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EXCITEDD AND IONIC STATES OF FORMAMIDE 

CHAPTERR FOUR 

EXCITEDD AND IONIC STATES OF FORMAMIDE: AN EXCITED-STATE 

PHOTOELECTRONN SPECTROSCOPY AND AB INITIO STUDY * 

ABSTRACT T 

High-resolutionn excited-state photoelectron spectroscopy has been applied to unravel 

thee spectroscopic and dynamic properties of the excited states of formamide populated 

byy two- and three-photon excitation. In combination with ab initio calculations, this 

approachh has led to various reassignments of previously observed states, and to the 

observationn of new states. One of the aspects that particularly comes forward from the 

presentt study is the important role of vibronic coupling, which leads to states of 

heavilyy mixed character. Projection on the ionic manifold - as is done in our studies -

is,, however, able to dissect the wavefunction into its various contributions. Our 

studiess have enabled us as well to resolve an apparent disagreement concerning the 

valuess of the ionisation energies of the ground and first excited state of the radical 

cation.. We find here adiabatic values of 10.233+0.008 and 10.725+0.020 eV, 

respectively.. A final issue our studies shed light on concerns the vibrational properties 

off  the ground state of the radical cation. 

**  D.H.A. ter Steege, C. Lagrost, W.J. Buma, D.A. Leigh, and F .Zerbetto, J. Chem. Phys. 117, 8270 
(2002). . 
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CHAPTERR FOUR 

4.11 INTRODUCTION. 

Becausee of the presence of the amide group in biologically important molecules 

andd because it is the repeat unit in industrially important polymers, it is generally 

recognisedd that a full understanding of its electronic properties is important. 

Formamidee being the simplest model that contains this chromophore is in this respect 

thee most natural compound to be studied. We have an additional interest in formamide 

andd related molecules, because of our involvement in an experimental research 

programmee that is directed at the study of amide-based supramolecular systems. 

Thesee so-called rotaxanes have demonstrated to be a class of highly versatile 

molecularr systems that offer great promise for the design of materials with user-

definedd properties [1-5]. Formamide is the simplest chromophore present in the 

molecularr building blocks of such rotaxanes, and the study of its electronic states is 

thereforee a prerequisite for the gas-phase study of larger building blocks based upon 

thiss chromophore that are present in rotaxanes. 

Formamidee is a planar molecule of Cs symmetry. Its electronic ground state 

configurationn is given by ...(7a)2(8a)2(9a)2(l7r)2(2n)2{10a)2(3Tr*)(), or in terms of 

molecularr orbitals of Cs symmetry, by the ..(7a,)2(8a,)2(9a,)2(la")2(2a,,)2(10a')2(3a,,)° 

configurationn [6]. As far as the doubly-occupied orbitals are concerned, the relevant 

oness can be characterised as follows: the I71 (la") orbital is delocalised and totally 

bonding,, the nonbonding 2n (2a") orbital has electron density on the oxygen and 

nitrogenn atoms, and the nominally nonbonding 10a (10a1) orbital is mostly localised 

onn the oxygen atom, and therefore often designated as the n0 orbital. The 3rt*  (3a") 

orbitall  is antibonding, and is of importance when low-lying electronically excited 

statess are considered. The vibrational properties of the ground state have been 

investigatedd in the gas-phase and in low-temperature noble gas, nitrogen, and CO 

matricess with IR and Raman spectroscopy [7-12]. These properties and the structural 

propertiess of the molecule in its electronic ground state have also been subject of 

severall  theoretical studies [13-15]. Although the bond lengths and bonding angles of 
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EXCITEDD AND IONIC STATES OF FORMAMIDE 

thee ground-state structure of formamide have been well characterised in various 

microwavee [16-19], gas-phase electron diffraction [20], and vibration-rotational 

studiess [21], the planarity of the molecule has for quite some time been subject of 

debatee [12,22,23], in particular in relation with the possibility of a nonplanar peptide 

unit,, and in relation with the amide resonance model. 

Thee two highest occupied molecular orbitals, no and 2n, have been reported to 

bee very close in energy [6,24,25] with the general consensus nowadays that the n0 

orbitall  is above the 2n orbital. The ionic ground state D0 is consequently assumed to 

derivee from the removal of an electron from this no orbital, leading to the X"A ' ionic 

state,, whereas removal of an electron from the 2n orbital leads to the Di (1"A") ionic 

state.. It is remarkable that there does not seem to be a similar agreement on the 

ionisationn energies. The by now generally quoted values for the adiabatic value to Do 

aree 10.13 [26] and 10.15 eV [27], while for D, values of <10.52 [26] and 10.40 eV 

[27]]  are taken. Strangely enough, however, there is in literature also reported a 

valencee electron spectrum with a resolution that is superior to all other reported 

spectra.. In that study it is concluded that the adiabatic binding energy of the n0 (10a') 

orbitall  is 10.226 eV, and that of the 2n (2a") orbital <10.699 eV [28]. Although 

theoreticall  calculations in general support the order mentioned above, they still are 

hesitantt to commit themselves completely as the calculated energies are so close, and 

moreover,, rather sensitive on the level of the calculation and the molecular geometry. 

Inn the present study we will settle this issue by a combination of experimental 

methodss such as threshold ionisation, non-resonantly two-photon ionisation, and 

excited-statee photoelectron spectroscopy on the one hand, and theoretical methods on 

thee other hand. 

Thee electronic absorption spectrum of formamide has been measured by several 

groupss [6,24,29,30]. Five bands, historically labelled as W, R|, V,, R2, and Q, have 

beenn identified in this spectrum. A weak n0-3n*  (W band) has been placed at 5.8 eV. 

AA recent vacuum-ultraviolet (VUV) - electron energy loss spectroscopic (EELS) 

studyy [6] places the 2TT;—3TT;*  valence transition (V|) at 7.36 eV. This study has 
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identifiedd two Rydberg states at 6.70 eV (R,) and at 7.72 eV (R2), and proposed a 

largee number of assignments for other weak features in terms of Rydberg states 

convergingg primarily upon D0, but in some cases also in terms of Rydberg states 

convergingg upon Di. Originally the Q band at 9.2 eV was assigned as resulting from 

thee l7r-37i*  excitation, but it would now seem that it arises from the superposition of 

transitionss to several Rydberg states. 

Excited-statee photoelectron spectroscopy has shown to be a powerful tool to 

characterisee excited states [31]. The essence of the technique is that the electronic and 

vibrationall  wavefunctions of an excited state, populated in a one- or multiphoton 

excitationn process, are projected onto the rovibronic manifold of the radical cation. In 

generall  it is seen that this projection can well be done on the vibrational manifold of 

thee ground state D0 of the radical cation. Ab initio techniques, and in particular 

Densityy Funtional Theory (DFT) methods, have by now become so advanced for the 

groundd state of the radical cation that the identification of the final state of such a 

ionisationn process - as far as the ion is concerned - can be done quite reliably. This 

thuss opens up the door to a detailed characterisation of the state that was ionised in 

termss of ionic wavefunctions, and leads thee way to its identification. In several studies 

wee have by now shown the kind of detail that can be reached. For example, in similar 

studiess on the excited-state manifold of acetone [32] we demonstrated that 

considerablee reassignments needed to be done of spectra that for a long time were 

consideredd as "solved". One other aspect that came forward from that particular study 

wass how well wavefunctions could be dissected in terms of vibronically interacting 

statess using the technique of excited-state photoelectron spectroscopy. Not only small 

molecularr systems are amenable to these kinds of analyses; for 1,1'-

bicyclohexylidene,, for example, these techniques allowed us to propose a solution to a 

long-standingg problem concerning the apparent presence of two low-lying valence 

statess while only one would a priori  be expected [33]. 

Inn the present study we have investigated with these experimental techniques in 

combinationn with ab initio DFT calculations the spectroscopy and dynamics of 

84 4 



EXCITEDD AND IONIC STATES OF FORMAMIDE 

excitedd states of formamide. These states were populated employing two- as well as 

three-photonn excitation, which, to our knowledge, is the first time that these states 

havee been investigated with multiphoton excitation. We will show that our approach 

enabless us to assign unambiguously the resonant features in these spectra. As a 

consequence,, we find that previously proposed assignments need to be revised, and 

cann extend considerably our knowledge on the excited-state and ionic manifold of this 

molecule. . 

4.22 EXPERIMENTAL AND THEORETICAL DETAILS. 

Thee set-up employed in the present experiments has been described in detail 

previouslyy [34,35] and will therefore only be summarised here. Two- and three-

photonn excitation spectra as well as excited-state photoelectron spectra have been 

measuredd using a laser system consisting of a XeCl excimer laser (Lumonics 

HyperEx-460)) producing 10 ns pulses with a maximum energy of 200 mJ per pulse 

andd typically used at a repetition rate of 30 Hz, in combination with a pulsed dye laser 

(Lumonicss Hyperdye-500) running on several laser dyes. For the three-photon 

excitationn experiments this dye laser operated on the Coumarine dyes C540A, C500, 

C480,, C460, and C440 as well as Exalite 428 and 416, whereas for the two-photon 

excitationn experiments DCM, Rhodamine 610 and Rhodamine 590 were used. In the 

latterr experiments the dye laser output was frequency doubled using an angle-tuned 

KD* PP crystal. The resulting excitation light was focused by a 25 mm quartz lens into 

thee ionisation region of a so-called magnetic bottle spectrometer, which is a slightly 

modifiedd version of "2n analyser" designed by Kruit and Read [36] that has been 

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

aa strongly diverging magnetic field parallelises the trajectories of the electrons 

producedd in a laser shot. After detection by a pair of microchannel plates, the signal is 

storedd in a 500 MHz digital oscilloscope (Tektronix TDS540), which is connected to a 

personall  computer. 
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Ann excitation spectrum is constructed by monitoring the yield of all produced 

photoelectrons,, or, alternatively, photoelectrons with selected kinetic energies, as a 

functionn of the laser wavelength. Photoelectron spectra are recorded by increasing in 

stepss the retarding voltage on a grid surrounding the flight tube, and transforming 

eachh time only the high-resolution part of the time-of-flight spectrum. In this way, an 

optimumm energy resolution of about 6-8 meV can be obtained for all kinetic energies, 

althoughh in the present experiments typical resolutions of 10-15 meV were obtained. 

Inn Section III.B. experiments will be described in which photoelectrons were created 

withh a very low kinetic energy. Under our standard experimental conditions, these 

photoelectronss would not be detectable, and we therefore applied in those cases a 

smalll  electric field on the ionisation region by means of two grids mounted on the 

polee faces of the magnet in order to "push" these electrons into the flight tube. The 

energyy scale of the photoelectrons (with and without extra electric field) and the laser 

wavelengthh were calibrated using multiphoton resonances of krypton or xenon [37]. 

Commerciallyy available formamide (Aldrich, 99+% spectrophotometric grade) was 

usedd as supplied. 

Inn the first instance, we tried to perform experiments employing the pulsed 

molecularr beam. For such experiments it turned out necessary to heat the sample to 

obtainn enough vapour pressure. As was also noticed before [6], heating leads, 

however,, to decomposition with ammonia (Nfh) as one of its products. Since under 

thesee conditions the multiphoton resonances from ammonia overwhelmingly 

dominatedd excitation and photoelectron spectra, the experiments were in the end 

carriedd out on formamide introduced into the spectrometer via an effusive beam. 

Thee analysis of our excited-state photoelectron spectra required an accurate 

knowledgee of the harmonic force fields of the neutral molecule and of its radical 

cationn in their electronic ground states S0 and D0, respectively. To this purpose, ab 

initioinitio  calculations of the equilibrium geometries and harmonic force fields have been 

performedd at various levels. In particular, we have investigated whether the form of 

thee employed Density Functional (B3LYP vs. BLYP) [38-41], and the inclusion of 

higherr angular momentum basis functions - since these functions have been reported 
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too be necessary for an accurate description of bending vibrations [42] - was of major 

influence.. It was found that the (U)B3LYP/6-311+G* [43,44] level was appropriate 

forr the information we wanted to recover, and it are the results of these calculations, 

whichh have been performed employing the Gaussian suite of programs [45], that will 

bee reported here. 

4.33 RESULTS AND DISCUSSION. 

4.3.14.3.1 Calculations. 

Inn excited-state photoelectron spectroscopy the vibronic wavefunction of an 

intermediatee vibronically excited state is projected onto the vibrational manifold of 

onee of the electronic states of the ion, in general the ground state Do. When the 

excitedd state is a Rydberg state, one generally observes that this ionisation process 

takess place with a predominant Av = v*-v' = 0 propensity, i.e., the vibrational 

quantumm numbers remain unchanged upon ionisation. Knowledge of the state in 

whichh the ion is created thus immediately enables one to specify the vibrational 

contentt in the intermediate state. Since, as yet, there is virtually nothing known about 

thee vibrational frequencies in the ground state of the radical cation of formamide, 

calculationss have been performed to determine these frequencies. 

Optimisationn of the molecular geometry in So and Do under the condition of Cs 

symmetryy leads to the geometrical parameters given in Table 4.1. In a previous study, 

thee ground state of the neutral molecule was studied employing the larger 6-

311++G(2d,2p)) basis set [12]. The results obtained in the present calculations nearly 

duplicatee those results, and are in good agreement with the parameters as determined 

inn experimental studies. The ground state of the radical cation derives in our 

calculationss from the removal of an electron from the 10a' orbital, which is generally 

describedd as non-bonding and localised on the oxygen atom. The optimised geometry 

off  the Do state indicates that the non-bonding character of the no orbital is only 
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approximate:: in particular the O O and C-N bondlengths, as well as the hybridisation 

off  the carbon atom are effected by the removal of an electron from this orbital. 

TableTable 4.1: Geometrical parameters <A and degrees) offormamide in its neutral ground stale Si, and in 

thethe ground state D„  of the radical cation. 

Soo S(l Dn 

c-o o 
N-C C 

H,h-N N 

H2
b-C C 

H,b-N N 

O-C-N N 

H rN-C C 

H2-C-N N 

H,-N-C C 

O-C-N-H, , 

H2-C-N-H, , 

Experimental" " 

1.219 9 

1.352 2 

1.002 2 

1.098 8 

1.002 2 

124.7 7 

118.5 5 

112.7 7 

120.0 0 

0.0 0 

0.0 0 

B3LYP/6-31KG* * 

1.212 2 

1.360 0 

1.009 9 

1.106 6 

1.004 4 

125.1 1 

119.6 6 

112.5 5 

121.7 7 

0.0 0 

0.0 0 

UB3LYP/6-311+G* * 

1.263 3 

1.298 8 

1.017 7 

1.104 4 

1.015 5 

126.6 6 

122.2 2 

121.0 0 

120.2 2 

0.0 0 

0.0 0 

aa Values taken from Ref. [19] 
bb Hi and H-* are cis and trans, respectively, to the formyl hydrogen atom H2. 

Tablee 4.2 reports the vibrational frequencies that are obtained from the 

calculationn of the harmonic force field for both states. Previously, the planarity of 

formamidee in So - and associated with this, the validity of the amide resonance model 

-- has been subject of quite some debate that culminated in the theoretical study of 

Foragasii  and Szalay [23]. In this study it was shown that the planarity of the molecule 

alsoo comes out at a theoretical level, but that one needs to be cautious in employing an 

appropriatee combination of electron correlation methods and basis set. From Table 4.2 

itt can be concluded that the present methodology is indeed suitable since no 

imaginaryy frequencies are found. As yet, we have tacitly assumed that the description 

off  the normal modes remains the same upon ionisation. The Duschinsky matrix for 

totally-symmetricc modes in So and Do reported in Table 4.3 shows that in fact the 
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oppositee is true: a significant mode scrambling is observed, in particular for the V4and 

V55 modes. 

TableTable 4.2: Experimental and ab initio vibrational frequencies (cm ) of ground and ionic states of 
formamide. formamide. 

Frequency y X 'A ' a a 

B3LYP P 

X'A ' ' 

Exp. . 

X-A' a a 

B3LYP P 

X ' A " " 

Exp. . 

V| | 

V2 2 

v3 3 

V4 4 

v5 5 

vA A 

v7 7 

Vx x 

v9 9 

Vl O O 

V'l l l 

V12 2 

3596 6 

3466 6 

2856 6 

1738 8 

1596 6 

1379 9 

1230 0 

1028 8 

552 2 

999 9 

624 4 

237 7 

3545 5 

3451 1 

2852 2 

1734 4 

1572 2 

1378 8 

1255 5 

1030 0 

565 5 

1059 9 

602 2 

289 9 

3509 9 

3400 0 

2904 4 

1648 8 

1572 2 

1304 4 

1155 5 

1061 1 

479 9 

937 7 

702 2 

624 4 

3363 3 

1627 7 

1210 0 

1073 3 

481 1 

595 5 

aa Present calculations, frequencies scaled by 0.9676 (Ref. 53). 
bb Frequencies taken from Ref. 8. 
cc Present work, reported frequencies are averages over measured values in various photoelectron 
spectra. . 

Apartt from a comparison with experimental frequencies from our excited-state 

photoelectronn spectra (vide infra), the validity of the present theoretical results can 

alsoo be tested by comparison of the predicted photoelectron spectrum for ionisation of 

Soo to D0 with experimental He(I) photoelectron spectra [26-28]. Within the Condon 

approximationn and assuming that the electronic transition moment for the ionisation 

processs is independent of the photoelectron kinetic energy, the intensities in the 

photoelectronn spectrum can be approximated by the Franck-Condon factors associated 

withh ionisation of the vibrationless level in the ground state So to vibrational levels in 

DQ.. The calculated intensities [46] for transitions to the six lower totally-symmetric 
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fundamentall  vibrational levels are given in Table 4.3, from which it is concluded that 

significantt activity of the 1572 cm" mode is expected in the photoelectron spectrum. 

Thiss is indeed what is observed in the experimental spectrum that is dominated by a 

1977 meV (1590 cm"1) progression. Previously this vibration was associated with v^, 

butt the present calculations demonstrate that such a description is not correct. Activity 

iss also predicted to occur in the ionic 1648 cm"' mode, but in the reported spectra this 

activityy overlaps with that of the 1572 cm"1 mode. 

TableTable 4.3: Duschinsky matrix for the totally-symmetric modes in the S„ (rows, labelled by frequency in 

cm'cm' and normal mode numbering) and D<, (columns, labelled by frequency in cm' and normal mode 

numbering)numbering) stales of formamide excluding CM and \'ff stretch vibrations. The last row gives the 

calculatedcalculated intensities for ionisation of the vibrationless level of So to fundamental levels of totally-

symmetricsymmetric modes in D„  with I[0jj ] taken as 100.0. 

17388 (v 4) 

1596(v 5) ) 

1379(v h) ) 

12300 (v 7) 

10288 (vx ) 

5522 K ) 

]64 8 8 

(V 4~) ) 

-0.52 2 

0.82 2 

0.0 5 5 

-0.1 9 9 

0.1 2 2 

0.0 0 0 

1572 2 

(V5 ) ) 

0.64 4 

0.55 5 

-0.2 4 4 

0.4 2 2 

-0.2 2 2 

0.0 1 1 

1304 4 

(v;) ) 

-0.3 7 7 

-0.0 6 6 

0.3 9 9 

0.82 2 

-0.1 2 2 

0.0 9 9 

1155 5 

(v;) ) 

0.3 9 9 

0.1 3 3 

0.87 7 

-0.2 0 0 

0.0 0 0 

-0.1 3 3 

1061 1 

(v« ) ) 

0.1 4 4 

0.0 0 0 

-0.0 9 9 

0.2 3 3 

0.95 5 

0.1 3 3 

479 9 

(v 9- ) ) 

0.0 6 6 

0.0 2 2 

0.1 0 0 

-0.1 4 4 

-0.1 0 0 

0.98 8 

IKVi)! , ] / !^ ]]  33-9 67-5 6 3 2 9 2.00 2.9 

Sincee the equilibrium geometry and force field of Rydberg states converging 

uponn Do generally closely resemble those of D(), the Franck-Condon calculations also 

givee a strong indication of the vibrational activity we may expect to see in their 

excitationn spectra, as has been amply demonstrated in recent studies on nitrogen-
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containingg cage compounds [47-50]. The present calculations thus tell us to anticipate 

dominantt activity of the V5 and v4 modes. The calculated Duschinsky matrix shows at 

thee same time that the distribution of activity over these two modes is rather 

susceptiblee to the precise magnitude of the normal mode rotations. In this respect it is 

worthh to mention that even small differences in electronic structure - as occurring for 

examplee by the nominally nonbonding Rydberg electron - might lead to a different 

distributionn of vibrational activity over the v4 and v5 modes in the excitation spectrum 

off  a Rydberg state and the He(I) photoelectron spectrum of the ground state. 

Concurrently,, this conclusion implies that photoelectron spectroscopy of excited 

Rydbergg states may show non-diagonal ionisation. Since the frequency difference 

betweenn the v*  and V5 modes is of the order of our experimental resolution, this non-

diagonall  ionisation will not be directly visible in the form of two separate peaks, but 

ratherr as a shift of a photoelectron peak to apparently lower or higher frequency in 

comparisonn to its position in other photoelectron spectra. 

4.3.24.3.2 Ionisation energies. 

Ass explained in the introduction, the values and assignment of the first and 

secondd ionisation potential have been subject of discussion for quite some time. A 

majorr disturbing observation in this respect is that it is far from clear where the 

differencee between the adiabatic values for D0 of 10.13 [26] and 10.15 eV [27] on the 

onee hand, and 10.226 eV [28] on the other hand comes from. In the present work, we 

havee determined the adiabatic value of the lowest ionisation potential in a number of 

ways.. Our first results were obtained by applying direct two-photon ionisation and 

observingg the onset of ionisation. To this purpose, an excitation spectrum was made of 

thee two-photon energy region of 81400 - 84700 cm"1 (10.092 - 10.502 eV) employing 

electronn detection. In this energy range the time-of-flight spectrum shows two 

electronn peaks of which the kinetic energy changes proportional to the two-photon 

energy.. By setting gates in the time-of-flight spectrum on these two photoelectron 
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peaks,, and compensating for changes in their kinetic energy upon scanning the 

excitationn wavelength by adjusting the electric field in the flight tube - thus realising 

thatt these photoelectrons always arrive at the same time at the detector -, we were able 

too separate the excitation spectrum into contributions of ionisation to the two 

ionisationn limits, and determine these energies accurately. The resulting spectra are 

shownn in Figure 4.1. From the lower spectrum the adiabatic value of the lowest 

ionisationn energy is determined as 10.228+0.015 eV, while for the second threshold a 

valuee of 10.419+0.015 eV is found. The difference between the two values, 0.191 eV 

(15411 cm" ), matches perfectly the vibrational frequency of v<, and agrees well with 

thee frequency of the vibrational progression observed previously in all He(I) 

photoelectronn spectra [26-28]. 

810000 82000 83000 84000 

Two-photonn energy (cm"') 

85000 0 

FigureFigure 4.1: Threshold two-photon ionisation spectra of formamide. The lower spectrum displays the 
ionisationionisation channel associated in the present study with ionisation to the vibrationless level ofD„,  the 
upperupper spectrum with ionisation to the Vj =7 level ofD„. 
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Inn a second experiment, direct two-photon ionisation was performed at a one-

photonn energy of 43500 cm"' (2hv = 10.787 eV). Kinetic-energy-resolved electron 

detectionn led in that case to the photoelectron spectrum depicted in Figure 4.2. In this 

spectrumm we associate the peak of highest kinetic energy with ionisation of the 

vibrationlesss level v=0 in S0 to the vibrationless level v+=0 in D0 - such a peak will in 

thee rest of this article be abbreviated as the 0"-0+ peak - and determine from its 

positionn an adiabatic ionisation energy of 10.230+0.015 eV. The spectrum shows 

D, , v5 5 
+=2 2 v5

+=l l Do o 

0,0 0 0,2 2 
— i — — 

0,4 4 
— i — — 

0,6 6 0,8 8 

Electronn kinetic energy (eV) 

FigureFigure 4.2: Kinetic-energy-resolved detection ofphotoelectrons after direct two-photon ionisation oj 
formamideformamide at a one-photon energy of 43500 cm' . 

furthermoree a progression in a vibration with a frequency of 208 meV. This frequency 

andd the intensity distribution over the observable members is in good agreement with 

thee spectra obtained with He(I) excitation [26-28], and with our threshold-resolved 

photoionisationn experiments (vide supra). Our calculations indicate that, although the 
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vibrationall  frequency found in this experiment and in the threshold ionisation 

experimentt match within the experimental error, part of the difference between the 

19]]  and 208 meV values is real. Table 4.2 shows that a similar activity is predicted 

forr both v*  and v_;. The onset of the threshold observed in the threshold experiment 

iss in that case associated with the v*  threshold and the v̂  threshold cannot be 

resolved,, while in the direct two-photon ionisation experiment the photoelectron 

peakss should in fact be assigned as the non-resolvable peaks to v*  and vT levels, as a 

resultt of which these peaks undergo an apparent shift with respect to the threshold 

experiment. . 

Inn the two previous experiments ionisation has been performed non-resonantly. 

Inn the next section excited-state photoelectron spectroscopy will be performed, i.e., 

thee ionisation process will occur resonantly. Also from these experiments an adiabatic 

ionisationn energy could be determined. Averaging over the various photoelectron 

spectra,, we find in that case a value of 10.233+0.008 eV. We thus come to the 

conclusionn that the presently determined value for the adiabatic ionisation energy 

supportss the value reported previously by Siegbahn et al. [28], 

Inn the study by Siegbahn et al. a value of 10.699 eV was reported for the vertical 

ionisationn energy to D,. The ionisation pattern to D, showed a 222 meV progression, 

andd it was therefore suggested that the adiabatic ionisation energy is either equal to 

thee vertical ionisation energy, or one quantum lower, i.e., 10.477 eV. The spectrum 

shownn in Figure 4.2 has a better resolution than the spectrum given in [28], although 

nott as high a signal-to-noise ratio. From Figure 4.2 we determine a vertical ionisation 

energyy of 10.725+0.020 eV for Di - the energy resolution in this part of the spectrum 

iss lower because of the near-zero kinetic energy of the generated photoelectrons. At 

ann energy 222 meV below this peak labelled as D] the spectrum does not give 

evidencee for another peak, and we therefore conclude that for D| the vertical 

ionisationn energy is equal to the adiabatic ionisation energy. 
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4.3.3 4.3.3 ExcitationExcitation and excited-state photoelectron spectroscopy. 

Figuree 4.3 shows the two- and three-photon resonance enhanced ionisation 

spectraa of formamide in the energy range of 61000 to 76000 cm"' (7.56 - 9.42 eV) 

presentedd as overlapping scans over the various dye ranges that have not been 

correctedd for the dye gain curves. The excitation spectra in Figure 4.3 have been 

recordedd employing electron detection of all electrons irrespective of their kinetic 

energies,, as well as mass-resolved ion detection. For mass-resolved ion detection we 

foundd that the parent ion peak could be detected, but that it was much smaller than 

fragmentationn peaks, in particular that of CHO*. Monitoring either the parent ion or 

thee dominant fragmentation peaks led, apart from a difference in signal-to-noise ratio, 

too the same excitation spectrum, which, in turn, was the same as that found with 

electronn detection. This proves that the peaks in our excited-state photoelectron 

spectraa (vide infra) derive at least for the major part from ionisation of formamide 

itself,, and not from one or more of its fragments. 

60000 0 62500 0 65000 0 67500 0 70000 0 72500 0 75000 0 

FigureFigure 4.3: Multiphoton excitation spectra of formamide in the energy range of 61000 to 76000 cm' 
(7.56(7.56 - 9.42 eV). In the upper spectrum resonance enhancement occurs at the two-photon level, in the 
lowerlower spectrum at the three-photon level. 
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Thee multiphoton excitation spectra show various resonances that are tabulated 

inn Table 4.4. As will be discussed below, excited-state photoelectron spectroscopy 

enabless us to come to a definite assignment of the vibronic nature of the excited state 

fromm which ionisation took place at these resonances. Consideration of the quantum 

defectt then leads in turn to the assignments that are given in Table 4.4. About half of 

thesee resonances were observed as well in a previous VUV photoabsorption and EEL 

studyy [6] where assignments were proposed in terms of Rydberg states converging 

uponn Do and Di. For the lower energy region - up to the 4s Rydberg state - our 

excited-statee photoelectron spectra confirm these assignments, but at the same time 

theyy extend our knowledge on the excited state structure because we observe more 

resonances.. Starting with the 4s state, however, our excited-state photoelectron 

spectraa dictate different assignments. 

Inn the following we will show and discuss some of the excited-state 

photoelectronn spectra that bring out the more salient aspects of the spectroscopic and 

dynamicc properties of the excited and ionic states of formamide. Figure 4.4a displays 

thee excited-state photoelectron spectrum of the state reached by two-photon excitation 

att 62260 cm"1 (7.719 eV). For three-photon excitation a similar spectrum was 

obtained.. The general consensus is that the transition to the vibrationless level of the 

'(3p'' <- no) state is located here. Since we will not encounter any triplet states in the 

presentt study, and because all observed Rydberg states have D0 as their ionic core, we 

wil ll  in the following abbreviate this state as the 3p' state. Considerations as have been 

donee in the previous sections on the electronic structure of a Rydberg state in relation 

too its ionic core makes us expect that ionisation from this state should predominantly 

occurr to the vibrationless level of D0. Indeed, we find that the dominant peak in this 

spectrumm has an energy of 1.345+0.010 eV, which, employing an adiabatic ionisation 

energyy of 10.233 eV, is readily associated with ionisation to the v+=0 level starting 

fromm a vibrationless ground state. This result thus confirms the previous [3p']0j, 

assignment.. As remarked in the previous section, equally important is that it validates 

ourr conclusion concerning the value of the lowest ionisation potential. 
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TableTable 4.4: Resonances observed in the two-and three-photon excitation spectra of formamide and their 
assignments.assignments. Indicated in hold are resonances that previously have not been reported, or have been 
assignedassigned differently. 

2hv v 

(cm') ) 

62260 0 

63256 6 

63848 8 

64820 0 

65330 0 

65810 0 

66408 8 

68120 0 

68360 0 

68592 2 

68832 2 

69324 4 

69596 6 

3hv v 

(cm') ) 

62274 4 

62740 0 

63222 2 

63823 3 

64428 8 

64821 1 

65349 9 

66420 0 

66938 8 

68118 8 

68573 3 

68817 7 

VU V V 

(eV) ) 

7.72 2 

7.83 3 

7.92 2 

8.03 3 

8.10 0 

8.16 6 

8.21 1 

8.29 9 

8.44 4 

8.56 6 

8.63 3 

Assign. . 

[3p']0{J J 

[3p]0g g 

[3p"]0S S 

[3p']5|, , 

[3p]5j, , 

[3p"]5i i 

[3p']55 5 

[3p]5s s 

[3p"]5f, , 

[3d]0° ° 

[3d*]0° ° 

[3d']]  12} 

[3d"]9(', , 

[3d"]0|! ! 

[3d']7|, , 

[3d']5(
l, , 

(n-ö) ) 

2.33 3 

2.35 5 

2.38 8 

2.66 6 

2.76 6 

2.83 3 

2hv v 

(cm1) ) 

70118 8 

70340 0 

70670 0 

71252 2 

71672 2 

71956 6 

72244 4 

72684 4 

72820 0 

73220 0 

73888 8 

74212 2 

74518 8 

75020 0 

75540 0 

3hv v 

(cm') ) 

70157 7 

70372 2 

70670 0 

VUV* * 

(eV) ) 

8.74 4 

Assign. . 

[3d-]o j ; ; 

[3d"]]  51, 

[4s]]  oj; 

[3d']]  55 

[3d'"]5|, , 

[3d"]]  5,1 

[4s]]  5{, 

[4p']0g g 

[4p"K K 

[3d'"]55 5 

[4s]]  55 

[4d]0g g 

[4d']0g g 

[4d"]0S S 

[4d"']0g g 

(n-6) ) 

2.97 7 

3.04 4 

3.34 4 

3.36 6 

3.63 3 

3.70 0 

3.82 2 

3.97 7 

Valuess reported in VUV absorption study [6]. 

Inn the three-photon excitation spectrum a resonance is observed at 63222 cm"1 

(7.8400 eV), which is much less clear in the two-photon counterpart. VUV-absorption 

measurementss proposed a [3p"]0jj assignment, and we expect accordingly a strong 

0"-0++ peak in the photoelectron spectrum. This expectation is met by the spectrum 

depictedd in Figure 4.4b that shows, on the other hand, at the same time that the 

dominantt peak in the spectrum is one that is associated with ionisation to an ionic 
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levell  with 122 meV (984 cm'1) of vibrational energy. Additionally, a small peak is 

observedd that is shifted by 199 meV (1605 cm"1) from the 0"-(T peak. As in the rest of 

thiss article, we will choose to assign peaks at the latter energy to the v~ = 1 level, but 

att the same time recall the considerations of the previous sections that tell us that in 

realityy our experimental resolution and the susceptibility of Franck-Condon factors to 

Duschinskyy mixing does not allow us to decide whether this peak should be assigned 

too the Vs=l or v^=l, or even to both levels. The presence of this peak is perfectly 

feasible,, it just demonstrates that there are slight differences between the 3p" state 

andd its ionic core, and that these differences are larger than for the 3p' state, where 

thiss ionisation pathway was not observed. 

Thee 122 meV peak poses a larger problem. If this peak and the 0'-0+ peak were 

bothh to derive from ionisation of the vibrationless level of the 3p" state, it would 

implyy a huge difference between the equilibrium structure of this state and that of its 

ionicc core, which is at odds with our general ideas on Rydberg states. How can we 

reconcilee the two? We start by noticing that the 122 meV value is within experimental 

errorr equal to the energy difference between the present excitation energy and the 

excitationn energy of the vibrationless 3p' state (118 meV). Near an energy of 118 

meVV (948 cm'1) above the [3p']0" transition, a number of vibrational levels are 

locatedd - the ionic frequencies of Table 4.2 indicate levels such as the totally-

symmetricc 81 and 92 levels, and the nontotally-symmetric 101 level. Within the Born-

Oppenheimerr approximation the [3p']10j, transition is forbidden, while the [3p']8j, 

andd [3p']9(
2
) transitions are not expected to carry intensity on account of their small 

Franck-Condonn factors (see Table 4.3). If there is, however, vibronic coupling 

betweenn the [3p,,]0° level and these 3p' vibrational levels, the wavefunction of the 

statee that is ionised does not only contain "v1=0" but also "v10 = l" , "v s = l" , and 

g=2""  character, the exact composition of the wavefunction being determined by the 

variouss coupling strengths and energy differences, ionisation of this wavefunction 

thenn does not only lead to the formation of vibrationless ions, but also to ions in their 
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v ^ - 1 ,, v^ = l, and v^=2 states. The peak observed in the photoelectron spectrum at 

1222 meV from the 0"-(f is thus assigned as deriving from ionisation of vibrational 

levelss of thee 3p' Rydberg state that become accessible by vibronic coupling. The most 

plausiblee levels have been mentioned, but we notice that the excited-state 

photoelectronn spectrum does not enable us to distinguish between them. Because of 

thee vibrational state density, it is clear that this vibronic coupling mechanism will only 

gainn in importance when excitation of higher-lying states is considered. At the same 

time,, the increased vibrational density will progressively more inhibit us to assign 

specificc vibrational levels that are coupled. 

Similarr patterns are also observed when excited-state photoelectron spectra are 

takenn after excitation of a vibrational level in the excited state. Figure 4.4c shows, for 

example,, the spectrum obtained after two-photon excitation at 65330 cm"1. The 

dominantt peak is located 387 meV (3120 cm') from the 0"-(T energy where no peak 

iss observed. This vibrational energy strongly suggests an assignment to the vT=2 

level,, and thus that the vibronic level from which ionisation took place was a Rydberg 

statee in its v5=2 level. Knowing that the 3p' state is located 3070 cm"1 below this 

excitationn energy consequently allows us to conclude that the resonance at 65330 cm"1 

shouldd be assigned as the [3p'] 5 J, transition, in agreement with previous propositions. 

Interestingly,, we notice that the absence of the 0"-0+ peak and peaks at the expected 

positionss for ionisation to the v<=] and 3 levels demonstrate that the spectroscopic 

propertiess of the 3p' state resemble to a very large extent those of its ionic core. 

Apartt from the peak at 1.530 eV, two more peaks are observed. The first one at 

1.6599 eV (258 meV from the 0"-0*  position) is readily associated with ionisation from 

vibrationall  levels of the 3p" state whose origin transition is found 2108 cm"1 (261 

meV)) lower in energy. The second peak at 1.596 eV is in the first instance more 

puzzling.. The creation of ions with a vibrational energy of 321 meV (2589 cm"1) 

suggestss that an excited level is ionised with this amount of vibrational energy, and 

thuss the presence of a state at 65330 - 2589 = 62741 cm"1. On hindsight, we notice 

100 0 



EXCITEDD AND IONIC STATES OF FOR.MAMIDE 

thatt also in Figure 4.4b a small shoulder can be seen at about 0.129 eV that agrees 

welll  with the assumption of a vibrationless state around 62700 cm' , and that also in 

alll  of our other recorded photoelectron spectra such a shoulder or peak is present. In 

thee excitation spectra of Figure 4.3 we observe indeed a peak at 62682 cm" with low 

intensityy that perfectly fits the bill. The excited-state photoelectron spectrum obtained 

afterr three-photon excitation is depicted in Figure 4.4d, and shows a peak at the 

expectedd 0"-0+ position (0.129 eV), as well as a peak with 54 meV vibrational energy 

thatt can only be assigned to the v*  = l level. This peak is attributed to ionisation of the 

[3p']9'' level, which is quasi-degenerate with the vibrationless level responsible for 

thee 0"-0+ peak. We explicitly notice that the photoelectron spectrum can not be 

explainedd assuming that only the [3p']9' level is excited: Franck-Condon 

considerationss would then predict a longer progression in v~, but most of all that the 

3p'' and D0 states differ considerably, at odds with all other available material, cf. 

Figuree 4.4a. The effective quantum number (n-8) of the state located at 62682 cm" , 

2.35,, leaves no doubt that we deal here with one of the three 3p states, the other two 

beingg the 3p' and 3p" states at 62260 and 63222 cm"1, respectively. In a previous 

studyy this state, designated as 3p, was not observed directly, but from extrapolations 

deducedd to be around 7.40 eV (59684 cm"1). The present study demonstrates that this 

assumptionn should be revised. Now that we have located the 0-0 transition to the 3p 

state,, other peaks in the excitation spectra also fall into place. Table 4.4 shows in fact 

thatt the complete region from 62000 up to 67000 cm'1 can be very well explained in 

termss of transitions to the three 3p states with, as expected on the basis of the non-

resonantlyy enhanced photoelectron spectrum in Figure 4.2 and the He(I) photoelectron 

spectrumm [28], for all states considerable activity of v5. 

Startingg from 67000 cm"1, one may expect states from the 3d manifold to 

appear.. The previous VUV absorption study assigned three of such states (3d, 3d', 

andd 3d"); our studies confirm these assignments, but reassign the peak previously 

assignedd to the 4s state to yet another 3d state designated as 3d'". For the 3p states we 
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observedd in the excitation spectra a dominant role of v\. This vibration is also found 

too be active for the 3d states as can be seen from Table 4.4 and Figure 4.3. A 

differencee with the 3p states is that, apart from this v5 vibration, other vibrations are 

seenn as well in the excitation and photoelectron spectra. Consider, for example, the 

excited-statee photoelectron spectrum obtained after three-photon excitation of the 3d' 

statee at 68128 cm"1 (Figure 4.4e). This spectrum shows as expected a dominant 0"-0+ 

peak.. Apart from this peak, peaks are observed displaced by 147, 604, and 748 meV 

too lower energies, which derive from vibronic coupling with high vibrational states of 

thee 3d, 3p", and 3p' states. We notice that in this particular case ionisation of the 3p 

levelss is not well resolved. The remaining two peaks removed by 201 and 420 meV 

fromm the 0"-0*  peak cannot be associated with other electronic states, and derive 

thereforee from non-diagonal ionisation of the [3d']0° level. The first peak is by now a 

well-knownn one that is assigned to the v; = l level, the second one we assign on the 

basiss of Table 4.2 to the v; = l level. The small but visible activity of this symmetric 

N-HH stretch vibration indicates that for this particular state the N-H bond lengths are 

changedd upon excitation. 

Ourr calculations predict that v]2 (a") increases more than twofold upon 

ionisationn from the ground state. Since we are dealing here with a vibrational mode of 

whichh the frequency in the electronic ground state was in the past difficult to calculate 

accurately,, one might wonder to what extent this prediction is reliable. The transition 

att 68360 cm" seen in the two-photon excitation spectrum as a shoulder on the [3d'] 0|J 

transitionn offers us the possibility to investigate this vibration in more detail. Figure 

4.4ff  displays the photoelectron spectrum that results after (2+1) ionisation at this 

energy.. It shows a dominant peak that corresponds to the formation of ions with 

apparentlyy 34 meV (274 cm"1) of vibrational energy. Inspection of Table 4.2 tells us 

thatt this energy cannot be associated with a totally-symmetric vibration if excitation 

tookk place from the vibrationless ground state. Assuming that our calculations predict 

thee frequency of V12 in the ionic state completely wrong does not help us either, 
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becausee then the photoelectron spectrum would force us to conclude that the excited 

levell  that is ionised is a - within the Born-Oppenheimer approximation forbidden -

nontotallyy symmetric vibrational level. The pieces of the puzzle fall into place if we 

assignn the transition to the allowed [3d'] 12] hot band transition. In that case we find 

thatt the v12 = l level is located at 531 cm"1, and the v̂ 2 = l level at 74 meV (595 cm"1), 

inn good agreement with our calculations. The other peaks in the photoelectron 

spectrumm at lower kinetic energies have their counterparts in the photoelectron 

spectrumm of Figure 4.4e and are similarly assigned. The peak at the 0"-0+ energy 

derivess from the fact that at this excitation energy we also still excite the [3d']0° level. 

Ionisationn via the 3d" state provides more support for the conclusion that the 3d 

statess differ to a larger extent from their ionic core than the 3p states. The excited-

statee photoelectron spectrum obtained after excitation of its vibrationless level at 

688322 cm" is shown in Figure 4.4g. Our attention concerns now in particular the 

ionisationn pathways that lead to ions with a low vibrational content - the peaks at low 

photoelectronn kinetic energy derive from the ionisation of high-lying vibrational 

levelss of lower-lying states. Apart from the dominant 0"-(f peak, significant 

vibrationall  activity is seen in the form of the peaks at 58 meV (468 cm"1) and 135 

meVV (1089 cm'1) that we associate with ionisation to the v*  = l and v8=l levels, 

respectively,, and some minor activity of v*  that appears 197 meV (1589 cm"1) from 

thee 0"-0+ peak. 

Thee two-photon resonance observed in our study at 70118 cm"1 (8.70 eV) was 

previouslyy assigned as the vibrationless transition to the 4s Rydberg state. The 

photoelectronn spectrum that we observe here (not shown) does indeed reveal a 

dominantt 0"-0+ peak in agreement with such an assignment. We run into problems, 

however,, when the photoelectron spectrum obtained at the 70670 cm"1 resonance (not 

shown)) is considered, because it shows a dominant 0"-0f peak as well, and therefore 

impliess that also at 70670 cm"1 an electronic state is located. The effective quantum 

numberss of the two states, 2.97 and 3.04, suggest that the 70118 cm"1 resonance 
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shouldd be reassigned as one of the states of the 3d manifold - we will label this one as 

thee 3d1"' state - while the 70670 cm'1 resonance is the 4s state. 

Att even higher energies the two-photon excitation spectrum displays some other 

twelvee resonances. At these excitation energies we may anticipate excitation of the 4p 

andd 4d manifold, but, at the same time, that overlap will occur with transitions to 

otherr states that involve v.s since the energy differences between the various states are 

gettingg smaller now. The photoelectron spectrum recorded at a certain excitation 

energyy gives therefore in general evidence for the presence of various states from 

whichh ionisation occurred. As an example, we show in Figure 4.4h the photoelectron 

spectrumm that results from two-photon excitation at 74518 cm" . At the predicted 0"-0~ 

positionn of 3.638 eV a peak is seen that would imply a vibrationless level character of 

thee state that is ionised. Based on the quantum defect, we assign the resonance at this 

energy,, in part, to the [4d']0[J transition. Another peak is observed at 199 meV higher 

internall  energy. This peak implies v5=l character at the two-photon level, and is 

thereforee concluded to derive from ionisation of the [4p"]5' level, predicted to be 

locatedd as well near this excitation energy. At even lower photoelectron kinetic 

energies,, i.e., at higher internal energies of the ion, a plethora of peaks is seen that can 

bee assigned without difficulty to ionisation of high-lying vibrational levels of lower-

lyingg Rydberg states. That these peaks are in general more intense than the two peaks 

discussedd previously is because the former peaks are associated with states with a 

lowerr principal quantum number; they therefore have a higher ionisation cross 

section. . 

Tablee 4.4 shows that for the 3p and 3d Rydberg manifold the present 

assignmentss based on measured photoelectron spectra are grosso modo in agreement 

withh those reached in the VUV absorption study [6]. In that particular study, higher-

lyingg Rydberg states were assigned using the Rydberg formula, employing for the 

ionisationn energy a value of 10.13 eV. Here we have concluded that this value is not 

correct;; in fact, our value of 8 eV reproduces the one of 10.229 eV 

reportedd by Siegbahn et a/.[28]. Since the VUV study proposed assignments basically 
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byy grouping features with the same quantum defect, we may expect that most of the 

featuress observed in the VUV study at higher excitation energies need to be 

reassigned,, as is partly confirmed by our measurements in the 70500 - 75500 cm"1 

region. . 

Inn a recent ab initio study [51], calculations have been performed on the 

excitationn energies and one-photon transition dipole moments of the excited states of 

formamide.. These studies predict for the 3s and 3p Rydberg states that the ones with 

thee (no)"1 ionic core are located at higher vertical excitation energies than the ones 

withh the (2TC)"' ionic core. In particular, it would appear as if the strongest of the 

absorptionn features at 7.72 eV (62260 cm"1) is associated with the 

3p,tt <— 2TT excitation. The VUV study [6] argued already that this feature is linked to 

thee Do state on the basis of the observed vibrational structure, the present study 

confirmss and extends this conclusion. Firstly, the photoelectron spectra demonstrate 

unambiguouslyy that the ionic core of the Rydberg state is D0 and not D|. Secondly, 

ourr ab initio calculations predict that D0 should be assigned as (no)"1 and not as {2n)'\ 

andd confirm the observed vibrational activity in He(I) photoelectron spectra {vide 

supra).supra). Additionally, we have performed a Time Dependent DFT calculation [52] of 

thee excitation energies of the excited states of the formamide radical cation at the 

UB3LYP/6-311+G**  level and find here that D, is the 12A"(2TI)- 1 state. At the 

equilibriumm geometry of S0 this state is removed by 0.37 eV from the X2A'(no)'1 state, 

inn perfect agreement with the experimental difference in vertical ionisation energies of 

0.255 eV. 

Thee present study has provided an extensive description of the spectroscopic 

andd dynamic properties of the Rydberg manifold converging upon the lowest ionic 

state.. On the basis of the energy difference between Do and D[, one would a priori 

expectt that in the presently investigated energy region also Rydberg states converging 

uponn D| are located. In fact, already some time ago the absorption spectrum in the 3p 

regionn (7.7-8.7 eV) was compared with the band envelopes of Do and Di in the 

photoelectronn spectrum [26]. From the close correspondence between the two, it was 
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concludedd that the 3p <- In band was about 4000 cm"1 higher than the 3p <— n0 band. 

Thee previous VUV absorption study attempted similarly to propose assignments for 

somee of the observed features in terms of Rydberg states with a D| ionic core. Our 

photoelectronn spectra, on the other hand, do not give any indication that at some point 

wee are exciting (2n)A Rydberg states. A possible reason might be that the two- and/or 

three-photonn excitation cross section of (2K)'1 Rydberg states is considerably smaller 

thann that of (n0)
_1 Rydberg states, or that Rydberg states with the (2n)' ionic core are 

subjectt to rapid decay processes such as predissociation. 

4.44 CONCLUSIONS. 

Wee have investigated the Rydberg and ionic manifold of formamide by a 

combinationn of experimental and theoretical methods. As far as the ionic manifold is 

concerned,, we have demonstrated by various experimental approaches that the 

adiabaticc ionisation energy of 10.13/10.15 eV employed so far in other experimental 

studiess is not correct. We find a value of 10.233+0.008 eV that reproduces the value 

reportedd by Siegbahn et ai. [28]. The improved resolution in our direct two-photon 

ionisationn experiments has enabled us to conclude that the adiabatic ionisation 

thresholdd of the first excited state of the radical cation is located at 10.725+0.020 eV 

andd not 222 meV lower as was still possible to conclude from previous experiments. 

Ourr calculations on the state ordering in the radical cation, and the nice agreement 

betweenn calculated and observed Franck-Condon factors have firmly established that 

thee ground and first excited states of the radical cation are associated with the removal 

off  an electron from the n0 and 2n orbital, respectively. 

Applicationn of excited-state photoelectron spectroscopy on excited states in the 

7.6-9.44 eV energy region that were populated by two- and/or three-photon excitation 

hass led to an unambiguous assignment of the various resonances present in the 

excitationn spectra. These studies have allowed us to chart out a large part of the 
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Rydbergg manifold that was previously not firmly assigned. In fact, from these studies 

itt has become clear that a large part of previously proposed assignments needs to be 

revised,, and that in the present study new states have been observed. The 

spectroscopicc properties of the Rydberg states resemble closely those of their ionic 

core:: it is mainly the V5 vibration that is observed to be active. Interestingly, our 

calculationss show that this vibration changes considerably in character upon 

excitation.. Our photoelectron spectra demonstrate that the dynamic properties of the 

investigatedd Rydberg states are dominated by vibronic coupling. As a result, we 

observee not only ionisation of the "bright1' state that is excited, but also of "dark" 

high-lyingg vibrational levels of lower-lying excited states that are not accessible by 

directt excitation from the electronic ground state. 
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