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Abstract Several general issues relating to the strong
correlation effects present in the ionic states and the
interpretation of molecular photoelectron spectra are dis-
cussed in the context of the Ni(C;Hs), molecule, and the
problematic assignment of its spectrum is considered.
Accurate calculations of photoionization cross-sections
relative to all the valence ionizations are computed and
compared with the available experimental evidence. It is
shown that most ambiguities are resolved by a careful
analysis of cross-section profiles and branching ratios,
which reveal a wealth of details on the complex electronic
structure of this molecule.

Keywords Photoelectron spectroscopy - Time-dependent
density functional theory - Transition metal compounds -
Correlation effects

1 Introduction
The accurate description of correlation effects in transition

metal compounds has remained an important challenge for
theoretical approaches [1, 2]. In the domain of ab initio
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methods such effects are often unusually large, especially
for excited and ionized states relevant to spectroscopy. The
situation is much alleviated with DFT approaches, which
are able to better describe the differential correlation
associated with metal d electrons [3]. However, in close
situations, the accuracy of present DFT approaches may
not be sufficient to give an unambiguous answer, and one
has to resort to pushing ab initio approaches to a high level
of correlation.

One of the most direct probes of the electronic structure
is the measurement of ionization potentials by photoelec-
tron spectroscopy. In fact since the earliest studies, it has
become apparent that huge deviation from the predictions
of Koopmans Theorem (KT), which often works reason-
ably well for main group elements, occur in organometallic
compounds, although by no means always, and the origin
of this widely varying behavior is not well understood.
Actually one of the first and most simple systems investi-
gated, the nickel bis (w-allyl) molecule [Ni(n3 —C3Hs),] [4],
has proved one of the most difficult examples, revealing
successive layers of complexity, so that it is still not
completely understood. Besides comparison with similar
compounds, a decisive clue to the assignment of the
spectrum, and in particular, to the nature of the outermost
ionization, has been provided by cross-sections and
branching ratios (BR) profiles obtained with synchrotron
radiation [5, 6], which have supplemented earlier sugges-
tions originating from Hel/Hell intensity variations [4, 7],
eliminating all the ambiguity inherent in previous studies,
like accidental ratios due to the many non-monotonic
features present in molecular cross-sections, like delayed
onsets, shape and autoionization resonances, Cooper min-
ima, further multi-electron excitations [8—10]. Unfortu-
nately, at the time of the experimental studies, only rather
primitive theoretical approaches were available (basically
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the Gelius model [11] and the MS-Xo approach [12-14]) to
supplement and interpret the experimental data, for mole-
cules of such complexity. Since then significant advances
have been made in the calculation of molecular cross-
sections, and it is presently feasible to compute full
TDDFT continuum properties of organometallic com-
pounds obtaining convergent results without further
approximations [15-17].

As a contribution to the clarification of the electronic
structure of this deceptively simple prototypical system, we
have undertaken a TDDFT calculation of the photoioni-
zation parameters, to check the consistency and interpre-
tation of the SR data, gaining further evidence and
confirmation of the assignment of the spectrum and the
sequence of ionization potentials. Additional interest
comes to the clarification of the possible occurrence of
resonances, and in particular, the characterization of the
expected “giant resonance” associated with the 3p — 3d
excitation in the metal center [18], which has hitherto
escaped experimental detection. Moreover, it is expected
that finer details revealed by improved theoretical
description may stimulate further experimental investiga-
tions of photoionization parameters, both angular distri-
butions, hitherto neglected and cross-sections with the
much improved resolution and wider energy range now
currently available, which could shed light on the most
difficult details of the ordering of the outermost ionizations,
still not unambiguously settled. At the same time, the
challenge of an accurate description of the electronic
structure of this basic organometallic compound and its
lower ionic states, notably the characterization of the
HOMO, should give a stringent test of the accuracy of the
most highly correlated approaches presently available.

2 Theoretical method

In this work, we have employed the non-iterative TDDFT
B-spline LCAO formalism for the calculation of the con-
tinuum. The formalism, its implementations and the
numerical details are fully described in [16], and will be
summarized here.

A conventional ground state calculation is first per-
formed, employing the ADF program [19]. Then the KS
(Kohn—-Sham) hamiltonian matrix is calculated, employing
the LCAO B-spline basis set. Occupied orbitals are then

obtained as bound eigenvectors:
Hksp; = ¢&ip; i=1,...,n.

While continuum photoelectron orbitals are extracted as
eigenvectors with minimum modulus eigenvalue of the
energy-dependent matrix ATA:
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A"A(E)c =ac, A(E)=H-ES

where H and S are the Hamiltonian and overlap matrices,
respectively, E is the photoelectron kinetic energy, c the
eigenvectors and a the minimum modulus eigenvalues. In
the TDDFT formalism, the linear response of an electronic
density to an external time-dependent electromagnetic field
with frequency o is evaluated following the original
scheme of Zangwill and Soven [20]; an effective Self-
Consistent Field (SCF) potential ®5“F is introduced, which
consists of the external dipole potential ®F*T plus the
Coulomb and exchange correlation screening due to the
first-order change in the electron density dp induced by
the field

5 = 2(0) 5T

0D = Kop @5 = oFXT 4 50

Here y(w) is the frequency-dependent electric
susceptibility and K the linear response of the field to a
density perturbation. Together they afford a linear equation
for the effective potential @5

(KX_ 1)(I)SCF — _(DEXT

Representing the functional equation with the same
B-spline LCAO basis set leads to the solution of a linear
system of algebraic equations. Once ®5F is obtained, all
the parameters that describe the photoionization process,
namely the cross-section and the asymmetry parameters,
are calculated via transition moments using ®>F instead
of dipole operator. Introducing an additional subscript A,
to distinguish among the three dipole components that
transform like the standard spherical harmonics with [ = 1

and m = /,, that is, CDE?“(?, W) = \/‘f;rY 1.4,- The dipole
transition moments are finally obtained, employing the
(I)frCF potential instead of the dipole operator:

Dl () = (it |05 ),

where ¢; is the one-electron KS orbital, which is currently

ionized, and (p;‘}f* is the continuum solution for channel ik
in final symmetry Ay, normalized to incoming wave
asymptotic boundary condition.

A DZP basis set of Slater type orbitals (TZP for Ni),
taken from the ADF database [19], has been employed in
the initial SCF calculation. The B-spline basis [15]
employed in subsequent calculation is defined by the radial
interval [0, 20] a.u., with step 0.2 a.u. and maximum
angular expansion up to L = 16, supplemented by short
expansions around the nuclei, with maximum L = 2 for
C and L = 1 for H. Convergence tests at the DFT level
have shown that the basis employed is completely con-
vergent up to 2.5 a.u. electron kinetic energy, covering the
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entire range reported. LB94 exchange correlation potential
[21] has been employed in Hyggs, while the exchange cor-
relation kernel in the TDDFT response equation has been
approximated at the ALDA level [22].

3 Results and discussion

A qualitative orbital scheme, as obtained by the present DFT
calculation, relative to Ni(CszHs), and the two separate
fragments, (C3Hs), and Ni (3d94 s), is reported in Fig. 1.
Metal d orbitals (percentage of d contribution in parenthesis)
are 13a, (75%, mostly dy), 12a, (90%, d y.y»), 11a, (87%,
d,), 6by (85%, 54% dy, + 34% dy,), Sby (57%,
34%d,, + 23% dy,). Moreover, 15% of d, and d,, are in 9a,
and 4b,, respectively. A Hel photoelectron spectrum of the
outer valence ionization is shown in Fig. 2 (from Ref. [7]).
The 9 bands resolved (actually the next band at 17.9 eV is
also weakly apparent), together with the three following
bands, revealed in the SR study [6], comprise 22 main
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Fig. 1 Outer valence molecular orbital diagram for Ni(C;Hs), from
eigenvalues of present ground state DFT calculation
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Fig. 2 He I photoelectron spectrum of Ni(C3;Hs),. Adapted with
permission from Ref. [7]. Copyright (1976) American Chemical
Society

ionizations, so several bands are composite. Actually the
spectrum separates neatly into 3 regions. The first, com-
prising bands 1-4, are attributed to the mainly Ni 3d
molecular orbitals (11-13 a,, 5-6 by) and the highest =
orbital of the allyl moiety, 7a,. Bands 5 (11b,) and 6 (10a,)
are the ionizations due to the remaining two allyl = orbitals,
while the remaining bands comprise the allyl ¢ ionizations.
The assignment is by no means unambiguous and will be
discussed below. A summary of different proposals and
theoretical results is reported in Table 1.

As already mentioned, the interest in the electronic
structure and ionization energies of Ni(C3Hs), was spurred
by the strong disagreement between experimental evidence
and the results of Hartree—Fock (HF) calculations [1, 23],
that is, the huge breakdown of the Koopmans Theorem
[24]. This is primarily due to very large relaxation effects,
about 10 eV, for the metal d ionizations, which are buried
deep in the valence shell at the HF level, but are assigned to
the outermost ionizations (bands 1-4) on experimental
grounds. Apart from relaxation, additional correlation
effects, notably strong correlation within the 3d shell, and
differential correlation between metal 3d and ligand orbi-
tals come into play, so that even highly correlated calcu-
lations [25-28] have proved inadequate for a clear-cut
assignment of the spectrum. In particular, already the nat-
ure of the HOMO ionization has been debated, with most
calculations (as well as comparison with Pd and Pt ana-
logues) favoured assignment to the allyl & orbital [25, 26,
28-32], while one of the first careful experimental analysis
[7], later amply confirmed by a synchrotron radiation study
[5, 6], assign it to metal d ionization.

An important issue regards also the nature of the orbital
being ionized. Due to the large relaxation and additional
correlation effects, the nature of the orbitals change dra-
matically upon ionization, as all ab initio calculations have
clearly indicated [25-28, 32]. This renders essentially
useless the use of canonical HF orbitals to describe ioni-
zation and has broad implications about describing
molecular properties and reactivity in terms of HF HOMO,
in such compounds. In fact, it is the Dyson orbital:

;(x) :/‘P;‘(Xz,...,xN)‘I’O(x,xz,...,xN)dxz...de

which is well defined, as a transition property between the
initial neutral and the final ionic state, W, and ¥,
respectively, and does not rely on any specific form of the
initial and final wave functions. Note also that it is the
Dyson orbital, which is in principle observable, for
instance, by electron momentum spectroscopy [33], or the
imaging techniques recently developing from high har-
monic generation or ionization yields with strong IR laser
pulses [34, 35]. In any case, also ionization cross-sections
are basically described as dipole transitions from the Dyson
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Table 1 IP values (eV) and assignments of the valence photoelectron spectrum of Ni(C3Hs),

Band Experiment Theory
P TP Assignment® Ref.*¢ 2ph-TDA CI 2 h-1p 4 h-3v-2p LB9%

1 776 7.64/7.79 d +d Tay Tay 13a,, 6b, 13a,, 5b,  7a, 7a,, 13a,
2 8.19 7.95/8.15 7Ta, (m) +d 12ay 5by, 13a, 13a, 6b, 7a, 1lag, 10a, 13ay, 5b, by, 12a,
3 8.58 8.52 d 11a, 11ay, 5b, 7a, llag, 10a, 11la,
4 9.40 9.38 dy, (by) 6b, 10a, 6b, 6b, 5b,
5 1038 10.36 b, (1) 11b, 11b, 11b, 11b, 11b,
6 11.55 11.48 a, (m) a, (m + d) 9a, 9a, 10ag
7 127 126 ay + b, (6)  6a,, 10b,, 12a,, 4b, 6a,, 10b,, 12a,, 4b, 6a,, 10b,, 9a,, 4b,
8 142 142 b, + a, (0) 5a,, 3b, Sa,, 3b,
9 156 15.6 9b,, 8a, 8a,, 9b,
10 17.9 Tag, 8by
11 20.8 4a,, 2b,
12 24.0 6a,, 7b,
* Ref. [7]
® Ref. [6]
¢ Ref. [28]
4 Ref. [30]
orbital to the photoelectron continuum and can therefore 10}
afford a clear signature of the difference between the dif- — 133,
ferent descriptions. It is remarkable that in cases where HF 8 — Ma,
and Dyson orbitals are very different, DFT Kohn-Sham i) — 104,
orbitals appear much closer to the latter, underlying a deep =3 ‘I 9a,
difference between the two, which has not been adequately é 6 \ 123
investigated. 3 '

With all these caveats, the computed cross-sections at ((’,,) 4 |
the TDDFT level will be presently discussed. § “’“\

A strong important clue to the assignment of the metal d o — h "‘ A ’&
ionizations as distinct from the ligand ones is the behavior 2 \A\f bh@y%
of the cross-section. MOs derived from 2p orbitals of the \J\ . o

first row atoms show cross-sections that decay much faster
than those derived from metal 3d AQ’s, although they are
larger at low energy [8-10]. It is well exemplified in the
computed cross-section data of the 13a,—9a, orbitals
reported in Fig. 3. 13a,-11a, are predominantly metal 3d,
while 10a, and 9a, are essentially ligand orbitals. This has
been successfully employed already in the earlier Hel/Hell
studies [7] and is confirmed much more clearly with the SR
studies [5, 6]. This information alone strongly supports the
attribution of the metal d ionizations to the first four
experimental bands in the photoelectron spectrum. All
calculations agree in placing the allyl = ionization 7a,
among the outermost ones, so that it is also firmly com-
prised in the same experimental bands. Moreover, all cal-
culations as well as qualitative arguments place
immediately below the two orbitals deriving from the first
allyl = orbital. Therefore, also on intensity grounds, bands
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Fig. 3 Calculated cross-sections for the valence orbitals of a,
symmetry of Ni(C3Hs),, 9a,—13a,

5 and 6 are attributed to the individual 11b, and 10a, =
allyl orbitals, and the following bands, 7-9 to allyl ¢
orbitals (including bands 10-12, the latter two being “inner
valence” ionizations, mainly derived from carbon 2 s
AO’s). So the high energy part of the spectrum appears
rather straightforward, with 4 ionizations (6a,, 10b,, 9a,,
4b,) attributed to band 7, both on intensity grounds and on
general agreement with theoretical ionization energies,
followed by closely spaced couples, deriving from sym-
metric and antisymmetric combinations of individual allyl
orbitals, either (a,, by) or (ag, b,): bands 8 to 5a,, 3b,
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ionizations, bands 9 to 8a, and 9b,, bands 10 to 7a,, 8b,,
bands 11 to 4a,, 2b, and bands 12 to 6a, and 7b,.

4 Ligand bands

The branching ratios of the ligand bands 5-9 are reported
in Fig. 4. They are clearly proportional to the number of
single ionizations under each band, 1 for bands 5-6, 2 for
bands 8-9, 4 for band 7, giving a neat evidence for this
assignment. One can observe a much larger contribution of
the 3p — 3d resonance in band 7, a clear indication of
some metal 3d contribution to these states. Moreover, from
individual cross-sections reported in Fig. 5, it appears that
this contribution is dominated by that of 9a, and 4b, ion-
izations, as it is expected on symmetry grounds. The d
participation leads also to a distinct increase in cross-sec-
tion for these two ionizations in comparison with the other
two, 6a, and 10b,, at high energy, because of the larger d
atomic cross-section. The resonances are, however, weakly
present in all channels, even though symmetry forbids d
participation, so that rather strong interchannel coupling is
active in this case.

A second feature superimposed to the general decreas-
ing behavior of the cross-sections is the presence of
oscillations that give rise to large-scale structures, suffi-
ciently strong that they can be observable, giving therefore
a precise characterization of the individual ionizations. As
an example, bands 5 and 6 which both derive from the
ionization of two very similar orbitals, the even and odd
combinations of the Iz orbital of the allyl molecule,
11b, = ny and 10a, = ©_, show a strong oscillation in
their respective cross-sections, which is even more clearly
apparent taking their ratio, reported in Fig. 6. The

0.7
Band 5
0.6 Band 6
Band 7
o 0.5+ Band 8
é Band 9
o> 041
=
S 03
C
©
5.
m o2 #’M\_/\hk\
0.1 //\AMW_’—
0.0 : : : : : :
20 30 40 50 60 70 80 90

Photon Energy (eV)

Fig. 4 Calculated branching ratios for the ligand photoelectron bands
(bands 5-9)

similarity with the analogous oscillations well known in
Ceo [36, 37] and MgCp, [38] definitely point to their
attribution to interference phenomena due to coherent
emission from equivalent centers, in their case from the
two 1m orbitals on the two allyl fragments, with opposite
phase for the m, and m, combinations. Oscillations are
present also in the remaining bands, notably with doubled
frequency for the bands 8 and 9, although with smaller
amplitude. This is because of the interplay of two over-
lapped ionizations within each experimental band.

Bands 5 6 — 11D,
6 10 a,

Cross Section (Mb)
N

Vol
0 T T .
40 60 80
2 Band 7
\E, 6 1 an —— 6a,
IS 10 b,
S 4 9
* 4bg
(]
S 24
(@]
0 T T T T . :
30 40 50 60 70 80
)
= 6 Band 8 —_5a
~ u
5 —3bg
g
(%]
[)]
(2]
S 24
(@]

Cross Section (Mb)

30 40 50 60 70 80 90
Photon Energy (eV)

Fig. 5 Cross-sections for individual ionizations comprising the
ligand bands, from upper to lower panel: bands 5 (11b,) and 6
(10ay,); band 7 (6a,, 10by, 9a,, 4by); band 8 (5a,, 3b,); band 9 (8a,,
9bw)
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Fig. 6 Cross-section ratio of the 10a, to 11b, ionization (band 6 to
band 5)

5 Bands 14

A first problem is the assignment of band 4, which on
intensity grounds is attributed to a single ionization, with
metal d character. In fact, assignment to the 7a, () ionization
is easily discarded, both on the basis of computed ionization
potentials, which give a much larger separation with the
other 7 ionizations (bands 5 and 6) and on the intensity ratios
athigh energy. The experimental ratio [5, 6] between bands 4
and 5 at hv = 80 eV is around 2, which is by far too large to
attribute the 7a, ionization to band 4. The two metal d
orbitals available at higher energy are 11a, and 5b,, and their
calculated ratio to 11b, in band 5 is shown in Fig. 7. As can
be seen their ratio is similar up to about hv = 50 eV, but
diverges strongly at high energy past the 3p — 3d resonance
region, around v ~ 70-80 eV. Here the ratio of the 5b,
ionization is a little larger than 2 and that relative to 11a,
becomes closer to 4. This is partially due to the lower Ni 3d
content of 5b,, which is the orbital mostly involved in the
back bonding toward the 7* (7b,) orbital of the bis-allyl
fragment, which also explains the lowering in energy of this

—— 5b,/11b,
—— 11a,/11b,

Ratio to 11b, orbital

20 40 60 80
Photon Energy (eV)

Fig. 7 Cross-section ratio of the 11a, and 5b, to 11b, ionization
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orbital with respect to the other Ni 3d-derived ionizations.
Again this ratio gives a strong support for the attribution of
the 5b, ionization to band 4, as several previous studies have
suggested [7, 27-31], although the high level ab initio 2ph
TDA approach gives the reverse assignment to 11 a, [25, 26,
32]. The most difficult part is the assignment of bands 1-3.
As already mentioned, they should comprise 5 ionizations,
four mainly metal d orbitals, 11a,—13a, and 6b,, and the 7a,
n allyl orbital. The relative cross-sections are reported in
Fig. 8. Again the much faster decrease in 7a, cross-section
compared to that of metal 3d ionizations is apparent. It is
about 50% larger close to threshold, and it becomes lower by
a factor of 5 at 80 eV. At this energy, the spread of metal 3d
ionizations varies from 1.325 Mb for 13a, to 1.648 Mb for
6b,. The attribution of the first peak to the 7a, ionization,
favored by most of the latter studies [25-32], comprising
some of the highest level ab initio calculations is therefore
completely untenable, as pointed out by the SR study [5, 6].

Again the behavior of the experimental intensities at
high energies [5, 6], o1 > g2 > ¢3, but of similar magni-
tudes, suggests the attribution of two metal d ionizations to
the first band, 1 metal d + 7a, to the second and 1 metal d
to the third.

In fact the intensity ratios exclude the assignment of the
7a, alone to any band (Fig. 9). Moreover, branching ratios
associating 7a, with one metal d ionization invariably show
o (2 metal d) > ¢ (1 metal d + 7au) > ¢ (1 metal d), so
that the only sensible assignment is two metal d ionizations
to the first band, 1 metal d 4+ 7a, to the second and 1 metal
d to the third.

Individual assignment is more difficult.

The third band should be attributed either to 11a, or to
6b,. That leaves the three possibilities for the first three
bands:

(@) (13a, 12ay), (6b,, 7a,), 11a,
(b) (13a,, 6by), (12a, 7a,), 11a,
(c) (13a,, 12a,), (11ag, 7a,), 6b,

Cross Section (Mb)

Photon Energy (eV)

Fig. 8 Cross-sections for the ionizations comprised in the three
outermost bands: 11a,-13a,, 6b,, 7a,
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Fig. 9 Branching ratios relative to different possible assignments for
the three outermost bands, see text for discussion

The relevant branching ratios, together with one BR
relative to 7a, considered alone, are reported in Fig. 9.

It will be probably hard to distinguish experimentally
between the three possibilities, not to mention inadequacies
of the theoretical results in comparison with experiment.
One may only point out that assignment (a) leads to a
significantly more even distribution of relative intensities at
high energy, which appear quantitatively more in line with
the experimental results available [5, 6], while the other
two, especially (c), give a first peak intensity much larger
than the other two, with a small difference between the
second and the third.

A possible significant feature of assignment (b) is the
much reduced amplitude of the 3p — 3d resonant structure
in the first BR, compared to that of the other two. Possible
additional information could come from the behavior of the
cross-sections at still higher energies, or the angular dis-
tributions, in particular for band 3 which could distinguish
between 1la, and 6b, ionizations, or more exotic tech-
niques, like photoionization from the oriented molecule
[39, 40]. Also a very high-resolution study may be able to
further slice bands 1-3, as suggested from high-resolution
spectra reported in Ref. [6], and possibly give the full
ordering of ionizations within the first three bands.

Moreover, investigation of geometry dependence [41]
and the possible presence of the cis conformer [42] have to
be assessed.

At the present stage, assignment (a) seems slightly more
favored, which is in complete agreement with that of the
last SR study [6]. It is remarkable, however, how by a
careful consideration of cross-sections alone a rather
complete and firm assignment of this difficult spectrum can
be achieved, the only ambiguity being confined to the three
possibilities just considered for the three outermost bands.

Finally, it is interesting to point out the remarkably low
intensity of the 3p — 3d resonance peaks in this region. A
comparison of total cross-section for Ni(C3Hs), with that
for Ni(CO), is reported in Fig. 10. A striking difference is
apparent. While in Ni(CO),, the spectrum shows a single
large-intensity Fano profile with weak Rydberg-like
structures superimposed in Ni(C3Hs),, the large structure is
absent while low intensity peaks are distributed over the
whole resonant region. This indicates that a single virtual
orbital carries most of the available 3d content, which is
sizable, in the former molecule, while little 3d participation
is available in the virtual space of Ni(C3Hs),, and it is
distributed over several virtual states. That is a clear

50 - — Ni(CH

5)2

—— Ni(CO),

Cross Section (Mb)

10 T T T
60 65 70 75 80

Photon Energy (eV)

Fig. 10 Total ionization cross-section for Ni(C3Hs), and Ni(CO), in
the region of the 3p — 3d resonance
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indication of the rather weak back bonding in Ni(C3Hs),,
which has a metal configuration closer to 3d10, while a
much stronger backbonding is present in Ni(CO),4, which is
in fact a very stable system, pushing a significant 3d
component in the corresponding antibonding orbital.

6 Conclusions

The Ni(C3Hs), molecule is a remarkable compound, a
model for organometallic chemistry and olefine transition
metal bonding, which despite its apparent simplicity shows
a very complex electronic structure, dominated by strong
correlation effects. It represents therefore a prototypical
molecule for the study of electron correlation in transition
metal compounds, and of the theoretical approaches to the
computation of ionization potentials. Not only is the
sequence of ionization energies widely different from that
afforded by HF eigenvalues, but notably the Dyson orbi-
tals, physically associated with the various final ionic
states, are much different from the canonical HF orbitals,
which challenge the use of such orbitals for the description
of the electronic structure, and in particular of the HF
HOMO in discussing chemical properties and reactivity in
this class of molecules.

On the contrary, it appears that DFT has the ability to
give orbitals much closer to Dyson than to HF in cases
where their difference is large, notably in transition metal
compounds [43], a remarkable property that remains to be
further investigated.

In this context, the study of dynamical photoionization
properties, cross-sections and possibly angular distributions
give substantial and unique information on the electronic
structure of such compounds, yielding a precise charac-
terization of the orbitals associated with the various ion-
izations, and in particular, strong clues for the assignment
of difficult spectra. It is remarkable that despite the addi-
tional complexities involved in the calculation of molecular
continuum states and photoionization cross-sections with
respect to the calculation of bound states, it appears easier
to obtain reliable photoionization parameters than ioniza-
tion energies accurate enough to resolve ambiguous
assignments, when bound state correlation effects are so
complex as in this system.

Finally, it must be stressed that several issues remain
open in the present case: The role of geometry and the
possible presence and contribution of the cis conformer, the
push of highly correlated ab initio techniques to obtain
convergent results for the correct sequence of final ionic
states, a challenge for current ab initio approaches, and on
the experimental side, a more accurate characterization of
the photoionization parameters, including angular distri-
butions and over a larger energy range, exploiting the much

@ Springer

higher fluxes and energy resolution presently available at
SR facilities.
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