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ChapterChapter 1 

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. 

2 2 
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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 

3 3 
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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. 

4 4 



Introduction Introduction 

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 -

5 5 
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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) 

6 6 
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rrMM****  -2AYyy(^x^m^ x^n^^ p^p^^ 8^ 
F F F F 

gmgm *-'  gn  gp 

y yy (g Î AT 1 wi)(m|^x | g)(g j/z^ | /y){p|juy | g)A 

EE E F 
^^ fi"< XP XP 

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 
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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, 

8 8 
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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 

10 0 



Introduction Introduction 

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 

11 1 



ChapterChapter I 

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 
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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 jRj 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 

16 6 



Introduction Introduction 

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-M l 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 nd ET'\p{?)\ t e r ms a re t ne L S D A b a s ed 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 a0wil l 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 

wil ll  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 -

wil ll  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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ExperimentalExperimental Details 

2.11 Laser System 

Thee heart of the laser system used to study the molecular systems in both the 

fluorescencee as well as the excited-state photoelectron spectroscopic experiments 

describedd in this thesis consists of a pulsed XeCl excimer laser (Lambda Physik 

EMG103MSC)) producing 17 ns pulses with a fixed wavelength of 308 nm and a 

maximumm power of 200 mJ per pulse. The UV radiation generated by the excimer 

laserr is used to pump either one or two dye lasers {Lumonics HyperDye-300), which 

havee a tuning capability in the wavelength range from 330 to 700 nm when employing 

variouss organic dye solutions (conversion efficiency 8-15 9c). The laser light 

generatedd by the dye laser has a spectral band width of about 0.06-0.08 cm'. The 

wavelengthh tunability can be extended using a Second-Harmonic Generation unit 

(Inradd Autotracker II), which employs an angle-tuned KDP or BBO nonlinear crystal. 

Thee UV radiation after frequency-doubling ranges from 220 to 350 nm and has a 

maximumm energy of approximately 1.5 mJ per pulse and a bandwidth of about 0.15 

cm"1.. Calibration of the wavelength of the dye laser output can be accomplished in 

twoo ways. The first method is based on the use of the optogalvanic effect in neon 
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usingg a (Cr/Ne) hollow cathode discharge lamp. The second technique, possible when 

performingg excited-state photoelectron spectroscopic experiments, employs 

resonance-enhancedd multiphoton ionisation of xenon or krypton via well-known 

excitedd states. 

Dependingg on the kind of experiment, the excitation beam is steered into the 

expansionn chamber of the fluorescence setup or into the ionisation chamber of the 

"magneticc bottle" spectrometer (excited-state photoelectron spectroscopy). In the 

formerr case, the laser light is focussed by means of an external quartz lens (500 mm 

focall  length). In the excited-state photoelectron spectroscopic experiments the laser 

beamm is focussed into the ionisation chamber of the "magnetic bottle" spectrometer 

usingg an internal quartz lens with a focal length of 25 mm. In a two-colour excited-

statee photoelectron spectroscopic experiment the two laser beams are 

counterpropagatedd and focussed into the ionisation chamber of the "magnetic bottle" 

spectrometerr by two separate lenses mounted on opposite sides of the spectrometer. 

Thee two laser beams are overlapped in time using a fast silicon photodiode (HP5082-

4203). . 

2.22 Fluorescence Setup 

Thee experimental setup for performing high-resolution fluorescence excitation 

andd dispersed emission spectroscopy on samples seeded in a molecular beam consists 

off  an expansion (vacuum) chamber mounted with a nozzle system. The fluorescence 

experimentss described in this thesis have mainly been performed using a heatable 

pulsedpulsed injector (Chapter 3 and 8) although some of the earlier experiments (Chapter 8) 

havee been carried out with the "old" heatable continuous nozzle system. Figure 2.1 

showss the experimental setup that will be discussed in some detail below. 

Thee expansion chamber is a home-made cylinder made of stainless steel with a 

diameterr of 250 mm and a height of 560 mm. At either side of this cylinder an 

entrancee (to allow excitation of the jet) and exit (to measure the intensity of the laser 

light)) window have been mounted for the passage of the laser beam. In order to 

minimisee reflections, these windows have been placed under the Brewster angle. 

Furthermore,, to facilitate alignment of the laser beam with respect to the molecular 

beam,, and to minimise any scattering of the laser beam against the wall of the 
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expansionn chamber, the laser beam is skimmed by three diaphragms located inside the 

expansionn chamber before entering the region of the supersonic jet expansion, and 

subsequentlyy skimmed in a similar fashion upon leaving the expansion chamber. The 

vacuumm system responsible for evacuating the expansion chamber consists of a Roots 

pumpp (Edwards EH500) backed by a rotary fore pump (Edwards E2M80) and can 

achievee a pressure of 3x10"4 mbar. 

Excimerr Laser 

Monochromator r 

Computer r 

Dyee Laser 

fc fc £1 1 

Rootss pump Rotaryy tore pump 

Vacuumm Chamber 

FigureFigure 2.1. Experimental setup for the supersonic jet fluorescence experiments. SHG = Second-

HarmonicHarmonic Generation. PMT = Photomultiplier lube, Inj. = Injector. DG = Delay generator. The solid 

lineslines refer to data input channels, the dotted lines to trigger signals. 

Thee home-made injector is mounted vertically into the expansion chamber and 

connectedd to the carrier gas. As mentioned before, two different kind of heatable 

molecularr beams have been employed to perform fluorescence experiments described 

thiss thesis. The "old" continuous injector consists of two compartments: an upper 

compartmentt consisting of a copper vessel enclosing the compound under 

investigation,, and a lower compartment consisting of a tube leading to the nozzle that 
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cann be heated separately from the first compartment. In a typical experiment the 

continuouss nozzle was equipped with a pin-hole of 100 fim. 

Thee advent of the more sophisticated pulsed injector has made it possible to 

carryy out the experiments in a more economic way with respect to sample and carrier 

gas.. Moreover, a pulsed injector will sustain a somewhat lower pressure in the 

expansionn chamber, and thus lead to better cooling conditions. This type of molecular 

beamm consists of a stainless steel container to which a heatable pulsed nozzle (General 

Valvee Series 9) is connected. A removable pyrex vessel containing the sample can be 

placedd in this heatable container. The nozzle can be fitted with a number of pin-holes 

withh various diameters (e.g., 100, 200, 500, and 1000 jUm). Most commonly used is 

thee pin-hole with a diameter of 500 fim. When heating of the sample is required to 

obtainn sufficient vapour pressure, the temperature of the nozzle is usually set to a 

temperaturee of about 10 °C higher than that of the sample container in order to 

preventt condensation and clogging of the nozzle orifice. With a "regular" coil 

assemblyy (General Valve P/N 9-181-05O-2) the maximum temperature is limited to 

2000 °C, but fitting the injector with a "hot body" coil assembly (General Valve P/N 9-

279-050-2)) extends this maximum temperature up to 235 °C. The repetition rate of the 

injectorr - usually chosen to be about 30 Hz - as well as the pulse width - typically 350 

too 650 ^s - can be set using an Iota One Pulse Driver (General Valve P/N 60-1-900). 

Thiss pulse driver is also used to trigger the pulsed XeCl excimer laser. 

Synchronisationn of the pulsed molecular beam and the laser pulse in time is achieved 

byy a home-made delay generator (typical delay times used are 500 to 850 /us). 

Inn a typical experiment, in which an optimal trade-off between cooling 

conditionss and signal-to-noise ratio is aimed for, excitation of the jet occurs at a 

distancee of about 1-3 mm from the nozzle orifice. The fluorescence from the jet-

cooledd molecules is collected at right angles with respect to the excitation light and 

thee molecular beam by a spherical quartz condenser (Melles Griot 01MCP119, 

diameterr of 50 mm, and a focal length of 50 mm), and imaged onto the entrance slit of 

aa Zeiss M20 grating monochromator (dispersion 5 nm/mm) equipped with an EMI 

95588 QA (S20) photomultiplier. The output of the photomultiplier is integrated during 

11 jd&  with a boxcar integrator (SR250), whose output is read out and averaged by a 

computerr controlling the experiment. In a typical experiment excitation spectra have 

beenn obtained by scanning the dye laser in steps of 0.1 cm"1, averaging over a number 
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off  laser pulses, typically 10 to 100, and dividing the fluorescence signal by the laser 

intensityy as measured by a radiometer (EG&G model 580). 

Althoughh the spectral resolution of the monochromator did not fully meet the 

requirementss to obtain vibrationally fully-resolved dispersed emission spectra, single 

levell  emission spectra have been recorded for DCS and DANS. In these experiments 

thee photomultiplier is cooled with a mixture of ethanol and dry ice to -78 °C to reduce 

thee dark current. Emission spectra of DCS and DANS have been obtained by scanning 

thee monochromator with a slit width of 0.1 mm (spectral resolution of about 40 cm'1) 

andd averaging the signal over a number of laser pulses - typically around 100. 

2.33 "Magneti c Bottle"  Electron Spectrometer 

Thee construction of the "magnetic bottle" electron spectrometer employed in 

thiss thesis is based on a design by Kruit and Read [1]. Although also suited for mass* 

selectivee detection of radical cations formed in the resonance-enhanced multiphoton 

ionisationn process, the outstanding merits of its design, i.e., a high collection 

efficiencyy and a high energy resolution, are related to the detection of photoelectrons. 

Thiss high collection efficiency as well as high energy resolution are achieved by the 

usee of a well-designed strongly diverging magnetic field - hence the name "magnetic 

bottle""  - used to collect the photoelectrons produced in a small photoionisation 

volume,, and subsequently guide them into a flight tube for time-of-flight (TOF) 

analysis.. Figure 2.2 shows a schematic overview of the experimental setup employed 

forr performing excited-state photoelectron spectroscopic experiments. The essential 

featuress of the "magnetic bottle" spectrometer itself are shown in Figure 2.3 [2], and 

wil ll  be discussed in some detail below. 

Insidee the ionisation chamber a strongly divergent 1 Tesla field is present, that 

diminishess over a few cm to 10"3 Tesla at the beginning of the flight tube. This 

inhomogeneouss magnetic field is responsible for a 50% collection efficiency 

(acceptancee angle 2n sr) of the photoelectrons with kinetic energies ranging from 0 to 

100 eV, independent of the polarisation of the excitation light. The trajectories of 

photoelectrons,, that have a velocity component in the direction of the flight tube, are 

madee parallel in the first few millimeters, which is a relatively small distance 

comparedd to the 50 cm length of the flight tube. After this parallelisation, the 
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photoelectronss enter a uniform magnetic field that guides them down the flight tube. 

Att the end of the flight tube a pair of microchannel plates (Hamamatsu Fl094-03) 

allowss for the detection of the photoelectrons and hence the measurement of the flight 

timess associated with the kinetic energies of the photoelectrons (TOF method). The 

resultingg signal is stored in a 500 MHz digital oscilloscope (Tektronix TDS540) and 

readd out by a computer controlling the experiment. 

Excimerr Laser Dyee Laser SHG G 

V+ V+ 

- ^ ^ 

^ ^ 

~t ~t 

Sr-*LH0D3«Z] ] 
"Magneticc Bottle" 

Spectrometer r 

MCP' ' 

Computer r Oscilloscope e 

Figur ee 2.2. Schematic overview of the experimental setup for the supersonic jet excited-state 

photoelectronphotoelectron spectroscopy experiments. BS = Beam splitter, PD = Photodiode, SHG = Second-

HarmonicHarmonic Generation, Inj. = Injector, DG = Delay generator, MCP's = Multichannel plates. The solid 

lineslines refer to data input channels, the dotted lines refer to trigger signals. 

Thee conditions under which the trajectories of the photoelectrons are 

parallelisedd makes a TOF method suitable to measure their kinetic energies. This 

methodd allows one to obtain a photoelectron spectrum by converting the TOF 

spectrumm of the photoelectrons to a linear energy scale [2,3]- The best resolution in a 

photoelectronn spectrum is achieved for slow electrons. In order to achieve the same 

energyy resolution for all kinetic energies of the photoelectrons, a retarding voltage can 

bee applied on a grid to decelerate the photoelectrons at the first part of their 
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trajectoriess in the flight tube just after they have been parallelised. By increasing the 

retardingg voltage in a step-wise fashion, and converting at each step only the high-

resolutionn part of the TOF spectrum, i.e., at long flight times, a photoelectron 

spectrumm is created. Using this procedure, an optimum resolution of 6-8 meV 

(FWHM)) at all electron kinetic energies can be achieved, although in practice we 

generallyy are already satisfied with a resolution of 10-15 meV. Absolute calibration of 

thee kinetic energies of the photoelectrons is typically performed by recording the 

flightt times of photoelectrons produced in a resonance-enhanced multiphoton 

ionisationn process via well-known ionic spin-orbit excited states of atomic xenon or 

kryptonn as a function of the retarding voltage. 

Supersonic c 
jett expansion 

Pumpingg Pumping 

FigureFigure 2.3. Schematic picture, based upon the representation of the "magnetic bottle " as presented by 

RijsRijs et al.[2], of the spectrometer used for excited-state photoelectron spectroscopy in the present 

thesis.thesis. MCP 's = Multichannel plates. 

Inn front of both pole faces of the 1 Tesla electromagnet located in the 

ionisationn chamber a grid is mounted for the application of static or pulsed electric 

fields.. These grids are essential for performing Zero-Kinetic-Energy Pulsed-Field 

33 3 



ChapterChapter 2 

Ionisationn (ZEKE-PFI) experiments [4,5] or mass-resolved ion detection. Since none 

off  the experiments described in this thesis have been performed using ZEKE-PFI, we 

wil ll  not go into experimental details about this spectroscopic technique. Instead, the 

readerr is referred to References 4 and 5 for the application of ZEKE-PFI using the 

"magneticc bottle". As mentioned before, the "magnetic bottle" can also be employed 

forr mass-selective detection of the radical cations formed in the resonance-enhanced 

multiphotonn ionisation process. In order to do so, appropriate voltages have to be 

appliedd to the grids mounted on the magnetic pole faces to guide the ionic species to 

thee microchannel plates, of which the voltage polarity is reversed with respect to 

electronn detection. At present a mass resolution (M/AM) of 300 can be achieved. The 

collectionn efficiency for ions is, however, smaller than for electrons. Finally, the two 

gridss in the ionisation chamber are also employed when photoelectrons are produced 

inn the resonance-enhanced multiphoton ionisation process with near zero-kinetic 

energy.. In that case they serve to accelerate them and to push them into the flight tube 

forr analysis. 

Thee spectrometer, of which the "magnetic bottle" is a part, can be divided into 

threee separate chambers: the expansion chamber for the preparation and skimming of 

thee supersonic jet expansions, the ionisation chamber, and the flight tube. Each of 

thesee three chambers is evacuated by high-vacuum pumping system. The expansion 

chamber,, located on top of the ionisation chamber and connected to this chamber via a 

skimmer,, is pumped by an Edwards Diffstak 2000 oil diffusion pump backed by an 

Edwardss E2M40 rotary fore pump. The ionisation chamber is pumped by a Balzers 

TPHH 170 turbomolecular pump backed by a Leybold Trivac D16B rotary fore pump. 

Thee flight tube, connected to the ionisation chamber via an opening (diameter of 2 

mm)) in one of the two pole faces and the grid mounted in front of it, is evacuated by a 

Leyboldd Turbovac 450 turbomolecular pump, which is backed by a Leybold Trivac 

D25BB rotary fore pump. Recently, a fourth pumping system has been installed in 

orderr to be able to evacuate the inlet tube for the effusive introduction of a sample 

moree efficiently. This tube is connected horizontally to the ionisation chamber via a 

smalll  opening with a diameter of 2 mm in the pole face that is located on the opposite 

sitee of the flight tube in the ionisation chamber. Due to the large free mean path 

createdd by the high-vacuum system in the ionisation chamber, pumping of this inlet 

tubee via the ionisation chamber is very inefficient. For this reason a Pfeiffer TCP 040 
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turbomolecularr pump backed by a Leybold Trivac D5E rotary fore pump is used to 

evacuatee separately this inlet tube when no gas is introduced effusively. 

Thee nozzle system is mounted vertically on top of the expansion chamber and 

partt of it is exchangeable with the nozzle system mentioned in Section 2.2 describing 

thee fluorescence setup - see Section 2.2 for technical specifications concerning the 

nozzlee system. The molecular beam is skimmed by a skimmer (Beam Dynamics) with 

aa typical diameter of 500 jim. The orifice of the nozzle is typically 500 fim. In order 

too achieve optimum cooling conditions, the expanded jet flow is collimated by the 

skimmerr located typically between 1 to 4.5 cm downstream of the valve orifice. The 

distancee between the skimmer and the ionisation region is about 20 cm and is fixed. A 

home-builtt delay/pulse generator is used to control the timing (typically between 400 

too 600 (is,) of the gas pulse relative to the laser pulse. Typical backing pressures used 

inn the experiments described in this thesis are about 3 bar of helium. With a typical 

temporall  width of the pulse generated by the molecular beam of 200 (is and 

maintainingg a repetition rate of 30 Hz, a pressure within the range of 104-105 mbar in 

thee expansion chamber is measured with a Penning gauge (Edwards CP25-K). The 

pressuree in the flight tube is not measurably dependent on the inlet of gas via the 

molecularr beam system, and is about 1x107 mbar as measured by a high-vacuum 

ionisationn gauge (Leybold IE20). When a sample is introduced effusively, the 

pressuree in the flight tube is typically kept at a typical value of around lxlO"6 mbar. 
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TheThe Spectroscopy & Photophysics ofHexatriene (A) 
AA "Hot" Perspective on Symmetry Breaking and Vibronic Coupling 

inin Cis-1,3,5-Hexatriene. 

Abstract t 

Thee influence of symmetry breaking on the one hand and vibronic coupling on 

thee other hand on the photophysical properties of the lowest excited singlet state of 

polyeness has been investigated for ds-l,3,5-hexatriene by rotational analyses of the 

apparentt origin region of the S|<-S0 excitation spectrum, and by quantum chemical 

calculationss of direct and vibronically induced transition moments. Both approaches 

givee indisputable evidence for a dominant role of vibronic coupling. On the basis of 

thiss conclusion predictions concerning hitherto unobserved important transitions such 

ass the non-vibronically induced 0-0 transition are made and confirmed. 

R.A.. Rij ken berg, D. Bebelaar. and W.J. Buma, J. Am. Chem. Soc. 122, 7418 (2000). 
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3.11 Introductio n 

Thee highly versatile role of polyenes, both in materials science as well as in 

biologicall  processes [1,2], has raised considerable interest in their photophysical and 

photochemicall  properties [3]. By now, it has been firmly established that the 

HOMO—>LUMOO excitation, leading for all-tram polyenes of C2h symmetry to the 

stronglyy dipole-allowed ionic 1 'Bu state, is not the first excited singlet state Si but S2. 

Instead,, the pioneering experimental work of Kohier and Hudson [4] and the 

theoreticall  work of Schuiten and Karplus [5] has shown that Si (for all-trans polyenes 

off  !Ag symmetry) is characterised by extensive electron correlation, and in a zeroth-

orderr picture described by a linear combination of the HOMO—>LUMO+l, HOMO-

1->LUM0,, and (HOMO)'-KLUMO)2 excitations. This implies that for all-trans 

polyeness the one-photon S]<-»S0 transitions are not only forbidden on symmetry 

groundss (g<-»g), but also on account of the double excitation character of S i. 

All-trans-],3,5,7-octatelmemAll-trans-],3,5,7-octatelmem can be considered as the prima donna amongst 

unsubstitutedd polyenes with inversion symmetry. For this molecule the above 

conceptss have convincingly been demonstrated by both experimental [6] as well as 

theoreticall  research [7] - one-photon transition intensity is induced via vibronic 

couplingg (see Appendix A) between the dipole-forbidden 2*Ag (Si) and the dipole-

allowedd 1 'Bu (S2) states along vibrational coordinates of bu symmetry. An intriguing 

question,, whose answer has so far remained elusive, is how the lack of inversion 

symmetry,, for example by the presence of ds-linkages, influences the spectroscopy of 

polyenes.. Theoretical [8] and solid-state experimental studies [9] on cis,trans-],3,5,7-

octatetraenee indicate that for this isomer vibronic coupling between Si and S2 

dominatess the one-photon spectroscopy of Si, but gas-phase spectroscopic studies that 

wouldd be able to validate these results quantitatively are unfortunately still lacking. 

Anotherr possibility to compare the role of symmetry breaking with that of 

vibronicc coupling - and the one that is pursued here - is to study the one-photon 

spectroscopyy of c/s-1,3,5-hexatriene. This molecule was the first unsubstituted 

polyenee for which the Si(2'Ai)<— S0(l'A|) transition could actually be observed under 

isolatedd conditions [10]. It can in principle take place as a direct perpendicular 

transition,, or as a vibronically induced parallel transition. In the latter case transition 

intensityy is borrowed from the S2(1'BI)^-SO(1'AI) transition via bi modes. The one-

photonn excitation spectrum of Si is dominated by a double band around 34380 cm" , 
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whichh has been suggested to arise from the presence of more than one stable 

conformerr on the excited-state potential energy surface of Si. The key question is now 

whetherr this band corresponds to the 0-0 transition, or to a vibronically induced 

transition.. In the original REMPI work [10] a direct transition was assumed, while a 

vibronicallyy induced character was concluded from subsequent gas-phase 

fluorescencee excitation [11] and resonance Raman [12] studies. Time-resolved 

measurementss of the rotational anisotropy [13], however, seemed to give evidence for 

aa perpendicular polarised S|(2,A I)<-S0(1
IA I) transition, i.e., not vibronically induced. 

Inn the following, we will present and discuss the results of a fluorescence 

excitationn spectroscopic study on jet-cooled cw-l,3,5-hexatriene in which a rotational 

contourr analysis {see Appendix B) has been performed on the double band at 34380 

cm""  . The results of that analysis, in combination with ab initio calculations, allow us 

too come to unambiguous conclusions on the nature of this band, and the prediction of 

otherr important bands. 

3.22 Experimental and Theoretical Details 

3.2.13.2.1 Experimental Procedures 

Thee experimental setup for performing high-resolution fluorescence excitation 

spectroscopyy is described in detail in Chapter 2. In the case of the experiments on jet-

cooledd cis-1,3,5-hexatriene, the XeCl excimer laser was working at a repetition rate of 

300 Hz, and pumped a dye laser operating on Rhodamine 6G. 

Inn the fluorescence excitation experiments the monochromator was used in 

firstt order with a slit width of 10 mm, resulting in a spectral resolution of about 50 

nm.. The center emission wavelength was set to 400 nm. To record a detailed 

excitationn profile of the double band around 34380 cm'1, the dye laser was scanned in 

stepss of 0.025 cm"1, averaging over 40 laser pulses, and dividing the fluorescence 

signall  by the laser intensity as measured by the radiometer. Fluorescence excitation 

spectraa over a larger spectral range were recorded by scanning the dye laser in steps of 

0.11 cm"1. Unfortunately, the fluorescence quantum yield of jet-cooled c/s-hexatriene 

provedd to be insufficient to record any useful dispersed emission spectra. 
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Althoughh the main purpose of a molecular beam is to cool down the molecules 

off  interest to very low (ro)vibrational temperatures, we have employed in this study 

supersonicc jet expansions in such a way as to realise a good trade-off between high 

resolution,, and enough population in ground state excited (ro)vibrational levels to 

recoverr essential spectroscopic information. This has been achieved by studying the 

moleculess of interest very early in the supersonic jet expansion, i.e., in that region of 

thee expansion where the molecules have not yet had time enough to cool down 

efficientlyy via collisions with the carrier gas. 

3.2.23.2.2 Theoretical Procedures 

Calculationss on the electronic ground state (l'A|) and the lowest excited 

singlett state (21 Ai) of ds-hexatriene have been performed using the GAMESS-

DAKOTAA package [14]. 

3.33 Results and Discussion 

Inn this section we will present the results of our experimental and theoretical 

studiess on ds-hexatriene. In first instance we will concentrate on the nature of the 

343800 cm"1 transition, i.e., establish whether it is a parallel or a perpendicular 

transition,, by analysis of its rotational structure. To this purpose excitation spectra 

havee been recorded using relatively "hot" expansions [15]. Under such conditions 

partiallyy rotationally resolved spectra can be obtained as is shown in Figure 3.1 for the 

doubledd band at 34380 cm"1. 

AA rotational contour analysis of this band within the rigid symmetric rotor 

approachh and employing a two-temperature model (TIjrot=60 K; TIi.ro,= 100 K) [16] 

stronglyy suggests that the rotational features derive from a parallel transition, and, 

consequently,, that this band corresponds to a vibronically induced transition (see 

AppendixAppendix A) along normal coordinates of bi symmetry. In general, one needs to be 

extremelyy cautious about the results of a rotational band contour analysis. Fully 

resolvedd spectra are required to determine unambiguously the orientation of an 

electronicc transition moment in the molecular frame. Bands that appear to be of one 
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343600 34365 34370 34375 34380 34385 34390 

Excitationn energy (cm ) 

FigureFigure 3.1. One-photon fluorescence excitation spectrum of the apparent origin region of the St<—So 

transitiontransition in cis-1,3,5-hexatriene. The top and bottom spectra display, respectively, the experimental 

spectrumspectrum and the fitted spectrum leading to the rotational constants given in Table 3.1. 

TableTable 3.1. Rotational constants (cm ) of the 

vibrationlessvibrationless level of the ground state of cis-1,3,5-

hexatrienehexatriene and the vibronic level of Si accessed in the 

3438034380 cm' transition. 

State e 

1'A,(S0) ) 

2'A,(S,) ) 

,4 4 

B+C B+C 

A A 

B+C B+C 

Experiment t 

0.496 6 

0.096 6 

0.534 4 

0.093 3 

Abb initi o 

0.496 6 

0.098 8 

0.529 9 

0.093 3 

typee at low resolution can in fact be of an entirely different type at high resolution 

[17].. In the present case, however, we can be reasonably sure of our assignment 

becausee the values of the rotational constants of the zero-point vibrational level of So 

andd the bi vibrational level of Si excited in the 34380 cm"1 transition derived from the 
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fitt shown in Figure 3.1 are in excellent agreement with the results of CASSCF/6-

31G**  geometry optimisations of the S0(l'Ai ) and Si(2'Ai) states as can be seen in 

Tablee 3.1. The rotational constants show that upon excitation a significant increase 

occurss in the A rotational constant associated with rotation around the molecular long 

axis,, and a decrease in the (B+C) rotational constant. This result implies that the 

moleculee contracts towards its long axis upon excitation, which, in turn, is consistent 

withh the idea of a significant bond order reversal upon excitation. 

TableTable 3.2. Calculated intensities for direct (OjJ) and vibronically 

inducedinduced (£>,)(', S,(2'A,)<—S0(1
!A,) transitions in cis-1,3.5-hexatriene. 

Transitionn Frequency'1"  Frequency""  Intensity'01 

0.02 2 

3655 355 100.0 

7222 43.8 

10244 7.3 

12944 1187 8.1 

14055 1280 12.1 

14922 17.7 

16177 1451 3.9 

17699 1623 2.4 

"""  Calculated unsealed ground state vibrational frequency (cm1). "" 

ExperimentalExperimental ground state frequency  [21]. "''  Intensities are given 

withwith respect to the calculated intensity of the 31], band taken as 100.0 

Previously,, we have successfully employed quantum-chemical modelling to 

simulatee the intensity pattern of vibronically induced false origins in the one-photon 

excitationn spectrum of all-trans octatetraene [7]. Here the same approach is used to 

calculatee vibronically induced transition intensities in the Si(2'Ai)<— S0(l'Aj ) one-

photonn excitation spectrum of ds-hexatriene [18]. These intensities are given in Table 

3.22 where they are compared with the intensity calculated for the 0-0 transition. The 

calculationss clearly show (i) that vibronic coupling along b| normal modes is by far 

thee dominant source of transition intensity in the Si(2'Ai)<— So(l'Ai) one-photon 

excitationn spectrum, and (ii) that v31 - the lowest-frequency bi mode - is most 

effectivee in inducing transition intensity. In terms of pseudoparity quantum numbers, 

o o 

31' ' 

3o; ; 

29;, , 

28jt t 

27i i 

261, , 

25^ ^ 

24' ' 

42 2 



_ ^ _ _ __ _ The Spectroscopy & Photophysics ofHexatriene (A) 

thee Si(2'At) and S2( 1 ^ i ) states are of opposite parity (- and +, respectively). 

Pseudoparityy considerations predict in such a case that vibronic interaction will be 

mostt effective for coupling via bending vibrations [19]. This is nicely borne out from 

thee calculations: v3i and v30, the two most active vibrational modes, are CCC 

deformations. . 

Thee calculations indicate that, apart from v3i , also several other vibronic 

transitionss involving bi modes should have a significant intensity, which might seem 

too be at odds with the experimental excitation spectrum [10,11]. This comparison 

betweenn experiment and theory is, however, only valid if the lifetimes of the accessed 

vibrationall  levels in the excited state are about the same. For the Si(2'A]) state of cis-

hexatrienee this is definitely not the case: comparison of fluorescence excitation [11] 

andd REMPI [10] excitation spectra obtained with nanosecond lasers, as well as 

lifetimee measurements employing sub-picosecond lasers [13] show a rapid decrease 

off  the excited-state lifetime as a function of excess vibrational energy. The 

fluorescencee studies showed that the S i state of m-hexatriene is subject to at least two 

nonradiativee decay processes, which were subsequently associated with c/t and Z/E 

interconversionn [20]. The present conclusion that the 34380 cm"1 band should be 

associatedd with a vibronically induced bi band, and not with the 0-0 transition implies 

thatt the barriers for these processes in Si are about 1 kcal/mol higher than what was 

previouslyy suggested. 

Thee calculations predict that under the appropriate experimental conditions a 

numberr of important, but hitherto unobserved, transitions might become visible. 

Firstly,, careful inspection of the excitation spectrum might reveal the 0-0 transition as 

aa very weak feature. Secondly, if the 31, level would have enough population, the 

31"" vibronically induced hot band should become detectable. Figure 3.2 displays the 

fluorescencee excitation spectrum obtained under the same "hot" expansion conditions 

ass those in Figure 3.1, albeit over a larger range of excitation energies. As expected, 

thee spectrum contains a significant number of hot bands close to the 34380 cm"1 band. 

However,, two bands that are significantly more red-shifted deserve further attention. 

Thee first band is a feature observed at -33735 cm'1, 645 cm' displaced from the 

dominantt 34380 cm ' band. It disappears under better cooling conditions, and can thus 

bee assigned as a hot band. The second band is a doubled band near -34100 cm"1. As 

thee signal-to-noise ratio already indicates, this band is even weaker than the previous 

one.. As a result, a definite assignment in terms of it being a hot band or not is not 
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warranted.. The intensities of the hot bands near the 34380 cm' band make it hard to 

believee that the 33735 cm"1 band would involve a vibrational level at 645 cm"1 in the 

groundd state, an idea that is reinforced by the conclusion that a vibrational energy of 

6455 cm"1 in the ground state cannot be associated with totally-symmetric vibrational 

levelss [21]. An alternative assignment is that this band is the vibronically induced 31" 

hott band, in line with the conclusion that the one-photon excitation spectrum of the 

S|(2'Ai)) state is dominated by vibronic coupling. In that case the doubled band near 

-341000 cm"1 can be assigned to the O-O transition - the fundamental frequency of V31 

inn the ground state has been reported as 355 cm"1 [21], in good agreement with our 

calculationss (see Table 3.2). These assignments would at the same time imply, 

however,, that the frequency of V31 decreases considerably upon excitation or that the 

doubledd band around 34380 cm"1 does not correspond to the 31J, transition. 

a a 

100 100 

80 0 

60 0 

40 0 

20 0 

0 0 

33720 0 

34090 0 34105 5 

33740 0 

33600 0 33800 0 34000 0 34200 0 34400 0 34600 0 

Excitationn energy (cm ) 

FigureFigure 3.2. One-photon fluorescence excitation spectrum of the Si<—So transition in cis-1,3,5-

hexatriene.hexatriene. The insets show two weak but reproducible features that under the experimental conditions 

employedemployed are three orders of magnitude weaker than the 34380 cm band. 
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3.44 Conclusion 

Inn conclusion, we have investigated by rotational analyses of the dominant 

bandss in the S|(2'A|)<— So(l'Ai) excitation spectrum of d.v-l,3,5-hexatriene and by 

thee ab initio calculation of direct and vibronically induced transition intensities, the 

rolee of symmetry breaking and vibronic coupling. From these experimental and 

theoreticall  efforts, it can be concluded that even for a polyene without inversion 

symmetryy vibronic coupling is still of dominant importance for describing the 

photophysicss of the lowest excited singlet state. 

3.55 Appendix A: The Origin of Vibronic Coupling 

Inn an effort to solve the Schrodinger equation for a collection of mobile nuclei 

andd electrons, one assumes that the nuclei are "frozen" in a single arrangement, the 

molecularr conformation, and that the motion of the electrons can be described in the 

stationaryy potential generated by this specific molecular conformation. This 

approximationn is denoted as the Born-Oppenheimer approximation and implies that 

thee overall wave function is a product of the electronic wave function y/e' \f;R0) at a 

certainn molecular arrangement /?0 and the nuclear wave function %" \R). 

Withinn this approximation, the transition probability between the electronic 

groundd state given by y/^'\f;R0) and an electronically excited state described by 

y/1'y/1' (r; /?„) can be expressed as: 

jxMlWA^^jxMlWA^^elel¥ir-R¥ir-R{){))dr])dr] XcXc{R)dR{R)dR = 
(3.1) ) 

K{K)\xMx\R)dR K{K)\xMx\R)dR 

Iff  y/e <8> pe' ®y/e is not totally symmetric, the electronic transition is forbidden. 

However,, as has been illustrated in this Chapter, it has been shown both 

experimentallyy as well as theoretically that such forbidden electronic transitions can 

neverthelesss be observed. 
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Onee way to explain this observation is to take the dependence of the electronic 

transitionn moment jü^,(fl0) on the molecular configuration into account. As a result of 

thiss dependence, the electronic transition moment for R~R0 can be zero, but for 

somee other molecular arrangement, Rt RQ, the electronic transition moment may well 

bee different from zero. In such a case, one speaks of a vibronically induced transition. 

Inn order to bring this nuclear coordinate dependence back into the electronic transition 

moment,, one considers the electronic transition moment M^{Qj as a Taylor 

expansionn in terms of the molecular normal coordinates Q : 

M„AQ)=M, M„AQ)=M, fe»)+z fe»)+z 
{{dM.Aö^ dM.Aö^ 

30,-- 0,^X1 1 
/a, , 

Q,Qj+-Q,Qj+- <3-2) 

Usingg this expansion we can formulate theje <— ̂  vibronic transition moment as: 

^ë^l^fcölh h (3.3) ) 

M. M. .feXfJjJJ + I (MM) (MM) (''MlyJ+^SX X 
dd22M, M, 

*Q$Qt *Q$Qt 
ififKK\Q\QttQQtt\j\j rr)) + 

inn which 4*,(r;Qj and 4 ,̂ \f\Qj are the overall wave functions associated with a 

vibrationall  level i of the electronic ground state g and a vibrational level j of an 

electronicallyy excited state e. The coefficients containing the derivatives of M^[Qj 

withh respect to the normal coordinates can be easily computed numerically since: 

dMdM xe (Q) ) M „, (QQ + AQk) - M„  fe " A& ) 

3ft t 
m m 

2AÖ* * 
(3.4) ) 

Thee transition moment A/,./ associated with a vibronic transition from the 

vibrationlesss level 0M of the electronic ground state to the first excited level of a 
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vibrationall  mode p - \r,e - of an electronically excited state e can be expressed as: 

C''=^(oJ(0JJ 1 ̂ M) ^M) (( ^JTJ 

32, , 
O O 

I I I (0,10,0,11,.)) + (3.5) ) 

== ̂ teo)(oJl,J+I ̂M ^M n n 

aa a /Ön n 
2<u u (UO' ' 

inn which the normal coordinates Qk are those of the electronic ground state. 

Similarly,, the transition moment associated with the 0-0 transition from the electronic 

groundd state to an electronically excited state e, i.e., M , is given by: 

M , > M s , ( o o ) ( o J o J + X X 
o h h V 2 2 

fafa V 2fl»t. . 
(i*.JoJ+-- (3.6) ) 

Inn the case of the dipole-forbidden Si(21Ag)<—S0(l 'Ag) transition in polyenes, this 

latterr term, M , is equal to zero. The fact that the transition to the first excited 

singlett state can nevertheless be observed is due to the fact that the MKe
p term is non-

zero,, leading to a vibronically induced transition via modes of bu symmetry. 

Another,, though in the end similar way, to explain the observation of 

vibronicallyy induced transitions, starts from the electronic wave functions. In the 

crudee adiabatic approximation [22] electronic wave functions are assumed to be 

independentt of the nuclear coordinates. Recovering this dependence can be done 

usingg the Herzberg-Teller expansion of the electronic wave function \i/"T\r;Q) 

derivedd from perturbation theory, which, truncated to the zero and first order term, 

reads: : 
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V?(nQ)=V?(nQ)= vXnQQ) + J,am(ö)vS^Qo) (3.7) 

wheree the coefficients aimt\Qj are given by: 

-- (fi)=I 
it t 

Thiss approach implies that the electronic wave function y/"T[r;Q)  should be 

consideredd as a linear combination of all the appropriate crude adiabatic electronic 

wavee functions at Q-Q{) [22]. More concrete, this results in a photophysical picture 

inn which the electronic wave function of Si of polyenes with inversion symmetry 

obtainss "'Bu" character outside the high symmetry configuration due to molecular 

distortionss along normal coordinates of bu symmetry. It has been shown that it is in 

particularr the mixing with the strongly dipole-allowed l'Bu state that is responsible 

forr inducing transition intensity in the one-photon St^'Ag)*— So(l'Ag) transition in 

all-franss polyenes [7]. 

3.66 Appendix B: Rotational Contour Analysis 

AA very efficient spectroscopic tool for extracting detailed information about 

thee electronic and structural properties of excited states is to simulate and analyse the 

rotationall  structure of transitions in electronic spectra by a so-called Rotational 

ContourContour Analysis. This method consists of three steps. First, using guess parameters 

onee calculates the peak positions and the intensity of rotational lines given the 

structurall  characteristics of the molecule under investigation. In the second step one 

assumess a certain line shape of each peak and a summation over all peaks is taken, 

providingg the total rotational contour associated with a specific vibronic transition. In 

thee third step simulated and experimental rotational profiles are compared, and 

v„(r;Öo) | | 
'dtfrfcé) ) ) 

dQdQk k 
\w, \w, k'A)Qu k'A)Qu 

feu feu 

£„(öo)-£,„(öo ) ) 

(3.8) ) 
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rotationall  parameters are then adjusted as to obtain an, in least-squares sense, optimal 

correspondencee between both profiles. 

Itt is customary to designate the x, y, and z axes as a, b, and c - not necessarily 

inn that order - with the convention that the rotational constants associated with these 

axess are classified as A > B > C. For a symmetric rotor two rotational constants are 

equal,, and we will regard the axis associated with the unique rotational constant as 

thethe z axis. Since c/jf-l,3,5-hexatriene has two nearly identical rotational constants, we 

wil ll  focus in the following exclusively on the rotational features of (near-)symmetric 

topp molecules [23]. Moreover, we will consider the model of a rigid rotor, i.e., any 

rotation-vibrationn interaction (Coriolis coupling [24]) is neglected. There are two 

speciall  cases: (1) if the two equal rotational constants are smaller than the unique 

rotationall  constant {A>B=C), one speaks of a prolate symmetric top {e.g., cis-1,3,5-

hexatriene);; (2) if the two equal rotational constants are larger than the unique 

rotationall  constant {A=B>Q, one speaks of an oblate symmetric top. 

Thee peak positions associated with the rotational transitions are determined by 

thee rotational selection rules and the the change in rotational energy F(J,K) 

correspondingg to a specific vibronic transition energy of the rotational levels. The 

generall  energy difference associated with the |y KM) —»\j'K'M' ) rotational 

transitionn for a prolate top is given by (choosing a, b, c\ as z, x, and v axes): 

AF(JAF(J -> y';/r -> K')=  [C'J'(J'+\) + (A'~C')K': ]-
\J.J7) \J.J7) 

[CJ(J[CJ(J + \)+ (A-C)K2] 

andd that for an oblate top is given by (choosing a, bH c as x, v, z axes): 

AF(JAF(J -^ J'\K^> K')=\AJ'(J'+\) + (C-A')K'2\-
(3.10) ) 

[AJ(J+\)[AJ(J+\) + (C-A)K2] 

J,J, K, and M are in these expressions the rotational quantum numbers corresponding to 

aa specific rotational wave function defined by \J KM) [23]. The rotational constants 
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AA and C are those associated with the vibronic level from which excitation occurs, A" 

andd C are those of the vibronic excited level reached after laser excitation. The 

changess occurring in these constants are a direct spectroscopic reflection of the 

changess in the molecular geometry. Note that the energy expressions indicate that for 

aa symmetric top there is a 27+1 degeneracy because of the space quantisation due to 

thee rotational quantum number M besides a two-fold ^-degeneracy [23]. 

AA second important aspect are the rotational selection rules determined by the 

molecularr symmetry. For a pure symmetric top we can classify the electronic 

transitionss into two ways: 

(1)) parallel transition: 

(n\p(n\peeJ\n')J\n') = 0 g = x,y 

(3.11) ) 

(n\fi(n\fi eeJ\n')*oJ\n')*o  g = z 

withh rotational selection rules: AJ = 0, 1 A^ = 0 and K ̂  0 

A// = 0 AK = 0 and K = 0 

(2)) perpendicular transition: 

(n\fl(n\fleeJ\n')^0J\n')^0 g = x,y 

(3.12) ) 

(n\fi'J\n')(n\fi'J\n') = 0 g = z 

withh rotational selection rules: A7 = 0, 1 AK = 1 

Thee line intensities Ij  K of parallel and perpendicular transitions for a 

symmetricc top are proportional to the product of the relative Boltzmann population 

ee-F{j.K)iki-F{j.K)iki  m t ne r o t a lj o n a] j e v ei fcQ,̂  which excitation occurs, the statistical weight 

gjgj K of this level, i.e., the degeneracy (K, M, spin statistics), and the Hönl-London 

HL{JHL{J -^ J';K -» K') factors for the P-, Q-, and R-branches [23], leading to the 

followingg equation: 

//.**  = Cv gj K HL(J ^>J';K  ̂ K'yF(JK)nT (3.13) 
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Thee formulae for the Hönl-London HL(j -» J'\K -> Kf) factors for the P-, Q-, and 

R-branchess of a parallel and perpendicular transition of a symmetric top are given by 

[23]: : 

(1)) parallel transition: 

HL{JHL{J ->J + l;K^K) = 
(j+lf-K(j+lf-K 2 2 

(j+\)(2J(j+\)(2J + \) 
R-branchR-branch (3.14) 

HL(jHL(j  ->J-,K^K) = 
K K 

j{jj{j  + \) 
Q-branchQ-branch (3.15) 

HL(JHL(J -» ƒ - 1 ; ^ - » / :) = 
JJ11 -K1 

y(2yy + i) 
P-branchP-branch (3.16) 

(2)) perpendicular transition: 

HL(JHL(J ->J + \;K-+  K) = 
__ {J +

(yy + i ) ( 2 / + i) 
R-branchR-branch (3.17) 

y(yy + i) 
Q-branchQ-branch (3.18) 

//L L 
y(2yy + i) 

P-branch P-branch (3.19) ) 

Thee relative rotational Boltzmann population is determined by the rotational 

energyy levels F(J,K) and the "rotational temperature", (typically about 2-5 K under 

goodd cooling conditions) realised in the supersonic jet expansion. In equation (3.13) a 

singlee Boltzmann distribution has been assumed. This assumption is only accurate 

whenn the molecules in the expansion have reached an equilibrium situation, i.e., when 

thee collision frequency is low enough that the rotational temperature is stable. 

However,, when the molecules have not reached yet such an equilibrium situation, it 

turnss out that one has to use a modified rotational state population to obtain agreement 
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withh the experiment. An often used distribution is the two-temperature distribution 

[16],, given by: 

P[F(j,K)]=eP[F(j,K)]=e  -FiJK),kT> +aeFiJK} (3.20) ) 

inn which P[F(j, K)\ is the population of a rotational level \j A'), T] and T2 the two 

temperatures,, and a a factor describing the relative weight of the higher temperature 

(aa < 1). The effect of a two-temperature model is that one achieves a better 

descriptionn of the actual rotational distribution, in particular for the high J region, as 

thee cooling of high J levels due to collisions with the carrier gas are somewhat less 

efficientt than the cooling of low J levels. Since in this Chapter partially resolved 

rotationall  structure of relative rotationally "hof7 ds-l,3,5-hexatriene, and thus with a 

relativee large population in high J levels, is presented, the two-temperature model was 

essentiall  to obtain an accurate simulation of the experimental rotational profile. 

Finally,, once the peak positions and the line intensities have been calculated, 

thee peaks are convoluted with a certain line profile. The simulations described in this 

Chapterr have been performed using a Voight profile V, which is a convolution of a 

Gaussiann and a Lorentzian profile. The expression for this Voight profile can be 

approximatedd by: 

v(*,r,* 0,,/,,fc,c)) = £-

]]  + (\-b-c) 
x-xx-x0l 0l 

.. /2 
++  b 

xx - x{U 

/2 2 

4 4 

++ c 
xx x(U 

/ 2 2 

(3.21) ) 

wheree T is the line width, xu, are the positions, and I, the intensity of the bands. The 

twoo extra parameters b and c, the so-called shape parameters, determine the mixing of 

thee Gaussian and Lorentzian profiles. For b=c=0 an exact Lorentzian profile is 

obtained,, whereas a Gaussian profile can be approximated by choosing b = 0.03 and c 

=0.18.. For the rotational analyses of cis-1,3,5-hexatriene in this Chapter Gaussian 

profiless have been employed. 
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TheThe Spectroscopy & Photophysics of Hexatriene (B) 
High-ResolutionHigh-Resolution Excited-State Photoelectron Spectroscopy 

ofof Jet-Cooled Trans- and Cis-1,3,5-Hexatriene* 

Abstract t 

Inn this Chapter we will describe the preliminary results of an excited-state 

photoelectronn spectroscopic study on a mixture of isomers of jet-cooled 1,3,5-

hexatrienee that has been initiated to unravel the exact vibronic nature of the 

resonancess observed in the S|<-S0 excitation spectrum of cz's-hexatriene. The central 

issuee in the present study has been the elucidation of the vibronic nature of the 

dominatingg double band at 34380 cm'1. Photoelectron spectra taken at both 

resonancess reveal that for both features the resonance-enhanced multiphoton 

ionisationn pattern can be understood in terms of vibrational activity built upon the 

V3j(b])) Herzberg-Teller promoting mode, and involving the totally-symmetric v,2(ai) 

CCCC deformational mode as well as the v9(a,) CH deformational mode. These 

conclusionss are perfectly corroborated by ab initio calculations. 

R.A.. Rijkenberg. D. Bebelaar, and W.J. Buma, manuscript in preparation. 
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4.11 Introductor y Remarks 

Inn this Chapter we present and discuss the preliminary results of excited-state 

photoelectronn spectroscopic investigations on a mixture of jet-cooled cis- and trans-

1,3,5-hexatriene.. An important incentive for performing excited-state photoelectron 

spectroscopyy on jet-cooled c/s-hexatriene is that the assignment of many of the bands 

inn the excitation spectrum is not clear at all. For example, one of the important 

questionss that still floats around, more than ten years after the first observation of the 

excitationn spectrum [1,2], concerns the exact nature of the dominating band around 

343800 cm' in the one-photon S ^ ' A O ^ - S O O ' A J) excitation spectrum of cis-

hexatriene.. In a previous REMPI study [2] it was suggested that the two lines 

separatedd by about 5 cm"1 arise from two nonplanar conformations of the molecule in 

thee 2]A| state, with the distortion from planarity mainly localised on the terminal 

hydrogenn atoms. However, for octatetraene it was shown recently that second-order 

Herzberg-Tellerr coupling might play as an important role in inducing one-photon 

transitionn intensity as first-order Herzberg-Teller coupling [3,4]. An alternative 

suggestionn might therefore be that the two peaks are not associated with the same 

vibrationall  level, but derive accidentally from two different vibronic coupling 

mechanisms.. Projection of the (ro)vibronic wave functions associated with the two 

componentss of the double band on the vibrational manifold of the neutral ground state 

So,, or on that of the ground state D0 of the lowest radical cation should in principle 

providee an adequate tool to answer this question. Since the fluorescence of the 

Si(2'' A]) state of ds-hexatriene is too weak to collect any useful vibrationally resolved 

emissionn spectra, we have turned to excited-state photoelectron spectroscopy to try 

andd study this vibronic nature. 

Inn a previous REMPI study [1,2] on jet-cooled hexatriene it was concluded 

thatt only the cis-isomer is responsible for the observed resonance enhancement in the 

one-photonn excitation spectrum as detected by (1+1) mass-detected ionisation. The 

presentt experiments differ in two aspects from these previous studies: (i) they have 

beenn performed using a mixture of isomers, and (ii) electron detection is employed. In 

ourr electron-detected excitation spectra we also observe resonance enhancement 

derivingg from (1+1) REMPI of the c/j-isomer. At the same time, however, a 

continuouss nonresonant ionisation signal is present, obscuring partly the excitation 

profilee of the resonance-enhanced features in the (1 + 1) REMPI excitation spectrum. 

56 6 



TheThe Spectroscopy & Photophysics of Hexatriene (B) 

Thiss background signal, which will be shown to derive from nonresonant two-photon 

ionisationn of both cis- and fra/w-hexatriene, leads to unwanted spectral congestion in 

thee photoelectron spectra. We think that this nonresonant contribution is partly due to 

thee experimental conditions needed for this type of experiments, cf., the use of a lens 

withh a short focal length, but think at the same time that it can be reduced 

considerablyy by working with isolated isomers. At the time of writing, separation of 

thee two isomers had not been performed yet successfully, and hence the preliminary 

characterr of the results described in this Chapter. 

Thee experiments have been performed with the "magnetic bottle" electron 

spectrometerr equipped with a pulsed injector (see Chapter 2). In contrast to the 

fluorescencee measurements described in Chapter 3, every effort was now made to 

cooll  down the seeded molecules as efficiently as possible. Ab initio calculations have 

beenn performed using the Gaussian suite of programs [5], as well as the GAMESS-

DAKOTAA package [6]. 

Inn the present experiments the excited state is characterised by projecting its 

(ro)vibronicc wave function onto the vibrational manifold of the ground state Do. It is 

thereforee a prerequisite to have accurate values of the vibrational frequencies in D0. 

Tablee 4.1 shows the frequencies obtained from the harmonic force field 

((U)B3LYP/6-31G*)) of ds-l,3,5-hexatriene in S0 (l'A, ) and D0 (12B2). The same 

dataa are collected in Table 4.2 for the trans-isomer, of which the radical cation has a 

12AUU ground state. Previously, it was concluded that that the ionisation energy of the 

ci's-isomerr is some 310 cm"1 (38 meV) higher than that of the tams-isomer [2]. Since 

thee ionisation energy depends on the employed electric fields and the REMPI study in 

questionn used high electric fields to perform mass-resolved ion detection, the values 

presentedd in that study (8.297 and 8.259 eV for the cis- and trans-isomev, 

respectively)) proved to be lower than in other studies, such as the one of Bieri et al. 

[7]]  where values of 2 and 2 eV, respectively, were reported. 

4.22 Results and Discussion 

Figuree 4.1 shows three photoelectron spectra: the two upper spectra display 

thee (1+1) REMPI-PES ionisation pattern at a one-photon excitation energy of 34373.9 

cm"11 (left spectrum) and 34379.2 cm"1 (right spectrum); the lower spectrum represents 
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aa typical continuous background ionisation signal at 34360 cm"1 associated with 

nonresonantt two-photon ionisation of the cis- and trans-isomer. This background 

signall  has an intensity that is roughly one third of that of the REMPI signal around 

343800 cm"1. Assignments of the labelled peaks in the photoelectron spectra, which 

wil ll  be discussed below, are given in Table 4.3. 

TableTable 4.1. Calculated ((U)B3LYP/6-31G*) and experimental (in parentheses) vibrational frequencies 

(cm'(cm'11)) of cis-l,3,5-hexatriene in the SofJ'A)) ground state of the neutral molecule and the D0(I B2) 

groundground state of its radical cation. 

Mode e 

Vi i 

Vz z 

v3 3 

v4 4 

vs s 

Vfi i 

V 7 7 

Vg g 

Vg g 

Vi o o 

V | | | 

V12 2 

V B B 

V,4 4 

V|5 5 

Vi 6 6 

V|7 7 

Vi s s 

V | 9 9 

Sod'A,)'"» » 

a a 

3248 8 

3181 1 

3170 0 

3162 2 

1710(1643) ) 

1644(1540) ) 

1455(1398) ) 

1358(1320) ) 

13011 (1249) 

1117(1084) ) 

9011 (885) 

3944 (393) 

164(182) ) 

Do(l2B2)
,b) ) 

i i 

3152 2 

3090 0 

3074 4 

3056 6 

15855 (1604) 

1488(1541) ) 

13499 (1432) 

1298(1305) ) 

12677 (1274) 

1083(1081) ) 

892(911) ) 

3766 (394) 

158 8 

a2 2 

1046 6 

9822 (954) 

9244 (954) 

7333 (707) 

3333 (335) 

157(160) ) 

1003 3 

990 0 

919 9 

588 8 

258 8 

154 4 

Mode e 

v2o o 

V21 1 

V22 2 

V23 3 

V24 4 

V25 5 

V26 6 

V27 7 

V28 8 

V29 9 

v3o o 

V31 1 

V32 2 

V33 3 

V34 4 

V35 5 

V36 6 

So(l1A1)
(a) ) 

b, , 

3247 7 

3168 8 

3161 1 

3148 8 

1702(1623) ) 

1509(1451) ) 

1406 6 

1320(1280) ) 

1225(1187) ) 

9733 (979) 

6899 (508) 

3511 (355) 

b2 2 

1032(990) ) 

9266 (908) 

8511 (825) 

6088 (586) 

105(110) ) 

D0(l
2B2)

(b) ) 

3152 2 

3080 0 

3061 1 

3055 5 

1527 7 

1481 1 

1334 4 

1256 6 

1212 2 

956 6 

667 7 

337 7 

992 2 

969 9 

825 5 

532 2 

113 3 

Description n 

CHH stretch 

CHH stretch 

CHH stretch 

CHH stretch 

C=CC stretch 

C=CC stretch 

CH22 deformation 

CHH deformation 

CHH deformation 

C-CC stretch 

CH22 rock 

CCCC deformation 

CCCC deformation 

CHH wag 

CHwag g 

CH22 wag 

C=CC twist 

C=CC twist 

C-CC twist 

""""  Calculated S0 frequencies are unsealed; experimental frequencies have been obtained from 

ReferenceReference [8].  <h> Calculated D0 frequencies have been scaled by 0.96; experimental frequencies have 

beenbeen obtained from Reference [9], 
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TableTable 4.2 Calculated ((U)B3LYP/6-3IG*) and experimental (in parentheses) vibrational frequencies 

(cm')(cm') of trans-1,3,5-hexatriene in the Sod'A^) ground state of the neutral molecule and the D0(]'AJ 

groundground state of its radical radical cation. 

Mode e 

v. . 

V2 2 

v.* * 

V4 4 

V5 5 

Vf, , 

V7 7 

Vs s 

v9 9 

V10 0 

V | | | 

V|2 2 

Vn n 

V14 4 

Vi s s 

V ] 6 6 

V 17 7 

VJS S 

V|9 9 

Sod'A,)'8' ' 

a a 

3249 9 

3165 5 

3152 2 

3145 5 

1712(1627) ) 

1658(1579) ) 

1455(1400) ) 

1344(1320) ) 

1328(1288) ) 

1232(1192) ) 

9544 (934) 

4466 (449) 

3511 (355) 

1064(1013) ) 

9755 (937) 

920(901) ) 

7111 (683) 

255(317) ) 

100(90) ) 

D0(l
2Au)'

b' ' 

3152 2 

3071 1 

3057 7 

3054 4 

1595(1619) ) 

1505(1562) ) 

1364(1432) ) 

1274(1305) ) 

1253(1274) ) 

55 223(1235) 

9322 (950) 

429(446) ) 

3377 (357) 

1007 7 

987 7 

880 0 

551 1 

226 6 

97 7 

Mode e 

V20 0 

V21 1 

V22 2 

V23 3 

v24 4 

V25 5 

V26 6 

V27 7 

V28 8 

V 2, , 

V30 0 

V.M M 

V32 2 

V?? ? 

V34 4 

V35 5 

V36 6 

Sod'Ag)'3' ' 

3249 9 

3165 5 

3158 8 

3144 4 

1709(1629) ) 

1488(1432) ) 

1340(1295) ) 

1270(1251) ) 

1170(1178) ) 

987(1130) ) 

5433 (590) 

147(175) ) 

by y 

10311 (988) 

924(906) ) 

8999 (872) 

618(433) ) 

227(217) ) 

DudX)'1" " 

3152 2 

3073 3 

3060 0 

3055 5 

1520 0 

1443 3 

1267 7 

1244 4 

1187 7 

966 6 

526 6 

143 3 

989 9 

956 6 

912 2 

543 3 

240 0 

Description n 

CHH stretch 

CHH stretch 

CHH stretch 

CHH stretch 

C=CC stretch 

C=CC stretch 

CH22 deformation 

CHH deformation 

CHH deformation 

C-CC stretch 

CH22 rock 

CCCC deformation 

CCCC deformation 

CHH wag 

CHH wag 

CH22 wag 

C-CC twist 

C=CC twist 

C-CC twist 

'"'' Calculated So frequencies are unsealed; experimental frequencies have been obtained from 

ReferenceReference [HJ. ib> Calculated D0 frequencies have been scaled by 0.96; experimental frequencies have 

beenbeen obtained from Reference [9]. 
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FigureFigure 4.1. (I + l) REMPI pholoelectron spectra of a mixture of jet-cooled cis- and trans-1,3,5-

hexatrienehexatriene excited resonantly at 34373.9 cm (top left) and 34379.2 cm (top right), and nonresonantly 

atat 34360 cm (bottom). Intensity is given with respect to the most intense signal in the photoelectron 

spectrumspectrum at 34379.2 cm'. 

Whenn we focus in first instance on the two-photon nonresonant ionisation 

patternn recorded at 34360 cm"1, one expects that the fastest photoelectrons derive from 

two-photonn ionisation from the vibrationless level of So to the vibrationless level of 

Doo (the 0"-0+ transition) for both the cis- as well as the fraws-isomer. Based on the IPs 

reportedd by Bieri et al. [7] these electrons should have kinetic energies of 0.200 and 

0.2300 eV, respectively. Within the experimental resolution of 10-15 meV, and 

consideringg the uncertainty in the reported IPs, these values match perfectly the 

experimentallyy determined values of 0.203 and 0.242 eV, respectively. Moreover, the 

observedd energy difference of 39 meV between the two peaks is in excellent 

agreementt with the accurate value of 38 meV value reported previously [2]. We also 

noticee that the intensity ratio of these two peaks is in excellent agreement with the 

knownn 1:2 ratio of cis.trans in the sample. 

Threee other more intense peaks can be observed at lower kinetic energies. 

Withh respect to the 0"-0+ transition of the rrans-isomer, they correspond with the 

formationn of ions with 156 (1258) , 200 (1613), and 242 (1952) meV (cm1) 
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vibrationall  energy, with respect to the 0"-0+ transition of the c/5-isomer, ions with 117 

(944),, 161 (1299), and 203 (1637) meV (cm1) vibrational energy would be created. In 

orderr to assign these peaks, we have calculated for both isomers the Franck-Condon 

factorss associated with ionisation of the vibrationless level in the ground state So to 

thee nine lower totally-symmetric fundamental vibrational levels in D0, using the 

(U)B3LYP/6-31G**  geometries and harmonic force fields of S0 and D0 [3,4,10]. The 

calculatedd intensities are given in Table 4.4. From this Table it becomes clear that for 

thee d.9-isomer significant activity can be expected for v9 (1267 cm') and v5 around 

15855 cm'1. For the trans-isomer, large activity of the v5 C=C stretch vibration can be 

expectedd as well, but the situation is not so clear-cut in the 1200-1300 cm"1 region 

wheree the activity is distributed over three modes. Since these three modes are so 

closee in frequency, and since the exact distribution over the three modes is rather 

dependentt on normal mode rotations, we limit our conclusion here to an expectation 

off  significant activity in this region without assigning specific modes. 

TableTable 4.3. Vibrational energy levels (cm1) in D<>  populated after multiphoton ionisation of a mixture of 

cis-cis- and trans-1,3,5-hexatriene, and assignments of the features in the photoelectron spectra shown in 

FigureFigure 4.1. Double entries imply overlapping peaks and are given as trans assignment /cis assignment. 

OFF-RESONANCEE AT RESONANCE 

34360.00 cm ' 34373.9 cm"1 34379.2 cm-1 

Peakk TRANS CIS Level TRANS CIS TRANS CIS Level 

a a 

b b 

c c 

d d 

e e 

ƒ ƒ 

g g 

h h 

i i 

0 0 

1258 8 

1613 3 

0 0 

1299 9 

1637 7 

0° ° 

0° ° 

9' ' 

5' //  9 ' 

5' ' 

0 0 

1266 6 

1621 1 

0 0 

355 5 

726 6 

1113 3 

1290 0 

(al l 

1637 7 

0 0 

1218 8 

1589 9 

0 0 

315 5 

702 2 

1097 7 

1258 8 

1500 0 

1629 9 

0" " 

0° ° 

31' ' 

31'12 ' ' 

9' ' 

31'12 2 2 

5' //  9 ' 

31'12 3 3 

5'an dd 31'9 1 

"""  Could not be determined since this feature is not resolved in the photoelectron spectrum. 

Onn the basis of these calculations we come to the assignment of the three 

peakss as is given in Table 4.3. Table 4.4 shows that qualitatively good agreement is 
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obtainedd between calculated and observed intensities. A quantitative comparison is 

moree difficult because several features of the two isomers are predicted to coincide 

withinn the present experimental resolution. 

TableTable 4.4. Calculated intensities for ionization from the vibrationless level of SQ to fundamental levels 

ofof totally-symmetric vibrational modes in Df> For comparison, the intensities of features in the 

nonresonantnonresonant photoelectron spectrum taken at 34360 34360 cm'1 are also reported. 

7>YWs-l,3,5-Hexatrienee C«-1,3,5-Hexatriene 

Levell  Calculated Experimental Calculated Experimental 

Freq.(a'' Int.'bl Freq.'c) Int."11 Freq.(JI Int.(hl Freq.'c) Int."" 

0° ° 

13' ' 

12l l 

11' ' 

10' ' 

9' ' 

81 1 

7' ' 

61 1 

51 1 

0 0 

336 6 

429 9 

932 2 

1222 2 

1253 3 

1274 4 

1364 4 

1505 5 

1595 5 

100 0 

35. 0 0 

19. 0 0 

0. 4 4 

50. 5 5 

36. 4 4 

13. 5 5 

2.7 7 

0. 0 0 

165. 4 4 

0 0 

1258 8 

1613 3 

100 0 

57 7 

1488  (d l 

0 0 

158 8 

376 6 

892 2 

1083 3 

1267 7 

1298 8 

1349 9 

1488 8 

1585 5 

100 0 

57. 0 0 

23. 9 9 

0.0 0 

7.3 3 

67. 1 1 

1.2 2 

3.1 1 

13. 0 0 

177. 3 3 

0 0 

1299 9 

1637 7 

100 0 

60' dl l 

218 8 

""  Calculated UB3LYP/6-31G* frequencies (cm ) in D0 scaled by 0.96. ' ' Intensities are given with 

respectrespect to the calculated intensity of the 0"-0* transition that has been taken as 100. u> Experimental 

frequenciesfrequencies (cm' ) in D0 obtained in the present study. ' ' The features features associated with ionisation to 

vv++ =9=9 !! and v*=5' for cis- and trans-hexatriene, respectively, show overlap. Therefore, relative 

experimentalexperimental intensities have been obtained by taking into account the ratio of the calculated relative 

intensitiesintensities (67.1/165.4) together with the ratio of 1:2 of cis:trans in the sample. 

Comparisonn of the nonresonant photoelectron spectrum taken at 34360 cm ' 

withh the resonant ones at 34373.9 and 34379.2 cm'1 (Figure 4.1) shows that the 

resonancee enhancement in the ionisation signal is most apparent by the appearance of 

thee two intense peaks c and d between 0.10 to 0.18 eV. In the following we will 

discusss the features of the photoelectron spectrum taken at the strongest of the two 

featuress at 34379.2 cm'1 in the S0(l'A])—»Si(2'A|) excitation spectrum, since its 

featuress parallel to a large extent those observed in the photoelectron spectrum taken 
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att 34373.9 cm' - an interesting feature that we will discuss later in more detail. 

Previouslyy we noticed that on resonance the signal still had a considerable 

nonresonantt contribution. As a result, the photoelectron spectrum taken at 34379.2 

cm"11 still exhibits nonresonant two-photon ionisation from So to D() of the two 

isomers.. This most clearly comes forward in the presence of peak a that is associated 

withh the 0"-0+ ionisation of the frans-isomer. The peaks due to resonance 

enhancementt at 0.163, 0.155, 0.066, 0.016 eV, and at about zero-kinetic energy 

correspondd to ionisation to vibrational levels in Do at 315, 702, 1097, 1500, and 1629 

cm"1,, respectively. If we assume for the moment that both bands are associated with 

thee vibronically induced V31O1) CCC deformational mode, we expect that resonance-

enhancedd ionisation via this 3lJ, transition leads to a photoelectron spectrum that is 

builtt on the V31 mode, and that acts as an origin for progressions in totally-symmetric 

vibrationall  modes. The 315 cm"1 peak is therefore assigned as ionisation to the ionic 

31'' level. Ionisation to the levels at 702, 1097, and 1500 cm'1 then corresponds to a 

vibrationall  progression in the totally-symmetric Vi2(ai) CCC deformational mode. 

Thiss assignment leads to a fundamental frequency of V12 for Do of about 387 cm"1, 

whichh is in excellent agreement with the calculated value of 376 cm'. The highest 

vibrationall  level in D0 to which resonance-enhanced ionisation occurs, is located at 

16299 cm"1 and leads to zero-kinetic energy photoelectrons. This signal is also present 

inn the nonresonant spectrum, but exhibits a prominent increase on resonance. This 

signall  is assigned to ionisation to the ionic 31191 level of dj>-l,3,5-hexatriene, leading 

too a fundamental frequency of v9(a0 in D0 of about 1314 cm"1, in good agreement 

withh the calculated value. 

Similarr to the case of nonresonant two-photon ionisation from S0 to Do, we 

havee calculated here Franck-Condon factors associated with the transition from the 

31'' level in the Si^Ai ) state to various levels in the ionic state. For this we have 

employedd for S| the [6,6]-CASSCF/6-31G* [11] optimised geometry and associated 

forcee field, while for D0 the UB3LYP/6-31G* optimised geometry and force field 

weree taken. The results of these calculations are reported in Table 4.5. Although once 

againn a direct comparison between experimental and predicted intensities is impeded 

byy nonresonant contributions, we observe in general quite a good agreement between 

thee two. What both experiment as well as theory clearly show is that, in agreement 

withh a priori  expectations, a significant change occurs in the molecular equilibrium 
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geometryy upon (1 + 1) resonance-enhanced photoionisation via the Si(2!Ai ) state of 

cis-cis-1,3,5-hexatriene. 1,3,5-hexatriene. 

TableTable 4.5. Calculated intensities for ionization of eis-1,3,5-hexatriene from S, to totally-symmetric 

{a{a j) vibrational levels in D0, (involving the nine totally-symmetric modes of lowest frequency) and 

combinationcombination bands with higher vibrationals excited levels involving v!2. For comparison, the 

intensitiesintensities and assignments of the features associated with resonance-enhanced (1 + 1) ionisation of cis-

1,3,5-hexatriene1,3,5-hexatriene at 34373,9 and 34379.2 cm' are also reported. 

CALCULATE D D 

Levell  Freq. Ia' 

0°° 0 

13'' 158 

12'' 376 

1222 752 

11'' 892 

10'' 1083 

\2'\2' 1128 

9'' 1267 

8'' 1298 

7'' 1349 

6'' 1488 

1244 1504 

5'' 1585 

Int.. Ihl 

!00 0 

1.6 6 

180.7 7 

168.0 0 

13.3 3 

0.6 6 

106.9 9 

103.6 6 

4.5 5 

6.4 4 

7.2 2 

52.4 4 

68.9 9 

PESS at 34373.9 cm' 

Freq.,c'' Int . Idl 

3555 100 

3711 109 

7588 48 

leii  (el 

12822 221 ,n 

PESS at 34379.2 cm' 

Freq.l oo Int. 'd) 

3155 100 

3877 122 

7822 82 

11855 74 

13144 177(f) 

Assignments s 

311 1 

3l ' l2 i i 

3l ' l22 2 

31''  123 

3l '9' ' 

"""  Energy levels derived from calculated D0 vibrational frequencies scaled by 0.96. ""  Intensities are 

givengiven with respect to the intensity of ionisation to v+=0 cm' taken as 100. '"Energy levels (cm') given 

withwith respect to the 3l' ionic level, except for the 3l' ionic level itself for which the energy with respect 

toto the v+=0 level is reported. Id' Intensities given with respect to the intensity of ionisation to the 3l' 

level.level. el Could not be determined " Nonresonant signal substracted from the resonance-enhanced 

ionisationionisation signal. 

Thee ab initio calculations also predict a relative large intensity for resonance-

enhancedd ionisation via the 31' level in S, to the 31'l24 and 31 '51 levels in D0. The 

factt that this is not observed in the photoelectron spectra at 34373.9 and 34379.2 cm'1, 
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iss because the excess energy available in the ionisation process, 1828 and 1839 cm', 

respectively,, is not sufficient to reach these levels. It is clear that it would be 

advantageouss to have a larger part of the vibrational manifold of D0 available for 

projection.. In order to obtain such a larger projection window, two-colour excited-

statee photoelectron spectroscopy will have to be employed. 

4.33 Concluding Remarks 

Inn conclusion, the present (1+1) excited-state photoelectron spectroscopic 

studyy on a mixture of jet-cooled trans- and m-l,3,5-hexatriene has shown the 

ionisationn behaviour under nonresonant as well as resonance-enhanced ionisation 

conditions.. The nonresonant ionisation signal stems from direct two-photon ionisation 

off  both the trans- and the cis-isomers of hexatriene. Photoelectron spectra in 

combinationn with ab initio calculations of Franck-Condon factors show that ionisation 

fromm the ground state vibrationless level populates predominantly the vibrationless 

levell  of D0 and ionic vibrational levels involving the totally-symmetric v9 CH 

deformationall  mode and the v5 C=C stretching mode. 

Thee photoelectron spectra recorded at the two components of the dominating 

doublee band in the S0(l'Ai)—>Si(2'Ai ) one-photon excitation spectrum show very 

similarr ionisation patterns. In both cases the photoelectron spectra are built upon the 

v3i(b])) Herzberg-Teller promoting mode, and show progressions in the totally-

symmetricc v12(ai) CCC deformational mode as well as the v9(a,) CH deformational 

mode.. The dominant activity of these modes is nicely born out from ab initio 

calculationss of Franck-Condon factors. The fact that the photoelectron spectra at 

34373.99 and 34379.2 cm"1 show the same ionisation pattern is in line with the 

suggestionn that both features correspond to a vibronic transition from S0 to the same 

vibrational̂ ^ excited level in Si, in this case the 31' level. This observation agrees 

withh the predicted presence of two minima on the excited-state potential of S, due to 

twoo nonplanar configurations in the Si(2'A0 state of ds-1,3,5-hexatriene. 
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TheThe Spectroscopy & Photophysics of Ethylene 
High-ResolutionHigh-Resolution Excited-State Photoelectron Spectroscopy 

ofof the Lower Rydberg States of Jet-Cooled C2H4 and C2D4. * 

Abstract t 

High-resolutionn (2+1) resonance-enhanced excited-state photoelectron 

spectroscopyy on supersonic jet expansions of pure C2H4 and C2D4 has been employed 

too investigate the spectroscopy and dynamics of the lowest excited l'B3U(7c,3s) 

Rydbergg state, as well as the l'BigfTC^py), 1 ^̂ gCTT^p )̂, and 2'Ag(7r,,3px) Rydberg 

statess of ethylene. In combination with ab initio calculations, this approach has for the 

11 'B3u(7i,3s) Rydberg state confirmed the majority of previous assignments in the two-

photonn excitation spectrum, but at the same time has demonstrated that the hypothesis 

off  a vibronic coupling between this state and the Jahn-Teller distorted l1B2g(n*,3s) 

statee should be discarded. The resonances on which this hypothesis were based are in 

thee present study shown to arise from excitation of the V3(ag) vibrational mode. For 

thee 3p Rydberg manifold, the present study has for the first time been able to 

determinee unambiguously the 0-0 transitions to all three (7c,3p) Rydberg states, and to 

disentanglee the vibrational development of the practically degenerate 1 'Big(7C,3py) and 

11 B2g(7r,3p7:) Rydberg states. Based upon these assignments, it has been shown that the 

2'Ag(7t,3px)) Rydberg state is significantly more twisted around the central CC bond 

**  R.A. Rijkenberg and W.J, Buma. J. Phys. Chem. A, in press (2002). 
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uponn excitation from the ground state than the other two (rc,3p) Rydberg states. 

Althoughh a priori  argued to be difficult to detect, the present study does not give 

evidencee for previous suggestions in the literature on the coupling of the l'BiuOrjc*) 

valencee and the ^ B ^ T L ^ S) or the 1 ]B|g(7t,3py) Rydberg states. However, the 

photoelectronn spectra obtained for ionisation via the lower Rydberg manifold of both 

C2H44 and C2D4 show unambiguously the absence of extensive coupling between the 

lowerr excited Rydberg states. 

5.11 Introductio n 

Molecularr systems containing rod-like organic building blocks functionalised 

byy specific substituents at one or both of the termini positions constitute one of the 

primaryy areas of interest in those fields of organic chemistry dedicated to the 

developmentt of functionalised materials. The advantage of these organic materials is 

thee possibility to fine-tune the chemical structure - and thus the desired property - by 

wayy of synthesis, making them highly suitable candidates within application areas 

suchh as photonics and molecular electronics. One such a class of materials with 

significantt potential is built upon oligo(cyclohexilydenes) [1-3]. Recent excited-state 

photoelectronn spectroscopic studies on their structural unit, lj'-bicyclohexylidene, 

[4]]  have strongly suggested that its peculiar spectroscopic properties [5,6] ultimately 

findd their origin in vibronic coupling interactions between the Rydberg manifold and 

thee underlying continua of the valence state(s) of ethylene [7-13]. 

Thee spectroscopy of the lower excited states of ethylene, in particular in 

relationn to vibronic coupling, has in the past been subject of many experimental and 

theoreticall  studies. Despite the vast amount of knowledge that has been acquired by 

now,, we found in our efforts to elucidate the spectroscopic properties of excited states 

inn U'-bicyclohexylidene in particular, and alkylated mono-olefins in general, that 

somee rather fundamental questions on the composition of the wave functions of the 

lowerr excited Rydberg states were still unanswered. We have therefore reinvestigated 

thesee states with excited-state photoelectron spectroscopy. This spectroscopic 

techniquee is very powerful when nonadiabatic interactions between electronically 

excitedd states are considered [14-16]. The possibility to disperse the photoelectrons 

producedd in the Resonance-Enhanced MultiPhoton Ionisation (REMPI) process 
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accordingg to their kinetic energies enables the characterisation of the intermediate 

statee from which ionisation occurs, e.g., is it a "pure" vibronic state, or is it coupled to 

onee or more other vibronically excited states [14,16]. A second aspect relevant for the 

presentt study is that excited-state photoelectron spectroscopy in principle should be 

ablee to unravel qualitatively - and in some cases quantitatively - the electronic 

characterr of the intermediate state from which ionisation occurs, e.g., Rydberg versus 

valencee character [17]. 

Couplingg of electronically excited states of ethylene has been the subject of 

severall  theoretical investigations [7-13,18-20] discussing the interaction between the 

Rydbergg manifold and the (71,71*) valence state. In this respect, especially the 

electronicc properties of the l'Biu(7t,7t*) valence state have been the focus of a large 

numberr of theoretical studies employing a wide range of ab initio techniques [7-

12,18-32].. Since the (71,71*) valence state and (K,3dn) Rydberg state have the same 

nodall  structure, Mulliken [7] argued that the unperturbed (7C,7t*) and (n,3dK) wave 

functionss cannot coexist for ethylene. Instead, the l 'B^ valence state of ethylene 

consistss of a linear combination of the (7t,7i*) and the (K,3dn) wave functions, and the 

nextt 'B] u state is the (K,4dK) Rydberg state. Buenker and Peyerimhoff [8] hold another 

view:: according to them the unperturbed (7t,7C*) and (7C,3drt) wave functions coexist 

separately,, but they are subject to extensive configuration mixing in the planar 

conformation,, which diminishes, however, upon twisting around the CC bond. This 

mixingg of character resulting in a more diffuse valence state has been the subject of 

severall  computational studies concentrating on the out-of-plane spatial extension (x2) 

off  the valence state in the planar conformation [18,21,25-32]. The most recent results 

reportt a value for the l'B,u valence state of 16.5-17.0â [32]. The values of about 

90aa J for the 2lBiu(7r.,3dJt) Rydberg state and 11.7a„  for the ground state calculated in 

thiss study indicate that the l'B,u state of ethylene has a strong valence character, and 

thuss that Rydberg-valence mixing is limited. 

Apartt from the interaction between the (7c,7t*) state and the (7t,3dn) Rydberg 

state,, other nonadiabatic coupling schemes have been suggested as well to explain the 

featuress and characteristics of the 6-8 eV absorption spectrum of ethylene. The 

absorptionn spectrum in this spectral range is traditionally attributed to vibronic 

transitionss from the electronic ground state to the l'Blu(7t,7c*) valence state, with at 

thee high-energy end superimposed sharp vibronic structure resulting from transitions 

too the l'B3u(7t,3s) Rydberg state [9,20,33-40]. A theoretical study of Siebrand et al. 
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[13]]  suggested that the diffuse absorption bands of the llBiu(n,n*)<-l lAg spectrum in 

thiss region should be assigned to three kinds of v4 torsional progressions: (i) a "cold" 

4V
0,, (ii) a "hot" 4] , and (iii ) a vibronically induced ij,4v

0 progression. A tentative 

proposall  was made for the inducing mode of the latter progression as the nontotally 

symmetricc v7 CH2 wagging mode of b2g symmetry [41]. This mode would allow 

couplingg between the 1 1B1U(K,K*) valence state and the l ' l ^ n ^ s) Rydberg state. 

Petrongoloo et al. [11,42] proposed that nonadiabatic coupling between the 

\\llBBlulu(n,n*)(n,n*) valence and l'Big(Jt,3py) Rydberg state is important to understand the 

spectroscopicc properties of ethylene. Upon twisting of the CC double bond, both 

statess will have the same symmetry and be mixed, ultimately leading to an avoided 

crossing.. Ryu et al. [12] employed this coupling to explain the apparent inconsistency 

betweenn the assignment of the electronic spectrum in the 5-8.5 eV energy region in 

termss of a 1'Biu(7C,jr*) and l 'B . ^ ^s) excitation and the oscillator strengths 

calculatedd for these transitions. They come to the conclusion that the absorption 

spectrumm in this energy region can be explained in terms of excitation to the coupled 

11 'B|U(7C,7C*) and 1 lBlg(7C,3py) surfaces. 

Inn the present work we report the results of a two-photon excited-state 

photoelectronn spectroscopic study of the l1B3u(7r,3s), l'Big(7C,3py), llB2g(7r,3p7), and 

2'Ag(7C,3px)) Rydberg states within the 7-8.5 eV spectral range of both jet-cooled C2H4 

andd C2D4. The photoelectron spectra obtained here will be shown to confirm to a large 

extentt previous assignments [39,40], but with respect to the (7i,3p) Rydberg manifold 

neww assignments will be presented. Amongst else, it will be shown that the measured 

photoelectronn spectra allow for the first time unambiguous assignments of the 0-0 

two-photonn transitions to all three (ji,3p) Rydberg states, providing a strikingly good 

agreementt between the characteristics of the (jc,3p) Rydberg states as determined in 

thee present study and in a previous ab initio study [24]. Regarding the l'B^Tt^s) 

Rydbergg state, the photoelectron spectra enable us to conclude that a previous 

hypothesiss that part of the two-photon llB3u(7t,3s)<-l1Ag spectrum is vibronically 

inducedd via the v6(b,u) vibrational mode - coupling the l1B3u(n:,3s) Rydberg state and 

thee Jahn-Teller distorted 11B2g(7i*,3s) state [40] - is not correct. Instead, these 

photoelectronn spectra demonstrate that the pertaining features can be readily 

associatedd with the v3(ag) CH2 scissors mode. Finally, the results will be considered in 

thee light of Rydberg-valence and Rydberg-Rydberg coupling. 
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5.22 Experimental Details 

Thee laser system and the magnetic bottle spectrometer used in the present 

studyy to perform the REMPI-PES experiments have been reported in detail elsewhere 

[15,16].. Briefly, excitation is done with a XeCl excimer laser (Lambda Physik 

EMG103MSC)) working at a repetition rate of 30 Hz, which pumps a dye laser 

(Lumonicss HyperDye-300) operating on RDC 360 Neu, PTP, DCM, Rhodamine B, or 

Rhodaminee 6G. The output of this dye laser is frequency-doubled by an angle-tuned 

BBOO or KDP crystal in an Inrad Autotracker II unit. The resulting excitation light has 

aa spectral bandwidth of about 0.15 cm"1 and a pulse duration of about 15 ns. Typical 

maximumm output after frequency-doubling is about 1-2 mJ per pulse. The excitation 

beamm is steered into the magnetic bottle spectrometer and focused into the ionisation 

regionn by a quartz lens with a focal length of 25 mm. The spectrometer consists of a 

"27T.. analyser", based upon the original design by Kruit and Read [43], which is 

equippedd with a pulsed injector. The laser pulse and molecular beam are synchronised 

byy a home-built delay/pulse generator. 

Inn the present experiments the magnetic bottle spectrometer is employed 

exclusivelyy in the electron detection mode. The 50% collection efficiency in this 

modee is achieved by a strongly diverging magnetic field in the ionisation region that 

makess the trajectories of the produced photoelectrons parallel. The kinetic energies of 

thesee electrons are subsequently analysed by means of a time-of-flight technique. 

Afterr detection by a pair of microchannel plates, the signal is stored in a 500 MHz 

digitall  oscilloscope (Tektronix TDS540), which is read out by a computer. Typically, 

90-1500 time-of-flight spectra were averaged at each interval in an excitation and 

photoelectronn scan. 

Thee pulsed molecular beam is generated by a General Valve Iota One System. 

Expansionn occurs into a high-vacuum chamber that is pumped by an Edwards 

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

Thee expansion chamber is connected to the ionisation chamber through a skimmer 

(Beamm Dynamics) with a diameter of 0.5 mm. The orifice of the nozzle can be 

variablyy set to a distance of 0 to 4.5 cm above the skimmer. In the present study, the 

expandedd jet flow was collimated by the skimmer located typically 3.0 cm 

downstreamm of the valve orifice. The ionisation region, located 20 cm below the 

skimmer,, is evacuated by a Balzers TPH 170 turbomolecular pump backed by a 
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Leyboldd Trivac D16B rotary fore pump. The flight tube is pumped by a Leybold 

Turbovacc 450 turbomolecular pump backed by a Leybold Trivac D25B rotary fore 

pump. . 

Pulsedd jet expansions have been created by expanding about 2 bar pure C2H4 

(Hoekk Loos, ethylene-ru 3.0) and C2D4 (Aldrich, ethylene-cU 99%) through a nozzle 

withh a diameter of 500 jUm into the expansion chamber. The pulse duration of 

typicallyy 200 [is at a repetition rate of 30 Hz resulted in a pressure of about lxlO"4 

mbarr in the expansion chamber as measured with a Penning gauge (Edwards CP25-

K).. The pressure in the flight tube is not measurably dependent on the inlet of gas via 

thee nozzle system and is about lxlO'7 mbar as measured by a high-vacuum ionisation 

gaugee (Leybold IE20). 

5.33 Results and Discussion 

Figuree 5.1 shows the two-photon resonance-enhanced excitation spectra of jet-

cooledd C2H4 and C2D4 recorded over the spectral ranges of 57000-59500 cm' and 

62000-695000 cm"1. The electronically excited states investigated in this spectral 

regionn are the lowest excited Rydberg states, i.e., the (TC,3S) and (7C,3p) states. Due to 

thee lack of enough laser power in the region between 59500 and 62000 cm" , this 

spectrall  region has been omitted in the present study. In comparison with the 

spectrumm of jet-cooled C2H4 seeded in helium [40], the present use of pure jet 

expansionss does not seem to influence the line widths of the spectral features of C2H4. 

Thiss is not the case for C2D4, where less well-resolved spectral features are obtained 

thann for the helium-seeded expansions. As has been suggested previously [40], this 

mayy be indicative of an enhanced predissociation in the excited states of C2H4 as 

comparedd to its deuterated isotopomer. 

Thee nature of the features in Figure 5.1 has been investigated by recording 

photoelectronn spectra at each of the resonances. These photoelectron spectra provide 

informationn on the internal energy of the radical cation formed in the resonance-

enhancedd ionisation process and, ultimately, about the (ro)vibronic nature of the 

excited-statee level that is ionised. To be able to retrieve this information, it is essential 

too have detailed knowledge of the geometric and vibrational properties of the lowest 

ionicc state. In the following we will therefore first discuss the results of ab initio 
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FigureFigure 5.1. (2+1) REM PI excitation spectrum of jet-cooled C2H4 (bottom) and C2D4 (top) recorded 

overover the two-photon energy range of 57000-59500 cm' and 62000-69500 cm' showing resonances 

derivingderiving from vibronic transitions to the I'BJJKJS) state and the (K,3p) Rydberg manifold, 

respectively. respectively. 

calculationss that have been performed (Section 5.3.1), after which the results of these 

calculationss will be used to assign the various resonances in the excitation spectra of 

C2H44 and C2D4 of the (n,3s) Rydberg state (Section 5.3.2) and the (Jt,3p) Rydberg 

statess (Section 5.3.3). The results obtained from these analyses will be discussed from 

thee point of view of vibronic coupling in Section 5.3.4. 

5.3.15.3.1 Ab Initio Calculations 

AbAb initio calculations have been performed at the (U)B3LYP/6-311G* [44] 

levell  employing the Gaussian suite of programs [45]. In ethylene, the ground state of 

thee radical cation is associated with the removal of an electron from the highest 

occupiedd n orbital, leading to an ionic core with 2B3U symmetry in the Ö2h point group. 

Thiss symmetry notation assumes a planar geometry as is the case for ethylene in its 

electronicc ground state S0(l'A g) [10,46], but simulation of the vibrational features 
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visiblee in the D0(l
2B3u)<—S0(l'Ag) He(I) photoelectron spectra of C2H4 and C2D4 [47] 

leadd to the conclusion that the molecule adopts a partially twisted equilibrium 

geometryy with a torsional angle of about 25° in the ground ionic state D0. This 

twistingg around the CC bond has been explained by taking into account that the 

Do(l2B3u)) state is vibronically coupled to the first excited ionic state D|(l2B3g) via the 

v4(au)) vibrational mode. As a result, the potential energy surface of Do exhibits a 

pronouncedd anharmonicity with respect to this V4 mode. Although based on poorly-

resolvedd He(I) photoelectron spectra, Koppel et al. [47] were proven right by 

subsequentt well-resolved molecular beam He(I) photoelectron studies on C2H4 and 

C2D44 [48,49] in which a dihedral angle of ° was reported. 

TableTable 5.1. Geometrical parameters (A and degrees) of the equilibrium geometry for the Soil A#) 

groundground state of neutral C2H4 and the D^l~Biu) ground state of the radical cation calculated at the 

(U)B3LYP/6-31IG*(U)B3LYP/6-31IG* level. For Do, both the planar structure of D2h symmetry (1~B}U) as well as the 

twistedtwisted structure of D2 symmetry (l2Bj) have been optimised. 

Parameter r 

r(C-C) ) 

r(C-H) ) 

Z(H-C-H) ) 

Z<OC-H) ) 

T(H-C-C-H) ) 

SoU'A,,) ) 

Experimental'8''  Calculated 

1.3391 1 

1.0868 8 

117.44 4 

121.28 8 

0 0 

1.3288 8 

1.0859 9 

116.32 2 

121.84 4 

0 0 

D0(l
2BJu) ) 

Planarr  Structur e 

1.4184 4 

1.0872 2 

118.29 9 

120.85 5 

0 0 

Twistedd Structure 

1.3951 1 

1.0903 3 

117.52 2 

121.24 4 

26.74 4 

<a><a>  Experimental values have been taken from Reference [46]. 

Ourr ab initio calculations of the geometry of the ground state of the radical 

cationn under D2h and D2 constraints lead to the geometrical parameters reported in 

Tablee 5.1. The calculations reveal that the equilibrium structure of C2H4
+ has a 

dihedrall  angle of about 27°, which agrees very well with the previously reported 

experimentall  values [47,48]. It is also in good agreement with a CI calculation [50], in 

whichh a dihedral angle of 25° was calculated. The calculated energy difference 

betweenn the planar and twisted structure is about 235 cm"1, once again in excellent 

agreementt with previously obtained values of 0 cm"1 [48] and 234 era'1 [47]. 

Thiss relatively low barrier for twisting around the CC bond implies that the dynamic 

symmetryy of the molecule remains D2h, although twisting lowers the static symmetry 

toD2. . 
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TableTable 5.2. Experimental and calculated ((U)B3LYP/6-31 IG*) vibrational frequencies (cm') of C?H4 

(C(C22DD44)) in the So(l'Av) ground state of the planar neutral molecule and the D(/l'Bju) ground state of the 

twistedtwisted radical cation. 

S0(l'A g)) D„(l 2BJu) 

D2h(D2)) Assignment Exp.lh'  Calc.lc> Exp.'dl Calc.le' 

ag(a) ) 

au(a) ) 

blu(b,) ) 

b_g(b_) ) 

b.u(b2) ) 

b3g(b3) ) 

biu(bj) ) 

V| | 

v2 2 

Vj j 

v4 4 

Vs s 

v6 6 

v7 7 

v8 8 

v9 9 

V10 0 

V11 1 

V12 2 

CHH str. 

CCC str. 

CH:: scis. 

CH:: twist 

CHH str. 

CH22 scis. 

CH:: wag. 

CHH str. 

CCHH bend. 

CHH str. 

CCHH bend. 

CH22 wag. 

30266 (2260) 

1630(1518) ) 

1342(985) ) 

10233 (726) 

30211 (2200) 

14444 (i()78) 

9400 (780) 

3105(2345) ) 

826 6 

3103(2310) ) 

1220(1011) ) 

9499 (720) 

3137(2323) ) 

1693(1572) ) 

1383(1006) ) 

1059(749) ) 

3122(2256) ) 

14811 (1097) 

9622 (796) 

32222 (2398) 

841(604) ) 

3193(2381) ) 

1248(1017) ) 

9688 (732) 

1494(1332) ) 

1264(961) ) 

in n 

3016(2215) ) 

1476(1318) ) 

1239(952) ) 

5511 (397) 

3019(2194) ) 

14011 (1044) 

10455 (864) 

3130(2345) ) 

7822 (567) 

31111 (2338) 

1180(962) ) 

876(666) ) 

<a><a>  Description of the vibrational modes: str. = stretching; scis. = scissors; wag. = wagging; bend. = 

bending.bending. ' > Experimental frequencies obtained from Reference f 70].c) Unsealed calculated values from 

thethe present study.' ' Experimental frequencies of C2H4
+ and C2D4

+ obtained from References [48] and 

149].149]. respectively}'* Calculated values have been scaled by 0.9715 (C2H4) and 0.9773 (C2D4).  ̂ Not 

reportedreported because of strong anharmonicity (see text and Table 5.6). 

Thee harmonic force field calculated for the ground state of the radical cation at 

thee twisted geometry gives rise to the vibrational frequencies reported in Table 5.2. In 

orderr to "calibrate" these calculations, we have also calculated the harmonic force 

fieldd of the neutral ground state. The results of these calculations are given in Table 

5.22 as well. It will turn out that the analysis of the (7t,3s) excitation region requires a 

goodd description of the ionic V: and V3 coordinates. In the past there has been some 

discussionn on a possible reversal of these coordinates upon ionisation. This proposal 

wass put forward on the basis of the observed line intensities in the He(I) photoelectron 

spectraa of C2H_i+ and C2D4
+, and the notion that the Franck-Condon overlap for VT 

shouldd be significantly larger than for V3 [52]. These assignments were supported in 

thee assignments of highly-resolved He(I) photoelectron spectra of C2H4 [48] and C:D4 
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[49].. McDiarmid [53] questioned these v2 and v3 assignments, because of the anomaly 

thatt would arise with the experimental evidence presented by the UV absorption 

spectrumm of C2H4 and its deuterated analogues [54]. The issue was settled by SCF 

calculationss on the geometry and harmonic force field of the ground state of the 

neutrall  and the radical cation in a planar equilibrium geometry [51]. Here it was 

arguedd that the original assignments for C2H4+ were incorrect, and the observed 

differencee in vibrational activity of v2 and v? in the He(I) photoelectron spectrum of 

C2H44 and C2D4 was rationalised. 

TableTable 5.3. Franck-Condon factors and Duschinsky matrix for the, in Da, three 

totally-symmetrictotally-symmetric modes (ag) and the asymmetric v4 torsional mode (aj in C2H4 and 

CC22DD44 as calculated from the force fields ((U)B3LYP/6-31 IG*) of the ground state of 

thethe neutral planar molecule and the twisted structure of the lowest radical cation. 

Int." ""  Duschinsky matri x 

DD00ofCofC22HH 4 4 

So o 

Vi(a„ ) ) 

v2(aK ) ) 

Vj{a g) ) 

v4(au) ) 

1.2 2 

53.1 1 

98.5 5 

V](aK ) ) 

0.985 5 

0.025 5 

-0.015 5 

-0.169 9 

v2(ag) ) 

-0.056 6 

0.896 6 

0.378 8 

-0.228 8 

v3(ag) ) 

0.045 5 

-0.354 4 

0.925 5 

0.132 2 

v4(aK ) ) 

0.156 6 

0.268 8 

-0.040 0 

0.950 0 

DD00ofCofC22DD4 4 

So o 

Vi(a B ) ) 

v2(ag) ) 

v3(ag) ) 

v4(au) ) 

0.0 0 

130.1 1 

18.1 1 

Vi(a e) ) 

0.983 3 

0.109 9 

-O.013 3 

0.148 8 

v2(ag) ) 

-0.018 8 

0.961 1 

0.080 0 

0.224 4 

v3(ag) ) 

0.139 9 

-0.089 9 

0.995 5 

0.036 6 

v4(aR) ) 

-0.119 9 

-0.237 7 

-0.054 4 

0.963 3 

""""  Intensities of the (V()Q transitions are given relative to the intensity of the 0-0 

transition,transition, which is taken as 100. 

Wee have used the (U)B3LYP/6-31 IG* force fields of the electronic ground 

statee and the ground state of the radical cation of both C2H4 and its deuterated 

isotopomerr to calculate the Duschinsky matrix and the Franck-Condon factors for 

absorptionn from So to Do. The results, summarised in Table 5.3 for the vibrational 
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modess v]5 v2, v3, and v4, which in D2 symmetry are all totally symmetric, show that 

forr C2H4 significant mode scrambling between v2 and V3 occurs upon ionisation. For 

C2D4,, in contrast, these two modes are not mixed. The calculated Franck-Condon 

factorss predict for C2H4 an intense 3l
0 transition and a 2l

0 transition with half the 

intensityy of the 3l
0 transition. For C2D4 this intensity ordering is reversed: an intense 

2QQ transition is predicted and a small 3l
0 transition. These predictions are in nearly 

quantitativee agreement with the measured line intensities in the He(I) photoelectron 

spectraa of C2H4 and C2D4 [48,49,52]. 

5.3.25.3.2 (71,3s) Rydberg State 

Similarr to the ground state of the radical cation and in agreement with 

theoreticall  studies [18,22,24,50], ethylene has been shown to have a twisted geometry 

inn the l ^ C ^ s ) Rydberg state [55,36] - a dihedral angle of 25° [36] and 37° [55] 

hass been reported - and a low inversion barrier of about 290 cm'1 [36]. As a result of 

thiss low inversion barrier, tunnelling occurs and the effective symmetry of the 

moleculee remains D2h- The two-photon transition from the electronic ground state to 

thee 11B3U(TC,3S) Rydberg state is therefore electronically forbidden, but can be 

vibronicallyy induced via the v4(au) torsional mode [55,34,36,39,40]. The twisting of 

thee CC bond upon excitation to the 11B3U(7t,3s) Rydberg state is expected to lead to a 

dominantt activity of v4 in the excitation spectrum of the l'Bju state, as was indeed 

concludedd in previous studies [55,36,39,40,56] and will be confirmed in the present 

studyy by excited-state photoelectron spectroscopy. 

Thee detailed (2+1) excitation spectrum of the l'B3U(n,3s)<— 1' Ae transition of 

C2H44 and C2D4 as measured in the present study with photoelectron detection is 

displayedd in Figure 5.2. Assignments of the various resonances are given in Tables 

5.44 and 5.5 for C2H4 and C2D4, respectively. The first observable resonances occur at 

574600 and 57704 cm"1, respectively, for the two molecules, and have in the past been 

assignedd as the 4j, vibronically induced transition [39,40]. This assignment was based 

onn selection rules (g<-»u) and the energy spacing with respect to the 0-0 transition 

measuredd in one-photon absorption [36], and is confirmed by our photoelectron 

spectraa obtained at these excitation energies. We observe in the photoelectron 

spectrumm taken at 57460 cm"1 for C2H4 an intense peak shifted by about 8 meV, i.e., 

655 cm"1, from the energy expected for ionisation to the vibrationless ground state of 
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thee radical cation. A similar shift is observed in photoelectron spectra taken at other 

resonancess in the two-photon l'E^u^-l'Ag excitation spectrum {vide infra). Although 

aa frequency of 23 cm'1 was reported for the v\ = 1 level of C2D4, it was not given for 

C2H4.. A theoretical study predicted, however, a value of about 100 cm"1 [56]. The 

experimentallyy observed spacing of about 65 cm"' is in reasonable agreement with this 

value.. For C2D4, the energy spacing of 23 cm"1 is less than our experimental 

resolution,, making it impossible to differentiate between ionisation to the 

vibrationlesss level of the ion or to the v*  =1 level. Indeed, the photoelectron 

spectrumm taken at 57704 cm"1 is not at odds with the assignment of the resonance as 

4' ' 

CC D 
22 4 

1 1 
5700 0 0 

1 1 
5750 0 0 56500 0 58000 0 58500 0 5900 0 0 59500 0 

II  '  1 
565000 5700 0 

11 '  1 
590000 5950 0 5750 0 0 58000 0 58500 0 

Two-Photonn Energy / cm' 

FigureFigure 5.2. (2+1) REMPI excitation spectrum of jet-cooled C2H4 (bottom) and C2D4 (top) recorded 

overover the two-photon energy range of 57000-59500 cm', showing the resonances corresponding to the 

l'Bl'B}u}u(n,3s)<—l'A(n,3s)<—l'Agg transition. 
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TableTable 5.4. Assignments of resonances in the two-photon excitation spectrum of the l'Bhl(7Z,3s) Rydberg 

statestate in C2H4. Energies have been given in cm'. 

Transitionn energy 

577 338'111 

577 460 

588 160 

588 606 

588 796 

588 985 

Relative e 

Exc.. Spec."" 

0 0 

122 2 

822 2 

1268 8 

1458 8 

1647 7 

energy y 

PES(C> > 

65 5 

766 6 

1222 2 

1545 5 

1574 4 

Presentt study 

0° ° 

< < 
4o o 

V41 1 

4 4 
2'4' ' zo^o o 

Assignments s 

WiUiams"1' ' 

0° ° uo o 

4' ' 

4 4 
6|> > 

4ss + 21 41 

(>o< (>o< 

Gedanken1" " 

4^ ^ 

0° ° 

< < 

< < 

++ 2'4' 

"""  Not observed in the present study. The transition transition energy of the 0-0 transition has been obtained from 

ReferenceReference [36].""  Values taken from the excitation spectrum with respect to the 0-0 transition of 

ReferenceReference [36],c Kinetic energy of the photoelectrons corresponding to the dominant feature in the 

photoelectronphotoelectron spectrum (PES).' ' Assignment made by Williams and Cool [40].<e> Assignment made by 

GedankenGedanken et al. [39]. 

TableTable 5.5. Assignments of resonances in the two-photon excitation spectrum of the l'B^nJs) Rydberg 

statestate in C2D4. Energies have been given in cm'1. 

Transitionn energy 

577 619m 

577 704 

588 108 

588 450 

588 552 

588 648 

588 980 

Relative e 

Exc.. Spec.<h) 

0 0 

85 5 

489 9 

831 1 

933 3 

1029 9 

1362 2 

energy y 

PESC' ' 

t t 

500 0 

944 4 

1000 0 

Presentt study 

o!J J 
4,1, , 

42 2 
-711:1 1 

4 4 
3'4' ' 

2M' ' 

Assignments s 

Williams"5' ' 

0° ° 

4; ; 

4^ ^ 

6|, , 

45 5 
K< K< 
2'' 4.' 

Gedanken(e) ) 

0° ° 

4; ; 

45 5 

4o o 

2 '4' ' 

<a><a>  Not observed in the present study. The transition energy of the 0-0 transition has been obtained from 

ReferenceReference 136]. ' ' Values taken from the excitation spectrum with respect to the 0-0 transition of 

ReferenceReference [36] 'c> Kinetic energy of the photoelectrons corresponding to the dominant feature in the 

photoelectronphotoelectron spectrum (PES).<d> Assignments made by Williams and Cool [40].'e> Assignments made 

byby Gedanken et al. [39].<J) Not measurable due to spectral resolution."" Feature has not been assigned 

forfor reasons explained in the text. 
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100 v4 level 

0.0 0 
— I --

0.1 1 
- 1 — — 

0.2 2 
— I — — 

0.3 3 
— I — — 

0.4 4 

Electronn Kinetic Energy / eV 

—i i 
0.5 5 

FigureFigure 5.3. (2+1) REMPI photoelectron spectrum ofC?H4 excited at 58160 cm showing predominant 

ionisationionisation to v+ = 766 cm', which corresponds to the v^ = 3 level of D0 of the radical cation. The 

photoelectronphotoelectron spectrum shows a distinct vibrational progression in Vj, reflecting the strong 

anharmonicityanharmonicity of this vibrational mode in D,> 

Figuree 5.3 shows a typical photoelectron spectrum of the l'B3U(7r.,3s) state of 

C2H4,, taken at 58160 cm"1. The strong feature in the spectrum corresponds to 

ionisationn to the v*  = 3 level, and confirms previous assignments [39,40] of the 

resonancee as corresponding to the \\ transition. On either side of the dominant peak 

inn the photoelectron spectrum very weak sidebands can be observed that correspond 

too ionisation to the v*  = 0,1, 2, 4 and 5 levels. Such weak sidebands involving Av # 0 

ionisationn from the 1'B3U(7r.,3s) state to anharmonic levels of V4 in the ionic ground 

statee are present in all photoelectron spectra taken at resonances in the two-photon 

11 'B3u(7r,3s)<—1' Ag excitation spectra of C2H4 and C2D4, allowing us to determine and 

extendd the frequencies of these levels up to v*  =6. These frequencies as well as 

thosee of the 1 'B3U(TC,3S) state are given in Table 5.6. Excellent agreement is observed 

betweenn the present values and values reported in previous studies [36,39,48,49,56]. 
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TableTable 5.6. Observed and calculated anharmonic torsional energy levels (cm1) of the Vj vibrational 

modemode in the J BJJTCSS) Rydberg state and the l'Biu ground state of the radical cation ofC2H4 (C2D4). 

v44 level 

0 0 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

l'Bl'B 3u 3u (71,3s)(71,3s) Rydberg 

Experimental l 

Thiss study 

(cl l 

122(85) ) 

8222 (489) 

14588 (933) 

Otherr studies 

0(0)<de' ' 

96(41)ldl l 

4688 (286)'d> 

820(455f f 

1084(715)ld) ) 

1500(915)(e' ' 

state state 

Calculated d 

Chau,a) ) 

0(0) ) 

113(42) ) 

4644 (286) 

788(474) ) 

1162(715) ) 

1550 0 

11 Bju ground state radicc 

Experimental l 

Thiss study 

0(0) ) 

65(l1 1 

4111 (272) 

766(500) ) 

(708) ) 

15455 (944) 

2291 1 

Otherr studies"" 

0(0) ) 

(23) ) 

4388 (269) 

766(503) ) 

1158(715) ) 

ilil  cation 

Calculated d 

Chau(1" " 

0(0) ) 

1011 (35) 

438(267) ) 

769(451) ) 

1158(691) ) 

<a><a>  Calculated values have been obtained from Reference [56].""  Experimental values for C2H/ and 

CC22DD44
++  obtained from References [48] and [49], respectively/*' Not observed in the present (2+1) 

REMPl-PESREMPl-PES study.' ' Experimental value obtained Reference [36]/"  Experimental value obtained from 

ReferenceReference [39]/"  v+
A=l  level for C2D4 can not be unambiguously determined from photoelectron 

spectrumspectrum due to spectral resolution.. 

Althoughh these and other photoelectron spectra indicate that ionisation from 

thee l'B3U(7T,3s) state occurs for v4 with a predominant Av=v+-v'=0 propensity, the 

presencee of the side bands indicates small changes in the CC twisting angle upon 

ionisation.. Taking this angle in the ground state of the radical cation around 25°-27° 

[47-50,56]]  suggests that the dihedral angle for the 1 lE$3U Rydberg state might be even 

larger.. This would be in agreement with most experimental [36] and theoretical 

[18,22,24,50,56]]  studies that predict a torsional angle of about 25°-30° for the 

11 B3U(Ji,3s) state. The significant higher value of about 37° predicted by Foo and 

Inness [55] seems, on the other hand, at odds with the present observations. 

Inn the previous two-photon excitation studies [39,40] the vibronic features in 

thee two-photon excitation spectrum of the 1 'B3U(TC,3S) state were assigned in terms of 

vibronicc transitions involving an odd number of quanta in v4 (4), - 4}
0 - A\}) in 

combinationn with progressions in the v2 CC stretching mode. Our excited-state 

photoelectronn spectroscopic study confirms this Franck-Condon activity of the v4 

torsionall  mode and of the v2 CC stretching mode. However, it shows at the same time 

thatt other resonances need to be reassigned. These concern in particular the 
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resonancess assigned to a new vibronic progression built upon the vibronically induced 

6J,, transition [40]. This v6(biu) CH2 antisymmetric scissors mode was tentatively put 

forwardd to couple the 11B3U(TU,3S) Rydberg state with a state of B2g symmetry for 

whichh several possibilities were proposed. Because in the present study we do not 

havee as high laser powers available as in the study of Williams and Cool, we are only 

ablee to observe the resonances reported as 6J, and 6\A\ at 58606 (58450) cm"1 and 

589855 (58648) cm'1, respectively, in C2H4 (C2D4). The shift in excitation energy of 

thee 6J, transition in C2H4 with respect to the previously reported number of 58544 cm' 
11 can be attributed to the width of the resonances in the two-photon excitation 

spectrumm of C2H4. 

Focussingg in first instance on the resonances in C2H4, the photoelectron 

spectrumm taken at 58606 cm"1 shows mainly ionisation to an ionic level at 1222 cm'1. 

Takingg into account that our ab initio calculations predict a frequency of 1239 and 

14011 cm'1 for v3(ag) and v6(b|U), respectively, we can readily conclude that the 

transitionn at 58606 cm"1 cannot be the 6j> transition but must involve the v3 mode. 

Sincee this latter mode is totally symmetric and selection rules dictate that the parity of 

thee vibrational state accessed from the totally-symmetric ground state to the 

l'B.WjUs)) state should be odd, we assign the feature at 58606 cm"1 to the 3j,4j, 

transition.. This would imply a frequency of 1146 and 1157 cm'1 in the l'B3u(7c,3s) 

Rydbergg state and the ground state of the radical cation, respectively. Given the 

resolutionn in our photoelectron spectra, this is in good agreement with values reported 

inn previous He(I) photoelectron studies [48], and the values calculated by us for the 

radicall  cation and by Mebel et al. for the l'B3U(rc,3s) state [24]. The photoelectron 

spectrumm taken at the feature located at 58985 cm"1, previously assigned as the 6*04l 

transition,, shows mainly ionisation to an ionic level at 1574 cm . Using the same line 

off  reasoning as before, we come to the conclusion that this transition should be 

assignedd as the 2j,4j, transition, and that the frequency of v2 in the 11B3u(7t,3s) state 

andd the ground state of the radical cation is 1525 and 1509 cm"1, respectively. Within 

thee experimental error these values are in good agreement with the calculated and 

experimentallyy observed value for the radical cation [48] and the calculated value for 

thee l ^uOUs) state [24]. 

Assumingg that the force fields and equilibrium geometries of the Rydberg 

statess are to a large extent similar to those of the ground state of the radical cation, the 

Franck-Condonn factors calculated for the D0<— So transition (Table 5.3) predict that in 
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thee excitation spectrum of the 11B3U(7T.3s) state of C2D4 we should be able to see a 

clearr 2^4'}  transition, while the 3̂ 4̂  transition should have a small intensity. The 

previouss assignment of the 2^4,', transition is indeed confirmed in the present study, 

butt additionally we find at 58648 cm"1 a resonance that was previously assigned to the 

6j,4gg transition. In the present study, this resonance is superimposed upon a broad 

featuree and seems to have a somewhat larger intensity than expected, but it is located 

att approximately the excitation energy anticipated for the 3̂ 4̂  transition. The 

associatedd photoelectron spectrum shows dominant ionisation to an ionic vibrational 

levell  at 1000 cm1, which is in perfect agreement with the ionic frequencies of v3 and 

v4.. The assignment of the feature at 58648 cm'1 as the 3Q4̂  transition leaves the 

barely-resolvedd feature at 58450 cm'1 unassigned. In our excitation spectrum this 

featuree has such a low intensity that no decent photoelectron spectra could be 

recorded.. Williams and Cool observed a well-resolved resonance at this position that 

wass assigned as the 6]
0 transition [40], but the implied frequency of 831 cm"1 for v6 is 

att odds with the scaled ab initio value of 1044 cm'1. At this moment it is not clear, 

however,, how this resonance should be assigned. 

5.3.35.3.3 (n,3p) Rydberg States 

Thee (7t,3p) Rydberg states are two-photon allowed and have been observed in 

previouss REMPI experiments [39,40]. Similar to the (rc,3s) Rydberg state, ab initio 

studiess [24,50] indicate that the (7t,3p) Rydberg states have an elongated CC bond and 

twistedd geometries. The most recent ones predict for the 1 'B^TT^py) and 1 'B2g(7C,3pz) 

Rydbergg states a similar dihedral angle in the range of 10°-20°, but a significantly 

largerr angle of 34°-39° for the 21Ag(7t,3px) Rydberg state [24]. Based on these 

geometricc parameters, one may expect a dominant vibrational activity in the V4 

torsionall  mode accompanied by progressions in the totally-symmetric v2 CC stretch 

andd V3 CH2 scissors modes. 

Inn the REMPI experiments of Gedanken et al. [39] and Williams and Cool 

[40]]  the features at 62900 (63113) cm"1 and 66760 (66840) cm"1 have been assigned 

ass the 0-0 transitions from the electronic ground state to the (n,3py) and (K,3px) 

Rydbergg states of C2H4 (C2D4), respectively. Williams and Cool assign all features 

observablee in the 62000-70000 cm"1 spectral range to transitions to the (JT,3p) Rydberg 

manifold,, while Gedanken et al. assign some of them to vibronically induced 
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transitionss to the (7t,3s) Rydberg state. A weak feature at 63680 (63831) cm"1 for C2H4 

(C2D4)) has been tentatively assigned as the 0-0 band to the (lt,3pz) Rydberg state [40]. 

Al ll  ab initio studies [10,11,21,22,24,42,57] predict that the 21Ag(7t,3px) Rydberg state 

iss the highest excited state in the (7t,3p) Rydberg manifold, providing a sound basis 

forr the assignment of the highest-energy 0-0 transition in this manifold as belonging 

too the (Jl,3px) Rydberg state [39,40]. The l'BigCJî Py) and 1 'B2g(7t,3pz) Rydberg states 

aree predicted to have nearly the same excitation energy, with a slightly lower 

excitationn energy for the 1 'Big(7C,3py) Rydberg state. The question about the order of 

thesee two states has therefore always been resolved in a rather arbitrary way, 

assumingg the lower state to be the l'Big(7r,3py) Rydberg state and the upper state the 

l'B2g(7r,3pz)) Rydberg state [9,58]. Recent ab initio calculations on the vibronic 

spectraa of the l'B|g(7t,3py) and l'B2g(7t,3pz) Rydberg states suggest an opposite 

ordering,, however [24]. 

CC D 
22 4 

II ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 

6200 00 6300 0 6400 0 65O0 0 6600 0 6700 0 6800 0 6900 0 7000 0 

II  1 1  1  1 '  1  •  1  1  1  ' 1  1  1 1  1 
6200 00 6300 0 6400 0 6500 0 6600 0 6700 0 6800 0 6900 0 7000 0 

Two-Photonn Energy / cm' 

FigureFigure 5.4. (2+1) REMPI excitation spectrum of jet-cooled C2H4 (bottom) and C2D4 (top) recorded 

overover the two-photon energy range of62000-69500 cm, showing the vibronic transitions to the (K,ip) 

RydbergRydberg manifold. 
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Figuree 5.4 shows the (2+1) REMPI excitation spectrum of the (it,3p) Rydberg 

manifoldd of C2H4 and C2D4. The corresponding assignments are reported in Table 5.7 

andd 5.8, respectively. The photoelectron spectra recorded in the present study allow us 

too conclude that a number of transitions should be reassigned with respect to previous 

assignmentss [39,40]. If we first focus on the red side of the (2+1) REMPI excitation 

spectrumm in Figure 5.4, we see that the features at 62880 cm"1 and 63236 cm'1 for 

C2H44 (63116 cm ' and 63368 cm"1 for C2D4) need to be assigned as two origin bands. 

TableTable 5.7. Assignments of resonances in the two-photon excitation spectrum of the (njp) Rydberg 

manifoldmanifold in C2H4. Energies have been given in cm'. 

Energyy Relative energy Assignments 

622 880 

633 236 

633 720 

644 040 

644 520 

666 120 

666 748 

677 150 

677 896 

688 024 

688 176 

688 284 

688 428 

688 604 

688 708 

688 816 

688 960 

Excitationn Spectrum'3' 

0 0 

356 6 

840 0 

1160 0 

1640 0 

0 0 

484 4 

804 4 

1284 4 

0 0 

628 8 

1030 0 

1776 6 

1904 4 

2056 6 

2164 4 

2308 8 

2484 4 

2588 8 

2696 6 

2840 0 

PES'" " 

0 0 

4444 ;0 

460 0 

1250 0 

16788 ; 1242 

0 0 

387 7 

1121 1 

1653;; 1194 

1'B,B( ( 

3p 3p 

3/> > 

3p, , 

33Py Py 

n,3py) ) 

0° ° 

*o o 

44 4 

}U 2 2 

l IB2g(n,3Pz) ) 

3P. . 

3 / \ \ 

3p. . 

0° ° 

4(1 1 

44 4 

22llAAgg(n,3p, (n,3p, 

3p.X X 
3 / > . f

4 0 0 

*P.A *P.A 
9 9 

3p,3{,45 5 

*PX*1 *PX*1 
9 9 

?>PX< ?>PX< 

*PA< *PA< 
-V,3~ ~ 

3p,2{,3|, , 

ipX ipX 
uu Relative energies taken from the excitation scan."" Kinetic energy of the photoelectrons 

correspondingcorresponding to the dominant features in the photoelectron spectrum (PES). 
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TableTable 5.8. Assignments of resonances in the two-photon excitation spectrum of the (n,3p) Rydbcrg 

manifoldmanifold in C2D4. Energies have been given in cm' 

Energy y 

633 116 

633 368 

633 644 

633 832 

644 290 

644 384 

644 668 

666 400 

666 800 

677 040 

Relativee Energy 

Excitationn Spect 

0 0 

252 2 

528 8 

716 6 

1174 4 

1268 8 

1552 2 

0 0 

276 6 

464 4 

922 2 

1016 6 

1300 0 

rum"" " PES"" " 

0 0 

2955 ;0 

358 8 

750 0 

1690;1355 5 

0 0 

628 8 

1030 0 

0 0 

282 2 

718 8 

l%l%gg(K^p(K^pyy) ) 

3PX 3PX 

3p,45 5 

3p?< 3p?< 

3 .̂31,46 6 

IpX IpX 
3pv2|,45 5 

Assignments s 

l'Bj^Ji^fc ) ) 

3P;0£ £ 

3P.-45 5 

3^3,', , 

3p,2j, , 

2'A g(Jt t3px) ) 

IpX IpX 
*p.X *p.X 
33PPX X 

uu""  Relative energies taken from the excitation scan."" Kinetic energy of the photoelectrons 

correspondingcorresponding to the dominant features in the photoelectron spectrum (PES). 

Figuree 5.5 shows the photoelectron spectra for C2H4 recorded at these two 

positions.. At 62880 cm"1 a photoelectron spectrum is obtained with just one single 

peakk deriving from ionisation to the vibrationless level of the ion, and this resonance 

cann therefore safely be assigned as a 0-0 transition. The photoelectron spectrum 

recordedd at 63236 cm' shows, on the other hand, two peaks corresponding with 

ionisationn to the vibrationless level of the ion and with the formation of ions with 444 

cm'11 vibrational energy, which corresponds to the energy of the v+
4 =2 level. We 

assignn the latter peak as deriving from (2+1) ionisation via the 4~ vibronic transition 

too the above-identified Rydberg state with its 0-0 transition at 62880 cm"1, while the 

formerr peak is associated with ionisation of another (vibrationless) Rydberg state. 

Basedd on these two photoelectron spectra, the two bands at 62880 cm"1 and at 63236 

cmm ' are assigned as the origin transitions to the (7U,3py) and (Jt,3pz) Rydberg states. 

Sincee these two states are predicted to have a very similar geometry and vertical 

excitationn energy, it is, however, impossible to differentiate between them on the basis 

off  the excitation and photoelectron spectra. The calculations of Mebel et al. predict 

thatt the Franck-Condon factor for the 0-0 transition to the (7i,3py) state should be 

slightlyy larger than that of the 0-0 transition to the (7t,3p/) state (0.5 versus 0.4). This 

mightt argue for an assignment of the band at 62880 cm"1 as the origin transition to the 
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(7t,3py)) state. The red side of the (2+1) REMPI excitation spectrum is composed of 

overlappingg features belonging to vibronic transitions to the (7t,3py) and (;r,3pz) 

Rydbergg states. As Table 5.7 shows, these features can be readily (re)assigned by 

invokingg the totally-symmetric v2 and V3 modes as well as the asymmetric v4 torsional 

mode. . 

633 236 cm" 
::  0 cm 

4444 cm 

\A\A ^ 

0.2 2 0.4 4 
I I 

0.6 6 
I I 

1.0 0 1.2 2 1.4 4 

0.2 2 

@@ 62 880 cm"1 

0.4 4 
I I 

0.6 6 
— I — — 

1.0 0 

Electronn Kinetic Energy / eV 

vv = 0 en 

/xrl/xrl VVVv^w^W^wA^^^wN^JV L 
— i — — 

1.2 2 
—I I 

1.4 4 

FigureFigure 5.5. (2+1) REMPI photoelectron spectra of C,H4 excited at 62880 (bottom) and 63236 (top) 

cm'cm' . The photoelectron spectrum taken at 62880 cm' shows dominant ionisation to v* = 0 cm'1, and is 

associatedassociated with ionisation via the vibrationless level of either one of the quasi-degenerate l'BH(K,3pJ 

oror I B2g(x,3pz) Rydberg states. The photoelectron spectrum at 63236 cm' shows ionisation to v*=0 

andand y+ = 444 cm , reflecting the electronic degeneracy of these two Rydberg states. These two 

ionisationionisation peaks correspond, respectively, to (i) ionisation via the vibrationless levels of either one of 

thesethese two (n,3p) Rydberg states, and (ii) ionisation via the v4 = 2 level in the (K,3p) Rvdberg state with 

itsits vibrationless level at 62880 cm'. 

Thee second important reassignment emerging from the photoelectron spectra 

iss that the strong feature at 66748 cm"1 at the blue side of the excitation spectrum in 

Figuree 5.4 does not correspond to the 0-0 transition to the 2'Ag(7t,3px) Rydberg state 

ass was previously assumed [39,40]. Instead, it should be assigned as the 4„  transition 
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vv = 1121 cm 
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FigureFigure 5.6. (2+1) REMPl photoelectron spectra of C2H4 excited at 66120 (bottom), 66748 (middle), 

andand 67150 (top) cm'. The bottom photoelectron spectrum shows predominant ionisation to v* = 0 cm , 

andand is associated with ionisation via the vibrationless level of the 2'Ag(7t,3px) Rydberg state. The 

weakerweaker signal at v*=  387 cm' is associated with ionisation to the vj = 2 level in D0 via the v4=2 level 

ofof the 2'As(7t,3px) Rydberg state located at 66748 cm' and is visible due to spectral overlap caused by 

lifetimelifetime broadening. For similar reasons the photoelectron spectrum taken at 66748 cm shows, 

besidesbesides predominant ionisation to v* = 387 cm', also intense ionisation to v* = 0 cm and v* = 1121 

cm'.cm'. The latter peak corresponds to ionisation via the v4 = 4 level of the 2'Ag(a,3px) Rydberg state, a 

resonanceresonance that has its maximum at 67150 cm'. 

too this state. Figure 5.6 shows three photoelectron spectra recorded for C2H4 at 66120 

cm',, 66748 cm"1, and 67150 cm'. Going from the red to the blue side of the intense 

clusterr of features between 66000-67500 cm'1, we see that in each of the three 

photoelectronn spectra an additional peak arises. The relatively weak feature at 66120 

cm"'' shows dominant ionisation to the vibrationless level of the ion, and is 

consequentlyy assigned as an origin band, the 0-0 transition to the 2'Ag(7r,3px) Rydberg 
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state.. The photoelectron spectrum taken at 66748 cm' shows dominant ionisation to 

ann ionic level at 387 cm"1, assignable to the v\ = 2 ionic level. This feature is 

thereforee assigned as the 4J; transition to the 21Ag(7t,3px) Rydberg state. It might be 

arguedd that these two assignments imply that the v4 = 2 level in the 2'Ag(Jt,3pJ 

Rydbergg state has a frequency of about 628 cm'1, which is significantly larger than 

thatt for the radical cation, but this difference is easily explained by taking into account 

thee broadness of the line shapes of the resonance features in the (2+1) REMPI-PES 

excitationn profile of C2H4, which is about 500 cm"1. Finally, the feature at 67150 cm ', 

10300 cm"1 blue-shifted with respect to the 0-0 transition at 66120 cm"1, leads to 

dominantt ionisation to the v̂  =4 level at 1121 cm"1, and is assigned as the 4A
0 

transitionn to the 21Ag(jr,,3px) Rydberg state. 

Similarr to the (2+1) REMPI excitation spectrum of the l'B3U(7C,3s) Rydberg 

state,, the vibrational activity in the two-photon excitation spectrum of the 21 Ag(7t,3px) 

Rydbergg state implies a rather large geometry change upon excitation from the 

electronicc ground state since the 0-0 transition is much weaker than the 4(
2, transition. 

Ourr revised assignments concurrently imply that for the other two (7t,3p) Rydberg 

states,, where the 0-0 transition is dominant, the geometry changes are much less. This 

behaviourr of the v4 torsional mode suggests that the 21Ag(7r,,3px) Rydberg state is 

significantlyy more twisted around the CC bond than the 1 'Big(7i,3py) and 1 'B2g{7r.,3pz) 

Rydbergg states, which would be in agreement with previous ab intio calculations [24] 

thatt predict a significantly larger dihedral angle for the (rc,3px) than for the (7t,3py) and 

(7C,3pz)) Rydberg states. In these calculations a Franck-Condon pattern is obtained for 

thee (Tt,3py) and (7T,3pz) Rydberg states with the 0-0 transition as the strongest feature, 

whilee for the (TC,3px) Rydberg state the 4̂  transition has the most intensity with the 0-

00 transition roughly 10 times weaker. All these predictions are in perfect agreement 

withh the present experimental observations. 

Inn our study employing pure jet expansions of C2H4, we obtain in the 67800-

690000 cm"1 region an excitation spectrum with reasonably well-resolved features. An 

interestingg observation, for which we do not have an explanation at the moment, is 

thatt in the previous study using helium-seeded C2H4 jet expansions considerably less 

well-resolvedd spectra were obtained in this energy region [40]. Most of the resonant 

featuress in the 67800-69000 cm"1 region of C2H4 can be readily assigned on the basis 

off  their energy relative to the origin transition to the 2'Ag(jr.,3px) Rydberg state at 

661200 cm"1. These assignments are listed in Table 5.7 and can be associated with 
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vibronicc transitions to the 2'Ag(7t,3px) Rydberg state involving the totally-symmetric 

v22 and V3 modes, whether or not in combination with even quanta in the v4 torsional 

mode.. Confirmation of the proposed assignments by photoelectron spectral analysis 

wass not possible because the ionisation signals giving rise to the excitation profile of 

C2H44 in the 67800-69000 cm"1 region are too weak to allow dispersion of the 

photoelectronss according to their kinetic energy. This signal-to-noise ratio was even 

worsee for C2D4 for which we were even unable to record any excitation profile in this 

regionn at all. 

5.3.45.3.4 Rydberg-Valence and Rydberg-Rydberg Coupling 

Traditionally,, the one-photon absorption spectrum of C2H4 in the 6-8 eV 

regionn is attributed to the excitation to the l'Biu(7i,7C*) valence state with - starting 

fromm 57338 cm"1 (about 7.1 eV) - superimposed excitation to the l'B3U(7C,3s) Rydberg 

statee [9,20,33-37]. Several ab initio studies [11-13,18,42] investigating the 

characteristicss of the long torsional progression of the v4 vibrational mode in the 

excitationn spectrum of the l'B|U(7i,Jt*) valence state [33,55,58-62] have stressed that 

nonadiabaticc coupling effects between the valence state and the Rydberg manifold 

shouldd be taken into account in order to explain the vibronic features observed in the 

6-88 eV region of the absorption spectrum of ethylene. 

Peyerimhofff  and others [11,12,18,42] have explained the observed spectral 

intensityy distribution in the 6-8 eV region in terms of nonadiabatic coupling between 

thee l'Biu(7C,Ji*) valence state and the 11Blg(7C,3py) Rydberg state. These two excited 

singlett states are involved in configuration mixing upon a torsional movement around 

thee CC bond, since for a twisted geometry of ethylene the symmetry of both states is 

loweredd to 'Bi. As a consequence of this Rydberg-valence coupling effect, two 

excitedd singlet states are obtained. At the planar geometry, i.e., within the Franck-

Condonn region, the lower state, designated as the R/V state, has primarily Rydberg 

characterr and the upper state, designated as the V/R state, dominant valence character. 

Twistingg around the CC bond ultimately leads around the avoided crossing between 

thee excited-state potentials of the two states to a switch of the electronic character: the 

(7t,7t*)) valence character of the upper (V/R) state is traded in for Rydberg character, 

andd the lower (R/V) state loses its (ic,3py) Rydberg character and gains (7C,7C*) valence 

character. . 

90 0 



_ _ _ _ ^^ _ _ ^ The Spectroscopy & Photophysics of Ethylene 

Accordingg to Ryu and Hudson [12], the two-photon excitation spectrum of 

ethylenee [39,40] can also be explained in this picture. This conclusion is not reflected 

inn the present results. The photoelectron spectra in the 7-8.5 eV region show two 

importantt features concerning the electronic properties of the vibronically excited 

statess responsible for the spectral features in this region. Firstly, all the photoelectron 

spectraa indicate conservation of internal energy upon ionisation of the intermediate 

vibronicallyy excited states, i.e., the dominant feature in the spectra corresponds to 

Av=0.. This ionisation behaviour is typical for "pure" Rydberg states. Secondly, the 

(2+1)) photoelectron spectra present unambiguous evidence for three 0-0 transitions at 

628800 cm"1, 63236 cm"1, and 66120 cm'1, and one vibronically induced transition 

whosee 0-0 transition is at 57338 cm"1 [36]. Based on these experimental findings, one 

hass to conclude that the vibronic features in the spectral range from 57300-69000 cm"1 

-- as studied by resonance-enhanced multiphoton ionisation - are associated with 

excitationss from the electronic ground state to four separate excited singlet states that 

aree predominantly of Rydberg character with quantum defects 5 of about 1, 0.76, 

0.74,, and 0.58, i.e., the l'Bsu^^s), 11Blg(7ï,3py), l 'B^n^p,), and 21Ag(7C,3pJ 

Rydbergg states, respectively. 

Somee further consideration of these results is, however, necessary. In 

particular,, a question to be answered is to what extent the photoelectron spectra 

obtainedd in the present study are able to provide a direct spectroscopic reflection of a 

possiblyy mixed character of the excited state caused by coupling between the Rydberg 

manifoldd and the (TZ,K*) valence state. How effectively ionisation from these states 

proceeds,, depends on both the electronic transition moment from the excited state to 

thee ionisation continuum, the vibrational overlap between nuclear wave functions in 

thee excited and ionic states, and the lifetime of the excited state. With respect to the 

electronicc transition moment, the one-photon oscillator strength of a valence state is 

considerablyy larger than that of a Rydberg state. This dominance of the electronic 

transitionn moment may, however, be completely overshadowed by highly 

unfavourablee Franck-Condon factors. This will especially be the case for valence 

statess where significant molecular rearrangements or even molecular decomposition 

occurs.. In contrast, the potential energy surface and equilibrium geometry of Rydberg 

statess and that of their ionic core are in general very similar, and will thus give rise to 

favourablee Franck-Condon factors. 
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Inn the case of ethylene, it has been shown experimentally and theoretically that 

thee relaxed equilibrium geometry of the 1 'BIU(7Ü,7T*) valence state of ethylene is 

characterisedd by twisting one of the CH2 groups by 90° [10,11,21-24], resulting in a 

largee difference between the vertical and adiabatic excitation energies of this state -

calculatedd values between 1.5 and 2.5 eV have been reported [23,24]. Highly 

unfavourablee Franck-Condon factors for excitation to and ionisation from this valence 

statee can thus be anticipated. This has been illustrated in an ab initio study by Mebel 

etet al. [24] who concluded that the llB\u(n,n*) valence state merely constitutes an 

underlyingg continuum of vibronic states with superimposed the relatively strong 

Rydbergg excitations. In an uncoupled picture, multiphoton ionisation of the 

1'BIU(7E,TC*)) valence state may therefore be expected to start to proceed efficiently if 

theree is an excess energy available in the photo ionisation process of about 1.5 to 2.5 

eV.. For the currently employed one-colour two-photon excitation scheme, this implies 

thatt ionisation of l'B|U(Jt,Jt*) valence state character requires the absorption of an 

additionall  two photons, i.e., (2+2) photoionisation is necessary. Apart from the 

vibrationall  overlap argument, it is possible that experimental evidence of Rydberg-

valencee coupling is disguised by dynamic processes: femtosecond pump-probe studies 

onn jet-cooled ethylene excited at 6 eV reveal a lifetime of about 20-30 femtoseconds 

[64,65].. Overall, we have to conclude therefore that, although excited-state 

photoelectronn spectroscopy is in general a technique excellently suited for the 

disentanglementt of coupled states, Rydberg-valence coupling may in the present case 

bee hard to detect. One unambiguous signature would be (2+2) ionisation. In similar 

studiess on TME and BCH such (2+2) "valence" signals have indeed been found [4], 

butt for ethylene any ionisation signal that can be attributed to the valence state has not 

beenn observed even at our highest laser powers. 

Thee arguments given above for coupling of valence and Rydberg states lead 

onee to expect that coupling within the Rydberg manifold, e.g., Rydberg-Rydberg 

couplingg between the (7t,3s) and (7t,3p) Rydberg states, should be immediately 

apparentt from the present photoelectron spectra. As an example, we will focus on the 

0-00 transitions to the three (n,3p) Rydberg states at 62880, 63236, and 66120 cm1 

(63116,, 63368, and 66400 cm"1) for C2H4 (C2D4). If any of the three (7i,3p) Rydberg 

statess would be vibronically coupled to the (it,3s) Rydberg state at 57338 (57619) cm" 
11 for C2H4 (C2D4), then the photoelectron spectra taken at the 0-0 transitions of the 

(7i,3p)) states should show an ionisation signal from highly vibrationally excited levels 
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off  the (7C,3s) state corresponding to ions with an internal vibrational energy of 0.716, 

0.731,, and 1.089 eV, respectively (0.682, 0.713, 1.089 eV for C2D4). This is not the 

casee as becomes clear, for example, from the spectra in Figure 5.5 where the 

photoelectronn spectra recorded at the 0-0 transitions to the l'Big(7t,3py) and 

l'BigCTOp,)) Rydberg states are shown. No photoelectrons associated with kinetic 

energiess of 0.493 and 0.515 eV, respectively, are observed. Similar arguments 

demonstratee that vibronic coupling between the three (7C,3p) Rydberg states is also 

absent,, or, at least, not visible in the present experiments. 

Thee present observation that the lower Rydberg states in ethylene are not 

directlyy or even indirectly - via the vibronic valence continuum underlying these 

Rydbergg states - vibronically coupled to each other may seem insignificant. However, 

itt will prove to be important when the photophysics of ethylene is compared with that 

off  its methyl-substituted derivatives like tetramethylethylene [4,66,67] and larger 

mono-olefinicc compounds, such as l,l'-bicyclohexylidene [4-6] and mono-olefinic 

steroidss with a single isolated CC double bond [68]. A recent excited-state 

photoelectronn spectroscopic study on jet-cooled tetramethylethylene and 1,1'-

bicyclohexylidenee [4] has shown that substitution of the four protons in ethylene has a 

dramaticc effect on the spectroscopy and dynamics as reflected in the photoelectron 

spectra:: the photophysics of these highly-substituted ethylene derivatives is 

completelyy dominated by Rydberg-Rydberg and/or Rydberg-valence coupling. Both 

experimentall  [4] and theoretical evidence [69] for the rather different nature of the 

spectroscopyy and dynamics of these larger mono-olefinic molecules, as compared to 

theirr chromophore ethylene, will shortly be reported. 

5.44 Conclusions 

Excited-statee photoelectron spectroscopy, allowing for the dispersion of the 

kineticc energies of the photoelectrons produced in a REMPI excitation scheme, is an 

invaluablee tool to elucidate the nature of vibronic transitions. In the present study on 

jet-cooledd ethylene, this spectroscopic technique has proven to be very adequate: for 

thee first time the 0-0 transitions to all three (7C,3p) Rydberg states in both C2H4 and its 

deuteratedd isotopomer could be assigned unambiguously on the basis of the recorded 

photoelectronn spectra. The overlapping vibronic structure in the "high-resolution" 
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(2+1)) REMPI excitation spectrum of jet-cooled C2H4 and C2D4 of the quasi-

degeneratee 1 lB|g(7C,3py) and l'B2g(n,3p7) Rydberg states, has been disentangled and 

assigned.. Although our studies do not allow the order of the two states to be 

established,, they do show that the (rc,3py) and (7t,3pz) states have similar vibronic 

spectra.. In contrast to earlier multiphoton studies on ethylene [39,40], the present 

excited-statee photoelectron spectroscopic study shows that the 0-0 transition to the 

21Ag(7T,3pJJ Rydberg state is not associated with the most intense feature in the (2+1) 

REMPII  excitation spectrum, but corresponds to a much weaker feature. The origin 

transitionn as assigned before has been identified as the first member of a progression 

inn the v4 torsional mode. The consequence of the present assignments is that one has 

too conclude that the equilibrium geometry of the 2'Ag(n,3px) state is changed 

significantlyy more upon excitation from the electronic ground state than is the case for 

thee other two (7t,3p) states. 

Mostt of the previous assignments of the vibronic features in the (2+1) REMPI 

excitationn spectrum of the 1,B3U(JU,3S) Rydberg state have been confirmed. However, 

aa rather tentative proposal [40] to assign part of this spectrum as vibrationally induced 

byy coupling of the 1 'B3U(7C,3s) Rydberg state to the Jahn-Teller distorted 1 'B2g(7i*,3s) 

statee [36] via the Vf, CH2 antisymmetric scissors mode of b]u symmetry is rejected. 

Instead,, the present photoelectron spectra show that these features are associated with 

thee totally-symmetric V3 CH2 scissors mode. The vibrational activity of the V3 mode is 

indeedd to be expected from previous [51] and present ab initio calculations that 

indicatee significant mode scrambling of the totally-symmetric v2 C=C stretching and 

thee V3 CH2 scissors mode upon excitation from the ground state to the Rydberg 

manifold. . 

Excited-statee photoelectron spectroscopy is generally an excellent means to 

unravell  the nature of an electronically excited state, e.g., Rydberg versus valence 

character.. For ethylene it has been argued that very unfavourable Franck-Condon 

factorss [23,24] and highly efficient relaxation processes associated with the specific 

1'BIU(ÏÏ,TI* )) valence state [64,65] may heavily impede ionisation from this valence 

shelll  configuration. Although a possible signature for this ionisation has been 

suggestedd and was indeed observed in studies on substituted ethylenes, the bare 

moleculee still seems to resist detailed studies of ideas put forward in literature on 

couplingg between the 1 'BIUCTCTC*) valence state and the l'B3U(.r,3s) [13] or the 

11 'Big(7r.,3py) Rydberg state [11,12,18,42] by these means. However, the present study 
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revealss without doubt that there is no significant Rydberg-Rydberg vibronic coupling 

withinn the lower Rydberg manifold of ethylene. 
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The SpectroscopyThe Spectroscopy & Photophysics of Mono-Olefins 
IsolatedIsolated Building Blocks of Photonic Materials: 

High-ResolutionHigh-Resolution Excited-State Photoelectron Spectroscopy 

ofof Jet-Cooled Tetramethyiethylene and 1,1'-Bicyclohexylidene* 

Abstract t 

Thee spectroscopy and photophysics of tetramethyiethylene and 1,1'-

bicyclohexylidenee have been investigated using excited-state photoelectron 

spectroscopyy in combination with multiphoton excitation. Vibronic coupling within 

thee full manifold of the excited singlet states has been shown to play a dominant role 

inn determining the spectroscopic properties of these compounds. Although this 

vibronicc coupling inhibits the determination of excited-state excitation energies by 

excitationn spectroscopy, it enables at the same time their observation in the 

photoelectronn spectra. As a result, a large number of previously unobserved Rydberg 

statess could be located and assigned. For both molecules ionisation from the Rydberg 

statess is observed to be heavily perturbed by ionisation from the underlying quasi-

continuumm of the (K,K*) valence state. The photoelectron spectra of 1,1'-

bicyclohexylidenee reveal that the state around 55000 cm"1 (6.82 eV), which has 

previouslyy been assigned as a second valence state, does not show the ionisation 

""  R.A. Rijkenberg, W.J, Buma. C.A. van Walree, and L.W. Jenneskens, J. Phys. Chem. A, submitted 

(2002). . 
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patternn expected on the basis of previous suggestions made for the character of this 

state.state. Based on this observation, configuration mixing between the {K,K*)  valence 

statee and the (7t,3d) Rydberg manifold is offered as a possible explanation. 

6.11 Introductio n 

Oligo(cyclohexylidenes),, hydrocarbons built up from 1,4-linked 

cyclohexylidenee units, are compounds with a O-K-O orbital topology that have 

attractedd considerable interest because of their potential application in functionalised 

organicc materials [1-9]. In particular, photoinduced electron transfer and conductive 

propertiess are of interest in this respect. The basic unit of oligo(cyclohexylidenes) is 

l,r-bicyclohexylidenee (BCH). Although the spectroscopy of this chromophore has 

beenn studied using several techniques including UV absorption, electron-energy loss 

(EEL)) spectroscopy, and multiphoton ionisation (MPI) spectroscopy [10,11], the most 

strikingg aspect of its photophysics has not been settled yet unambiguously. The UV 

absorptionn spectrum of BCH vapour shows two broad bands of similar intensity at 

480000 and 55000 cm"1 [10]. In an n-pentane solution these bands shift to 48500 and 

552500 cm"1 [12], in a stretched polyethylene film to 48250 and 54200 cm"1 [13], while 

inn a single crystal they are found at 48000 and 51000 cm"1 [10]. This environmental 

dependencee was taken as evidence for their assignment as two low-lying valence 

excitations.. From polarisation studies in the solid state it was moreover shown that 

underr these conditions the electronic transition moment associated with both 

excitationss is directed along the C=C bond [10]. 

Thee presence of two low-lying valence excitations is remarkable, since a 

prioripriori  considerations suggest only the (n,n*) state as a low-lying valence state. 

Severall  assignments have been put forward in literature to explain the presence of two 

strongg electronic transitions [10,11,13-16]. Although it is clear that one of the two 

statess is the (71,71*) valence state, even its spectral location has been subject of debate. 

Inn the early work by Snyder and Clark [10], the band at 55000 cm'1 was assigned to 

thee (7t,7C*) valence state, an assignment that was sustained in later studies on steroids 

byy Yogev et al. [13] and in ab initio studies by Watson et al. [15]. However, the 

assignmentt of the band at 48000 cm"1 remained matter of debate. Snyder and Clark 

assignedd it to a G^>G* valence transition [10]. This was supported by Yogev et al. 
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[13],, but they also proposed an alternative assignment based upon the concept of 

Rydberg-valencee mixing between the (7C,7C*) valence state and the (7C,3py) Rydberg 

statee as has been extensively advocated by Peyerimhoff et al. for ethylene [17-19]. 

Watsonn et al. [15] reached the conclusion in their theoretical studies on ethylene that 

thee band at 48000 cm"1 corresponds to a vibronically induced transition to the {71,3s) 

Rydbergg state coupled to the (7t,7t*) valence state. 

Ann entirely different assignment for the (7C,TC*) valence state was first 

suggestedd by Allan et al. in their studies on the excited states of BCH [11]. They 

assignedd the band at 48000 cm"1 to the (7t,7t*) valence state and tentatively suggested 

thatt the second band was due to a 7r.(CH2)—>7T.*  valence transition, involving charge 

transferr from the cyclohexyl rings into the C=C bond. Jenneskens et al. [16,20,21] 

corroboratedd in a number of ab initio studies on BCH the assignment of the lower 

absorptionn band as due to excitation of the (TC.JT*) valence state, but came to an 

alternativee assignment for the band at 55000 cm'1. Their ab initio calculations 

indicatedd that this band should be assigned to a TC^CT*  valence transition in which the 

chargee transfer occurs from the C=C bond into the cyclohexyl rings. Surprisingly, it 

wass found that this low-lying valence transition only occurs for the anti-confoxmer of 

BCHH [16,20,21]; for the sy^-conformer, which is present in nearly identical amounts 

inn solution and gas phase, a differently polarised TU—>G*  valence transition was 

calculated,, being ca. 1 eV higher in excitation energy [22]. The fact that the calculated 

oscillatorr strength for the TC-XJ*  valence transition in the a^/Z-conformer is 

significantlyy lower than that calculated for the (TE,7T*) valence state, whereas the 

solutionn and gas-phase experiments - in which in this scenario the a/7//-conformer is 

thee only one contributing to the higher-energy band, while both conformers contribute 

too the lower one - indicate that both transitions have similar oscillator strengths, 

togetherr with the rather large difference between observed and calculated energy gaps 

remained,, however, points of concern. 

Onee would think that studies of other alkylated ethenes could lead the way to a 

betterr understanding of the spectroscopic properties of BCH. In that sense 

tetramethylethylenee (TME) seems an ideal reference compound, but as yet no studies 

havee reported a second valence-like absorption band in this molecule. In common 

withh other methyl-substituted derivatives of ethylene, the gas-phase UV absorption 

spectrumm of TME shows a strong band with its maximum at 53500 cm"1 (6.63 eV) 

[23]]  and weak low-energy features that start around 43100 cm"1 (5.34 eV) [24]. 
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Althoughh the assignment of the intense band at 53500 cm'1 as the (n,ic*) valence state 

iss generally accepted, there has been and still is a controversy as to whether the 

featuress starting at 43100 cm'1 are associated with the (n,7U*) valence state [25] or the 

(TC,3S)) Rydberg state [23-31], Previous experimental studies [32] of these features 

havee shown that the line widths and excitation energies of these features are very 

sensitivee to pressure, in contrast to the intense band assigned to the (K,K*) valence 

state.. This is exactly what is anticipated traditionally for Rydberg states because of 

theirr electronic nature, which is more diffuse than that of valence states. This "solid 

state""  effect on the weak features around 43100 cm'1 is probably the most convincing 

argumentt for their assignment as corresponding to vibronic transitions from the 

electronicc ground state to the (ir,3s) Rydberg state. 

Excited-statee photoelectron spectroscopy is particularly well suited to study 

thee vibronic properties of excited states [33,34]. The Resonance-Enhanced 

MultiPhotonn Ionisation (REMPI) pump-probe scheme in combination with kinetic-

energy-resolvedd photoelectron detection provides detailed information about the 

internall  energy left in the ionic manifold upon ionisation from an intermediate 

electronicallyy excited state. If this intermediate state is primarily of Rydberg 

character,, we generally observe that a Av = 0 propensity rule predominates, leading to 

aa one-to-one correlation between the internal energy left within the ionic manifold and 

thee vibrational̂  excited level populated in the intermediate Rydberg state. Valence 

states,, on the other hand, generally have a different equilibrium geometry and 

vibrationall  force field than the ionic state to which ionisation occurs. As a result, one 

expectss for these states vibrational activity in the photoelectron spectrum in those 

vibrationall  modes that are associated with the change in equilibrium geometry upon 

ionisation.. Strong vibrational activity can in particular be expected for the (n,n*) 

valencee state of substituted ethylenes, which has a perpendicular equilibrium 

geometryy [17,35-39]. The projection on the ionic manifold may thus serve as an 

excellentt tool to characterise an excited state. 

Inn the present excited-state photoelectron spectroscopic study we will focus on 

thee spectroscopy and photophysics of TME and BCH, and try to establish the nature 

andd origin of the second valence excitation in BCH. We will show that vibronic 

couplingg pervades at all levels the spectroscopy and ionisation dynamics of these 

molecules,, allowing us to characterise their Rydberg manifold without performing 

excitationn spectroscopy. Although the present study does not provide us with direct 
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evidencee for the identity and character of the second valence state in BCH, it does 

enablee us to put forward an alternative suggestion for the origin of this state that is 

corroboratedd by other experimental and theoretical evidence. 

6.22 Experimental Details 

Thee results reported in this study have been obtained using a home-built 

magneticc bottle spectrometer equipped with a pulsed injector. Previous studies 

[34,40,41]]  have described in detail the characteristics and merits of this approach for 

thee study of electronically excited states. We will therefore only give a brief summary 

off  the experimental methods used here. 

Thee laser system consists of a XeCl excimer laser (Lambda Physik 

EMG103MSC)) working at a typical repetition rate of 30 Hz that pumps a dye laser 

(Lumonicss HyperDye-300). The output of this dye laser can be frequency-doubled 

usingg an angle-tuned BBO or KDP crystal in an Inrad Autotracker II unit. The pulse 

durationn of the resulting excitation beam is about 15 ns and its spectral bandwidth 

beforee frequency-doubling is about 0.07 cm"1. A typical pulse energy of the 

fundamentall  laser beam leaving the dye laser is about 10 mJ, which is reduced to 

aboutt 1 mJ per pulse after frequency-doubling. The excitation beam is focused into 

thee ionisation region of the magnetic bottle spectrometer by a quartz lens with a focal 

lengthh of 25 mm. The "2JT analyser", forming the heart of the spectrometer, is based 

onn a design by Kruit and Read [42]. The spectrometer is equipped with a pulsed 

injector.. Close to the injector a sample container has been installed that can be heated 

inn order to obtain sufficient vapour pressure of the compound under investigation. 

Typically,, the temperature of the nozzle orifice is set about 10 °C higher than the 

samplee container in order to prevent any clogging of the injector. The maximum 

temperaturee is limited by the use of a high-temperature body coil (General Valve) 

suitedd for the pulsed operation of the injector up to a temperature of about 235 °C. 

Thee laser pulse and molecular beam are synchronised by a home-built delay 

generator. . 

Thee magnetic bottle spectrometer can be used in either a time-of-flight (TOF) 

mass-resolvedd detection mode (TOF-MS) or in a TOF photoelectron detection mode 

(TOF-PES).. In the present experiments, the magnetic bottle spectrometer has been 
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employedd exclusively in the electron detection mode that has a 50 % collection 

efficiency.. This high collection efficiency is achieved by a strongly diverging 

magneticc field in the ionisation region that parallelises the trajectories of the produced 

photoelectrons.. The TOF-PES technique allows for the analysis of the kinetic energies 

off  the electrons produced in the Resonance-Enhanced MultiPhoton Ionisation 

(REMPI)) process via intermediate electronically excited states. The typical resolution 

forr the TOF-PES mode is between 10 and 15 meV (80-120 cm"1). After detection of 

thee photoelectrons by a pair of microchannel plates, the signal is stored in a 500 MHz 

digitall  oscilloscope (Tektronix TDS540), which is read out by a computer. In a typical 

experiment,, 90-150 laser pulses were averaged at each interval in both excitation as 

welll  as photoelectron scans in order to minimise the effect of pulse-to-pulse laser 

energyy fluctuations. 

Thee pulsed supersonic expansion is generated by a General Valve Iota One 

System.. The expansion chamber, evacuated by an Edwards Diffstak 2000 oil pump 

backedd by an Edwards E2M40 rotary fore pump, is connected to the ionisation 

chamberr through a skimmer (Beam Dynamics) with a diameter of 0.5 mm. The pulsed 

valvee with an orifice of 500 ^m can be set to a distance from 0 to 4.5 cm above the 

skimmer.. The ionisation chamber, located 20 cm below the skimmer, is evacuated by 

aa Balzers TPH 170 turbomolecular pump backed by a Leybold Trivac D16B rotary 

foree pump. The flight tube in turn is pumped by a Leybold Turbovac 450 

turbomolecularr pump backed by a Leybold Trivac D25B rotary fore pump. 

Thee pulse duration of the injector was typically set at 200 jus. At a repetition rate 

off  30 Hz this resulted in a pressure in the 10^-10"5 mbar range in the expansion 

chamberr as measured with a Penning gauge (Edwards CP25-K). The pressure in the 

flightt tube, on the other hand, does not measurably depend on the inlet of gas via the 

nozzlee system and remains about 1x107 mbar as measured by a high-vacuum 

ionisationn gauge (Leybold IE20). In some experiments, gas was also effusively 

introducedd into the spectrometer. In those cases the pressure in the flight tube is 

typicallyy kept at a typical value of around 1x10" mbar. 

Thee samples studied consisted of tetramethylethylene and 1,1'-

bicyclohexylidene.. TME, also referred to as 2,3-dimethyl-2-butene, has been 

commerciallyy obtained from Fluka and used without any further purification. BCH 

hass been synthesised by Hoogesteger using the two-fold extrusion methodology [12]. 

Experimentss on TME have been carried out using molecular beam expansions of 
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TMEE seeded in helium. At room temperature, TME is a colourless liquid with a high 

vapourr pressure. It is known that this high vapour pressure can lead to the formation 

off  clusters in supersonic molecular beam expansions. For this reason some 

experimentss on jet-cooled TME have been performed using the vapour of TME at 

lowerr temperatures of 0 and -30 °C. From these experiments, we concluded that no 

observablee effect of clustering occurred. The experiments performed on BCH have 

beenn carried out introducing BCH either via an effusive beam into the spectrometer or 

byy using supersonic jet expansions of BCH seeded in helium maintaining a typical 

backingg pressure of about 2-4 bar. In order to obtain sufficient BCH vapour pressure, 

BCHH was heated to a temperature of about 70 °C, well above its melting point of 55.6 

°CC [12]. However, the use of molecular beam expansions did not always prove to be 

necessaryy and in order to get more ionisation signal and a better signal-to-noise ratio, 

BCHH was also effusively introduced into the spectrometer. This did not require any 

heating,, since enough vapour pressure could already be obtained by sublimation of the 

BCHH crystals by evacuating directly the container holding the sample using the high-

vacuumm system of the spectrometer itself. 

6.33 Results and Discussion 

Sincee in the present excited-state photoelectron spectroscopic study the 

(ro)vibronicc wave function of an intermediate (ro)vibronically excited state is 

projectedd onto the ground state of the lowest radical cation D0, it is essential to know 

thee characteristics of its potential energy surface, i.e., the equilibrium geometry and its 

forcee field. Moreover, it stands to reason that the potential energy surface of the 

Rydbergg states of both TME and BCH will to a large extend mimic that of D0. 

Investigationn of the spectroscopic characteristics of D0 of both TME and BCH may 

thereforee provide us with valuable insights into the spectroscopic and dynamical 

propertiess of the Rydberg manifold. For this reason we will first be concerned with 

thee results of ab initio calculations we performed on the properties and characteristics 

off  the ground state of the lowest radical cation of both TME and BCH (Section 6.3.1). 

Inn the subsequent two Sections, we will report and discuss the results of our 

excited-statee photoelectron spectroscopic studies on TME (Section 6.3.2) and BCH 

(Sectionn 6.3.3). Experimental evidence will be presented that shows a strong and 
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dominantt interaction between the Rydberg manifold and the underlying continuum of 

thee valence state(s) in both mono-olefinic compounds. This interaction results in 

highlyy complex and congested ionisation patterns, but allows us at the same time to 

determinee the spectral location of a large number of Rydberg states in both TME and 

BCHH without recording excitation spectra. 

Finally,, we will discuss in Section 6.3.4 the nature and characteristics of the 

valencee excitations in TME and BCH. As indicated in the introduction, one would 

intuitivelyy assume that compounds such as these have only one low-lying valence 

statee - the (n,n*) valence excitation -, but the UV absorption spectrum of BCH in gas, 

liquid,, and solid state shows two bands that have been attributed to the presence of 

twoo valence states. Based on the multiphoton ionisation behaviour of BCH as 

reflectedd in the photoelectron spectra, we will discuss the characteristics and the 

possiblee nature of this second excitation in BCH. Moreover, we will show that 

previouss experimental studies on other mono-olefins also provide evidence for a 

secondd low-lying excitation with considerable oscillator strength in these compounds. 

6.3.16.3.1 The Ground State of the Radical Cation of Tetramethylethylene 

andand 1,1' -Bicyclohexylidene 

Forr ethylene it is by now well established that the equilibrium geometry of the 

Rydbergg states and the ground state of the radical cation D0 is significantly twisted 

aroundd the C=C bond [39,43-46]. Simulation of the features of the He(I) 

photoelectronn spectrum of the Do(l2B3U)<— So(l'Ag) transition in ethylene has 

indicatedd a torsional angle of about 25° in D() [43-45]. Most ab initio techniques fail to 

reproducee this twisted structure, although extensive configuration interaction as used 

byy Buenker et al. [46] is able to predict the twisted structure. The experimental and 

calculatedd energy difference between the planar and twisted structure is 0 cm ' 

[44]]  and 234 cm"1 [43], respectively. A recent UB3LYP/6-311G* calculation [34] on 

thee ionic ground state of ethylene - see Chapter 5 - has reproduced these features very 

well:: it leads to a twisted structure with a torsional angle of about 27° that is stabilised 

withh respect to the planar structure by about 235 cm"1. Encouraged by the results of 

thesee calculations, we have used a similar approach to investigate the ground state of 

thee radical cation of TME and BCH. 
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FigureFigure 6.1. The molecular structures of the anti- (left) and syn- (right) conformer of 1,1'-

bicyclohexylidene. bicyclohexylidene. 

Thee ground state of the radical cation of both mono-olefinic compounds arises 

fromm the removal of an electron from the highest occupied 7t-orbital. In the case of 

TMEE with a molecular geometry of D2h symmetry, this leads to a 2B3l] ionic state. For 

BCHH this line of argument is less straightforward since BCH has two conformers, i.e., 

synsyn and anti, that possess C2v and C2h symmetry, respectively. The molecular structure 

off  both conformers is drawn in Figure 6.1. Removal of an electron from the highest 

occupiedd rt-orbital of the syn- and a«ri-conformer results in a state of  2Ai and Bu 

symmetry,, respectively. In the solid state, the symmetry of BCH is lowered to Q [47], 

thoughh it is still very close to C2h- However, 'H-NMR spectroscopy of BCH dissolved 

inn chloroform at 300 K [45,48] has shown convincingly that rapid ring 

interconversionss between both conformers occur since no distinct resonances of 

equatoriall  and axial hydrogen atoms of the cyclohexyl rings can be observed. 

Previouss ab initio calculations [22] have indicated that both structures have nearly the 

samee total energy. They predict that the sy«-conformer is slightly more stable than the 

anf/-conformerr by about 0.051 kcal/mol, suggesting an equilibrium mixture consisting 

off  52% syn- and 48% a«f/-conformer at 300 K. These observations lead to the 

conclusionn that also in the gas phase a nearly 1:1 ratio of the two conformers can be 

expected. . 

Similarr to ethylene [34], UB3LYP/6-31G* geometry optimisation of the 

groundd state of the radical cation of TME and BCH leads to slightly twisted 

structures.. For TME a geometry is calculated that is twisted with a torsional angle of 

aboutt 11° around the central C=C bond, and has an energy that is a mere 133 cm' 

beloww the planar structure. The relevant geometrical parameters of both structures are 
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reportedd in Table 6.1. For comparison, also the parameters calculated at the B3LYP/6-

31G**  level for the neutral ground state are included in this Table. Both structure and 

energyy of the ionic ground state are in perfect agreement with a previous UHF/3-21G 

abab initio study on methyl-substituted ethylenic radical cations, where a dihedral angle 

off  about 11° and a barrier of about 140 cm"1 were predicted [49]. Although twisting 

aroundd the C=C bond lowers the symmetry of the molecule from Ö2h to D2, tunnelling 

throughh the low-energy barrier leads to a dynamic symmetry that is still Ö2h- The 

samee kind of observations have been made for the ground state of the radical cation of 

ethylenee and its Rydberg manifold [34,44,45,50-52]. Moreover, analogous to the 

situationn in ethylene [34,44,45,50], the double-well potential of the ground state of the 

lowestt radical cation of TME may be expected to lead to a very strong anharmonicity 

withh respect to the C=C torsional mode. 

TableTable 6.1. Geometrical parameters (bond lengths in A and angles in degrees) and energy (Hartrees) of 

thethe equilibrium geometry for the S0(J
!Ag) ground state of neutral tetramethylethylene and the D(fl2B}u) 

groundground state of the radical cation calculated at the (U)B3LYP/6-31G* level. For Do both the planar 

structurestructure of D2h symmetry (1 B3u) as well as the twisted structure of D2 symmetry (1 Bj) have been 

optimised. optimised. 

Parameter r 

r(C=C) ) 

r(C-CH3) ) 

Z(H3C-C-CH3) ) 

Z(C=C-CH3) ) 

XX (H3C-C=C-CH3) 

Energy y 

Sod'A.) ) 

Planar r 

1.349 9 

1.514 4 

111.2 2 

124.4 4 

0.0 0 

-235.856695 5 

Planar r 

1.436 6 

1.486 6 

117.3 3 

121.3 3 

0.0 0 

-235.569619 9 

Do(l2B3u) ) 

Twisted d 

1.432 2 

1.487 7 

117.4 4 

121.3 3 

11.7 7 

-235.570226 6 

Thee harmonic force field calculated for D0 at the twisted equilibrium geometry 

givess rise to the vibrational frequencies reported in Table 6.2. Experimental data on 

thee vibrational frequencies of D0 are scarce. In a He(I) photoelectron study on tetra-

substitutedd olefins a value of 1430+50 cm'1 was reported for the frequency of the C=C 

stretchingg mode [53]. This value is in good agreement with the value calculated in the 

presentt study (1500 cm"1 after scaling with a factor of 0.9614 [54,55]). Experimental 

studiess using IR and Raman spectroscopy [56-58] and previous theoretical analyses of 

thee harmonic force field of the neutral ground state of TME [59,60] have yielded a 
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TableTable 6.2. Experimental and calculated ((U)B3LYP/6-31G*) vibrational frequencies (cm') of 

tetratnethylethylenetetratnethylethylene in the S0(l AK) ground state of the planar neutral molecule and the D0(l
2Biu) 

groundground state of the twisted radical cation. 

Soo Dp So D0 

Vibration" ""  Exp. Calc.""  Calc.""  Vibration" ' Exp. Calc.1"  Calc." " 

] ] 

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 

C- HH str . 

C- HH str . 

C=CC str . 

CH,,  def . 

CH,,  def . 

CH,,  roc k 

C-CH,,  str . 

Skel ..  ben d 

C- HH str . 

C H33 def . 

CH,,  roc k 

C=CC tors . 

CH,,  tors . 

C- HH str . 

CH,,  def . 

CH,,  roc k 

C H,,  tors . 

C- HH str . 

C- HH str . 

CH,,  def . 

CH,,  def . 

CH,,  roc k 

C-CH,,  str . 

Skel ..  ben d 

a* * 

2920 0 

2869 9 

1676 c c 

1458" " 

1394 c c 

1029 L L 

692 c c 

413 d d 

au u 

153d d 

bl g g 

194d d 

b, u u 

2990 c c 

2860L' ' 

1446 c c 

1370 c c 

II67 C C 

896 u u 

410 L L 

3061 1 

3033 3 

1751 1 

1502 2 

1464 4 

1036 6 

692 2 

424 4 

3172 2 

1536 6 

1069 9 

156 6 

68 8 

3153 3 

1526 6 

972 2 

89 9 

3062 2 

3028 8 

1510 0 

1439 9 

1209 9 

906 6 

413 3 

3108 8 

2999 9 

1559 9 

1419 9 

1399 9 

890 0 

689 9 

393 3 

3170 0 

1525 5 

1040 0 

93 3 

173 3 

3167 7 

1506 6 

928 8 

156 6 

3107 7 

2994 4 

1461 1 

1397 7 

1203 3 

844 4 

433 3 

25 5 

26 6 

27 7 

28 8 

29 9 

30 0 

31 1 

32 2 

33 3 

34 4 

35 5 

36 6 

37 7 

38 8 

39 9 

40 0 

41 1 

42 2 

43 3 

44 4 

45 5 

46 6 

47 7 

48 8 

C- HH str . 

CH,,  def . 

CH,,  roc k 

Skel ..  ben d 

CH,,  tors . 

C- HH str . 

C- HH str . 

CH,,  def . 

CH,,  def . 

C-CH,,  str . 

C=C-CC wa g 

C=C-CC wa g 

C- HH str . 

C- HH sir . 

C H,,  def . 

C H,,  def . 

C-CH,,  str . 

C=C-CC wa g 

C=C-CC wa g 

C- HH str . 

CH,,  def . 

CH,,  roc k 

Skel ..  ben d 

CH,,  tors . 

b2g g 

2920 c c 

1458 c c 

1072L' ' 

410 L L 

201 t ! ! 

b2u u 

417' 1 1 

b3g g 

b3u u 

2915 " " 

1446 L L 

1060 1 1 

3ii  r 
227 d d 

3024 4 

1523 3 

988 8 

349 9 

179 9 

3172 2 

3066 6 

1534 4 

1446 6 

1167 7 

1110 0 

523 3 

3152 2 

3066 6 

1530 0 

1433 3 

1286 6 

1123 3 

346 6 

3022 2 

1507 7 

959 9 

494 4 

132 2 

2990 0 

1457 7 

1002 2 

305 5 

103 3 

3171 1 

3110 0 

1525 5 

1400 0 

1235 5 

1067 7 

522 2 

3167 7 

3108 8 

1509 9 

1394 4 

1334 4 

1013 3 

317 7 

2988 8 

1467 7 

984 4 

478 8 

67 7 

'"'' str. — stretching; def. = deformation; tors. — torsion; Skel. bend. — Skeletal bending: wag = out-of 

planeplane wagging. ""  Calculated values have not been scaled. '" Values obtained from Reference [59J. ',u 

ValuesValues obtained from Reference [56]. 

partiall  list of the vibrational frequencies of the molecule in S0. The experimental 

valuess reported in Table 6.2 are in general in good agreement with the values 

calculatedd here at the B3LYP/6-31G* level, although the values calculated for the 
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low-frequencyy CH3 torsional modes seem to be consistently too low compared to the 

experimentall  values [56]. 

Itt is expected that the dominant geometry changes upon ionisation - and 

similarlyy upon excitation to Rydberg states - occur at the CC double bond, and thus 

thatt the vibrational modes that are active in ethylene are also active in TME. From 

thiss point of view, the important modes are the ethylenic totally-symmetric v2 C=C 

stretchingg and V3 CH2 scissors modes, as well as the nontotally-symmetric v4 C=C 

torsionall  mode. Visual inspection shows that these modes can be well correlated with 

thee totally-symmetric V3 C=C stretching and v8 skeletal bending modes, and the v]2 

C=CC torsional mode of au symmetry, respectively, in TME. Both for S0 and Do the 

vibrationall  frequencies of the v8(ag) skeletal bending and the Vi2(au) C=C torsional 

modess in TME are significantly lower compared to their values in ethylene [34]. 

Focussingg on D(), the v8 skeletal bending mode is lowered from 1264 cm"1 [44] to 413 

cm"11 (experimental values), while the frequency of V12 is reduced from 551 cm ' [34] 

too 93 cm"1 (calculated values). Interestingly, it is found that a reversal of Vn and VB 

takess place in going from the neutral ground state to the ground state of the radical 

cation. . 

AbAb initio calculations at the UB3LYP/6-31G* level on the planar and twisted 

geometryy of the ground state of the radical cation of both syn- and anti-BCH lead to 

geometricall  parameters reported in Table 6.3 (see Figure 6.1 for carbon labels). The 

dihedrall  angle for the twisted structures is about 20-25°. The energy difference 

betweenn the planar and twisted structures is calculated as 66 and 163 cm"1 for the syn-

andd tmft'-conformer, respectively, which is of the same order as found for TME. Once 

againn we may expect that, as the result of tunnelling, the static symmetry of C2 of both 

conformerss turns into a dynamic C2v and C2h symmetry for the syn- and anti-

conformers,, respectively, and that the C=C torsional mode exhibits a strong 

anharmonicity.. The present calculations and studies of r-butyl end-capped 

bicyclohexylideness [61] also indicate that the ionisation energies of both conformers 

cann be expected to be quite similar. Previously reported He(I) photoelectron spectra 

[11]]  indeed did not show indications for a resolvable difference between the two 

conformers,, and this is confirmed in the present study. Concurrently, we may 

thereforee expect that the Rydberg states of the two conformers have rather similar 

excitationn energies. 
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TableTable 6.3. Geometrical parameters (bond lengths in A and angles in degrees) and energy (Hartrees) of 

thethe equilibrium geometry for the Sofl'A/l'Ai) ground state of the neutral and- (C2>,) and syn- (C2v) 

conformerconformer of IJ'-bicyclohexylidene as well as the D(i] 2B}Jl2A]) ground state of the radical cation 

calculatedcalculated at the (U)B3LYP/6~31G* level For D0 both the planar - C2h and C2v symmetry for the anti-

andand syn-conformer, respectively - as well as the twisted structure - C2 symmetry - have been optimised. 

Parameters'"' ' 

Bondd lengths: 

C1-C2 2 

C2-C3 3 

C3-C7 7 

C7-C11 1 

Angles: : 

C1-C2-C3 3 

C2-C3-C7 7 

C3-C7-C11 1 

C7-C11-C9 9 

Dih.. angles: 

C4-C1-C2-C3 3 

C4-C1-C2-C5 5 

So o 

Do o 

So o 

Exp.(b' ' 

1.339 9 

1.51U1.514 4 

1.529;; 1.531 

1.523;; 1.519 

124.40;; 124.55 

112.27;; 111.88 

111.08:111.17 7 

110.42 2 

180.0 0 

0.7 7 

anti-BCH anti-BCH 

anti-BCH anti-BCH 

Calc. . 

1.351 1 

1.520 0 

1.544 4 

1.534 4 

124.7 7 

111.6 6 

111.5 5 

111.2 2 

180.0 0 

1.8 8 

planar:: -469.328533 

planar:: -469.053379 

D00 twisted: -469.054715 

Planar r 

1.431 1 

1.490 0 

1.573 3 

1.530 0 

123.4 4 

109.3 3 

110.9 9 

111.9 9 

180 0 

0 0 

Energy y 

Do o 

Twisted d 

1.425 5 

1.490;; 1.491 

1.572;; 1.572 

1.530;; 1.529 

122.9;122.8 8 

109.1;109.l l 

111.3;110.6 6 

111.8 8 

161.4 4 

12.4:24.8 8 

So o 

Calc. . 

1.351 1 

1.520 0 

1.544 4 

1.534 4 

124.7 7 

111.5 5 

111.5 5 

111.2 2 

179.0 0 

0.0 0 

syn-BCH syn-BCH 

Planar r 

1.433 3 

1.490 0 

1.572 2 

1.529 9 

123.3 3 

109.6 6 

111.0 0 

111.6 6 

180 0 

0 0 

syn-BCH H 

Soo planar: -469.328537 

D00 planar: -469.053167 

D„„  twisted: -469.054320 

Do o 

Twisted d 

1.423 3 

1.492:1.491 1 

1.569;; 1.570 

1.531;; 1.529 

123.2;; 122,5 

109.2;; 109.3 

111.6:110.7 7 

111.7 7 

153.8:161.7 7 

22.3 3 

ww The carbon labels are according to the molecular structures depicted in Figure 6.1. {h> Experimental 

valuesvalues are single-crystal X-ray data (molecular structure of l.l'-bicyclohexylidene has C, symmetry in 

thethe solid state) taken from Reference [47]. 

Ann ab initio force field calculation at the UB3LYP/6-31G* level of the twisted 

equilibriumm geometry of both the syn- and am/-conformer of BCH provides the 

vibrationall  frequencies associated with the 90 normal mode coordinates. This 

calculationn shows that the totally-symmetric v2 OC stretching mode and nontotally-
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symmetricc v4(au) C=C torsional modes in ethylene are readily associated with 

vibrationall  modes in BCH. The calculated (unsealed) vibrational frequencies of these 

modess for the ground state of the radical cation of BCH are 1549 and 63 cm ' for the 

svn-conformer.. respectively. For the anti-conformer frequencies of 1553 and 58 cm"1 

aree obtained. A He(I) photoelectron spectroscopic study on BCH [11] exhibits a 1360 

cm'11 progression in the ionic manifold of the a/rrZ-conformer, which was assigned to 

thee C=C stretching mode. The calculated value seems to be somewhat low with 

respectt to this value, although we notice that the calculated value for So -1660 cm' 

(scaledd by 0.9614 [54,55]) - is in excellent agreement with the experimentally 

observedd IR value of 1676 cm' [59]. A more likely explanation for the observed 

differencee is therefore that the apparent 1360 cm'1 progression results from the 

unresolvedd activity of more than one mode, similar to what is observed, for example, 

inn absorption spectra of longer polyenes. The v3 CH2 scissors mode of ethylene is not 

one-on-onee identifiable in the normal modes of BCH. 

6.3.26.3.2 Rydberg Excitations in Tetramethy[ethylene 

Figuree 6.2 shows the (1 + 1) REMPI excitation spectrum of jet-cooled TME in 

thee spectral region of 41500-44000 cm"1 (5-5.5 eV). It shows a strong resemblance to 

thee laser-induced fluorescence (LIF) excitation spectrum of jet-cooled TME as 

obtainedd previously [25], albeit that the current REMPI spectrum appears to be better 

vibrationallyy resolved. This particular spectrum has been recorded using a helium 

backingg pressure of 10 bar. To show the importance of very efficient cooling, a 

similarr spectrum, recorded with a backing pressure of about 3 bar of helium, is shown 

inn the inset of Figure 6.2. Comparison of the two spectra shows that the excitation 

spectrumm is very sensitive to cooling parameters, and that only very efficient cooling 

allowss for partially resolved vibrational features. Although Hirayama and Lipsky [26] 

weree the first to report the observation of fluorescence emission from TME excited at 

184.99 nm, Siebrand et al. [25] were the first to significantly improve previously 

obtainedd vibrationally unresolved LIF excitation spectra of TME in the gas phase [24] 

andd the liquid phase [27]. Their partially vibrationally resolved excitation spectrum of 

TMETME under isolated conditions allowed them to investigate the vibrational features of 

thee highly congested excitation spectrum. Convinced of a close similarity of this 

spectrumm with that of the 1B|U(7i,Jt*)<—l'Ag spectrum of C2D4 [62], they tentatively 

112 2 



TheThe Spectroscopy & Photophxsics of Mono-Olefins 

assignedd part of the vibrational features in terms of the v4 torsional mode and the v7 

CH22 wagging mode of deuterated ethylene - of course taking differences in effective 

massess and bond lengths into account. They report anharmonic values for these two 

modess in TME of about 120 and 386 cm , respectively. In their view, the enormous 

spectrall  congestion results from a strong anharmonicity due to excitation of TME to 

levelss close to the top of the (%,K*) valence state torsional barrier. 

410000 42000 43000 44000 45000 

One-Photonn Enerqy / cm ' 

II  '  I  '  1 '  1 1 1  •  1 

4150 00 4200 0 4250 0 4300 0 4350 0 4400 0 

One-Photonn Energy/cm"1 

FigureFigure 6.2. (1 + 1) REMPI excitation spectrum of jet-cooled tetramethylethylene in the one-photon 

energyenergy range of 41500-44000 cni' with a helium backing pressure of 10 bar. To illustrate the 

importanceimportance of very efficient cooling, a similar spectrum, recorded with a backing pressure of 3 bar, is 

shownshown in the inset. 

Thee present photoelectron spectra recorded over the 41500^4000 cm"1 

spectrall  range prompt a different interpretation. As a typical example, Figure 6.3 

showss a photoelectron spectrum recorded at 42842 cm"1. Its characteristics are a 

dominant,, broad peak at 2.332 eV with a line width of about 80 meV. Taking into 

accountt that the adiabatic ionisation potential (IP) of TME is 8.271 eV [63J we 

concludee that the intense feature corresponds to ionisation to an ionic vibrational level 

1699 cm"' above the vibrationless level of D0. This, in turn, implies that the 

vibrationlesss level of the state that is excited is around 42673 cm'. Given the 

experimentall  resolution of about 10-15 meV (80-120 cm"'), this value is close to the 

113 3 



ChapterChapter 6 

peakk position of the first well-resolved feature in the excitation spectrum at 42580 cm 
l l 

Thee observation that ionisation dominantly occurs to a specific level in the 

ionicc manifold strongly suggests that this peak in the photoelectron spectrum is 

associatedd with ionisation from a Rydberg state. From the Rydberg formula we 

calculatee (n-8)=2.13, leading to a principal quantum number n of 3 and a quantum 

defectt 8 of about 0.87. Within the D2h point group this implies that this Rydberg state 

shouldd be assigned as !B3U(TI,3S). The quantum defect is in perfect agreement with that 

reportedd in an absorption study of the Rydberg progressions in cis- and fran.s-2-butene 

byy McDiarmid [64], claiming a quantum defect 8 of 0.87 for the (n,3s) Rydberg state 

inn rrarcs-2-butene. 

Thee spectral line width of the dominant feature in the photoelectron spectrum 

off  Figure 6.3 is 80 meV, which is well above the resolution of about 10-15 meV that 

wee reach under similar circumstances for ionisation of noble gas atoms. We attribute 

thee spectral broadness of this feature to the strong anharmonicity in D0 anticipated for 

thee Franck-Condon active low-frequency v12 C=C torsional mode in TME (vide 

supra).supra). Ionisation from the intermediate state will then lead to unresolved ionisation 

too the various anharmonic levels of v, 2, and thus to an apparent broadening of the 

photoelectronn peak. 

v*33 level 

II  I  I  I  I 
55 4 3 2 1 0 

fvWVv v 
ii  ' 1 ' 1 ' 1 ' 1 ' • 

1.00 1.5 2.0 2.5 3.0 3.5 4.0 

Electronn Kinetic Energy / eV 

FigureFigure 6.3. (1+1) REMPI photoelectron spectrum of tetramethylethylene excited at 42842 cm 
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Theree are two observations in the photoelectron spectrum that imply that this 

iss not the complete story. Firstly, a vibrational progression with an energy spacing of 

14455 cm' is observed. This energy spacing is in excellent agreement with the 

previouslyy reported value of 0 cm"1 for the frequency of the C=C stretching 

modee in the ground state of the radical cation of TME [53]. The intensity distribution 

overr the various members of the progression - in particular with respect to the 

intensityy of the dominant photoelectron peak - implies, however, that they are 

associatedd with ionisation from a state that is different from the one that is responsible 

forr the dominant peak. Secondly, the observation that at higher photoelectron energies 

thann the dominant peak a flat base line is obtained, demonstrates that the "noise" that 

iss present on and in between the photoelectron peaks at lower energies actually 

reflectss ionisation to a plethora of ionic levels. This behaviour is consistent with an 

ionisationn process in which the molecular geometry in the initial and final states are 

vastlyy different, and we consequently conclude that the photoelectron spectra do not 

onlyy show ionisation from a Rydberg state, but from the (%,n*) valence state as well. 

Previously,, the vibrational features observed in the excitation spectrum have 

beenn assigned in terms of excitation of vibrational levels of the valence state [25]. Our 

photoelectronn studies imply, on the other hand, that an explanation in terms of 

excitationn of vibrational levels of the (TC,3S) state might also be possible. As was 

noticedd in this previous work, the excitation spectrum consists of several groups of 

featuress that contain approximately 4 to 5 resonances grouped closely together with 

ann average spacing of about 15+5 cm"1. The average spacing between these groups is 

aboutt 60 cm'. Based on previous experimental work on the spectroscopy of the (TC,3S) 

Rydbergg state of ethylene [34,50-52], the spectrum of TME is expected to be 

dominatedd by excitation to anharmonic levels associated with the V12 C=C torsional 

mode.. Chau et al. [65] have calculated the four lowest anharmonic levels of the V4 

torsionall  mode in both the (7i,3s) Rydberg state and the lowest radical cation of 

ethylene.. These values proved to be in excellent agreement with the experimental 

valuess [44,45]. The unsealed vibrational frequencies of the C=C torsional mode of the 

radicall  cations of ethylene [34] and TME as calculated by UB3LYP calculations are 

5511 and 93 cm'1, respectively. Using these values and assuming a similar 

anharmonicityy in the radical cation of TME as in C2H4+, we can estimate the 

vibrationall  energies of the four lowest anharmonic levels in the ground ionic state of 

TME.. These results, together with the corresponding levels in ethylene, are reported 
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inn Table 6.4. For the Rydberg states, in analogy to the case of ethylene, the vibrational 

energiess are expected to be very similar. Table 6.4 demonstrates that the energy 

spacingg between the V|2 C=C torsional levels is around 60 cm"1, which is in perfect 

agreementt with the value observed in the present excitation spectrum. We notice that 

thiss assignment implies that excitation from So(l'Ag) to v12 levels of the 1 B3u(7t,3s) 

Rydbergg state of both even and odd parity is observed. This seems to be in 

contradictionn to the selection rules as dictated by the D2tl point group, but the presence 

off  the four methyl groups in TME may well reduce the symmetry of the molecule. In 

fact,, the methyl groups could well be associated with the observed fine splitting of 

aboutt 5 cm"1 in the excitation spectrum since the hindered internal rotation of 

thesee groups can lead to "tunnelling splitting" of vibrational lines corresponding to 

normall  modes other than CH3 torsional movement. Similar observations have been 

reportedd for other methylated compounds such as methylated stilbenes [66-69]. 

TableTable 6.4. Observed (ethylene) and estimated (tetramethylethylene) 

anharmonicanharmonic torsional energy levels (cm') of the C=C torsion vibrational mode 

inin the Do(l"Biu) ground state of the radical cation of ethylene and 

tetramethylethylene. tetramethylethylene. 

Vibrationall level D0(l
2B3u) 

Ethylene'3' ' 

Energy y 

0 0 

101 1 

438 8 

769 9 

1158 8 

Tetramethylethylene e 

Energy y 

0 0 

17 7 

74 4 

130 0 

195 5 

Spacing g 

--

17 7 

57 7 

56 6 

65 5 

""""  Experimental values have been taken from Reference [44]. 

Basedd on the assignment of nontotally-symmetric vibrational activity in the 

absorptionn spectra of other mono-olefins [31,64], as well as considerations of 

observedd and calculated oscillator strengths, it has previously been suggested that the 

(7i,3s)) transition in these compounds is partly vibronically induced via coupling to the 

(71,71*)) valence state [15,30,31,64], Unfortunately, the present (1 + 1) excitation 
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spectrumm of the (JI,3S) does not allow such a detailed vibrational analysis that would 

bee able to corroborate such a suggestion also for TME. 

Thee sudden drop in both ionisation and fluorescence signal [25-27,29] beyond 

ann excitation energy of 43280 cm"1 is a spectroscopic reflection of the dynamical 

propertiess of the excited-state photophysics of TME. Lifetimes within the ns time 

regimee have been reported below this excitation energy [25,29]; above this value, they 

dropp rapidly to the ps time regime [26]. In the past rapid internal conversion between 

thee excited-state potentials of the (7i,3s) Rydberg and (jt,7C*) valence state has been put 

forwardd as an explanation for this relaxation channel [26]. The present results imply 

inn that case that the vibrationless level of the (7t,3s) Rydberg state is located about 700 

cm"11 below the crossing point of these two excited-state potentials. 

477500 4787 5 4800 0 4812 5 4825 0 4837 5 4850 0 4862 5 4875 0 

Two-Photonn Energy / cm"' 

FigureFigure 6.4. (2+1) REMPI excitation spectrum of jet-cooled tetramethylethylene in the two-photon 

energyenergy range of'47750-48750 cm'. 

Althoughh the (1+1) ionisation signal rapidly decreases beyond a one-photon 

energyy of 43280 cm"1, a very weak, nonresonant ionisation signal remains. For 

probingg the electronic structure at higher excitation energies, two-photon excitation 

hass been employed, which leads to the excitation spectrum depicted in Figure 6.4 for 

thee excitation range from 47750 to 48750 cm"1. This Figure shows a small, but non-

zeroo signal that starts to increase around 48250 cm"1, after which there is a continuous 

signal.. A number of states can be expected to contribute to the ionisation signal in this 

region.. Firstly, the l'Biu(7t,Jt*) valence state, but because two-photon excitation is 

employed,, a contribution from this state would need to involve vibronically induced 

transitions.. The same would apply to contributions from the l1B3u(7t,3s) state. With 

respectt to this state, we should also bear in mind that a dominant Av=0 propensity for 
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ionisationn is expected. For (2+1) ionisation this leads to the conclusion that a (7t,3s) 

contributionn to the ionisation only becomes efficient above two-photon excitation 

energiess of 48260 cm"1, which might be a possible explanation for the increase of the 

signall  around 48250 cm"1. Finally, the 1B2g(7t,3pz) Rydberg state, for which the origin 

hass recently been reported in a magnetic circular dichroism (MCD) study at room 

temperaturee to be around 48900 cm"' [14], may be expected in this energy region. 

44000 0 

Excitationn Energy / cm" 
480000 52000 56000 60000 0 

Electronn Kinetic Energy / eV 

FigureFigure 6.5. (2+1) REMPI photoelectron spectrum of tetramethylethylene excited at 48750 cm . 

Ionisationn in this region is observed to involve three channels. Figure 6.5 

showss as a typical example the photoelectron spectrum recorded at a two-photon 

energyy of 48750 cm'1. It is dominated by two relatively intense features at nearly zero-

kineticc energy (0.064 eV) and at 0.795 eV. The latter value can be associated with 

ionisationn to the vibrationless level of D(), which in turn - on the basis of a Av=0 

propensityy - implies that ionisation has occurred from an excited vibrationless level. 

Thiss is in good agreement with the experimentally reported MCD value of the origin 

regionn of the (Jt,3pz) Rydberg state [14]. The zero-kinetic energy feature cannot be 

attributedd to ionisation from this (Jt,3pz) Rydberg state since this would imply that 

ionisationn would occur to an ionic vibrational level with 5904 cm"1 vibrational energy. 

However,, the energy difference of 731 meV between the two intense features in the 
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photoelectronn spectrum corresponds - given the width of the photoelectron peaks - to 

aa good extent with the energy difference of 765 meV between the vibrationless levels 

off  the (TC,3S) and (;c,3pz) Rydberg states. The feature at 0.064 eV can therefore be 

readilyy assigned to ionisation from the (7t,3s) Rydberg state. If one assumes a Av=0 

ionisationn in which the vibrational energy is more or less conserved, one can thus 

associatee with each photoelectron energy an excitation energy of an intermediate 

state.. This scale is the second x-axis drawn on top of the Figure. 

Furthermore,, the photoelectron spectrum in Figure 6.5 shows not only one-

photonn ionisation from the (7C,3pz) and the (JT,3S) Rydberg states, but also features 

exceedingg the maximum electron-kinetic energy of 0.795 eV available for a (2+1) 

ionisationn process. These features are attributed to (2+2) photoionisation. Without a 

retardingg voltage in the flight tube these features all coincide in the time-of-flight 

spectrumm and lead to a peak of considerable intensity that may even be larger than the 

photoelectronn peaks associated with ionisation of the (K,3py) and the (Tt,3s) Rydberg 

states.. Recording the photoelectron spectrum by increased retardation of the 

photoelectrons,, as we normally do, is observed to be similar to the peeling of an 

onion,, and leads to the many features of low intensity visible in Figure 6.5. Such a 

spectrumm is typical for photoionisation from a state with an equilibrium geometry that 

iss very different from that of the lowest radical cation, and suggests ionisation from 

thee (7U,K*) valence state. 

Consideringg two-photon selection rules and the Franck-Condon factors for 

excitationn of the various states, it is most likely that we observe around 48250 cm'1 

thee resonance-enhanced two-photon excitation from S0 to the origin region of the 

B2g(7r,3pz)) Rydberg state. At the same time, our observations indicate that vibronic 

coupling,, or internal conversion in a time-domain picture, plays a dominant role in the 

photophysicss of TME at these excitation energies. As a result, not only ionisation of 

thee B2g(7r,3pz) Rydberg state is observed, but also ionisation of high-lying vibronic 

levelss of the 'B3u(7C,3s) Rydberg state and the 'Blu(7r,7T*) valence state. This 

conclusionn is reinforced by photoelectron spectra obtained at higher excitation 

energiess of up to 49300 cm'1 that show a similar pattern as seen in Figure 6.5. At 

higherr excitation energies, an additional peak comes into the photoelectron spectra. 

Ass an example, the photoelectron spectrum obtained after two-photon excitation at 

500000 cm" is depicted in Figure 6.6. This additional peak can be associated with 
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Av=00 ionisation from a state at 49300 cm'1, which, because of its quantum defect, 

suggestss a (Jt,3p) Rydberg state. 

Att this stage it is clear that the study of the spectroscopy of the lower Rydberg 

statess in TME using excited-state photoelectron spectroscopy leads to a complex and 

congestedd ionisation pattern. Moreover, although excited-state photoelectron 

spectroscopyy allows us to monitor selectively the kinetic energies of photoelectrons 

associatedd with the ionisation of a specific intermediate Rydberg state, the excitation 

profilee is completely obscured by the couplings between the valence and Rydberg 

manifold.. This internal conversion creates a constant population in the vibrational 

manifoldd of the Rydberg states, and leads to a constant ionisation signal from those 

Rydbergg states that are accessible at a certain excitation energy. The only exception is 

thee lowest 'B3u(7i,3s) Rydberg state, which shows a clear, but highly congested, 

excitationn profile. However, the excitation profile of the (n,3p) Rydberg manifold is 

lost,, and no resonant features can be seen. 

42000 0 44000 0 

Excitationn Energy / cm" 

46O000 48000 50000 

0.0 0 0.2 2 0.44 0.6 0.8 1.0 

Electronn Kinetic Energy / eV 

52000 0 

r r 

1.4 4 

FigureFigure 6.6. (2+1) REM PI photoelectron spectrum oftetramethylethylene excited at 50000 cm' . 

120 0 



TheThe Spectroscopy & Photophrsics ofMono-Olefms 

Electronn Kinetic Energy / eV 
0. 00 0. 5 1. 0 1. 5 2. 0 2. 5 

11 1 

1 1 
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|| 1 | 1 , 7-

4500 00 5000 0 5500 0 6000 0 6500 0 7000 0 

0. 00 0. 5 1. 0 1. 5 2. 0 2. 5 3. 0 
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4500 00 5000 0 5500 0 6000 0 

Excitationn Energy / cm" 
65000 0 70000 0 

FigureFigure 6.7. (3+1) REMPI photoelectron spectra of tetramethylethylene excited at 57000 (top) and 

6550065500 (bottom) cm'. 

Thee above observations suggest that we can actually employ the interstate 

couplingss to determine excitation energies of higher Rydberg states without taking 

excitationn spectra. To this purpose, we have recorded several photoelectron spectra 

usingg (3+1) and (2+1) ionisation schemes in the excitation region from 52000 cm"1 to 

thee IP of TME. Both two- and three-photon excitation schemes lead to similar 

photoelectronn spectra. Figure 6.7 shows two photoelectron spectra recorded at a three-

photonn energy of 57000 (7.067 eV) and 65500 cm"1 (8.121 eV), the latter value being 

quitee close to the adiabatic IP of TME (8.271 eV [63]). At 57000 cm"1 a photoelectron 

spectrumm is obtained with three dominant peaks located at 0.127, 0.741, and 0.860 eV. 

Thesee signals correspond to one-photon ionisation from intermediate electronically 

excitedd levels located at 48734, 53686, and 54646 cm"1, respectively. The 48734 cm"1 

levell  has been assigned in the (2+1) ionisation experiments described above to the 

'B2g(Jt,3pz)) Rydberg state. The other two levels at 53686 and 54646 cm"1 are assigned 
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too the (7t,3d) and (7t,4s) Rydberg states, respectively. Quantum defects of 0.11 and 

0.988 are calculated from these excitation energies, respectively, which agree well with 

thee quantum defects reported for (rt.nd) and (7i,ns) Rydberg states for rratt.s-2-butene 

[64].. A fourth, rather weak, ionisation signal is observed at 0.196 eV. This signal 

agreess well with what is expected for ionisation from the 'Ag(7U,3px) Rydberg state at 

492911 cm"1. Ionisation from the 'BJU(IC,3S) Rydberg state is not observed since at this 

excitationn energy, the energy to ionise this state would need to exceed 24130 cm'. 

Stepwisee increase of the three-photon excitation energy reveals the subsequent 

additionn of photoelectron peaks with relatively high kinetic energies. As an example, 

thee lower panel of Figure 6.7 shows the photoelectron spectrum recorded at a much 

higherr three-photon excitation energy of 65500 cm"1. Once again, the photoelectron 

spectrumm shows ionisation from the Rydberg states responsible for the ionisation 

patternpattern in the 57000 cm'1 photoelectron spectrum, but now also ionisation from other, 

higher-lyingg Rydberg states is observed. 

Thee excitation energies of the Rydberg states determined in this way are given 

inn Table 6.5. In general, there is good agreement between these values and the vertical 

excitationn energies determined in previous MCD [14] and electron-energy loss (EEL) 

[28]]  studies that have been included in this Table as well. However, some 

discrepanciess remain, the first one of which is related to the (TC,3p) Rydberg manifold. 

Bothh the present study and the MCD study provide experimental evidence for two 

(TT,3p)) Rydberg states. In the MCD work they are related to features at 48909 and 

517144 cm"1, here we find values of 48750 and 49300 cm"1. We also notice that in the 

EELL study just one (TC,3p) Rydberg state located at 50893 cm' was reported. A 

possiblee explanation for the difference between the present and the MCD work might 

bee that different states are observed. In that case, we must conclude that the state at 

493000 cm"' is a state that is not observed in MCD - that would need to be the 
llAAgg(n,3px)(n,3px) state - while the state at 50893 cm"1 has such a low ionisation probability, 

forr example because of a large decay rate, that it does not show up in the 

photoelectronn spectra. The EEL study reports a feature at 48635 cm*1 and assigns it to 

thee 'B3U(ic,3s)<— 1' Ag transition. Our view is that this feature corresponds to the 48750 

cm"'' transition observed here, and should consequently be reassigned to a transition to 

aa (7t,3p) Rydberg state. The MCD study assigns a feature observed between 50251 

andd 52632 cm' to the ]Biu(K,4<la) Rydberg state. Considering the value of the 

quantumm defect at this energy, this cannot be true. In this energy region the EEL study 
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TableTable 6.5. Summary of the excitation energies (cm') and proposed assignments of the Rydberg states 

ofof tetramethylethylene obtained in the present and in previous MCD [14] and EEL [28] studies. 

Presentt study MCD study [14] EEL study [28] 

Assignmentt Energy'"' Quantum Assignment Energy Assignment Energy 

defect t 

31->> 3s 42 580 0.87 

7tt -> 3p, 48 750 0.53 

KK -> 3p, 49 300 0.49 

K—K—>> 3 d 

711 —>  4 s 

711 —> 4 p 

311 - > 4 p 

3T-»4 d d 

i tt  - ^  5 s 

311 —> 5 p 

71—>>  6 s 

KK - » 6 d 

711 - > 7 s 

533 59 0 

544 71 0 

577 95 0 

588 38 5 

588 87 0 

600 18 0 

611 35 0 

622 41 0 

633 49 0 

644 51 0 

0.1 1 1 

0.9 8 8 

0.4 6 6 

0.3 7 7 

0.2 6 6 

0.9 0 0 

0.4 8 8 

0.9 5 5 

0.1 6 6 

0.9 4 4 

''aiai Values have an error margin of  100 cm'. ""  In the EEL study [28], this feature has been 

assignedassigned to a member of a vibrational progression associated with the (7Z,3s) excitation spectrum. 

reportss (n,3p) and (n,3d) Rydberg states at 50893 and 52748 cm"1, respectively. The 

presentt study, on the other hand, does not find any evidence for a state in this region. 

Inn the MCD study, the resonances observed at 53548 and 54315 cm"1 were assigned to 

twoo {ft, 3d) Rydberg states. We arrive at similar values (53590 and 54710 cm"1), but 

feell  that only the former feature corresponds to a (71,3d) Rydberg state, whereas the 

otherr one should be associated with a (TI,4S) Rydberg state. The EEL study assigns a 

featuree at 53394 cm"1 as a vibrational feature of a (jr,,3d) Rydberg state at 52748 cm"1. 

Thee presently obtained value of 53590 cm"1 for the excitation energy of a (7i,3d) 

Rydbergg state is very close to the value of 53394 cm"1, suggesting that the latter peak 

shouldd be reassigned to the origin of a (7C,3d) Rydberg state. 

7 c ^ 3ss 42 850 7t->3s 43 231 

itt -> 3p7 48 909 48 635(b 

7tt -» 3p 50 893 

7U->3pyy 51714 j i -»3d 52 748 

7t->4dz22 50 632-52 632 it -> 3d 53 394 

7CC -> 3d„  53 548 

7i-»3dyZZ 54 315 

7ii  ^ 5s 60 007 

711 -> 6d 63 475 

123 3 



ChapterChapter 6 . 

6.3.36.3.3 Rydberg Excitations in 1,1'-Bicyclohexylidene 

Soo far the only detailed investigation of the electronically excited states of 

BCHH has been reported by Allan et al. [11] who used several spectroscopic techniques 

too study both the valence as well as the Rydberg states of gas-phase BCH. Although 

theyy reported the observation of several Rydberg states employing a (2+1) MPI 

scheme,, an excitation spectrum was not depicted. Instead it was commented that 

"beyondd a two-photon energy of 6.5 eV (52400 cm"1), the MPI spectrum is intense but 

structureless".. In the context of the highly complex and congested ionisation pattern 

off  TME discussed before, this feature of the MPI spectrum of BCH can now readily 

bee understood. Using photoelectron detection, we find in the present study that the 

onlyy excited state of BCH showing a clear excitation profile, is the lowest excited 

singlett state, the (n,3s) Rydberg state. Figure 6.8 shows for jet-cooled BCH its (2+1) 

excitationn profile in the spectral range of 44000-46000 cm"1. The ionisation signal is 

quitee weak and monitoring the signal is hindered by a relative intense (2+2) ionisation 

signall  deriving from ionisation via an underlying continuum that we associate with 

thee (n,K*) valence state. At higher excitation energies a constant ionisation signal was 

obtainedd without any indication of further resolved excited states. 

JJ w 
II ' 1 ' 1 ' 1 ' 1 

430000 4400 0 4500 0 4600 0 4700 0 

Two-Photonn Energy / cm' 

FigureFigure 6.8. (2+1) REMPl excitation spectrum of jet-cooled 1,1'-bicyclohexylidene in the two-photon 

energyenergy range of 44000-46000cm'. 

124 4 



TheThe Spectroscopy & Photophxsics of Mono-OIefins 

Althoughh excitation spectra can thus not provide us with the excitation 

energiess of other Rydberg states, the intense vibronic coupling between the 

electronicallyy excited states allows us to determine the excitation energies of these 

Rydbergg states from the photoelectron spectra, similar to our approach for TME. 

Sincee BCH has a relatively high symmetry, it might be that excitation with an odd 

numberr of photons leads to the population of other states than excitation with an even 

numberr of photons. In this context one thinks in particular of the ungerade/gerade 

symmetryy of the a«ri-conformer. We have done these experiments therefore using 

(2+1)) as well as (3+1) ionisation, but have not observed significant differences in 

photoelectronn spectra obtained for ionisation via the same intermediate energy, apart 

off  course from the absolute values of the kinetic energies of photoelectrons. 

Electronn Kinetic Energy / eV 
0.00 0.2 0.4 0.6 0.8 1.0 1.2 

400000 42000 44000 46000 48000 50000 52000 

Excitationn Energy/cm 

Electronn Kinetic Energy / eV 
000 02 04 06 08 10 1.2 14 

400000 42000 44000 46000 48000 50000 52000 

Excitationn Energy/cm' 

Electronn Kinetic Energy / eV 
00 0 0.2 0.4 0 6 0 8 1.0 1.2 1.4 

400000 42000 44000 46000 48000 50000 52000 
Excitationn Energy/ cm' 

Electronn Kinetic Energy / eV 
0.22 0.4 0.6 0.8 1.0 1.2 1.' 

400000 42000 44000 46000 48000 50000 52000 

Excitationn Energy / cm 

FigureFigure 6.9. (2+1) REMPI photoelectron spectra of 1 J' -hicyclohexylidene excited at (a) 44650 

(b)(b) 47500 cm', (c) 48000 cm', and (d) 50000 cm'. 

Figuree 6.9 shows four photoelectron spectra recorded at two-photon excitation 

energiess of 44650, 47500, 48000, and 50000 cm'1, respectively. It is clear from these 

spectraa that increasing the excitation energy results in the appearance of additional 
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featuress in the photoelectron spectra that we associate on the basis of their Av=0 

behaviourr in first instance with ionisation from intermediate Rydberg states. As 

alreadyy mentioned in Section 6.3.1 of this discussion, the photoelectron spectra do not 

givee any indication that the syn- and anti-conformers of the molecule have different 

ionisationn properties, for example by resolvable ionisation energies. We therefore will 

refrainn from an assignment to a specific conformer, and assume that what is observed 

derivess from both the syn- and the ö/i//-conformer. Taking the average of peak 

positionss associated with these ionisation signals observed in several photoelectron 

spectra,, provides us with the excitation energies of the four lower Rydberg states. 

Thesee excitation energies and their assignments are reported in Table 6.6, together 

withh those reported in the previous study by Allan et al. [11]. In the present study we 

findd excitation energies and associated quantum defects for the (7t,3s) and the three 

(jc,3p)) Rydberg states of 44400 (0.65), 46050 (0.55), 47885 (0.41), and 48925 cm"1 

(0.33),, respectively. These values imply similar quantum defects for the (rc,3p) states 

ass compared to TME, but a significant reduction for the (7r,,3s) state. In view of the 

resultss of Allan et al. [11], we wish to stress that the present study demonstrates in 

twoo independent ways the presence of a state at 44400 cm', (i) by means of the 

recordedd excitation spectrum, and (ii) by the photoelectron spectra described above, 

andd photoelectron spectra to be discussed below. 

Thee present results differ in some aspects from the previous results reported by 

Allann et al. [11]. The most striking one is that their EEL and UV absorption studies 

locatee the vibrationless level of the (ïï,3s) Rydberg state around 43500 cm'1 instead of 

444000 cm"1. Our study employing either a (1 + 1) or a (2+1) ionisation scheme shows 

noo evidence for a resonant feature in the excitation spectra at this energy. It might be 

arguedd that the signal we find at 44400 cm"1 using two-photon excitation is a 

vibronicallyy induced transition of a one-photon allowed state at 43500 cm"1. In that 

case,, however, we would not expect to find in all the (2+1) photoelectron spectra a 

Rydberg-typee ionisation signal associated with ionisation from a state apparently 

locatedd at 44400 cm"1 but at 43500 cm"1. A possible explanation for the feature 

observedd by Allan et al. [11] is that it is a hot band transition to the (7t,3s) Rydberg 

statee that is not observed in the present study because of our use of jet-cooled 

expansions. . 

Withh regard to the (7t,3p) Rydberg manifold, we find in the present study 

evidencee for all three (7ü,3p) Rydberg states, whereas Allan et al. [11] assigned only 
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TableTable 6.6. Summary of the excitation energies (cm') and proposed assignments of the Rydberg states 

ofof 1, 1'-bicyciohexylidene obtained in the present study and in a previous study by Allan et al. [11]. 

Presentt study: REMPI-PES Allan et al [11]: EEL Spectroscopy 

Assignment t 

7tt —» 3s 

7tt —» 3p 

It- »» 3p 

7C-»» 3p 

rcrc ^ 3d 

7t^3d d 

7tt —> 3d 

Itt —» 4s 

711 -> 4p 

7tt —» 4p 

7tt -> 4p/4d 

nn —» 4d 

7tt -> 5s 

7tt —> 5p 

7UU —> 5d 

7t->> 6p 

Energy'"' ' 

444 400 

466 050 

477 885 

488 925 

511 175 

511 775 

522 375 

544 770 

555 320 

555 710 

5 6 5 10 0 

577 255 

577 940 

599 115 

599 750 

600 833 

Quantumm defect 

0.65 5 

0.55 5 

0.41 1 

0.33 3 

0.11 1 

0.04 4 

0.00 0 

0.60 0 

0.50 0 

0.42 2 

0.24 4 

0.05 5 

0.84 4 

0.39 9 

0.07 7 

0.35 5 

Assignment t 

7CC —» 3s 

7CC —> 3p 

711 —» 3p 

7tt ^ 3d 

7CC —¥ 4 S 

7tt —»5d 

Energy y 

433 521 

444 280 

444 957 

511 700 

533 797 

599 765 

Quantumm defect 

0.70 0 

0.66 6 

0.62 2 

0.05 5 

0.76 6 

0.07 7 

(,!l(,!l  Values have an error margin of  100 cm1, 

twoo states. One of these states was found at 44280 cm'1 on the basis of the EEL 

spectrumm (44562 cm'1 in MPI), but in view of our results we think that this assignment 

shouldd be changed to the (7t,3s) Rydberg state. The other (7t,3p) Rydberg state was 

concludedd to be located at 44957 cm"1 in the EEL spectrum, but we notice that the 

MPII  and UV absorption spectra did not give evidence for a state at this energy. The 

valuee of 44957 cm'1 does not match with any origin determined in the present study. 

Thee closest value would be 46050 cm"1, which is off by 1093 cm"1 and makes us 

suspectt that the 44957 cm"1 feature corresponds to a vibrational transition in the (7t,3s) 

spectrum.. The previous MPI and UV absorption spectra give, on the other hand, 

evidencee for a state around 46000 cm"1, which matches excellently the value of 46050 

cm"11 determined here. 
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FigureFigure 6.10. (3+1) REMPI photoelectron spectra of 1,1'-bicyclohexylidene excited at 52100 cm (top), 

5660056600 cm' (middle), and 60600 cm' (bottom). 

Thee excitation energies of higher-lying Rydberg states have been determined 

byy recording a plethora of (2+1) and (3+1) photoelectron spectra starting from about 

510000 to around 61000 cm"1, close to the IP of BCH (64274 cm"1 [11]), and taking 

averagess over the observed peak positions. As stated above, no fundamental 

differencee could be observed between the ionisation patterns of the two methods and 

wee will in the following just consider the results of the (3+1) experiments. Since 

vibrationall  resolution is no longer a necessary condition for these particular 

experiments,, the photoelectron spectra have been recorded by introducing BCH 

effusivelyy at room temperature into the spectrometer. These photoelectron spectra 

showw a complex ionisation pattern corresponding to (3+1) Rydberg-type ionisation 

fromm several Rydberg states, as well as weak (3+2) valence-type ionisation from the 

underlyingg continuum of a valence manifold. The spectroscopic "landscape" drawn by 

thee array of photoelectron spectra consists of four regions that display several 

relativelyy intense Rydberg-type ionisation signals, which shift with the one-photon 

excitationn energy. This is in line with our conclusion that we observe one-photon 

128 8 



TheThe Spectroscopy & Photophysics ofMono-Olefins 

ionisationn from intermediate (ro)vibronic Rydberg levels populated via internal 

conversionn from a certain vibronically excited level accessed by three-photon 

excitation.. The four regions can roughly be divided into ionisation from Rydberg 

statess with excitation energies located in the (i) 44000-49000 era'1, (ii) 51000-53000 

cmm !, (iii ) 54000-57000 cm"1, and (iv) 58000-61000 cm"1 regions. Ionisation from the 

44000-490000 cm"1 region is relatively weak and sometimes even not observable 

becausee of the fact that the three-photon excitation energy may not always be 

sufficientt to ionise the molecule from the Rydberg states in this region. 

Figuree 6.10 shows (3+1) photoelectron spectra that are representative for the 

otherr three regions. The upper photoelectron spectrum taken at 52100 cm"1 shows two 

peakss at higher kinetic energies that can be associated with ionisation from excited 

statess located around 52100 and 51800 cm"1. Assignment in terms of Rydberg states 

wouldd lead, on the basis of the quantum defects, to an assignment as two (7t,3d) 

Rydbergg states. The low-energy features correspond to ionisation from vibrationally 

excitedd levels of Rydberg states with excitation energies of 48729 and 47737 cm"1, 

respectively.. These values are in good agreement with those obtained from the (2+1) 

photoelectronn spectra of Figure 6.9 for two of the (7i,3p) Rydberg states. Increasing 

thee three-photon excitation energy to 56600 cm' (middle panel of Figure 6.10) leads -

apartt from the ionisation signals already observed in the previous photoelectron 

spectrumm recorded at 52100 cm' - to the appearance of several other intense 

ionisationn signals around 1.2-1.4 eV. Three intense features can be observed at 1.365, 

1.269,, and 1.219 eV. A fourth, weaker feature is located at 1.155 eV. The three 

intensee ionisation features correspond to ionisation from vibronic levels of states with 

excitationn energies and quantum defects of 56414 (0.26), 55640 (0.43), and 55237 cm" 

(0.52),, respectively. On the basis of these quantum defects one readily assigns the 

latterr two states as (rc,4p) Rydberg states, but the first state might either be a (jc,4p) or 

aa (K,4d) Rydberg state. The weak feature at 1.155 eV corresponds to ionisation from a 

vibrationallyy excited level of a state with an excitation energy of 54721 cm"1 that 

mightt be assigned as the (JU,4S) or (n,4p) Rydberg state. Assignment as a (n,4p) state 

wouldd imply that the state at 56414 cm"1 should be assigned as a (jr,4d) state, but 

wouldd also mean that we observe the n=3 and n=5 members of the ns Rydberg series, 

andd not the n=4 member. Assignment as the (7t,4s) state, on the other hand, would 

implyy a quantum defect of 0.61 for this state. Considering that the (ir,5s) state has a 

muchh larger quantum defect of 0.85 (vide infra), and that for TME considerably larger 
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valuess of the quantum defect are found for the (7t,ns) Rydberg states, forces us to put 

thee assignment of this state as a pure Rydberg state into question. In fact, even the 

assignmentt of the state at 44400 cm"1 as a pure (7t,3s) Rydberg state might on the basis 

off  the quantum defect of 0.65 be considered debatable. 

Thee lower photoelectron spectrum in Figure 6.10 shows that the increase of 

thee three-photon excitation energy to 60600 cm"1 results in the addition of four more, 

relativelyy fast, ionisation signals that we associate with ionisation from the (7t,6p), 

(7C,5d),, (7C,5p), and (rc,5s) states at around 60600, 59600, 59000, and 58000 cm'. A 

completee survey of all the states observed in the present study in this way is listed in 

Tablee 6.6. Also given in this Table are the excitation energies and assignments for the 

Rydbergg states observed by Allan et al. [11]. They have reported three features 

beyondd 51000 cm"1, namely, at 51700, 53797, and 59765 cm"1, which they assigned to 

aa (Jt,3d), the (7t,4s), and a (7i,5d) Rydberg state, respectively. The values reported for 

thee (7t,3d) and the (7i,5d) Rydberg state are in excellent agreement with our values. 

Thee excitation energy of their (7C,4s) state is - similar to what was observed for the 

(n;,3s)) state - again about 1000 cm"1 higher than observed in our studies. 

6.3.46.3.4 Valence Excitations in Tetramethy[ethylene and 

1,1'1,1' -Bicyclohexylidene 

Inn excited-state photoelectron spectroscopy an intermediate electronically 

excitedd state is characterised by projecting its (ro)vibronic wave function onto the 

groundd state of the lowest radical cation D0. Rydberg states with potential energy 

surfacess resembling closely that of D0 may therefore be expected to show up 

prominentlyy due to relatively large Franck-Condon factors. Valence states, on the 

otherr hand, have a potential energy surface that generally is different from that of Do, 

andd thus smaller Franck-Condon factors associated with them in the ionisation 

process.. This holds in particular for the (n,n*) valence state of mono-olefins having a 

perpendicularr equilibrium geometry. Although the electronic oscillator strength 

associatedd with valence states is typically 10 to 100 times larger than that of the lower 

Rydbergg states, their highly unfavourable vibrational overlap with the vibrational 

manifoldd of D0 may thus result in an overall resonance-enhanced multiphoton 

ionisationn cross section that is significantly larger for Rydberg states than for valence 

states.. An ab initio study by Mebel et al. [39], in which the low-energy region of the 
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excitationn profile of the lower Rydberg states and the (7t,7t*) valence state was 

simulated,, has shown this aspect quite convincingly for ethylene. Here we find a 

similarr situation for the role of the (n,n*) valence state in TME and BCH: a 

continuouss background signal is observed from this state that reflects one- and two-

photoionisationn to all available vibrational levels in the ionic state. The highly 

complexx and congested nature of the ionisation pattern for BCH as well as TME is 

remarkablee since a recent excited-state photoelectron spectroscopic study on jet-

cooledd ethylene [34] did not reveal any experimental evidence of vibronic coupling 

betweenn the lowest Rydberg states and the underlying continuum of the (n,K*) 

valencee state. This leads to the idea that the intense vibronic coupling in BCH and 

TMEE between the Rydberg and valence manifold is a consequence of the dramatic 

increasee in the density of states for these two mono-olefinic compounds as compared 

too their parent molecule ethylene. 

Onee of the goals of the present study was to investigate the nature of the -

presumedd valence - state around 55000 cm'1 in BCH. As outlined in the introduction, 

severall  suggestions have been put forward for the assignment of this state - o*—XT*; 

71—>o*;; 7r.(CH2)-̂ 7C* -, but all of them imply a different potential energy surface as 

comparedd to a Rydberg state. The idea was therefore that around these excitation 

energiess a different ionisation pattern should be observed in the photoelectron spectra 

thatt could give us clues on the characteristics of this state. Photoelectron spectra 

obtainedd with two- and three-photon excitation, however, do not give any indication 

thatt at these excitation energies something fundamentally different is happening in the 

photoionisationn process: the continuous valence background associated with one- and 

two-photonn ionisation is present in the same way as at lower excitation energies, and 

alll  one observes is ionisation from apparent Rydberg-type states. This suggests that 

thee previous assignments in terms of excitation from an occupied valence orbital to an 

unoccupiedd valence orbital might be questioned, but also that one would need to come 

upp with a scenario in which this second valence-like state behaves in the ionisation 

processs as a Rydberg state. 

Onee possible and rather attractive explanation is based upon Rydberg-valence 

mixingg as has been discussed extensively by Peyerimhoff and others for ethylene 

[23,70].. In ethylene the (71,71*) and (7t,3dx/) states have the same radial and angular 

nodall  structure, and mixing between both states can be anticipated. Because of this 

mixing,, the two states obtain different properties: the (7C,7t*) state becomes more like a 
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Rydbergg state - loses oscillator strength and becomes electronically more diffuse -, 

whereass the (7i,3dxz) state will become more like a valence state - gains oscillator 

strengthh and become electronically more compact. Ab initio studies on ethylene have 

byy now reached consensus that mixing between the (n,n*) valence state and the 

(7t,3dx7)) Rydberg state is in fact quite small [35,71-73]. Important to notice, however, 

iss that an increased mixing may be expected when the energy gap between these two 

excitedd states decreases. Since the excitation energy of a Rydberg state is related to 

thee ionisation energy via the Rydberg formula, and since the value of the ionisation 

energyy is dropping fast upon alkylation of the C=C bond [23], the excitation energy of 

thee (7t,3d) Rydberg manifold is significantly lower for BCH and TME than for 

ethylene.. Bearing in mind that alkylation of the C=C bond has a smaller effect on the 

excitationn energy of the (71,71*) valence state [23], the energy gap between the (K,K*) 

valencee state and the (7t,3d) Rydberg manifold is expected to be smaller in BCH and 

TMEE than in ethylene, and thus Rydberg-valence mixing to be increased in the former 

compounds.. A recent ab initio study on the excited states of a wide range of alkylated 

mono-olefinss ranging from propylene to BCH [74] has provided support for such an 

enhancementt of Rydberg-valence coupling, and shows evidence for strong Rydberg-

valencee mixing in TME and BCH. 

Thiss coupling between the (7i,7t*) valence state and the (7C,3d) Rydberg 

manifoldd should of course not only be restricted to BCH, but be valid for all mono-

olefinss containing an isolated C=C bond, although its influence depends on the 

structurall  properties of the mono-olefin and on the number of alkyl side groups 

attachedd to its C=C bond. Clark et al. [10] have compared their UV absorption 

spectrumm of BCH vapour with that of a number of similar compounds and concluded 

thatt the two intense absorption bands at 48000 and 55000 cm'1 in the UV absorption 

spectrumm of BCH occur in all mono-olefins, but that in many instances they are 

approximatelyy degenerate. Experimental evidence for the presence of not just one -

thee (71,71*) valence state -, but two low-lying excitations in mono-olefins with 

considerablee oscillator strength has come from several spectroscopic studies 

[13,24,75].. Firstly, if one compares the absorption spectrum of TME vapour at 298 K 

withh that of a thin film of TME at 23 K [24], a pronounced shoulder shows up in the 

solidd state spectrum around 50000 cm'. Secondly, the VUV absorption spectrum of 

propylenee [75] shows two intense broad bands associated with valence-like 

excitations:: one around 58000 cm"1 assigned to the (7t,Ji*) state, and a second one 
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closee to 69000 cm"1 that has been assigned previously to a G—HJ*  transition involving 

thee C-H of the methyl group. A final example involves the results of a polarisation 

studyy of electronic transitions in the steroids A4- and A5-cholestene [13]. In this study 

itt was concluded that olefins having symmetrically substituted C=C bonds show two 

absorptionn bands of similar intensity, both of which are polarised along their C=C 

bond.. The absorption spectrum of A4- and A5-cholestene shows two intense broad 

absorptionn features with maxima around 49400 and 52600 cm"1, which is very similar 

too the absorption maxima of the two low-lying valence-like excitations in BCH. 

Thee above scenario accounts for the Rydberg-like ionisation behaviour of this 

secondd valence-like state. Which state that would be in the photoelectron spectra is 

lesss clear. Above we have indicated for BCH that there are some states that seem to 

havee irregular quantum defects, and also in the case of TME one can in retrospect 

claimm that there are states with a peculiar quantum defect, e.g., the (7t,4d) Rydberg 

state,, but it is clear that this is too weak a basis for an unambiguous assignment. 

Measurementss of photoelectron angular distributions would in this respect be most 

usefull  to distinguish the various states. A final point is that it would be attractive to be 

ablee to distinguish between the syn- and ami-conformations of BCH. Study of the 

separatelyy accessible syn- and anti-forms of 4,4'-di-/<?rr-butylbicyclohexylidene [76] 

iss anticipated to provide insight into the importance of these conformational aspects. 

Suchh studies will shortly be initiated. 

Thee present experiments and considerations apply to the gas phase. One might 

thereforee wonder how intermolecular interactions as they occur in solution or in the 

solidd state affect the present picture. The energy difference between the (K,K*) state 

andd the interacting Rydberg state is in that discussion an important parameter. 

Althoughh Rydberg states are rather susceptible to external perturbations, external 

perturbationss are not expected to affect their excitation energy to such an extent that 

theirr interaction with the valence state is changed significantly. We therefore expect 

thatt the present picture will also hold under non-isolated conditions. 

6.44 Conclusions 

Thee olefins TME and BCH have been investigated employing multiphoton 

excitationn in combination with excited-state photoelectron spectroscopy. Although 

133 3 



ChapterChapter 6 _ _ . 

excitationn spectra have turned out to be only of limited use to obtain excitation 

energiess of excited states in these molecules - resonance enhancement rapidly 

disappearss -, excited-state photoelectron spectroscopy has proven to be highly 

efficientt to probe the Rydberg manifold over the full spectral range of both mono-

olefins,, and to determine the excitation energies of a plethora of excited states. The 

reasonn for this effectiveness is that the photophysics of TME as well as BCH are 

heavilyy dominated by vibronic coupling within the full manifold of the excited singlet 

states,, or, considered in the time domain, by highly efficient internal conversion. 

Thee photoelectron spectra obtained for BCH have shown that the state that in 

previouss work was assigned as a second valence state does not give the clear signature 

onee might expect on the basis of the hypotheses made for its electronic character. In 

contrast,, all that is observed are Rydberg-type ionisation patterns with an underlying 

quasi-continuumm assigned to ionisation from the <7U,7t*) valence state. This has led us 

too consider the present results in the light of the Rydberg-valence mixing in the parent 

compoundd ethylene. On that basis an explanation has been put forward that involves 

extensivee mixing between the (n,n*) valence state and the Rydberg manifold. It has 

beenn shown that it offers an attractive explanation as well for the observation of two 

low-lyingg valence-like excitations for other mono-olefinic compounds. Such a mixing 

wil ll  be substantiated in a forthcoming publication in which the spectroscopic 

propertiess of excited states of alkyl-substituted mono-olefenic compounds have been 

investigatedd withai? initio calculations [74]. 
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Rydberg-ValenceRydberg-Valence Interactions in Mono-Olefins 
AnAn Ab Initio Study on the Electronic Origin of Two Valence States in 

* * 
/,, 1 '-Bicyclohexy lidene. 

Abstract t 

Inn this ab initio study the excited states of various alkylated ethylenes and their 

electronicc properties have been investigated to elucidate the nature of the two valence 

statess in lj'-bicyclohexylidene. To this purpose CIS calculations have been 

performedd employing highly diffuse basis sets to study the interaction between the 

(Ttjr* )) valence state and the Rydberg manifold. Depending on the molecular 

symmetryy of the mono-olefin considered, various mixing paths, amongst which 

(7U,7ü*)̂ ->(7r„3d)) and/or (7i,7t*)<->(7t,3p) mixing, are observed. This configuration 

mixingg leads to a sharing of electronic properties such as the one-photon oscillator 

strengthh and the spatial extent of the electronic wave function. This mechanism, and 

moree specifically the (7i,K*)<-̂ (7U,3d) Rydberg-valence mixing, leads in the case of 

fl'-bicyclohexylidenee to two excited states with large and comparable oscillator 

strengths,, in line with experimental observations. 

**  R.A. Rijkenberg, W.J. Buma, C.A. van Walree. L.W. Jenneskens, L.P. Schmal, and J.H. van Lenthe, 

manuscriptt in preparation. 
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7.11 Introduction 

Recentt studies on functionalised oligo(cyclohexylidenes) have shown that 

thesee compounds exhibit interesting electronic features, making them highly suitable 

candidatess for building blocks of functional materials [1-6]. Crucial for a rational 

designn of such materials is the elucidation of the electronic structure of their basic 

chromophore,, i.e., l,l'-bicyclohexylidene (BCH). One of the important issues to be 

settledd in that respect concerns the excited states of this molecule [7]. A priori  one 

wouldd expect that its absorption spectrum should - similar to ethylene [8] - simply 

exhibitt one strong absorption band associated with absorption of the (7t,7t*) valence 

state.. In stark contrast, the gas-phase UV absorption spectrum of BCH shows two 

equallyy intense bands with maxima at 5.95 and 6.82 eV [7,9]. In the solid state these 

twoo bands remain present [7,10], an observation that has been taken as evidence for 

theirr valence character. Polarised reflection UV spectroscopy of single crystals of 

BCHH [7] has shown that both bands are polarised along the C=C bond. Since single-

crystall  X-ray studies showed that the structure of BCH in the solid state is very close 

too C2h symmetry [11], it was concluded that both states are of 'Bu symmetry. It is 

importantt to notice that in solution and in the gas phase BCH is conformationally 

mobile;; previous 'H-NMR measurements have shown unambiguously that at room 

temperaturee rapid ring interconversion occurs between the anti- and syn-conformer 

(seee Figure 7.1) [10,12]. Ab initio calculations predict as well that both conformers are 

equallyy stable, and that one can expect an equilibrium mixture with an antilsyn ratio 

closee to 1 [13]. 

FigureFigure 7.1. Molecular structures of the anti- (left;C2h symmetry) and syn-conformer (right;C2v 

symmetry)symmetry) of 1,1 '-bicyclohexylidene. 

Effortss to assign these two low-lying valence excitations in BCH have led to 

miscellaneouss and widely varying assignments [7,9,14-17], of which an overview is 
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givenn in Table 7.1. Focussing on the results of extensive ab initio investigations on 

thee electronic properties of the excited singlet states of the <7/7//-conformer of BCH, it 

wass concluded that the absorption bands at 5.95 and 6.82 eV are associated with the 

(TC,TT*)) and (7T.,ö*) valence states, respectively [17-19]. The latter state would involve 

chargee transfer from the C=C bond into the adjacent cyclohexyl rings. The initial 

Multi-Referencee Singles and Doubles Configuration Interaction (MRDCI) 

calculationss employing a 6-31G basis set provided excitation energies for the {7t,7t*) 

andd (TE,G*) valence states of 9.47 and 10.65 eV, respectively [17]. Subsequent studies 

employingg Multi-Reference perturbation theory [19] yielded considerably lower 

valuess for the excitation energies - 8.01 and 9.10 eV at the MP3 level. Although the 

energyy difference between the calculated excitation energies of both valence states is 

inn reasonable agreement with the experimentally determined value of about 0.87 eV, 

thee calculated ratio of the oscillator strengths of both transitions is completely 

differentt from that observed in the experimental absorption spectrum [7,10]. Values of 

0.855 and 0.13 were calculated for the oscillator strengths of the transitions to the 

(TC,7[*)) and (7t,a*) valence state [17], respectively, whereas the experimental values 

aree 0.19 and 0.26 [8]. 

TableTable 7.1. Overview of previously proposed assignments of the two intense absorption bands in the UV 

absorptionabsorption spectrum of BCH. 

BAND'1" " 

I I 

II I 

EXPERIMENTAL L 

Snyder r 
and d 

Clark"" " 

a->a* a->a* 

nn —»Ji* 

Allan n 
etal!" etal!" 

KK —> n* 

G->7C* * 

Yogev v 
etal!etal!AA' ' 

<5<5 -> c* 

(Tt,3p)/(7t,7I^)lb' ' 

jr-»7r* * 

Snyder r 
etal!etal!e) e) 

nn —> 7i* 

aa —> a* 

THEORETICAL L 

Watsonn and 
Nycumm m 

(ji,3s)/(Ji.jr*)'" " 

7CC — > 7 T* 

Hoogesteger r 
etal.etal.ls) ls) 

7t->7t* * 

KK —> a* 

'"'' Band I and U refer to the absorption bands in the gas-phase UV absorption spectrum with maxima at 

5.955.95 and 6.82 eV, respectively [7].  ""  Reference [7].  '" Reference [9].  "h Reference [14]. "'' Reference 

[15].[15].  '" Reference [16]. ""  Reference [17]. ""  Vibronic coupling between (7i3p) and (Tin*) states. '" 

VibronicVibronic coupling between (K.3s) and (iz,7i*) states. 

Anotherr intriguing aspect of these MRDCI calculations is that they predicted 

thatt for the syn-conformer a second low-lying K—>O* valence excitation with its 

transitionn moment parallel to the C=C bond was absent [13]. Instead, here only one 

intensee absorption, associated with the 7ü—>7U* transition, was predicted at an 
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excitationn energy close to 9.5 eV at the MRDCI/6-31G level of calculation. Bearing in 

mindd that under the experimental conditions the anti- and .rm-conformers are rapidly 

interconvertingg and are present in about equal amounts, this would imply that the 

secondd band has only a contribution from the <3/?//-conformer, and that the observed 

discrepancyy between the observed and calculated ratio of oscillator strengths would 

evenn be larger. 

Wee can expect that the electronic structure and photophysics of BCH are 

closelyy related to the electronic structure and photophysics of ethylene, its most basic 

chromophore.. One of the important features of the electronic structure of ethylene is 

thee configuration mixing that occurs between the (7t,7t*) valence state and Rydberg 

statess [20-36], Two types of Rydberg-valence mixing have in the past been proposed: 

(i)) configuration mixing between the 1 'Biu(7C,7t*) valence state and the 2'Biu(7i,3dx/) 

Rydbergg state [8,20-22], and (ii) configuration mixing between the 1 'Biu(7i:,7C*) 

valencee state and the \[B\ë(n,3py) Rydberg state [23-25,38,39], As to the latter 

interaction,, Peyerimhoff and Buenker have predicted that it occurs upon twisting 

aroundd the C=C bond, as a result of which both states become of 'B, symmetry 

[23,25,38,39].. The interaction between the two states thus becomes larger as the 

molecularr geometry is driven away from the Franck-Condon region, leading 

ultimatelyy to an avoided crossing at a twisting angle of about 20 degrees [23,39]. 

Thee other form of Rydberg-valence mixing has raised considerable 

discussionn [8,22,27,28], The central issue in that discussion has been whether the 

1'B|U(7C,TC*)) valence state and the 2'Blu(7i,3dxz) Rydberg state - two states with the 

samee angular as well as radial nodal structure - can coexist as two separate states 

withinn the requirements of orthogonality. According to Mulliken [27,28] this is not 

thee case, and he suggests that the valence state should be described by a linear 

combinationn of the two wave functions of the unperturbed states that reads: 

yryr = a(3dK)+b(2p,(l)-2py(2)). (7.1) 

Inn this expression the two 2py atomic orbitals, residing on carbon atoms 1 and 2, form 

thee n* molecular orbital, and at the equilibrium geometry b>a. Mulliken stated that 

experimentallyy the l !Biu state looks like a valence state, indicating that the n* orbital 

iss not quite a semi-Rydberg orbital. The next 'BI u state is according to him the 

2'Biu(7i,4dX7)) Rydberg state, which has one additional radial node with respect to its 

precursor,, the l'B|U(7t,7C*) valence state, and is of pure Rydberg character. These 
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conclusionss were corroborated in a Configuration Interaction Singles (CIS) ab initio 

studyy by Wiberg et al. [20]. 

Anotherr interpretation has been put forward by Peyerimhoff and Buenker [22], 

andd has been taken over by Robin [8]. According to them, the two unperturbed states 

cann coexist and both states are involved in Rydberg-valence mixing, giving rise to two 

excitedd states that are described as an in-phase and an out-of-phase linear 

combination: : 

l/V:: =  2pY(2)) (7.2) 

Inn this case, configuration interaction is largest for the planar conformation of the 

molecule:: twisting of the molecule around the C=C bond results in a decrease of 

configurationn mixing, leading ultimately again to two separate wave functions, i.e., a 

"pure""  (71,71*) and a "pure" (7t,3dxz) wave function. The strong coupling of the (JU,TC*) 

andd the (7i,3dxz) configurations for the planar conformation of ethylene has an 

importantt consequence. As it mixes their individual characters, a decrease of the 

oscillatorr strength of the valence state can be expected, and an increase of that of the 

Rydbergg state. Concurrently, the valence state becomes more diffuse, whereas the 

Rydbergg state becomes more compact. An important issue has therefore been to 

predictt to what extent this sharing of electronic properties occurs. 

Thee amount of Rydberg character in the 1 'B1U(7C,7T;*) state has for this reason 

beenn an important issue in previous ab initio studies [20,25,29,31-38,40]. One way to 

doo that is by calculation of the out-of-plane spatial extent of electronic wave 

functions.. A number of studies have converged to values of 16-20 al for the 

l'Biu(7t,7t*)) state [20,36-38]. The observation that for the electronic ground state and 

thee lowest triplet l"B lu(7t,7:*) valence state this value is about 11-12 a] [36,38] 

suggestss that the amount of mixing between the 1 'B^TCJI*) and 2lB!u(ir,3dx/.) states is 

ratherr small. This conclusion is drawn as well from the calculated out-of-plane spatial 

extentss of the 2'B|U(7t,3dxz) Rydberg state and its triplet analogue, which are both in 

thee range of 60-70 a] [20,36], and thus suggest that the 2'Biu(7C,3dx/) state is 

predominantlyy of Rydberg character. 

AA possible explanation as to why the amount of Rydberg-valence mixing in 

ethylenee is relatively small, is that the vertical energy gap between the 1'B|U(7t,7t*) 

andd 2'B|U(7i,3dxz) states is relatively large, about 1.7 eV [20]. For alkylated mono-

olefinss this energy gap is, however, expected to decrease. On the one hand, it has been 
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establishedd experimentally that the ionisation energy, and thus the excitation energies 

off  Rydberg states, decreases significantly as the number of alkyl groups attached to 

thee C=C bond increases [8]. The excitation energy of the (n,n*) valence state in 

mono-olefinss is, on the other hand, less sensitive towards alkylation of the C=C bond 

[8].. Upon increasing alkylation, the energy gap between the valence state and the 

(TI,3d)) Rydberg manifold is therefore expected to decrease, and concurrently one may 

expectt an increase in Rydberg-valence mixing. 

Recently,, we have performed excited-state photoelectron spectroscopic studies 

onn tetramethylethylene (TME) and BCH [41]. In these studies no indication could be 

foundd for a state with any of the previously proposed valence characters around the 

excitationn energies where the second absorption band is located in the absorption 

spectrum.. Instead, states were observed that in many aspects exhibited a Rydberg 

character,, and of course signatures from the '(71,7c*) valence state. A possible 

explanationn for these observations could be a strong Rydberg-valence interaction. 

Withh this in mind, it seemed to us that the next logical computational step in the 

elucidationn of the spectroscopic properties of BCH should be calculations employing 

basiss sets that, in contrast to the previous calculations, are also capable to give a good 

descriptionn of the lower Rydberg manifold, and that would thus enable an exploration 

off  the possible effects of Rydberg-valence mixing. Such a study is possible, but rather 

time-consumingg at the MRDCI level. The previous study of Wiberg et al. [20] has 

shown,, however, that for ethylene CIS calculations gave excellent agreement with 

otherr ab initio studies at a higher level, and, more importantly, with experimental 

data.. We have therefore employed this approach as well to study the electronic 

structuree and photophysics of BCH. In order to check the validity of the CIS 

approach,, additional calculations have been performed at the somewhat higher 

Randomm Phase Approximation (RPA) level. Above we indicated that we think that the 

alkylationn of ethylene might be at the basis of an increased role of Rydberg-valence 

mixing.. In the present study we have therefore not only considered BCH and tried to 

putt its properties in the context of ethylene, but also performed calculations on a 

seriess of increasingly substituted ethylenes in the form of propylene, isobutene, cis-

andd rrans-2-butene, trimethylethylene and tetramethylethylene. 

144 4 



Rxdbere-ValenceRxdbere-Valence Interactions in Mono-Olefins 

7.22 Computational Details 

Alll  ab initio calculations have been performed with the Gaussian 98 suite of 

programss [42]. Optimised geometries and harmonic force fields of ethylene and its 

methylatedd derivatives have been obtained using B3LYP density functional theory 

[43].. For BCH, geometries of the anti- and .yy/ï-conformer have been optimised at the 

MP2/6-31G**  level. 

Thee CIS calculations on the methylated derivatives of ethylene have been 

performedd using a valence triple-zeta basis set with polarisation functions and two 

diffusee sp functions on the carbon atoms, the 6-311(2+)G* basis set. Similar to a 

previouss ab initio study on ethylene [20], the exponents of these sp functions have 

beenn chosen as 0.0438 and 0.0131928. In order to study the influence of the basis set 

withh respect to Rydberg-valence mixing and the consequence of this mixing on the 

electronicc properties of the excited singlet states, the CIS calculations on BCH have 

beenn performed employing the 6-31G, 6-311(+)G*. 6-311(2+)G*, and finally 6-

311 l(2+,2+)G**  basis sets. Compared to the 6-311(2+)G* basis set, the latter basis set 

hass additional polarisation functions and an additional set of two diffuse s shells on 

thee hydrogen atoms with exponents of 0.0360 and 0.0108434 [20]. Contour plots of 

thee primary natural orbital of the excited electron have been visualised using the 

gOpenMoll  program [44]. 

7.33 Results and Discussion 

Ass has become clear from the introduction, elucidation of the properties of 

BCHH is thought to be closely related to a fundamental understanding of the properties 

off  ethylene. Although ab initio calculations on the excited states of ethylene at the 

CISS level have already been reported, we have reproduced ourselves part of these 

calculationss for completeness sake, and included the results in the discussion in 

Sectionn 7.3.1. This will give us an excellent point of reference for the evaluation and 

appreciationn of the nature of the electronically excited states of other, larger mono-

olefins.. The main subject of Section 7.3.1 will , however, be the results of the CIS/6-

311(2+)G**  calculations on the methylated derivatives of ethylene. Computational 

evidencee for configuration mixing between the (7r,7T*) valence state and the (n,3p) and 
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(7i,3d)) Rydberg states will be presented and discussed in the light of changes in their 

properties.. The results obtained for these small mono-olefins serve as a starting point 

forr the investigation of the properties of the excited states of the anti- and syn-

conformerr of BCH in Section 7.3.2. Finally, we will compare and discuss in Section 

7.3.33 our ab initio results in the light of experimental observations reported on other 

mono-olefinss than BCH. 

7.3.17.3.1 Rydberg- Valence Mixing in Methylated Ethylenes 

Inn this section we will focus on the results of CIS/6-311(2+)G* calculations on 

ethylenee and, more importantly, its methyl-substituted derivatives propylene, 

isobutene,, cis- and fran.y-2-butene, trimethylethylene, and tetramethylethylene. The 

optimisedd geometries and harmonic force fields of these molecules have been 

obtainedd at the B3LYP/6-31G* level, and led for all mono-olefins considered to 

planarr carbon backbone structures. 

7.3.7.3. LA Two concepts of Rydberg-valence mixing 

Tablee 7.2 presents the calculated vertical excitation energies of the ten lower 

excitedd singlet states of ethylene. The assignments given in this Table are based on the 

contourr plots of the primary natural orbital of the excited electron in each excited 

state,, which are shown in Figure 7.2. As can be seen from Table 7.2, the CIS/6-

311(2+)G**  calculated excitation energies are in good agreement with the 

experimentall  values. 

Thee contour plots associated with the 1 'Bi„(71,71*) valence state and the 2'Biu 

Rydbergg state show each two angular nodes, and zero and one radial node, 

respectively.. Within the requirements of orthogonality, this indicates a precursor 

relationshipp between the two states. A similar precursor relationship is seen, for 

instance,, between the l'B2g(rc,3pz) and 21B2g(7t,4pz) states, which both have one 

angularr node - typical for a /?-type orbital -, and one and two radial nodes, 

respectively.. Based on this observation, and on the above mentioned requirements of 

orthogonality,, Wiberg et al. [20] have stated, following the view of Mulliken [21,27], 

thatt the n* orbital is a linear combination of the 2p orbitals on the two carbon atoms 

andd of the 3dxz Rydberg orbital, whereas the 2'Biu state should be assigned as the 
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(rc,4dxz)) Rydberg state. Another view is held by Buenker and Peyerimhoff [22]. They 

concludee that due to Rydberg-valence mixing the 2'Biu state should be characterised 

ass well as a linear combination of the (7C,7ü*) and (7t,3dxz) configurations. The fact that 

itt has an additional radial node compared to the l'B|U state is in their view due to the 

factt that it is described by an out-of phase linear combination of the (K,n*) and 

(7C,3dxz)) configurations. 

TableTable 7.2. Calculated vertical excitation energies (eV) and oscillator strengths of the ten lower excited 

singletsinglet states of ethylene at the CIS/6-311(2+)G* level at the B3LYP/6-3IG* optimised ground state 

geometry. geometry. 

State e 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

l'B,u u 

l ' B , g g 

1 ' B ,U U 

l ' B 2 g g 

2'Ag g 

2'B,U U 

1'Au u 

2'Btu u 

2'Blg g 

2%, 2%, 

Assignment"" " 

7tt —» 3s 

rc-»3prc-»3py y 

711 ->7Ï* 

TC->3pz z 

TT-^3px x 

J i ^ 3dd , 

Ttt —> 3d y7 

itt —>3dxz 

T C ' ( C H: ) - » 7 C* * 

7 t ^ 4 p7 7 

CIS S 

Energy y 

7.16 6 

7.73 3 

7.80 0 

7.88 8 

8.11 1 

8.67 7 

8.81 1 

9.12 2 

9.35 5 

9.37 7 

ƒ ƒ 
0.1022 2 

0.0000 0 

0.5097 7 

0.0000 0 

0.0000 0 

0.0174 4 

0.0000 0 

0.0604 4 

0.0000 0 

0.0000 0 

Experimental l 

Energy y 

7,11 l,b' 

7.80,c' ' 

7.60,b) ) 

7.84(c) ) 

8.20(o o 

8.62lbl l 

--
99 33(h) 

9.2(d) ) 

--

'"'' Assignments based on Reference [20] and Reference [40]. Similar to the assignment of Bouman et 

al.al. [40] the 2lBlu state is assigned as (7^3dx-J. whereas Wiberg et al. [20J assign it as (7Z.4dt:). "" 

ReferenceReference [8],  'c' Reference [44]. ""  Reference [40]. 

Althoughh the difference between these two points of view may seem semantic, 

thee two interpretations have fundamentally different implications on the electronic 

propertiess of the 2'Biu state. According to Mulliken [21,27], the 2'B,U state is a pure 

Rydbergg state with all the characteristic electronic properties of such a state. The view 

off  Buenker and Peyerimhoff [22], on the other hand, implies that the 2'Bl u state has 

ann increased valence and a decreased Rydberg character. At the same time, the l'Biu 

statee gains Rydberg character at the expense of its valence nature. 
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0 0 
711 -> 3s 

00 0 

OO O 
7ii  - > 3dy z 

00 0 
711 - » 3 pv 

3̂ 3 
11 p 

oo o 
711 -> 3d„ 

7 l ^ 4 pz z 

2ft t 
CO O 

7CC - » It * 

ooo o 
711 —» 3d22 

7C(CH2)) - > 71* 

FigureFigure 7.2. Contour plots (0.01 a.u.) of the primary natural orbital of the excited electron in the CIS/6-

311(2+)G*311(2+)G* wave functions of the ten lower excited singlet states of ethylene. 
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TableTable 7.3. Comparison hemeen the calculated {CIS/6-31 l(2+)G*//B3LYP/6-3IG*) expectation values 

ofof the electronic radial spatial extent {R2J (Bohr) for the ten lower excited singlet states of ethylene 

andand their triplet counterparts. 

SINGLETT STATES TRIPLET STATES 

Statee Assignment"" Energy"" (R2} Energy"" h2\ 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

1B3U U 

l B , g g 

IB l u u 

lB 2g g 

2Ag g 

2B3u u 

1AU U 

2B,U U 

2B l g g 

2B2g g 

71->> 3s 

7 l - » 3 py y 

7I -Mt * * 

Jtt —>3p. 

J t - > 3 px x 

nn -> 3d , 

7CC - > 3d vz 

JX->3d„ „ 

7t'(CH2)) -» 7C* 

K^Ap, K^Ap, 

7.16 6 

7.73 3 

7.80 0 

7.88 8 

8.11 1 

8.67 7 

8.81 1 

9.12 2 

9.35 9.35 

9.37 7 

125.3 3 

136.2 2 

98.5 5 

145.0 0 

156.5 5 

181.6 6 

188.7 7 

200.8 8 

89.6 6 

248.8 8 

6.944 (6.98) 

7.64(7.79) ) 

3.633 (4.36) 

7.77(8.15) ) 

7.79 9 

8.60(8.57) ) 

8.79 9 

8.90 0 

8.73 3 

9.31 1 

118.4 4 

131.9 9 

84.6 6 

138.7 7 

139.7 7 

177.3 3 

187.1 1 

196.6 6 

85.3 3 

243.3 3 

'"'' Assignments based on Reference [20] and Reference [40]. Similar to the assignment of Bouman el 

al.al. [40] the 2]B]u state is assigned as (7t,3dK-j. whereas Wiberg et al. [20] assign it as (it,4dx.). "" 

VerticalVertical excitation energies are given in eV. Experimental excitation energies of several excited triplet 

statesstates have been expressed in parenthesis. Values have been taken from Reference [8]. 

Onee way to investigate whether the 1 'B,u and 2'B,U states are subject to 

Rydberg-valencee mixing, and if so, to what extent, is to calculate the expectation 

valuess of the electronic spatial extent (fl 2) of the excited singlet states and to 

comparee these with the values obtained for their triplet counterparts. This method is 

attractivee since for the triplet manifold the 13BIU(JÜ,TC*) valence state is much lower in 

energyy than the triplet Rydberg states. The resulting increase of the energy gap 

betweenn the 3(7t,Ji*) valence and the triplet Rydberg states should lead to a significant 

decreasee of configuration mixing. Expectation values of the radial spatial extent for 

thee singlet and triplet states are reported in Table 7.3. For the 1 !B,U state a value (98.5 

a])a])  is obtained that is in good agreement with previous ab initio studies [20,36-38]. 

Comparingg this value with the value of 84.6 a] found for its triplet analogue, the 

13B,UU state, suggests that the l'Bi u state is indeed predominantly of valence character 

[20,36-38].. For the 2'Bl u state and its triplet counterpart, on the other hand, values of 

200.88 and 196.6 al are found, demonstrating that the 2'B|U state is of pure Rydberg 
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character.. From these and other ab Initio studies [20,36-38] it becomes apparent that 

forr ethylene Rydberg-valence mixing is not that extensive. 

Thesee findings might be used to support the idea that the 2'B|U Rydberg state 

hass indeed the l'Bi u valence state as its precursor, and that it has a pure Rydberg 

characterr as predicted by Mulliken [21,27]. Another argument put forward by Wiberg 

etet al. [20] to support the view of Mulliken is that, besides their angular and radial 

nodall  structure, the oscillator strengths of these two states should also reflect this 

precursorr relationship. In that case the ratio of the oscillator strengths of the 

transitionss to the two states/(l1B|U)//(2lB,u) should be within the range of 5-10. As it 

turnss out, this is in reasonable agreement with the results of their and our calculations. 

TableTable 7.4. Calculated (CIS/6-311 (2+)G*//B3LYP/6-31G*) vertical excitation energies (eV) and 

oscillatoroscillator strengths for the ten lower excited singlet states of propylene, isobutene, trans-2-butene, cis-

2-butene,2-butene, trimethylethylene. and tetramethylethylene. 

Propylenee (C5) Isobutene (C2v) Trans-2-butene (C2h) 

State e 

l lA" " 

2'A" " 

2'A' ' 

3'A" " 

3'A' ' 

4'A" " 

5'A" " 

6'A" " 

4'A" " 

5'A' ' 

Energy y 

6.82 2 

7.37 7 

7.46 6 

7.61 1 

7.86 6 

8.25 5 

8.30 0 

8.35 5 

8.46 6 

8.62 2 

ƒ ƒ 

0.0446 6 

0.0022 2 

0.2622 2 

0.0051 1 

0.2139 9 

0.0263 3 

0.0102 2 

0.0123 3 

0.0125 5 

0.1252 2 

Cr's-2-butenee (C2ï) 

State e 

1'B, , 

2!A, , 

1'A2 2 

2'B, , 

3'B, , 

2'A2 2 

3'A, , 

4'B, , 

1'B2 2 

4'A, , 

Energy y 

6.62 2 

7.05 5 

7.36 6 

7.37 7 

7.91 1 

7.94 4 

7.98 8 

8.04 4 

8.13 3 

8.19 9 

ƒ ƒ 

0.0215 5 

0.2502 2 

0.0000 0 

0.0144 4 

0.0311 1 

0.0000 0 

0.1610 0 

0.0000 0 

0.0000 0 

0.2204 4 

Trimethylethylenee (C.) 

State e 

1'AU U 

l ' B g g 

2'Ag g 

2'Bg g 

l'Bu u 

2'AU U 

3'AU U 

2'BU U 

4 'AU U 

3'BU U 

Energy y 

6.58 8 

6.98 8 

7.21 1 

7.28 8 

7.46 6 

7.82 2 

7.88 8 

7.94 4 

7.97 7 

8.25 5 

ƒ ƒ 

0.0141 1 

0.0000 0 

0.0000 0 

0.0000 0 

0.3341 1 

0.0308 8 

0.0050 0 

0.0613 3 

0.0013 3 

0.2473 3 

Tetramethylethylenee (D2h) 

State e 

1'B, , 

2'B, , 

2]A, , 

l lA 2 2 

1'B2 2 

3'Bi i 

2'A2 2 

4'B, , 

2'B2 2 

3'A, , 

Energy y 

6.40 0 

7.12 2 

7.19 9 

7.26 6 

7.80 0 

7.80 0 

7.88 8 

7.93 3 

7.94 4 

7.99 9 

ƒ ƒ 

0.0167 7 

0.0037 7 

0.0092 2 

0.0000 0 

0.5995 5 

0.0336 6 

0.0000 0 

0.0021 1 

0.0950 0 

0.0010 0 

State e 

1'A" " 

2'A' ' 

2'A" " 

3'A" " 

4'A" " 

3'A' ' 

5'A" " 

4'A' ' 

6'A" " 

5'A' ' 

Energy y 

6.23 3 

6.79 9 

6.89 9 

7.00 0 

7.41 1 

7.50 0 

7.56 6 

7.56 6 

7.58 8 

7.72 2 

ƒ ƒ 

0.0022 2 

0.0657 7 

0.0042 2 

0.0004 4 

0.0173 3 

0.3327 0.3327 

0.0019 9 

0.0142 2 

0.0019 9 

0.2067 7 

State e 

1'B,U U 

2'Ag g 

l'B3g g 

l'B2g g 

2'B,U U 

1'Bju u 

3'Bl u u 

l'B2u u 

1'AU U 

2'B?U U 

Energy y 

6.14 4 

6.70 0 

6.86 6 

6.86 6 

7.17 7 

7.18 8 

7.39 9 

7.42 2 

7.45 5 

7.88 8 

ƒ ƒ 

0.0004 4 

0.0000 0 

0.0000 0 

0.0000 0 

0.0133 3 

0.4147 0.4147 

0.0054 4 

0.0037 7 

0.0000 0 

0.4628 8 

150 0 



Rydbers-ValenceRydbers-Valence Interactions in Mono-Oleüns 

Thee same concept would be expected to hold when the electronic properties of 

thee excited states of methylated ethylenes are considered. This implies that also for 

thesee compounds one anticipates only one excited singlet state with a significant 

oscillatorr strength, and that the next state with a similar angular nodal structure has 

puree Rydberg character and thus a rather low oscillator strength if < 0.1). However, 

whenn the CIS/6-311(2+)G* methodology is used to study the excited singlet states of 

simplee methylated ethylenes, this notion does not seem to prevail. Table 7.4 shows the 

calculatedd vertical excitation energies of the ten lower excited singlet states of 

propylene,, isobutene, fra«s-2-butene, ds-2-butene, trimethylethylene, and 

tetramethylethylene.. The most intriguing aspect of Table 7.4 is that no longer only 

onee excited state, the (7i,7i*) valence state, has a relatively large oscillator strength, but 

thatt now two (rra,«-2-butene, trimethylethylene, and tetramethylethylene), or 

sometimess even three (propylene, isobutene), excited states have a significant 

oscillatorr strength. 

Withh in mind the points of view of Mulliken on the one hand, and Buenker 

andd Peyerimhoff on the other hand, it is at this point appropriate to make a distinction 

betweenn two kinds of Rydberg-valence interactions. The first type corresponds to the 

mixingg based on the fact that the rc* and one of the 3d Rydberg orbitals have the same 

nodall  structure. The other type of mixing is less strict, and concerns mixing of 

configurationss that have the same symmetry. In particular for alkylated ethylenes with 

aa low molecular symmetry, the latter mixing may lead to mixing between many 

configurations,, although here we will confine our discussion to the (K,K*) valence, 

andd the (ju,3p) and (7U,3d) Rydberg configurations. 

7.3.7.3. LB Rydberg-valence mixing based on configurations of similar nodal structure 

Togetherr with ethylene, tetramethylethylene has the highest molecular 

symmetryy of all the mono-olefins considered in this Chapter. Since the high degree of 

symmetryy restricts any other mixing, it serves perfectly to study Rydberg-valence 

mixingg anticipated on the basis of the same radial as well as angular nodal structure of 

thee (71,71*) valence and the (7i,3dxz) Rydberg configurations. Table 7.4 shows that the 

CIS/6-311(2+)G**  calculations predict two excited states with a large oscillator 

strength:: the l'B3u state at 7.18 eV with/=0.4147 and the 2'B3u state at 7.88 eV with 

/=0.4628.. If the same CIS method is used with the more compact 6-311 (+)G* basis 
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set,, only one state is predicted to have a large oscillator strength, i.e., the l'B3u state at 

7.455 eV with/=0.8063. This value is nearly equal to the sum of the separate oscillator 

strengthss of the l'B3u and 2'B3u states at the CIS/6-311(2+)G* level of calculation, 

andd suggests the sharing of oscillator strength between two electronic configurations 

whenn the basis set is augmented with more diffuse sp functions on the carbon atoms. 

Figuree 7.3 shows the contour plots of the primary natural orbital of the excited 

electronn from the CIS/6-311(2+)G* wave function of the ten lower excited singlet 

statess of tetramethylethylene. It is seen from these plots that for the 2'B3u state this 

orbitall  has the same number of angular nodes - the two angular nodes are typical for a 

J-orbitall  - as the 1 'B^ state, but one additionall  radial node. In the picture of Mulliken 

thiss would suggest a precursor relationship between them, which, in turn, would imply 

thatt the 2'B3u state is the (Tt,4d„) state of pure Rydberg character, whereas the 1 'B3u 

statee is described as a linear combination of the (TI,JI*) and (ïc,3dxz) configurations and 

iss mainly of valence character. The calculated ratio of their oscillator strengths (0.9) is 

att odds with this concept, however, because a ratio within the range of 5-10 would 

thenn have been expected [20]. Finding an explanation for these observations within 

thee Mulliken approach seems difficult, but they are much more simple to interpret if, 

followingg Buenker and Peyerimhoff and others [8,22], Rydberg-valence mixing is 

invoked.. This means that the l 'B^ and 2]B3u states are characterised as in- and out-

of-phasee linear combinations of the (ÏÏ.ÏC* ) and (7c,3d„.) configurations. 

Thiss type of Rydberg-valence mixing is not only of influence on the oscillator 

strengthh of the states involved, but should also influence their electronic spatial extent. 

Too explore this aspect, we have also investigated at the CIS/6-311(2+)G* level of 

calculationn the properties of the ten lower excited triplet states in the methyl-

substitutedd ethylenes. Table 7.5 reports the vertical excitation energies of these states. 

Similarr to ethylene, the triplet (TC,JC*J valence state has for all molecules dramatically 

decreasedd in excitation energy, while the pure Rydberg states are only slightly red-

shiftedd by about 0.02 to 0.2 eV. Since the excitation energy of the triplet (n,%*) 

valencee state is roughly about 2.3-3 eV below that of the lowest triplet Rydberg state 

forr all substituted ethylenes, the triplet valence state should have less contribution 

fromm the (7i,3dxz) state than the singlet valence state, which is energetically much 

closerr to the (7t,3d) Rydberg manifold. The comparison between the expectation value 

off  the radial spatial extent of triplet states with that of their singlet counterparts should 
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8 8 
l 'B l u :7t->3s s 2'Ag:: n -» 3p, 

00 0 00 0 
l'B3g:: n -> 3py 

rB2 8:J t ->3px x 

2'BIU :7t^3dz2 2 l'B3u: : 
a(Ka(K -> 71*)  (3(71 -»3d«) 

l 'Bvic->3dV ; ; 

11 A„: 7t —» 3d., 2'B_,U: : 
a(7tt -» 7t*)  P(7C -+3dxz) 

FigureFigure 7.3. Contour plots (0.001 a.u.(left) and 0.01 a.u.(right)) of the primary natural orbital of the 

excitedexcited electron in the CIS/6-311(2+)G* wave functions of the ten lower excited singlet states of 

tetramethylethylene. tetramethylethylene. 
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TableTable 7.5. Calculated (CIS/6-31 I<2+)G*//B3LYP/6-31G*) vertical excitation energies (eV)for the ten 

lowerlower excited triplet states of propylene, isobutene, trans-2-butene, cis-2-butene, trimethylethylene, and 

tetramethy{ethylene. tetramethy{ethylene. 

Propylenee (Cs) Isobutene (C2v) Trans-2-butene (C2h) 

Statee eV State eV State eV 

l3A*(ïï,7t* ) ) 

13A" " 

23A" " 

2V V 
3-V V 
43A" " 

53A" " 

63A" " 

3-'A' ' 

43A' ' 

3.69 3.69 

6.63 3 

7.29 9 

7.44 4 

7.54 4 

8.14 4 

8.23 3 

8.33 3 

8.34 4 

8.46 6 

13A,(7UI* ) ) 

13B, , 

2'A, , 

2-,B, , 

1?A2 2 

33B, , 

2 % % 

33A, , 

43B, , 

\% \% 

3.70 0 

6.44 4 

7.26 6 

7.30 0 

7.32 2 

7.79 9 

7.88 8 

8.00 0 

8.02 2 

8.12 2 

1-Bu(rc,jr*) ) 

13AU U 

l 3B g g 

I3Ag g 

23Bg g 

23AU U 

23BU U 

33AU U 

43AU U 

33BU U 

3.71 1 

6.42 2 

6.91 1 

7.08 8 

7.22 2 

7.70 0 

7.82 2 

7.84 4 

7.96 6 

7.98 8 

OV2-butenee (C2v) Trimethylethylene (C,) Tetramethylethylene (D2h) 

Statee eV State eV State eV 

l3B;,(jUt* ) ) 

13B, , 

23B, , 

1'A, , 

1?A: : 

33B, , 

23A, , 

23B2 2 

43B, , 

23A, , 

3.73 3 

6.22 2 

7.05 5 

7.06 6 

7.22 2 

7.68 8 

7.83 3 

7.89 9 

7.92 2 

7.94 4 

l3A7(7Ut*) ) 

13A" " 

23A' ' 

23A" " 

33A" " 

43A" " 

33A' ' 

53A" " 

63A" " 

43A--

3.61 1 

6.08 8 

6.80 0 

6.84 4 

6.94 4 

7.31 1 

7.52 2 

7.52 2 

7.57 7 

7.59 9 

l3B.1u(jr,7c*) ) 

l 3B l u u 

13A„ „ 

l3B2g g 

l 3B 3 g g 

23B l u u 

33B l u u 

l 3B2u u 

23B3u u 

l 3A u u 

3.67 7 

5.98 8 

6.65 5 

6.79 9 

6.82 2 

7.09 9 

7.37 7 

7.40 0 

7.41 1 

7.43 3 

thereforee give a good indication of the influence of Rydberg-valence mixing on the 

excitedd singlet states. These values are reported Table 7.6. 

Whenn we concentrate for the moment on tetramethylethylene, we see from 

Tablee 7.6 that for the 1'B3u an (/?") value of 798.4 a] is found, whereas that of its 

triplett counterpart is only 732.1 al. The 2,B3u state shows exactly the opposite trend: 

itt is significantly more compact than its triplet counterpart - 798.8 al versus 843.5 

alal,, respectively. The differences with respect to the situation in ethylene clearly 

comee forward when the contour plots of the primary natural orbital of the excited 

electronn from the CIS/6-311(2+)G* wave function for the 1' 3B,u and 2l3Biu states of 

ethylenee are compared with those of the l''3B3u and 213B3u states of 

tetramethylethylenee (Figure 7.4). While for ethylene large differences between the 
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TableTable 7.6. Calculated (CIS/6-311(2+)G*//B3LYP/6-3IG*) expectation values of the radial spatial 

electronicelectronic extent \R~) (Bohr) for the excited singlet and triplet states of propylene, isobutene, trans-

2-butene,2-butene, cis-2-butene, trimethylethylene, and tetramethylethylene. 

Propylenee (Cs) 

Statee Singlet Triplet A(T-S)a' 

IA"" 243.3 237.0 -6.3 

2A""  255.8 251.3 -4.5 

2A'' 244.0 259.0 +15.0 

33 A" 270.4 265.3 -5.1 

33 A' 246.1 199.8 -46.3 

4A""  300.2 293.3 -6.9 

55 A" 300.7 290.0 -10.7 

6A""  303.4 300.6 -2.8 

4A'' 311.3 303.7 -7.6 

5A'' 308.6 309.2 +0.6 

TransTrans-2-butene-2-butene (Cn,) 
Statee Singlet Triplet A(T-S),a' 

1AUU 446.8 440.1 -6.7 

lBgg 457.5 453.4 -4.1 

2A¥¥ 471.4 462.4 -9.0 

2B,,, 480.4 475.6 -4.8 

1BUU 433.8 403.6 -30.2 

2AUU 512.0 498.7 -13.3 

3AUU 509.2 506.8 -2.4 

2BUU 511.0 493.3 -17.7 

4AUU 518.7 517.2 -1.5 

3BUU 493.0 516.4 +23.4 

Trimethylethylenee (Cs) 

Statee Singlet Triplet A(T-S)la) 

IA ""  584.0 577.0 -7.0 

2A'' 599.0 603.4 +4.4 

22 A" 611.0 606.5 -4.5 

3A""  624.0 618.6 -5.4 

4A""  641.0 634.0 -7.0 

3A'' 603.9 540.8 -63.1 

5A""  659.3 654.8 -4.5 

4A'' 642.6 637.2 -5.4 

6A""  659.7 656.9 -2.8 

5A'' 615.0 650.8 +35.8 

Isobutenee (C2,) 

Statee Singlet Triplet A(T-S),a' 

IB,, 374.1 366.6 -7.5 

2A,, 372.2 392.0 +19.8 

1A22 403.1 400.0 -3.1 

2B,, 403.7 398.9 -4.8 

3B,, 427.0 418.9 -8.1 

2A22 427.4 417.9 -9.5 

3A,, 396.6 328.6 -68.0 

4B,, 430.6 429.0 -1.6 

IB22 438.0 435.8 -2.2 

4A,, 419.3 428.8 +9.5 

C«-2-butenee (C2v) 
Statee Singlet Triplet A(T-S),a' 

IB,, 402.3 395.9 -6.4 

2B,, 420.0 415.3 -4.7 

2A,, 429.2 420.5 -8.7 

1A22 438.5 434.6 -3.9 

1B22 374.9 359.2 -15.7 

3B,, 460.0 450.4 -9.6 

2A22 471.3 462.0 -9.3 

4B,, 466.7 465.0 -1.7 

2B22 462.2 462.7 +0.5 

33 A, 466.0 461.7 -4.3 

Tetramethylethylenee (D2h) 
Statee Singlet Triplet A(T-S)ta) 

1B|UU 773.5 765.8 -7.7 

2ASS 798.9 794.4 -4.5 

lB3gg 818.1 814.8 -3.3 

lB2gg 820.0 813.0 -7.0 

2B,UU 833.7 830.0 -3.7 

1B3UU 798.4 732.1 -66.3 

3B,UU 848.1 844.8 -3.3 

lB2uu 838.6 836.9 -1.7 

1AUU 866.8 862.6 -4.2 

2B1uu 798.8 843.5 +44.7 

""  The difference between the \R~) values (Bohr') for analogous triplet and singlet states. 

2'B] UU and 2',Biu excited states are absent, the 2]B3U state in tetramethylethylene is 

significantlyy more compact than the 2" B3U state. Similarly, the differences between the 

1'B]UU and l3Biu states of ethylene are considerably magnified in the l 'B^ and l'B,^ 

statess of tetramethylethylene. These results confirm that indeed the (it,Jt*) and (it.3dx/) 
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statess are involved in extensive configuration mixing, leading to such an intense 

sharingg of the properties associated with the unperturbed states, that it seems that 

theree is no longer one - the (%,%*) valence state -, but two excited singlet states with 

thee characteristics of a valence state. A word of caution is in order, however, because 

inn the case of ethylene it is well known that distortion of the molecular geometry leads 

too a decrease of the Rydberg-valence mixing. Although we do not know whether and 

too what extent this is also true for the substituted ethylenes, the present conclusions on 

thee apparent presence of two valence states would therefore in first instance apply for 

verticall  excitation. 

Ethenee (Da,) 

l ' B l uu 2 'B l u 

** oo 
1'B|UU 2 , B h I 

Tetramethylethylenee (D2h) 

l 'B , uu 2 ' B3 U 

l 3B3uu 23B3u 

FigureFigure 7.4. Contour plots (0.01 a.u.) of the primary natural orbital of the excited electron in the CIS/6-

311(2+)G*311(2+)G* wave function for (i) the l'Blu and 2'B,„ excited states of ethylene and their triplet 

counterparts,counterparts, and (ii) the l'B3u and 2'B3u excited states of tetramethylethylene and their triplet 

counterparts. counterparts. 

An,, in first instance, intriguing feature of the results reported in Table 7.4 is 

thatt for cf'.j-2-butene (C2v symmetry) only one state is predicted to have considerable 

oscillatorr strength. This might seem surprising since for the frans-conformer (C2h 

symmetry)) two states with quasi-equal large oscillator strengths are found. Because 
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TableTable 7.7. Calculated (CIS/6-3II(2+)G*//B3LYP/6-31G*) vertical excitation energies and oscillator 

strengthsstrengths of the ten lower excited singlet states of the D2  ̂ C2h< and C2v conformers of 

tetramethylethylene. tetramethylethylene. 

D2h h 

State e 

l ! B l u u 

2'Ag g 

1'B^ ^ 

l 'B; e e 

2'B,U U 

1'B,U U 

3'B,U U 

l 'B 2u u 

1'AU U 

2'B.,U U 

conformer r 

Energy y 

6.14 4 

6.70 0 

6.86 6 

6.86 6 

7.17 7 

7.18 8 

7.39 9 

7.42 2 

7.45 5 

7.88 8 

ƒ ƒ 

0.0004 4 

0.0000 0 

0.0000 0 

0.0000 0 

0.0133 3 

0.4147 7 

0.0054 4 

0.0037 7 

0.0000 0 

0.4628 8 

State e 

1'B„ „ 

2'Ag g 

1'B, , 

3'A, , 

2'BU U 

3'BU U 

4'BU U 

1'AU U 

2'AU U 

5'BU U 

C2hh conformer 

Energy y 

6.11 1 

6.69 9 

6.84 4 

6.85 5 

7.09 9 

7.22 2 

7.38 8 

7.40 0 

7.44 4 

7.82 2 

ƒ ƒ 

0.0070 0 

0.0000 0 

0.0000 0 

0.0000 0 

0.2254 4 

0.1979 9 

0.0048 8 

0.0046 6 

0.0000 0 

0.3954 4 

State e 

1'B, , 

2'A, , 

1!A2 2 

2'B, , 

3'A, , 

3'B, , 

4'B, , 

1'B2 2 

2 % % 

4'A, , 

C2,, conformer 

Energy y 

5.99 9 

6.58 8 

6.71 1 

6.76 6 

7.05 5 

7.06 6 

7.25 5 

7.28 8 

7.33 3 

7.38 8 

ƒ ƒ 

0.0014 4 

0.0000 0 

0.0000 0 

0.0000 0 

0.5044 4 

0.0129 9 

0.0002 2 

0.0165 5 

0.0000 0 

0.1061 1 

forr trans- versus f/.ï-2-butene the carbon backbone changes, we have explored this 

issuee further by investigation of the electronic properties of the excited states of 

tetramethylethylenee upon changing the symmetry of the molecule to Cih or C2V by 

simplee rotations of the methyl groups. Table 7.7 shows the calculated values for the 

verticall  excitation energies associated with the ten lower excited singlet states of the 

D2h,, C2h, and C2V conformation. The Table demonstrates that the excited-state 

propertiess are rather dependent on the orientation of the methyl groups. Upon going 

fromm the D2h to the Cih conformation, the excitation energies of the various states 

remainn more or less the same, but now three states have a significant oscillator 

strengthh instead of two. For the Civ conformation, two states have a significant 

oscillatorr strength - values that are, however, still rather different from the values 

obtainedd for the D2h conformation -, but now we see as well that the excitation energy 

off  the upper one of these two states, the 4'A] state, has decreased by about 0.5 eV in 

comparisonn to the situation in Dih or C2h symmetry. One might expect that two factors 

couldd be of importance when the methyl groups are rotated. Firstly, when inversion 

symmetryy is present, the (7t,7t*) state can only mix with configurations of ungerade 

symmetry,, i.e., the (n.nd) or (Jt,ns) configurations. At the moment that inversion 

symmetryy is absent, also (rc.np) configurations might come into play. From contour 

157 7 



ChapterChapter 7 _____ 

plots,, we conclude, however, that at least as far as tetramethylethylene of C2v 

symmetryy is concerned, this does not seem to be the dominant factor since these 

contourr plots indicate that the 41 A| state still has 3d character. A second aspect to take 

intoo consideration is that, although the wave function of a Rydberg state is more 

extendedd than that of the valence state, it still is - and certainly for the lower Rydberg 

statess - reasonably close to the nuclear framework. The electronic distribution, and 

thuss the vertical excitation energy of the state, can thus be expected to be susceptible 

too the detailed orientation of the methyl groups. 

Recently,, more advanced Random Phase Approximation (RPA) calculations 

[46]]  have been carried out in the group of Dr. J.H. van Lenthe (University of Utrecht). 

Forr the D2h conformer of tetramethylethylene these calculations predict that the 1 'B-.u 

andd 2'B3u states have vertical excitation energies of 7.01 and 7.69 eV, respectively, 

andd oscillator strengths of 0.5221 and 0.1930, respectively. Although the results of 

thesee more advanced RPA calculations seem to suggest that the CIS methodology 

overestimatess Rydberg-vale nee mixing, significant configuration mixing between the 

(7r,7T*)) valence state and the Rydberg manifold is thus predicted as well by this ab 

initioinitio  technique. 

7.3.7.3. J.C Rydberg-valence mixing based on configurations of similar symmetry 

Ass indicated in the previous section, one can expect that, apart from 

configurationn mixing between the wave functions of the (7t,7t*) and one of the (7t,3d) 

configurationss based on similar nodal structure, under the appropriate symmetry 

conditionss configurations of the same symmetry may also participate in configuration 

mixing.. This may lead to Rydberg-valence mixing as well as Rydberg-Rydberg 

mixing.. Examples are found for propylene (Cs symmetry) and isobutene (C2v 

symmetry).. Table 7.4 shows that for propylene the CIS calculations predict three low-

lyingg excited singlet states at 7.46, 7.86, and 8.62 eV with relatively large oscillator 

strengthss of 0.2622, 0.2139, and 0.1252, respectively. For isobutene a comparable 

patternpattern is observed: the 2'A. state at 7.05 eV with/=0.2502, the 3'A. state at 7.98 eV 

withh f=0.1610, and finally the 4'A, state at 8.19 eV with/=0.2204. In the following 

wee will focus on propylene, and show that for this molecule mixing with a (rc,3p) 

configurationn plays an important role. For isobutene similar concepts apply. 
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Inn the case of propylene, the addition of a single methyl group to the ethylenic 

moietyy lowers the molecular symmetry from D2h to Cs. As a result, the (7i,3pz) 

configurationn becomes of the same symmetry ('A') as the (7t,7t*) valence 

configuration,, and the two can in principle mix. Rydberg-valence mixing between the 

(n,n*)(n,n*) and (7C,3p) Rydberg configurations has already been studied extensively by 

Peyerimhofff  et al. for ethylene [23,25,38,39]. For that molecule coupling is predicted 

too occur upon lowering the molecular symmetry from D2h to D;> via a twisting motion 

aroundd the C=C bond, i.e., outside the Franck-Condon region, whereas for propylene 

thee appropriate symmetry conditions for configuration mixing are already satisfied for 

verticall  excitation. This is nicely reflected in the results of the present ab initio study. 

Figuree 7.5 shows the contour plots of the primary natural orbitals of the 

excitedd electron from the CIS/6-311(2+)G* wave function for the ten lower excited 

singlett states of propylene. Similar to ethylene, the four lower excited singlet states 

aree described by the (rc,3s), the three (7t,3p), and the (7t,Ji*) configurations. Inspection 

off  the nodal structure of the contour plots in Figure 7.3 demonstrates that the 2*A' and 

3!A'' states are predominantly linear combinations of the (7i,3pz) and (7i,7T.*) 

configurations.. This configuration mixing leads to sharing of their oscillator strengths, 

resultingg in a situation that both states have practically equal oscillator strengths. This 

featuree is clearly illustrated by the observation that with the 6-311(+)G* basis set only 

onee low-lying valence state is predicted, i.e., the ]A'(TZ,K*) valence state at 7.64 eV 

withh an oscillator strength of 0.5096, which is close to the sum of the oscillator 

strengthss of the separate 2*A' and 3!A' states derived from the CIS/6-311(2+)G* 

calculations. . 

Fromm Figure 7.5 we also notice that for propylene the contour plots of the 

primaryy natural orbitals reflect to a much lesser extent the typical atomic nodal 

structuree associated with Rydberg orbitals than for, for example, ethylene and 

tetramethylethylene.. This most likely should be attributed to the low molecular 

symmetryy (Cs) of propylene as a result of which extensive configuration mixing not 

onlyy occurs between the (n,rc*) valence state and the (rc,3p) Rydberg manifold, but 

alsoo within the Rydberg manifold. 
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FigureFigure 7.5. Contour plots (0.001 a.u. (left) and 0.01 a.u. (right)) of the primary natural orbital of the 

excitedexcited electron from the CIS/6-311(2+)G* wave function for the ten lower excited singlet states of 

propylene. propylene. 
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Apartt from its influence on oscillator strengths, Rydberg-valence mixing 

betweenn the (n,n*) valence and (7i,3pz) Rydberg configurations should also be of 

influencee on the electronic spatial extent of the excited state orbital. Table 7.6 shows 

thatt for propylene the singlet 3!A' state is much more diffuse with an (R2) value of 

246.11 a2 than its triplet counterpart with an (R2\ value of 199.8 a2. On the other 

hand,, for the 2'A' state exactly the opposite trend is observed: it is noticeably more 

compactt with a value for {R2) of 244.0 a2 than its triplet counterpart with a value of 

259.00 a2. These observations thus agree very well with the suggested Rydberg-

valencee mixing between the (jr,7t*) and (7t,3pz) configurations. Figure 7.6 shows the 

contourr plots of the primary natural orbitals of the excited electron from the CIS/6-

311(2+)G**  wave function for the 2*A' and 3'A' excited singlet states and their triplet 

counterparts.. From this Figure it becomes clear that the 3'A' state can in first 

approximationn indeed be described as a linear combination of the (jt,7C*) and (Jt,3pz) 

configurations,, whereas its triplet counterpart, the 13A' state, is exclusively 

characterisedd by the (JC,TC*) configuration, leading for this state to a much more 

compactt orbital than for the 3'A' state. Figure 7.6 moreover nicely illustrates that the 

3p77 Rydberg orbital mixes with the HOMO as defined by 2p2(l)+2pz(2). 

FigureFigure 7.6. Contour plots (0.01 a.u.) of the primary natural orbital of the excited electron from the 

CIS/6-311(2+)G*CIS/6-311(2+)G* wave function for the 2'A' and 3'A' excited singlet states of propylene and their 

triplettriplet counterparts. 
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Finally,, taking a look at Table 7.4 again learns us that the CIS calculations also 

predictt an excited singlet state at 8.62 eV with a relatively rather large oscillator 

strengthh of 0.1252. Inspection of the contour plot of the primary natural orbital 

associatedd with this 5'A'state shows that it is to a large extent characterised by a d-

typee Rydberg orbital. 

7.3.27.3.2 Rydberg-Valence Mixing in 1,1 '-Bicyclohexylidene 

Thee conclusion drawn from the previous Sections that an increasing alkylation 

off  the C=C bond in mono-olefins leads to a significant increase in Rydberg-valence 

mixing,, makes us expect that also for BCH configuration mixing plays a dominant 

rolee in determining the electronic properties of its excited states. The present ab initio 

studyy has focused on the electronic properties of the lower excited singlet states of 

bothh the anti- and the syn-conformer of BCH. The molecular geometry of both 

conformerss has been optimised at the MP2/6-31G* level, leading to structures of C2h 

andd C2v symmetry for the anti- and ^yn-conformer, respectively, that are slightly 

twistedd around the C=C bond. The energy difference between both is about 0.161 

kcal/moll  (56 cm"1) in favour of the syw-conformer. This difference corresponds 

practicallyy to a one-to-one antilsyn ratio at room temperature. The principal geometric 

FigureFigure 7.7. Molecular structures (MP2/6-31G*) of the anti- (left) and syn- (right) confonner of 1,1 '-

bicyclohexylidene. bicyclohexylidene. 
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parameterss of the two conformers are given in Table 7.8 together with the 

experimentallyy determined parameters for crystalline BCH. Figure 7.7 shows the 

numberingg of the carbon atoms. It is important to notice that due to packing forces, 

BCHH is only present in the an //-conformation in the solid state, albeit slightly 

distortedd (Q symmetry) [11]. 

TableTable 7.8. Geometrical parameters (bond lengths in A, angles in degrees) of the MP2/6-31G* 

optimisedoptimised structures of the anti- and syn-amformer of /, / ' -bicyclohexxlidene. 

Parameter r 

Bondd lengths: 

C(l)-C(2) ) 

C(2)-C(3) ) 

C(3)-C(7) ) 

C(7)-C(ll) ) 

Annies: : 

C(l)-C(2)-C(3) ) 

C(2)-C(3)-C(7) ) 

C(3)-C(7)-C(ll) ) 

C(7)-C(ll)-C(9) ) 

Dihedrall angles: 

C(4)-C(l)-C(2)-C(3) ) 

C(4)-C(l)-C(2)-C(5) ) 

Energy"11 1 

a/zri-conformerr (C2h) 

MP2/6-31G* * 

1.3559 9 

1.5112 2 

1.5361 1 

1.5276 6 

124.61 1 

110.35 5 

111.13 3 

111.21 1 

180.00 0 

3.90 0 

-467,628591 1 

Exp.. Value'31 

1.339 9 

1.5111 ; 1.514 

1.529;; 1.531 

1.523;; 1.519 

124.40;; 124.55 

112.27;; 111.88 

111.08;; 111.17 

110.42 2 

180.0 0 

0.7 7 

syn-conformerr (C2V) 

MP2/6-31G* * 

1.3557 7 

1.5108 8 

1.5364 4 

1.5279 9 

124.62 2 

110.08 8 

111.11 1 

111.33 3 

180.00 0 

4.47 7 

-467.628848 8 

FromFrom Reference [U].  (h> Energy in Hart rees. 

Verticall  excitation energies and oscillator strengths have been determined for 

thee anti-conformer of BCH with various basis sets, amongst others to determine the 

influencee of the diffuseness of the basis set. The basis sets considered were the (1) 6-

31G,31G, (2) 6-311G*, (3) 6-311(+)G*, (4) 6-31J(2+)G*, and (5) 6-31 l(2+,2+)G**  basis 

sets.. The vertical excitation energies of the twelve lower excited singlet states and 

theirr oscillator strengths obtained using these basis sets are given in Table 7.9. Figure 

7.8,, in which the calculated excitation energies are plotted as a function of the basis 

set,, shows the influence of the diffuseness of the basis set on the excitation energies. 

Similarr to conclusions reached in an earlier ab initio study on ethylene [20], the 

verticall  excitation energies appear to be converged using either one of the two largest 

basiss sets. For ethylene it was observed that experimentally and CIS predicted 

excitationn energies agree surprisingly well. Here, we do not find such an excellent 
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agreement.. The experimental excitation energy of the lowest excited singlet state in 

BCH,, the (7i,3s) Rydberg state, is 5.39 eV [8]. The two most diffuse basis sets show 

thee smallest error margin, about 0.9 eV, between calculated and experimental value. 

13—1 1 

12-- I 
I I 

!!  | 

I I 
•• • 

II I I 
== : 

6 --

5- 11 1 1 1 1 1 1 1 • 1 
1 22 3 4 5 

Basiss Set 

FigureFigure 7.8. The influence of the basis set employed on the excitation energies resulting from CIS 

calculationscalculations on the anti-conformer of 1.1 '-bicyclohexylidene. Numbering of the basis sets is: (I) 6-3IG, 

(2)6-311G*.(2)6-311G*. (3)6-311(+)G*. (4)6-311(2+)G*, and(5)6-311(2+,2+)G**. 

Tablee 7.9 clearly shows that increasing the diffuseness of the basis set leads to 

aa sharp decrease of the oscillator strength of the lBu(7t,7C*) valence state, and a 

concurrentt increase in the oscillator strength of another excited singlet state of Bu 

symmetry,, located about 0.5-1.0 eV above the 'Bu(7t,7t*) valence state. It is 

noteworthyy that the 2!BU state has no longer the largest oscillator strength with the 

twoo largest basis sets. Instead, the 5'BU state has now obtained the largest oscillator 

strength.. Although the absolute oscillator strengths should be regarded with caution, 

thee calculated ratio of the oscillator strength of the 2'BU and 5'BU states (0.79 and 0.68 

forr basis set 4 and 5, respectively) is in excellent agreement with the experimentally 

determinedd ratio of 0.73 [8]. 

Thee observed behaviour of the oscillator strengths upon increasing the 

diffusenesss of the basis set indicates the occurrence of configuration mixing between 

thee (7i,7t*) valence state and the Rydberg manifold. Considering that very similar 

observationss have been made above for much smaller mono-olefins, this conclusion is 

hardlyy surprising. The series of calculations, that have now been done to investigate 
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thee influence of the diffuseness of the basis, beautifully demonstrates that adding 

diffusee sp functions on the carbon atoms decreases strongly the vertical excitation 

energyy of the Rydberg states, and leads to a diminishing energy gap between the 

unperturbedd 'BU(7C,JI*) valence state and the Rydberg states. As a result, Rydberg-

valencee mixing is enhanced and the electronic characteristics of the unperturbed states 

aree shared. 

TableTable 7.9. Calculated vertical excitation energies (eV) and oscillator strengths of the twelve lower 

excitedexcited singlet states of the anti-conformer of 1,1'-bicyclohexylidene as a function of the basis set. 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

Stat e e 

l l Bu u 

l'B g g 

2'B U U 

2'A g g 

3'A g g 

3'B U U 

2'B , , 

4'A g g 

3'B g g 

1'A U U 

2'A U U 

4 ! BU U 

6-31 G G 

Energ y y 

7.6 4 4 

9.0 8 8 

9.7 9 9 

9.8 4 4 

10.5 6 6 

10.7 5 5 

10.7 5 5 

10.9 6 6 

11.0 4 4 

11.0 5 5 

11.2 2 2 

11.4 9 9 

6-311(2+) G G 

ƒ ƒ 
1.077 7 7 

0.000 0 0 

0.036 1 1 

0.000 0 0 

0.000 0 0 

0.093 2 2 

0.000 0 0 

0.000 0 0 

0.000 0 0 

0.026 6 6 

0.089 2 2 

0.029 6 6 

* * 

Stat e e 

1'B U U 

2'B U U 

2'A g g 

l'B g g 

2'B g g 

3'B U U 

3'A g g 

4'A g g 

1'A u u 

4'B U U 

5'B U U 

3'B B B 

6-311G * * 

Energ y y 

7.2 9 9 

8.4 6 6 

8.7 6 6 

8.9 4 4 

9.0 9 9 

9.3 8 8 

9.4 3 3 

9.7 1 1 

9.7 8 8 

9.8 7 7 

10.2 5 5 

10.3 7 7 

6-311(2+,2+) G G 

ƒ ƒ 
0.918 5 5 

0.095 5 5 

0.000 0 0 

0.000 0 0 

0.000 0 0 

0.045 2 2 

0.000 0 0 

0.000 0 0 

0.106 8 8 

0.025 1 1 

0.059 9 9 

0.000 0 0 

** * 

Stat e e 

1] BU U 

2'A g g 

l'B g g 

2'B U U 

3'B U U 

3'A g g 

1'A U U 

4'B U U 

2'A U U 

5'B U U 

2'B g g 

4'A E E 

6-311(+) G G 

Energ y y 

6.6 1 1 

7.0 2 2 

7.2 9 9 

7.3 0 0 

7.6 8 8 

7.6 8 8 

7.8 9 9 

8.1 1 1 

8.2 0 0 

8.4 2 2 

8.6 5 5 

8.6 7 7 

* * 

ƒ ƒ 
0.200 4 4 

0.000 0 0 

0.000 0 0 

0.575 7 7 

0.071 3 3 

0.000 0 0 

0.015 1 1 

0.020 0 0 

0.035 3 3 

0.212 1 1 

0.000 0 0 

0.000 0 0 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

Stat e e 

1'B U U 

2'A g g 

1'B , , 

3'A g g 

21B„ „ 

3'B U U 

1'A U U 

4'B U U 

2'A U U 

5'B U U 

4'A g g 

6'B U U 

Energ y y 

6.3 0 0 

6.4 9 9 

6.7 6 6 

7.0 1 1 

7.0 5 5 

7.1 2 2 

7.1 9 9 

7.2 9 9 

7.3 1 1 

7.5 0 0 

7.6 7 7 

7.7 1 1 

ƒ ƒ 
0.097 0 0 

0.000 0 0 

0.000 0 0 

0.000 0 0 

0.258 1 1 

0.080 4 4 

0.000 1 1 

0.001 7 7 

0.016 2 2 

0.379 8 8 

0.000 0 0 

0.103 1 1 

Stat e e 

1'B U U 

2'A 6 6 

l'B g g 

3'A g g 

2'B U U 

3'B U U 

1'A U U 

4 l Bu u 

2'A U U 

5'B U U 

4'A g g 

6'B U U 

Energ y y 

6.2 8 8 

6.4 7 7 

6.7 4 4 

6.9 8 8 

7.0 3 3 

7.0 9 9 

7.1 6 6 

7.2 5 5 

7.2 7 7 

7.4 2 2 

7.5 2 2 

7.6 0 0 

ƒ ƒ 
0.095 6 6 

0.000 0 0 

0.000 0 0 

0.000 0 0 

0.230 1 1 

0.082 0 0 

0.000 2 2 

0.001 4 4 

0.015 1 1 

0.290 5 5 

0.000 0 0 
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FigureFigure 7.9. Contour plots (0.001 a.u. (left) and 0.01 a.u. (right)) of the primary natural orbital of the 

excitedexcited electron from the CIS/6-311(2+)G* wave function for the twelve lower excited singlet states of 

thethe anti-conformer of 1,1 '-bicyclohexylidene. 

Figuree 7.9 shows the contour plots of the primary natural orbitals of the 

excitedd electron from the CIS/6-311(2+)G* wave function for the twelve lower 

excitedd singlet states of the a«»'-conformer of BCH. For the four lower excited singlet 

statess a Rydberg character in terms of a hydrogen-like orbital is easily deduced; they 

cann be assigned as states with 3s and 3p character. For higher excited singlet states 

thiss becomes more difficult because mixing does not only occur between the (Jt,Jt*) 

valencee state and the Rydberg manifold, but also within the Rydberg manifold itself. 

Inn contrast to ethylene or tetramethylethylene, which both have a high symmetry, the 
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TableTable 7.10. Calculated (CIS/6-31 l(2+}G*//MP2/6-3]G*)  excitation energies (eV) of the excited 

singletsinglet and triplet states of the anti-conformer of 1,1 '-bicyclohexylidene and expectation values of the 

radialradial electronic spatial extent (Bohr2). 

SINGLETSS TRIPLETS 

Statee Energy (tf?) Energy (R*} (*r )-(*?)'" 

1'B U U 

2'A g g 

l'B g g 

3'A g g 

2'B U U 

3'B U U 

1'A U U 

4'B U U 

2 ! AU U 

5'B U U 

4'A g g 

6'B U U 

6.3 0 0 

6.4 9 9 

6.7 6 6 

7.0 1 1 

7.0 5 5 

7.1 2 2 

7.1 9 9 

7.2 9 9 

7.3 1 1 

7.5 0 0 

7.6 7 7 

7.7 1 1 

+58 8 

+63 3 

+95 5 

++ 14 0 

+70 0 

+95 5 

++ 11 2 

++ 16 5 

++ 15 9 

++ 12 4 

++ 17 9 

++ 14 0 

6.2 7 7 

6.4 3 3 

6.7 4 4 

6.9 6 6 

3.6 1 1 

7.0 5 5 

7.1 7 7 

7.2 1 1 

7.2 9 9 

7.2 7 7 

7.6 2 2 

7.5 8 8 

+50 0 

+58 8 

+93 3 

++ !2 9 

+4 4 

+94 4 

++ 10 9 

++ 12 3 

++ 15 4 

++ 16 0 

++ 17 3 

++ 15 2 

-8 8 

-5 5 

-2 2 

-11 1 

-66 6 

-1 1 

-3 3 

-42 2 

-5 5 

+36 6 

-6 6 

++ 1 2 

lala'' Expectation values (Bohr2) of the electronic radial spatial extent (R2\ expressed as the difference 

betweenbetween the values for each of the excited singlet state minus that of the electronic ground state (for S„ 

(R(R22^  ̂ =2639 a\ at the MP2/6-31G* level). 

lowerr symmetry of the a/iri-conformer of BCH gives rise to mixing between 

configurationss of the same symmetry. 

Thee vertical excitation energies and the expectation values of the electronic 

radiall  spatial extent {^R2  ̂of the twelve lower excited singlet and triplet states of the 

arc/i-conformerr of BCH are given in Table 7.10. From this Table it can be concluded 

thatt the 2 Bu state is considerably more diffuse than its triplet counterpart as well as 

thee electronic ground state. The 5!BU state, on the other hand, is less diffuse than its 

triplett analogue, although both are still significantly more diffuse than the electronic 

groundd state. These results confirm the Rydberg-valence mixing between the (n,n*) 

valencee and the (7C,3d) Rydberg configurations, and indicate that the two intense 

absorptionn bands observed in the UV for BCH [7,9,10] can be explained by a strong 

(71,71*)̂ ->(7t,3d)) configuration mixing. 
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TableTable 7.11. Calculated (CIS/6-31 l(2+)G*//MP2/6-31G*) vertical excitation energies (eV) and 

oscillatoroscillator strengths of the excited singlet and triplet states of the syn-conformer (C2v) of 1,1'-

bicyclohexylidenebicyclohexylidene and expectation values of the radial electronic spatial extent (Bohr). 

SINGLETSS TRIPLETS 

Statee Energy ƒ (/?s
2)(a) Energy (R2

T)W {R2)-(ülf 

2'A , , 

3'A , , 

l'B 2 2 

1'B , , 

4'A , , 

2'B | | 

5'A , , 

2'B 2 2 

1'A 2 2 

3'B 2 2 

6'A , , 

7'A , , 

6.2 8 8 

6.6 7 7 

6.7 0 0 

6.7 7 7 

7.1 6 6 

7.2 0 0 

7.2 5 5 

7.2 8 8 

7.3 0 0 

7.5 0 0 

7.6 9 9 

7.7 1 1 

0.000 0 0 

0.004 6 6 

0.323 7 7 

0.013 4 4 

0.008 9 9 

0.001 0 0 

0.004 0 0 

0.003 0 0 

0.000 0 0 

0.539 7 7 

0.001 3 3 

0.000 8 8 

+66 6 

+72 2 

+81 1 

+98 8 

+99 9 

++ 11 3 

++ 15 2 

++ 14 6 

++ 15 9 

+96 6 

++ 16 7 

+145 5 

6.1 7 7 

6.6 1 1 

3.6 1 1 

6.7 5 5 

7.1 0 0 

7.1 9 9 

7.2 3 3 

7.2 6 6 

7.2 9 9 

6.8 8 8 

7.6 5 5 

7.6 0 0 

+57 7 

+67 7 

+3 3 

+96 6 

+97 7 

++ 11 0 

++ 13 9 

++ 14 8 

++ 15 5 

++ 11 4 

++ 16 3 

++ 13 8 

-9 9 

-5 5 

-7 8 8 

-2 2 

-2 2 

-3 3 

-1 3 3 

+2 2 

-4 4 

+18 8 

-4 4 

-7 7 

''aa'' Expectation values (Bohr2) of the electronic radial spatial extent [R2j expressed as the difference 

betweenbetween the values for each of the excited singlet state minus that of the electronic ground state (for S0 

(R(R22)) =2449 al at the MP2/6-31G* level). 

Inn a previous ab initio study [13] it was concluded that only the anti-

conformerr is responsible for the second absorption band in the UV absorption 

spectrumm [7,9,10]. To investigate this aspect, we have performed the same type of 

calculationss done for the £mf/-conformer as well for the sy/i-conformer. Table 7.11 

showss the excitation energies, oscillator strengths, and spatial diffuseness of excited 

statess of this conformer calculated with the CIS/6-311(2+)G* method, while in Figure 

7.100 the contour plots of the primary natural orbital of the excited electron for the 

variouss excited states are shown. For this conformer two states are observed with 

relativelyy large oscillator strengths, the 1 2̂ and 3'B2 states at 6.70 and 7.50 eV, 

respectively.. Inspection of the contour plots reveals that the l'B2 state is a state that 

hass (7C.7C*) as well as 3p character, and not the 3d character that might have been 

expectedd on the basis of similar nodal structures. That particular 3d state is actually 

recognisablee in the contour plot of the 2!B2 state. On the basis of its small oscillator 
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Figuree 7.70. Contour plots (0.001 a.u. (left) and 0.01 a.u. (right)) of the primary natural orbital of the 

excitedexcited electron from the CIS/6-311(2+)G* wave function for the twelve lower excited singlet states of 

thethe syn-conformer of 1,1'-bicyclohexylidene. 
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strengthh and the small changes that occur with respect to its triplet counterpart, it can 

bee concluded that this state is hardly involved in mixing, and retains predominantly its 

Rydbergg character. The contour plots of the 3'B2 state show that this state has, similar 

too the lJBi state, (71,71*) as well as 3p character. 

Similarr to tetramethylethylene, RPA studies [46] on the excited singlet states 

off  the anti- and sy/z-conformers also give evidence of strong mixing between the 

(71,7:*)) valence state and the Rydberg manifold. For the a/ifr-conformer, the RPA 

calculationss show that the 2!BU and 5'BU states at 6.92 and 7.38 eV, respectively, have 

sharedd the oscillator strength associated with the unperturbed (ÏÏ,TI* ) configuration: 

0.45955 versus 0.1882, respectively. For the syn-conformer, however, the RPA 

calculationss predict that not only the 1 'B2 state at 6.60 eV and the 3'B2 state at 7.31 

eVV have a considerable oscillator strength (0.4337 and 0.2273, respectively), but also 

thee 2'B2 state at 7.26 eV with/= 0.1273. 

7.3.3.7.3.3. Experimental Evidence for Rydberg-Valence Mixing 

Onn the basis of the present results one expects that Rydberg-valence mixing 

shouldd also be of influence on the excited-state properties of other mono-olefins. It 

wass already stated by Clark et al. [7] in his UV absorption study on BCH that the 

spectraa of all mono-olefins display two intense bands similar to BCH, but that in 

manyy cases they are approximately degenerate. For instance, close inspection of the 

UVV absorption spectrum of a thin film of tetramethylethylene [8,47] provides 

evidencee for an intense shoulder around 50000 cm"1 and a broad absorption band with 

itss maximum close to 55000 cm '. This higher-energy band was assigned to the 7r.̂ jr.* 

valencee transition, but the shoulder at 50000 cm'1 was not explicitly assigned. In view 

off  the extensive configuration mixing anticipated for tetramethylethylene {vide 

supra),supra), we feel that the bands at 50000 and 55000 cm ' correspond to excitations from 

thee electronic ground state to excited states that are characterised by in- and out-of-

phasee combinations of the (7t,7i*) and (7i,3dX7) configurations. 

Otherr experimental evidence for an important role of Rydberg-valence mixing 

inn mono-olefins is found in a study by Yogev et al. [14] on steroids. In this study the 

polarisationn of the electronic transitions in A4- and A5-cholestene was investigated in 

orderr to get a better insight into the spectroscopic properties of isolated CC double 

bonds.. Yogev et al. concluded that olefins having symmetrically substituted CC 
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doublee bonds generally show two absorption bands of similar intensity in the UV, 

bothh of which are polarised along the C=C bond. For unsymmetrically substituted 

mono-olefinss only the shorter wavelength band was found to have in all cases a 

transitionn moment directed along the C=C bond, whereas for the longer wavelength 

bandd the transition moment might deviate from this direction. These conclusions are 

inn line with the ab initio results presented here. 

7.44 Summary and Conclusions 

Inn the present ab initio study we have investigated the electronic properties of 

thee excited states of mono-olefins, ultimately aiming to understand and explain the 

spectroscopicc properties of BCH. As a prototype system for this molecule, we have 

firstt focused on the effects of alkyl substitution on Rydberg-valence mixing in small 

methylatedd derivatives of ethylene. For these molecular systems Rydberg-valence 

mixingg has been observed that was not only limited to mixing between configurations 

off  the same nodal structure ((7i,7ü*)<->(7C,3d) mixing), but - symmetry permitting - also 

betweenn configurations of the same symmetry, for example between the (7T,7t*) and 

thee (7C,3p) configurations. We have argued that Rydberg-valence mixing as proposed 

byy Buenker and Peyerimhoff, and by others [8,22] for ethylene offers the most direct 

explanationn for these results. 

Onn a more detailed level, it has been observed that the characteristics of 

configurationn mixing depend critically on the molecular symmetry of the mono-olefin 

considered.. For molecules with a high symmetry, such as ethylene and 

tetramethylethylenee of D2h symmetry, Rydberg-valence mixing between the (7r,7t*) 

andd (7T,3dxz) configurations leads to two excited singlet states with valence-like 

properties.. This mixing is somewhat particular as it concerns the interaction of 

configurationss that have the same radial as well as angular nodal structure. However. 

ass the molecular symmetry of the mono-olefin is lowered, e.g., by methylation of the 

C=CC bond, other Rydberg configurations with the same symmetry as the (71,71*) 

valencee configuration can become involved in the Rydberg-valence mixing. As a 

result,, the electronic properties of the unperturbed wave functions become shared. For 

thee (K,K*) valence state this causes a gain in Rydberg character and vice versa for the 

Rydbergg states. Concurrently, it is no longer only the (71,71*) valence state that has a 
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relativelyy large oscillator strength, but instead two or more states with the same 

symmetryy as the (TUJT.*) valence state obtain significant oscillator strength. Although 

thee present CIS approach has been able to elucidate this mixing, comparison with the 

resultss of RPA calculations indicates that the CIS calculations tend to overestimate the 

Rydberg-valee nee mixing. 

Thee theoretical results are in line with experimental studies on the 

spectroscopicc features of BCH. For this molecule two low-lying valence transitions 

havee been observed, whereas only one, the JÏ—>7r*  transition, was expected. The 

presentt ab initio studies on both the anti- and syn-conformer of BCH reveal strong 

(7r,7i*)<-K7i,3d)) configuration mixing for both conformers, for the s>77-conformer a 

(7i,7T*)^(7i,3p)) mixing is observed as well. It has been argued that for other alkylated 

mono-olefinss there are a posteriori also spectroscopic indications for the presence of 

moree than one excited state with valence-like properties that can in the same way be 

attributedd to derive from Rydberg-valence mixing. 
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FunctionalisedFunctionalised Linear Conjugated Polyenes 
IsolatedIsolated Building Blocks of Photonic Materials: 

High-ResolutionHigh-Resolution Spectroscopy of Excited States of 

Jet-CooledJet-Cooled Push-Pull Stilbenes. * 

Abstract t 

Thee lowest excited singlet states of 4-dimethylamino-4'-cyanostilbene (DCS), 

4-dimethylamino-4'-nitrostilbenee (DANS), and 4-di(hydroxy-ethyl)amino-4'-

nitrostilbenee (DANS-diol) have been investigated by high-resolution fluorescence 

excitationn and dispersed emission spectroscopy on samples seeded in supersonic 

expansions.. Using ab initio calculations of the harmonic force fields of the electronic 

groundd state as a starting point for the analysis of vibrational modes and frequencies, 

detailedd vibrational assignments of the rich line structure of the Si<—So transition in 

thesee three push-pull stilbenes are reported. From the experimental and theoretical 

analysiss it becomes apparent that the excitation spectra are dominated by low-

frequencyy vibrational modes of the stilbene-like backbone, albeit that a 

characterisationn in terms of trans-stilbene vibrational terminology is not very 

appropriate.. The fluorescence excitation and emission spectra show significant 

Franck-Condonn factors for transitions involving these vibrational modes, in line with 

significantt geometry changes in the stilbene moiety upon electronic excitation. 

**  R.A. Rijkenberg, D. Bebelaar, W.J. Buma, and J.W. Hofstraat, J. Phys. Chem. A, in press (2002). 
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Comparisonn of the spectroscopic data of the DANS chromophore in DANS and 

DANS-dioll  demonstrates that the inclusion of the diol auxiliary function has a 

significantt effect on its spectroscopic properties. Similarly, the comparison between 

solutionn and gas-phase data leads to the conclusion that spectroscopic data obtained in 

solutionn for DCS allow for a reasonably good extrapolation to the isolated molecule, 

butt that the structure of DANS is even in low-polarity solvents already modified to a 

largerr extent than would a priori be expected. 

8.11 Introduction 

Push-pulll  stilbenes are highly prominent candidates for building blocks for 

futuree nonlinear photonic materials due to their high second- and third-order 

polarisabilitiess [1-3]. The tailorability of these organic conjugated push-pull 

moleculess allows one to customise the chemical structure and their properties for 

specificc technological applications [1,4-6], such as electro-optic and frequency-

doublingg devices. For the development of new materials with improved - and 

ultimatelyy user-defined - photoresponsive properties, it is essential to understand the 

relevantt photophysics and photochemistry of the systems at the molecular level [1-

12]. . 

DCSS : D = N(CH3)2 A = CN 

DANSS : D = N(CH3)2 A = N02 

DANS-dioll  : D = N(CH2CH2OH)2 A = N02 

FigureFigure 8.1. Molecular structures of the targeted push-pull stilbenes: 4-dimethylamino-4'-cyanostilbene 

(DCS),(DCS), 4-dimethylamino-4'-nitrostilbene (DANS), and 4-di(hydroxy-ethyl)amino-4'-nitrostilbene 

(DANS-diol). (DANS-diol). 
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Nott surprisingly, considerable research has therefore been dedicated to 

elucidatee the spectroscopic and dynamic properties of these push-pull stilbenes, albeit 

thatt the vast majority of these studies has been performed in solution. Primary targets 

off  these studies have been 4-dimethylamino-4'-cyanostilbene (DCS) [13-26] and 4-

dimethylamino-4'-nitrostilbenee (DANS) [26-36] (see Figure 8.1), with as a goal to 

investigatee and understand their photophysics and photochemistry, in particular in 

relationn to the intramolecular charge transfer (ICT) process that leads to sudden 

polarisationn [37-40] upon excitation from the electronic ground state to the 

equilibratedd excited singlet state. Various theoretical and experimental studies have 

givenn evidence for and corroborated the presence of sudden polarisation in DCS and 

DANSS upon excitation [2,3,26,35,41-48]. 

Femtosecondd fluorescence spectroscopy on DCS in polar solutions has shown 

aa fast and efficient ICT process occurring on a timescale of the order of one 

picosecondd [23,24]. Analysis of the solvatochromic shift of the absorption maxima as 

aa function of the solvent polarity provided experimental evidence that in DCS the 

locallyy excited (LE) state has a dipole moment of 13 D [24], giving reason to believe 

thatt even this state has already to a large extent CT character [23,24]. This was 

supportedd by a recent ab initio CI study on DCS [48], which showed that the LE state 

iss mainly described by a single excitation from the highest occupied molecular orbital 

(HOMO),, localised to a large extent on the dimethylanilino group and the linkage 

ethylenicc part, to the lowest unoccupied molecular orbital (LUMO), localised 

primarilyy on the 4-cyanostyryl group. In polar solvents, a second state of CT character 

becomess sufficiently stabilised to be accessible, giving rise to the sudden polarisation 

effectt [14-16,18,19,24,25]. Experimental studies investigating selectively bridged 

derivativess of DCS suggest that this CT state - also referred to as a twisted 

intramolecularr CT (TICT) state - is coupled to the initially prepared LE state via a 

normall  coordinate associated with a rotation around the bond linking the dimethyl-

anilinoo group to the double bond [ 14-16,18,19.25]. The dependence of the 

solvatochromicc shift of the emission maxima on the solvent polarity [24] has been 

interpretedd to indicate that this twisting motion, that leads to strongly enhanced charge 

transfer,, is responsible for the sudden polarisation phenomenon, and results in a 

furtherr increase of the dipole moment of DCS in this TICT state by roughly 9 D. 

Recentt ab initio Configuration Interaction (CI) calculations on the electronic 

177 7 



ChapterChapter 8 . 

propertiess of the lowest excited singlet state of DCS under both isolated conditions 

andd in a polar environment corroborate these experimental observations [48]. 

Becausee of the large difference in acceptor strength of the nitro group as 

comparedd to the cyano group, the same phenomena, and probably even magnified, can 

bee expected for DANS [26]. Indeed, experimental studies [35,42,43] show that the 

dipolee moment of DANS in its LE state is about 23 D, implying a dramatic increase of 

166 D upon photoexcitation. This experimental value is close to the ab initio value of 

222 D calculated by Brédas et al. [2,3] for the dipole moment (ie of the LE state. 

Lapouyadee et al. [26] determined the dipole moment of the CT state in DANS using 

thee solvatochromic shift of the emission maxima in a number of polar solvents, and 

reportedd a dipole moment p:e of the equilibrated excited singlet state of about 42 D. 

Thiss suggests that the dipole moment of the excited singlet state increases by another 

199 D in the evolution from the LE to the CT state. Such an increase is significantly 

largerr than what is observed for DCS, and is supported by CNDO/S calculations [26] 

off  the dipole moment of DANS in its equilibrated excited singlet state in polar 

solvents.. The qualitative picture that arises from this CNDO/S study is that both DCS 

andd DANS will show strongly enhanced charge transfer upon a twisting motion 

aroundd the bond linking the dimethyl-anilino group to the double bond. 

Thee strong and efficient ICT process occurring in these compounds may lead 

too a significant enhancement of the second- and third-order optical response [1-12]. 

Severall  studies have therefore investigated the nonlinear optical response, focusing on 

DANSS as a benchmark system [2,3,49]. In a joint theoretical and experimental study 

onn the nonlinear optical response of DANS [2] it was concluded that an appropriate 

theoreticall  model describing this response requires an accurate description of both the 

electronicc and vibronic structures of the lowest excited singlet states. In order to gain 

fulll  insight into the electronic and vibronic structures of these push-pull stilbenes, as 

welll  as the role played by intermolecular interactions in solution and the solid state, 

studiess of their spectroscopic properties under isolated conditions are crucial. Only in 

thiss way a full appreciation of the intra- and intermolecular interactions governing 

theirr nonlinear optical properties is obtained. In this spirit, we have first applied low-

resolutionn spectroscopy on substituted stilbenes vapour to establish the approximate 

spectrall  domain of the S|<—S0 transition in the isolated molecules, and subsequently 

performedd high-resolution fluorescence excitation and dispersed emission 

spectroscopyy on jet-cooled push-pull stilbenes. 
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Ass yet, experimental studies of the spectroscopic properties of such molecules 

underr isolated conditions have been limited to one fluorescence study of jet-cooled 

DCSS [50]. In that study the main features of the fluorescence excitation and dispersed 

emissionn spectrum of the lowest excited singlet state were addressed, but the main 

focuss was on the dynamics of the lowest excited singlet state. In the present study we 

wil ll  go into significant more depth with respect to the spectroscopic properties of 

push-pulll  stilbenes. As targets for this investigation DCS and DANS have been 

selected.. In order to start to understand the influence of intra- and intermolecular 

interactionss on the spectroscopic properties of such molecules, we have also studied a 

chemicallyy modified DANS chromophore (see Figure 8.1), 4-di(hydroxy-ethyl)amino-

4'-nitrostiIbenee (DANS-diol), which is normally used to incorporate DANS as a side 

groupp in a side-chain polymer [1]. The role of intermolecular interactions will be 

discussedd by comparing the present data obtained for the isolated chromophores with 

resultss previously obtained in solution. 

8.22 Experimental and Theoretical Details 

8.2.18.2.1 Experimental Procedures 

Detailss of the setups used to perform fluorescence excitation and dispersed 

emissionn spectroscopy on (i) heated samples of DCS, DANS, and DANS-diol in 

quartzz cells [51 J, and (ii) compounds seeded in a continuous or pulsed molecular 

beamm [52,53] have been reported elsewhere. Briefly, low-resolution fluorescence 

excitationn and emission spectra were obtained using a SPEX Fluorolog 2 instrument 

equippedd with a red-sensitive GaAs photomultiplier (RCA-C31034, Peltier cooled) 

forr which the spectral response extends to < 900 nm and is known to be quite flat 

fromm the UV to about 860 nm. In these experiments samples were placed in a quartz 

celll  (10x10 mm) suitable for high-temperature measurements, which was successively 

sealedd by fusing the graded seals, leaving the sample in a vacuum environment. The 

cellss were placed in an oven with quartz windows at right angles and heated to about 

5500 K in order to obtain sufficient vapour pressure for the measurements. 

High-resolutionn fluorescence excitation and dispersed emission spectra were 

obtainedd using a setup in which excitation is achieved by a dye laser (Lumonics 
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HyperDye-300)) pumped by a XeCl excimer laser (Lambda Physik EMG103MSC), 

andd operating on the laser dyes DMQ, RDC 360, Exalite 351, FTP, or DCM. In case 

off  DCM the output of the dye laser was frequency-doubled by an angle-tuned KDP 

crystall  in an Inrad Autotracker II unit. The fundamental dye laser light has a spectral 

bandd width of about 0.07 cm"1 and a pulse duration of about 15 ns. Calibration of the 

wavelengthh of the dye laser output was achieved by using the optogalvanic spectrum 

off  Ne excited in a hollow-cathode discharge. The intensity of the dye laser beam was 

monitoredd by measuring its intensity with an EG&G radiometer model 580, which 

wass read out by a computer controlling the experiment. 

Thee excitation beam was steered into the vacuum chamber, where it crossed at 

rightt angles the molecular beam. The expansion was generated by heating the sample 

too temperatures ranging from 440 up to 490 K, seeding the vapour into 3 bar of He, 

andd expanding into a vacuum chamber via a pulsed valve with a 500 fim diameter 

orificee (General Valve Iota One System). The coil assembly is equipped with a "hot-

bodyy coil" (General Valve Series 9) to allow for temperatures up to 508 K. Optimum 

timee overlap between the pulsed molecular beam and the laser pulse was achieved 

usingg a home-made delay generator. Fluorescence from the jet-cooled compounds was 

collectedd at right angles with respect to the excitation light and the molecular beam by 

aa spherical quartz condenser (Melles Griot 01MCP119, diameter 50 mm, focal length 

500 mm) and imaged onto the slit of a Zeiss M20 grating monochromator equipped 

withh an EMI 9558 QA (S20) photomultiplier. 

Inn fluorescence excitation experiments the monochromator was used with a slit 

widthh of 8 mm, resulting in a spectral resolution of 40 nm. Centre emission 

wavelengthss of 400, 390, and 390 nm were employed for DCS, DANS, and DANS-

diol,, respectively. The output of the photomultiplier was integrated with a boxcar 

integratorr (SR250), whose output was read out and averaged by the computer. In a 

typicall  experiment excitation spectra were obtained by scanning the dye laser in steps 

off  0.05 cm"1, averaging over 30 laser pulses, and dividing the fluorescence signal by 

thee laser intensity as measured by the radiometer. For DCS and DANS single level 

dispersedd emission spectra have been recorded as well. In these experiments the 

photomultiplierr was cooled with a mixture of ethanol and dry ice (-78 °C) to reduce its 

darkk current. Emission spectra were obtained by scanning the monochromator with a 

slitt width of 0.1 mm (spectral resolution of about 40 cm"1) and averaging the signal 

overr 60 and 150 laser pulses for DCS and DANS, respectively. 
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8.2.28.2.2 Theoretical Procedures 

Calculationss on the electronic ground states of fra^-stilbene, DCS, and DANS 

havee been performed using the Gaussian suite of programs [54]. Optimised 

geometriess and harmonic force fields were obtained using the hybrid density 

functionall  B3LYP [55] methods with the 6-31G* basis set. 

8.33 Results and Discussion 

Inn the following the fluorescence excitation and emission spectra of jet-cooled 

DCS,, DANS, and DANS-diol will be presented and discussed (Sections 8.3.2 to 

8.3.4).. Previous studies on high-resolution spectra of substituted stilbenes [56-59] 

havee demonstrated that in these spectra a plethora of vibronic transitions can be 

expectedd to be difficult to assign from first principles. In fact, dominant peaks in these 

spectraa have in the past generally been assigned by looking at the active modes in the 

analogouss spectra of the unsubstituted fra/w-stilbene molecule [60-64]. Although as 

ann initial attempt this approach is of course reasonable - and also followed by us -, it 

iss at the same time clear that normal modes in the substituted stilbenes can be heavily 

affectedd in frequency and atomic displacements by the substituents, making it 

questionablee whether the use of stilbene vibrational labels is always valid. In order to 

putt the present assignments on a somewhat firmer ground, and to get a grasp on the 

extentt to which the substituted stilbene spectra can be compared with those of trans-

stilbene,, we have performed ab initio B3LYP/6-31G* calculations of the equilibrium 

geometryy and associated harmonic force fields of DCS and DANS in their electronic 

groundd states. Although the ground-state frequencies are different from those of the 

excitedd state, they should give a good indication of where to expect vibronic 

transitionss in the excitation spectrum. In order to enable a valid comparison, 

calculationss at the same level have been performed on the ground state of trans-

stilbenee as well. These results will be presented and discussed in Section 8.3.1. 

Thee analysis of the excitation and emission spectra is intended to elucidate the 

electronicc properties of the molecules under isolated conditions. However, in 

technologicall  applications the substituted stilbenes are employed under non-isolated 

conditions.. The results obtained under isolated conditions will consequently be used 

181 1 



ChapterChapter 8 . . 

too investigate the role of intermolecular interactions by comparison of the 

spectroscopicc properties of isolated and solvated DCS and DANS (Section 8.3.5). 

Thiss comparison will show an unexpected influence of solute-solvent interactions for 

solventss that are normally assumed to exert negligible influence on the spectroscopic 

propertiess of the types of molecules considered here. 

8.3.18.3.1 Ab Initio Calculations 

Althoughh previously subject of extensive discussion, recent high-resolution 

spectroscopicc studies have by now firmly established that trans-stübtm is planar in 

thee electronic ground state and remains planar upon excitation to its first excited state 

[60,65].. We have therefore performed our calculations under the restriction of Cs 

symmetryy for the substituted stilbenes, and C2h symmetry for frtm.ï-stilbene. 

Geometryy optimisation and the subsequent calculation of the harmonic force fields 

thenn leads to the frequencies reported in Table 8.1 for the three molecules. This Table 

alsoo contains a description of the modes in the substituted stilbenes in terms of 

vibrationall  modes in trans-sttibene as obtained by visual inspection. We explicitly 

noticee that such a description is per se only very approximate: its only use is to 

indicatee the parental vibrational motion of the trans-stilbene skeleton - with in the 

backk of our mind that active modes in the spectra of rra/rs-stilbene might also show 

activityy in these substituted stilbene modes. As expected, the DCS and DANS 

vibrationall  modes are on the other hand very similar. Some vibrational modes of 

DANSS that do not have a counterpart in DCS have not been included in the Table. 

Sincee the excitation spectra do not show transitions about 1200 cm"1 above the 0-0 

transition,, only the in-plane modes {of a' symmetry for DCS and DANS, of ag or bu 

symmetryy for /rans-stilbene) with frequencies of up to about 1200 cm" are included 

inn Table 8.1. Additionally, Table 8.1 contains the lower-frequency out-of-plane modes 

(off  au and bg symmetry in rrarts-stilbene, of a" symmetry in DCS and DANS) of 

whichh activity has previously been invoked in the excitation and emission spectra of 

rrarcs-stilbenee [60-64]. With respect to these out-of-plane modes some caution should 

bee taken. Firstly, in rrao.v-stilbene V37 changes considerably in frequency upon 

excitationn (roughly from 8 to 48 cm"1 [60]). A similar change can be anticipated for 

thee substituted stilbenes. Secondly, for v4S (bg) of rra>w-stilbene a frequency of 62 cm 
11 is calculated, while the experimental frequency is 132 cm' [66]. Other calculations 
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[67-69]]  indeed find a much larger frequency than what the B3LYP/6-31G* 

calculationn gives. The reason for this difference is not clear. 

TableTable 8.1. Calculated B3LYP/6-31G* ground-state frequencies (cm') of the for the present studv 

relevantrelevant vibrational modes of DCS and DANS, and the trans-stilhene parentage. Calculated 

frequenciesfrequencies (cm ) of trans-stilbene modes referred to are given in italics between parentheses. 
M<**ee DCS DANS Description 

in-planein-plane modes 

a'(I>> 48 47 v12(bu)(80) 
a'(2) ) 
a'(3) ) 
a'(4) ) 
a'(5) ) 
a' (6)) 389 373 local mode 
a'(7>> 4 49 455 V71 (bj (473) 
a 'WW 480 443 v70(bu) (551) 

++ local mode 
a^ 9 '' 505 503 v7l (bu) (473) 
a' (10>> 561 536 local mode 
a'(H)) 572 544 local mode 
a'(12) ) 
a'(13) ) 

a'(15) ) 

a'(17) ) 

a'(20) ) 
a'(21) ) 

in-planein-plane modes 

48 8 
131 1 
176 6 
213 3 
296 6 
389 9 
449 9 
480 0 

505 5 
561 1 
572 2 
654 4 
664 4 
726 6 

763 3 
850 0 
892 2 
972 2 

1023 3 
1034 4 

1092 2 
1149 9 

1168 8 

47 7 
142 2 
189 9 
252 2 
320 0 
373 3 
455 5 
443 3 

503 3 
536 6 
544 4 
646 6 
657 7 
675 5 

738 8 
867 7 
895 5 
972 2 

1022 2 
1029 9 

1095 5 
1141 1 

1169 9 

out-of-planeout-of-plane modes 

37i i 
16 6 
29 9 
59 9 
72 2 

168i i 
8 8 

27 7 
56 6 

75i i 

v :5(ag)) (207) 
v2ss (aa) (207) 
v24(ag)) (288) 
v :4(as)) (288) 

v21(aE)) (633) 
vvMM(bJ(bJ (637) 

a' ( 1 4)) 7 26 675 v70(bu) (557) 
++ local mode 

v,-,, (a.) (655) 
a ' ( 1 6)) 8 5° 867 v6„(bJ{SJ7) 

v2ll (as) (887) 
a'<18)) 972 972 "local mode 
a; ( 1 9)) 1023 1022 v]9(ail

vft6(bu)(/060) ) 
locaii  mode 

a'(22>> H49 1141 v18(a?)(//76)H 

a'(23)) 1168 1169 v6, (bu) (7//5) 

a " ff  37i 168i local mode 
a?,2)) 16 8 v.„(au)(7i) 

v,,, (a,,) (59) 
a ' ( 4 )) 5 9 56 v48(b,)(62) 
aa (5) 72 75i local mode 

Tablee 8.1 shows that the symmetry restrictions give rise to a number of 

imaginaryy frequencies. In the case of rra/w-stilbene the associated mode is the out-of-

planee phenyl torsion v37. The study of Choi and Kertesz [67] has shown that allowing 

aa lowering of the symmetry at the B3LYP/6-31G* level leads only to a minor out-of-

planee distortion: a dihedral angle of 0.1° was reported. For DCS the imaginary 
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frequencyy is associated with the dimethylamino inversion mode, for DANS the two 

frequenciess concern a dimethylamino rotation-inversion mode (168i cm ) and a 

methyll  rotation mode (75i cm'1). In all cases deformation of the molecules along the 

modess with an imaginary frequency is in first order not expected to influence the form 

andd frequencies of the in-plane modes - which are the ones for which vibrational 

activityy resulting from geometry changes upon excitation may be expected -, and we 

wil ll  therefore assume that it is valid to take the atomic displacements and frequencies 

off  the normal modes given in Table 8.1 as a guide for further analysis. 

Ass was suspected already, Table 8.1 confirms that the absence of a clear one-

to-onee correspondence between substituted stilbene and trans-stilbene modes is more 

thee rule than the exception. On the basis of vibrational activity in the frans-stilbene 

excitationn and emission spectra [60-64] we may therefore anticipate a considerable 

increasee of vibrational activity in the substituted stilbene spectra. 

8.3.28.3.2 4-Dimethylamino-4'-cyanostilbene (DCS) 

Thee one-photon fluorescence excitation spectrum of the Si(2'A')<—S0(l A') 

transitionn of DCS, heated to 440 K and seeded in a supersonic jet expansion of He, is 

shownn in Figure 8.2. Overall, the spectrum is in good agreement with the jet-cooled 

spectrumm of Daum et al. [50], although the spectra differ in two aspects. Firstly, in the 

presentt study the 0-0 transition is found at 27061.9 cm"1, while previously a value of 

270388 cm"1 was reported. Secondly, the intensity of transitions roughly 200 cm"1 

abovee the 0-0 transition is significantly lower in the present study, possibly because of 

saturationn effects in the previous study. The inset of Figure 8.2 displays the 

fluorescencee excitation spectrum of DCS vapour at about 550 K in a heated quartz 

cell.. Under these conditions the maximum fluorescence intensity is obtained by 

excitationn with 352 nm (~ 28410 cm"1). In agreement with general experience, our 

experimentall  value of 3.52 eV for the vertical excitation energy of the S,^S0 

transitionn is about 0.3 eV lower than what previous semi-empirical studies have 

predictedd [17,25,26]. 
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Energyy / cm"1 
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FigureFigure 8.2. Fluorescence excitation spectrum of the S,<—S0 transition of jet-cooled DCS. The excitation 

energyenergy is given with respect to the 0-0 transition located at 27061.9 cm'. (A) Overall excitation 

spectrum.spectrum. The inset displays the excitation spectrum of DCS vapour at 550 K. (B) Expanded view of the 

0-4000-400 cm energy region. 

Thee jet-cooled spectrum displayed in Figure 8.2 exhibits a rich and 

pronouncedd vibrational line structure up to 500 cm"1 above the 0-0 transition. As will 

bee argued below, these transitions can be assigned in terms of principally low-

frequencyy vibrational modes of the stilbene-like backbone of DCS. Above this energy 

thee vibrational activity decreases rapidly and only a few pronounced features can be 

discerned.. The present study confirms for the majority of the bands the assignments as 

proposedd by Daum et al. [50], but at the same time assigns considerably more bands 

(seee Table 8.2). Excited-state frequencies of optically active modes derived from these 

assignmentss are given in Table 8.3. For totally-symmetric modes these frequencies are 

takenn as the (V;)0 transition energies, for nontotally-symmetric modes half of the 

(vii )0 transition energy is reported. 

185 5 



ChapterS ChapterS 

TableTable 8,2. Assignments of the vibronic transitions in the Si(2'A')<—S0(l
!A') fluorescence excitation 

spectrumspectrum of jet-cooled DCS. 

Energy11" " 
0 0 

49.2 2 

68.3 3 

89.4 4 

98.0 0 

116.7 7 

128.2 2 

129.9 9 

137.9 9 

157.1 1 

167.1 1 

169.1 1 
171.7 7 

177.5 5 

187.3 3 

196.2 2 

201.2 2 

207.0 0 

218.5 5 
220.9 9 

237.8 8 
240.5 5 

250.4 4 

257.0 0 

258.5 5 
259.9 9 

267.5 5 

269.5 5 

270.0 0 

285.9 9 

Intensity'1" " 
100 0 

26 6 

11 1 

17 7 

3 3 

10 0 

49 9 

23 3 

4 4 

4 4 

4 4 

27 7 
19 9 

12 2 

7 7 

5 5 

22 2 

2 2 

12 2 
4 4 

3 3 
2 2 

3 3 

11 1 

8 8 
6 6 

2 2 

5 5 

6 6 

3 3 

Assignments s 

0n n 

3"o o 
2„ ii  T \ 
ZZ (P 0 

2"2 2 

JJ 0 

zz 0 J 0 

2'1 1 

zo o 4">> 2"1 

^^ 0 Z 0 
zz 0 J 0 

zz o-1 0 

2"11 3"5 

zz 0 J 0 
3'oo or 4'*2 

9'11 "I" 2 
Z 0 JJ 0 

JJ 0 Z 0 

2 , 12„ ll  ,„1 
Z 0 ZZ 0 J 0 

4'1 1 

2„3 3„ 3 3 

3o3"oo or 

4"o3"o o 

3'o2'o3"̂ ^ or 
4 „ 2 2 „ l r l l 
^^ 0 Z 0 J 0 

4-11 r 2 

^ 0 JJ 0 

2'o o 

3'J>2"gg or 

4"22"2 2 

^^ 0 Z 0 
2„ 6 6 
ZZ Ü 

3 0 3 00 or 
4 " 2 T 4 4 

4,ll  2.,l 3,.] 
^ 0 ZZ 0J 0 

z o zz o--1 0 

Energy'8' ' 
288.7 7 

290.8 8 

297.9 9 
300.2 2 

306.5 5 

330.0 0 

338.6 6 

340.8 8 

343.0 0 

349.3 3 

428.4 4 

597.6 6 

603.9 9 

735.2 2 

784.1 1 

824.3 3 

847.3 3 

861.6 6 

863.6 6 

896.4 4 

910.5 5 

937.1 1 

951.0 0 

976.0 0 

989.9 9 

1017.0 0 

976.0 0 

989.9 9 

1017.0 0 

Intensity'1" " 
2 2 

2 2 

6 6 
10 0 

2 2 

5 5 

3 3 

4 4 

2 2 

3 3 

4 4 

2 2 

4 4 

3 3 

Assignments s 
1'11 ->"' 7"3 ™-3022 03 0 or 

4 . . 22 - i T . 3 3 

^^ oz oJ 0 
4-11 ?"2 

^ o zz 0 

22AAXX or 
2.11 4..2 
z 0 ^^ 0 
2.11 2n4 
Z 0 ZZ 0 
2.14,1 1 

3'oo or < 

3'11 4"2 

-M22 J.I4 

3 53 5 or 4,, 
3o2"oo or 

4 „ 2 2 „ 4 4 
^^ 0 Z 0 

20 300 or 
2 , 24„ 2 2 
Z 0 ^^ 0 

12'' ' 
J Z 0 0 

13'{, , 
15'i i 

11 5'1 3"2 

15^2"o o 

K K 
17'1 1 

1 '' 0 
Z 0 1 J 0 0 

16o3"0 0 

17'11 T 2 

1 '' o J 0 
] 6 , 10 „ 2 2 
1 D 0 '' 0 

1 / 0 ZZ 0 

2'o16o o 
2'11 17'' z o ' '' 0 

19'J,, or 20'o 

2ol6'{, , 

2ol7'o o 

19'oo or 20 0 

'"'' Values given in cm'1 with respect to the 0-0 transition at 27061.9 cm' . ' ' Relative to the intensity of 

thethe 0-0 transition. 
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Thee most intense line in the excitation spectrum of /ra/js-stilbene appears at 

1988 cm' and has been assigned to the 25J, transition, with 25~ and 25f, overtone 

transitionss occurring at 396 and 594 cm ' [64]. Table 8.1 shows then that the lines at 

128.22 and 257.0 cm"1 in the excitation spectrum of DCS are most readily assigned to 

thee a'(2)ö transition and its first overtone. This assignment is in agreement with 

previouss assignments [50] and assignments of the "25Ó" transition in other jet-cooled 

substitutedd stilbenes [56-59]. Chiang and Laane [62] recently proposed the alternative 

assignmentss 35(
2, and 35̂  for the 198 and 396 cm'1 lines in /rans-stilbene. Apart from 

thee arguments put forward in the analysis of excitation spectra of other substituted 

stilbeness [57], namely that the intensity of the bands is too large to account for on the 

basiss of frequency differences in ground and excited states, the dispersed emission 

spectrumm and photoionisation behaviour after excitation of this level [61,64], as well 

ass the extensive ab initio calculations on rra/?s-stilbene of Choi and Kertesz [67] lead 

too disagreement with such a conclusion. We therefore adhere to the original 

assignment.. Having concluded that the V15 activity of fran.v-stilbene is transferred to 

thee substituted stilbenes, and seeing that a'(3) has also considerable V15 parentage, it is 

mostt logical to assign either the 169.1 or 171.7 cm"1 line to the a'(3)0 transition. 

Inn the excitation spectrum of/ran.s-stilbene the strong 24J, transition occurs at 

2800 cm"1 [64]. On the basis of its activity, the strong band observed for DCS at 201.2 

cm"11 is assigned to the a'(4)J, transition. Considering that a'(5) is also of V24 parentage 

wouldd make us expect around 290 cm"1 the a'(5)̂  transition. Although there is more 

thann enough vibrational activity in this region, there is not one particular resonance 

thatt might unambiguously be assigned as a' (5),',. 

Thee fluorescence excitation spectrum of DCS shows two prominent lines at 

49.22 and 89.4 cm"1, which we assign as the a"(3)1 and a" (2)1 transitions, 

respectively.. Spangler et al. [57] have argued that para substitution of /Twis-stilbene 

shouldd have a large effect on the v_i6 asymmetric phenyl flap mode due to a large 

increasee of the reduced mass, whereas the V37 ring torsion mode should only be 

marginallyy affected as the substituents lie on the torsional axis and hardly contribute 

too the reduced moment of inertia. In fra/is-stilbene the 362 and 37,"; transitions occur 

att 69.6 and 95.3 cm"1, respectively [60]. The observed shifts of -20.4 and -6.1 cm"1, 

respectively,, thus support our assignment in DCS, and are consistent with similar 

observationss obtained for methyl-substituted stilbenes [56] as well as other more 

heavilyy substituted stilbenes [57-59]. The strong feature at 68.3 cm', which can be 
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assignedd to the &"(2)l
na."{3)l

n transition, provides further support for these 

assignments.. The assignment of the a"(2)~ transition agrees with the conclusions of 

Daumm et al. [50]. They assign the a"(3)J transition, however, to a resonance at 42.5 

cm'11 that appears only as a very weak line in the fluorescence excitation spectrum, and 

suggestt that the resonance at 49.2 cm ' corresponds to ring motions on a torsional 

potentiall  energy surface modified by the presence of the cyano and dimethylamino 

groups. . 

Daumm et al. [50] discussed the fluorescence excitation spectrum of isolated 

DCSS not only in terms of the low-frequency vibrational modes of rrarcs-stilbene, but 

consideredd some six lines to be associated with rotation and inversion modes of the 

dimethylaminoo group. For these assignments they referred to a spectroscopic study by 

Grassiann et al [70] on the rotational and inversion motions of the dimethylamino 

groupp in substituted dimethylaminobenzenes. However, in these molecules a 

considerablee reorientation of the dimethylamino group occurs upon excitation, as a 

resultt of which the excitation spectrum of those molecules displays a very weak 0-0 

transition,, and extended activity in the mentioned modes. In DCS, in contrast, the 0-0 

transitionn is the strongest transition, and the resonances supposedly associated with 

thee rotation and inversion modes very much weaker. This would not be in line with 

Franck-Condonn intensity expectations. 

Thee "high-energy" region of the fluorescence excitation spectrum of DCS 

showss a number of features that on the basis of their intensity and/or frequency cannot 

bee assigned as combination bands. In particular, the resonances at 597.6, 603.9, 735.2, 

847.3,, 861.6, and 1017.0 cm"1 are tentatively assigned using Table 8.1 as 

fundamentalss of vibrational modes located primarily on the stilbene-like backbone of 

DCS.. They correspond to the a'(12)|,, a'(13)Jj, a'(15)|,, a'(16)', a'(17)!,, a nd a'09)ó 

orr a'(20)1) transitions, associated with the v23, v67. v22, v68, v2i, and \i9 modes, 

respectively,, of trans-stilbene. The 735.2, 847.3, and 861.6 cm'1 modes give rise to 

combinationn bands with other, low-frequency, modes. 

Thee two strong lines at 14.5 and 22.8 cm"1 have previously [50] not been 

discussed,, yet seem to play a pivotal role in the fluorescence excitation spectrum of 

jet-cooledd DCS. Many features in the spectrum can be readily assigned as 

combinationn bands of these two features with other, low-frequency, vibrational 

modes.. Table 8.1 clearly indicates, however, that these features cannot be associated 

withh totally-symmetric vibrations. Comparison of our spectrum with the spectrum in 
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Referencee 50 demonstrates that the intensities of the two bands are rather dependent 

onn the expansion conditions. This would argue for their assignment as hot band 

transitionss that most probably involve the a"(2) and a"(3) modes associated with the 

V366 and V37 modes in /rarcs-stilbene. 

00 100 0 200 0 300 0 400 0 500 0 

Energyy / cm" 

FigureFigure 8.3. Fluorescence excitation spectrum of the Si<—Sg transition of jet-cooled DCS. The excitation 

energyenergy is given with respect to the 0-0 transition located at 27061.9 cm . The inset displays the 

excitationexcitation spectrum of DCS vapour at 550 K. 

Onee final resonance that merits further discussion concerns the remaining 

resonancee of the pair at 169.1 or 171.7 cm"'. One of these two, although it is not clear 

whichh one, has been assigned to the a'(3)j, transition (vide supra), but what about the 

remainingg one? In fluorescence excitation studies of p-methyl-?rans-stilbene [56], 

syn-syn- and anri-p-hydroxy-p'-methyl-rraw.s-stilbene [59], and p-methoxy-frans-stilbene 

[58]]  a similar resonance was observed at 191, 154, 169 and 161 cm" , respectively. In 

thesee studies a 72j, (the lowest-frequency bu mode of frans-stilbene predicted at 60-80 

cm"1)) assignment was tentatively put forward. Our calculations (see Table 8.1) do not 

supportt such an assignment; they predict that the frequency of the analogous mode in 

thee substituted stilbenes decreases instead of being more than twofold increased. 

Havingg exhausted the totally-symmetric vibrations, one of the few possibilities that 

remainn is the a"(4)„  transition, associated with the 48J; transition of frans-stilbene. 
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Abovee we noticed that the B3LYP functional performs rather badly for v48 - a 

frequencyy of 62 cm ' was predicted for frans-stilbene, instead of a value around 130 

cm"11 [66]. We assume that the same happens for DCS and DANS, explaining the 

apparentt mismatch between the experimentally observed and theoretically predicted 

frequency. . 

Thee dispersed fluorescence emission spectrum obtained after excitation at the 

0-00 transition to Si of jet-cooled DCS, heated to 470 K and seeded in a supersonic jet 

expansionn of He, is displayed in Figure 8.3. It is in excellent agreement with that 

obtainedd by Daum et al. [50]. However, due to the lack in detail in this spectrum 

resultingg from a low resolution, we will only present the spectrum for the sake of 

completenesss and omit any detailed assignment of the features. What is clear and of 

importancee for further considerations of geometry displacements between ground and 

excitedd state {vide infra), is that modes around 150, 1200-1300, and 1600 cm"1 play an 

importantt role. The inset of this Figure shows the low-resolution fluorescence 

emissionn spectrum of DCS vapour in a quartz cell at 550 K. In this case the maximum 

fluorescencee intensity is collected at 402 nm (-24876 cm"1). 

8.3.38.3.3 4-Dimethylamino-4'-nitrostilbene (DANS) 

Figuree 8.4 shows the fluorescence excitation spectrum of the 

S](21A')<—— SoO'A') transition of jet-cooled DANS, heated to 470 K and seeded in an 

expansionn of He. The 0-0 transition is observed at 28200.1 cm"1. The inset of Figure 

8.44 shows the low-resolution fluorescence excitation spectrum of DANS vapour at 

aboutt 550 K. Maximum fluorescence intensity is obtained at an excitation wavelength 

off  336 nm (~ 3.7 eV). The experimental observation of an increase of the excitation 

energyy in going from DCS to DANS is not reproduced by calculations: INDO/MRD-

CII  calculations give a value of 3.68 eV for the vertical excitation energy of DANS 

[2,3],, CNDO/S calculations 3.49 eV [26]. 

Figuree 8.4 shows that - compared to DCS - many more vibronic transitions 

havee a significant intensity. We believe that this is partly due to saturation effects. 

Sincee the vapour pressure of DANS under the present experimental conditions is 

lowerr than for DCS, higher laser intensities needed to be used to get an acceptable 

signal.. This is one of the reasons why the resonances in the spectrum of jet-cooled 

DANSS are considerably more difficult to assign, and in fact cannot be analysed to the 
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samee extent as was done for DCS. In the excitation spectrum of DCS two relatively 

strongg bands were observed at 14.5 and 22.8 cm"1. Their intensity dependence on 

temperaturee and expansion conditions gave us reason to believe that they should be 

assignedd as hot bands. In the excitation spectrum of DANS we observe two strong 

liness at 23.1 and 27.1 cm"1 that we assign similarly. As might be expected, many of 

thee higher-lying transitions show combination bands with these two transitions, which 

iss another reason why it is so difficult to come to a complete assignment. 
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FigureFigure 8.4. Fluorescence excitation spectrum of the Si<—So transition of jet-cooled DANS. The 

excitationexcitation energy is given with respect to the energy of the 0-0 transition located at 28200.1 cm . (A) 

OverallOverall view of the excitation spectrum. The inset displays the excitation spectrum of DANS vapour at 

550550 K. (B) Expanded view of the 0-400 cm' energy region. 

Inn order to extract nevertheless useful spectroscopic information on Si from 

thee spectrum, we will in first instance assume that the geometry changes occurring 

uponn excitation are similar in DCS and DANS, and thus that a similar Franck-Condon 

patternn may be expected for the two compounds. Based on this assumption, we 

observee a shift between DCS and DANS for certain features in the fluorescence 

excitationn spectrum. For DCS we have seen that the dominant modes involve 
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principallyy (combinations of) modes of the rra>w-stilbene backbone. The observed 

shiftss might then be interpreted as resulting from a difference of the electronic 

characterr of the first excited state of DCS and DANS due to a difference in the push-

pulll  strength for the two compounds. Brédas et al. [2] have calculated the n bond-

orderr modifications in DANS upon excitation from S<> to S]. Particularly in the 

ethylenee part of the /ra/w-stilbene backbone a strong reversal in the n bond-order is 

predicted.. It is conceivable that these n bond-order changes upon excitation are more 

pronouncedd for DANS than for DCS, since the increase of the dipole moment, i.e., the 

push-pulll  strength, of DANS upon $>]<— So excitation is noticeably larger than for DCS 

[26]. . 

TableTable 8.3. Experimental excited-state frequencies (cm ) determined from the S/(2''A')<—So(l''A') 

fluorescencefluorescence excitation spectra of DCS. DANS, and and DANS-diol. Calculated frequencies (cm') oftrans-

stilbenestilbene modes referred to are given in italics between parentheses. 

Mode e 

a'(2) ) 
a'(3) ) 
a'(4) ) 
a'(12) ) 
a'(13) ) 
a'(15) ) 
a'(16) ) 
a'(17) ) 
a'(19) ) 
a'(20) ) 

a"(2) ) 
a"(3) ) 
a"(4) ) 

DCS S 

128.2 2 
-170 0 
201.2 2 
597.6 6 
603.9 9 
735.2 2 
847.3 3 
861.6 6 
1017 7 
1017 7 

44.7 7 
24.6 6 
-170 0 

DANS S 

in-planein-plane modes 

155.1 1 

205.5 5 
593.4 4 
615.3 3 
736.7 7 

out-of-plane out-of-plane 

52.7 7 
24.6 6 

modes modes 

DANS-diol DANS-diol 

176.4 4 

245.2 2 

49.6 6 
19.3 3 

Description n 

v255 <ag) (207) 
v25<ag)) (207) 
v24(ag)) (288) 
v23{ag)) (633) 
v699 (bu) (637) 
v22(ag)) (655) 
v688 (bu) (837) 
v2,, (ag) (887) 
v^(av^(aff)(1058) )(1058) 

v666 (bu) (1060) 

v37(aj(7/) ) 
V.i66 (a.) (59) 

v488 (bg) (62) 

Tablee 8.3 presents a summary of the vibrational frequencies of the optically 

activee low-frequency vibrational modes of the stilbene-backbone in DANS. On the 

basiss of our experience with DCS, we expect a'(2) to be one of the most active modes 

inn DANS, and we expect its V25-character partner a'(3) to be present as well. In this 

spirit,, we assign the very intense line at 155.1 cm"' as the a'(2)|, transition in DANS. 

Ann overtone of this transition is observed at 310.8 cm'. The corresponding blue shift 

off  26.2 cm"1 for this transition in DANS might be taken as evidence for a stronger 7t 
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bond-orderr change in DANS than in DCS. The a'(3) transition is more difficult to 

find:: the resonance at 141.9 cm"1 might apply, and indeed its combination with the 

1555 cm line is easily found, but such an assignment would imply a red shift of 27.2 

cm"11 with respect to DCS, and for the ground state of the two compounds such a 

decreasee is not predicted (see Table 8.1). The strong line at 205.5 cm"1 is assigned to 

thee same transition as the feature at 201.2 cm"1 for DCS, i.e., the a'(4)J) transition. 

Thee small difference in frequency indicates that this mode has not much been affected 

byy the n bond-order modification in the ethylene part of DANS upon excitation. 

Similarr to the fluorescence excitation spectrum of jet-cooled DCS, we observe 

aa line at 49.2 cm"1 in the spectrum of DANS, which is assigned to the a"(3)j; 

transition.. More difficult is the assignment of the two-quanta transition of the other 

out-of-planee mode active in DCS, a"(2) ,̂ since there is no feature at -89 cm"' with a 

similarr intensity as the feature at 89.4 cm'1 in the spectrum of DCS. It is conceivable 

thatt the V37 mode of maw-s-stilbene is affected by the stronger TT bond-order 

modificationss upon excitation in DANS than in DCS. This could lead to a blue shift of 

thee vibrational frequency of this mode since the n bond-order of the Ce-Ph bond in 

DANSS will show a larger increase than in DCS. We believe that the feature at 105.4 

cm""  in the fluorescence excitation spectrum of DANS is related to the line at 89.4 cm" 

inn the spectrum of DCS and assign it therefore as the a"(2)J transition. This 

assignmentt is supported by the expected presence of a strong feature at 77.5 cm"1, 

whichh can be readily assigned as the a" (2)̂  a" (3),' transition. In DCS some relatively 

strongg features could be observed in the high-energy part of the spectrum. This is also 

observedd for DANS, but less pronounced. In fact, the modes that we can assign in this 

casee - in part because of the presence of some combination bands - are the a'(12)0, 

a'(13)|),, and a'(15)i transitions at 593.4, 615.3, and 736.7 cm"1. 

Thee fluorescence excitation spectra of DCS (Figure 8.2) and DANS (Figure 

8.4)) extend both to about 800 cm"1 above the 0-0 transition. Fluorescence decay 

measurementss as a function of the excess vibrational energy in isolated DCS (50] 

havee revealed that the fluorescence lifetimes are constant up to about an excess energy 

off  750 cm"' (2.1 kcal/mol), after which they decrease rapidly. This is in line with the 

presencee of a competitive, nonradiative, relaxation pathway, attributed to cïs<r-trans 

photoisomerisation.. For DCS this photoisomerisation has been studied extensively as 

aa function of solvent polarity [14,16,17,24,25]. In an apolar solvent such as n-heptane 

thee activation energy for cis straits photoisomerisation of DCS has been determined 
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too be about 3.3 kcal/mol [24]. The activation energy increases strongly with solvent 

polarity,, reflecting the idea [16] that the transition state is less polar than the LE state -

orr possibly the CT state [24] -, and will consequently be less stabilised in the 

condensedd phase. Görner has determined that for DANS the activation energy in an 

apolarr solvent like n-pentane is about 4.3 kcal/mol [34], i.e., somewhat higher than for 

DCS,, which is in line with the larger dipole moment of the equilibrated excited singlet 

statee of DANS. However, the present study shows that under isolated conditions both 

push-pulll  stilbenes have a similar activation barrier. This implies that the larger value 

off  the activation barrier found for DANS in an apolar solvent is predominantly due to 

solute-solventt interactions, or vice versa, that solute-solvent interactions have a larger 

influencee on the spectroscopy of DANS than of DCS. This will be confirmed when 

excitationn energies measured in solvents will be compared with the gas-phase ones 

(Sectionn 8.3.5). 

100 0 

in in 

c c 

10000 2000 3000 4000 

Energy/cm' 1 1 

5000 0 6000 0 

FigureFigure 8.5. Emission spectrum of jet-cooled DANS excited at the 0-0 transition (28200.1 cm' ) to the 

firstfirst excited singlet state. Fluorescence wavelengths are given as shifts from the excitation wavelength. 

TheThe inset displays the emission spectrum of DANS vapour at 550 K (X„c=340 nm). 
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Figuree 8.5 shows the dispersed fluorescence emission spectrum taken at the OjJ 

Si(2lA')<-So(llA')) transition in DANS, heated to about 470 K and seeded in a 

supersonicc jet expansion of He. The contour of the spectrum strongly resembles that 

off  the dispersed emission spectrum of jet-cooled DCS (Figure 8.3). Again, due to the 

poorr resolution, we will not embark on any assignments of the ground-state 

frequenciess of DANS, but only notice that similar to DCS low-frequency modes, and 

modess around 1200-1300 and 1600 cm' are dominantly active. The fluorescence 

emissionn spectrum of a heated quartz cell containing DANS vapour at 550 K, has 

beenn depicted in the inset of Figure 8.5. Under these conditions maximum 

fluorescencee intensity is collected at 369 nm (~ 27100 cm"1). 

Previously,, efforts to simulate the one-photon absorption (OPA) and two-

photonn absorption (TPA) spectra, and the third-harmonic generation (THG) frequency 

dependentt curve of a side-chain polymer containing DANS as its side group did not 

succeedd in reproducing the red shift measured between linear and nonlinear spectra 

[2].. To properly account for this red shift, a displaced oscillators model was set up 

usingg two displacement factors b, of 1.7 and 1.1, associated with the C=C stretching 

modee within the vinylene linkage, and the breathing mode of the phenylene rings, 

respectively.. Our experiments on DANS and DCS can put these results into a 

somewhatt more detailed perspective. Displacement factors can in general be 

determinedd reliably from excitation as well as emission spectra [71,72]. In the present 

case,, however, the molecules under investigation are subject to a radiationless process 

inn the excited state, which is dependent on the excess vibrational energy. As a result, 

thee measured intensities in the excitation spectrum do not only depend on the 

vibrationall  overlap integrals from which the displacement factors would be 

determined.. We will restrict us therefore to a discussion of what the emission spectra, 

whichh do not suffer from this drawback, can tell us. Firstly, in an emission spectrum 

thee intensity ratio (v, )°/oJ is equal to b,2/2; one needs to be careful, however, of the 

influencee of normal mode rotations, as is amply clear from theoretical studies on 

para-phenylenevinyleness [68,73]. Nevertheless, under the assumed conditions of the 

absencee of Duschinski rotations and the conservation of vibrational frequencies upon 

excitationn [2], the gas-phase experiments on substituted stilbenes would favour 

smallerr values for the displacement factors - roughly 0.9 and 0.6, respectively. 

Secondly,, the excitation and emission spectra indicate that, apart from the two 

previouslyy mentioned modes, one or more low-frequency modes would also need to 
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bee taken into account. This conclusion is supported by previous calculations on trans-

stilbenee [68], which predict a large displacement factor for V25. 

S3.4S3.4 4-Di(hydroxy-ethyl)amino-4'-nitrostilbene (DANS-diol) 

Soo far we have considered two molecular systems that are of interest to us 

becausee of their nonlinear optical properties and their associated potential use in, for 

example,, second-harmonic generators and opto-electronic devices. From the point of 

vieww of actual application these compounds are still rather idealised, since under 

applicativee circumstances they are employed in a chemically different form, for 

example,, as a side group in a side-chain polymer as described above. It is therefore of 

interestt to consider a chemical form of the chromophore that resembles more closely 

thee one employed in an application, although one does not expect that the (non)linear 

opticall  properties in this form differ dramatically from the "idealised" forms 

consideredd so far. To this purpose we have tried and investigated 4-di(hydroxy-

ethyl)amino-4'-nitrostilbenee (DANS-diol). The one-photon fluorescence excitation 

spectrumm of the SKZ'A'^SoO'A') transition of this compound, heated to about 490 

KK and seeded in an expansion of He. is shown in Figure 8.6. The inset of Figure 8.6 

presentss the low-resolution fluorescence excitation spectrum of DANS-diol vapour in 

aa quartz cell at 550 K. Maximum fluorescence intensity is obtained here at an 

excitationn wavelength of 337 nm (~ 29670 cm"1). We notice that also for this molecule 

thee gas-phase excitation energy is higher than for DCS, while the excitation energy in 

low-polarityy solvents is lower than for DCS. 

Becausee the two hydroxy-ethyl groups can adopt various conformations in the 

aminoo donor group that are expected to be close in energy, one may anticipate a 

complicatedd spectrum arising from the superposition of the excitation spectra of 

severall  conformers of DANS-diol. Changing the expansion conditions indeed results 

inn an increase of the relative intensities of the features in the low-energy region with 

respectt to the strong line at 28793.3 cm ' and other features in the high-energy region 

off  the spectrum. Although the presence of more than one conformer complicates to a 

certainn extent the assignment of the various resonances, the possibility to obtain 

excitationn spectra under different temperature conditions enables us to group 

resonancess that belong to one particular conformation. 
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FigureFigure 8.6. Fluorescence excitation spectrum of the S,<^S0 transition of jet-cooled DANS-diol. The 

spectrumspectrum shows the superposition of excitation spectra of several conformers of DANS-diol. The most 

intenseintense feature at 28793.3 cm' is assigned as the 0-0 transition of the most abundant conformer. (A) 

OverallOverall excitation spectrum. The inset displays the excitation spectrum of DANS-diol vapour at 550 K. 

energyenergy region. 

Thee feature at 28793.3 cm"' in the fluorescence excitation spectrum is assigned 

ass the 0-0 transition of the most abundant conformer. This resonance will be used as a 

referencee to determine the assignments of the vibronic transitions in this conformer, 

andd thus the vibrational frequencies in the excited state. In contrast with the 

difficultiess encountered when trying to assign the various resonances in the 

fluorescencee excitation spectrum of DANS, we find here that the majority of the 

strongg lines can be readily assigned as overtones and/or combination bands of four 

modes.. Since we have not performed ab initio calculations of the harmonic force field 

off  the electronic ground state of this molecule, we stick to the nomenclature of the 

modess in DCS and DANS. In Table 8.3 the frequencies of these modes are reported, 

whilee Table 8.4 summarises the vibrational assignments of the resonances in the 

excitationn spectrum of jet-cooled DANS-diol. 
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TabelTabel 8.4. Assignments of the vihronic transitions in the Si(2'A'}<-S0(l'A') fluorescence excitation 

spectrumspectrum of jet-cooled DANS-dioi The assignments are those for the most abundant conformer of 

DANS-diolDANS-diol with its 0-0 transition at 28793.3 cm'. 

Energy"" " 
0 0 

38.6 6 

99.1 1 

138.1 1 

176.4 4 

213.8 8 

245.2 2 

274.3 3 

284.3 3 

313.8 8 

346.1 1 

352.7 7 

383.6 6 

389.7 7 

421.7 421.7 

Intensity"" " 
100 0 

17 7 

21 1 

9 9 

100 0 

21 1 

30 0 

21 1 

7 7 

3 3 

6 6 

47 7 

3 3 

11 1 

23 3 

Assignments s 

0° ° uo o 

3"5 5 

2"5 5 

2"r.3"5 5 

zz 0 

M)) J 0 

4'1 1 

T11 I" 2 

" 0 - 0 0 

44 I)-1 0 

y]y] -)..: -v-2 
zz 0 z 0 -> 0 

4'U"5 5 

2*g g 
^r^i i 

2',l3"5 5 
y\y\ 4 ,1 

Energy*8' ' 
460.1 1 

487.6 6 

491.0 0 

521.3 3 

529.4 4 

560.0 0 

568.5 5 

598.0 0 

627.0 0 

667.3 3 

667.9 9 

706.4 4 

774.1 1 

845.0 0 

882.2 2 

Intensity"" " 
4 4 

7 7 

3 3 

4 4 

8 8 

2 2 

2 2 

8 8 

2 2 

5 5 

2 2 

3 3 

2 2 

3 3 

1 1 

Assignments s 
y \\ A<\ n„2 

7'22 7"2 l"2 

zz 0 z o -̂  0 

4'5 5 

zz 0 M>z 0 

zo o 
T'' A1' T'2 I"2 
zz 0 H O z 0 J 0 

r ll T .2 
-- o -1 ü 

zz 0 ^ 0 

Z 0 ZZ 0 

2''' 4 ': 
zz (I ^ 0 

y ii  y,2 -j.f2 
Z 0 ZZ 0 J 0 

2 ,4 4 
Z 0 0 

r . 1 4 . l l 

2"r>4'5 5 

2'S S 

'ü// Va/nes #/w?n in cm' with respect to the O-O transition at 28793.3 cm'. "" Relative to the intensity of 

thethe 0-0 transition at 28793.3 cm'. 

Thee strong resonances at 38.6 and 99.1 cm"1 are assigned as the a"(2)1 and 

a"{3)oo transitions - related to the 36„  and 37,̂  transitions in trans-stilbene -, 

respectively.. In agreement with an expected red shift due to substitution of the methyl 

groupss with hydroxy-ethyl side-chains, this implies a pronounced red shift of 10.6 and 

6.33 cm"1, respectively, for these modes in DANS-diol with respect to DANS. The 

a'(4)oo transition in DANS-diol is assigned to an intense line at 245.2 cm , with an 

overtonee visible at 491.0 cm"1. The most active vibration in the excitation spectrum is 

a'(2).. The a'(2)J, transition is the very intense feature at 176.4 cm"1, and a relatively 

longg progression is observed for this mode: the a'(2)1 transition occurs at 352.7 cm" , 

a'(2)JJ at 529.4 cm"1, a'(2)J at 706.4 cm"1, and a'(2)f, at 882.2 cm"1. This long 

progressionn is actually somewhat surprising, considering that in DCS and DANS only 

thee first overtone was seen, and might in principle either indicate that for this form of 

thee DANS chromophore larger geometry changes occur upon excitation, or that the 

lifetimee of the higher vibrational levels in DANS-diol does not decrease as rapidly as 
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forr DCS or DANS. Direct measurements of the fluorescence lifetimes in DCS [50] 

havee shown that up to about 750 cm"1 the excited-state lifetime hardly changes, and 

wouldd therefore favour the former possibility. In the previous Section it was noticed 

thatt for a proper simulation of the OPA and TPA spectra, and the THG frequency 

dependentt curve [2] it was required to take the geometry changes occurring upon 

excitationn into account. The observation of a longer progression for the a'(2) mode in 

DANS-dioll  than in DANS or DCS thus also implies that the nonlinear optical 

propertiess of the DANS chromophore might be more affected in DANS-diol than one 

wouldd intuitively expect. 

8.3.58.3.5 Solvent Dependence 

Inn the previous Sections we have investigated the spectroscopic properties of 

push-pulll  stilbenes under isolated conditions, and considered the influence of a slight 

chemicall  modification as a first step towards understanding their properties when 

actuallyy used in applications. Armed with this knowledge, it is now of interest to 

makee another step towards their applicative use by considering the influence of 

interactionss of the chromophores with their surroundings. To this purpose the present 

dataa will be confronted with spectroscopic data obtained in various solvents. 

Assumingg that the interaction of the electronic ground state and the lowest excited 

singlett state of DCS and DANS with the solvent can be described as that of a point 

dipolee occupying a spherical cavity in a dielectric continuum characterised by its 

dielectricc constant e and refractive index n, we can apply the McRae-Bayliss model 

forr solvatochroism [74-77] to analyse the available data. This model contains two 

variables,, f, and f2, which are functions of the dielectric constant £ and the refractive 

indexx n of the solvent: 

vv = v0 + Af, + Bf, 

cc e -1 n2 - l 

2 n 2 + ] ] 
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inn which v0 is the transition energy in the gas phase. The A term derives from the 

electrostaticc forces between solute and solvent, and gives rise to the so-called 

reorganisationall  or nuclear polarisation factor, the B term involves the solute dipole -

solventt polarisability interactions and gives rise to the electronic polarisation factor. 

Previously,, the solvation dependence of spectroscopic data of DCS has been analysed 

employingg a simpler approach [24], taking only the nuclear polarisation factor f, into 

account,, as is usual practice for polar molecules such as these where large changes in 

dipolee moment upon excitation occur. In that case, however, the Onsager form was 

employed: : 

'' 2e + l 2n2+l 

Forr comparison we will therefore present in the following also fits based on a f, 

dependencee only. 

Figuree 8.7 displays the results of these fits of the absorption data reported by 

Gruenn et al. [13,27] to equations 8.1 and 8.2, while the parameters that follow from 

thee fits are given in Table 8.5. When we first consider the data for DCS, Figures 8.7a 

andd 8.7b clearly show that the quality of the fit is significantly improved when the 

electronicc polarisation factor is taken into account. The parameters obtained from 

thesee fits demonstrate that the electronic polarisation factor dominates by far the 

spectrall  shift occurring in going from gas to solvent. On the other hand, for the 

solventss considered here this term is more or less constant, and the differences 

betweenn the various solvents are dominated by the nuclear polarisation term. 

Althoughh of course the three-parameter fit performs significantly better, both fits lead 

too values for the gas-phase excitation energy that are in line with the value obtained in 

thee present study for the 0-0 transition (27061 cm1) and the maximum in the 

absorptionn spectrum of DCS vapour (28410 cm" ). 

Thiss situation changes dramatically when fits of the DANS data are considered 

(Figuress 8.7c and 8.7d). Although here the electronic polarisation factor once again 

dominatess the absolute value of the solvent shift, the nuclear polarisation factor plays 

aa considerably larger role. Moreover, we see that application of the simple model of 

equationn 8.2 leads to a value for the gas-phase excitation energy (23700 cm ) that is 

wayy off from the experimental values for the 0-0 transition (28200 cm"1) and the 
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maximumm in the absorption spectrum of DANS vapour (29760 cm"'). As a result, the 

simplee rule of thumb that excitation energies in nonpolar solvents give a reasonable 

ideaa of the excitation energy in the gas phase that was seen to hold so nicely for DCS, 

iss not valid for DANS. The extrapolated value obtained from the three-parameter fit 

comess much closer to the gas-phase data, but still not as good as for DCS. 
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FigureFigure 8.7. Fits of the absorption maxima of DCS (a and b) and DANS (c and d). Fits (a) and (c) 

concernconcern three-parameter fits using the McRae-Bayliss model for solvatochroism (eqn. 8.1), (b) and (dj 

concernconcern two-parameter fits using the Onsager formalism (eqn. 8.2). The experimentally determined 

maximamaxima are indicated with circles, the fitted values in (a) and (c) with +. 

TableTable 8.5. Results of the fits of absorption data of DCS and 

DANSDANS in solution to Equations 8.1 and 8.2. 

V„„  / 103 cm ' A / 103 o n1 B / 103 cm'1 

DCS"""  28.7 (0.4) 

DCS,bll 26.1(0.1) 

DANS<all 27.0 (0.6) 

DANS'1""  23.7(0.1) 

-0.75(0.13)) -14.9(2.3) 

-0.666 (0.50) 

-1.58(0.20)) -19.1(3.3) 

-2.12(0.67) ) 

'"'' Fit to equation 8.1. "" Fit to equation 8.2. 
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Onee might speculate about the reason for the observed difference between the 

solvationn behaviour of the two compounds. In principle, the employed description of 

solute-solventt interactions (partly) might fail in the case of DANS. This then would 

implyy that we cannot consider the solvated molecule as a molecule in a dielectric 

continuum,, but that solute and one or more solvent molecules should be treated as one 

molecularr system. Alternatively, the dissimilarity might be caused by changes in the 

electronicc structure of DANS upon solvation, which might be translated into 

significantt changes of the geometry in ground and excited states with respect to the 

gass phase. 

8.44 Summary and Conclusions 

Wee have shown that the high-resolution fluorescence excitation spectra of the 

Si(21A')<-S0(l
1A')) transition in jet-cooled DCS and DANS can be well assigned on 

thee basis of ab initio B3LYP/6-31G* calculations of the harmonic force fields of the 

electronicc ground state of frans-stilbene, DCS, and DANS. The excitation spectrum of 

bothh push-pull stilbenes is dominated by vibronic transitions involving vibrational 

modess of the stilbene-like backbone. However, a characterisation in terms of trans-

stilbenee vibrational terminology has to be done with caution because of the absence of 

aa clear one-to-one correspondence between the substituted stilbenes and trans-

stilbene. . 

Thee strong and efficient charge transfer in these push-pull stilbenes, resulting 

inn a significant enhancement of the nonlinear optical response, has put DANS in the 

rolee of a benchmark system for the development of an appropriate theoretical model 

describingg this response. The present study has provided new information necessary 

too set up such a model, showing, for example, that displacement factors utilised 

previouslyy may well have been overestimated and suggesting that one or more low-

frequencyy modes should be taken into account. 

Comparisonn of the spectroscopic data of the DANS chromophore in DANS 

andd DANS-diol has shown that this auxiliary function has a significant effect on its 

spectroscopicc properties. The fluorescence excitation spectra of DANS and DCS 

demonstratee that for these molecules an efficient nonradiative relaxation pathway 

attributedd to cis<—trans photoisomerisation becomes important for excess vibrational 
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energiess of about 800 cm ' in Si. The fluorescence excitation spectrum of jet-cooled 

DANS-dioll  extends significantly further, thereby suggesting that the activation barrier 

inn the gas phase for this photoreaction in DANS-diol is significantly larger. Moreover, 

thee observation of a longer progression in DANS-diol for the a'(2) mode than in 

DANSS or DCS implies as well that the nonlinear optical properties of the DANS 

chromophoree could be more affected in DANS-diol than one would intuitively expect. 

Finally,, the present study has shown that spectroscopic data obtained in 

solutionn for DCS are smoothly linked to the gas-phase data. For DANS and DANS-

diol,, in contrast, we are led to the conclusion that solute-solvent interactions play a 

dominantt role already for low-polarity solvents. This conclusion finds additional 

supportt in the observation that in the gas phase both compounds have a similar 

activationn barrier for cis<^trans photoisomerisation, whereas upon solvation in apolar 

solventss this barrier increases significantly more for DANS than for DCS. In this 

respect,, it would be interesting to study the effect of solute-solvent interactions on the 

fluorescencee excitation spectrum of photoexcited DCS and DANS seeded in a 

supersonicc jet expansion as small clusters with solvent molecules ranging from apolar 

too polar. Such experiments are presently in progress. 

Inn order to extend the spectroscopic information needed to model and predict 

thee nonlinear optical response of compounds like DANS, it would be highly 

rewardingg to study selectively bridged derivatives of DANS in which the nonradiative 

cis<—transcis<—trans photoisomerisation pathway is blocked. In this way the measured vibronic 

linee intensities in the excitation spectrum would be mainly dominated by the 

vibrationall  overlap integrals, and not be influenced by nonradiative relaxation, which, 

inn turn, would allow an accurate determination of the displacement factors of those 

vibrationall  modes that are crucial for an accurate evaluation of the nonlinear optical 

response.. Moreover, under the applicative conditions in which DANS is incorporated 

viavia covalent linking in a side-chain polymer, cis<r-trans photoisomerisation has been 

shownn to be slowed down considerably, suggesting that the photophysics and 

photochemistryy of a selectively bridged DANS derivative blocking this nonradiative 

relaxationn channel would more closely resemble those of DANS incorporated in a 

polymericc environment. A final point of interest concerns the spectroscopic properties 

off  higher excited singlet states, since the nonlinear optical response is also determined 

byy contributions from these states. For DANS, for example, it has been found that S2 

shouldd also be incorporated in a theoretical model to account for the low-energy 
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opticall  response. To this purpose Resonance-Enhanced MultiPhoton Ionisation 

PhotoElectronn Spectroscopy (REMPI-PES) will be employed in the near future. This 

experimentall  technique will not only enable us to probe higher excited singlet states, 

butt also to project the excited state wave function of Si - after photoexcitation from S0 

-- onto S2 and possibly other higher excited singlet states by two-colour experiments. 
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Summary Summary 
Olefinss and (functionalised) polyenes are organic chromophores that play a 

cruciall  role in many fundamental and applied areas of science. In this respect one may 

thinkk of their role in biochemical processes in nature, and of their characteristic 

electro-opticall  properties that offer highly promising possibilities for technological 

applications.. Although in many cases the main interest lies in the macroscopic 

propertiess of a material, ultimately the structural properties at the molecular level, and 

hencee the associated electronic properties of the isolated molecule, determine to a 

largee extent how effective the collective of molecules in the form of the material can 

bee in its performance. 

Withh these ideas in mind, the research described in this thesis has focussed on 

thee investigation of the vibronic properties of excited states of mono-olefins and 

(functionalised)) polyenes under isolated conditions. Such conditions can be realised 

byy creating supersonic jet expansions of molecules of interest seeded in an inert 

carrierr gas such as helium or argon. Apart from becoming isolated, the molecules are 

alsoo cooled down rotationally as well as vibrationally to temperatures close to zero 

Kelvinn in these expansions. By allowing the isolated molecules to interact with 

tuneablee laser light, it is possible to study their excited states with a high resolution 

andd to characterise their properties. To this purpose we have employed two 

spectroscopicc techniques: Laser-induced fluorescence spectroscopy (LIF) and 

Excited-stateExcited-state photoelectron spectroscopy - also referred to as Resonance-Enhanced 

MultiPhotonMultiPhoton lonisation PhotoElectron Spectroscopy (REMPI-PES). With the former 

techniquee (LIF) an excited state is characterised by projecting its wave function onto 

thee vibrational manifold of the electronic ground state (S0), whereas with the latter 

techniquee (REMPI-PES) this is achieved by projection onto the vibronic manifold of 

thee radical cation - in general restricted to the vibrational manifold of the ground state 

Do.. The advantage of excited-state photoelectron spectroscopy is that not only 

fluorescingg states can be studied, but also nonradiative states, so-called "dark" states. 

AA second advantage of REMPI is that it is in general easier to detect multiphoton 

excitationn of excited states with this technique than with LIF. This brings a much 

widerr range of excited states within experimental reach, and offers ingenious ways to 

characterisee excited states. In order to complement experimental results, the research 
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describedd in this thesis has relied heavily on quantum chemical calculations. Chapter 

11 and 2 give a detailed description of the employed experimental techniques and 

setups.. Furthermore, Chapter 1 provides a concise outline of the quantum chemical 

methodss that have been used. 

Ann important difference between the photophysics of mono-olefins and linear 

conjugatedd polyenes is that for polyenes the lowest excited valence state is not 

characterisedd by the HOMO—»LUMO configuration, as is the case for ethylene and 

otherr mono-olefins considered in this thesis. Instead, it is described in zeroth-order by 

aa linear combination of the HOMO^LUMO+1, HOMO-l^LUMO, and 

(HOMO)2—KLUMO)22 configurations. For linear conjugated polyenes it is the second 

-- strongly dipole-allowed - excited valence state (S2) that is characterised by the 

HOMO—»LUMOO excitation. In terms of symmetries, one then sees that for polyenes 

withh inversion symmetry (all-trans polyenes of C2h symmetry) Si and S2 are of gerade 

andd ungerade symmetry, respectively. As a result, the S1 state is for these polyenes 

doublyy dipole-forbidden: (1) because of symmetry grounds (g<-»g) and (2) because of 

thee double excitation character of S[. Previous studies have shown that the one-photon 

transitionn intensity associated with the Si<— S() transition is vibronically induced due to 

vibronicc coupling - Herzberg-Teller coupling - between Si and S2. 

Ann intriguing question in this context is how the two reasons for the dipole-

forbiddenn nature of the Si<—S0 transition compare qualitatively and quantitatively. 

Thiss question has been addressed in the study described in Chapter 3, which 

investigatess the influence of a lowering of the molecular symmetry - breaking 

inversionn symmetry - on the Si<—S() transition. This has been realised by an LIF study 

off  the spectroscopy of jet-cooled c/.s-l,3,5-hexatriene in which for the first time in a 

polyenee both the vibronically induced and direct transition could be observed. 

Rotationall  contour analyses of the most intense feature in the one-photon Si<—S<> 

spectrumm in combination with ab initio calculated Franck-Condon factors lead to the 

conclusionn that the transition is predominantly induced by strong vibronic coupling 

betweenn the S|(2'Ai) and S2(l'Bi ) state. It is found that this coupling occurs most 

effectivelyy along the V31 CCC deformational vibration mode of b| symmetry. From 

thiss it can be concluded that the double excitation character of first excited singlet 

statee has much larger consequences for the spectroscopy and photophysics of linear 

conjugatedd polyenes than their molecular symmetry. 
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Thee one-photon Si<—So spectrum of jet-cooled c/s-hexatriene is dominated by 

aa band around 34380 cm"1 that consists of two peaks separated by 5 cm"1. The 

presencee of two peaks instead of one seems mystifying since, based on ab initio 

calculatedd Franck-Condon factors, only one peak is expected in this spectral region. 

Usingg excited-state photoelectron spectroscopy on a jet-cooled mixture of isomers of 

hexatrienee we have investigated the vibronic nature of these two peaks. Chapter 4 

givess the result of this study. The photoelectron spectra confirm the conclusions 

reachedd in Chapter 3 concerning the vibronically induced character of the one-photon 

Si<—Soo spectrum of jet-cooled d\-hexatriene. Moreover, they show for both peaks a 

similarr ionisation pattern. This observation agrees with previous suggestions that there 

aree two minima on the excited-state potential energy surface of S| associated with two 

nonplanarr configurations. 

Chapterr 5 and 6 deal with the spectroscopy and photophysics of the mono-

olefinss ethylene, tetramethylethylene (TME), and l,l'-bicyclohexylidene (BCH). In 

thesee studies the observed spectroscopy is dominated by Rydberg states. A Rydberg 

statee can be regarded as a radical cation with an excited electron orbiting around it in 

aa diffuse hydrogen-type atomic-like orbital - hence the nomenclature for the Rydberg 

orbitall  such as 3s, 3p, 3d, etc. - relatively far away from the nuclei. The research 

describedd in Chapter 5 addresses the spectroscopy of the lower excited Rydberg 

statess of jet-cooled ethylene, the (7t,3s) and (ic,3p) Rydberg states. Excited-state 

photoelectronn spectroscopy has allowed us to establish unambiguously the assignment 

off  various resonances in the two-photon excitation spectra of these states. For 

example,, for the first time the 0-0 transitions to the three (7i,3p) Rydberg states are 

located.. Based on these assignments, previously invoked vibronic coupling 

mechanismss could be investigated in detail. In the case of TME and BCH (Chapter 

6),, excited-state photoelectron spectroscopy unveils a highly complex picture of the 

spectroscopyy and photophysics of the excited singlet manifold that is dominated by 

strongg vibronic coupling. This Chapter shows how this coupling can be employed to 

determinee excitation energies of a plethora of Rydberg states of TME and BCH 

withoutt measuring their excitation spectra. 

Previouss experimental studies on BCH concluded in this molecule a second 

low-lyingg valence state is present with rather similar spectroscopic properties as the 

(7ï,7i*)) valence state: (1) both states have nearly the same oscillator strength and (2) 

thee dipole moment associated with both states is parallel to the CC double bond. In 
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Chapterr 6 it is shown that the photoelectron spectra obtained for BCH do not show 

anyy indication for a second low-lying valence state. Instead, they show ionisation 

fromm apparent Rydberg states on which a background ionisation signal is 

superimposedd that derives from the ionisation via the quasi-continuum of the (TZ,K*) 

valencee state. Based on these observations intense configuration mixing between the 

(K,K*)(K,K*) valence state and the (7C,3d) Rydberg manifold is offered in Chapter 6 as a 

possiblee explanation for a second excited singlet state with the characteristics of a 

valencee state - large oscillator strength and the fact that the electronic transition to this 

statee is also observed in the liquid and solid state. 

Thiss idea is further explored in Chapter 7 with ab initio calculations. This 

Chapterr describes the results of theoretical studies on the electronic properties of 

excitedd singlet states of a number of mono-olefins. The calculations have been carried 

outt using the Configuration Interaction method including exclusively single 

excitationss (CIS). As a point of reference, we have investigated the excited singlet 

statess of small mono-olefins - ethylene, propylene, isobutene, cis- and trans-2-butene, 

trimethylethylene,, and tetramethylethylene -, focussing on their oscillator strength and 

thee expectation value of the radial spatial extent of the primary natural orbital. As the 

basiss set is augmented with diffuse basis functions, it turns out that not only the (K,K*) 

valencee state has a large oscillator strength, but that, depending on the molecular 

symmetry,, two or even more excited singlet states obtain significant oscillator 

strengthh as the result of Rydberg-valence mixing between the (7t,7t*) valence state and 

onee or more Rydberg states from the (7C,3p) and (7t,3d) Rydberg manifold. For BCH 

thee CIS/6-311(2+)G* calculations reveal that both for the anti- as well as for the syn-

conformerr this Rydberg-valence mixing leads to two excited singlet states with nearly 

thee same oscillator strength. 

Finally,, Chapter 8 shows the results of a LIF study on the jet-cooled push-

pulll  stilbenes 4-dimethylamino-4'-cyanostilbene (DCS), 4-dimethylamino-4'-

nitrostilbenee (DANS), and 4-di(hydroxy-ethyl)amino-4'-nitrostilbene (DANS-diol). 

AbAb initio calculations of the vibrational frequencies in the ground state So of these 

push-pulll  stilbenes, together with similar calculations on the parent molecule trans-

stilbene,, have led to a detailed analysis of the rich line structure of the S|<— S0 

excitationn spectra of these compounds. From this analysis it is concluded that both the 

fluorescencee excitation as well as the dispersed emission spectra of these molecules 

aree dominated by low-frequency vibrational modes that are primarily localised on the 
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/ranj-stiibenee backbone. The Franck-Condon factors that are associated with these 

vibrationall  modes suggests significant changes in the trans-stilbene backbone upon 

excitation.. These spectra also show that the geometry changes upon excitation, 

invokedd previously to explain the nonlinear optical properties of these molecules, 

shouldd be considered with some caution. In contrast to DCS, it turns out that for 

DANSS and DANS-diol the Si<— So excitation energy under isolated conditions is 

significantlyy different from what would be expected on the basis of spectra of the 

moleculess dissolved in apolar solvents. This experimental finding implies that even 

withinn an apolar environment intermolecular interactions between the solute and 

solventt molecules and/or intramolecular interactions play a larger role than would 

intuitivelyy be expected. 
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Olefiness en (gefunctionaliseerde) polyenen spelen als organische chromoforen 

eenn cruciale rol in veel fundamentele en toegepaste onderzoeksgebieden binnen de 

wetenschap.. Hierbij kan men bijvoorbeeld denken aan de rol die deze chromoforen 

spelenn in biochemische processen in de natuur alsmede aan hun karakteristieke 

elektro-optischee eigenschappen die veelbelovende mogelijkheden bieden voor 

technologischee toepassingen. Ofschoon vaak het accent wordt geplaatst bij de 

macroscopischee eigenschappen van het materiaal, zijn het uiteindelijk de moleculaire 

structuurr en de bijbehorende elektronische eigenschappen van het geïsoleerde 

molecuull  die voor een zeer groot deel bepalen hoe effectief het collectief van de 

moleculenn - het materiaal - is in zijn werking. 

Binnenn deze context heeft het onderzoek beschreven in dit proefschrift zich 

gerichtt op het bestuderen van vibronische eigenschappen van aangeslagen toestanden 

vann mono-olefines en (gefunctionaliseerde) polyenen onder geïsoleerde condities. 

Dezee condities kunnen worden gerealiseerd door het te bestuderen molecuul in een 

omgevingg van een inert gas, zoals helium of argon, supersonisch te expanderen in een 

hoogg vacuüm omgeving - een zogenaamde moleculaire bundel. Naast het feit dat 

hierdoorr de moleculen worden geïsoleerd, worden in dit proces de moleculen zowel 

rotationeell  als vibrationeel sterk afgekoeld tot temperaturen vlakbij het absolute 

nulpunt.. Door de geïsoleerde moleculen in interactie te laten treden met verstembaar 

laserlicht,, is het mogelijk om hun aangeslagen toestanden te bestuderen met een zeer 

hogee resolutie, en de eigenschappen van deze toestanden te karakteriseren. Om dit te 

realiserenn is er gebruik gemaakt van twee spectroscopische technieken: "Laser-

inducedinduced fluorescence spectroscopy" (LIF) en "Excited-state photoelectron 

spectroscopy"spectroscopy" - ook wel "Resonance-Enhanced MultiPhoton Ionisation 

PhotoElectronPhotoElectron Spectroscopy" (REMPI-PES) genoemd. Met de eerstgenoemde 

techniekk (LIF) wordt een aangeslagen toestand gekarakteriseerd door zijn golffunctie 

tee projecteren op het vibrationele manifold van de elektronische grondtoestand (So), 

terwijll  bij de laatst genoemde techniek (REMPI-PES) dit wordt gedaan door een 

projectiee op het vibrationeel manifold van het radicaal kation - over het algemeen dat 

vann de grondtoestand Do. Het voordeel van excited-state photoelectron spectroscopy 

iss dat er niet uitsluitend fluorescerende toestanden kunnen worden bestudeerd, maar 
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ookk toestanden die geen emissie vertonen. Een tweede voordeel van REMP1 is dat het 

inn het algemeen makkelijker is om multifoton excitaties van aangeslagen toestanden 

waarr te nemen dan met LIF. Dit voordeel brengt een veel groter bereik aan 

aangeslagenn toestanden binnen het bereik, en biedt ingenieuze mogelijkheden om 

aangeslagenn toestanden te karakteriseren. Om de experimentele resultaten te 

complementeren,, is het experimentele onderzoek, zoals beschreven in dit proefschrift, 

inn sterke mate onderbouwd met kwantumchemische studies. Hoofdstuk 1 en 2 geven 

eenn gedetailleerde beschrijving van de gebruikte experimentele technieken en 

opstellingen.. Daarnaast geeft Hoofdstuk 1 een beknopte omschrijving van de 

gebruiktee kwantumchemische methoden. 

Eenn belangrijk verschil tussen de fotofysica van mono-olefines en die van 

lineairr geconjugeerde polyenen is dat voor polyenen de laagst aangeslagen 

valentietoestandd niet wordt beschreven door de HOMO-^LUMO configuratie, zoals 

ditt het geval is voor etheen en andere mono-olefines bestudeerd in dit proefschrift. 

Dezee toestand is voor lineair geconjugeerde polyenen gekarakteriseerd door een 

lineairee combinatie van de HOMO->LUMO+1, HOMO-1 ->LUMO, en 

(HOMO)2—KLUMO)22 configuraties. Voor lineair geconjugeerde polyenen is het de 

tweedee - sterk dipool-toegestane - aangeslagen valentietoestand (Si) die wordt 

gekenmerktt door de HOMO-»LUMO excitatie. Voor polyenen met 

inversiee symmetrie {all-trans polyenen met Cih symmetrie) hebben Si en S2, 

respectievelijk,, gerade en ungerade symmetrie. Dit heeft tot gevolg dat de Si toestand 

voorr dit soort polyenen op basis van twee argumenten dipool-verboden is: (1) 

vanwegee symmetrie (g<-»g) en (2) vanwege het dubbel excitatiekarakter van Si. 

Voorgaandee studies hebben aangetoond dat de één-foton overgangsintensiteit van de 

Si<—S00 overgang vibronisch is geïnduceerd ten gevolge van vibronische koppeling -

Herzberg-TellerHerzberg-Teller koppeling - tussen Si en S2. 

Eenn intrigerende vraag is hoe zwaar beide redenen voor het dipool-verboden 

karakterr van de Si<—So overgang kwalitatief zowel als kwantitatief wegen. Deze vraag 

staatt centraal in het onderzoek beschreven in Hoofdstuk 3, waarbij is gekeken naar de 

invloedd van het verlagen van de moleculaire symmetrie - het verbreken van 

inversiesymmetriee - op de S|<— So overgang. Dit is gerealiseerd door de spectroscopie 

vann c/s-l,3,5-hexatrieen onder geïsoleerde condities te bestuderen met LIF, waarbij 

voorr het eerst zowel de vibronisch geïnduceerde als de directe Si<— S0 overgang in 

polyenenn is waargenomen. Rotationele contouranalyse van de meest intense piek in 
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hett één-foton Si<—So spectrum in combinatie met ab initio berekende Franck-Condon 

factorenn heeft tot de conclusie geleid dat de S]<—So overgang voornamelijk 

geïnduceerdd wordt door sterke vibronische koppeling tussen de S^'A]) en S2(l'B] ) 

toestand.. Uit deze studie blijkt dat deze koppeling het meest efficiënt tot stand kan 

wordenn gebracht door de v3! CCC deformatie met b, symmetrie. Hieruit kan worden 

geconcludeerdd dat het dubbel excitatiekarakter van de eerst aangeslagen toestand veel 

groteree consequenties heeft voor de spectroscopie en fotofysica van lineair 

geconjugeerdee polyenen dan hun moleculaire symmetrie. 

Hett één-foton Si<— So spectrum van c/s-hexatrieen onder geïsoleerde condities 

wordtt gedomineerd door een band rond de 34380 cm'1 die bestaat uit twee pieken die 

55 cm" van elkaar verwijderd zijn. De aanwezigheid van twee pieken in plaats van één 

lijk tt in eerste instantie mysterieus aangezien, op basis van ab initio berekende Franck-

Condonn factoren, slechts één piek zou worden verwacht in deze spectrale regio. Met 

behulpp van excited-state photoelectron spectroscopy aan een mengsel van isomeren 

vann hexatrieen onder geïsoleerde condities hebben we het vibronische karakter van 

dezee twee pieken bestudeerd. Hoofdstuk 4 geeft de resultaten van deze studie weer. 

Dee foto-elektronspectra bevestigen de conclusies die in Hoofdstuk 3 zijn getrokken 

tenn aanzien van het vibronisch geïnduceerde karakter van het één-foton Si<—S0 

spectrumm van c/s-hexatrieen onder geïsoleerde condities. Bovendien laten deze foto-

elektronspectraa voor beide pieken een nagenoeg identiek ionisatiepatroon zien, wat in 

overeenstemmingg is met voorgaande suggesties dat er twee minima op het potentiële 

energieoppervlakk van de S| zouden zijn, die overeenkomen met twee uit het vlak 

vervormdee configuraties van ds-hexatrieen. 

Hoofdstukk 5 en 6 behandelen de spectroscopie en fotofysica van de mono-

olefiness etheen, tetramethyletheen (TME) en l,l'-bicyclohexylideen (BCH). De 

spectroscopiee in deze studies lijk t gedomineerd te worden door zogenaamde Rydberg 

toestanden.. Een Rydberg toestand kan worden beschouwd als een radicaal kation met 

eenn aangeslagen elektron dat zich in een diffuse waterstofachtige orbitaal - vandaar de 

nomenclatuurr voor het Rydberg orbitaal zoals 3s, 3p, en 3d, enzovoorts - relatief ver 

vann de kernen bevindt. Het onderzoek beschreven in Hoofdstuk 5 gaat over de 

spectroscopiee van de laagst aangeslagen Rydberg toestanden van etheen onder 

geïsoleerdee condities - de (rc,3s) en (7C,3p) Rydberg toestanden. Excited-state 

photoelectronphotoelectron spectroscopy heeft ons in staat gesteld om ondubbelzinnig de 

toekenningenn vast te stellen van verscheidene resonanties in de twee-foton 
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excitatiespectraa van deze toestanden. Dit heeft bijvoorbeeld geleid tot het - voor de 

eerstee keer - nauwkeurig bepalen van de precieze 0-0 overgangen naar alle drie de 

(7t,3p)) Rydberg toestanden. Gebaseerd op deze toekenningen, hebben wij voorgaande 

vibronischee koppelingsmechanismen in detail kunnen bestuderen. In het geval van 

TMEE en BCH (Hoofdstuk 6), heeft excited-state photoelectron spectroscopy geleid 

tott een zeer complex beeld van de spectroscopie en fotofysica van het singlet manifold 

datt gedomineerd blijkt te worden door sterke vibronische koppeling. Dit hoofdstuk 

laatt zien hoe deze koppeling kan worden gebruikt om de excitatie-energieën van een 

veelvoudd aan Rydberg toestanden van TME en BCH te bepalen zonder de 

bijbehorendee excitatiespectra te meten. 

Voorgaandee experimentele studies aan BCH hebben geleid tot de conclusie dat 

ditt molecuul een tweede valentietoestand heeft met een relatief lage excitatie-energie 

diee in zeer sterke mate dezelfde spectroscopische eigenschappen heeft als de (7C,7C*) 

valentietoestand:: (1) beide toestanden hebben nagenoeg dezelfde oscillatorsterkte en 

(2)) het overgangsdipoolmoment is parallel aan de CC dubbele binding. In Hoofdstuk 

66 wordt aangetoond dat de foto-elektronspectra verkregen voor BCH geen aanwijzing 

gevenn voor de aanwezigheid van een tweede, spectraal laag gelegen, valentietoestand. 

Inn plaats daarvan tonen ze een dominant ionisatiepatroon vanuit Rydberg toestanden 

datt gesuperponeerd is op een achtergrond dat geassocieerd is met ionisatie van het 

quasi-continuümm van de (TC,71*) valentietoestand. Gebaseerd op deze waarnemingen 

wordtt in Hoofdstuk 6 sterke configuratie-mixing tussen de (7i,7t*) valentietoestand en 

hett (7i,3d) Rydberg manifold naar voren gebracht als een mogelijke verklaring voor 

eenn tweede aangeslagen singlet toestand met de karakteristieken van een 

valentietoestandd - grote oscillatorsterkte en het feit dat de elektronische overgang naar 

dezee toestand ook kan worden waargenomen in vloeistof en vaste fase. 

Ditt idee is verder uitgewerkt in Hoofdstuk 7 aan de hand van ab initio 

berekeningen.. Dit hoofdstuk beschrijft de resultaten van theoretische studies aan de 

elektronischee eigenschappen van aangeslagen singlet toestanden van een aantal mono-

olefines.. De berekeningen zijn uitgevoerd met behulp van de Configuratie Interactie 

methodee waarbij slechts één-elektron excitaties in beschouwing worden genomen 

(CIS).. Als referentiepunt is er voor gekozen om de aangeslagen singlet toestanden van 

eenn aantal kleine mono-olefines te bestuderen - etheen, propeen, isobuteen, cis- en 

frans-2-buteen,, trimethyletheen, en tetramethyletheen -, waarbij is gekeken naar de 

oscillatorsterktee en de verwacht ing s waarde van de ruimtelijke uitgebreidheid van de 
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primaryprimary natural orbital. Uit deze studies komt naar voren dat het uitbreiden van de 

basissett met diffuse basisfuncties leidt tot een situatie waarin niet langer alleen de 

(n,n*)(n,n*) valentietoestand een grote oscillatorsterkte heeft, maar dat - afhankelijk van de 

moleculairee symmetrie - twee of zelfs meer aangeslagen singlet toestanden een 

significantee oscillatorsterkte hebben door Rydberg-valentie mixing tussen de (71,7c*) 

valentietoestandd en één of meer Rydberg toestanden van het (rc,3p) en (rc,3d) Rydberg 

manifold.. Voor BCH laten de CIS/6-311(2+)G* berekeningen zien dat zowel voor de 

anti-anti- als ook voor de syn-conformatie van BCH Rydberg-valentie mixing leidt tot twee 

aangeslagenn singlet toestanden met nagenoeg dezelfde oscillatorsterkte. 

Tenslottee worden in Hoofdstuk 8 de resultaten van een LIF studie aan de push-

pullpull stilbenen 4-dimethylamino-4'-cyanostilbeen (DCS), 4-dimethylamino-4'-

nitrostilbeenn (DANS), en 4-di(hydroxy-ethyl)amino-4'-nitrostilbeen (DANS-diol) 

onderr geïsoleerde condities besproken. Ab initio berekeningen van de 

vibratiefrequentiess in de grondtoestand S0 van deze push-pull stilbenen, tezamen met 

soortgelijkee berekeningen aan frajw-stilbeen, hebben geleid tot een gedetailleerde 

analysee van de rijke vibratiestructuur van het Si<-S0 excitatiespectrum van deze push-

pullpull stilbenen. De analyse van deze structuur heeft geleid tot de conclusie dat het 

excitatie-- zowel als het emissiespectrum van deze moleculen wordt gedomineerd door 

laag-frequentee vibratietoestanden die voornamelijk gelokaliseerd zijn op het trans-

stilbeenn gedeelte. De Franck-Condon factoren die gepaard gaan met deze 

vibratietoestandenn suggereren dat er belangrijke veranderingen optreden in de 

geometriee van het /rans-stilbeen gedeelte van deze moleculen door de elektronische 

excitatie.. De spectra tonen ook aan dat de aannames ten aanzien van deze 

geometriee veranderingen zoals die voorheen zijn gebruikt om de niet-lineair optische 

eigenschappenn van deze moleculen te verklaren, met enige behoedzaamheid moeten 

wordenn beschouwd. In tegenstelling tot DCS, blijkt dat voor DANS en DANS-diol de 

excitatie-energiee van de Si<-S0 overgang onder geïsoleerde condities significant 

verschiltt van wat men zou verwachten op basis van spectra van deze moleculen in 

apolairee oplosmiddelen. Deze waarneming duidt erop dat zelfs in een apolaire 

omgevingg intermoleculaire interacties tussen het molecuul en het oplosmiddel en/of 

intramoleculaireintramoleculaire interacties een veel grotere rol spelen dan men intuïtief zou 

aannemen. . 
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Dankwoord Dankwoord 
Naa vier jaren van promotieonderzoek is het dan zover, het dankwoord kan 

wordenn geschreven. Een niet onbelangrijk deel van dit proefschrift, want de meesten 

diee deze woorden nu lezen, hebben zich - hoogst waarschijnlijk - nog niet gewaagd 

aann alle hoofdstukken die hieraan vooraf gaan. En dat geeft goed weer dat zo'n 

promotietijdd veel meer is dan jezelf insluiten in een lab en bezig te zijn met het 

verzamelenn en analyseren van eindeloze rijen getallen en spectra. Bij het verrichten 

vann mijn promotieonderzoek ben ik dan ook dank verschuldigd aan velen die mij in 

zeerr uiteenlopende manieren hebben geholpen en gesteund bij het tot stand komen 

vann dit proefschrift. 

Inn de eerste plaats wil ik mijn promotor Prof. Dr. Wybren Jan Buma bedanken. 

Bestee Wybren, ik heb in die vier jaren veel van je geleerd als het ging om je 

enthousiasmee voor het onderzoek, het leren verwoorden van wetenschappelijk 

verantwoordee redeneringen en conclusies en - zeker in de beginperiode van mijn 

promotieperiodee - je enorme kundigheid als experimentator. Ik moet wel toegeven dat 

ikk enigszins blij was datje het steeds drukker begon te krijgen met andere bezigheden 

inn de aanloop naar je hoogleraarschap, zodat ik niet langer meer achter je aan hoefde 

tee hollen door het lab om te zien aan welke knoppen je had gedraaid. Ik wil je verder 

inn het bijzonder bedanken voor de mogelijkheden die je me hebt geboden om mijn 

onderzoekk te presenteren op diverse congressen en voor je inspanningen om in een 

relatieff  zeer korte tijd mij te helpen bij het realiseren van dit proefschrift. 

Dee leden van de promotiecommissie wil ik bedanken voor het doornemen van 

hett manuscript van mijn proefschrift en het zo heuselijk voordragen van hun 

bedenkingen.. Hierbij wil ik in het bijzonder mijn dank uiten voor een tweetal 

samenwerkingsverbanden.. De samenwerking met Prof. Dr. Hans Hofstraat 

(Universiteitt van Amsterdam / Philips Nat. Lab.) ten aanzien van het onderzoek aan 

donor/acceptorr stilbenen en Prof. Dr. Leo Jenneskens en Dr. Cees van Walree 

{Universiteitt Utrecht) aangaande het onderzoek aan l,r-bicyclohexylideen. Voor hun 

bijdragee aan de theoretische kant van dit laatste onderzoek wil ik graag Dr. Joop van 

Lenthee en Leonard Schmal (Universiteit van Utrecht) bedanken. Erkentelijk ben ik 

ookk voor de mogelijkheid om in het lab van Fysisch Organische Chemie enkele 
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metingenn te hebben kunnen verrichten. Hiervoor mijn dank aan hen die me daar bij 

hebbenn geholpen. 

Meetapparatuurr die goed functioneert heeft één nadeel, het kan ophouden met 

goedd functioneren! In zo'n geval is het fijn om te weten dat je altijd een beroep kan 

doenn op de expertise van Dick Bebelaar, Michiel Groeneveld, Jos Scheijde en Rolf 

Sitterss - en tot voor enige tijd Ton Vronik en Peter Waterman. Beste Dick, bedankt 

voorr je zeer gewaardeerde betrokkenheid bij het onderzoek en alle technische hulp 

waarmeee je me de afgelopen vier jaren hebt bijgestaan. Wat betreft het laatste, dank ik 

jee in het bijzonder voor je steun bij het opnieuw in gebruik nemen van de "nieuwe 2n-

opstelling""  en de snelle en zeer praktische oplossing waarmee een verwarmbare 

injectorr voor deze opstelling in gebruik kon worden genomen. Als het ging om je 

betrokkenheidd bij het onderzoek noem ik je inspanningen om die "antieke" Cary 

spectrometerr tijdelijk weer leven in te blazen en het in ere herstellen van een 

"prehistorisch""  oventje voor metingen aan gascellen, hetgeen uiteindelijk mijn eerste 

onderzoeksprojectt aan donor/acceptor stilbenen aanzienlijk heeft bespoedigd. 

Naastt dat ik Michiel, Jos en Rolf bedank voor hun technische ondersteuning 

alss het ging om het oppoetsen van kristallen of spiegels, digitaal ongemak, of het 

preparenn van gascelletjes, heb ik de vele "werkbesprekingen" met hen erg 

gewaardeerd.. In dit opzicht kan het frequente bezoek aan die brouwerij bij de molen 

inn het begin van mijn promotieperiode niet onopgemerkt blijven. Samen met Michiel, 

Jos,, Rolf evenals Werner Humbs (haalde veel van zijn beste Nederlandse one-liners 

uitt reclame commercials), Michiel van der Meer (bleek toch de drijvende kracht 

achterr veel werkbesprekingen te zijn), Emile van Veldhoven (de man die nooit om 

tekstt verlegen zit) en Dick ter Steege (was reeds halverwege zijn promotie 

transfervrij)) hebben die "werkbesprekingen" geleid tot een hele fijne tijd! 

Inn het bijzonder wil ik mijn "kamergenoot" Dick ter Steege bedanken, met wie 

ikk het onderzoek en de bijbehorende tegenslagen - maar zeker ook de idiote situaties 

diee zich hebben voorgedaan - heb kunnen delen en relativeren. Dick, daarnaast wil ik 

jee bedanken dat je hebt toegezegd om als paranimf op te treden bij de verdediging van 

mijnn proefschrift. Ook in het bijzonder wil ik de twee fantastische bergtochten samen 

mett Michiel, Dick en Werner noemen. Er gaat niets boven een lange slopende 

treinreiss te midden van lege bierblikjes op weg naar Zuid-Duitsland om vervolgens -

weerr of geen weer - de top van de Watzmann of de Mahnkopf te beklimmen. 
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Alss promovendus bij Fysisch heb ik de werksfeer binnen de groep - ondanks 

hett "gedonder" vanuit de vijfde verdieping - altijd als stimulerend en goed ervaren. 

Naastt Wybren, Dick B., Michiel G., Jos, Rolf, Michiel, Dick, Emile en Werner, 

hiervoorr mijn dank aan: Conny Scheper. David Marks, Hong Zhang - thank you for 

yourr meticulous reading of this thesis -, Grzegorz Balkowski, Corinne Lagrost, 

Remonn Dolevo, Alexander Wirtz, Mattijs de Groot, en natuurlijk in het bijzonder 

Anoukk Rijs. 

Buitenn het Roeterseiland gaat mijn dank onder andere uit naar vrienden en 

bekenden.. Wat betreft het L.D,g. H.E.B.E., natuurlijk lezen wij dikke boeken, maar 

hett komt niet vaak voor dat we er zelf één schrijven! Bedankt voor julli e interesse in 

mijnn werk en de mooie momenten die bij het oplichten van het "tipje van de sluier" 

allemaall  begonnen. Uiteraard ook hier mijn dank aan mijn dispuutgenoot en vriend 

Mennoo Haesen die ik bereid heb gevonden om als paranimf mij bij te staan bij de 

verdedigingg van dit proefschrift - Menno bedankt voor al die IJ'tjes voor zessen en het 

"sparren"'' op de fiets . 

Nu,, zeker aan het eind van de rit, wil ik graag mijn ouders en mijn zus 

bedankenn voor hun onvoorwaardelijke steun, vertrouwen en liefde. Pap en mam, ik 

benn julli e in het bijzonder dankbaar voor de steun en vrijheid die julli e mij hebben 

gegevenn bij het afronden van mijn studie en julli e betrokkenheid bij het wel en wee 

vann mijn promotieperiode. Sas, ook ji j bedankt voor je interesse, steun en vriendschap 

enn natuurlijk voor jou samen met Stefan heel veel geluk gewenst! 

Hett mooiste van mijn hele promotieperiode is zonder enige twijfel dat ik 

Anoukk heb leren kennen. Lieve Anouk, bij het afronden van dit proefschrift heb ji j het 

dichtstt bij me gestaan en dat zal niet altijd even makkelijk zijn geweest. Jouw liefde 

enn je kijk op de dingen heeft me de afgelopen tijd absoluut geholpen om de energie en 

motivatiee te vinden om mijn proefschrift af te ronden en om de keuzes te maken voor 

watt daarna te gaan doen. Ik hoop dat ik in de aanloop naar jouw promotie, en zeker 

ookk in de jaren daarna, hetzelfde voor jou kan betekenen. Tot slot ook mijn dank aan 

jouww familie voor hun betrokkenheid en interesse bij het tot stand komen van dit 

proefschrift. . 

Rolff  Arjan Rijkenberg 

Amsterdam,, 30 januari 2002 
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Spectroscopyy and Photophysics of Excited States of Olefins and Polyenes 

1.. Het feit dat tijdens een recente studie aan "2-[4-( I -phenylpiperidin-4-ylidene)-cyclohexilydene]malonitrile" in 

eenn moleculaire bundel is geconstateerd dat bij 180 °C de verbinding in kwestie in een inerte omgeving van 

heliumm onderhevig is aan een chemische reactie, werpt enige twijfels op of een voorgaand spectroscopisch 

onderzoek**  aan deze verbinding bij een temperatuur van 200 °C inderdaad het spectrum heeft opgeleverd waarin 

menn geïnteresseerd was. 

**  Oosterbaan et ai, J. Chem. Soa, Perkin Trans. 2, 1066 (2001). 

2.. Het feit dat de natuur weinig boodschap heeft aan de Born-Oppenheimer benadering, blijkt uit het feit dat 

vibronischee koppeling*  tussen elektronische toestanden meer regel**  dan uitzondering lijk t te zijn. 

**  Dit proefschrift, hoofdstuk 3, appendix A. 

***  Dit proefschrift, hoofdstukken 3, 4, en en 6. 

3.. De opmerking van Wiberg et al. * dat het menigsverschil tussen Mulliken en Peyerimhoff in de discussie over de 

coëxistentiee van de (n^d )̂ en (rc,n*) toestand van etheen slechts een kwestie is van terminologie, doet niet in 

voldoendee mate recht aan de essentieel verschillende consequenties**  die beide concepten hebben met betrekking 

tott de mogelijke spectroscopische karakteristieken van de desbetreffende elektronische toestanden. 

**  Wiberg et al., J. Phys. Chem. 96, 10756 (1992). 

***  Dit proefschrift, hoofdstukken 5, 6, en 7. 

4.. Ofschoon experimenteel natuurwetenschappelijk onderzoek veelal wordt gepresenteerd als vernieuwend en 

origineel,, gebeurt het niet zelden dat de vraagstelling die ten grondslag ligt aan het onderzoek, niet gedicteerd 

wordtt door de originaliteit van de onderzoeker maar door de apparatuur die hij of zij voorhanden heeft. 



5.. Het is opmerkelijk te noemen dat Robin et al.* alleen voor l.T-bicydohexylideen twee "valentiebanden" in het 

UVV absorptiespectrum onderscheidden, terwijl het evident is dat ook het spectrum van kristallijn 

tetramethylethyleenn - op exact dezelfde spectrale posities - twee "valentiebanden" laat zien. 

**  M.B. Robin, "Higher Excited States of Polyatomic Molecules", 

Vol.. Il l (Academic Press, New York, 1985). 

6.. Het gebruik van veel westerlingen om te verwijzen naar Twente als zijnde de Achterhoek moet waarschijnlijk 

eerderr worden gezien als een zeer subjectieve opvatting over wat "voor" en "achter" is dan dat zij zich realiseren 

datt beide namen totaal verschillende streken aanduiden. 

7.. Mensen die zingen dat zij hele dikke boeken lezen, geven er blijk van meer op uiterlijkheden te zijn gericht dan 

opp inhoud. 

8.. Opmerkingen over vervolgexperimenten aan het eind van een wetenschappelijk artikel in de trant van "... 

experimentsexperiments are currently in progress ..." of "... future experiments will comprise ..." moeten soms louter en 

alleenn als hypothetische intentieverklaringen worden opgevat. 

9.. Als de wetenschap kan worden opgevat als een instrument om op basis van wetmatigheden orde te creëren in de 

chaos,, dan moet men op basis van de tweede wet van de thermodynamica - een systeem streeft naar een zo groot 

mogelijkemogelijke toestand van wanorde - - concluderen dat de wetenschap wordt beperkt door haar eigen wetmatigheden. 

10.. Het feit dat de simpele stadsduif veel stadsbewoners dwingt zich op hun balkon in een volière van kippengaas of 

visnett te begeven, doet geen recht aan de onderlinge natuurlijke verhoudingen. 

Rolff  Arjan Rijkenberg 

Amsterdam,, 12 februari 2002 
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