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Introduction Introduction 

1.11 Polyenes and Olefins as Chemical Building Blocks 

Conjugatedd linear polyenes constitute an important group of organic 

compoundss in biochemical processes as the result of their unique photochemical and 

thermochemicall  properties [1-8]. For instance, the first step in vision occurs via the 

light-inducedd cis—>trans isomerisation of the retinal chromophore in rhodopsin [2]. 

Anotherr example is the role of conjugated linear polyenes in the Halobacterium 

salinariumsalinarium [1]. The retinal chromophore is able to initiate a cyclic photochemical 

reaction,, inducing the transport of protons across the bacterial cell membrane. The 

resultingg pH gradient is used by the bacterium to drive the ATP synthesis. Other 

exampless are the photochemical transformations in the skin, which derive from the 

photochemicall  properties of the hexatriene chromophore in the steroid hormone 

vitaminn D [4,5], and the importance of the thermochemical properties of conjugated 

linearr polyenes to leukotrienes, which are produced as part of the inflammatory 

responsee [8]. 

Apartt from their active role in biochemical processes, conjugated linear 

polyeness functionalised with electron withdrawing and electron donating groups have 

l l 



ChapterChapter ƒ 

raisedd in recent years considerable interest due to their electronic properties making 

themm highly suitable candidates for new nonlinear optical media within application 

areass such as photonics and molecular electronics [9-16], In this context, not only 

functionalisedd linear conjugated polyenes, but also functionalised mono-olefins have 

beenn proposed and employed as chemical building blocks in photonically active 

materialss [17-19]. 

Inn the following sections, we will first focus on the characteristics of the 

spectroscopyy of polyenes and then proceed to establish the necessity of detailed 

informationn about the spectroscopy and photophysics of (functionalised) conjugated 

linearr polyenes and mono-olefins in relation to a profound understanding of their 

molecularr nonlinear optical properties. Having established this, we will explore the 

techniques,, both experimental as well as theoretical, that have been employed in order 

too investigate the spectroscopy and photophysics of vibronically excited states of 

severall  of these (functionalised) conjugated linear polyenes and mono-olefins. 

1.22 Introductio n to Polyene Spectroscopy 

Onee of the most intriguing aspects of the electronic structure of polyenes is 

relatedd to the ordering of their lowest excited singlet states. At the Hartree-Fock level 

off  calculation, the lowest excited singlet state is predicted to be the configuration 

wheree one electron is excited from the highest occupied molecular orbital (HOMO) to 

thee lowest unoccupied molecular orbital (LUMO), which in a\\-trans polyenes, that 

aree of C2h symmetry, results in an excited state of 'Bu symmetry (see Figure 1.1). 

Indeed,, for mono-olefins like ethylene the lowest excited singlet valence state is 

characterisedd by the HOMO—>LUMO excitation. In contrast to this prediction, 

experimentall  work by Kohier and Hudson [20,21], as well as theoretical studies by 

Schuitenn and Karplus [22] have shown that the lowest excited singlet state of linear 

polyeness with four or more double bonds is the 2'Ag state. This state is dominated by 

extensivee electron correlation and is in first approximation described by a linear 

combinationn of the HOM0->LUMO+l, HOMO-l->LUMO, and 

(HOMO)2-^(LUMO)22 excitations [22] (see Figure 1.1). The one-photon Si«-»S0 

transitionss in a\\-trans polyenes are consequently two-fold forbidden because of 

symmetryy rules, and the two-electron excitation character of Si. 
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FigureFigure 1.1. Orbital occupation for the most important linear polyene configurations (Cih symmetry 

notation)notation) of the electronic ground state S0(l'Ag), and the two lower excited singlet states S](2'Ag) and 

SS22(l'B(l'Buu). ). 

Experimentall  studies on all-rrans-1,3,5,7-octatetraene in the condensed phase 

[23,24]]  as well as under isolated conditions [25-29] have demonstrated that the 

dipole-forbiddenn Si(21Ag)<-^So(l1Ag) transition has sufficient oscillator strength to be 

observedd in one-photon excitation experiments due to strong vibronic - Herzberg-

Tellerr - coupling [30] between the S2(l'B|U) and Si(2'Ag) states. In an experimental 

studyy by Petek et al. [28] it was observed that the one- and two-photon fluorescence 

excitationn spectra of the Si<—S0 transition of jet-cooled all-frans-l,3,5,7-octatetraene 

aree nearly the same, but displaced with respect to each other. Based on this 

observation,, they concluded that the one-photon Si<—So spectrum is built on bu 

Herzberg-Tellerr promoting modes, which in turn are (false) origins for transitions to 

levelss of a„  symmetry. The most dominant Herzberg-Teller promoting mode proved to 

bee the v4g(bu) in-plane bending mode. Subsequent ab initio studies on the vibronic 

activityy in the Si<—S0 spectrum of aW-trans-1,3,5,7-octatetraene [31,32] confirmed this 

feature. . 

Electronicc states of polyene isomers having c/.s-linkages do in general not 

transformm according to the irreducible representations of Cju- For instance, in the case 

off  cisjrans-1,3,5,7-octatetraene with Cs symmetry and no inversion symmetry, S| and 

S22 cannot be rigorously labelled as 'Ag and 'Bu, respectively. For this isomer the 
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Si<->Soo transition is thus no longer rigorously dipole-forbidden because of symmetry 

rules.. An important question, certainly from the point of view that in nature polyenes 

withh ris-linkages are often employed, is therefore how the introduction of such a cis-

linkagee affects the spectroscopy and photophysics of the lower excited singlet states 

off  polyenes. The one-photon excitation spectrum of d.9-fran5-l,3,5,7-octatetraene in 

thee solid state [33], as well as those of polyenes of high (C2h) and low symmetry are 

quantitativelyy similar, showing in many cases below the dominant absorption a weak 

transitionn that corresponds to the Si<->S0 transition [34-36]. High-resolution gas-phase 

spectroscopicc measurements that might determine whether it is vibronically induced 

orr not have not yet been proven possible, although ab initio calculations [37] indicate 

thatt the effect of lowering the symmetry from C2h to Cs in going from the dXUrans-

isomerr to the cisjrans-isomer of 1,3,5,7-octatetraene is less important than the role of 

vibronicc coupling between the lower electronically excited states Si and S2. 

Duee to a very low fluorescence quantum yield in hexatriene [23] and the 

absencee of any fluorescence in butadiene, the study of the lowest excited singlet states 

off  the two smallest polyenes has greatly been hampered. Although a detailed analysis 

off  its properties is still out of reach, the lowest excited singlet state in butadiene has 

beenn claimed to be located on the basis of resonance Raman studies [38]. The first 

successfull  observation of the one-photon Si(21A1)<-S0(l
,Ai ) transition in isolated cis-

1,3,5-hexatriene,, has come from a resonance-enhanced multiphoton ionisation 

(REMPI)) spectroscopic investigation by Buma et al. [39], confirming that also for this 

polyenee the lowest excited singlet state is characterised by the two-electron excited 

2]Agg valence state (assuming C2h symmetry). They assumed that this transition in cis-

hexatrienee takes place as a direct transition. In a subsequent fluorescence excitation 

studyy on jet-cooled cis-hexatriene [23], Petek et al. were able to collect the one-

photonn Si(2lAi)<-So(l1Ai ) fluorescence excitation spectrum and concluded that it is 

vibronicallyvibronically induced. This conclusion was confirmed in resonance Raman studies 

[40].. However, in a more recent time-resolved study of the rotational anisotropy [41] 

itt was concluded that the Si(2,Ai)«-S0(l
1Ai ) transition in ds-hexatriene is not 

vibronicallyy induced, but occurs as a direct transition. Part of the experimental work 

describedd in this thesis will deal with the investigation whether the 

Si(21A,)<-S0{l '' Ai) transition in ds-hexatriene takes place as a direct or a vibronically 

inducedd transition, and how these two mechanisms compare to one another. 
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1.33 Electronic Structure versus NonLinear  Optical Properties 

Inn order to gain insight into the nonlinear optical properties of molecules, we 

wil ll  use a chemically-oriented picture [42,43]. An electric field < F) - or a propagating 

electromagneticc wave, e.g., a laser beam - is able to induce a macroscopic polarisation 

effectt (Pniacr) in a material. At the molecular level - microscopic polarisation effect 

(p
m,cr)) - t m s implies that the electrons in the material, which are bound to the atomic 

nuclei,, are slightly displaced from their original locations due to the interaction with 

thee electromagnetic field. When an oscillating electric field is applied, the electrons 

wil ll  start to oscillate at the applied frequency. Now, as long as the electric field 

strengthh is modest, the magnitude of this microscopic polarisation effect Pmicr is in 

first-orderr given by: 

Pm, r=X U ,FF (1.1) 

inn which #m is the first-order medium-dependent susceptibility. In case of relatively 

strongg electric fields, this first-order approximation will fail to describe accurately the 

opticall  response of the molecule and higher terms are needed, giving rise to the 

nonlinearr optical phenomenon. This can be achieved by considering the microscopic 

polarisationn effect Pm]cr as a Taylor expansion of the applied electric field F: 

P«üCT=X(,)FF + x'2' FF + X
(1)FFF + ..- (1.2) 

inn which ^<2) and %a) represent the second- and third-order response of the 

molecule,, respectively. It stands to reason that the more weakly the electrons are 

boundd to the atomic nuclei, the larger their displacement will be upon interaction with 

ann externally applied electric field. In this context, molecules with highly polarisable 

^-electronss - polyenes and mono-olefins - can expected to be particularly suitable 

candidatess for chemical building blocks in functionalised polymeric systems designed 

forr photonic applications [9-16,19]. 

Notee that a centrosymmetric molecule, and for that matter a centrosymmetric 

medium,, will have a second-order response of zero because P(+F) + P(-F) = 0. It is 

thereforee a prerequisite that for any second-order optical response centrosymmetry is 

lifted.. The most efficient way to achieve this is to attach an electron donating group -
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donorr -, and an electron withdrawing group - acceptor - to the organic backbone. 

Thesee do nor-acceptor systems will exhibit an asymmetric response to a symmetric 

electricc field since at intense field strengths the electrons are more easily displaced 

towardss the acceptor then to the donor substituent. Such an asymmetric oscillatory 

responsee can be described as a summation of the Fourier components of frequencies 

to,, 2co, and 3d), etc. These harmonic components of the polarisation lead to nonlinear 

opticall  responses, e.g., frequency-doubling in the case of P (2co) [15]. 

Sincee the intermolecular interactions are much weaker than the intramolecular 

ones,, we can think of the macroscopic nonlinear optical properties as being built up 

fromm the corresponding properties of the individual molecules at the microscopic level 

[15].. In this way the second- and third-order susceptibilities are related to the first and 

secondd hyperpolarisibilities, fi and y, respectively, reflecting the second- and third-

orderr optical response of the macroscopic media to an externally applied electric field. 

Onee approach in the development of designing novel molecules with improved 

nonlinearr optical properties is to perform semi-empirical or ab initio calculations to 

calculatee the first and second hyperpolarisibilities, and employ these calculations to 

determinee dominant factors that control these parameters. Several theoretical 

techniquess are employed to this purpose [15]. The Sum-over-States (SOS) procedure 

[15^44-48]]  is one of these computational techniques. The great advantage of this 

particularr approach is that it allows for a basic understanding of the nonlinear optical 

propertiess in a chemical sense, i.e., by indentifying those molecular excited states that 

aree predominantly responsible for a nonlinear optical response within the SOS 

formalismm [15]. The SOS expressions of the most dominant components of the first, 

second,, and third-order polarisibility tensors - axx , (5XXX , and yxxxx , respectively -

aree [47]: 

<*XX<*XX =22J 7. 

uu  =6l I (^>)H^>X"KU ) (13) 
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Heree X corresponds to the molecular long axis of the molecule; {g\fix\m), for 

instance,, is the electronic transition moment along the Cartesian X-axis between the 

electronicc ground state \g) and excited state \m), and Em denotes the energy 

differencee between these two states. From these expressions it becomes clear that not 

onlyy the electronic ground state and the lowest excited singlet state have to be taken 

intoo account but multiple excited states have to be included in the calculation. It has 

beenn shown that in some cases also higher excited states [44,45] are important for an 

accuratee description of the nonlinear optical response. In this context charge-transfer 

statess are in particular of importance for an accurate evaluation of the nonlinear 

opticall  response of high-/? donor-acceptor ^-conjugated molecules [49,50]. 

Inn order to calculate the first and second hyperpolarisibilities p and y using 

thee SOS formulism, one needs the dipole matrix elements between the various states, 

includingg those between the electronic ground and excited states, and the excitation 

energies.. This implies that in order to verify and substantiate computational results, 

accuratee and detailed information about the spectroscopy and photophysics of 

electronicallyy excited states is essential [48,51-56]. One of the issues that deserves in 

thatt respect particular attention is the role of electron-phonon coupling. Within the 

Born-Oppenheimerr and the Franck-Condon approximations, one can write the overall 

transitionn dipole moment M,(m -> n\q -» r) as a product of the purely electronic 

transitionn dipole moment, (/n|/i,.|n), and a nuclear factor corresponding to the 

Franck-Condonn overlap F£n between two vibrational wave functions \q) and \r), i.e., 

F,Z=(q\r): F,Z=(q\r): 

MM,(m,(m -» n;q -> = {m\n,\n} F* (1.4) 

However,, this approach implies that one needs to know the dominant vibrational 

modes,, their frequencies, and the associated displacements of the potential energy 

curvess in the excited states. This kind of information can be obtained from high-

resolutionn spectroscopic experiments on chromophores under isolated conditions. 

1 1 



ChapterChapter 1 

Sincee most of these semi-empirical or ab initio calculations are performed on isolated 

molecules,, such experiments are also the most direct way to relate computational and 

experimentall  results. 

Inn the actual application of these molecules in bulk media, they are disturbed 

inn several ways. Firstly, they are subject to intermolecular interactions, secondly the 

chromophoress are often modified to have the appropriate chemical characteristics to 

bee incorporated into, for example, polymers. In this context gas-phase spectroscopy 

onn isolated chromophores and chemically modified chromophores, supplementary to 

spectroscopicc studies on these chromophores in the solid state or solution, is essential 

too gain a profound understanding of their electronic structure and photophysics. 

1.44 Experimental Considerations 

Thee experiments described in this thesis have been performed using Laser-

Inducedd Fluorescence (LIF) excitation as well as dispersed emission spectroscopy, 

andd Excited-state Photoelectron spectroscopy - also referred to as Resonance-

Enhancedd MultiPhoton Ionisation Photoelectron Spectroscopy (REMPI-PES). In 

orderr to work on isolated molecules that are as much as possible in their (ro)vibronic 

groundd state, molecules have been seeded in supersonic jet expansions. The following 

twoo sections will focus on the principles of these supersonic jet expansions and on the 

principless of the two employed high-resolution spectroscopic techniques. 

1.4.11.4.1 Supersonic Jet Expansion 

Inn an effort to study the electronic properties of isolated molecules, one has to 

tryy to minimise any intermolecular interaction between the targeted molecule and its 

surroundings.. Obviously, in the solid state and in solution there will be a relatively 

strongg intermolecular interaction between the molecule and its immediate 

surroundings,, leading to a broadening of the spectral features. Getting rid of these 

interactionss and focussing only on the intramolecular properties of a molecule 

necessitatess the study of molecules in the gas phase under high-vacuum conditions. In 

alll  but the smallest molecules a very large number of (ro)vibrational states is generally 

populatedd at room temperature. All these states contribute to the observed spectrum, 
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leadingg to a highly congested spectrum in which detailed information about the 

structurall  and electronic properties of a molecule is lost due to the sheer large number 

off  overlapping (ro)vibronic lines. One therefore has to try to cool down the molecules 

bothh vibrationally as well as rotationally to temperatures far below the molecule's 

freezingg point in order to reduce the number of occupied states, and thus the number 

off  (ro)vibronic lines in the spectrum. This can be achieved by using a so-called 

molecularr beam in which the molecules under investigation are seeded in a supersonic 

jett expansion of an inert gas, most commonly helium. A number of excellent reviews 

aboutt the principles of a molecular beam [57-62] have appeared and only a brief 

backgroundd discussion will be given here. 

AA supersonic free jet is formed when a gas at high pressure is allowed to 

expandd through a small orifice or nozzle into a vacuum. The molecule of interest, is 

seededd into this gas in low concentrations. From a microscopic point of view, the 

expansionn converts random thermal motion in the static gas into directed motion in 

thee expanding gas. Directed motion has a high-enthalpy content and since the 

expansionn is isoentropic, the enthalpy associated with random motion in the static gas 

hass to be reduced. This reduction is equivalent to cooling of the translational 

temperature.. Translational temperatures of about 0.04 K have been achieved [61]. 

Sincee the local speed of sound is proportional to the square root of the translational 

temperature,, the speed of sound decreases whereas the flow velocity increases as the 

expansionn proceeds. In this way the flow of molecules will travel faster than the local 

speedd of sound, and thus will be supersonic. More important than the cooling of the 

translationall  motion of the molecules is the cooling of the molecular vibrational and 

rotationall  motions. This is realised in the early stages of the expansion by collisions 

betweenn the seeded molecules and the inert gas. It should be noted that cooling of the 

rotationall  degrees of freedom is much more efficient than that of the vibrational 

degreess of freedom. At a translational temperature of about 0.1 K the typical 

rotationall  temperature will be between 2-5 K [61], whereas the vibrational 

temperaturess will be substantially higher - about 10 K. Nevertheless, these vibrational 

temperaturess result in effectively freezing the molecules in the vibrationless level of 

thee electronic ground state. 

Figuree 1.2 illustrates the effect of a molecular beam, showing the broad 

unstructuredd electronic absorption spectrum of 4-dimethylamino-4,-cyanostilbene 

(DCS)) vapour at a temperature of 550 K (a), as well as the high-resolution 
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fluorescencee excitation of the S,<— S0 transition of DCS seeded in a supersonic jet of 

heliumm (b). The latter spectrum shows a detailed vibronic fine structure, which can be 

exploitedd to extract information about the molecular geometry and the electronic 

propertiess of the electronic ground and - in this particular case - the lowest excited 

singlett state of the neutral molecule. 

1/ / 
4-dimethylamino-4'-cyanostilbene e 

300 0 
— I — — 

310 0 
— I — — 
320 0 3300 340 350 360 

Wavelengthh / nm 

370 0 380 0 390 0 

FigureFigure 1.2. Electronic absorption spectrum of 4-dimethylamino-4'-cyanostilbene (DCS), a) 

AbsorptionAbsorption spectrum of DCS vapour at 550 K. b) High-resolution fluorescence excitation spectrum of 

thethe Si<—So transition of DCS seeded in a supersonic jet expansion of helium. 

1.4.21.4.2 Fluorescence versus Ionisation: Photons versus Photoelectrons 

Laser-inducedd fluorescence spectroscopy is a technique that is restricted to the 

investigationn of molecules that have a high enough fluorescence quantum yield. This 

meanss in general that it can only be employed for the investigation of vibronically 

excitedd levels that are coupled to the lowest excited singlet state exhibiting radiative 

relaxationn to the electronic ground state after laser excitation. This limits of course the 

numberr of electronically excited states that one can study, because the fluorescence 

quantumm yield is expected to drop quickly as the excess excitation energy beyond the 

vibrationlesss level of Si increases due to the opening of highly efficient and 
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competitivee nonradiative relaxation pathways, e.g., photoisomerisation, molecular 

decomposition,, internal conversion, intersystem crossing, etc.. Excited-state 

photoelectronn spectroscopy offers us a valuable spectroscopic tool that no longer 

confiness us to the investigation of fluorescent vibronically excited states since it is 

basedd upon resonance-enhanced multiphoton ionisation of the molecules of interest. 

Withh this spectroscopic technique we have the possibility to study also those states 

thatt are not subject to radiative relaxation, i.e., so-called "dark" states. 

Ann important difference between laser-induced fluorescence spectroscopy and 

excited-statee photoelectron spectroscopy is how the electronic, vibrational, as well as 

structurall  properties associated with a vibronically excited level of interest are 

determined.. The former technique is based on projecting the vibronically excited level 

ontoo the vibrational manifold of So, whereas in the latter spectroscopic technique a 

vibronicallyy excited level is investigated by projecting it generally onto the vibrational 

manifoldd of the ground state of the lowest radical cation. 

Laser-inducedd fluorescence excitation spectra can be obtained by scanning the 

laserr excitation wavelength and collecting the fluorescence. In a second kind of 

experimentt one can tune the laser excitation wavelength to a specific vibronic 

resonancee feature in the excitation spectrum, and record a dispersed fluorescence 

emissionn spectrum in which the fluorescence intensity is measured as a function of the 

emissionn wavelength. In this way one collects information about the electronic and 

structurall  properties of the lowest excited singlet state and possibly those of other 

higher-lyingg excited singlet states that are coupled to S|. Most commonly, laser-

inducedd fluorescence spectroscopy is done by using one-photon excitation. This 

impliess that we can only access electronically excited states that are allowed on the 

basiss of selection rules imposed by the molecular symmetry. One of the main benefits 

off  excited-state photoelectron spectroscopy is that one can employ a resonance-

enhancedd multiphoton excitation scheme that brings a much wider range of molecular 

symmetriess within reach. 

1.4,31.4,3 Principles of Excited-State PhotoElectron Spectroscopy 

Whenn a molecule in its electronic ground state ionises after absorbing a photon 

off  sufficient energy, an electron and an ion are generated. In this process the electron 

carriess away virtually all of the excess energy due to the large difference in the mass 
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off  the electron compared to the ion. On the basis of this conservation of linear 

momentumm and the conservation of energy, the kinetic energy of the ejected 

photoelectronn Ekinericeiectmn is directly related to the internal energy of the ion Eimemai lon 

byy the relation: 

internalinternal .neutral molecule ' ' ' V — * C molecule ^kinetic, electron *-"  internal, ion \ *

wheree IE is the ionisation energy of the molecule of interest and hv is the photon 

energyy absorbed by the molecule in the ionisation process. Equation (1.5) shows that 

whenn the photon energy is known, the internal energy of the ions can be determined 

byy analysing the kinetic energies of the photoelectrons. Depending on the photon 

energyy available, a photoelectron spectrum will typically show more than just one 

band,, reflecting the removal from electrons from different valence-shell molecular 

orbitals.. Each band corresponds to a transition to a particular electronic state of the 

ionn and contains information about the binding energies of the electrons. Moreover, 

thesee bands may be split up further into vibrational fine structure. 

Ionisationn by one photon of high enough energy (generally VUV radiation) 

investigatess the electronic ground state of a molecule. Excited states can similarly be 

investigated,, though ionisation in that case requires significant less energetic photons. 

Excitationn of these states can occur by absorption of one photon, but also by 

simultaneouss absorption of several photons of lower energy, i.e., in a multiphoton 

excitationn process involving n photons. Such processes require a high photon flux that 

cann be generated by high-intensity pulsed laser systems. The overall process can thus 

bee considered as a two-step process: «-photon excitation to an excited state followed 

byy m-photon (in which m is usually 1) ionisation. Due to this resonance-enhancement, 

thee ionisation yield is much higher than for nonresonant ionisation from the electronic 

groundd state. This resonance-enhanced multiphoton ionisation (REMPI) process is 

typicallyy denoted as an (n+m) REMPI scheme. 

Inn a typical REMPI experiment the (mass-resolved) ions or the (kinetic-energy 

selected)) photoelectrons are measured as a function of the laser excitation wavelength, 

leadingg to an excitation spectrum showing vibronic resonance structure. This is 

analogouss to a fluorescence excitation spectrum. Similar to a dispersed fluorescence 

emissionn spectrum, one can then tune the laser excitation wavelength to a specific 

vibronicc resonance in the excitation spectrum and determine the distribution of 
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photoelectronn kinetic energies, resulting in a photoelectron spectrum. This 

combinationn of REMPI together with PhotoElectron Spectroscopy (PES) is referred to 

ass excited-state photoelectron spectroscopy or REMPI-PES. Analysis of the kinetic 

energiess of photoelectrons produced in the REMPI process allows one to investigate 

thee electronic and vibrational properties of a large variety of vibronically excited 

states. . 

Mostt of the research in the field of excited-state photoelectron spectroscopy 

hass focussed on excited states that are denoted as Rydberg states. One can think of a 

Rydbergg state as an ionic core with a loosely bound excited electron "orbiting around 

it""  in a diffuse hydrogen-type of orbital (hence the nomenclature of these states as 3s, 

3p,, or 3d etc.). When resonance-enhanced multiphoton ionisation occurs via such a 

state,, the Rydberg electron is ejected and the ionic core is expected to remain largely 

unchanged.. This implies that the potential energy curves of these Rydberg states and 

thatt of the lowest radical cation, which is formed upon the removal of the Rydberg 

electron,, are very similar in shape and position. Under such conditions the ionisation 

processs is dominated by Franck-Condon diagonal transitions resulting in a 

Avv = \ ôn — vRxdheri, = 0 propensity rule - conservation of internal energy -, and thus a 

photoelectronn spectrum that is dominated by just one single peak. This implies 

concurrentlyconcurrently that the determination of the vibrational level in which the ion is formed, 

cancan be used for a reliable assignment of the vibrational state of the intermediate 

RydbergRydberg state. 

Thiss picture of the ionisation behaviour changes significantly for ionisation 

fromm valence states. In contrast to the Rydberg orbitals, which are non-bonémg by 

nature,, valence-shell orbitals have in general certain bonding characteristics. 

Excitationn from the electronic ground state to valence states and subsequent ionisation 

fromm these valence states to the vibrational manifold of the ground state of the radical 

cationn is therefore expected to be accompanied with changes in the equilibrium 

geometryy of the molecule. As a result ionisation from valence states is no longer 

expectedd to follow the Av = v^n - vRydhers = 0 propensity rule, or, in other words, the 

vibrationall  state of the excited neutral molecule is not expected to remain conserved 

uponn ionisation. The associated photoelectron spectrum is then no longer dominated 

byy just one single feature, but consists of one or more vibrational progressions, 

reflectingg the change in molecular geometry upon ionisation. Excited-state 
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photoelectronn spectroscopy is thus a valuable tool to investigate the excitation 

characterr of excited states and the associated electronic and structural properties. 

Ass will be demonstrated extensively in this thesis, ionisation from a specific 

Rydbergg state does not always result in a photoelectron spectrum dominated by just 

onee peak. It is possible that multiple ionisation pathways open due to the interaction 

off  an electronically excited state with other excited states as the result of the 

breakdownn of the Born-Oppenheimer approximation. These perturbations are, in a 

sense,, a spectroscopic reflection of the dynamics of a molecular system. 

1.55 Theoretical Considerations 

Partt of the research described in this thesis has relied on the results of 

quantum-chemicall  calculations. For details about such calculations the reader is 

referredd to excellent reviews on this subject [63-67]. Here we will only briefly 

introducee some of the general principles and features behind the ab initio, i.e., from 

"firstt principles", methods that have been employed to obtain information about the 

molecularr geometry and the vibrational frequencies of the electronic ground state of 

thee molecules of interest, as well as the electronic characteristics of their 

electronicallyy excited states. 

1.5.11.5.1 General Introduction to Quantum Chemistry 

Inn order to study the structural, electronic, and vibrational properties of 

moleculess in any stationary state using quantum chemistry, the ultimate goal is to 

solvee the (time-independent) Schródinger equation formulated for the molecular 

systemsystem of interest: 

H%„,{rj)=EXo,{r,R)H%„,{rj)=EXo,{r,R)  (1.6) 

Inn this equation H is the overall Hamilton operator, ^„„(r , RJ describes the overall 

wavee function and E represents the energy of the system described by XVIO!\^,R). 

Withinn the Born-Oppenheimer approximation, one can separate the overall wave 

functionn ¥,„, (r, Rj into an electronic wave function ^ ( r jR j , which depends on the 

14 4 



Introduction Introduction 

electronn coordinates and parametrically on the nuclear coordinates, and a nuclear 

wavee function ^„[RJ, which depends solely on the nuclear coordinates. To a first 

approximation,, the electronic wave function can be regarded as being built up from a 

linearr combination of Molecular Orbitals, which in turn are Linear Combinations of 

Atomicc Orbitals (LCAO-MO approach) (vide infra). 

Thee electronic Hamiltonian, He, for an «-electron system (in atomic units) is 

givenn by: 

i nn  n / ^ \ n n 1 

zz i ' i j ) i j  Tj  — r j  | 

Inn this Hamilton operator the first term represents the kinetic energy of the electrons 

andd the second term reflects the classical electrostatic potential due to the attractive 

Coulombicc interactions between the electrons and the nuclei. The third term describes 

thee repelling Coulombic interactions between the electrons. It is this latter term that 

complicatess things dramatically, because it prohibits any exact solution of equation 

(1.6)) for a many-electron system. 

Inn order to circumvent this problem, one assumes that each electron moves in 

somee average electrostatic field v(r;) induced by all the other electrons, enabling the 

totall  electronic Hamiltonian He to be expressed as the sum over n one-electron 

Hamiltonn operators hi given in the following equation: 

Hee = | > =-^1  ̂ + Ê v f e ; R )+ i) (1-8) 

Sincee the average electrostatic field v(r.) is not known a priori - it depends on the 

orbitalss of the other electrons - the equations resulting from (1.8) are nonlinear and 

havee to be solved iteratively. This problem is tackled by starting a calculation using 

guesss orbitals as an input for a so-called Self-Consistent Field (SCF) procedure, and is 

basedd upon optimising in an iterative process the one-electron molecular orbitals y/{, 

whichh are constructed from a set of atomic orbitals ^ (LCAO-MO): 
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Thee SCF procedure now consists of optimising the molecular one-electron orbitals i//, 

byy changing the molecular orbital expansion coefficients c • in order to minimise the 

expectationn value of the energy given by: 

*F,, (r, R) \H eWe{r,R\ 
-,-,—/—/ i \ , / -\ (1.10) 

Iff the calculated energy is lowered, the newly calculated molecular orbitals are used 

subsequentlyy in the optimised electronic wave function ^ ( r jR j and the energy is 

recalculated,, leading to an iterative procedure in which this computational process is 

repeatedd until the energy does not change within a certain limit and has more or less 

converged. . 

Inn the most simple approach the electronic wave function is taken as a single 

Slaterr determinant, leading readily to the Hartree-Fock (HF) equations. A drawback 

off such a treatment is that electron correlation is neglected - electron-electron 

repulsionn is only included as an average effect. Another fundamentally different 

approachh that with recent theoretical developments and program implementations has 

becomee rather attractive, is the use of Density Functional Theory (DFT). In the 

followingg section we will briefly discuss the principles of DFT and mention the 

essentiall differences between the HF and DFT method. 

1.5.21.5.2 Electronic Ground State: HF versus DFT Calculations 

Onee can divide the total electronic energy of a molecular system in the 

followingg way: 

EE = ET+Ev+Ej +EX+EC (1.11) 

wheree ET is the kinetic energy of the electrons, Ev is the Coulomb energy of the 

electronss due to electrostatic interactions with the nuclei, and Ej is the Coulomb 

energyy that the electrons experience in their own field if they moved independently 

andd if each electron repelled itself - assumptions that are both not true. The other two 

energyy terms, Ex (exchange energy) and Ec (correlation energy), correct for these 

falsee assumptions. The former energy term predominantly corrects for the electron 
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repulsionn between electrons of the same spin, whereas the latter energy term corrects 

forr the remaining electron correlation between the motions of the electrons. Both HF 

ass well as DFT computational methods have the Ev and Ej term in common. However, 

thee essential difference between the two computational approaches is the formulation 

withh respect to the exchange and correlation energy, Ex, and Ec (EXc = Ex + Ec), 

respectively. . 

Thee neglect of electron correlation in HF methods can be (partially) remedied 

byy post-HF methods such as MP2 [68], or configuration interaction methods (vide 

infra).infra). Such calculations require, however, large computational efforts, and are 

thereforee only possible for relatively small molecular systems. The great advantage of 

DFTT in this context is that it is computationally much less expensive. This is tied to 

thee fact that DFT calculations are based upon the electron density, which, regardless 

off the number of electrons, is only dependent on three spatial coordinates, whereas HF 

calculationss require the generation of wave functions that have the three spatial 

coordinatess of all the electrons in the molecular system considered as variables. 

Thee basis for DFT is the proof by Hohenberg and Kohn [69] that the electronic 

energyy of the ground state is determined completely by the electron density p(r). 

Theree exists a one-to-one correspondence between this electron density p(r) of the 

molecularr system and its energy. This implies that DFT is an alternative approach to 

thee conventional solution of the Schrödinger equation. According to Kohn-Sham [70] 

theory,, the general DFT energy, EDFj[p(r)],  can be partitioned in the following 

manner: : 

EEDFTDFT{p(r)]{p(r)]  = ET\p{7)}+ Ev[p(r)]+  Ej[p(r)]+  Exc\p(f)] (1.12) 

inn which ET [p(r)]  is the kinetic energy, Ev [p(r)]  is the attraction between the nuclei 

andd the electrons, Ej \p{r)]  is the Coulomb energy of the interaction between the 

electrons,, and Exc \p(r)]  is the exchange-correlation term. This latter energy term has 

too be taken into account because the exact electron density is not known. It can be 

approximated,, however, by expressing it in terms of a set of orthonormal one-electron 

functionss - orbitals - given by: 

p(r)=p(r)=  Xk-Ml H.13) 
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Thiss expression for the electron density p(r) in terms of one-electron orbitals 

impliess that, similar to the HF wave functions, one assumes non-interacting electrons. 

Inn reality the electrons are interacting and one has to account for this interaction by 

incorporatingg a correction term, Exc [p(r)].  Analogous to the SCF procedure for 

solvingg the electronic Schrödinger equation, equation (1.12) can be solved iteratively, 

usingg in this case not the electronic wave function, but the electron density to generate 

neww guesses and to reach convergence. The ultimate problem is to find a reasonable 

approximationn for the exchange and correlation energy functional Exc [p(r)]. 

Thee DFT calculations described in this thesis have relied upon the popular 

B3LYPP method, developed by Becke [71,72]. This method is based upon the Becke 3 

parameterparameter functional (B3) for Exc [p{r)],  which can be expressed as follows: 

EtcEtc Mr)]  = (1" a)EJfM \p(r)]+  «ET \p(r)]  + bAEf? for)] 
(1.14) ) 

++  ErA[p(r)hcAErb(r)] 

wheree a, b, and c are semi-empirical coefficients that have typical values of about 

0.2,, 0.7, and 0.8, respectively. In this expression A£^88[p(r)] is the gradient 

correctionn to the Local Spin Density Approximation (LSDA) for the exchange 

developedd by Becke [71]. This LSDA method implies: (1) that the local electron 

densityy can be treated as a uniform gas, or, equivalently, that the electron density is a 

sloww varying function, and (2) that the a and [3 spin densities are not similar [63]. The 

E'xE'xSDASDA\p(r%\p(r% ^"™[p(F)l a n d ET'\p{?)\ t e r m s a r e t n e L S D A b a s e d exchange and 

correlationn terms and the exact exchange term, respectively. Finally, the AE(^'A [p{r)] 

termm is the gradient correction based upon the Generalised Gradient Approximation 

(GGA).. This approximation is a correction to the LSDA, meaning that it considers a 

non-uniformm electron gas by taking the exchange and correlation energies not only as 

aa function of the electron density, but also as a function of the derivatives of the 

electronn density [63]. For the B3LYP method, this AE?GA [p(r)]  functional has been 

developedd by Lee, Yang, and Parr (LYP) [73]. 
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1.5.31.5.3 Excited States: CIS versus CASSCF Calculations 

Thee HF wave function is able to account for -99% of the total energy, but the 

remainingg ~\% is often crucial to describe accurately physical and chemical 

phenomena.. This energy difference between the HF energy and the lowest possible 

energyy in a given basis set is the electron correlation energy Ec and reflects that the 

motionn of the electrons is correlated, i.e., on average they are further apart than 

describedd by the HF wave function. A common way of introducing electron 

correlationn is by describing the electronic wave function not as a single Slater 

determinantt (HF approach), but as a linear combination of multiple Slater 

determinants.. This approach is called configuration interaction (CI) and is based upon 

aa generic multi-determinant trial wave function that can be expressed as: 

^.(r;R)=a 0<DHFF + X a . ° 1 (1 1 5) 
ii  = l 

wheree a0will be close to 1 for the electronic ground state and OW F describes the 

closed-shelll electronic ground state configuration. Importantly, diagonalisation of the 

CII matrix generated by expansion of the wave function into a set of Slater 

determinantss as expressed in equation (1.15) also leads to wave functions and energies 

off excited states. 

Inn a full CI, all possible Slater determinants are taken into account. The 

problemm to this approach is that even for small molecules the method of full CI gets 

computationallyy very demanding. Therefore one has to restrict the number of Slater 

determinants.. Often employed choices are to use either all single - CI Singles (CIS) -, 

orr both all single and all double excitations - CI Singles and Doubles (CISD) - that are 

accessiblee from the electronic configuration described by the reference HF 

determinant,, or some other reference set of determinants assumed to be relevant. 

Subsequently,, one can limit the number of determinants by confining the number of 

orbitalss in the CI space. This can be achieved by restricting the number of occupied 

orbitalss from which excitations are described. For instance, one can "freeze" (frozen-

coree approximation) all the occupied orbitals except for the highest in energy from 

whichh excitation is most likely to occur. A similar approach can be used for the 

unoccupied,, virtual, orbitals. 
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Itt is important to notice that truncating the CI at the level of single excitations 

(CIS)) does not give any improvement over the HF result regarding the energy of the 

electronicc ground state; all matrix elements between the HF wave function and singly 

excitedd determinants are zero. Only double (CISD) or higher excited determinants 

havee matrix elements with the HF wave function that may be different from zero, and 

thuss account for any electron correlation. The advantage of the CIS approach is that, 

att a relatively low computational cost, one can use the higher roots from the secular 

equationss - see equations (1.16) and (1.17) - as approximations for the description of 

electronicallyy excited states. We can use the multi-determinant wave function to 

rewritee equation (1.6) as: 

H H 
""  \ ( 

(1.16) ) 

Thiss leads to the following matrix equation, using the notation HIJ = (O, |// Oy 

# 000 -

HH)o )o 

HH„i) „i) 

E E HHm m 
HH uu-E-E • 

•• H 

H H 

•• Hm 

' 0 ^ ^ 

0 0 

v° , , 

(1.17) ) 

inn which the second lowest eigenvalue corresponds to the first excited state, etc. 

Thiss CI method optimises only the coefficients in front of the Slater 

determinantss by the variational principle, and the electronic ground state together with 

alll the electronically excited states are described by the same one-electron molecular 

orbitals,, optimised within the HF approximation. Another method, the Multi-

ConfigurationConfiguration Self-Consistent Field (MCSCF) method, which can be employed to 

takee electron correlation into account and to investigate electronically excited states, 

cann be considered as a CI in which not only the coefficients in front of the Slater 

determinantss are optimised, but also the one-electron molecular orbitals by 

optimisationn of the coefficients in front of the atomic orbitals. 

Thee major problem with MCSCF methods is the selection of the appropriate 

configurationss to include for the property of interest. One of the MCSCF techniques 

widelyy used is Complete Active Space Self-Consistent Field (CASSCF). In this 

methodd the molecular orbitals are partitioned into an active and an inactive space. The 
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activee space orbitals will typically contain the highest molecular orbitals and some of 

thee lower unoccupied molecular orbitals from a Restricted Hartree-Fock (RHF) 

calculation.. The inactive molecular orbitals are always either occupied by 2 or 0 

electrons.. Within the active molecular orbitals a full CI is performed, and all the 

properr symmetry adapted configurations are included in the MCSCF optimisation 

routine.. Which molecular orbitals are included in the active space during the 

calculationn is decided on forehand by considering the specific problem one has to deal 

withh and the computational expense. In the case of distributing n electrons in all 

possiblee ways in m molecular orbitals, one refers commonly to [n,ra]-CASSCF. The 

mainn advantage, and at the same time the main disadvantage, of the CASSCF method 

withh respect to CISD is that is recovers within the active space all the electron 

correlation,, but none outside the active space, i.e., within the inactive space, and 

betweenn the active and inactive electrons. 

1.66 Scope of this Thesis 

Thee essential impetus for the research described in this thesis has been to gain a 

detailedd understanding of the spectroscopy and photophysics of mono-olefins and 

(functionalised)) polyenes in the context of their role in current and future 

(bio)photonicc applications. To this purpose both experimental - laser-induced 

fluorescencefluorescence and excited-state photoelectron spectroscopy -, as well as theoretical 

studiess have been performed in an effort to extract information about the electronic 

naturee and characteristics of electronically excited states of a number of 

(functionalised)) polyenes and mono-olefins under isolated conditions, i.e., seeded in 

jet-cooledd expansions. 

Electronicc states are usually described within the Born-Oppenheimer 

approximation.. This approximation does not always provide, however, a sound basis 

forr the description of the spectroscopy and dynamics of electronically excited states as 

willl be shown in several Chapters in this thesis. One example of the breakdown of this 

Born-Oppenheimerr approximation is seen in the spectroscopy of the lowest excited 

singlett state, Si, of polyenes having three or more C=C bonds. The all-trans polyenes 

off C2h symmetry have a strongly dipole-allowed S2(l 'B,u) state, whereas the Si(2'Ag) 

state,, characterised by extensive electron correlation, is dipole-forbidden. The 
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presencee of ds-linkages in these polyenes has a nontrivial effect of lowering the 

symmetry,, making previously forbidden transitions (weakly) allowed. At the same 

time,, vibronic coupling of S, and S2 can in principle still remain active. In Chapter 3 

thee background of the breakdown of the Born-Oppenheimer approximation will be 

discussedd and the phenomenon of vibronic coupling - or Herzberg-Teller coupling -

willl be introduced. It will be explained how this vibronic coupling affects the 

spectroscopyy of S, of jet-cooled c/s-l,3,5-hexatriene, and, most importantly, how its 

influencee compares to the effects of cw-linkages on the one-photon properties of 

polyenes. . 

Inn Chapter 4 we will again focus on the spectroscopy of hexatriene and discuss 

preliminaryy results of an excited-state photoelectron spectroscopic study on a jet-

cooledd mixture of trans- and t7s-l,3,5-hexatriene. Central issue in this Chapter will be 

thee vibronic nature of the two features separated by only 5 cm"1, which together form 

thee dominant double band close to 34380 cm"1 in the S0(l
lAi)->S,(21A1) one-photon 

excitationn spectrum of ds-l,3,5-hexatriene. 

Inn Chapter 5 and 6 the electronic properties of the excited singlet states of 

severall mono-olefinic compounds will be considered from an experimental point of 

vieww using excited-state photoelectron spectroscopy. Chapter 5 will deal with the 

spectroscopyy of the lower Rydberg states - (ic,3s) and (jc,3p) Rydberg states - of jet-

cooledd ethylene. This study has served as a point of reference for the investigation of 

thee electronically excited states and their photophysics of larger and more complex 

mono-olefinicc molecules, such as tetramethylethylene (TME) and 1,1'-

bicyclohexylidenee (BCH). The results of the excited-state photoelectron spectroscopic 

studiess on these compounds will be discussed in Chapter 6. 

Chapterr 7 concerns an ab initio study, exploring the electronic properties of 

excitedd singlet states of small mono-olefinic molecules - ethylene and its methyl-

substitutedd derivatives - as a function of their structural and electronic properties. 

Computationall results will be presented that show evidence for extensive mixing 

betweenn the (n,ic*) valence state and the (jt,3p) and (7i,3d) Rydberg manifold. This 

Rydberg-valenceRydberg-valence mixing has far-reaching implications, resulting, for example, in a 

sharingg of the electronic properties between the Rydberg states involved and the 

(TU,7C*)) valence state. 

Functionalisedd polyenes - donor/acceptor ?rans-stilbenes - that are actually 

employedd in polymers designed for photonic materials are the subject of the studies 
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describedd in Chapter 8. Here the results of high-resolution fluorescence excitation and 

dispersedd emission spectroscopy on isolated donor/acceptor polyenes will be 

discussedd in terms of the intramolecular properties of the isolated chromophore as 

welll as in terms of the intermolecular properties associated with these chromophores 

inn solution. 
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