
CROATICA CHEMICA ACTA CCACAA 57 (5) 991-1010 (1984) 

CCA-1507 
YU ISSN 0011-1643 

UDC 541 
Original Scientific Paper 

Breakdown of the One-Electron Picture of Ionization 
for Hydrocarbon n Systems 

Jens Spanget-Larsen 

Royal Danish School of Educational Studies, Department of Chemistry, 
Emdrupvej 115 B, DK-2400 Copenhagen NV, Denmark 

Received March 8, 1984 

The photoelectron spectra of a number of characteristic hydro­
carbon n systems are analyzed in terms of Koopmans' and non­
-Koopmans' contributions within a< limited configuration interaction · 
(CI) framework. The results for several compounds, including qu­
inodimethanes, fulvenes, annulenes, and related systems, suggest 
frequent invalidity of the one-electron picture of ionization even 
in the outer valence region. A similar situation may apply for the 
corresponding anion spectra, as indicated by the electron trans­
mission spectrum of p-benzoquinone. This and severa'l recent 
investigations demonstrate a general need for the introduction of 
a more realistic excited state concept than the one implied by 
Koopmans' approximation. 

1. INTRODUCTION 

Soon after its introduction in the early 1960's1- 4, uv-photoelectron spectro­
scopy gained considerable popularity among organic chemists and this techni­
que is now an indispensible tool in physical organic chemistry3•5. This remar­
kable development is not the result of a pronounced chemical interest in the 
radical cations generated in the spectrometer. Rather, photoelectron spectro­
scopy is generally appreciated as a source of information on the ground state 
orbital structure of the neutral molecule. The ionization energies of a molecule, 
corresponding to the measured photoelectron bands, can frequently to a good 
approximation be set equal to the negative of the energies of the occupied 
canonical molecular orbitals (Koopmans' approximation6, see Section 2). Hence, 
photoelectron spectroscopy comes close to an experimental probe of the orbital 
energies of a molecule. The popularity of organic photoelectron spectroscopy 
can thus be seen as a reflection of the increasing »orbital consciousness« of 
organic chemists5, a development which coincides with the breakthrough of 
the Woodward-Hoffmann rules1 ,s. 

The advent of photoelectron spectroscopy was welcomed with enthusiasm: 

»Chemists can see the orbital structure of even fairly large molecules and 
no longer have to rely on the predictions of theoreticians«9 

»Photoelectron spectroscopy has demonstrated experimentally to chemists, 
physicists and other sceptics that molecular orbitals really exist«10 
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Unfortunately, statements like these tend to be directly misleading to the 
uninitiated reader. First of all, the »molecular orbital« is a model concept, a 
one-electron function which serves as a convenient theoretical building block 
in the description of molecular many-electron states, but it has no physical 
existence and is not observable. Secondly, numerous cases are known where 
Koopmans' approximation breaks down, thereby destroying the approximate 
correlation between ionization energies and orbital energies (for recent reviews, 
see, e.g., Refs. 11- 14). 

The aim of this communication is to contribute to th e understanding of 
some of the limitations of Koopmans' approximation. In particular, we shall 
consider the possible breakdown of the one-electron picture of ionization for 
some characteristic hydrocarbon n systems. Planar unsaturated hydrocarbons 
are particularly suitable for photoelectron spectroscopic investigations, because 
their spectra tend to be relatively simple and because of the applicability of 
n electron theory5. In hundreds of investigations, the validity of the one-electron 
(or at least the quasi-particle) picture of ionization has been taken for granted. 
However, in recent years a number of studies12- 21 have indicated that even for 
this class of apparently well-behaved compounds severe breakdown of Koop­
mans' approximation may be observed in the outer valence region, leading :n 
some cases to complete inapplicability of the orbital approach. The most famous 
case is undoubtedly that of p-quinodimethane, which was first investigated by 
Koenig et al.15·16, and which is the subject of dispute in the literature19•22 . In an 
increasing number of examples, as reviewed by Haselbach and coworkers 12- 14 , 

the investigation of polyene ions by optical or photodissociation spectroscopy 
has identified so-called non-Koopmans' states in the low energy region. It is 
thus becoming increasingly clear that the general applicability of Koopmans' 
approximation to apparently normal polyenes is an absolutely non-trivial 
matter. 

In the following Section we discuss in simple conceptual t erms, the assumpt­
ions which are involved in the one-electron picture of ionization and the 
significance of configuration interaction. In the remaining part of the paper 
the discussion is exemplified by a consideration of some selected polyenes which 
offer favorable conditions for a breakdown of the one-electron approach. Cal­
culational data are presented by using a recently developed »Linear Com­
binatfon of Orthogonalized Atomic Orbitals« (LCOAO) model23,24 and open-shell 
configuration interaction (CI) in the canonical ensemble average approximat­
ion25; the calculational strategy is outlined in the Appendix. 

2. KOOPMANS' APPROXIMA TION AND BEYOND 

The bands in the experimental photoelectron spectrum indicate differences 
in energy between the ground state of the neutral species M and the various 
states J of the cation M+, corresponding to the different ionization energies h 
Practically all theoretical predictions of molecular photoelectron spectra are 
based on canonical molecular orbital theory. Let us adopt the Born-Oppen­
heimer approximation (»fix ed nuclei« assumption) and approximate the elec­
tronic ground state wave function of the closed-shell molecule M by a single 
Slater determinant corresponding to the ground electronic configuration of M. 
Formal removal of an electron from one of the occupied orbitals, neglecting 
electronic rearrangement on ionization (»frozen orbital« assumption) , generates 
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Figure 1. Schematical representation of the ground electronic configuration for a 
closed-shell molecule M and of Koopmans' and non-Koopmans' configurations for 

the radical cation M +. 

a so-called Koopmans' configuration, which in the absence of configuration 
interaction defines a particular state of the radical cation M·+ (Figure 1). Within 
this strictly one-electron picture of ionization, only transitions terminating on 
a Koopmans' configuration are electric dipole allowed, and we have a one-to­
-one correspondence between the number of individual photoelectron bands 
and the number of occupied orbitals. Moreover, the energy required to remove 
an electron from the J'th orbital is equal to minus the orbital energy, - cf. 
The J'th vertical ionization energy, h can thus be predicted from the energy 
of the J'th orbital: 

(1) 

This result was first obtained by Koopmans and is usually referred to as 
»Koopmans' theorem«6. Koopmans showed that the variationally best set of 
orbitals for description of ionization processes is identical to the canonical 
Hartree-Fock-Slater set, thereby attaching a certain uniqueness and physical 
significance to this set26 • 

Let us consider a simple example, namely the n system of C2h butadiene. 
Figure 2 indicates the shape of the four n orbitals. Two of those, bg and au, are 
occupied in the 1Ag ground configuration, and we can thus generate two Koop­
mans' configurations for the radical cation, corresponding to 2Bg and 2Au terms. 
Figure 2 also indicates the lowest non-Koopmans' configuration which can be 
arrived at f~om the 2Bg ground configuration of the cation by promotion of an 
electron from the highest occupied to the lowest unoccupied orbital, i.e. bg ~au*, 
leading to an 2Au* term (the asterisk in the term symbol is used here to indicate 
the non-Koopmans' character) . 
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Figure 2. Indication of the ground electronic configuration for the :n: system of C2:1 

butadiene and of the three lowest electronic configurations for the :n: system of the 
radical caition. The relative configuration energies were calculated by the restricted 

open-shell LCOAO-CI procedure (see Appendix). 

Transitions from 1Ag to the two Koopmans' configurations 2Bg and 2Au are 
one-photon allowed ; they can be assigned the spectral intensity »unity« (the 
wave function of the emitted electron can always be chosen such as to permit 
ionization). In contrast, transition from 1 Ag to 2 A u* or any other non-Koopmans' 
configuration is one-photon forbidden since the latter is more than singly 
excited with respect to 1A g (Slater's rules)26 • Hence, at this level of approximat­
ion, we predict two and only two n bands in the photoelectron spectrum of 
butadiene. 

The idealized one-electron picture of ionization outlined above is usually 
referred to as Koopmans' approximation, but it effectively involves a serries 
of individual assumptions which can be summarized as follows: 

a) The Born-Oppenheimer »fixed nuclei« approximation 

b) The Hartree-Fock-Slater canonical orbital model 

c) The »frozen orbital« approximation 

d) Neglect of configuration interaction 

In the following, we shall discuss a somewhat extended scheme which es­
sentially incorporates the assumptions a) , b) , and c) , but which considers ex­
plicitly configuration interaction in the radical cation, in particular between 
Koopmans' an d non-Koopmans' configurations. As we shall see, th is extension 
generally leads !o an increase in the number of predicted photoelectron bands. 

In our simple case of butadiene, for example, we thus consider the inter­
action between the Koopmans' configuration 2Au and the non-Koopmans' con­
figuration 2 Au* of the same symmetry (Figure 2). The interaction energy is 
given by the matrix element21•2s 
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where the two-electron integral on the right-hand side can be considered as 
the Coulomb interaction between the two overlap densities a ubg and b gau*· 
Interactions between overlap densities tend to be small because of cancelation 
of contributions of opposite sign; they may be relatively large, however, if the 
densities are highly localized in the same region of space. Using standard 
semi-empirical n electron theory or the LCOAO theory outlined in the Ap­
pendix, the integral in Eq. (2) is estimated to be close to 1.0 eV. We further 
need the energies of the interacting configurations. Adopting the energies 
predicted by the restricted open-shell LCOAO theory (relative to the 1A~ ground 
state of butadiene) , we obtain the 2 X 2 CI matrix 

[ 

12.3 

1.0 
1.0 ] 

13.7 

with the eigenvalues and eigenvectors 

E1 = 11.8 eV, 

E2= 14.2 eV, 

' /J i = 0.9 2A u + 0.4 2Au* 

'P2 = 0.4 2Au-0.9 2Au* 

The resulting two states represent a mixture of Koopmans' and non­
-Koopmans' contributions. The Koopmans' character of tp1 amounts to 0.92 X 
X 1000/o ~ 800/o, that of tp2 to 0.42 X 1000/o ~ 200/o. Hence, the intensity of the 
original Koopmans' transition 1 Ag ~ 2 A u is distributed over two transitions, in 
proportions of 800/o and 200/o. Or, in other words, the single 2 A u line in the 
»Koopmans' spectrum« is split into two, one relatively strong and one relatively 
weak. In the usual terminology, the first peak is referred to as the »main«, 
»parent«, or »primary« peak, whereas the second one is referred to as a »satel­
lite« or a »Shake-up« peak. The satellite peak is said to have »borrowed« or 
»stolen« its intensity from the parent peak. 

The results of the complete LCOAO-CI calculation for the ;c; system of 
butadiene are illustrated graphically in Figure 3, with indication of the recorded 
photoelectron curve29 • Configuration interaction has a significant impact on 
the calculated spectrum, leading to splitting of the second Koopmans' transition 
into two 2Au components, as discussed above. The results are consistent with 
those of several previous studies13,is-2 i ,3o-32 (including a non-empirical Green's 
function investigation~0). Experimental observation of the 2 A u sattelite predicted 
close to 14 eV is impossible because of overlap with o bands in the same energy 
region (note that transitions involving o orbitals are not considered in the 
present theoretical treatment). However, both 2 A u states are apparently observed 
in the electronic absorption spectrum of the radical cation, giving rise to two 
prominent 2B g-+ 2Au absorption bands12•13 ,32 • Indeed, the second 2B g-+ 2Au trans­
ition, the one corresponding to the photoelectron sattelite, is apparently the 
most intense optical transition in the near-uv/visible, illustrating the different 
selection rules in optical absorption and photoelectron spectroscopy. 

In order to resolve the 2Au sattelite in the photoelectron spectrum of a 
butadiene derivative, the o onset must be shifted towards higher and/or the 
sattelite towards lower binding energies. Both shifts seem to take place in 
the case of 1,l,4,4-tetrafluorbutadiene29 • The weak feature at 13.4 eV in the 
photoelectron spectrum of this compound (Figure 3) has been assigned to the 
2A u shake-up state1s-20 • The high binding energy shift of the a onset relative to 
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Figure 3. Calculated and observed29 photoelectron spectra for butadiene (top) and 
1,1,4,4-tetrafluorbutadiene (bottom) . The lines in the theoretical spectra indicate 
predicted n bands and correspond to results obtained using Koopmans' theorem (KT), 
with indication of orbital symmetries, and to results of a restricted open-shell 
calculation on the radical cation with inclusion of configuration interaction (CI) . The 
length of the lines is proportional to the predicted Koopmans' character and indicates 
the relative photoelectron intensity ; transitions with relative intensity less than 0.6 

are labeled with an »X « (see Section 2 and the Appendix). 

then levels is known as the fluoro effect, and can be explained by the inductive 
effect of the fluorine atoms and by the tendency of inductive and conjugative 
effects to cancel for the n levels. On the other hand, the low-energy shift of 
the n sattelite relative to the main n levels can be explained by the circum­
stance that the n* orbitals are much less affected by destabilizing conjugative 
interactions than the n orbitals, because of the much larger distance in energy 
to the fluorine 2p functions. As a result, the HOMO-LUMO gap is decreased 
and the non-Koopmans' configurations are stabilized by the fluorine sub­
stitution. 
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Figure 4. Top to bottom: Calculated and observed5·33 photoelectron spectra of anthra­
cene (see legend to Figure 3), general outline of the observed optical absorption spectra 
of the anthracene radical cation and anion34 , and of the lowest singlet-singlet and 

singlet-triplet absorption bands for neutral anthracene35• 

We shall conclude this introduction with a brief consideration of the 
spectrum of a much larger system, namely the photoelectron spectrum of 
anthracene. The calculated spectrum is indicated in Figure 4. The fourth 
cation state can be described as a 2B1u HOMO-LUMO shake-up state. The pre­
dicted photoelectron intensity is weak and the state is apparently not observed 
in the experimental spectrum. However, the state seems to be observed in the 
optical absorption spectrum of the radical cation, where the feature close 
to 2.4 eV has been assigned to it34 (note that the neighbouring 2B2g ~ 2B2g trans­
ition is forbidden by symmetry in one-photon absorption spectroscopy). A 
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corresponding transition is observed for the anthracene radical anion34 (Fi­
gure 4) . The obvious similarity of the absorption spectra of the positive and 
negative ions can be explained by the pairing properties of alternant hydro­
carbons. The assignment of the 2.4 eV band to an essentially HOMO-LUMO 
type transition is supported by application of a simple relationship for alternant 
hydrocarbons derived by Haselbach, Wirz et aL1 7 

E (D1) = [E (S1) · E (T1)]' i2 

This approximate relation states that the HOMO-LUMO transition energy 
E (D1) for the doublet cation or anion is intermediate between the corresponding 
singlet-singlet and singlet-triplet transition energies for the neutral species. 
The relevant absorption bands are indicated in the lower half of Figure 4; 
the large 8 1 - T1 energy splitting and the considerable lowering of E (D1) rela­
tive to E (81) is characteristic for alternant systems and can be explained by the 
large HOMO-LUMO exchange integrals for these compounds36 . 

The photoelectron spectra of butadiene and anthracene can be considered 
as characteristic for those of »normal« polyenes, in so far as there is a clear 
distinction between parent and sattelite lines. The latter are weak and are 
easily obscured by overlap with the stronger bands. These photoelectron spectra 
can usually be satisfactorily interpreted within the one-electron picture of 
ionization; the interaction between Koopmans' and non-Koopmans' configurat­
ions is small relative to their separation in energy and configuration inter­
action can be considered as a minor perturbation. However, if the cross terms 
become large relative to the separations in energy, configuration interaction 
becomes essential. In this case, the distinction between parent lines and satte­
lites is ambigous or impossible, and the one-electron picture of ionization 
breaks down: there is no longer a one-to-one correspondence between mole­
cular orbitals and photoelectron bands. In the remaining part of this paper, 
we shall consider some possible candidates for such »abnormal« behaviour. 

3. p- AND o-QUINODIMETHANES AND RELATED COMPOUNDS 

In 1975 Koenig et al.15 published an investigation of the photoelectron 
spectrum of p-quinodimethane, which was generated in the spectrometer by 
pyrolysis of [2.2](1,4)cyclophane. The measured photoelectron curve is outlined 
in Figure 5. The most remarkable result of the analysis by Koenig et aL was 
the assignment of the diffuse shoulder around 10.2 eV to an ionization process 
with large non-Koopmans' character and correspondingly weak photoelectron 
intensity. The resolution of the band is greatly improved in the spectrum of 
3,7-dimethyl-p-quinodimethane16 (Figure 5), as a result of the different sub­
stituent effects for Koopmans' and non-Koopmans' configurations. The inter­
pretation by Koenig et al. was highly unconventional. In two contemporary 
analyses37 , the spectrum of p-quinodimethane was discussed under the tra­
ditional assumption of Koopmans' approximation, with no reference to shake-up 
contributions, and in a more recent paper by Dewar22 the assignment of 
Koenig et al. is firmly rejected. However, an increasing body of calculational 
evidence19- 21 seems to support the original assumptions of Koenig et al.15, 16 

The results shown in Figure 5 indicate strong, essentially first order interaction 
between the first HOMO-LUMO shake-up configuration and the third Koop­
mans' configuration, resulting in the prediction of two states with about equal 
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Figure 5. Calculated and observed15 •16 photoelectron spetcra< for p-quinodimethane 
(top) and its 3,7-dimethyl derivative (bottom) ; see legend to Figure 3. 

admixtures of Koopmans' and non-Koopmans' contributions. This situation 
corresponds to complete invalidity of the one-particle picture for these ionizat­
ion processes. The reason for the predicted breakdown is a low HOMO-LUMO 
excitation energy, leading to near-degeneracy of Koopmans' and non-Koopmans' 
configurations in the low energy region, and a large cross term, which can be 
understood in t erms of the orbital topology (the orbitals involved in the per­
tinent three-orbital integral all tend to have large amplitudes on the methylene 
groups21). 

A similar breakdown is predicted for o-quinodimethane20. Its photoelectron 
spectrum is unknown, but the spectrum of the derivative 2,2-dimethylisoindene 
has been measured and discussed by Haselbach et al.12>17 They assigned the 
lowest excited state of the cation to a state with large non-Koopmans' character ; 
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this assignment was supported by an analysis of the optical absorption spe­
ctrum. The theoretical results of Schweig et al.20 as well as the results outlined 
in Figure 6 suggest that the two shoulders at 9.4 and 10.2 eV in the photo­
electron spectrum should be attributed to states w ith almost equal participation 
of Koopmans' and non-Koopmans' configurations. The n orbital structure of 
benzo[c]furan38 is similar to that of isoindene and a similar shake-up structure 
is predicted, as shown in Figure 6. The photoelectron curve published by Pal­
mer and Kennedy38 exhibits a weak diffuse structure around 11 eV which 
may be due to a sattelite. However, the structure was not assigned by the 
authors and it cannot be excluded that it is due to an impurity. 

p- and o-quinodimethane belong to the family of alternant hydrocarbons, 
and a mirror image relationship is expected for the electronic structure of 
paired radical anions and cations. Investigation of the radical anions of these 
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Figure 6. Calculated and observed17.38 photoelectron spectra for 2,2-dimethyl-isoindene 
(top) and benzo[c]furan (bottom) ; see legend to Figure 3. 
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ment of the photoelectron energies (see legend to Figure 3). The experimental electron 
transmission spectrum is indicated in the form of the derivative of the transmitted 
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species, e. g. by electron transmission spectroscopy, would complement the 
photoelectron spectroscopic investigations39•40. The electron transmission spect­
rum of p-benzoquinone, an oxa-analoq'ue of p-quinodimethane, has been pu­
blished recently by Allan41 and by Modelli and Burrow42 • The electron trans­
mission derivative curve is outlined in Figure 7. Note that the ground state of 
the anion, corresponding to electron capture by the b2g (n*) LUMO, is a stable 
anion state (positive electron affinity~ 1.8 eV) and is inaccessible to electron 
transmission spectroscopy39• Four individual excited anion states are observed 
with attachment energies equal to 0.7, 1.4, 2.1, and 4.4 eV. However, only three 
virtual orbitals seem available in this region, suggesting a failure of the orbital 
picture of electron capture. Modelli and Burrow42 assigned the. features at 0.7, 
1.4, and 4.4 eV to the three available Koopmans' anion configurations, and 
assigned the additional resonance at 2.1 eV to a »core excitation« (corresponding 
to a non-Koopmans' anion configuration). Allan41, however, considers the large 
intensity of the 2.1 eV feature in electron transmission and vibrational excitat­
ion an indication of a »Shape« resonance character (corresponding to a Koop­
mans' anion contribution). The calculated results outlined in Figure 7 suggest 
the assignment of the two resonances observed at 0.7 and 2.1 eV to two 2B1u 

anion states resulting from strong interaction between the second Koopmans' 
and the first non-Koopmans' n electron configuration. Because of the profound 
mixing, the assignment of »shape« and »core excitation« (i. e., Koopmans' and 
non-Koopmans') character to these anion states is ambigous. The situation is 
thus completely analogous to the one predicted for the corresponding 2B2g 

cation states of p-quinodim ethane (Figure 5). 
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4. NON-ALTERNANT POLYENES 

Non-alternant unsaturated hydrocarbons frequently have small HOMO­
-LUMO gaps, thereby increasing the density of non-Koopmans' ion configurat­
ions in the low energy region. Fulvene is one of the most investigated simple 
non-alternants, and fulvene derivatives have been discussed with respect to 
the applicability of Koopmans' approximation, in particular concerning the 
,, frozen orbital« assumption5 •43 • In this section we shall have a brief look at 
the photoelectron spectra of some compounds more or less related to fulvene . 

The calculated and observed4'1 spectra of fulvene are shown in Figure 8. 
A weak HOMO-LUMO type sattelite is predicted in the region of the first a 
band, gaining its intensity from the Koopmans' configuration corresponding 
to the lowest occupied n orbital. In the case of 6-vinyl-fulvene (Figure 8), the 
third Koopmans' and the first non-Koopmans' configurations are predicted to 
be near-degenerate, but the coupling is only modest, leading to the prediction 
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Figure 8. Calculated and observed5 •45 photoelectron spectra for fulvene (top) and 
6-vinyl-fulvene (bottom); see legend to Figure 3. 
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Figure 9. Calculated and observed5 ·45 photoelectron spectra for sesquifulvalene (top) 
and acepleiadylene (bottom) ; see legend to Figure 3. In the case of acepleiadylene, 

observed ionization energies45 are indicated. 

of two closely spaced transitions. The relatively low intensity of the third 
photoelectron band close to 11 eV5 can probably be explained by a shake-up 
contribution. 

At least three low energy sattelites are predicted for sesquifulvalene (Fi­
gure 9) . The weak shoulder at 9.8 eV5 was assigned to a 2A2 Koopmans' con­
figuration by Heilbronner and Maier5, but was left unassigned by Marschner 
and Pohle37 • According to the present results, this feature can probably be 
assigned to a 2B1 sattelite. On the basis of a correlation of the observed first 
ionization energy with the Ruckel orbital energy coefficient XHOMO for a series 
of n systems including sesquifulvalene, Heilbronner and Maier5 predicted an 
extremely drastic failure of the »frozen orbital« approximation for this com­
pound (i. e., the assumption of the same set of orbital functions for sesqui­
fulvalene and its radical cation). The results of the present SCF-based cal­
culations do not support this view. Actually, the calculated »Koopmans' defect« 
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for the first ionization energy of sesquifulvalene is comparatively small. The 
results of Heilbronner and Maier5 probably signify a shortcoming of the stand­
ard Ruckel approximation, rather than a striking invalidity of the »frozen 
orbital« assumption (see also the discussions in Ref. 43). 

A complicated spectrum is predicted in the case of acepleiadylene, as shown 
in Figure 9. In the region above the first three cation states, coupling between 
Koopmans' and non-Koopmans' configurations leads to the prediction of several 
states with fractional photoelectron intensity . Measured ionization energies 
has been published by Boschi, Clar, and Schmidt45 and are indicated in Figure 9. 
Unfortunately, the photoelectron curve was not published, thereby complicat­
ing a verification of the predicted trends. 

We finally consider the spectra of aceheptylene and dicyclopenta[ef, k l ]­
-heptalene. The spectrum predicted for aceheptylene is dominated by the Koop­
mans' contributions, as shown in Figure 10. Several low-energy sattelites are 
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Figure 10. Calculated and observed46 •47 photoelectron spectra for aoceheptylene (top) 
and dicyclopenta[ef, kl]heptalene (bottom); see legend to Figure 3. 
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predicted, but they are all fairly weak and tend to overlap with the intenser 
main transitions. This prediction is consistent with the experimental spect­
rum46·47, which looks much as expected for a »normal« polyene. Similarly 
»normal« spectra are predicted48 (and observed47) for several non-alternant poly­
enes, in spite of the presence of low-lying shake-up configurations, for example 
for pentalene, azulene, and cyclopenHcd]azulene. In contrast, a complex spect­
rum is predicted for dicyclopenta[ef, kl]heptalene (Figure 10) with complete 
scrambling of Koopmans' and non-Koopmans' contributions in the region above 
the third main band. The diffuse structures observed in this region of the 
experimental spectrum47 seem quite consistent with the prediction. 

5. BRIDGED ANNULENES 

Another class of polyenes with potentially very small HOMO-LUMO gaps 
are the annulenes, particularly [4n]annulenes, but also medium to large sized 
[4n + 2]annulenes, provided they are fixed in a reasonably planar conformation. 

In Figure 11 are shown the calculated and observed photoelectron spectra 
for two alkyl bridged [14]annulenes, namely 1,6:8,13-ethanediylidene[14]annu­
lene and trans-15,16-dimethyl-dihydropyrene. As expected from the low excitat­
ion energies of the neutral compounds49-51, several low-energy shake-up states 
are predicted for the cations. For 1,6:8,13-ethanediylidene[14]annulene and 
related anthracene shaped annulenes Batich, Heilbronner, and Vogel52 recorded 
a »rather broad and ill-defined« band close to 9.7 eV which could not easily 
be assigned to a Koopmans' configuration. This band can probably be explained 
by the considerable shake-up activity predicted in this region. A similar situat­
ion is encountered in the case of the pyrene shaped annulene, as indicated in 
Figure 11. The weak and diffuse shoulder characterizing the onset of the third 
main band53 can probably be assigned to one or two sattelites, borrowing 
photoelectron intensity from the fourth and fifth Koopmans' configurations. 
Relative to the previously published CNDO/S results51, the present LCOAO 
calculation predicts an additional bg (n) orbital in the frontier region with 
considerable alkyl participation, thereby leading to an improved prediction and 
an alternative assignment of the third peak around 9.1 eV. This and other 
results48 (e.g., Figures 5 and 6) seem to indicate a realistic representation in 
the LCOAO model of the hyperconjugative effect of alkyl groups. 

In Figure 12 are indicated the results for cycH3,2,2]azine, which can be 
considered as a (lO]annulene bridged by three bonds to a central nitrogen 
atom. A fairly »normal« photoelectron spectrum is predicted, in consistency 
with the observed spectrum54 . A more interesting case is presented by cycl­
[3 ,3,3lazine, which can be considered as a perturbed [12]annulene. This »anti­
-aromatic« compound has an extremely low-energy forbidden HOMO-LUMO 
transition in the near-infrared ( - 1.0 eV) and intense absorption in the visible 
region (- 2.7 eV)55 ; no wonder that a rich low-energy shake-up structure is 
predicted for the photoelectron spectrum, as shown in Figure 12. Most signi­
ficantly, the doubly degenerate 2E" Koopmans' configuration derived by ion­
ization from the second highest occupied orbital level interacts strongly with 
a nearby non-Koopmans' configuration (corresponding to the visible absorption 
band for the neutral species) , leading to the prediction of two low-energy 
2E" cation states with comparable photoelectron intensities. Comparison with 
the recorded photoelectron spectrum54 seems to support the prediction (Figure 
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Figure 11. Calculated and observed52 •53 photoelectron spectra for 1,6 : 8,13-ethane­
diylidene[14]annulene (top) and trans-15,16-dimethyldihydropyrene (bottom); see 
legend to Figure 3. In the case of 1,6 : 8,13-ethanediylidene[14]annulene, observed 

ionization energies52 are indicated. 

12). Introduction of configuration interaction leads to a pleasing agreement 
with the number and spacing of the observed photoelectron maxima. On the 
other hand, the results for a »biradicaloid« species such as cycl[3,3,3]azine may 
be sensitive to the CI expansion. A more detailed investigation of the cation 
states of cyclazines is in progress24 • 

6. CONCLUSIONS 

The results of this and a number of recent investigations12- 21 indicate that 
the contribution of shake-up processes to the photoelectron spectra of hydro­
carbon n systems may be more significant than previously assumed, leading in 
several cases to inapplicability of the one-electron picture of ionization even 
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Figure 12. Calculated and observed54 photoelectron spectra for cycl[4,2,2]azine (top) 
and cycl [3,3,3] azine (bottom); see legend to Figure 3. 

in the region of lowest binding energy. A similar situation probably applies to 
the corresponding picture of electron affinity, as indicated by the electron trans­
mission spectrum of p-ben:?ioquinone. The results of approximate semi-empirical 
models, such as those applied by Schweig and his co-workers20 for many years, 
suggest that useful predictions can be obtained within a limited configuration 
interaction framework. It is thus likely that simple CI models will find in­
creased application within the fields of photoelectron and electron trans­
mission spectroscopy, thereby introducing a more realistic electronic state pict­
ure than the one implied by a rigid application of Koopmans' theorem, equi­
valent to the conceptual model36 prevailing for decades within the related fields 
of electronic absorption and emission spectroscopy. 

APPENDIX: CALCULATIONAL 

The photoelectron spectra were calculated at two levels of approximation: 1) by 
application of Koopmans' theorem6 to the results of a molecular orbital SCF calculat­
ion on the closed-shell ground configuration, and 2) by an open shell mono-excited 
configuration interaction (CI) calculation for the radic<l'l cation, using restricted open-
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-shell SCF theory and the canonical ensemble average CI approximation discussed 
by J0rgensen25 . At the first level, only Koopmans ' states are predicted; at the second 
the manifold is expanded by the inclusion of non-Koopmans ' contributions, as con­
sidered in detail in Section 2, leading to the prediction of additional ionic states. The 
two levels of approximation refer to slightly different sets of orbital functions and 
the results are not strictly comparable. However, the overlap integrals between cor­
responding functions of the two sets of orbitals are in all cases very close to unity 
<= 0.99), and states predicted by the open-shell CI treatment can thus be directly 
related to the »parent states« obtained by the application of Koopmans ' theorem, as 
indicaited by the correlation lines in the diagrams. The relative photoelectron inten­
sities indicated in the calculated spectra correspond to the sum of squared coefficients 
for Koopmans'-type configurations in the CI wave functions (see Section 2); states 
with intensities less than 0.6, corresponding to less than 60°/o Koopmans' cha•racter, 
are labeled with an »X«. With the exception of the case of the non-planar compounds 
in Figure 11, only :re-+ :re* transitions were included in the CI expansion. All calculat­
ions were based on singlet ground state geometries predicted by the MNDO method56, 

except for the compounds in Figure 11 for which structures were selected as pre­
viously described51 . 

Approximate canonical molecular orbita!ls were calculated in an all-valence­
electrons basis of Lowdin orthogonalized atomic orbitals57 according to a previously 
published prescription23 • The recently developed implementation of this »Linear 
Combination of Orthogonalized Atomic Orbitals« (LCOAO) method will be discussed 
in a forthcoming publication24 • The LCOAO- CI procedure is designed to predict 
electronic absorption and magnetic circula•r dichroism data for closed- and open-shell 
organic :re systems, with particular emphasis on the reproduction of the funda ­
mental pairing properties observed for alternant hydrocarbons23 • The application of 
different scaling factors 21 ' 31 for Koopmans ' and non-Koopmans' configura!tions is 
avoided. However, the method is not parametrized to the prediction of photoelectron 
(or electron transmission) spectra and does not generally predict differences in 
ground state energy between neutral compounds and their ions; in the diagrams, 
the energy scale of the calculated electron spectrum is, therefore, in some ca•ses 
shifted relative to that of the observed spectrum (as indicated in the Figures), to 
facilitate comparison of predicted and observed trends. 

Acknowledgements. - The author is indebted to M. Allan, T. Bally, P. D. Burrow, 
and E. Haselbach for helpful discussions and communication of results prior to 
publication, and to The Danish Natura l Science Ressearch Council for financial 
support of part of this investigation. A major part of the work was carried out in 
Heidelberg in 1983, during the last months of a period of five years spent by the 
author as a member of Professor Rolf Gleiter's group at the University of Heidelberg. 
It is a great pleasure to acknowledge the Friendship and cooperation offered by my 
Heidelberg colleagues; I am sincerely grateful to them all. 

REFERENCES 

1. F. I. Vi 1 es o v, B. L. Kur bat o v, and A. N. Te re n in, Sov . Phys . Dokl. 
6 (1961) 490. 

2. M. I. A 1- Job our y and D. W. Turner, J. Chem. Soc. (1963) 5141. 
3. D. W. Turner, Adv. Phys. Org. Chem. 4 (1966) 31. 
4. Molecular Photoelectron Spectroscopy, D. W. Turner, C. Baker, A. D. 

Baker, and C. R. Brund 1 e, Wiley- Interscience, London (1970). 
5. E. He i 1 bro n n er and J. P. Maier, in: Electron Spectroscopy: Theory, T e­

chniques and Applications, C. R. Br u nd 1 e and A. D. Baker (Eds.), Vol. 1, 
Chap. 5, Academic Press, London (1977). 

6. T. Koopmans, Physica 1 (1934) 104. 
7. R. B. Woodward and R. Hoffmann, J. Amer. Chem. Soc. 87 (1965) 395, 

2046, 2511. 
8. Die Erhaltung der Orbitalsymmetrie , R. B. Wood w a rd and R. H off m a n n, 

Verlag Chemie, Weinheim/Bergstrasse, 1970. 
9. W. C. Price, in: Electron Spectroscopy: Theory, Techniques and Applications, 

C. R. Brund 1 e and A. D. Baker (Eds.), Vol. 1, Chap. 4, Academic Press, 
London (1977). 

10. D. S. Urch, European Spectroscopy News 28 (1980) 55. 



BREAKDOWN OF THE ONE-ELECTRON PICTURE 1009 

11. W. v on Niess en, L. S. Ceder b au m , W . Dom ck e, and J. Schirmer, 
in: Computationai Methods in Chemistry, J. Bargo n (Ed.), Plenum, New York 
1980; H. Kopp e 1, L. S. Ceder b au m, W. Dom ck e, and S. S. Sh a i k , 
1980; H. Koppel, L. S. Cederbaum, W. Domcke, and S. S. Shaik, 

12. E. Ha s e 1 b a ch, T. B a 11 y, R. G s ch w i n d , U. K 1 em m , and Z. La­
ny i o v a, Chimia 33 (1979) 405. 

13. T . Ba 11 y, S. Nitsche, K. Roth, and E. Hase 1 b a ch, J. Amer. Chem. 
Soc., submitted for publication. 

14. T . Shi d a, E. Hase 1 b a ch, and T . Ba 11 y, Acc. Chem. Res. 17 (1984) 180. 
15. T . Koenig, R. W i e 1 es e k , W . Sn e 11, a'Ild T . Ba 11 e, J. Amer. Chem. 

Soc. 97 (1975) 3225. 
16. T. Koenig and S. Southworth, J . Amer. Chem. Soc. 99 (1977) 2807. 
17. P. Forster, R. Gschwind, E. Ha se lbach, U. Klemm, and J . Wirz, 

Nouv. J. Chim. 4 (1980) 365. 
18. D. Herrick, J . Chem. Phys. 74 (1981) 1239. 
19. T. Koen i g, C. E. K 1 op fen st e i n , S. S o u th worth, J. A. H o o b 1 er, 

R. A. W i e 1 es e k, T. Ba 11 e, W . Sn e 11, and D. Im re, J. Amer. Chem. 
Soc. 105 (1983) 2256. 

20. R. S ch u 1 z, A. S ch we i g, and W. Z it t 1 a u , J . Amer. Chem. Soc. 105 
(1983) 2980. 

21. R. W . Big e 1 ow, Chem. Phys. 80 (1983) 45 ; Chem. Phys. Lett. 100 (1983) 445. 
22. M. J . S . Dewar, J. Amer. Chem. Soc. 104 (1982) 1447. 
23. J. Sp an get - Larsen, Theor. Chim. Acta 55 (1980) 165. 
24. J. Sp an get - Larsen, to be published. 
25. P. J 0 r gens en, J. Chem. Phys. 57 (1972) 4884. 
26. For a detailed and very readable account, see K. W i t t e 1 and S. P. Mc G 1 y n n, 

Chem. Rev. 77 (1977) 745. 
27. A. Is hit an i and S . Nag a k u r a, Theor. Chim. Acta 4 (1966) 236. 
28. Z. Zahradnik and P. Cars k y, J. Phys. Chem. 74 (1970) 1235. 
29. C. R. Brund 1 e and M. B. Robin, J. Amer. Chem. Soc. 92 (1970) 5550. 
30. L . S. Ceder b au m , W. Dom ck e, J. Schirmer, W . v on Niess en, 

G. H. F. Diercks en, and W. P . Kraemer, J. Chem. Phys. 69 (1978) 1591. 
31. G . K 1 u g e and M. S ch o 1 z, Int. J. Quantum Chem. 20 (1981) 669. 
32. P . Cars k y and R. Z ah r a d n i k , Theor. Chim. Acta 20 (1971) 343. 
33. W. S chm i d t, J. Chem. Phys. 66 (1977) 828. 
34. T . Shi d a and S. Iwata, J. Amer. Chem. Soc. 95 (1973) 3473 ; H . Hi rats u k a 

and Y. Ta n i z a k i, J. Phys. Chem. 83 (1979) 2501; H. Hi rats u k a, H. Na­
ka mu r a, Y. Tani z a k i, and K. Na k a j i ma, BuH. Chem. Soc. Jpn. 55 
(1982) 3407; T. Ba 11 y, personal communication. 

35. Modern Motecuiar Photochemistry, N. J. Turro, Benjamin/Cummings, Menlo 
Park 1978. 

36. See, e. g., J . Mich 1 and E. W. Thu 1 s tr u p , Tetrahedron 32 (1976) 205, and 
literature cited therein. 

37. M. A 11 en, E . He i 1 bro n n er, and G. Kaupp, Heiv . Chim. Acta 59 (1976) 
1949 ; F . Marsch n er and Po h 1 e, Tetrahedron 34 (1978) 105. 

38. M . H . Pa 1 mer <rnd S. M. F . Kennedy, J . Chem. Soc. Perkin Trans. 2 
(1976) 81. 

39. K. D. J o rd a n and P. D. B u r ro w, Acc. Chem. Res. 11 (1978) 341. 
40. K. D. Jordan and P. D. Burrow, Chem. Phys. 45 (1980) 171. 
41. M. A 11 an, Chem. Phys. 81 (1983) 235 ; 84 (1984) 311. 
42. A. M o d e 11 i and P. D. B u r r ow, J . Phys. Chem. 88 (1984) 3350. 
43. F. B r o g 1 i, P. A. C 1 ark, E. H e i 1 b r on n er, and M. Neu en s ch wander, 

Angew. Chem. 85 (1973) 414; T. L. Welsher, J.M. Buschek, C. J. Nelin, 
and F. A. Matsen, Chem. Phys. Lett 67 (1979) 479. 

44. E. He i 1 b r on n er, R. G 1 e it er, H. Ho p f, V. Ho r nun g, and A. de 
Mei j ere, Heiv. Chim. Acta 54 (1971) 783. 

45. R. Bosch i, E . C 1 a r , and W . Schmidt, J . Chem. Phys. 60 (1974) 4406. 
46. P. Bischof, R . G 1 e it er, K. Hafner, M. Kobayashi, <rnd J. Sp an­

g et - L a rs en, Ber. Bunsenges. Phys. Chem. 80 (1976) 532. 
47. R. G 1 e it er and P. Bischof, in: Topics in Nonbenzenoid Aromatic Chemi­

stry, T. No z o e, R. B res 1 o w , K . H a f n e r, S h . I t 6, and I. Mu r a ta 
(Eds.), Vol. 2, Hirokawa Publ. Co., Tokyo, 1977. 



1010 J. SPANGET-LARSEN 

48. J. Sp an get - Lars en, unpublished results. 
49. H.-R. B 1 at t man n, V. B o eke 1 he id e, E. He i 1 bro n n er, and J.-P. 

Weber, Helv. Chim. Acta 50 (1967) 68. 
50. J. Ko 1 c, J. Michl, and E. Vogel, J. A.mer. Chem. Soc. 98 (1976) 3935. 
51. J. Sp an get - Larsen and R. G 1 e it er, Helv. Chim. Acta 61 (1978) 2999. 
52. C. Bat i ch, E . Heil bro n n er, and E. Voge 1, Helv. Chim. Acta 51 

(1974) 2288. 
53. V. Boeke 1 he id e, J. N . Murr e 11 , and W. Schmidt, Tetrahedron Lett. 

7 (1972) 575. 
54. M . H. Pa 1 mer, D. Le aver, J. D. Nisbet, R. W. Mi 11 a r , and R. 

E g de 11, J. Mol. Struct. 42 (1977) 85. 
55. W. Leu pin and J . W i r z, J. Amer. Chem. Soc. 102 (1980) 6068. 
56. M. J . S. Dewar and W. Thie 1, J. Amer. Chem. Soc. 99 (1977) 4899; P. 

Bis ch o f and G. Fri e d r i ch, J . Comput. Chem. 3 (1982) 486. 
57. P.-0. L i:i w din, J. Chem. Phys. 18 (1950) 356; 21 (1953) 496. 

SAZETAK 

Slom jednoelektronske slike kod ionizacije n-elektronskih ugljikovodika 

Jens Spanget-Larsen 

Analizirani su fotoelektronski spektri niza karakteristienih n- elektronskih uglji· 
kovodika. Pri tome je uzeta u obzir Koopmansova aproksimacija, a doprinosi Koop­
mansovu defektu procijenjeni su s pomocu ogranicene konfiguracijske interakcije 
(Cl). Rezultati dobiveni za kvinodimetane, fulvene, anulene i neke srodne sustave 
nedvosmisleno pokazuju da jednoelektronska slika ionizacije ne vrijedi cak ni za 
vanjske valentne elektrone. Slien<l' se situacija pojavljuje kod odgovarajuCih spek­
tara aniona. Ova kao i nedavne slicne studije upucuju na potrebu uvodenja reali­
sticnijeg koncepta pobudenog stanja od onoga koji se implic:te nalazi u Koopmansovoj 
aproksima'ciji. 




