the same time recall the considerations of the previous sections that tell us that in 

realityy our experimental resolution and the susceptibility of Franck-Condon factors to 

Duschinskyy mixing does not allow us to decide whether this peak should be assigned 

too the Vs=l or v^=l, or even to both levels. The presence of this peak is perfectly 

feasible,, it just demonstrates that there are slight differences between the 3p" state 

andd its ionic core, and that these differences are larger than for the 3p' state, where 

thiss ionisation pathway was not observed. 

Thee 122 meV peak poses a larger problem. If this peak and the 0'-0+ peak were 

bothh to derive from ionisation of the vibrationless level of the 3p" state, it would 

implyy a huge difference between the equilibrium structure of this state and that of its 

ionicc core, which is at odds with our general ideas on Rydberg states. How can we 

reconcilee the two? We start by noticing that the 122 meV value is within experimental 

errorr equal to the energy difference between the present excitation energy and the 

excitationn energy of the vibrationless 3p' state (118 meV). Near an energy of 118 

meVV (948 cm'1) above the [3p']0" transition, a number of vibrational levels are 

locatedd - the ionic frequencies of Table 4.2 indicate levels such as the totally-

symmetricc 81 and 92 levels, and the nontotally-symmetric 101 level. Within the Born-

Oppenheimerr approximation the [3p']10j, transition is forbidden, while the [3p']8j, 

andd [3p']9(
2
) transitions are not expected to carry intensity on account of their small 

Franck-Condonn factors (see Table 4.3). If there is, however, vibronic coupling 

betweenn the [3p,,]0° level and these 3p' vibrational levels, the wavefunction of the 

statee that is ionised does not only contain "v1=0" but also "v10 = l", "vs = l", and 

"•vg=2"" character, the exact composition of the wavefunction being determined by the 

variouss coupling strengths and energy differences, ionisation of this wavefunction 

thenn does not only lead to the formation of vibrationless ions, but also to ions in their 
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v ^ - 1 ,, v^ = l, and v^=2 states. The peak observed in the photoelectron spectrum at 

1222 meV from the 0"-(f is thus assigned as deriving from ionisation of vibrational 

levelss of thee 3p' Rydberg state that become accessible by vibronic coupling. The most 

plausiblee levels have been mentioned, but we notice that the excited-state 

photoelectronn spectrum does not enable us to distinguish between them. Because of 

thee vibrational state density, it is clear that this vibronic coupling mechanism will only 

gainn in importance when excitation of higher-lying states is considered. At the same 

time,, the increased vibrational density will progressively more inhibit us to assign 

specificc vibrational levels that are coupled. 

Similarr patterns are also observed when excited-state photoelectron spectra are 

takenn after excitation of a vibrational level in the excited state. Figure 4.4c shows, for 

example,, the spectrum obtained after two-photon excitation at 65330 cm"1. The 

dominantt peak is located 387 meV (3120 cm') from the 0"-(T energy where no peak 

iss observed. This vibrational energy strongly suggests an assignment to the vT=2 

level,, and thus that the vibronic level from which ionisation took place was a Rydberg 

statee in its v5=2 level. Knowing that the 3p' state is located 3070 cm"1 below this 

excitationn energy consequently allows us to conclude that the resonance at 65330 cm"1 

shouldd be assigned as the [3p'] 5 J, transition, in agreement with previous propositions. 

Interestingly,, we notice that the absence of the 0"-0+ peak and peaks at the expected 

positionss for ionisation to the v<=] and 3 levels demonstrate that the spectroscopic 

propertiess of the 3p' state resemble to a very large extent those of its ionic core. 

Apartt from the peak at 1.530 eV, two more peaks are observed. The first one at 

1.6599 eV (258 meV from the 0"-0* position) is readily associated with ionisation from 

vibrationall levels of the 3p" state whose origin transition is found 2108 cm"1 (261 

meV)) lower in energy. The second peak at 1.596 eV is in the first instance more 

puzzling.. The creation of ions with a vibrational energy of 321 meV (2589 cm"1) 

suggestss that an excited level is ionised with this amount of vibrational energy, and 

thuss the presence of a state at 65330 - 2589 = 62741 cm"1. On hindsight, we notice 
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thatt also in Figure 4.4b a small shoulder can be seen at about 0.129 eV that agrees 

welll with the assumption of a vibrationless state around 62700 cm' , and that also in 

alll of our other recorded photoelectron spectra such a shoulder or peak is present. In 

thee excitation spectra of Figure 4.3 we observe indeed a peak at 62682 cm" with low 

intensityy that perfectly fits the bill. The excited-state photoelectron spectrum obtained 

afterr three-photon excitation is depicted in Figure 4.4d, and shows a peak at the 

expectedd 0"-0+ position (0.129 eV), as well as a peak with 54 meV vibrational energy 

thatt can only be assigned to the v* = l level. This peak is attributed to ionisation of the 

[3p']9'' level, which is quasi-degenerate with the vibrationless level responsible for 

thee 0"-0+ peak. We explicitly notice that the photoelectron spectrum can not be 

explainedd assuming that only the [3p']9' level is excited: Franck-Condon 

considerationss would then predict a longer progression in v~, but most of all that the 

3p'' and D0 states differ considerably, at odds with all other available material, cf. 

Figuree 4.4a. The effective quantum number (n-8) of the state located at 62682 cm" , 

2.35,, leaves no doubt that we deal here with one of the three 3p states, the other two 

beingg the 3p' and 3p" states at 62260 and 63222 cm"1, respectively. In a previous 

studyy this state, designated as 3p, was not observed directly, but from extrapolations 

deducedd to be around 7.40 eV (59684 cm"1). The present study demonstrates that this 

assumptionn should be revised. Now that we have located the 0-0 transition to the 3p 

state,, other peaks in the excitation spectra also fall into place. Table 4.4 shows in fact 

thatt the complete region from 62000 up to 67000 cm'1 can be very well explained in 

termss of transitions to the three 3p states with, as expected on the basis of the non-

resonantlyy enhanced photoelectron spectrum in Figure 4.2 and the He(I) photoelectron 

spectrumm [28], for all states considerable activity of v5. 

Startingg from 67000 cm"1, one may expect states from the 3d manifold to 

appear.. The previous VUV absorption study assigned three of such states (3d, 3d', 

andd 3d"); our studies confirm these assignments, but reassign the peak previously 

assignedd to the 4s state to yet another 3d state designated as 3d'". For the 3p states we 
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observedd in the excitation spectra a dominant role of v\. This vibration is also found 

too be active for the 3d states as can be seen from Table 4.4 and Figure 4.3. A 

differencee with the 3p states is that, apart from this v5 vibration, other vibrations are 

seenn as well in the excitation and photoelectron spectra. Consider, for example, the 

excited-statee photoelectron spectrum obtained after three-photon excitation of the 3d' 

statee at 68128 cm"1 (Figure 4.4e). This spectrum shows as expected a dominant 0"-0+ 

peak.. Apart from this peak, peaks are observed displaced by 147, 604, and 748 meV 

too lower energies, which derive from vibronic coupling with high vibrational states of 

thee 3d, 3p", and 3p' states. We notice that in this particular case ionisation of the 3p 

levelss is not well resolved. The remaining two peaks removed by 201 and 420 meV 

fromm the 0"-0* peak cannot be associated with other electronic states, and derive 

thereforee from non-diagonal ionisation of the [3d']0° level. The first peak is by now a 

well-knownn one that is assigned to the v; = l level, the second one we assign on the 

basiss of Table 4.2 to the v; = l level. The small but visible activity of this symmetric 

N-HH stretch vibration indicates that for this particular state the N-H bond lengths are 

changedd upon excitation. 

Ourr calculations predict that v]2 (a") increases more than twofold upon 

ionisationn from the ground state. Since we are dealing here with a vibrational mode of 

whichh the frequency in the electronic ground state was in the past difficult to calculate 

accurately,, one might wonder to what extent this prediction is reliable. The transition 

att 68360 cm" seen in the two-photon excitation spectrum as a shoulder on the [3d'] 0|J 

transitionn offers us the possibility to investigate this vibration in more detail. Figure 

4.4ff displays the photoelectron spectrum that results after (2+1) ionisation at this 

energy.. It shows a dominant peak that corresponds to the formation of ions with 

apparentlyy 34 meV (274 cm"1) of vibrational energy. Inspection of Table 4.2 tells us 

thatt this energy cannot be associated with a totally-symmetric vibration if excitation 

tookk place from the vibrationless ground state. Assuming that our calculations predict 

thee frequency of V12 in the ionic state completely wrong does not help us either, 
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becausee then the photoelectron spectrum would force us to conclude that the excited 

levell that is ionised is a - within the Born-Oppenheimer approximation forbidden -

nontotallyy symmetric vibrational level. The pieces of the puzzle fall into place if we 

assignn the transition to the allowed [3d'] 12] hot band transition. In that case we find 

thatt the v12 = l level is located at 531 cm"1, and the v̂ 2 = l level at 74 meV (595 cm"1), 

inn good agreement with our calculations. The other peaks in the photoelectron 

spectrumm at lower kinetic energies have their counterparts in the photoelectron 

spectrumm of Figure 4.4e and are similarly assigned. The peak at the 0"-0+ energy 

derivess from the fact that at this excitation energy we also still excite the [3d']0° level. 

Ionisationn via the 3d" state provides more support for the conclusion that the 3d 

statess differ to a larger extent from their ionic core than the 3p states. The excited-

statee photoelectron spectrum obtained after excitation of its vibrationless level at 

688322 cm" is shown in Figure 4.4g. Our attention concerns now in particular the 

ionisationn pathways that lead to ions with a low vibrational content - the peaks at low 

photoelectronn kinetic energy derive from the ionisation of high-lying vibrational 

levelss of lower-lying states. Apart from the dominant 0"-(f peak, significant 

vibrationall activity is seen in the form of the peaks at 58 meV (468 cm"1) and 135 

meVV (1089 cm'1) that we associate with ionisation to the v* = l and v8=l levels, 

respectively,, and some minor activity of v* that appears 197 meV (1589 cm"1) from 

thee 0"-0+ peak. 

Thee two-photon resonance observed in our study at 70118 cm"1 (8.70 eV) was 

previouslyy assigned as the vibrationless transition to the 4s Rydberg state. The 

photoelectronn spectrum that we observe here (not shown) does indeed reveal a 

dominantt 0"-0+ peak in agreement with such an assignment. We run into problems, 

however,, when the photoelectron spectrum obtained at the 70670 cm"1 resonance (not 

shown)) is considered, because it shows a dominant 0"-0f peak as well, and therefore 

impliess that also at 70670 cm"1 an electronic state is located. The effective quantum 

numberss of the two states, 2.97 and 3.04, suggest that the 70118 cm"1 resonance 
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shouldd be reassigned as one of the states of the 3d manifold - we will label this one as 

thee 3d1"' state - while the 70670 cm'1 resonance is the 4s state. 

Att even higher energies the two-photon excitation spectrum displays some other 

twelvee resonances. At these excitation energies we may anticipate excitation of the 4p 

andd 4d manifold, but, at the same time, that overlap will occur with transitions to 

otherr states that involve v.s since the energy differences between the various states are 

gettingg smaller now. The photoelectron spectrum recorded at a certain excitation 

energyy gives therefore in general evidence for the presence of various states from 

whichh ionisation occurred. As an example, we show in Figure 4.4h the photoelectron 

spectrumm that results from two-photon excitation at 74518 cm" . At the predicted 0"-0~ 

positionn of 3.638 eV a peak is seen that would imply a vibrationless level character of 

thee state that is ionised. Based on the quantum defect, we assign the resonance at this 

energy,, in part, to the [4d']0[J transition. Another peak is observed at 199 meV higher 

internall energy. This peak implies v5=l character at the two-photon level, and is 

thereforee concluded to derive from ionisation of the [4p"]5' level, predicted to be 

locatedd as well near this excitation energy. At even lower photoelectron kinetic 

energies,, i.e., at higher internal energies of the ion, a plethora of peaks is seen that can 

bee assigned without difficulty to ionisation of high-lying vibrational levels of lower-

lyingg Rydberg states. That these peaks are in general more intense than the two peaks 

discussedd previously is because the former peaks are associated with states with a 

lowerr principal quantum number; they therefore have a higher ionisation cross 

section. . 

Tablee 4.4 shows that for the 3p and 3d Rydberg manifold the present 

assignmentss based on measured photoelectron spectra are grosso modo in agreement 

withh those reached in the VUV absorption study [6]. In that particular study, higher-

lyingg Rydberg states were assigned using the Rydberg formula, employing for the 

ionisationn energy a value of 10.13 eV. Here we have concluded that this value is not 

correct;; in fact, our value of 8 eV reproduces the one of 10.229 eV 

reportedd by Siegbahn et a/.[28]. Since the VUV study proposed assignments basically 
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byy grouping features with the same quantum defect, we may expect that most of the 

featuress observed in the VUV study at higher excitation energies need to be 

reassigned,, as is partly confirmed by our measurements in the 70500 - 75500 cm"1 

region. . 

Inn a recent ab initio study [51], calculations have been performed on the 

excitationn energies and one-photon transition dipole moments of the excited states of 

formamide.. These studies predict for the 3s and 3p Rydberg states that the ones with 

thee (no)"1 ionic core are located at higher vertical excitation energies than the ones 

withh the (2TC)"' ionic core. In particular, it would appear as if the strongest of the 

absorptionn features at 7.72 eV (62260 cm"1) is associated with the 

3p,tt <— 2TT excitation. The VUV study [6] argued already that this feature is linked to 

thee Do state on the basis of the observed vibrational structure, the present study 

confirmss and extends this conclusion. Firstly, the photoelectron spectra demonstrate 

unambiguouslyy that the ionic core of the Rydberg state is D0 and not D|. Secondly, 

ourr ab initio calculations predict that D0 should be assigned as (no)"1 and not as {2n)'\ 

andd confirm the observed vibrational activity in He(I) photoelectron spectra {vide 

supra).supra). Additionally, we have performed a Time Dependent DFT calculation [52] of 

thee excitation energies of the excited states of the formamide radical cation at the 

UB3LYP/6-311+G** level and find here that D, is the 12A"(2TI)-1 state. At the 

equilibriumm geometry of S0 this state is removed by 0.37 eV from the X2A'(no)'1 state, 

inn perfect agreement with the experimental difference in vertical ionisation energies of 

0.255 eV. 

Thee present study has provided an extensive description of the spectroscopic 

andd dynamic properties of the Rydberg manifold converging upon the lowest ionic 

state.. On the basis of the energy difference between Do and D[, one would a priori 

expectt that in the presently investigated energy region also Rydberg states converging 

uponn D| are located. In fact, already some time ago the absorption spectrum in the 3p 

regionn (7.7-8.7 eV) was compared with the band envelopes of Do and Di in the 

photoelectronn spectrum [26]. From the close correspondence between the two, it was 
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concludedd that the 3p <- In band was about 4000 cm"1 higher than the 3p <— n0 band. 

Thee previous VUV absorption study attempted similarly to propose assignments for 

somee of the observed features in terms of Rydberg states with a D| ionic core. Our 

photoelectronn spectra, on the other hand, do not give any indication that at some point 

wee are exciting (2n)A Rydberg states. A possible reason might be that the two- and/or 

three-photonn excitation cross section of (2K)'1 Rydberg states is considerably smaller 

thann that of (n0)
_1 Rydberg states, or that Rydberg states with the (2n)' ionic core are 

subjectt to rapid decay processes such as predissociation. 

4.44 CONCLUSIONS. 

Wee have investigated the Rydberg and ionic manifold of formamide by a 

combinationn of experimental and theoretical methods. As far as the ionic manifold is 

concerned,, we have demonstrated by various experimental approaches that the 

adiabaticc ionisation energy of 10.13/10.15 eV employed so far in other experimental 

studiess is not correct. We find a value of 10.233+0.008 eV that reproduces the value 

reportedd by Siegbahn et ai. [28]. The improved resolution in our direct two-photon 

ionisationn experiments has enabled us to conclude that the adiabatic ionisation 

thresholdd of the first excited state of the radical cation is located at 10.725+0.020 eV 

andd not 222 meV lower as was still possible to conclude from previous experiments. 

Ourr calculations on the state ordering in the radical cation, and the nice agreement 

betweenn calculated and observed Franck-Condon factors have firmly established that 

thee ground and first excited states of the radical cation are associated with the removal 

off an electron from the n0 and 2n orbital, respectively. 

Applicationn of excited-state photoelectron spectroscopy on excited states in the 

7.6-9.44 eV energy region that were populated by two- and/or three-photon excitation 

hass led to an unambiguous assignment of the various resonances present in the 

excitationn spectra. These studies have allowed us to chart out a large part of the 
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Rydbergg manifold that was previously not firmly assigned. In fact, from these studies 

itt has become clear that a large part of previously proposed assignments needs to be 

revised,, and that in the present study new states have been observed. The 

spectroscopicc properties of the Rydberg states resemble closely those of their ionic 

core:: it is mainly the V5 vibration that is observed to be active. Interestingly, our 

calculationss show that this vibration changes considerably in character upon 

excitation.. Our photoelectron spectra demonstrate that the dynamic properties of the 

investigatedd Rydberg states are dominated by vibronic coupling. As a result, we 

observee not only ionisation of the "bright1' state that is excited, but also of "dark" 

high-lyingg vibrational levels of lower-lying excited states that are not accessible by 

directt excitation from the electronic ground state. 
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CHAPTERR FIVE 

SPECTROSCOPYY AND DYNAMIC S OF EXCITE D STATES IN MALEIMID E AND 

N-METHY LL  MALEIMIDE : IONI C PROJECTION AND AB INITIO 

CALCULATION SS * 

ABSTRACT T 

Thee state that is responsible for the strong one-photon absorption around 200 nm in 

thee vapour absorption spectrum of maleimide and N-methyl maleimide has been 

investigatedd using excited-state photoelectron spectroscopy in combination with ab 

initioinitio  calculations. The projection of the wavefunction of the excited state on the ionic 

manifoldd done in this way reveals multiple, vibrationally resolved, ionisation 

pathwayss to ground and excited states of the radical cation, which provide direct 

evidencee for electronic couplings with other, lower-lying states. From a comparison of 

thee experimental intensity distribution over the ionic vibrational states with ab initio 

calculatedd Franck-Condon factors, we are able to elucidate the role of the various 

electronicallyy excited states in the ionisation process. The experiments also provide 

thee first determination of adiabatic ionisation energies in the two molecules. For 

maleimidee values of 10.330 and 10.903 eV are found for D0 and Di, respectively, for 

N-methyll maleimide D0 is found at 9.897 or, in an alternative interpretation of the 

spectrum,, at 9.676 eV. Calculations and experiment demonstrate that in this molecule 

thee ground ionic state changes its character with respect to maleimide from a lone pair 

too a 7i orbital ionisation. 

** D.H.A. ter Steege and W.J. Buma, J. Chem. Phys. 118 (2003), in press. 
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5.11 INTRODUCTION. 

Photoinducedd polymer synthesis is a continuously growing field in which 

maleimidee and its N-substituted derivatives (Figure 5.1) have attracted considerable 

interest.. It has been known for quite some time now that N-substituted maleimides 

easilyy polymerise by a free-radical polymerisation process upon exposure to light [1]. 

N-substitutedd maleimides can thus serve as photoinitiators for the free-radical 

polymerizationn and copolymerization of a variety of functional species including 

aeryy late, vinyl ether, and styryloxy monomers [2-11]. To give one particular example, 

inn the aerospace industry bismaleimides are widely used because of the advantage 

theyy offer density-wise, while maintaining mechanical properties that are similar to 

metall alloys. The first step in initiating the free-radical polymerisation reaction with 

thesee compounds is excitation of the maleimide chromophore. Intersystem crossing, 

off which the quantum yield has been shown to be very sensitive to substitution [12], 

leadss then to population of the lowest excited triplet state. This triplet species reacts 

withh hydrogen atom donors such as alcohols and ethers via direct hydrogen atom 

abstraction,, or with amines and vinyl ethers via an electron-transfer/proton-transfer 

reactionn sequence initiating the free radical polymerisation reaction [13,14]. 

CH3 3 

I I 

\\ I \ _/ 
C44 C3 C4 c 3 

// \ / \ 
H-i oo H 9 H-io Hg 

(a)) ( b ) 

FigureFigure 5.1: Molecular structure of (a) maleimide and (b) N-methyl maleimide. as well as employed labelling 
ofof atoms. 
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Maleimidee has also been employed in a variety of photochemical applications. 

Onee such an application is based on the electron accepting properties of maleimide. It 

hass been shown that these properties can form the basis for modulating the 

fluorescencee of compounds in which maleimide is incorporated. This modulation, in 

turn,, can be used to probe polymerisation dynamics [maleimido-fluoroprobe] or as a 

molecularr sensor [15,16]. 

Applicationss such as the ones mentioned above revolve around the interaction 

off the molecule with light and involve electronically excited states, and one might 

thereforee assume that the electronic spectroscopy and dynamic properties of the 

excitedd states of the molecule and its derivatives would have been studied extensively. 

Thee opposite is true. One of the first studies specifically dedicated to the electronic 

propertiess of the molecule was done by Matsuo [17], who claimed that in n-hexane 

thee absorption band of lowest energy was located at about 270 nm, and should be 

assignedd to a nn* transition. These results were later revised in a series of studies by 

Seliskarr and McGlynn [18-20], who found four electronic valence transitions below 

6.55 eV. The lowest absorption band of maleimide in apolar solvents was found at 372 

nmm (~ 26880 cm"1) and assigned as the transition to an nn* state. At higher excitation 

energies,, two more bands were found around 280 nm and 200 nm that were assigned 

ass nn* transitions. Finally, a weak emission starting at 443 nm was found that was 

attributedd to the T| <- So transition. From its lifetime, it was concluded that this Ti 

statee is an nn* state. The N-methyl substituted compound has also been investigated 

inn these studies. For this molecule two 'JTTI* transitions were reported, the lower-

energyy one exhibiting a marked red shift (-3800 cm'1) with respect to its parent 

compounds,, the second one being less sensitive to methyl substitution (-500 cm" ). 

Thee present study has a twofold aim. On the one hand, we wish to elucidate the 

spectroscopicc properties of the strongest one-photon absorbing state located around 

2000 nm in maleimide and N-methyl maleimide. To this purpose, we have employed 

(11 + 1) Resonance Enhanced MultiPhoton Ionisation (REMPI) spectroscopy. We have 

shownn in the recent past that the subsequent application of excited-state photoelectron 
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spectroscopyy is a powerful means to obtain a detailed characterisation of the state that 

iss excited [21,22]. Basically, what one does is to project the electronic and vibrational 

wavefunctionn of the excited state onto the rovibronic manifold of the radical cation. 

Mostt often this is done employing the ground state D0 of the radical cation to provide 

thee basisfunctions for the projection, but in the present study we will show - as others 

havee done [23-25] and references therein - that also other radical cationic states can be 

usedd to one's advantage. An additional benefit of this approach is that we obtain 

valuablee information on the radical cation. For maleimide and its derivatives such 

informationn is scarce: there is only one, unpublished, report of a vertical ionisation 

energyy in N-methyl maleimide. 

Absorptionn in the 200 nm band of maleimide and N-methyl maleimide 

populatess an higher excited state that is subject to internal conversion processes. The 

secondd aim of our studies is to study the underlying vibro-electronic couplings 

betweenn the various states. That the maleimide system is particularly adapted for such 

studies,, can be anticipated from the results of the semi-empirical study of Seliskar and 

McGlynnn [20]. Here it was seen that a limited number of molecular orbitals are 

importantt for the description of the lower excited states of the neutral molecule and 

forr the ground and lower excited states of the radical cation. Preliminary calculations 

performedd by ourselves confirmed this picture: for maleimide of C2v symmetry it was 

foundd that the relevant orbitals are the symmetric n{",(ai) and antisymmetric nQ(b2) 

combinationss of the lone pair orbitals on the oxygen atoms, a C=C bonding n orbital 

(bi)) that we will label as Ttoc, a n orbital (bi) that has a dominant contribution from 

thee nitrogen atom and is labelled as 7iN, and an antibonding n* orbital (a2). The lower 

excitedd singlet states are then in first approximation described by the (n* <- nG) 

excitationn (S,), the (TC* <- n*) excitation (S2), while the mi* states S3 and S4 are 

describedd by combinations of the (K* <- 7ic=c) and (re* ^- TIN) excitations [20]. 

Althoughh we do not know anything yet on the ordering and composition of the 

electronicc states of the radical cation, it is reasonable to expect that when these 
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configurationss are ionised, each of them will be associated with a unique ionic state: 

Sii correlates with the (n0)~' state, S2 with the (n^,)"1 state, while S3 and S4 correlate 

withh states based upon the (KN)"1 and (KC=C)~{ configurations. 

Thee state associated with the strong 200 nm absorption is the S^TT*) state. The 

abovee considerations lead to the conclusion that, if this state is coupled to any of the 

lower-lyingg states, one might distinguish the contributions to the (coupled) 

wavefunctionn by selection of the appropriate ionisation channel. Coupling to S| - or in 

thee time domain, internal conversion to this state -, for example, should become 

visiblee by population of the (no)"1 state, which is not accessible from S4. In the time 

domain,, these concepts have been used in the recent past to unravel electronic 

relaxationn dynamics in isolated molecules by means of time-resolved photoelectron 

spectroscopy.. The most recent study of Stolow et al. gives in this respect a good 

overvieww of what has been done up till now [25]. One of the useful concepts that was 

introducedd in the studies of Stolow et al. was that of corresponding [24] and 

complementaryy [23] ionisation correlations, i.e., the ionisation behaviour of coupled 

statess that correlate with the same and with different ionic states, respectively. 

Inn most of the time-resolved studies, the vibrational resolution in the 

photoelectronn spectrum was of secondary importance; what counted primarily was 

thatt one was able to make a distinction between either different ionic states that were 

accessedd in the case of complementary ionisation, or differences in the total ionic 

vibrationall content in the case of corresponding ionisation. We have demonstrated 

thatt the complementary approach of concentrating on the energy resolution in the 

frequencyy domain - as opposed to time resolution in the time domain - enables one to 

disentanglee vibronically coupled states as well [21,22,26]. As might be expected, 

thesee studies show that this frequency domain approach has its own distinct 

advantages,, in particular for close-lying states that ionise to the same electronic ionic 

state.. Application to complementary ionisation channels has, however, not been done 

soo far. The maleimide system offers a priori  a good opportunity to extend the 

frequencyy domain approach to this area. 
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Inn the present paper this experimental approach will be combined with extensive 

abab initio calculations. It will be shown that we can characterise in this way in quite 

somee detail the spectroscopic and dynamic properties of the strongly absorbing TIK* 

statee of maleimide and N-methyl maleimide. It will turn out that understanding the 

photoionisationn dynamics of this state requires careful consideration of possible 

couplingss with lower-lying excited states. Apart from elucidating the electronic 

structuree of the neutral molecules, the present study provides us with an 

comprehensivee view on the electronic structure of the radical cation. 

5.22 EXPERIMENTAL AND THEORETICAL DETAILS. 

Thee experiments reported in this study have been performed using a setup that 

hass been described in detail before [27,28]. Here, we will therefore only summarize 

somee of the aspects that are relevant for the present experiments. The laser setup 

consistss of a pulsed dye laser (Lumonics Hyperdye-300) running on Coumarine 440, 

whichh is pumped by a XeCl excimer laser (Lambda Physik EMG103-MSC). The 

excimerr laser gives 10 ns pulses with a maximum pulse energy of 200 mj and is 

predominantlyy used at a repetition rate of 30 Hz. The dye laser output with a spectral 

bandwidthh of about 0.07 cm"1 was frequency doubled using an angle-tuned BBO 

crystall in an INRAD Autotracker II unit, and focused into the ionisation region of the 

magneticc bottle spectrometer [29] that is interfaced with a molecular beam expansion 

[27].. So far, we have employed this spectrometer in experiments in which an excited 

statee is predominantly populated by absorption of more than one photon, and therefore 

usedd a lens with a focal length of 25 mm. In the present experiments one-photon 

excitationn is used, for which a 25 mm lens gave rise too easily to saturation effects. 

Thee 25 mm lens was therefore replaced by a 225 mm lens. Theoretically, this might 

givee rise to a worse resolution in the photoelectron spectra (vide infra) [29] because of 
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thee large focal volume, but in practice we could still obtain the same - or slightly 

worsee - resolution as became clear from calibration experiments on xenon. 

Inn order to have enough vapour pressure of the compound under investigation, 

thee sample is put into a sample container that can be heated. When the sample needs 

too heated, the temperature of the 0.5 mm nozzle (General Valve Iota One System) is 

normallyy kept 10 °C higher then the sample container in order to avoid condensation 

inn the injector. N-methyl maleimide has a vapour pressure at room temperature of 

>2000 mTorr, and, when heated up to 90 °C, was not difficult to study under 

supersonicc beam conditions. Maleimide, on the other hand, has a negligible vapour 

pressuree at room temperature. Upon heating we could observe some signal under 

supersonicc beam conditions, but not enough to record excited-state photoelectron 

spectraa of good enough quality. We have therefore performed also experiments on 

effusivelyy introduced samples. In those experiments the sample did not need to be 

heated,, because enough vapour pressure was generated by simply pumping on the 

sample.. Maleimide and N-methyl maleimide were obtained from Aldrich and 

employedd as supplied. 

Excitationn spectra have been constructed by integration of (part of) the 

photoelectronss over the scanned wavelength region. Photoelectron spectra have been 

recordedd by increasing in steps the retarding voltage on a grid surrounding the flight 

tube,, and transforming each time only the high-resolution part of the time-of-flight 

spectrum.. For wavelengths above -240 nm the photoelectron peaks have widths of 

aboutt 10 meV at all kinetic energies. For shorter wavelengths, the resolution becomes 

progressivelyy worse to such an extent that near 225 nm - the wavelength region 

employedd in the present experiments - the width of the photoelectron peaks increases 

too about 25 meV. The energy scale of the photoelectrons as well as the laser 

wavelengthss were calibrated using multiphoton resonances of krypton or xenon [30]. 

Densityy Functional Theory (DFT) and Time Dependent DFT (TD-DFT) 

calculationss on the ground and excited states of maleimide and N-methyl maleimide 

inn its neutral and radical cationic form have been performed employing the 

GAUSSIANN 98 suite of programs [31]. For the Complete Active Space Self 
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Consistentt Field (CASSCF) calculations on the excited states of maleimide the 

GAMESS-DAKOTAA package has been used [32], Franck-Condon factors have been 

evaluatedd with an in-house written programme [33] that is based upon the methods 

developedd by Doktorov et al. [34]. 

5.33 RESULTS AND DISCUSSION 

Inn the following we will present and discuss the excitation and photoelectron 

spectraa that have been obtained for maleimide and N-methyl maleimide in the energy 

regionn where the strong aborption to the 2*B| (TITT*) state is located. As we have 

demonstratedd amply before [21,22,26,35], an optimal analysis of photoelectron 

spectraa requires knowledge of the vibrational frequencies in the ionic state to which 

ionizationn occurs. As yet, however, virtually nothing is known about these 

frequencies,, but our experience is that - at least for the ground state of the radical 

cationn - an accurate enough prediction can be obtained from Density Fuctional 

Theoryy (DFT) calculations. During the analysis of our results, it also became clear 

thatt not only an accurate description of the ground electronic state of the radical 

cationn was needed, but of the excited states of the neutral molecule and of the radical 

cationn as well. Prior to discussing the experimental results, we will therefore in the 

nextt sections present the results of our ab initio calculations, and subsequently use 

themm to guide the interpretation of our experimental results. 

5.3.5.3. J Maleimide. 

5.3.1.15.3.1.1 Ab initio calculations. 

Optimisationn of the molecular geometry of maleimide in its electronic ground 

statee So at the B3LYP/6-311+G* [36-38] level leads to a C2v structure with structural 
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parameterss reported in Table 5.1. Good agreement is observed with parameters as 

determinedd in an electron diffraction study of maleimide in the gas phase [39]. The 

electronicc configuration at this geometry is given by ...(2bi)2 (12aj)2(3bi)2 (9b2)
2. 

Fromm the orbital contour plots shown in Figure 5.2, it is seen that the relevant n 

orbitalss of bi symmetry can roughly be characterized as being localized on the 

nitrogenn atom (2bi=7ic=c) and the C=C bond (3b|=7rN). The in-plane 12ai and 9bi 

orbitalss consist of the symmetric and antisymmetric combination of the oxygen lone 

pairr orbitals, respectively, and will be designated as n„ and n 0 . In the following we 

willl see that the lower-lying excited states of interest in the present studies are in first 

approximationn described as excitations of electrons from these K and n orbitals to the 

2a2(7i*)) orbital. The contours of this virtual orbital, which will be designated as 7i*c-c, 

aree depicted in Figure 5.2, and show that it is characterised by bonding C-C and 

antibondingg C=C character. 

TableTable 5.1: Geometrical parameiers (A and degrees) of maleimide in its neutral and ionic ground state. 

H-C C 

H-N N 

C=C C 

C-C C 

C-N N 

C=0 0 

C-N-C C 

N-C-C C 

N-C=0 0 

C5-C4-H10 0 

So o 

Experimentala a 

1.096b b 

1.0255 b 

1.344 4 

1.508 8 

1.409 9 

1.206 6 

112.0 0 

106.8 8 

123.9 9 

So o 

B3LYP/6-311+G* * 

1.081 1 

1.009 9 

1.334 4 

1.503 3 

1.396 6 

1.206 6 

111.8 8 

105.1 1 

126.4 4 

121.7 7 

Do o 

UB3LYP/6-311+G* * 

1.082 2 

1.017 7 

1.323 3 

1.517 7 

1.394 4 

1.199 9 

109.4 4 

107.0 0 

123.1 1 

120.8 8 

Fromm ref. [39] 
'' Assumed parameters in ref. [39] 
Ref.. [39] reports a C-C-H angle of 114.7°, but it is not clear from the paper which angle is 
reported.. Ref. [48] reports an electron diffraction study in which an average value of 125.5° is 
obtainedd for the C9-C]o-HH angle, but in the crystal the geometry of the molecule is effected by 
intermolecularr hydrogen bonds and dimeric interactions. 
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Thee ground state Do of the radical cation derives in our calculations from the 

removall of an electron from the %2(nö) orbital, resulting in a state of 2B2 symmetry. 

Optimisationn of the geometry of the molecule in this state results in a structure with 

C2vv symmetry and structural parameters that are given in Table 5.1. In line with the 
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non-bondingg character of the n„ orbital, the geometry of the molecule is hardly 

effectedd by the removal of an electron from this orbital. 

TableTable 5.2: Experimental and ab initio vibrational frequencies (cm' ) of ground and ionic states of 
maleimide. maleimide. 

Mode e 

V] ] 

V : : 

v3 3 

v4 4 

v5 5 

v6 6 

Vy y 

V>s s 

V<j j 

V]0 0 

Vl l l 

V]2 2 

V]3 3 

V]4 4 

V]5 5 

Vl6 6 

V]7 7 

V18 8 

V]Q Q 

V20 0 

V 2 | | 

V22 2 

V23 3 

V24 4 

B3LYP P 

3536 6 

3145 5 

1793 3 

1592 2 

1295 5 

1045 5 

874 4 

621 1 

380 0 

940 0 

758 8 

287 7 

821 1 

616 6 

522 2 

135 5 

3124 4 

1758 8 

1318 8 

1277 7 

1092 2 

888 8 

651 1 

520 0 

SS h 
J O O 

Experiment t 

3482 2 

3090 0 

1775 5 

1580 0 

1335 5 

1067c c 

897 7 

637 7 

415c c 

972c c 

776c c 

301c c 

831 1 

721c c 

635c c 

175c c 

3108c c 

1756 6 

1322 2 

1285 5 

1130 0 

906 6 

668 8 

504 4 

D0
a a 

UB3LYP P 

3447 7 

3147 7 

1719 9 

1584 4 

1173 3 

1044 4 

822 2 

609 9 

360 0 

851 1 

581 1 

276 6 

792 2 

596 6 

517 7 

149 9 

3129 9 

1508 8 

1313 3 

1220 0 

907 7 

649 9 

611 1 

475 5 

Descriptionn d 

vN-H H 

vC-H H 

v O O O 

vC=C vC=C 

vC-N-C C 

6C-H H 

vC-C C 

Ringg deformation 

5C=0 0 

yC-H H 

Ringg deformation 

y O O O 

yC-H H 

yN-H H 

Ringg deformation 

y O O O 

vC-H H 

vC=0 0 

5N-H H 

5C-H H 

vC-N-C C 

Ringg deformation 

Ringg deformation 

8C=0 0 
aa After scaling with factor 0.9676 (Ref. 49) 
bb Vapour phase values taken from Ref. 40, except those labelled c 

cc Raman values taken from Ref. 40. 
dd Description appropriate for S0; v = stretch; 5 = in-plane bend; y = out-of-plane bend. 
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Thee vibrational frequencies obtained from the calculation of the harmonic force 

fieldd for both states are listed in Table 5.2. For the ground state of the neutral 

moleculee excellent agreement is found between (scaled) calculated values and 

experimentall frequencies determined by infrared and Raman spectroscopy [40-42]. 

Forr the ground state of the radical cation, vibrational frequencies have not been 

determinedd yet experimentally. 

TableTable 5.3: Description of the ground and lower-lying electronic excited states of neutral maleimide 
andand of the ground and first excited states of its radical cation. For the singlet states of the neutral 
molecule,molecule, vertical excitation energies and oscillator strengths have heen calculated by TD-DFT at the 
B3LYP/6-31B3LYP/6-31 I^G* optimised S„ (J A/) geometry; for the radical cation excitation energies have been 
calculatedcalculated by TD-DFT at the UB3LYP/6-311->-G* optimised geometry of the D„  (X2B:) state of the 
radicalradical cation. The adiahatic excitation energy of the Tt (I Bt) state was calculated at the UB3LYP/6-
311311 + G* level. 

Statee Description Energy Oscillator 
(eV)) strength 

<jicc cr ( n 0 r ( 7 T N r ( n 0 r 

(KC(KC c)2(K)2(*s)2(n0)
](iz*c,,)

] 

(n(ncc=vn=vn n;)Vr(n0)2{7t*c.<)' 

(Ttc.-^fnÓjWuörtTiVt)1 1 

(JC<>IV(( n* ):(7t02< n0)
:(TTV{)' 

(7VcKr(n0)
:(ïïN)2(n0)Vc-tV V 

0 0 

3.4 6 6 

4.2 3 3 

4.5 1 1 

5.7 7 7 

2.8 4 4 

0.000 0 0 

0.000 0 0 

0.004 6 6 

0.322 2 2 

(nc=c)"(n0)-(7iN)-(no)' ' 

-0.699 ( j iooVW-)^ n 0 )
:(7iN):( n 0 ) : 

+0.822 (nc=0)
2(*c<):( n 0 ) 2 (7rN ) ' (n 0 ) : 

D -- ( B 2 B , ) 0.85 (7ïc-«,)V<)Vn~) :<j[N) :(n~ )-

+0.62(nc=o)
:{Jtc=c):(nÓ):(ïtN),(nö)2 2 

0.63 3 

0.93 3 

Too investigate the excited-state manifold of the neutral and radical cation, we 

havee used Time Dependent Density Functional Theory (TD-DFT) calculations at their 
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(U)B3LYP/6-311+G** optimised geometries, once again with the B3LYP functional. 

Forr the four lower excited states of the neutral molecule electron configurations, 

excitationn energies and oscillator strengths are reported in Table 5.3. We find that the 

firstt excited singlet state (l'Bi) is an nrc* state obtained by excitation of an electron 

fromm the n0 to the Jt*c-c orbital. The essentially forbidden 1 ]Bi <— 1 *A[ transition has 

aa calculated transition energy of 3.46 eV (27900 cm"1), which agrees very well with 

thee study of Seliskar and McGlynn, in which a very weak nrc* transition at -360 nm 

(3.33 eV) was reported [18]. The second excited singlet state, 1'A2, is a one-photon 

symmetry-forbiddenn nil*  transition described by excitation of an electron from the n^ 

orbitall to the 7t*c-c orbital. The third and fourth excited singlet states are of nn* 

characterr with S3 (llB2) being dominated by the TTN —> rc*c-c configuration and S4 

(2'B2)) by the ;tc=c —>  rc*c-c configuration. Experimentally, two TCTT* transitions have 

beenn observed with vertical excitation energies of 4.4 and 5.9 eV, respectively. These 

excitationn energies compare well with the values of 4.51 and 5.77 eV obtained in our 

calculations.. For the S4 <— So transition, experimental and predicted values of the 

oscillatorr strength are in excellent agreement (0.31 vs. 0.32). The calculations predict 

aa small oscillator strength for the transition to S3, while experimentally a value of 0.24 

wass reported. This latter value seems rather high considering that molar extinction 

coefficientss of 750 and 10,000 M'1 cm"1 were found for the S3 and S4 transitions, 

respectively.. The reason for the discrepancy between the experimental and calculated 

valuess of the oscillator strength of the transition to S3 is not clear, but for the present 

discussionn not directly important. One other state of interest to the present study that 

hass been investigated in the past is the lowest excited triplet state Ti. TD-DFT as well 

ass UB3LYP calculations find this state to be the 13B[ (no7t*c-c ) state with an 

adiabaticc excitation energy of 2.84 eV (-23000 cm"1), which is in excellent agreement 

withh the experimentally observed value. 

Forr the radical cation we are in the present study mainly interested in the ground 

andd first excited state. The ground state Do (X2B2) is described by removal of an 
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electronn from the nö orbital. Our calculations predict for the vertical and adiabatic 

ionisationn energies to Do values of 10.286 and 10.219 eV, respectively. The relatively 

smalll difference of 67 meV is in agreement with our conclusion above on the (non-

bonding)) character of the nQ orbital. Experimental values for the ionisation energy of 

maleimidee have thus far not been reported, but the calculated value is not in 

disagreementt with the value of 9.991 eV that has been reported for the vertical 

ionisationn energy of N-methylmaleimide [43] (see also below, however). The first 

excitedd state in the ionic manifold is the A~B| state, predicted to lie 0.63 eV above the 

X~Bii state. This state is largely an about 1:1 mixture of configurations with a hole in 

thee 7toc or in the 7TN orbital. Its counterpart is the second excited B2Bt state, which is 

locatedd 0.93 eV above the ionic ground state. 

5.3.1.25.3.1.2 Multiphoton ionisation and excited-state photoelectron spectroscopy. 

AA (1 + 1) REMPI excitation spectrum of maleimide, introduced effusively in the 

spectrometer,, was recorded in the 44000^5500 cm"1 spectral region, and is shown in 

Figuree 5.3. On the basis of previous absorption measurements and our ah initio 

calculations,, we expect to see here the transition to the 2'B2(7i7r*) state, and 

consequentlyy assign the resonance at 45070 cm"' as the vibrationless transition to this 

state.. Compared with the same transition in N-methyl maleimide [43] (see also B.2), 

thiss implies a blue shift of 480 cm"1, which is what may be expected for the effect of 

methylation.. Apart from the origin transition, four more transitions are observed. The 

bandss observed at 635 cm"1 and 395 cm"1 to the red of the 0° transition are readily 

assignedd to the 8" and 9° hot band transitions on the basis of the frequencies reported 

inn Table 5.1. The same table shows that the band shifted by 280 cm"1 to the red cannot 

bee assigned to an ai vibration. Although this frequency is similar to that of v!2 in the 

groundd state, it is hard to imagine that it would be the 12° hot band, because that 

wouldd imply loss of symmetry in the excited state, and make us expect that also the 
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12J,, transition would be observable. It is more probable that this band is associated 

withh a (vs)J transition, implying that one of the modes undergoes a rather dramatic 

frequencyy decrease upon excitation, but which mode cannot be determined. The 

resonancee at 45435 cm"' is assigned as the 9J, transition. The observed frequency 

decreasee in the excited state is in line with an increased antibonding character of the 

C=00 bond upon excitation (see Figure 5.2). 

ii  ' 1 ' 1 1 1 ' 1 ' 1 ' 1 ' 1  1 

440000 44200 44400 44600 44800 45000 45200 45400 45600 

singlee photon energy (cm-1) 

FigureFigure 5.3: (1+1) REMPI excitation spectrum of effusively introduced maleimide. The spectrum 

consistsconsists of two scans that have been displayed vertically for reasons of clarity. 

Thee photoelectron spectrum recorded at the 0-0 transition to the S4 state is 

depictedd in Figure 5.4. Before assigning the various peaks in this spectrum, it is 

instructivee to think of what we may expect to see on the basis of the electronic 

compositionn of the excited state. Our ab initio calculations have shown that the 

dominantt configuration in the wavefunction of S4 is the 7tc-c —> Jt*c-c configuration. 

Fromm these calculations we have also seen that Do is described as the (n0)~ state. 

Withinn this simple one-configuration picture, ionisation of S4 to D0 is thus in first 
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approximationn forbidden. Ionisation to the D, and D2, states, which in the same 

picturee are described by a combination of the (TCN)"' and (TTC-C)"1 configurations, is on 

thee other hand fully allowed. The ab initio calculations therefore predict that the 

dominantt ionisation pathways of S4 are to Di and D2, and not to D0. 

11  1 ' 1  1  1 1 1 • 1  r —
0.00 0.2 0.4 0.6 0.8 1,0 1,2 1,4 

Kineticc energy (eV) 
FigureFigure 5.4: Excited-state photoelectron spectrum of the vibrationless S4 excited state of maleimide excited at 

4507045070 cm'. 

Thee peak with the highest photoelectron energy in Figure 5.4 is found at 0.846 

eV.. Normally, one would assume that this peak is the 0"-0^ peak, i.e., that it derives 

fromm an ionisation process that starts in the vibrationless ground state and ends up in 

thee vibrationless D0 ionic state, but the discussion above indicates that in the present 

casee such an assignment is not that straightforward. Nevertheless, the value of 0.846 

eVV leads to an ionisation energy of 10.330 eV, which agrees very well with the ab 

initioinitio  predicted adiabatic value for D0 (10.22 eV), and we therefore assign this peak 

ass the 0"-0„ band. The strongest peak in the spectrum occurs at a photoelectron 

energyy of 0.273 eV. Its width, which is significantly larger than the experimental 

resolution,, indicates that it consists of various unresolved transitions. If this peak were 
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too be associated with ionisation to Do, it would mean that ions are formed with an 

internall energy of 0.573 eV, and, considering its intensity relative to the 0"-0Q band, 

onee would have to conclude that the molecule is subject to very large geometry 

changess upon ionisation. An alternative explanation is suggested by the previous 

discussionn on the ionisation pathways of S4, namely, that this peak derives from 

ionisationn to D|. Our calculations predict the (F'-O^ peak to appear with 0.63 eV less 

energyy than the 0"-0,J peak. The position and intensity of the 0.573 eV peak are 

thereforee in good agreement with its assignment as the 0"-0|" transition, and allow us 

too conclude that the adiabatic ionisation energy to Di is 10.903 eV. From a 

configurationall point of view, ionisation to D2 is also allowed. This pathway is not 

observedd in the photoelectron spectrum, which is in line with the calculations that 

predictt this state to be 0.3 eV higher in energy than Dt, and thus energetically not 

accessiblee in the present one-colour experiments. 

Thee spectrum displays a significant amount of other activity. Assuming that the 

moleculee retains C2V symmetry upon excitation and that the ionisation step can be 

describedd within the Born-Oppenheimer approximation, these bands should be 

associatedd with ionisation to totally-symmetric vibrational levels in the ion. As Table 

5.44 shows, we find indeed that it is not difficult to assign the spectrum in terms of 

ionisationn to vibrational levels of D0 that involve predominantly the ring deformation 

modee Vg and the C=C stretching vibration v j . At the same time, it should be 

remarkedd that the resolution in the spectrum does not rule out other assignments as 

indicatedd as well for some of the entries in the same table. A possible explanation for 

thee Do activity is direct two-photon ionisation of the ground state. This can be 

excludedd experimentally by observing that the D0 ionisation pathway is only present 

whenn resonance occurs with S4. Theoretically, it is seen that the calculated Franck-

Condonn factors (vide infra) for the Do + e" <- So transition, which are given in Table 

5.5,, are at odds with the observed intensity distribution in the photoelectron spectrum. 
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Inn the simple model discussed above, ionisation of S4 to Do is forbidden. 

Nevertheless,, we have now concluded that the photoelectron spectrum gives evidence 

forr a non-negligible role of ionisation to Do- A number of explanations come to mind. 

Thee first is that the model is too simple and that D0 <— S4 ionisation is allowed in 

higherr order. In that case, the vibrational intensity distribution in the photoelectron 

spectrumm should be proportional to the Franck-Condon factors between the 

vibrationlesss level of S4 and ionic vibrational levels, assuming of course that the Do + 

e"" <— S4 electronic transition moment is more or less independent of the vibrational 

coordinates.. To investigate this hypothesis, we have determined the C:v equilibrium 

geometryy of the molecule in S4 at the CASSCF/6-311G* level. The active space in 

thesee calculations consisted of the already mentioned n(~,, n 0 , TIN. TIC=C, and TT*C-C 

orbitals,, augmented with the lbi and las n-, and the 4b 1 and 3a2 Tt*-orbitals. Franck-

Condonn factors were then calculated from the displacement parameters with respect to 

thee UB3LYP/6-311+G* equilibrium geometry of the D0 state. We notice that in this 

approximationn of the Franck-Condon factors, normal-mode rotations upon ionisation 

aree not taken into account. However, our goal at this point is to obtain qualitative 

agreementt between experiment and theory, and because Franck-Condon factors are 

primarilyy determined by geometry changes, inclusion of normal-mode rotations is not 

expectedd to lead to major changes in the results. 

Thee results of these calculations are shown in Table 5.5, where the intensities 

forr transitions from the 0° level in S4 to fundamental vibrational levels of ai modes in 

Doo are given. They show that for ionisation of S4 to D0 dominant activity is expected 

inn the v^ (ring deformation), v* (C-C stretch) and v^ (C=C stretch) modes. This 

agreess with the experiment insofar as v^ and v~ are concerned, but the large 

differencee between predicted and experimental activity of v) is distressing. 

Moreover,, we notice that the intensity distribution in the photoelectron spectrum in 

Figuree 5.4 - if attributed to ionisation of a single vibrationless excited state level - can 
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onlyy be understood if the excited and ionic state have very different equilibrium 

geometries.. This is not supported by the calculated Franck-Condon factors. 

TableTable 5.4: Assignments of peaks observed in excited-state photoelectron spectrum displayed in Figure 
5.45.4 that was obtained at the 0-0 transition to S4 (45075 cm'1). 

Electronn kinetic energy (eV) Ion interaal energy (cm" ) Assignment 

0.84 6 6 

0.77 2 2 

0.73 9 9 

0.68 8 8 

0.65 6 6 

0.61 8 8 

0.57 5 5 

0.49 3 3 

0.45 8 8 

0.38 2 2 

0.27 3 3 

0 0 

597 7 

863 3 

1274 4 

1532 2 

1839 9 

2186 6 

2847 7 

3129 9 

3742 2 

0 0 

0"-0 ++ (D 0) 

8' ' 

7' ' 

822 (or 5') 

4''  (or 8'7') 

8-8- (or 3' or 5'8') 

4'S 1 1 

4'8 2 2 

42 2 

4: 8' ' 

(T- 00 (D, ) 

Thee conclusion that the observed D0 activity cannot be reconciled with a mere 

ionisationn of the vibrationless level of S4 means that the D0 activity must at least in 

partt also be associated with the ionisation of another state. This implies that the 

"bright"" S4 state, responsible for the intensity in the absorption step, is coupled to 

"dark"" levels of another state, which give rise to Do activity upon ionisation. At this 

pointt it is not clear to which lower-lying electronic state(s) coupling occurs, but what 

iss interesting is that vibrational resolution is still maintained in the ionisation step to 

Doo despite the large energy gaps with the other states (see Table 5.3). Because of these 

largee energy gaps, one expects to deal with nonradiative processes in the statistical 

limitt which populate many vibrational levels, and in general lead to broad and 
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unresolvedd peaks (see for example Ref 44 and 45). Here we see, however, 

photoelectronn peaks with instrument-limited widths. 

TableTable 5.5:. Franck-Condon factors between the vibrationless level of various electronic states of 
maleimidemaleimide and fundamental levels of totally-symmetric vibrations in the ground ionic state D„.  The 
equilibriumequilibrium geometry and harmonic force field of Si, and Dt, have been obtained at the (U)B3LYP/6-
3J/+G*3J/+G* level, while for Sj, S:, St, Sj, Tt and T4 the CAS calculations described in the text have been 
employed. employed. 

modee Frequency D()^S0
b D0^S|h D„^S :

b D0^S?
b D0^S4

h D„«-T|b D(,^T4
h 

(cmm V 

WW 360 40.0 6.1 7.1 2.0 0.5 4.7 13.5 

vv**  609 35.3 29.6 55.0 359.4 71.0 26.9 51.0 

WW 822 8.6 146.1 153.3 143.7 129.6 138.4 144.3 

vvuu 1044 1.5 4.4 10.8 23.6 19.5 3.3 9.3 

l'ss 1173 2.7 25.4 19.8 317.9 8.4 21.3 14.6 

vvll  1584 2.8 117.0 192.4 22.6 154.5 95.2 167.5 

l/33 1719 0.0 75.3 148.2 39.7 32.5 62.8 130.6 

vvll  3147 0.0 2.5 2.6 3.8 3.3 2.3 2.4 

vv\\ 3447 0.2 2.6 2.8 1.4 2.0 2.6 2.8 

aa After scaling with factor 0.9676 (Ref. 49). 
bb Intensity of transition from 0° level in excited state to v,' (a,) =1 level in ionic state. Intensity is given 

withh respect to intensity of 0°' <— 00, transition, which has been taken as 100.0. 

Thee first excited singlet state Si is a possible candidate for the state that is 

coupledd to S4. This state is attractive for two reasons. Firstly, Si is in first 

approximationn described by the 7i*c-c <~ n
0 excitation and consequently has Do 

((n0)"')) as its associated ionising state. Secondly, the Si state has more than 2.5 eV of 
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vibrationall energy at the 0-0 transition energy to S4, and the state density - and thus 

possibilitiess to couple the two states - is huge. One problem in checking this 

hypothesiss is that we do not know which vibrational levels of Si are coupled to the 0 

levell of S4. Even so, it is reasonable to expect that the active vibrations in the 

photoelectronn spectra of these levels are those that are associated with the differences 

inn the equilibrium geometries of the Si and D0 states. A measure for their activities is 

givenn by the l[(v" )|,]/l[0°] ratios, which have been calculated in the same way and at 

thee same level as described above for S4. The results given in Table 5.5 show that for 

Sii an ionisation behaviour is expected that is qualitatively similar to that of S4. A 

meree ionisation of high-lying vibronically coupled levels of Si is thus also concluded 

too be an unlikely explanation for the observed Do ionisation pathway. 

Althoughh the first-order description of both states seems to exclude direct 

ionisationn to D0, we have also considered the scenario that vibronic coupling occurs 

withh high-lying vibrational levels of S2 or S3. Optimisation of the C2v geometry of the 

moleculee in these two states and the subsequent Franck-Condon calculation leads to 

I[(v^)J,]/l[0y]] intensities that are given in Table 5.5. Apart from an enhanced Vj 

activity,, the ionisation of S2 gives rise to qualitatively the same Franck-Condon 

distributionn - and thus objections - that was found for S4 and Si, i.e., strong activity 

off vj and v^, and a smaller activity of vs\ Importantly, Table 5.5 reveals that 

ionisationn of S3 is associated with a fundamentally different Franck-Condon 

behaviour.. Here, a large activity of v^ and a smaller activity of v^ is predicted, but 

noww the activity of v^ has disappeared and has been replaced by an activity of Vj 

thatt is as large as that of v*. 

Forr maleimide it has been shown that the triplet quantum yield is close to unity 

[12].. Intersystem crossing might thus populate highly-excited levels of a lower-lying 

triplett state, which are subsequently ionised into the D0 ionisation continua. For 

experimentss on a nanosecond timescale such behaviour has, for example, been 

observedd after excitation of the lowest excited singlet state of pyrazine [46]. The state 
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thatt is excited in the present experiments is a nn* state for which spin-orbit coupling 

withh the lower-lying Ti(l3Bi) and T4(1
3A2) nrc* states is dominant. A priori  one does, 

however,, not expect that the ionisation of these two states leads to Franck-Condon 

patternss that are much different from the ionisation of their singlet counterparts, an 

expectationn that is confirmed by and large by the calculated Franck-Condon factors in 

Tablee 5.5. Also ionisation of triplet states is therefore not able to account for the 

observedd intensity distribution in the photoelectron spectrum. 

Wee thus have to conclude that the D0 activity can only be interpreted 

consistentlyy if ionisation occurs from more than one electronically excited state, or, in 

otherr words, from a mixed state that contains the character of various excited states. 

Wee do not claim that our calculations and experiments enable us to make a clear 

distinctionn between the contributions of the Si, S2, S4, T|, and T4 states; they give all 

risee to a dominant activity of v; and v~ with relatively slight variations in intensities. 

Thee latter activity is confirmed by the experiment and leads us to conclude that one or 

moree of these states is involved in the ionisation pathway to D0. However, at the same 

timee our experiments show unambiguously a major activity of v* and a minor 

activityy of v~, a pattern that can only be explained if ionisation of S3 levels is taken 

intoo account. This conclusion implies (i) that more than one state is ionised, and (ii) 

thatt ionisation of S3 should be considered beyond a simple one-configuration picture, 

aa conclusion that also needs to be drawn in order to account for the ionisation of 

contributingg levels of S4, S2, and T4. 

5.3.25.3.2 ~N-methyl maleimide. 

5.3.2.15.3.2.1 Ab initio calculations. 

Calculationss on N-methyl maleimide have been performed under the restriction 

off Cs symmetry with the mirror plane perpendicular to the ring. Optimisation of the 

molecularr geometry in Cs symmetry at the B3LYP/6-311+G* level leads to a ground 
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statee structure of the neutral molecule with structural parameters reported in Table 

5.6,, while the vibrational frequencies obtained from the harmonic force field at this 

geometryy are given in Table 5.7. This table shows that the restriction of Cs symmetry 

leadss to one imaginary frequency. Since it is associated with the rotation of the methyl 

group,, it is not of direct importance for our discussion on the electronic properties of 

excitedd and ionic states, and we will therefore just accept it as it is. 

TableTable 5.6:, Geometrical parameters (A and degrees) of N-methyl maleimide in its neutral and ionic 
groundground state. 

H-C C 

N-CH3 3 

C=C C 

C-C C-C 

C-N N 

oo o 

C-N-CH, , 

C-N-C C 

N-C-C C 

N-C=0 0 

C5-C4-H10 0 

B3LYP/6-311+G* * 

1.081 1 

1.453 3 

1.333 3 

1.503 3 

1.397 7 

1.208 8 

124.7 7 

110.5 5 

106.0 0 

125.9 9 

121.8 8 

UB3LYP/6-311+G* * 

1.083 3 

1.417 7 

1.349 9 

1.479 9 

1.481 1 

1.187 7 

125.4 4 

109.2 2 

104.3 3 

122.3 3 

121.4 4 

aa Same angle as employed in maleimide. 

Inspectionn of the contour plots of the relevant orbitals (not shown) reveals that 

thee methyl substitution on the nitrogen atom hardly influences the electron 

distributionn in the 7tc=c, n(~,, nQ, and TT*C-C orbitals. The TIN orbital, on the other hand, 

obtainss a significant (antibonding) density in the n orbital of the carbon atom of the 

methyll group. Concurrently, the calculations predict that the ground state of the 
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radicall cation is no longer associated with the (n0)"' configuration, but becomes the 

X~A'' state, described in first approximation by the removal of an electron from the TIN 

TableTable 5.7: Experimental and ah initio (B3LYP/6~31G*for Sn and UB3LYP/6-3/G* for D„)  vibrational 
frequenciesfrequencies (cm J of ground and ionic states ofS-methvlmaleimide. 

mode e 

V | | 

V'; ; 

\'x \'x 

V'4 4 

V'5 5 

vf, , 

V --

Vx x 

Vg g 

V| | ) ) 

Vl l l 

V i ; ; 

V l l l 

V | 4 4 

Vl> > 

V|f, , 

V p p 

V]« « 

s„ „ 
calc. ' ' ' 

3144 4 

3022 2 

2954 4 

1771 1 

!592 2 

1458 8 

1422 2 

1369 9 

1121 1 

1103 3 

1018 8 

XII I 

710 0 

608 8 

589 9 

367 7 

163 3 

138 8 

exp. b b 

a" " 

3103 3 

2930 0 

2903 3 

1751 1 

1586 6 

1456 6 

1440 0 

1388 8 

11501-" " 

1135 5 

1052 2 

832 2 

736 6 

633 3 

613 3 

389 9 

218C C 

168d d 

Do o 

calc. a a 

3140 0 

2967 7 

2795 5 

1817 7 

1534 4 

1400 0 

1315 5 

1169 9 

1116 6 

1007 7 

975 5 

836 6 

657 7 

601 1 

523 3 

339 9 

211 1 

96 6 

Descriptionn l" 

\-C-H H 

iC-H, , 

iC -H , , 

vC=0 0 

i ' O C C 

SC-H; ; 

8C-H, , 

vC-N-C C 

rC-H, , 

>€-CC + vN-CH? 

ÖC-H H 

yC-H H 

vC-CC + vN-CHj 

Ringg deformation 

Ringg deformation 

Ringg deformation 

5 C = 0 0 

yN-CH, , 

y O O O 

ÖN-CH, , 

T N - C H , , 

mode e 

v,„ „ 

V:,, , 

v : i i 

VV222 2 

V ; j j 

V ; s s 

V ; , , 

V;<, , 

v : 7 7 

V : K K 

V2y y 

Vi( | | 

V.M M 

V ? 2 2 

V.1.1 1 

Su u 

calc." " 

3123 3 

3056 6 

1714 4 

1478 8 

1238 8 

1071 1 

1286 6 

937 7 

924 4 

752 2 

684 4 

553 3 

288 8 

259 9 

71/' ' 

exp . b b 

a" " 

3080 0 

2963 3 

1701 1 

1475 5 

1254 4 

1108 8 

1336 6 

958 8 

940 0 

770 0 

696 6 

574 4 

299c c 

288 lc 

152d d 

D„ „ 

calc.'1 1 

3127 7 

3045 5 

1782 2 

1374 4 

1129 9 

1038 8 

1307 7 

944 4 

782 2 

618 8 

578 8 

551 1 

244 4 

239 9 

69 9 

''dd After scaling with factor 0.9676 (Ref. 49). 
hh IR frequencies reported by Parker et al. [50] except those labelled c and d, which have been obtained 
inn the same study from Raman spectroscopy and inelastic neutron scattering, respectively. 
L'' Description appropriate for S0; v = stretch; 5 = in-plane bend; y = out-of-plane bend; \ = torsion. 
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orbital.. The UB3LYP/6-311+G* optimised geometry of the molecule in this X"A' 

statee is reported in Table 5.6, the vibrational frequencies deriving from the harmonic 

forcee field calculation in Table 5.7. Since ionisation to Do now occurs from an orbital 

thatt has distinct bonding and antibonding characteristics - as opposed to maleimide 

wheree an essentially nonbonding electron was removed - it is seen from Table 5.6 that 

thee geometry changes considerably upon ionisation. In agreement with the 

antibondingg density between the nitrogen atom and the methyl group in the ground 

state,, this bond becomes shorter upon ionisation. What is also important to notice, is 

thee large change in the C-N bond length, which can be interpreted as giving evidence 

forr a large contribution of the Zwitter-ionic resonance structure in the ground state of 

thee neutral molecule. 

Thee results of TD-DFT calculations on the ground and excited states of the 

neutrall molecule are reported in Table 5.8. In agreement with our qualitative 

conclusionn that it was only the TTN orbital that was dominantly affected by the N-

methyll substitution, we observe that the ordering and character of most of the lower 

lyingg excited states remains the same, and that only minor changes on the order of 0.1 

eVV occur in the vertical excitation energy. This is not true for the (TTN -> rc*c-c) state, 

whichh is red-shifted by more than 0.5 eV with respect to maleimide and now becomes 

STT instead of S3. The calculated excitation energies and oscillator strengths are in good 

agreementt with what has been observed previously in absorption spectroscopy on N-

methyll maleimide in the gas phase [18]. That study reported two absorption bands, the 

lowestt one being a broad band with a first observable feature at about 3.5 eV and 

reachingg its maximum at about 4.3 eV. It was assigned as the analogue of the S3 state 

inn maleimide. The second band shows well-resolved vibrational transitions, and has 

itss 0-0 transition at 44623 cm"1 (5.53 eV). 

Tablee 5.8 shows that more dramatic changes occur in the ionic manifold. 

Previouslyy it was mentioned already that the ground ionic state becomes the 

X'A^C^N)) ') state for which vertical and adiabatic ionisation energies of 10.074 and 

9.8122 eV, respectively, are calculated, their difference of 262 meV being one more 
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reflectionn of the larger changes in geometry upon ionisation. At the equilibrium 

geometryy of the X2A' state we find that the A2A',((n0)"
1) state is 0.53 eV higher in 

:* * energy.. Separate calculations on this A~A"((n0)~ ) state at the UB3LYP/6-311+G 

levell show that it has a vertical and adiabatic ionisation energy of 10.099 and 10.019 

eV,, respectively. The present calculations thus lead to the conclusion that with respect 

too maleimide a reversal of the two lower ionic states has taken place in N-methyl 

maleimide,, but also that the two states remain close in energy. 

TableTable 5.8: Description of the ground and lower-lying electronic singlet states of neutral N-

methylmaleimidemethylmaleimide and of the ground and first excited states of its radical cation. For the neutral 

moleculemolecule excitation energies and oscillator strengths have been calculated by TD-DFT at the B3L YP/6-

31J31J +G* optimised Sn (1 A ) geometry, for the radical cation excitation energies have been calculated 

byby TD-DFT at the UB3LYP/6-311+G* optimised geometry of the Du (X2A ') state of the radical cation. 

TheThe excitation energies between parentheses refer to a TD-DFT calculation at the UB3LYP/-6-311 + G* 

optimisedoptimised So (1 A ) geometiy using the orbitals of the Dr> (X'A ') state. 

Statee Description Energy (eV) Oscillator 

strength h 

S n f l ' A )) (n^cf{n' 0)\^)\n-oy ° 

S '(2 'A>> (W<no)W<n-) ' (*•«•) ' 3-45 0 0 0 0° 

S'<,,A">> ( , ^ ( n 0 m N ) ' ( n 0 ) V V t V
 3 " 0 0 0 7 7 

S^'A">> ( ^ ( O W c n ö j V ^ Ï 4 1 7 ° 0 0 0 8 

S'<3'A">> ( ^ ^ n ^ W ^ ^ V c ) 1 5-65 °-2813 

D»<x2A,>> ( , c ^ ( n 0 ) W ( n o ) 2 0(0.0) 

D'< A2A" >> ( ^ (n 0) ; ( ,N r (n 0) '  °-53(°°) 

D ;< B 2 A >> ( n c -c) 2 (n-)W(nör 155<°-69> 

D-'<C2A'>> (n^)\K)\^)\n~0i '^(0.87) 
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Thee prediction that the (TIN)"' state is the ionic ground state of N-methyl 

maleimidee is at odds with the conclusions reached by Robin et al. [43]. In that study it 

wass initially remarked that the large difference between the first ionisation potentials 

off N-methyl maleimide and maleic anhydride might be taken as an indication that 

ionisationn occurs from a n orbital rather than a lone pair, but this was later refuted on 

thee basis of lone pair ionisations in simple acids and amides [47]. Although the 

orderingg of the first two electronic ionisation limits may therefore still be matter of 

debate,, this issue is less important for the interpretation of the photoelectron spectra 

obtainedd in the present study. It is clear, however, that the elucidation of the electronic 

structuree of the radical cation would greatly benefit from additional He(I) 

photoionisationn studies. 

ii • — i — ' — i — i — i — i 

430000 4350 0 4400 0 4450 0 4500 0 4550 0 4600 0 

wavenumberr (cm") 
FigureFigure 5.5: (1+1) REMP1 excitation spectrum of effusively introduced N-methyl maleimide. 

Inn maleimide considerable mixing occurred between the (TIN)"1 and (?ic=c)' 

configurations.. In N-methyl maleimide this mixing is nearly absent. At the 

equilibriumm geometry of the X2A' state, the C2A'((7tc=c)') state is calculated to have 
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ann excitation energy of 1.59 eV, but this is lowered to 0.87 eV at the equilibrium 

geometryy of So- When we now consider the ionisation routes of the various excited 

statess in the light of these calculations, we have to conclude that in N-methyl 

maleimidee the situation is quite different from that in maleimide. Table 5.8 shows that 

inn a one-configuration description of excited and ionic states S4 ionises dominantly to 

D3.. The calculations predict that this pathway requires more energy than in 

maleimide,, where S4 could ionise to D] as a result of heavy mixing between the (JTN)" 

andd ( j toc ) ' configurations. It might therefore well be that ionisation to the parent 

ionicc state of S4 is energetically not possible in one-colour REMP1 experiments via S4. 

Onn the other hand, on the basis of symmetry arguments we can also foresee that 

ionisationn of S4 to the X2A'((7i>J)"
1) state becomes rapidly allowed beyond the one-

configurationn picture. 

5.3.2.25.3.2.2 Multiphoton ionisation and excited-state photoelectron spectroscopy. 

N-methyll maleimide has been investigated in the one-photon excitation region 

off 44000^45500 cm"1 under both room temperature as well as supersonically cooled 

conditions.. Previous absorption experiments [18] and our ab initio calculations lead 

uss to believe that at these energies excitation of S4 should take place. Figure 5.5 shows 

thee (1 + 1) REMPI excitation spectrum obtained on effusively introduced N-methyl 

maleimide.. The resonances observed in this spectrum are tabulated in Table 5.9, 

wheree also the excitation energies reported for the vapour absorption spectrum are 

given.. Comparison of the two spectra shows that the absorption spectrum is shifted by 

355 cm"1 to the blue with respect to the REMPI excitation spectrum. Some further 

remarkss on the assignment of the bands in the spectrum are in order. The availability 

off the experimental frequencies in the ground state enables us to come to a 

straightforwardd assignment of the two strong hot bands, the other (broad) hot band 

2800 cm"1 below the origin transition probably consists of several transitions and 

cannott be assigned unambiguously. Previously, the 349 cm' band to the blue of the 
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OjJJ transition was assigned as an overtone of a 182 cm"1 vibration [18]. In our opinion, 

thiss can not be reconciled with the intensity of the higher overtones and with the 

intensitiess as measured in the present study. We therefore reassign it to the 16„ 

transition.. Similarly, the weak 739 cm"1 band is reassigned to the 13„ transition. 

II 1 1 1 1 1 

J J 
II  ' 1 ' 1 1 1 ' 1 ' 1 ' 1 ' 1 ' 

0,00 0,2 0,4 0,6 0,8 1,0 1,2 1,4 
Kineticc energy (eV) 

FigureFigure 5.6: Excited-state photoelectron spectrum of the vibrationless S4 excited state of N-methyl 

maleimide maleimide 

Inn order to get more detailed information on the spectroscopic and dynamic 

propertiess of the excited state, an excited-state photoelectron spectrum was measured 

att the maximum of the origin transition (44590 cm"1). This spectrum, shown in Figure 

5.6,, was recorded employing effusively introduced N-methyl maleimide and at a 

relativelyy high laser power. Essentially the same spectra could be obtained under 

supersonically-cooledd conditions and at a lower laser power, but with a considerably 

worsee signal-to-noise ratio. When trying to assign the photoelectron spectrum, one 

rapidlyy comes to the conclusion that the various peaks can be ordered in series 
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involvingg average steps of 221 meV (1783 cm"1). This frequency agrees nicely with 

thee frequency calculated for the C=0 stretch vibration v^ in the ionic ground state. 

Thee first series has a clear first member at 1.160 eV and goes up to five vibrational 

quantaa of v^. A similar series seems to start at 1.211 eV and can be followed up to 

vj=4.. A third series is shifted by -130 meV (-1100 cm"1) from the first series, and, 

onn the basis of Table 5.7, probably involves ionisation to combination levels of nv'A 

andd v* = l. The apparent first member of a last series involving v^ is seen at a 

photoelectronn energy of 0.636 eV. Most probably, there are other members of this 

seriess at higher photoelectron energies, but they have too low an intensity, or are 

overlappedd by other stronger bands. It is therefore not known on which mode this 

seriess is built. 

TableTable 5.9: Observed resonances in the (1 + 1) REMPI excitation spectrum of N-methyl maleimide ofS4 

depicteddepicted in Figure 5.5. 

Excitationn energy 

(cm"1) ) 

43995 5 

44204 4 

-44310 0 

44591 1 

44940 0 

45152 2 

45330 0 

45493 3 

45587 7 

45728 8 

Shifta a 

-596 6 

-387 7 

-280 0 

0 0 

349 9 

561 1 

739 9 

902 2 

996 6 

1137 7 

Assignment t 

15? ? 

16? ? 

K K 
K K 
155 J, 

13{, , 

KK KK 
11|»» or lOj, 

158 8 

Absorptionn b 

44014 4 

44228 8 

44346 6 

44623 3 

44984 4 

45188 8 

45372 2 

45537 7 

45620 0 

45767 7 

33 Shift with respect to 0-0 transition. 
bb Absorption spectrum of N-methylmaleimide vapour reported by Seliskar and McGlynn [18]. 
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Forr an absolute assignment we need to know where the 0"-0~ peak is located. 

Onee possible choice is to assign the 1.160 eV peak to the 0"-0„ peak and the 1.211 

eVV peak to a hot band, i.e., to an ionisation process that starts in a vibrationally 

excitedd level of the ground state. This assignment implies that the adiabatic ionisation 

energyy to Do is 9.897 eV. The intensity distribution in the photoelectron spectrum 

suggests,, however, that the whole assignment might also be shifted by one (or more) 

quantaa of the C=0 stretch vibration. The spectrum in Figure 5.6 shows indeed a very 

smalll peak around 1.4 eV. If this peak is real but the present experimental 

conditionss do not allow us to make a decision on this - then the 1.160 and 1.182 eV 

peakss can be readily (re)assigned as the vj = 1 and v^=l peaks. 

Forr maleimide, the photoelectron spectrum via S4 showed two ionisation routes. 

Thee dominant one involved ionisation to one particular - in that case excited - ionic 

statee with a propensity for conservation of vibrational energy. In the other one, high-

lyingg vibrational levels of a lower-lying excited state were ionised to the ground ionic 

state,, a process in which dispersal of vibrational energy occurred. The photoelectron 

spectrumm in Figure 5.6 is qualitatively different: one would, in fact, be led to conclude 

thatt all that is seen here is ionisation to the ground ionic state. This might be due to 

thee inaccessibility of the corresponding ionisation continua of S4 as suggested by the 

calculations,, or to a larger dispersal of S4 character over lower-lying electronic states, 

whichh is expected to be enhanced on account of the larger density of states introduced 

byy the methyl substituent. Even without explicit assignment of the various peaks, it is 

clearr that we deal here either with ionisation involving very large changes in 

geometry,, or ionisation of one or more states with a large vibrational content. Based 

uponn our interpretation of the maleimide spectrum, we conclude that the latter is the 

case. . 

Thee dominant activity of the O O stretch vibration is another indication that the 

photoionisationn process of N-methyl maleimide via S4 differs more then one would 

intuitivelyy assume from its parent compound maleimide, where ionisation to D0 was 

accompaniedd by activity of the ring deformation mode v8 and the C=C stretch 
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vibrationn v4. In principle, two explanations for this difference come to mind. A first 

explanationn is that in maleimide S4 is coupled to other states than in N-methyl 

maleimide.. For maleimide we reached the conclusion that S3 is most probably coupled 

too S4, for N-methyl maleimide we would be talking about a state other than S3 that 

undergoess large changes in the carbonyl bonds upon ionisation. A second explanation 

iss simply that the ground ionic state of the two molecules is different. Our calculations 

suggestt that the second explanation is the correct one. 

5.44 CONCLUSIONS. 

Wee have investigated the spectroscopic and dynamic properties of the strongly 

one-photonn absorbing S4(7tc=c^*) state of maleimide and N-methyl maleimide. To this 

purpose,, an experimental approach was combined with ab initio calculations of the 

electronicc structure of the molecules. Experimentally, we have found that the 

wavefunctionn of the excited state can be probed in detail by projection on the ionic 

manifoldd using excited-state photoelectron spectroscopy. These experiments 

demonstratee that ionisation of maleimide excited to S4 occurs along several pathways. 

Onn the one hand, a channel has been identified that in a one-configuration picture can 

bee described as ionisation of the K*  electron from the 7tc=c7t* excited state. This 

channell leads to an electronically excited ionic state with an experimental excitation 

energyy that is in excellent agreement with the ab initio predicted one. The 

experimentss show on the other hand as well that the ionisation process populates a 

broadd range of vibrational levels in the ionic ground state, which can only be 

explainedd if we go beyond the one-configuration picture. On the basis of ab initio 

calculatedd displacement parameters between various excited states and the ionic 

groundd state, it has been argued that the observed Franck-Condon pattern 

demonstratess that an electronic state is ionised that does not only contain S4 character 

butt also that of lower-lying states, in particular that of the S3(7iN7i*) state. 
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Ourr experiments and calculations demonstrate that N-methyl substitution of the 

moleculee leads to large changes, in particular for the ionic manifold where the ground 

ionicc state is now calculated to be associated with the (TTN)"1 configuration as opposed 

too the (n0)"' configuration in maleimide. This prediction is in excellent agreement 

withh the dominant activity of the C=0 stretch vibration seen in excited-state 

photoelectronn spectra of S4. In contrast to maleimide, these spectra do not show 

clearlyy multiple ionisation pathways, although the observed Franck-Condon pattern 

stronglyy suggests a dominant role of internal conversion. 

Untill the present study, the ionic manifold of the two molecules was virtually 

unexplored.. Apart from elucidating the composition and properties of the S4 state, the 

presentt experiments have also enabled us to obtain information on the spectroscopic 

propertiess of this manifold in the form of ionisation energies and vibrational 

frequencies. . 
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Eénn van de belangrijkste interactieprocessen binnen de fysica, chemie, en 

biologiee is die tussen licht en materie. Door licht bijvoorbeeld te absorberen, kan een 

molecuull in een elektronisch geëxciteerde toestand komen. Een dergelijke toestand is 

niett stabiel: vanuit de kwantummechanica weten we dat het molecuul uiteindelijk de 

geabsorbeerdee energie zal kwijtraken, en terug zal keren naar "een" elektronische 

grondtoestand,, die niet per se die van de uitgangsstof hoeft te zijn, maar ook die van 

fotochemischee reactieproducten kan zijn. Hoewel het vorige zou kunnen suggereren 

datt een elektronisch geëxciteerde toestand slechts één vervalskanaal ter beschikking 

heeft,, is het in de praktijk zo dat er heel veel manieren zijn waarop de geabsorbeerde 

energiee gedissipeerd kan worden. Om zo efficiënt mogelijk met de geabsorbeerde 

energiee om te gaan heeft de natuur de moleculaire structuur en de interacties van 

moleculenn met hun omgeving zodanig geoptimaliseerd dat daar één van de vele 

vervalskanalenn preferentieel gebruikt wordt - denk bijvoorbeeld aan de absorptie van 

lichtt in planten voor de fotosynthese of aan de absorptie van licht in onze ogen om te 

kunnenn zien. 

Binnenn technologische toepassingen wordt ook geprobeerd tot een zelfde 

efficiëntiee te komen. De fundamentele vragen die daarbij beantwoord moeten worden 

zijnn vragen als "kunnen we begrijpen en voorspellen welke vervalskanalen er ter 

beschikkingg staan, waarom worden onder gegeven omstandigheden bepaalde kanalen 

bevoordeeld,, hoe zouden we er zelf voor kunnen zorgen dat bepaalde kanalen 

bevoordeeldd worden, etc", vragen die in wat algemenere terminologie verwoord 

kunnenn worden als "kunnen we een relatie leggen tussen de elektronische structuur en 

dee functionaliteit van een molecuul?". De beantwoording van dergelijke vragen 

vereistt dat we de spectroscopische en dynamische eigenschappen van geëxciteerde 

toestandenn gedetailleerd in kaart kunnen brengen. In dit proefschrift wordt onderzoek 

beschrevenn aan de elektronisch aangeslagen toestanden van moleculen die als 

representantt beschouwd kunnen worden van grotere klassen van moleculen die een 
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belangrijkee rol spelen op onderzoeksgebieden die lopen van atmosferische chemie tot 

fotonischee toepassingen. 

Alss we elektronisch geëxciteerde toestanden theoretisch proberen te 

beschrijven,, moet dat gedaan worden door de Schrödinger vergelijking op te lossen. 

Voorr meer dan twee deeltjes is een exacte oplossing onmogelijk, en rest ons niets 

anderss dan gebruik te maken van benaderde oplossingen, alhoewel we wel vaak 

proberenn te werken met beelden waar we ons iets bij kunnen voorstellen. Een 

voorbeeldd is de Born-Oppenheimer benadering waarin we zeggen dat de elektronische 

enn kernbeweging ontkoppeld kunnen worden, daarbij dan als beeld aanvoerend dat de 

kernenn zoveel zwaarder zijn dan de elektronen dat aangenomen mag worden dat de 

elektronverdelingg zich onmiddellijk aanpast aan kleine veranderingen in een 

moleculairee geometrie. Op een zelfde manier wordt vaak getracht de (onbekende) 

eigenschappenn van elektronisch geëxciteerde toestanden uit te drukken in 

eigenschappenn van toestanden die wel bekend zijn, dat wil zeggen, een golffunctie 

wordtt onderzocht door hem te projecteren op een set van golffuncties waarvan de 

eigenschappenn beter bekend zijn. Golflengte-opgeloste emissiespectroscopie is een 

voorbeeldd waarin een geëxciteerde toestand uiteindelijk geprojecteerd wordt op de set 

vann rovibrationele toestanden van de elektronische grondtoestand. 

Inn dit proefschrift is ervoor gekozen om de golffuncties van geëxciteerde 

toestandenn te projecteren op de elektronische en vibrationele toestanden van het ion 

vann het molecuul dat onderzocht wordt. Hierbij wordt gebruik gemaakt van 

ResonanceResonance Enhanced MultiPhoton Ionization (REMPI) spectroscopy waarin een 

molecuull door de absorptie van één of meerdere fotonen - in dit proefschrift wordt 

één-,, twee-, en drie-foton absorptie gebruikt - geëxciteerd wordt naar een elektronisch 

aangeslagenn toestand. Vervolgens vindt door het molecuul te ioniseren de projectie 

plaatss met behulp van excited-state photoelectron spectroscopy. In dit ionisatieproces 

wordenn ionen gecreëerd met een verdeling over de interne vibronische toestanden, die 

uniekk bepaald wordt door de eigenschappen van de geëxciteerde toestand. De 

bepalingg van die verdeling gebeurt door de kinetische energieverdeling van de 

bijbehorendee fotoelektronen te bepalen. In hoofdstuk 1 wordt nader ingegaan op deze 

148 8 



SAMENVATT[NG G 

vormenn van spectroscopie, en worden ze geplaatst in de algemene context van 

moleculairee spectroscopie. Daarnaast wordt een beknopte beschrijving gegeven van 

dee kwantumchemische methoden die in de diverse daaropvolgende hoofdstukken 

zullenn worden gebruikt ter onderbouwing van de interpretatie van de experimentele 

resultaten. . 

Inn hoofdstuk 2 komt de spectroscopie van het chlooroxide radicaal (CIO) aan 

dee orde. Omdat dit radicaal zeer reactief is, dient het in situ gemaakt te worden. 

Daartoee wordt eerst het CIO2 molecuul met behulp van laserlicht gedissocieerd tot 

CIOO en O, waarna de aangeslagen toestanden van CIO, en in het bijzonder de C I" 

toestand,, onderzocht kunnen worden. Deze toestand wordt gekarakteriseerd als een 

Rydbergtoestandd bestaande uit een X3I" iontoestand met een elektron van ka 

symmetrie.. Uit de projectie van de C2I" toestand op de X3£" iontoestand blijkt dat de 

Rydberg-- en iontoestand een iets verschillende bindingsafstand hebben. Bij de 

fotodissociatiee van C102 wordt het CIO radicaal in een grote hoeveelheid 

rovibrationelee toestanden gecreëerd. Om inzicht te krijgen in het 

dissociatiemechanisme,, is het van groot belang om de uiteindelijke toestandsverdeling 

tee kunnen bepalen. Een dergelijke bepaling is mogelijk gebleken voor dissociatie van 

CIO22 via de A2A2( 10,0,0) toestand, waarbij is waargenomen dat een grote fractie van 

CIOO in de vibrationeel aangeslagen v"=4 toestand van de elektronische grondtoestand 

wordtt gemaakt. 

Hoofdstukk 3 behandelt de rol van vibronische koppeling in geèxciteerde 

toestandenn van aceton, een van de meest simpele ketonen. In eerste instantie richt zich 

hierr de aandacht op de drie 3p Rydberg toestanden. De spectroscopie en dynamica 

vann deze toestanden zijn in het verleden uitgebreid bestudeerd, maar desondanks 

blijktt dat deze resultaten voor een groot gedeelte geherinterpreteerd moeten worden: 

vibronischee koppeling tussen de drie Rydberg toestanden zelf, maar ook vibronische 

koppelingg met de ren* valentietoestand zorgt voor sterk gemengde toestanden. In dit 

hoofdstukk wordt duidelijk gemaakt dat een Franck-Condon diagonale projectie op de 

vibrationelee toestanden van de elektronische grondtoestand van het ion het mogelijk 
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maaktt om de gemengde toestanden te ontkoppelen in hun 3p Rydberg 

basiscomponenten.. Naast de drie 3p Rydberg toestanden zijn ook hogere Rydberg 

toestandenn onderzocht, waarvan een aantal tot nu toe nog niet waargenomen was. Ook 

voorr deze toestanden blijkt dat vibronische koppeling met lager gelegen Rydberg 

toestandenn een dominante rol speelt, en ons zelfs in staat stelt om vanuit een 

fotoelektronn spectrum toestanden toe te kennen, die in excitatiespectra niet 

waarneembaarr zijn. 

Amidess spelen een cruciale rol op terreinen die lopen van de biologie tot 

industriëlee polymeerchemie tot supramoleculaire fotonische materialen. De meest 

simpelee vertegenwoordiger van deze klasse van moleculen is formamide, waar 

eigenlijkk maar verbazingwekkend weinig van de spectroscopie van de geèxciteerde en 

iontoestandenn van bekend is. In hoofdstuk 4 wordt onderzoek beschreven dat gedaan 

iss aan het Rydberg manifold en een aantal iontoestanden. In de voorafgaande 

hoofdstukkenn is de ionisatiestap met name gebruikt om de golffunctie van een 

geèxciteerdee toestand te projecteren, maar hij levert natuurlijk ook waardevolle 

informatiee over de vibronische toestanden van het ion. Voor formamide hebben we op 

diee manier laten zien dat de standaard geaccepteerde waarden voor de laagste twee 

elektronischee ionisatielimieten niet juist zijn, alhoewel het karakter van de twee 

toestandenn wel bevestigd wordt. Daarnaast zijn met behulp van twee- en drie-foton 

excitatiee een groot aantal nieuwe elektronische toestanden van het neutrale molecuul 

waargenomenn en gekarakteriseerd. 

Dee vorige hoofdstukken hebben zich voornamelijk geconcentreerd op Rydberg 

toestanden.. In hoofdstuk 5 worden experimentele en ab initio studies besproken die 

gedaann zijn aan de dominant absorberende 84(7171*) v«/e/ï//'etoestand van maleimide en 

dee N-methylmaleimide. Eén van de aandachtspunten is hier het in kaart brengen van 

dee diverse koppelingspaden met de lagergelegen nn* en mt* toestanden. Binnen een 

nulde-ordee beeld zouden we verwachten dat ionisatie van deze twee soorten 

toestandenn leidt tot bevolking van verschillende iontoestanden. Voor maleimide laten 

fotoelektronn spectra van de S^TITC*) toestand inderdaad zien dat de dominante 
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ionisatiee niet naar de grondtoestand (n0)
_1 van het molecuul plaats vindt, maar naar 

dee nA aangeslagen toestand. Dat er desondanks toch ionisatie naar de eerstgenoemde 

toestandd waar te nemen is, is een manifestatie van de koppeling met lagergelegen 

toestanden.. Een vergelijking van theoretische voorspellingen met experimenteel 

waargenomenn verdelingen over de vibrationele niveaus in de grondtoestand van het 

ionn stelt ons in staat om die koppelingen nader te onderzoeken. Tenslotte geven de 

studiess in hoofdstuk 5 ook waardevolle informatie over de iontoestanden, en de wijze 

waaropp deze toestanden worden beïnvloed door de N-methyl substitutie. 
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Hett dankwoord is het laatste en vaak het meest gelezen deel van een 

proefschrift.. Voor een deel komt dit omdat de lezer hoopt zelf genoemd te worden. 

Daarnaastt is dit onderdeel vaak het enige stuk dat in begrijpelijke taal is geschreven. 

Dee mensen die ik hier met name noem hebben in de afgelopen zes jaar direct of 

indirectt een belangrijke bijdrage geleverd aan de totstandkoming van deze dissertatie. 

Inn het nu volgende wil ik deze personen bedanken. 

Dee eerste en belangrijkste die ik wil noemen is mijn promotor Prof. Dr. W.J. 

Buma.. Zonder zijn bijdrage en inzet zou ik niet zover gekomen zijn. Wybren, ik heb 

grotee bewondering voor je gedrevenheid en liefde voor het vak. Ik ben je erg dankbaar 

datjee me opgevangen hebt en er voor me was in voor- en tegenspoed. Zelfs in het jaar 

datt we niet "mochten" samenwerken heb je me bijgestaan. Het is terecht dat je nu 

professorr bent. Je belde me op de gekste momenten, demonstreerde voortdurend je 

praktischh inzicht en huilde het altijd uit van plezier als we "signaal hadden gevonden". 

Ditt maakt je een hele bijzondere hoogleraar. 

Dee overige leden van de promotiecommissie: Wim van der Zande, Maurice 

Janssen,, Huib Bakker, Louisa De Cola, Ad Oskam, Jan Willem Verhoeven, en Hong 

Zhang,, dank jullie hartelijk dat jullie de moeite hebben genomen om dit proefschrift te 

lezenn en te beoordelen. Rob Zsom en Wouter van Balen: hulde voor het vinden van de 

vermistee fles Xenon! 

Eenn van de leuke kanten van promoveren in de spectroscopie is het werken met 

ingewikkeldee apparatuur. Helaas gaan deze apparaten vaak stuk. Een defecte machine 

iss natuurlijk een uitdaging als je het leuk vindt om ze zelf weer aan de praat te krijgen. 

Datt gold ook voor mij ... tot op zekere hoogte. Als ik er niet uit kwam, kon ik altijd 

terechtt bij Dick Bebelaar. Dick, ik heb hele prettige herinneringen aan de 

samenwerkingg met jou. Je maakt(e) er een sport van apparaten zolang in leven te 

houdenn dat de economische afschrijvingsduur allang overschreden was. Dit 

inspireerdee mij dan weer mijn eigen auto, wasmachine of elektrische tandenborstel te 

repareren,, althans een poging daartoe te ondernemen. En als dat uiteindelijk niet lukte, 
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konn ik weer bij jou aankloppen. Dick, ik hoop dat je nog een paar leuke jaren op de 

UvAA zult hebben en ik weet zeker datje gemist zult worden. 

Bijj problemen op het gebied van ICT, optica of gewoon de keiharde chemie, 

konn ik bij Jos, Rolf en Michiel G. terecht. Bij tijd en wijle werden speciale 

werkbesprekingenn belegd, waarbij menige kink in de kabel werd verwijderd. In dit 

kaderr mogen de zogenaamde femtojongens niet ontbreken: Michiel van der Meer, 

altijdd in voor een geintje. Emile, houdt zich hooguit tien seconden stil. En Werner, 

praatt uitsluitend in reclameslogans. Heren, ik vond deze bijeenkomsten altijd zeer 

nuttigg en vaak erg gezellig. Ik zal ze missen. 

Collegaa aio's en studenten van vroeger en nu: Conny, Paul, David, Mark, 

Remon,, Anouk (was vaak op mijn kamer te vinden), Grzegorz en Mattijs (jullie 

maaktenn het leuk toen de harde kern van de 4dc verdieping was vertrokken), het was 

leukk om met jullie samen te werken. Jullie hebben me allemaal op je eigen wijze laten 

zienn hoe je onderzoek doet en welke geheimen de chemie kan bevatten. 

Tweee mensen met wie ik wat intensiever heb samengewerkt zijn Alexander en 

Corinne.. Alexander, jij hebt een belangrijke bijdrage aan het hoofdstuk over aceton 

geleverd,, hartelijk dank hiervoor. Ik wens je veel succes bij je eigen 

promotieonderzoek.. Corinne Lagrost kwam speciaal over uit Frankrijk om me als 

postdocc te helpen bij het onderzoek naar formamide. Corinne, it was a pleasure 

workingg with you. I enjoyed our conversations, in particular those about our children. 

Vann alle collega's bedank ik tot slot Arjan Rijkenberg. We kenden elkaar niet 

maarr werden zes jaar geleden toevallig samen in een kamer gezet en hebben het tot 

hett einde met elkaar uitgehouden. We hadden verrassend veel overeenkomsten: twee 

linkshandige,, (te) lang studerende Tukkers, lid van dezelfde politieke partij, die 

allebeii onderzoek wilden doen in de spectroscopie. Er was tussen ons zeker sprake 

vann chemie en ook van een grote loyaliteit. Ik heb dit ontzettend gewaardeerd. Arjan, 

jee bent voor mij de ideale collega geweest. We deden de gekste dingen samen, vaak in 

gezelschapp van Michiel en Werner: fietstocht naar Edam (nog een aspergesoep?), 

bergenn beklimmen in de Alpen (ein Frühstück drei bitte; Herren, die chocolatenseite 

bitte),bitte), vechten voor de apparatuur. Ik ben blij datje mijn paranimf wilt zijn. 
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Vann mijn familie en vrienden heeft niet iedereen begrepen waar ik nou echt mee 

bezigg was. Dat heeft ze er niet van weerhouden met regelmaat belangstellend te 

vragenn hoe het met mijn studie ging en of ik al bijna afgestudeerd was. Mijn familie 

will ik bedanken omdat ze er altijd zijn, vooral als het er op aankomt. Van al mijn 

vriendenn wil ik er vier in het bijzonder noemen: Remko, dank voor het aanhoren van 

mijnn klaagzangen. Arie, mijn bridgepartner; een avondje kaarten met jou is altijd weer 

eenn feest. Daarnaast ken je de universitaire wereld als geen ander, en daarmee de 

bijbehorendee cultuur (ik zit er maar mee, maar dit blijft  nog even sub rosa). Renate, 

bedanktt voor alle keren dat je hebt opgepast zodat ik aan dit proefschrift kon werken. 

Enn Sander, mijn tweede paranimf, je hebt mij geleerd dat stamppot boerenkool 

voornamelijkk uit boerenkool bestaat met vooral veel jus. Bedankt voor de talloze 

avondenn film, concert, café, sport en sauna. 

Tott slot, het thuisfront. Juliette, mijn allerliefste vrouw. Ik ben ontzettend 

gelukkigg met jou. Je hebt me gestimuleerd om dit werk af te ronden. De periode 

waarinn ik aan dit proefschrift werkte was voor ons heel bijzonder. We zijn met z'n 

tweeënn begonnen en nu, zes jaar later, hebben we twee schatten van zoons, die hier 

gelukkigg nog helemaal niets van begrijpen. 

Amsterdam,, 5 mei 2003. 
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