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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. 

110 0 



TheThe Spectroscopy & Photophvsicx of Mono-Olefms 

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 
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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. 

Vibrationa ll  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' . 
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Electronn Kinetic Energy / eV 
0. 00 0. 5 1. 0 1. 5 2. 0 2. 5 

11 1 

1 1 

11 1 ' 

'VvwV V 

ii  '  - i — i — i — 

|| 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 
T" " 

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 
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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'. 
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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 —¥ 4S 

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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Electronn Kinetic Energy / eV 

- i — | — i — | — i — | — i — | — i — i — i — i — i — i — i — i — i — i — r --
4400 00 4600 0 4800 0 5000 0 520O O 5400 0 5600 0 5800 0 6000 0 6200 0 6400 0 

Excitationn Energy/cm'1 

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 
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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 
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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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