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The photoelectron spectra of a number of characteristic hydro-
carbon z 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 several 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’s'™*, uv-photoelectron spectro-
scopy gained considerable popularity among organic chemists and this techni-
que is now an indispensible tool in physical organic chemistry?®®. 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’ approximation®, 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 chemists®, a development which coincides with the breakthrough of
the Woodward-Hoffmann rules”*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«®

»Photoelectron spectroscopy has demonstrated experimentally to chemists,
physicists and other sceptics that molecular orbitals really exist«1?



992 J. SPANGET-LARSEN

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 the 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 s 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
m electron theory®. 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 studies!?*' 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 in
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.'®'% and which is the subject of dispute in the literature!®2. In an
increasing number of examples, as reviewed by Haselbach and coworkers!®>*4
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 terms, 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-
bination of Orthogonalized Atomic Orbitals« (LCOAQO) model?®?* and open-shell
configuration interaction (CI) in the canonical ensemble average approximat-
ion?%; the calculational strategy is outlined in the Appendix.

2. KOOPMANS’ APPROXIMATION 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 MY, corresponding to the different ionization energies I;.
Practically all theoretical predictions of molecular photoelectron spectra are
based on canonical molecular orbital theory. Let us adopt the Born-Oppen-
heimer approximation (»fixed 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, — ¢;.
The J'th vertical ionization energy, I;, can thus be predicted from the energy
of the J’th orbital:

I =—g¢g 1)

This result was first obtained by Koopmans and is usually referred to as
»Koopmans’ theorem«®. 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 set?S.

Let us consider a simple example, namely the 7 system of Cj butadiene.
Figure 2 indicates the shape of the four = orbitals. Two of those, b, and a,, are
occupied in the *A4, ground configuration, and we can thus generate two Koop-
mans’ configurations for the radical cation, corresponding to 2B, and 24, terms.
Figure 2 also indicates the lowest non-Koopmans’ configuration which can be
arrived at from the 2B, ground configuration of the cation by promotion of an
electron from the highest occupied to the lowest unoccupied orbital, i. e. by —> a,*,
leading to an 2A,* 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 z system of C,,

butadiene and of the three lowest electronic configurations for the z system of the
radical cation. The relative configuration energies were calculated by the restricted
open-shell LCOAO-CI procedure (see Appendix).

Transitions from *A, to the two Koopmans’ configurations B, and *A, 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 'A, to 24,* or any other non-Koopmans’
configuration is one-photon forbidden since the latter is more than singly
excited with respect to 14, (Slater’s rules)®s. Hence, at this level of approximat-
ion, we predict two and only two z 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
¢) 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’ and non-Koopmans’ configurations. As we shall see, this extension
generally leads to 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 24, and the non-Koopmans’ con-
figuration 2A4,* of the same symmetry (Figure 2). The interaction energy is
given by the matrix element??.>8
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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.b, and b.a,*.
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 77 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 'A, ground
state of butadiene), we obtain the 2 X 2 CI matrix

24, 12.3 1.0
2A ¢ [ 1.0 13.7 ]
with the eigenvalues and eigenvectors
E, = 11.8 eV, =09 2A, + 0.4 2A*
E,= 14.2 eV, y =04 2A,—0.9 24 *

The resulting two states represent a mixture of Koopmans’ and non-
-Koopmans’ contributions. The Koopmans’ character of v; amounts to 0.9% X
X 100%0 =~ 80%, that of w, to 0.4 X 1000 =~ 20°. Hence, the intensity of the
original Koopmans’ transition 'A,— %4, is distributed over two transitions, in
proportions of 80% and 20°. Or, in other words, the single 24, line in the
»Koopmans’ spectrumc« is split into two, one relatively strong and one relatively
weak. In the usual terminology, the first peak is referred to as the »maing,
»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 = system of
butadiene are illustrated graphically in Figure 3, with indication of the recorded
photoelectron curve?*. Configuration interaction has a significant impact on
the calculated spectrum, leading to splitting of the second Koopmans’ transition
into two 24, components, as discussed above. The results are consistent with
those of several previous studies!®!8721:30-32 (including a non-empirical Green’s
function investigation®’). Experimental observation of the 2A, sattelite predicted
close to 14 eV is impossible because of overlap with ¢ bands in the same energy
region (note that transitions involving o orbitals are not considered in the
present theoretical treatment). However, both 24, states are apparently observed
in the electronic absorption spectrum of the radical cation, giving rise to two
prominent B, — 24, absorption bands!*!*2, Indeed, the second *B, — %4, 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 24, sattelite in the photoelectron spectrum of a
butadiene derivative, the ¢ onset must be shifted towards higher and/or the
sattelite towards lower binding energies. Both shifts seem to take place in
the case of 1,1,4,4-tetrafluorbutadiene®. The weak feature at 13.4 eV in the
photoelectron spectrum of this compound (Figure 3) has been assigned to the
2A, shake-up state!®2°. The high binding energy shift of the ¢ onset relative to
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Figure 3. Calculated and observed® photoelectron spectra for butadiene (top) and
1,1,4,4-tetrafluorbutadiene (bottom). The lines in the theoretical spectra indicate
predicted z 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).

the z 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 sz levels. On the other hand, the low-energy shift of
the & sattelite relative to the main s levels can be explained by the circum-
stance that the m#* orbitals are much less affected by destabilizing conjugative
interactions than the sz 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 observed’3® photoelectron spectra of anthra-

cene (see legend to Figure 3), general outline of the observed optical absorption spectra

of the anthracene radical cation and anion?®!, and of the lowest singlet-singlet and
singlet-triplet absorption bands for neutral anthracene®®,

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 2B;, 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 it* (note that the neighbouring *B,, — 2B,, trans-
ition is forbidden by symmetry in one-photon absorption spectroscopy). A
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corresponding transition is observed for the anthracene radical anion3* (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 al.'”

E (D) ~= [E (S) - E (T)}":

This approximate relation states that the HOMO-LUMO transition energy
E (D) 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 S; — T energy splitting and the considerable lowering of E (D) rela-
tive to E (S;) is characteristic for alternant systems and can be explained by the
large HOMO-LUMO exchange integrals for these compounds3®.

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 0-QUINODIMETHANES AND RELATED COMPOUNDS

In 1975 Koenig et al.'® 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-quinodimethane'® (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
analyses®’, 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 Dewar?? the assignment of
Koenig et al. is firmly rejected. However, an increasing body of calculational
evidence'®?! seems to support the original assumptions of Koenig et al.!5'6
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 observed!®!® photoelectron spefcra 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 terms of the orbital topology (the orbitals involved in the per-
tinent three-orbital integral all tend to have large amplitudes on the methylene
groups??).

A similar breakdown is predicted for o-quinodimethane?®’. Its photoelectron
spectrum is unknown, but the spectrum of the derivative 2,2-dimethylisoindene
has been measured and discussed by Haselbach et al.!*>!7 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.2’ 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 with almost equal participation
of Koopmans’ and non-Koopmans’ configurations. The =z orbital structure of
benzolc]furan?®® 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 Kennedy®® 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 observed!”3® photoelectron spectra for 2,2-dimethyl-isoindene
(top) and benzo[c]furan (bottom); see legend to Figure 3.
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Figure 7. Calculated and observed*"* electron affinities for p-benzoquinone. The

theoretical energies are calculated and diagramed in complete analogy to the treat-

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
current4t-42,

species, e.g. by electron transmission spectroscopy, would complement the
photoelectron spectroscopic investigations®®*°, The electron transmission spect-
rum of p-benzoquinone, an oxa-analoque of p-quinodimethane, has been pu-
blished recently by Allan*' and by Modelli and Burrow??. 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 by, (z*) LUMO, is a stable
anion state (positive electron affinity =~ 1.8 eV) and is inaccessible to electron
transmission spectroscopy®. 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 Burrow?? 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). Allan*!, 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 2By,
anion states resulting from strong interaction between the second Koopmans’
and the first non-Koopmans’ iz 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 2B,
cation states of p-quinodimethane (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« assumption®%®. 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 observed* spectra of fulvene are shown in Figure 8.
A weak HOMO-LUMO type sattelite is predicted in the region of the first ¢
band, gaining its intensity from the Koopmans’ configuration corresponding
to the lowest occupied & 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 observed®4 photoelectron spectra for fulvene (top) and
6-vinyl-fulvene (bottom); see legend to Figure 3.
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Figure 9. Calculated and observed®* photoelectron spectra for sesquifulvalene (top)
and acepleiadylene (bottom); see legend to Figure 3. In the case of acepleiadylene,
observed ionization energies* are indicated.
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of two closely spaced transitions. The relatively low intensity of the third
photoelectron band close to 11 eV® 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 eV’ was assigned to a 24, Koopmans’ con-
figuration by Heilbronner and Maier®, but was left unassigned by Marschner
and Pohle?”. According to the present results, this feature can probably be
assigned to a 2B; sattelite. On the basis of a correlation of the observed first
ionization energy with the Hiickel orbital energy coefficient yuomo for a series
of 7 systems including sesquifulvalene, Heilbronner and Maier® 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 Maier® probably signify a shortcoming of the stand-
ard Hiickel 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 Schmidt*> 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 dicyclopentalef, k1]-
-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 observed?!4’ photoelectron spectra for aceheptylene (top)
and dicyclopentalef, kl]Jheptalene (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-
rum?:47 which looks much as expected for a »normal« polyene. Similarly
»normal« spectra are predicted*® (and observed?*’) for several non-alternant poly-
enes, in spite of the presence of low-lying shake-up configurations, for example
for pentalene, azulene, and cyclopentlcd}azulene. In contrast, a complex spect-
rum is predicted for dicyclopentalef, kilheptalene (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 spectrum?’ 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 compounds*™! several low-energy shake-up states
are predicted for the cations. For 1,6:8,13-ethanediylidene[l4]annulene and
related anthracene shaped annulenes Batich, Heilbronner, and Vogel? 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 band®® 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 results®!, the present LCOAO
calculation predicts an additional b, () 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
results®® (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 cycll3,2,2]azine, which can be
considered as a [l0]annulene bridged by three bonds to a central nitrogen
atom. A fairly »normal« photoelectron spectrum is predicted, in consistency
with the observed spectrum?®. A more interesting case is presented by cycl-
[3,3,3]azine, 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)%; 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 spectrum?® seems to support the prediction (Figure
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Figure 11. Calculated and observed’*3 photoelectron spectra for 1,6 :8,13-ethane-

diylidene[l4]annulene (top) and trans-15,16-dimethyldihydropyrene (bottom); see

legend to Figure 3. In the case of 1,6 :8,13-ethanediylidene[l4]annulene, observed
ionization energies®® 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 progress®.

6. CONCLUSIONS

The results of this and a number of recent investigations'®>*' indicate that
the contribution of shake-up processes to the photoelectron spectra of hydro-
carbon 7 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 observed® 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-benzoquinone. The results of approximate semi-empirical
models, such as those applied by Schweig and his co-workers? 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 model®® 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’ theorem® 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 radical cation, using restricted open-
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-shell SCF theory and the canonical ensemble average CI approximation discussed
by Jorgensen?®. 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
indicated 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°0 Koopmans’ character,
are labeled with an »x«. With the exception cf the case of the non-planar compounds
in Figure 11, only 7 — x* transitions were included in the CI expansion. All calculat-
ions were based on singlet ground state geometries predicted by the MNDO method?%,
except for the compounds in Figure 11 for which structures were selected as pre-
viously described?'.

Approximate canonical molecular orbitais were calculated in an all-valence-
electrons basis of Lowdin orthogonalized atomic orbitals®” according to a previously
published prescription®. The recently developed implementation of this »Linear
Combination of Orthogonalized Atomic Orbitals« (LCOAO) method will be discussed
in a forthcoming publication?*. The LCOAO-CI procedure is designed to predict
electronic absorption and magnetic circular dichroism data for closed- and open-shell
organic =z systems, with particular emphasis on the reproduction of the funda-
mental pairing properties observed for alternant hydrocarbons?®. The application of
different scaling factors?'?! for Koopmans’ and non-Koopmans’ configurations 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 cases
shifted relative to that of the observed spectrum (as indicated in the Figures), to
facilitate comparison of predicted and observed trends.
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SAZETAK
Slom jednoelektronske slike ked ionizacije n-elektronskih ugljikovodika
Jens Spanget-Larsen

Analizirani su fotoelektronski spektri niza karakteristi¢énih n-elektronskih uglji-
kovodika. Pri tome je uzeta u obzir Koopmansova aproksimacija, a doprinosi Koop-
mansovu defektu procijenjeni su s pomoc¢u ogranic¢ene konfiguracijske interakcije
(CI). Rezultati dobiveni za kvinodimetane, fulvene, anulene i neke srodne sustave
nedvosmisleno pokazuju da jednoelektronska slika ionizacije ne vrijedi ¢ak ni za
vanjske valentne elektrone. Sli¢cna se situacija pojavljuje kod odgovarajuc¢ih spek-
tara aniona. Ova kao i nedavne sli¢ne studije upuéuju na potrebu uvodenja reali-
stitnijeg koncepta pobudenog stanja od onoga koji se implicite nalazi u Koopmansovoj
aproksimaeciji.





