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Torsional Potential and Intramolecular Dynamics 
in the C2H4+ Photoelectron Spectra 

J. E. Pollard,* D. J. Trevor,** J. E. Reutt~ 
Y. T. Lee, and D. A. Shirley 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and 
Department of Chemistry 
University of. California 

Berkeley, California 94720 

The 584A photoelectron spectrum of ethylene was reexamined at 

higher resolution using a supersonic molecular beam source for 

rotational cooling. The vibrational frequencies of the 
+ ~ 2 C2H4 X B3 state were measured with improved accuracy, which 

permitted the torsional potential energy curve to be characterized. 

The measured equilibrium torsional angle is 27 : 2°, and the inversion 

barrier is 270: 150 cm-1• The A 2B3 state is shown to be in 

reasonable agreement with a recent theoretical calculation which takes 

into account strong non-adiabatic effects. The correlation function 

calculated for this state is consistent with this calculation and 

recent calculations on the unimolecular dissociation of this state. 

The B 2A state correlation function indicates a rapid decay 

mechanism is operative. The broadened vibrational structure in the 

fourth band results from a saddle point in the C 2B2 potential 
-energy surface from which the ion relaxes to the X state by moving 

along a repulsive degree of freedom, which in this case is internal 

.. 
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-rotation. The C state vibrational broadening as well as the decay of 

the correlation function yield a lifetime for this process of 7 fsec • 

. ,. 
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I. INTRODUCTION 

· The photoiontzation of ethylene and, the behavior of th.e ethylene 

molecular ion in. its various .electronic states have t>een the subject 

of numerous experimental and theoretical papers. The complete 584A 

(hv = 21.2 eV) photoelectron spectrum of ethyl.ene at moderate 

resolution (> 20·meV FWHM) was reported by Tu~ner, et al.,1·by 

Branto~, ~t a1.,2 by White, et a1.,3 and by 8rundle and 8rown,4 

using a room temperature samp 1 e in a 11 cases. The first band .of the 

584A spectrum, which corresponds to the X 283 ground state of 

C2H4+, was obtained at higher resoh1tion by Cvitas, et a1. 5 · 

from a room temperature sample and by Dehmer and Dehmer6 from a 

supersonic jet. The first band consists of a set of partially 

resolved peaks with splittings Of 10-100 ~eV, which is assigned to 

excitations of the v2 (C-C stretch), v3 (H-C-H bend), and v4 
(torsion) vibrational modes. The second and third bands, correspond

ing to the A 283 and B 2A ionic states, have rather irregular 

profiles which cannot be assigned to any simple vibrational pro

gressions. The fourth band, ~ 282 state, consists.of a series of 

broad vibrational peaks with splittings of about 150 meV, and the 

fifth band, ~ 281 state, is again of an irregular shape. K~ppel. 

et al.7 succeeded in calculating the vibrational structure of th~ 
- -first band by considering the vibronic coupling between .the X and A 

states, and recently the general features of the A state by a similar 

method.a 

The mass-selected photoion yield curves of ethylene for 
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hv = 10-17 eV were reported by Botter, et al.,9 by Chupka, et al., 10 

and by Wood and Taylor.ll T~e threshold photoelectron-photoion 

. 'd t f c + + . + + co1nc1 ence mass spec_ra o 2H4 , c2H3 , c2H2 , and CH2 

from 'ethylene for hv = 10-20 eV were measured by Stockbauer and 

Inghram. 12 These results show that the A, B, and C excited states 

of C2H4+ undergo sufficiently rapid internal conversion to the 

ground state to fulfill the assumptions of the quasi-equili~rium, 

theory (QET). The mechanism of this electronic relax~tion was treated 

theoretically.l3,14 These treatments proposed that the Band C 
' ·, 

states could convert adiabatically to the ground state_through 

internal rotation (v4), whereas the~ state could either undergo a 

direct dissociation to C2H3+ + H or.dissociate after first 

relax~ng to the X state. 

The ~ibrational fine structure in m~ny molecular photoelec~~on 

.bands is significantly broadened by rapid radiationles~ transition 

from the initial electronic state. In these situations, the 

conventional spectrosFopic parameters, such as vibrational fre

quencies, are unobtainable. In their place is information about the 

dynamics of the radiationless decay process. The A, B and C states of 

C2H4+ fall into this category. All of these states.exhibit ., 

broadening far in excess of,the instrumental resolution. In addition 
~ ~ I 

the A and B states do not show regular patterns that can be easily . . . 
assigne,d to a vibrational frequency. E.

1 
Heller 15 has shown that 

·time-dependent measurements are not essential to obtain a picture o_f 

the dynamics of this radiationless process. Instead, ~hrou~h the 
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Heisenberg uncertainty relation and within the Bohr~Oppenheimer 

approximation~ the time evolution of the excited-state ·wavefunction 

can be obtained from the appropriate Fourier transform of the 

absorption spectrum. Recen~ly A. J. Lorquet et al., 16 have applied 

this Fourier transform'rnethod to obtain the correlation functions from 
. . . + + + 

photoelectron spectra of N2, HBr and HCN • Their correlation 

function obtained for the B 2E+ state of HCN+ demonstrated the useful

ness of this technique for understanding the dynamics of intramolec

ular energy transfer. 

Koppel 17 has recently calculated the correlation function for 
~ . + 

the A state of c2H~ • This calculation involved the exact 

numerical integration of the time-dependent SchrHdinger ~q~ation with 

a model Hamiltonian. He pointed out, in his theoretical treatment, 

that the sq~are of the autocorrelation.flinction is not a quantitative 

measure of the excited electronic state decay dynamics because it 

measures the decay of the initial eigenstate and not the entire 

excited electronic state. Although the· correlation function is not 

strictly quantitative, it will display qualitative features 

characteristic.of rapid radiationless decay. 

Using a supersonic molecular beam source to rotationally cool the 

molecules, we have reexamined the 584A photoelectron spectrum at 

higher resolution than was obtained. iri'earlier studies~ The 

vibrational structure of the first band, particularly the torsional 

mode, is revealed in greater detail. 

The partially reso 1 ved structure in the fourth band of the 
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photoelectron spectra is interpreted toryield the electronic relaxa

tion lifetime both by fitting the data to a series of Lorentzians and 

by examination of the time evolution of the correlation function · 

derived from the data by the Fourier transform technique. · The correla

tion functions of the second and third band also show rapid intra~ 

molecular energy transfer. 
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I I. EXPERIMENTAL. 

The photoelectron spectrometer used in this work was described in 
•;, 

detail in an earlier publication.l8 Briefly, the electron energy 
' . ,• 

analyzer consisted of a double electrostatic deflector operated (lt a 
!. ' ' . • 

pass energy of 1.0 eV which sampled the photoelectrons at an angle of . . . . . ·. ' . 

90° with respect to the photon beam. White, et a1. 3 observed the 

,photoelectron asymmetry parameter to be nearly constant over each of 

the photoelectron bands, so that an intensity correction for the 90° 

geometry was unnecessary. The complete 584A spectrum of C2H4 
(Matheson, C.P., 99.5 percent), expanded from 1300 torr at 297 K 

through a 40 ~m diameter nozzle, was recorded with multichannel 

detection at an observed resolution of 12-13 meV FWHM (for Ar) as 

shown in Figure 1. We previously measured 18 the spectrum of the 

first band with single channel detection at a resolution of 11 meV 

FWHM (for Ar). In the single channel experiment the C2H4 was ) 

expanded from 600 torr at 297 K through a 70 pm diameter nozzle. 
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I I I. CORRELATION FUNCTION. 

Many molecular photoelectron bands are not comprised of structure· · 

characteristic of distinct vibrational states, but rather appear 

broadened or as an envelope of many states. Even mode~n high 

resolution molecular beam methods do not simplify many of these 

bands. Processes such as dissociati6n, radiationless transitions, and 

strong non-adiabatic coupling can lead to the absence of vibrational 

fine structure. A dynamical approach is therefore preferable when 

_ these effects are present. 

Direct time-depehd~nt measute~ents of these excited· state~ would 

be very informative. However, instrumental limitations restrict the 

time resolution of these experiments, while the fundamental charac

teristics of the processes limit the time window in which they can be 

studied. 

An alternative to the direct time evolution measurement would be 

to measure the absorption profile,. or in''this case the photoelectron 

band. In order to compare these measurements in time, the auto

correlation function must first be calculated from the absorption 

band. Very recently, A. J. Lorquet, et a f. 16 have demonstrated how 

this can be done for photoelectron bands using the formalism of E. 

Heller. 15 Thecorrelati,on function obtained using this technique is 

complementary to the time-dependent measurement and not a substitute. 

A measured photoelectron b~nd is characterized by the in~tru~ental 

resolution and the overall bandwidth. In the time domain, the 

instrumental resolution corresponds to the length of time in which the 
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dynamics can be followed, while the overall width of the band 

determines the time resolution. In photoelectron spectroscopy, 

instrumental resolution can be as good as 10 meV (80 cm-1), which 

allows the dynamics to be followed for at least 66 fsec. 19 The 

width of photoel~ctron bands is of the order of l eV, which results in 

a time resolution of a fraction of a femtosecond. 

We have used the method of Lorquet et a1. 16 with minor 

modifications to calculate the correlation function of the 

photoelectron bands in ethylene. The physical interpretation of the 

correlation function, C(t), that is calculated is given by 

C(t) =- I< tJit>(t) ?I ( l) 

where ~ is the initial nuclear wavefunction and ~(t) is the time 

evolution of this wavefunction on the excited state potential energy 

surface. It is important to note that the correlation function is the 

measure of the time evolution of the initial wave packet on the 

excited state potential energy surface and not a measure of the 

excited state population. In most situations the initial decay of 

C(t) will be dominate,d by the dephasing of the initial wave packet due 

to the different shape of the excited state potential energy surface. 

Only at times greater than a vibrational perio_d will radiationless 

decay processes appear i.n the correlation function time evolution. 

We shall now show how to obtain C(t) from an observed photo

electron band, I(E), where E is, in this treatment, the electron 
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kinetic energy. The photoelectron cross section within the strict 

Franck-Condon approximation20 is given by 

' ... ~, 

where)Mei(R,E) is the electronic transition moment which depend upon 

both R, the nuclear coordinates, and E, the electron kinetic energy; 

~" is the initial-state nuclear wavefunction, and ~· is the final-

state function. It is usu.al in photoelectron spectroscopy to further 

approximate Mei(R,E) as a constant averaged·over both the nuclear 

coordinates and the final electron kinetic energy. Lorquet et al. 16 

seem to have made a different assumption, based on the analogy with 

absorption spectroscopy, that there is an additional dependence·.on · · 

binding energy. 

QiNeil and Reinhart, 20 in their extensive study of the photo-

ionization of H2, compared the simple overlap approximation with a 

strict Franck-Condon calculation. They observed that the strict 

Franck-Condon approximation is quite sood, and that the simple Dverlap 

method fa i 1 s by a 1 most a factor of two due to the dependence_ of . 

Me; (R,E) on electron kinetic •energy. For hydrogen, in fact,, 

Mei(R,E) decreases almost linearly with electron kinetic energy, 

which can be shown by replotting Fig. 6 of O'Neil and Reinhart against 

electron .kinetic energy instead of final vibrational state.··. In the 

calculations of the.correlation functions reported here, we shall ·use 

the simple overlap approximation in lieu of any arbitrary approxima

tion. We have tested modifications of the overlap approximation, such 
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as linear decrease with electron kinetic energy and have found this 

ha~ little or no effect on the interpretation given to the correlation 

function in this study. 

Applying the completeness relation on a set of eigenstates ¢ 11 

with an analytical form of the Dirac 6 function21 we can obtain 

where H is the molecular Hamiltonian. We can then identify ¢ 11 as the 

initial nuclear wa~efunction and e-iHt/hj¢ 11 > as ~(t). This gives 

o(E) a [oo eiEt/h < tll~(t) > dt 

and finally 

C(t) = I< t!l~(t)>la J~oo o(E)e-iEt/h dE (2) 

It is seen from this equation that the Fourier transform of the 

photoelectron partial cross-section o(E) is proportional to the 

correlation function. Unfortunately, it is not the quantity o(E) that 

is directly measured with photoelectron spectrometers, but rather a 

quantity I(E) (the intensity versus energy) which is a convolution of 

the instrument response function with o(E). Fortunately, we can 

measure the instrument response function to a fair degree of accuracy 

by recording the photoelectron spectrum of a rare gas, which we 

designate by Irg(E). The argon 2P312 peak was found very satis

factory for the data analysis of the ethylene photoelectron bands, and 
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was used exclusively. 

Lorquet·et a1. 16 have taken the same general approach as 

described above. They have also considered methods to correct the 

photoelectron bands for rotation, spin-orbit splitting, and anhar

monicity. The latter two effects need not be considered for ethylene; 

however, even with the supersonic molecular oeam method we have found 

some residual broadening. This broadening we have attributed to 

rotational effect and correct for it by deconvolving the observed 

spectrum using a Gaussian function. The width of the Gaussian was 

optimized to account for any residual width in the X state features 

after correction for the instrument response function. 
...... - - -

The correlation functions of the X, A, B and C states of ethylene 

were calculated using the following procedure. First the band of 

interest was isolated and any constant background was removed. The 

band was normalized (unit area) and then Fourier transformed, using a 

discrete fast Fourier transform algorithm. The instrument response 

function was similarly normalized then convolved with a Gaussian of 

10 meV FWHM. This resulting function was Fourier transformed and 

divided into that of the data. Finally, the modulus of the previous 

result was calculated to obtain the correlation function. This pro

cedure is described by the following equation: 

J:oo g(E)e-iEt/h dt }I 
(3) 

where g(E) is a normalized Gaussian. 
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IV. RESULTS AND DISCUSSION 

A. First band, X 2s3 state 
+ The spectrum of the C2H4 ground state as obtained with 

single channel d.etection is shown in Figure 2. We label the symmetry 

of the states based on the assignment of the z-axis running through 

the two carbon atoms and the x-axis perpendicular to the plane of the 

molecule. The subscripts u or g are applicable if the molecule is in 

the planar D2h geometry. The partially twisted and 90° twisted 

geometries .belong, respectively, to the D2 and. D2d point groups. 

As was observed in earlier work 1-6 the major vibrational progression 

is in the v2 (ag) C-C stretching mode with a concurrent excitation 

of the v4 (au) torsional mode. The present spectrum shows much 

more clearly than before the two additional progressions which are 

similar to the first, but include the excitation of one and two quanta 

in the v3 (ag) H~C-H bending mode. The mean energies of the 

transitiops were located by fitting the individual peaks to 

Gaussians. The observed splittings and uncertainties. are listed in 

Table I. The values for the v2 and v3 modes and the value of 

2v4 agree with the results of Dehmer and Dehmer6 to within the 

combined experimental errors. The AG (v2 + 1/2) values for the 

first and second progression (with v3 : 0,1) decrease systematically 

with increasing v2, demonstrating the anharmonicity in the C-C 

stretching mode. Least-squares fitting to AG (v2 + l/2) vs. v2 + 

1/2 yields the following vibrational constants: we : 1264 ± 2 cm-1 

and wexe: 1.5 ± 0.4 cm-1 and for v3 : 1, we: 1259 ± 5 cm-1 

.•i 
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and wexe = 3 ~ 2 cm-1• The 2v4 torsional mode splittings do 

not show a systematic variation, and an average of the nine measured 

values gives the result 2v4 = 441 ~ 4 cm-1 An important 

conclusion to be drawn from the vibrational frequencies in Table I is 

that at the present level of accuracy the modes v2, v3, and v4 
are essentially uncoupled for the first few levels of the X state. 

The first progression in the torsional mode v4 (with v2 = 0 

and v3 = 0) shows a strong anharmonicity in our spectrum and is 

similar to the vibrational structure of the 3s Rydberg transition at 

1744A. The vacuum UV absoprtion spectra of C2H4 and c2o4 have 

been the subject of several research papers22- 25 and one review 

article. 26 The most likely explanation for the Rydberg spectra is 

that the anharmonicity in the torsional mode results from the 

nonplanarity of the upper electronic state. Merer and Schoonveld16 

showed that the 3s Rydberg state (1s3) is twisted by 25 ~ 1° at 

equilibrium and has a barrier to inversion of 290 ~ 20 cm-1• Watson 

and Nycum25 proposed a different interpretation based on intensity

stealing from the underlying w* 4 w transition, but this mechanism 

cannot be operative in the photoelectron spectrum because of the 

absence of an underlying transition. Dehmer and Dehmer6 pointed out 

that the close similarity between the photoelectron spectrum and the 

Rydberg spectrum (made even more apparent with the present higher 

resolution data) tends to discount the likelihood of the intensity

stealing mechanism. This suggests that the two spectra should have a 

common explanation based on the nonplanarity of the upper states. The 
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most recent theor~t i,ca l studi es,py Koppel, et a 1._? and by. Sannen, 

et a1. 13 indicat~ that the.C2H4+ i 2s3 state,has an equilibrium 

torsional angle of about 25° and an inversion barrier of about 230 cm-1• 

The spectrum in Figure 2 shows well-resolved transitions 

corresponding to the (0000), (0002), and (0003) vibrational states. 

There is a distinct shoulder on the low binding energy .side qf the 

(0100) peak whic~ we assign to the (0004) transition by analogy to the 

assignment of the Rydberg spectrum. 24 ,26 The torsional mode pro

gression is more clearly revealed in .Figure 3 where w~ ~ave subtracted 

off the (0100) and higher peaks to show the (0004). The excitation of 

an odd number of quanta in the v4 mode is vibronically forbidden for 

Rydberg,t~~n~itio~s if the upper state has the planar o2h geometry. 

Such transitions have not been observed in the Rydberg spectrum of 

C2H4, but it is poss ib 1 e that they are simply very weak and are . 

obscured by the ,strong ~nderlying v* • v transition. The photo

electron spectrum does show the (0003) transition as was first pointed 

out by'Cvit~s, et al~,5 but the.(OOOl) transition, if it occurs, is 

too weal< to be observed in our data. 
+ We have analyzed the torsional vibrations of C2H4 using ~ 

potential of the form 

1 2 2 V(e) = 2 k e + £ (exp(-ae ) - 1). ( 4) 

The three vibrational splittngs measured· in.this experiment (i.e., the 

0-2, 2-3, and 3-4) in principle allow a determination of the three 

parameters in our assumed potential. For the case of£·= 0 the 
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problem reduces to the simple harmonic oscillator with eigenvalues 

given by 

(5) 

where m is the mass of the hydrogen atom and r is the distance of the 

hydrogen atom from the z-axis (through the C-C bond). We have adopted 

the value r = 0.96A which was. determined by Merer and Schoonveld24 

for.the Js Rydberg state; The energy levels of the perturbed harmonic 

osc'illator were analytically derived through second order ·in£, and 

the potential parameters were varied to match the experimental 

vibrational splittings, ~ith the results 

k = 4.687 cm-1 deg-2 

£ = 7667 cm-1 

a= 4.103 X 10-4 deg-2 

The potential and the calculated energy levels for C2H4+ and 

c2o4+ are shown· in Figure 4. Although this potential exactly 

reproduces the three measured vibrational splittings, our experimental 

uncertainties and the uncertainty in the va·lue of :r mean that our 

results are actually consistent with a range of potential parameters. 

Taking these uncertainties into account, we recommend values for the 

equilibrium torsional angle and the inversion barrier of 27 ~ 2• and 

270 ~ 150 cm-1. These are in good agreement.with the angle of 25• 

. '. 

•J ,, 
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and barrier of 230 cm-1 derived by KBppel, et al.7 py fitting 

their predicted photoelectron spectrum to an experimental spectrum. 

The one-dimensional potential specified by Eqs. (4) and (6) is fairly 

consistent with the ab initio potential energy surface of Sannen, 

et a1. 13 for the t 2H4+ i 2s3 state, which shows a twisted equi

librium geometry (ca. 2l 0 )and a cusp at 90° where the energy is 

10500 cm-1 above the minimum. The present potential yields the value 

V(90°) = 12000 cm-1• Figure 4 also shows the energy levels calcula

ted when the hydrogen atoms are replaced by deuterium. These energies 

are in reasonable agreement with the c2o4+ peak splittings from 

the photoelectron spectrum of Cvitas, et ·al.5 Their measure values 

of 2v4 and 4v4 are 270 cm-1 and 720 cm-1, whereas our calculated values 

are 260 cm-1 and 680 cm-1• 

The correlation function calculated from the X state .photo

electron band is shown in Fig. 5. The most significant feature of 

this function is the failure of the main oscillations to return to 

their initial value. This behavior indicates a significantly 

different excited state potential energy surface. In terms of the 

dynamics, the wave packet evolves in such a way that it never regains 

its initial shape. This is most likely due to the significantly 

different nature of the v4 vibration in the ground ionic state. 

The major oscillations in the correlation function have a period 

of 26.5 fsec, which is the period of the v2 vibration. The v3 
mode, with a period of 22 fsec, appears only by modifying the shape of 

the major features because it is not completely resolved. The v4 



-19-

mode in the photoelection band appears strongly only as 2v4• As 

Lorquet et al. has shown for the case of spin-orbit splitting this 

doublet type structure appears in the correlation function as a 

Ieos AEt/21~ 1 modulation. Therefore, the deep valleys at 40 fsec, 

115 fsec and 190 fsec in the correlation functi6n are due to the 2v4 

splitting in the photoelectron band. 

The observed time resolution in this correlation function as 

measured by the decay from time zero is 4-5 fsec, which is determined 

by the 0.2 eV overall width of the photoelectron band. The time over 

which we can derive meaningful information from the-correlation 

function is determined by the effective resolution in energy. As 

described in the procedure for calculating the correlation function, 

both the instrument response function and residual rot~tional broaden

ing are deconvolved. · The effectiveness of this procedure is deter

mined by the quality of the data~ The correlation function for this 

state has been obtained for 200 fsec without significant interference 
, 

due to noise, which corresponds to an effective resolution of approxi-

mately 3.3 mev. 

B. Second band, ·A 2s3 state 

The second band of ethyl~ne i~ shown on an expanded scale in Fig. 

6. Unlike the first band,_no sharp vibrational structure is 

observed. This state is created by removing an electron from a 

predomin-ately'~~'* c.:..c and C-H bonding orbital. Theoretical calcula

tions have indicated the expected increase in C~H bond distance 
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and decrease in the. C-C distance.8,13 Within the Franck-Cpndon 

approximation this should result in excitation of "1 and "2 modes 

upon ionization to this state. Indeed broad features are present with 

these separations, however, even with the inclusion of "3 and "4 
it is impossible to account for the total intensity profile of this 

band, and especially its broad character. Certainly some other. 

mechanism is playing an important role. 

Koppel et al. 8 haye recently calculated the nonadiabatic 

effects in this state that result in strong vibronic coupling with the 

first ionic state. They.concluded that these effects are so strong 

that decoupling of the nuclear motion into 11 normal modes 11 was 

impossible, resulting in more ~han 1000 lines in the photoelectron 

band. They reported a theoretical photoelectron band obtained by 

convoluting these 1000 states with a 0.04 eV (FWHM) Lorentzian. 

Unfortunately, due to the complexity of their calculation they did not 

attempt to optimize a fit to the photoelectron band. The general 
' 

fe~tures and complexity of this state seem to be explained rather well 

by this calculation. To assist in this comparison we have plotted 

their theoretical spectrum, shifted by 0.161 eV to higher binding 

energy in order to align the major features. This is shown in Fig. 6. 

The ethylene ion with an internal energy of 2.63 eV (ionization 

energy of 13.136 ~v) 10 dissociates to c2H2+ + H2• This lies on 

the high energy side of the A state band. With only .12 eV of 

additional internal energy (io~ization energy 13.22 ev) 10 a new 

channel p~oducing c2H3+ + H Qecome accessible and competes with 
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the first. Stockbauer and Inghraml2 have studied these processes 

using threshold photoelectron-photoion coincidence mass spectrometry. 

Their results are shown in ~he insert of Fig. 1. These results agree 
.. ; 

with QET calculations and a very recent calculation using an extension 

to RRKM. 14 Thi~ latter calculat~on assumes a rapid microcanonical 

equilibrium between the A state and the X state. They reference a 

rate of 1014 sec-1 determined from the correlation function of the ' . 

-A state photoelectron band. 

The natural logarithmic plot of the correlation function for the 

A state obtained by the method previously described is shown in Fig. 

7a. It shows an extremely rapid drop at short times and a continued 
. . . 

decay out to 60 fsec. This overall behavior can not be described by a 
-single exponential decay. In analogy with the X state the initial 

drop in intensity, is caused by the change in shape of the excited 

state potential while the continued decay is characteristic of'the 

radiationless transition. We have plotted a line on the curve at 

later times (10 - 60 fsec) 'whose slope characterizes the decay of this 

latter process. Themagnitude of this decay is suggestive of a 

torsional motion. In fact the theoretical calculation14 indicate 

that the v4 mode is the symmetry breaking mode that converts the 

avoide~ crossings into conical intersections. 

This autocorrelation.function agrees with that calculated by 

Koppel, as expected from the good agreement between the photoelectron 

bands. However, Koppel obtained a quantitatively accurate radiation

less decay time of the excited state of 7 fsec, by in addition calcula

ting the excited state population probability. This result has been 

··, .. , 
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recently further confirmed by Meyer27 using fl c)assical trajectory 

method with a more general Hamiltonian. 01Jr estimate for this process 

from the rec i proca 1 of the s 1 ope of the decay of the corre.l at ion 

function squarep is 8 fsec. To make this estimate we have to use 

lc(t) 1
2, which .at later times is roughly proportional to the 

population decay of the initial state. 

C. Third band, B 2A state 

The third band in ~he photoelectron spectrum of ethylene is even 

more broadened than the A state band. This .state results from the 

removal of a a C-C, CH2 bonding electron, which would be expected to 

excite CH bending and C-C stretching vibratiors. However, it is not 

possible to explain the few features that appear in this band with 

reasonable values for these vibrations. Again some .other mechanism is 

likely dominating the photoionization of this state. The close. 

proximity of this state to the~. 2s2~state and their canonical 

intersections in the p~tential energy surf.ace16 similar to the X and 

A state suggest the possi~ility. of strong non-adiabatic effects. 

The B 2A state diss~ciates to both c2H2+ + H2 and c2H3++ H 

with fractional abundances12 shown in the insert of Fig. 1. Again 

this dissociation has been shown to be consistent with QET calcula-
-tions which ass~me a rapid radiationless transition to the X state. 

The plot of t~e natural logarithm of the correlation function for this 

state is shown in Fig. 7b. To obtain this correlation function the 

i 2A and ~ 2si states had to be separated. The high ionization 
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energy side of the B state was fitted to.a Gaussian which was used to 
~ 

extrapolate this band _into the region of overlap with the C state. To . ·. . .. 
I 

test the validity of -this procedure the correlation function was 
' ' ' - -calculated for t~e B and C states .together. The main .features of both 

- -the B and the C states were still present. ·The correlation function 
-of the B state shows a significant drop and then a rapid further . ." . . 

·\ 

decay. For this state the function is valid only for. the first 

40 fsec before the noise begins to dominate. As shown by the slope of 

the line plotted on this curve the decay is significantly ~or~ rapid . ' 

than the A state, indicating an even more rapid radiationless 
-transition out of the B state. The effect of this rapid decay can be 

I 
) 

seen by the width of the low ionization energy side of this band, 

which fits to a Lorent?ian !lf.width corresponding to 4 fsec. This 

faster rate for the B state suggests that some higher frequency 11 mode 11 

' ' -than ~4 is involved in the nonabiabatic coupling with the C state. 

D~ Fo_urth band, C 2s2 state 

The spectrum of th~ C 2s2 excited ionic state is shown in 

Figure 8. It consists of at least 11 r~solved pe~s, and t~~ average 

of the first six peak splittings is 1245 :1: 20 cm-1, a value which_ is 

quite comparable ~0 the v2 (C-C stretch) splitting in the X 2s3_ 

state. The linewidths ~f the features in the X state are close to the 

instrumental resolution (ca. 90 cm-1), whereas the featu_res in the C 
state are very much broader, implying that a fast decay process is 
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operating·~· -Figure ·s also shows'the least...;squ~res fit to· the spectrum 

using a set 'of 12. Lorentzian -function~· an~ a constant backgrbund 

function (~educed .. chi-s·q·uar~d' ,;'·(1. 1 r: This Lo~ent~ta,n flt 1'~ better 

than the fifobtai~ed if a·set·ci·f Gaussian·'-funct'ion·s is used (reduced'' 
,~, L ·: > ,. ' ', f ' ' ( o ' : • I •,' o 

chi-squared; L'6), which supports the idea thatthe·pe:aks are 

primarily l:ifet'ime broad'ened: r·he:av~rag~ ·-Lorehtzian ~ih-~widtti. (full~ 
- I 

width at h;lf-~a>dma)'·of···t:ne ~ix· largeh:p~ai<s ·is.·l1t-·,; 766 * 1s cm- 1; 
" . . . . • . ' - • - ·, ' .• I· ... ·, " .. ' ,. - " 

corresponding· to a· lifetime of -r· = h/l1E;, 7 :J: l 'fsec. 

~ ' ~ ' + - ' ~ \" . .. .: ' ' . . J • ' 

(mainly to C2H3 + H) and ·that the dissociation is most likely 
,,··~. ···. :~·.;~:,.. ~:-_..':_·.·•~ '-~··r . .. ··-·'" ..;,, ~~: -~ .,,,.· ...... :~ :" .... · ··~--·, ~ 

preceded by _internal conversion to the X state, based on the success 

of QET thr. ~hiS:syt~m~ · The·-~o .rnifio ~otential e~~rgy surfaces for 

C2H4 + -b~ s~~~~-~'' et a{.'lJ show' that::the .. C state surface has 'a .. 
saddle pbintat the-planar· geom~try' and' is 'repulS'ive 'in the direction 

corresponding to the torsional motion. The i 283 and ~ 282 
' • . ' 0 ·\ ~-_:_ .. : . . . 

states exhibit a Jahn~Teller crossing ate= :J: 90 "where t~e ~olecule 

is in a deg·e~erate 2E :, st~te ~ · s·annen, : et a 1; e>q) 1 'a';~ t.he. decay of - · 

the c 'state a's an 'adi:abat'ic: ~lectrbnic 'relaxation bt~ught" about by the 

tors i'ona( motion~. . .. 

We are·thus>.led.'to :interpfet the' 1i·newidhc:in the·E state ···· 

photoelectron spe.ctr~rh~ is arising from 'the i'ifetime for interna·i 

convefs'i on 'to tti~ 'X state. : As' was pointed out" tiy Sarinen·",· "et aY:- .'~nd'. 

by Hansoul; et al., 28 'vibJ-'a.tional, structure in. polyatdmic mo1ecules. 

is possible in a transition t~ a potential which is repulsive in one 

,·· 
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degree of freedom, provided the full potential energy surface is 

attractive in the.other degrees of freedom (i.e., a saddle point). 

The bound vibrational motion at the top of such a saddle is in general 

a combination of more than one ~·normal mode", but in_ the present case 

the mea.sured frequency (1245 ='= 20 cm-1) implies that the motion is 

predominantly a C-C stretch. The phenomenon of polyatomic vibrational 

motion at a saddle point was initially explored by Pack 29 in con

nection with the theory of UV absorption spectra into dissociative 

states. He showed that the bound-continuum part of the vibrational 

overlap integral is nearly zero unless the energy available for motion 

along the repulsive degree of freedom is very close to the potential 

energy at the top of the saddle. This situation gives rise to a 

series of vibrational peaks in absorption which correspond to motion 

in the bound degrees of freedom. The width of these peaks increases 

with the curvature of the repulsive potential, in a manner consistent 

with the application of the uncertainty principle to the lifetime of a 

state at the top of a saddle point. We interpret the C2H4+ ~ 

state photoelectron spectrum as a clear ~xample of vibrational 

structure at a saddle point where the repulsive degree of freedom (in 

this case the torsional motion) carries the molecule to the X state. 

The lifetime for this process is given by the Lorentzian full-width at 

half maximum and should be equal to the time required for the molecule 

to undergo a single torsional rotation. 

The natural logarithm of the correlation function for the C state 

photoelectron band is shown in Fig. 7c. This curve shows a distinct 
"' 
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single exponential decay from which we obtain a slope of 1/(16 ~ 

2 fsec). To compare this to the line shape result, it has to be 

corrected by a factor of two to account for the squaring of the._ 

correlation function. The peaks in the curve appear with a period of 

27 fsec which corresponds in wave,numbers to 1240 cm-1 also in 

agre_ement with the suggestion of a dominate C-C stre:tching motion. 

-, 
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V. CONCLUSIONS AND SUMMARY 

Photoelectron spectroscopy with a supersonic molecular beam 

source has revealed several new aspects of the structure and 

energetics of the ethylene molecular ion. The X state has strongly 

anharmonic torsional vibrations, which were analyzed to show that the 

molecule has a twisted equilibrium geometry with an inversion barrier 

of 270 :~: 150 cm-1 and an equilibrium angle of 27 :~: 2•. The C state 

exhibits vibrational structure which is lifetime-broadened by internal 

conversion to t~e i state (T = 7 :~: 1 fsec), and which corresponds to 

motion in the bound degrees of freedom at a saddle point. 

The method of Lorquet et a1. 16 for calculating the correlation 
- - -function from the photoelectron band was applied to the X, A, B and C 

states of ethylene. The B state was found to decay the most rapidly 

after an initial drop associated with a significant change in the 
-shape of the potential energy surface. The A state also shows 

initially a significant loss of correlation with the neutral initial 

state and a slower decay from that point. The C state correlation 

function is dominated by a single exponential decay of 16 :~: 2 fsec. 

' 
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Table I. 1 + - 2 Vibrational frequencies in em- of the c2H4 X B3 
state. Error limits of one a are given in parenthesis. 

V3 = 0 

V3 = 1 

V3=2,V4=2 

0 
1 
2 
3 
4 

0 
1 
2 
3 

0 
1 

0 
1 
2 
3 
4 

AG(v2 + 1/2) AG(v3 + 1/2) 

1260.2~ .7) 
1257.0 1.3) 
1252(3) 
1245(6) 
1220(12)a 

1252~2~ 1249 3 
1237(12) 
1255(16)a 

1254~8)C 
1233 14)C 

0 

438.4(.5) 
766(3) 
1158(10) 

1494(1) 

1510( 7)b 

438.4~.5~ 
437.4 .9 
442(2) 
434(6) 
439(7) 

442~1~ 444 2 
448(4) 
443(13) 

aThese values were not used in the least-squares fit for we and 
wexe. 

bThis value is energy difference between (0022) and (0012) because 
(0020) is not directly observed in the spectrum. 

CThese values are for v4 = 2 because the v4 = 0, v3 = 2 peaks 
are not directly observed in the spectrum. 
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FIGURE CAPTIONS 

Fig. 1. The 584 A photoelectron spectrum of C2H4 measured with 

multichannel detection. The states are labeled assuming o2 
symmetry. · The insert shows the relative abundances of 

+ + + C2H4 , c2H3 and c2H2 reported by Stockbauer and 

Inghram12 using photoelectron-photoion coincidence mass 

spectrometry. 

Fig. 2. The 584 A photoelectron spectrum of the C2H4+ X 2s3 ground 

state measured using single channel detection. The peaks 

-are labeled with the vibrational qu~ntum numbers of the v1, v2, 

v3 and v4 modes. 

' + -· 2 Fig. 3. The first torsional mode (v4) progression in c2H4 X s3• 

The (0100) and higher peaks have been subtracted off. 

Fig. 4. The torsional potential energy curve of the i 2s3 state with 
+ + the calculated energy levels for C2H4 and c2o4 • ··The 

potential parameters were determined by matching the experimental 

+ peak positions for C2H4 • 

Fig. 5. The correlation function calculated for the X 2s3 ground state. 
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Fig. 6. The points are the A 2s3 measured photoeleptron band with an 

instrumental resolution of 12 meV (Ar). The solid line is the 

calculation of Koppel et al.a shifted to higher ionization 

energy by 0.161 eV and scaled to match the lowest ionization 

energy peak intensity. 

Fig. 7. The natural logarithm of the correlation functions cal~ulated 

from the A 2B3(a), B 2A(b) and C 2s2(c) states. The lines drawn 

in parts (a) and (b) are to indicate the rate of decay after 

an initial drop. The numbers indicate the slope of the 

line. In part (c) the line drawn is for an exponential decay 

of 16 fsec. 

Fig. 8. The~ 2s2 photoelectron band, the solid line shows the 

result of a non-linear least-squares fit to a sum of 12 

·Lorentziaris and a.constant background. Also, shown in the 

bottom of the figure is the difference between the fit and 

the measured data. 
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