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The 1h (one-hole) an®h-1p (two-hole; one-particle) shake-up bands in the valence ionization spectrum of
odd-membered carbon rings §CC;, Co, Ci;) are investigated by means of the third-order algebraic
diagrammatic construction [ADC(3)] scheme for the one-particle Green’s function. Despite a severe dispersion
of the o- andz- ionization intensity over intricately dense sets of satellites, the present study undoubtedly
confirms that structural fingerprints in ionization spectra could be usefully exploited to discriminate the cyclic
Cs, Cq, Cq, and G, species from their linear counterparts in plasma conditions. Such spectra could also be
used to indirectly trace very fine details of the molecular structure, such as bond length alternations, out-of-
plane distortions, or the strength of cyclic strains. Both structurally and electronically, the cyclic isomers of
the G and G clusters must be described as even-twisted cumulenic tori, whereas; tieddG; cyclic
species are simply planar polyynic rings. In comparison with their linear counterparts, all species display an
intrinsically lower propensity to electronic excitations, marked by a rather significant increase of the fundamental
HOMO—-LUMO band gap. On the other hand, the lower symmetry of the cyclic clusteesd35 in particular,

permits many more configuration interactions in the cation. The ultimate outcome of these two opposite
factors is, overall, a severe enhancement of the shake-up fragmentation of ionization bands, compared with
the linear isomers.

I. Introduction ments in combination with laser photodetachnféiiwo recent

. ) o I, i
Carbon clusters have aroused great interest since their mas?:tUd'es of odd-memberech(; (n = 1-4) chains? and even

ooy s )
spectrographical detection in 1943 by Mattauch, Ewald, Hahn, membered & (n = 2-5) ring$* have recently evidenced that

and Strassmann. An historical sketch and a review of the vasthCh information on the structure of neutral carbon clusters
literature of carbon-cluster research is presented in refs 1 andCOUId be gained from the measurement and characterization of

2. Studies of G species are of relevance in astrophysics and their ionization spectra. A detailed study of adiabatic ionization
closer to our terrestrial concerns, in the fields of combustion processes and their outcomes on carbon clusters with a size

processes and material sciences. These compounds indeef"9'"9 from_Q to Cuo h_as also been present’égln continuation
abound in interstellar clouds, comet tails, carbon stars, or the of Fhese s_tud|es_,, the aim of the p_res_,ent_work Is to provide further
atmosphere of red-giant stéra’s well as in Hydrocarbon flames "eliable simulations of theertical ionization spectra of the odd-

and soot$. They are also assumed to be key intermediates in membered &1 (n = 2-5) cyclic CaTbO“ clusters in their singlet .
the growth of thin but ultra-hard diamond and silicon-carbide closed-shell ground state. A detailed study of these spectra is

films via chemical vapor depositid¥®. The interest in carbon by its own of fundamental interest, with regard to the impact

clusters has been boosted since the 1980s by the serendipitoug cyclic molecular connectivities on the electronic structire.

discovery and dramatic emergence in material sciences of new ore practically, the ionization spectra computed for SUCh.
allotropic forms of carbon, such as fullerenes and carbon species could be usefu_ll_y exploited ata later stage to experi-
nanotube&® the formation, of which proceeds through a mentally follow the transition from the linear to the cyclic carbon

condensation of small carbon chains or rifigs clusters, which in terms of energy differences undubitously

11,14,15,1 i
One notoriously difficult and controversial area of carbon OC(Z;CgrS TF(;E;TICQOVDZ le :I'ggevgéhcheeini:%ya?:gel.rsgge at;:.i
cluster research is that of structural analysis. Owing to the large (T)lce-p v W ycli Inéar Species

oo Lt i .
flexibility of carbon with regard to chemical bonding, pure dcropsé ;é/vnhdlngrl?as“ngoﬁlustlerfsmé frorg 96 kcal mté:)lfolr
carbon molecules show a great diversity of structures comprising => 0 an cal mof only for C7 and G, respectively.

. I - . For G, the ring structure has been prediced to be the most
chains, monocyclic, bicylic, and polycyclic rings, graphite sheets 19 .
or bowls, closed spheroidal cages or fullerenes, extendedStable one by 29 kcal mol.* Most often, the production of

nanotubes? and finally fullerene oligomers or polymete. carbon clusters implies considerable heating, and entropic effects

) . )
Strong evidences for the existence of small cyclic isomers (i.e., cag fa}vort'[hetr::ycll?: Spectes beLorqSG d their st |
with a size ranging from £xo Cig) have been given by ab initio wing fo their low energy band gap an eir strongly
calculations-19 jon mobility studies using gas-phase ion correlated character, detailed calculations of the valence ioniza-
chromatography? as well as from Coulomb explosion experi- tion spectra of cgrbon clusters are.palrtlcularly ghallenglng. To
accurately describe one-electron binding energies and properly
*To whom correspondence should be addressed. E-mail: deleuze@ account for the secondary (satellite) structures, one must resort
luc.ac.be. to theoretical methods which deal both with the effects of
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electron relaxation and correlation, as well as with multicon-
figuration interactions in the final state. In the case of carbon
clusters, the latter are strong enough to yield a severe breakdown
of the orbital picture of ionizatio? which leads to a dispersion

of a major part of the ionization intensity over dense sets of
low-intensity satellite (or, equivalently, shake-up) lines spreading
down to outer-valence energi®=3A widely available approach
such as the Outer-Valence Green’s Function method for the
calculation of one-electron vertical ionization energie® can

thus only be applied with great care, since it may perform very
poorly when nearby shake-up lines are present, and we aim at
a consistent and complete description of such lines too.

One of the most convenient tools for investigating valence
one-electron and shake-up ionization bands is provided by the
so-called®30-32 third-order Algebraic Diagrammatic Construc-
tion scheme [ADC(3)] of the one-particle Green’s Function [1p-
GF[33:34(or, equivalently, one-electron propag&te®). Briefly,
in such a scheme, a secular matrix is cast over a set of primary
(1p, 1h) and excited (shake-on, 2p-1h, or shake-up, 2h-1p) anion
and cation states derived from the neutral molecular ground
state. Diagonalization of the ADC(3) matrix enables a consistent
description of these states through third- and first-order in
electron correlation, respectively. Clearly, because of their low
symmetry (G, Cy,), severe computational difficulties can be
anticipated with applications of this scheme to the cyclic isomers
of Cs, C;, Co, and G1. These difficulties are well-known and
arise from the size of the matrices to be diagonalized and from
the large number of ionic states to be identified in order to secure
a reliable assignment of shake-up bands. Indeed, regardless of
the molecular symmetry point group, the number of shake-up
states per occupied orbital in chains or ringsA-), of
increasing siz&-233743 grows proportionally ta?, whereas their
intensities scale on average like2.4%41 Further redistribution
of ionization intensity in dense and complex shake-up sets occurs
upon symmetry loweriné? Therefore, despite the advances seen
over the last five years, an exhaustive study at the ADC(3) level
of the ionization spectrum of a compound likg §ill clearly
amounts to atour de forcé&, when considering its very limited
(Cy) symmetry. _

Besides the ADC(3) computations, for comparison purposes Figure 1. Molecular structures of the (a)s@C2), (b) Cr (Cz), (€) Co
and in order to bracket errors due to the limitations of the basis (2 219 (d) G (Cz.) clusters (B3LYP/cc-pVDZ results).

sets used, and since the ionization spectra of the;¢n = 5) . .
cyclic carbon clusters have never been investigated, we alsobaSIS set? The basis set dep_enden_ce of the computed ADC(3)
undertake large basis set OVGF computations of the outermostﬁggjlse;gggnagg \igals(li/-ggslgsnslfa?jtlg;ct:)arl:g;rics)gﬁa\l:/ﬁﬁr;hcehiztseurlfs
one-electron ionization states of these species. of 1p-GF/ADC(3)/cc-pVDZ and 1p-GF/ADC(3)/aug-cc-pvVDZ
calculations on the £chairt? and G ring.2% Improving the cc-
pVDZ basis set by inclusion of diffuse functions was found to
The geometries of the cyclicsCC7, Co, and G; clusters have lead to a redistribution of intensities among shake-up lines, but
been optimizet? using Density Functional Theory (DF) merely without any significant alterations of the shape and
together with the Becke’s three-parameter t&ang—Parr location of bands, up to binding energies of 30 eV.
(B3LYP)* hybrid functional. The DFT(B3LYP) computations For the sake of consistency with our previous investiga-
have been carried out in conjunction with Dunning’s correlation tions223on the linear G,+1 (n = 1—4) and the cyclic G, (n =
consistent polarized valence doulildec-pVDZ) basis seté 2-5) species, the 1p-GF/ADC(3) calculations presented in this
As pointed out in previous studié?44’the B3LYP/cc-pVDZ ~ work are performed using Dunning’s valence correlation-
approach provides structural (as well as vibrational) results of consistent polarized double zeta basis set (cc-pVDZ). The
quality comparable to those obtained at the CCSD(T)/cc-pVDZ Hartree-Fock (HF) entries required for the 1p-GF/ADC(3)
level of theory, a benchmark level in quantum chemistry. The computation® have been obtained from SCF calculations
investigated structures are sketched in Figure 1. carried out using the GAMESSUS series of prograntd.The
Whenever possible, OVGF calculations of one-electron requested convergences on each element of the HF density
binding energies were carried out from the computed B3LYP/ matrix and the integral cutoff were fixed to 10and 10°
cc-pVDZ geometries using the GAUSSIAN98 packigeith hartree, respectively. For the ADC(3) computations grafd
four basis sets, namely correlation-consistent polarized valenceC, all ionization lines with a pole strength larger than 0.005
basis sets of double (cc-pVDZ), triple (cc-pVTZ) and quadruple have been extracted through a block-Davidson diagonalization
(cc-pVQZ) ¢ quality ¢ as well as with the augmented cc-pVDZ  of the 1p-GF/ADC(3) secular matrix. For practical reasons, this

Il. Methodological Details
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TABLE 1: Total RHF/cc-pVDZ Energies [E(RHF), in a.u.], Orbital Energies € (in eV) and the Fundamental (HOMO—-LUMO)
Band Gap [AE, (in eV)] of the Cyclic and Linear Cy,11 Clusters (n = 1—4)

cyclic linear
HOMO LUMO HOMO LUMO
species E(RHF) orbital € orbital € AEy E(RHF) orbital € orbital € AEy
Cs —188.912607 7b —11.006 9a —0.335 10.672 —189.030966 Iy —10.947 2y —1.295 9.652
Cs —264.656705 1lla  —9.512 3h +0.280 9.802 —264.695601 2, —9.980 2ty —1.844 8.136
Co —340.341661  13b —9.066 15a —0.845 8.221 —340.360956 24 —9.342 3 —2.208 7.134
Cu —416.063520 13b —8.263 3a —0.825  7.438 —416.024941 3, —8.886 31g —2.470 6.416

threshold had to be increased to 0.02 in the casey@i@d Gj.
The spatial symmetry has been exploited to the extent of the
molecular Abelian C; or Cy,) point group.

The simulated spectra presented in the sequel are constructed
from a convolution of the 1p-GF/ADC(3) ionization lines, using
as spread function a linear combination of one Lorentzian and  (a)
one Gaussian curve of equal weight and width (fwhni.1
eV). The intensities are scaled according to the spectroscopic
pole strengths. Despite the neglect of photoionization cross
sections, this procedure provides very consistent insights into
ultra-violet photoionization spectra of large and low band-gap
compounds (see e.g., ref 43).

The interested reader is referred further to ref 22 and
references therein, for a complete diagrammatic overview of
the ADC(3) scheme and for detailed discussions of practical
and essential aspecty/tematic compactnesize-consistengy
size-intensiity, charge-consistengy.) of this method with
regard to applications on systems of increasing size.

(c3) (ca)
I1l. Results and Discussion

A. Structural and Topological Considerations.Unlike their
even-membered cyclic counterparts, for which thekéal rules
of (double) aromaticity and anti-aromaticity provides a simple
qualitative explanation of the cumulenic and polyynic nature i
of the Gnt2 and Gy, species, respectively, odd-membered cyclic ) ) (4) @)

carbon clusters have rather peculiar structural properties. Cychc':igure 2. (ar-dh, a-db) Highest Occupied Molecular Orbitals (HOMO)

compounds such ass@nd G exhibit very little bond length =~ "c.a1hon'chains versus thesd) HOMO-1 and (ads) HOMO
alternations, and as such can be regarded as cumdfemir, orbitals of the Gy rings. (a): G [ay: 1y, a1, a:8a, a:7b]; (b): G

at the same time exhibit (Figure 1) striking deviations from [by:27,, by:27,, bs:2by, ba:llal; (c): Co [C1:27g, C2i2mg, C3:14a, G:13D];
planarity!® On the other hand, the cyclic isomers of &nd (d): Cra [d1:3my, 02:3my, ds:3by, da:13by).
Cy1 are plana® but polyynic4 rings, characterized by rather
pronounced bond length alternations and a completely differentdelocalized orbital ofr-symmetry (Figures 2a,—d;—»). For
behavior upon adiabatic ionizatidhBecause electronic proper- the G and G species, the HOMO hageradesymmetry under
ties in general, and ionization energies in particular, are strongly the D., point group (Table 1), which implies that out-of-phase
sensitive to details of the molecular structure, a preliminary relationships prevail between the extremities of the chains
topological analysis of molecular orbitals is required before (Figures la,, 3a-2). Assuming a control of cyclization through
embarking on a quantitative investigation of ionization spectra. the frontier orbitals -a very natural assumption for such nonpolar
Basic characteristics such as the RHF total energy or orbital species-, a torsion should therefore occur to release antibonding
energies of the &+1 (n = 2-5) chains and rings are cor- overlaps.
respondingly listed in Table 1. If relative stabilities were to be ~ The HOMOQ's of the G and G chains show awwdd-number
inferred from this Table, it should be reminded that energy (1 or 3, respectively) of nodal planes across the chain (Figures
differences between carbon clusters are extremely sensitive to2a,—, and 2G—»). Taking account of the out-of-phase relation-
electron correlation (see e.g., refs 12, 13, 18, 19). ships that prevail between the extremities of the chainsyan
Considering that outermost orbitals have very generally a number (2 and 4, respectively) of phase inversions is therefore
dominating impact on the total electron density and chemical expected for the two highest occupied molecular orbitals of their
bond orders, as well as on chemical reactivity, we reproduce in cyclic counterparts. The topology of the HOMO in these rings
Figure 2 the highest occupied molecular orbitals (HOMO) of tends to favor significant departures from planarity, since a
the odd-membered carbon chains and of their cyclic counter- conjugative pattern of through-space bonding overlaps can
parts, in order to understand in detail the structural variations develop in the twisted forms, leading to the very peculiar HOMO
that occur upon ring closure, as well as their intricate interplay and HOMO-1 contours of Figures 2a and 2g-4. At low
with electronic properties. The linear forms of odd-membered contour values, these molecular orbitals simply appear in the
carbon clusters in their singlet ground state are cumulenic chainsform of two intertwined tori of opposite sign. These tori are
(see ref 24 and references therein), and as such possess aeparated by a nodal surface which approximately follows the
highest occupied level a doubly degenerate and perfectly carbon backbone and shows eren-number (2 and 4, respec-
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tively) of twists by 180 along the rings. The HOMO's of the
cyclic isomers of @and G are therefore fully delocalized and
twistedsr-orbitals (in short, tr), which consistently account for
both the nonplanar and the cumulenic (i.e., doubly aromatic)
naturé* of these cluster¥?»:CNotice that the greater part of the
electron density contained in these antisymmetric (7b,13b) -
orbitals lies out of the average molecular plane, which confirms (a1 (@) (@) (2)
their belonging to thdI-conjugation band system.

The out-of-plane distortions of the ground state molecular
structure are noticeably much stronger in the cases@FQure
1a), which seems to indicate that such distortions are favored
by cyclic strains. Looking further in the &1 series, one finds
indeed that the less strained cyclic isomers of &d G- are
simply planar ringd%-¢Nonetheless, and very interestingly, it
must be mentioned that the anion form of thg &yclic cluster
is also a twisted torus characterized gy phase inversions in
its frontier orbitals®?

At odds with the G and G species, theingeradesymmetry
of the HOMO's in the linear forms of £and G; (Table 1)
enables a direct in-phase conjugation of the extremities of chains
(Figures 2b_», 2di—»), which certainly helps in preserving the =
planarity (Figures 1b, 1d) of their cyclic isomers. The double (c2)
energy degeneracy of this level is released upon cyclization,
yielding one low-lying (HOMO-1) fully delocalized orbital of
IT-symmetry (Figures 2h2d) and a higher-lying (HOMO) one
of = symmetry (Figures 2p 2d;). An even-number (2 or 4) of
nodal planes is seen across the chain (Figurgs,2Bd—»),
which leads correspondingly to an even-number (4 or 6) of phase
inversions within the HOMO of the £and G; rings (Figures @ @) (ds) (e
2by,2dy), feSpeCt'_Ve'Y- This orbital shows (_Flguresz}ZDi;) _ Figure 3. (a-d;, a&-d) Lowest Unoccupied Molecular Orbitals
pronounced localization of the electrons outside the ring, which (LUMO) of Can:1 carbon chains versus thex{@) LUMO and (a-ds)
reflects both the strained and merely polyynic (i.e., doubly anti- LUMO+1 orbitals of the Gy rings. (a): G [a: 27y, &:2m, 3:93,
aromatic) nature of these planar cyclic speéfes. a:10a]; (b): G [01:27g, byi27g, ba:3n, ba:8hy]; (€): Co [Cr:3my, C2:3my,

Upon inspection of the orbital energies reported in Table 1, Cs:153, 6:16a]; (d): Gi [d1:37g, 037, 32, dii4b].
it appears that the lowest unoccupied molecular orbital (LUMO)
of Cs, Gy, Cy, and G is very substantially destabilized upon
ring closure. These cumulenic chains possess as lowest unoc
cupied level a doubly degenerate and nicely delocalizedbital
(Figures 3a-,—d;—»). Correspondingly, the LUMO of the planar
rings (G, Cyp) is also a delocalized orbital dfl-symmetry

(Figures 3B, 3dt). For the G and G species, the destabilization ot the 4112 valence (nondegenerate) orbitals of a large odd-
of the LUMO which arises upon ring closure can simply be ombered .1 (n = 4,5) carbon ring into &+1 inner-valence
related to the out-of-phase relationships that prevail between(i_e_ Gy levels at HF binding energies above20 eV, and
the extremities of the chain (Figures;3p3d;—;). On the other 511 |avels of dominantly &, character in the outer-valence
hand, the LUMO's of the cyclic isomers ofs@nd G reflect region (i.e., at binding energies markedly below 20 eV). This
again very consistently the peculiar topology of these species yition can also be inferred from a LCAO analysis or verified
(Figures 3g, 3¢s). As for the HOMO, these orbitals consist of 4,4 a graphical display of all molecular orbitals. It markedly
two intertwined tori of opposite sign, which display 2 and 4 igters from that unambiguously inferr&dfor the electronic
twists by 180, respectively. Unlike the HOMO, they are gy cryre of odd-memberedaGy (n = 2—5) carbon chains,
symmetric under th€, point group. _Compare_d with t_he HOMO,  ihich exhibits 2 “C,¢" levels and 242 “Cy; levels at HF

a greater part of the electron density associated with the LUMO g|actron binding energies above 20 and below 16 eV, respec-
lies in the average molecular plane. The LUMO of thea@d tively. This important difference is consistent with the trans-

Co rings can therefore be regarded as originating from the in- o mation upon ring closure of the two terminal, highly reactive,
plane () conjugation band system of these cyclic cumulenic 5 sirongly localized lone-pairs of a large cumulenic carbon

species. chain (C=C:+++++C=C]|) with binding energies of about 13.3
The final outcome of these complex variations in orbital shape e\22 into two more stable chemicat-bonds.
and topology upon cyclization is therefore a significant, and at  Even at the HF level, the analysis of the electronic structure
first glance, a rather unexpected increase, by more than 1 eV,of the Gy,;1 rings complicates slightly for the smallest members
of the fundamental (HOMOLUMO) band gap (Table 1). In of the series (§ C;), because of a much stronger energy
comparison with odd-membered linear carbon chains, odd- spreading and partial overlap of thes@nd Gp band systems.
membered carbon rings are therefore intrinsically characterizedThis spreading very transparently reflects the enhancement of
by a lower propensity to electronic excitations. electron interactions and orbital mixing in highly strained cyclic
B. Overview of the lonization Spectra of Gn+1 Rings. structures. Therefore, in straightforward analogy with the
Results obtained at the HF/cc-pVDZ and 1p-GF/ADC(3)/cc- partition reported previousty for the even-memberedCCs

(b3) (bs)

(c3) (A

pVDZ levels for the ionization energies of the, 7, Co, Ci1
rings and the related spectroscopic strengths are displayed as
Spike spectra and in convoluted forms in Figures74 and
Figures 4-7Db, respectively. The corresponding data are also
presented in Tables—25.

The HF spectra of €or Cy1 very clearly reflect the partition
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(Czp) valence levels, at binding energies above and below 20
eV, respectively.

As for the carbon chaid% and ringgd® already studied,
inclusion of electronic relaxation, dynamical and static (i.e.,
nondynamical) correlation and multistate interactions via the
1p-GF/ADC(3) approach results (Figures-4b) in shifts by
~2 to~6 eV of ionization bands toward lower binding energies,
together with a very pronounced fragmentation of one-electron
ionization lines into complex and very dense sets of low-
intensity satellites. The breakdown of the orbital picture of
ionization is complete in the inner valence region. It extends
down to ionization energies of 10 eV (see further for details),
and, quite naturally therefore, leads to substantial band broaden-
ing throughout nearly the whole valence region.

Furthermore, electronic relaxation is also occasionally found
to yield substantial energy reorderings among the very few one-
electron lines that survive the breakdown of the orbital picture.
In the planar carbon rings ¢ Ci1), many-body effects,
electronic relaxation in particular, are found to have a much
stronger influence on the one-hole binding energies of the
outermost orbitals af-symmetry [e.g.AIP(11a/C;) = —0.717
eV; AIP(13k/Cy;) = —1.373 eV] than on those that exhibit
m-symmetry AIP(2bi/C;) = —0.033 eV; AIP(3b/Ci1) =
+0.001 eV]. Such a straightforward discrimination between the
outermost levels of the nearly planag g can still be made,
to some extent (see section III.E) On the other hand, because
of the stronger mixing of states due to the symmetry lowering
and significant departure from planarity, it does no longer hold
for the G ring. In this case, electronic correlation and relaxation
are found to result in more homogeneous shifts of the outermost
ionization lines [e.g.AIP(7b/G) = —0.627 eV;AIP(8a/G) =
—0.472 eV].
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As is usually the case with low-band gap and rather strongly
correlated systent?;?336.38gne can observe overall a rather
regular drift of the onset of the satellite bands toward lower
binding energies, with increasing system size: (€3.28 eV;

Cs: 11.60eV; G 11.76 eV; Gi: 10.62 eV). As usugh2337-43
the breakdown of the orbital picture of ionization dramatically
intensifies with system size. In comparison with the odd-
membered &+ chains?? the shake-up fragmentation seen in
the computed ionization spectra of the odd-membergdC
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of the convoluted ADC(3) ionization bands, which justifies the
present study and a more detailed analysis of the computed
spectra.

C. One-Hole and Shake-Up lonization Energies of the £
Ring. Several trends emerge from the OVGF and ADC(3)
results reported for the cyclic isomer of Table 2]. Among
the 10 valence molecular orbitals of this cluster, only the three
outermost ones (7b, 6b, 8a) give rise to ionization lines which
can be satisfactorily described on the grounds of a one-electron
picture. According to a spreading fwhm parameter of 1.1 eV,
these lines cannot be resolved and should result in a rather sharp
and intense peak around 10.8 eV (Figure 4b). All Green’s
Function data undoubtedly confirm Koopmans’ assignment of
the lowest cation state of the;@ng as &B state (IP= ~10.4
eV). Reordering is observed for the next two levels, 8a and 6b.
The latter level relates to an orbital showing significant
localization on two nonadjacent carbons, and is thus subject to
intense relaxation effects. A comparison of the OVGF values
obtained for the 7b!, 8a and 6b! lines also confirms the
relatively limited impact on one-electron binding energies of
the incompleteness of the cc-pVDZ basis set. Upon consider-
ation of the results displayed in Table 2 and the reasonable
assumption of the additivity of the effects of extra split-valence,
polarization and diffuse functions, it can be safely stated that
the OVGF/cc-pVDZ one-electron binding energies systemati-
cally underestimate the OVGF/aug-cc-pVTZ values$§.3
eV, which in turn should be very close to their full basis set
limit.

From the 7a orbital and onward, the OVGF and ADC(3) data
provide (Table 2) a very different description of ionization
bands, due to the rather poor performance of the OVGF method
when entering energy regions where shake-up lines normally
prevail. According to the ADC(3) results, all one-electron HF
energy levels above 15 eV undergo a very strong breakdown
of the orbital picture of ionization, whereas the OVGF results
provide one-electron ionization lines with a large pole strength
(' > 0.75) up to one-electron binding energies of 19.6 eV.
However, it should be noticed that the shake-up fragmentation,
which is consistently described at the ADC(3) level, can most
often be guessed at the OVGF level when the obtained
spectroscopic (or pole) strengtHs) @pproach or drop below a
value of ~0.85 (see Table 2). In other words, OVGF pole
strengths smaller than0.85 very certainly foretell a significant

rings is overall much stronger, despite the increase of the gigpersion of the ionization intensity into secondary two-electron
HOMO—LUMO band gap upon ring closure. This is due 10 processes. This empirical relationship is verified throughout this
the lower symmetry of the rings, which permits many more ork, and can also be very consistently inferred from ample
configuration interactions in the final ionized states. The effect applications of both methods on series of conjugated systems,
of symmetry lowering can also be assessed from a comparisonn particular on polycyclic aromatic hydrocarbons (see the results
of the 1p-GF/ADC(3) spectra reported in this work with those reported in refs 43 and 53).

i i 23 .
obtained previously for the even-membereg ihgs= In any Thus, except for the first three outermost valence states, 7b,
case, the shake-up fragmentation becomes so strong fowthe Cga and 6b, all ionization lines clearly undergo substantial losses
and G rings that a complete description of the inner-valence o jntensity into shake-up processes. The idea of a one-particle
region of these species exceeds the current pOSS|b|I|t|es. Forprocess can be partially retained for ionization of an electron
the latter two clusters, it was necessary to restrict the search tofrom the 6a level (IR 16.75 eV), which in the ADC(3)
ionization lines with a pole strength larger than 0.02, to ensure spectrum (Figure 4b) emerges from the shake-up background

the convergence of the block-Davidson iterations. This implies
that no ionization intensity at all could be recovered for the
three innermost valence orbitals of thg &d G; rings (i.e.,

5b, 7a, 6a; and 7a6bly, 8a, respectively). Despite these blanks

in the simulations and despite the strength of many-body effects,
the gross features of the HF electronic structure of the odd-

membered carbon rings versus their linear counterffactn
still be traced (Figures-47) in the energy distribution and shape

as an ionization line with dominant one-electron character and
appreciable pole strengthi’ (= 0.57), at an ionization energy

of 16.7 eV. The onset of the shake-up bands is located at 13.73
eV. Compared with an ADC(3)/cc-pVDZ shake-up ionization
threshold of 12.86 eV for the linear isont@rit marks a rather
significant withdrawal of shake-up bands in the spectrum, which
consistently reflects the larger band gap of theri@g. The
shake-up bands extend to the inner-valence region where
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TABLE 2: lonization Potentials (in eV) and Pole Strengths (in parentheses) Obtained for the Cyclic Isomer of £(C, Point

Group)?

level

HF/
cc-pVDZ

ADC(3)/
cc-pVDZ

OVGF/
cc-pVDZ

OVGF/

aug-cc-pvVDZ

OVGF/

cc-pvTZ

7b
8a
6b
7a

11.006
11.703
12.193
15.336

10.379 (0.870)
11.231 (0.842)
10.945 (0.857)
13.284 (0.117)

10.233 (0.894)
10.921 (0.895)
10.880 (0.888)
13.984 (0.865)

10.371 (0.888)
11.057 (0.889)
11.041 (0.882)
14.122 (0.859)

10.396 (0.889)
11.075 (0.890)
11.073 (0.883)
14.105 (0.860)

13.728 (0.025)
14.145 (0.134)
14.257 (0.094)
14.560 (0.174)
14.870 (0.301)
15.410 (0.032)
15.821 (0.052)
14.685 (0.066)
15.044 (0.104)
15.517 (0.427)
16.080 (0.259)
16.148 (0.042)
16.577 (0.040)
16.745 (0.573)
16.968 (0.078)
17.245 (0.022)
17.240 (0.045)
17.437 (0.294)
17.556 (0.192)
17.792 (0.040)
18.697 (0.058)
19.443 (0.030)
19.672 (0.046)
20.655 (0.044)
20.981 (0.079)
21.148 (0.029)
21.300 (0.043)
21.709 (0.050)
21.909 (0.036)
22.003 (0.138)
22.398 (0.020)
22.470 (0.046)
23.015 (0.021)
23.479 (0.033)
25.124 (0.022)
25.244 (0.020)
26.111 (0.021)
26.317 (0.022)
26.382 (0.108)
26.517 (0.143)
26.747 (0.033)
27.020 (0.041)
27.901 (0.043)
28.407 (0.031)
30.201 (0.044)
31.214 (0.024)
31.939 (0.022)
32.027 (0.038)
32.926 (0.030)

aOnly the lines withI' > 0.02 are listed.

5b 16.110 15.135 (0.881) 15.265 (0.874) 15.212 (0.875)

6a 18.092 16.245 (0.824) 16.349 (0.818) 16.352 (0.819)

4b 19.602 17.269 (0.782) 17.365 (0.775) 17.362 (0.776)

5a 24.489

3b 29.853

4a 36.640

ionization lines are smashed into an extremely large number ofto 29% of the Gs ionization intensity of the five-membered
lines with very small intensity. carbon chain. For the latter species, the idea of a one-particle
Despite the importance of the shake-up fragmentation, the ionization process could actually be partially reta#?dédr two
gross features of the one-electron HF band structure (Figureof the four inner-valence levels.
4a) are still clearly apparent in the convoluted ADC(3) ionization ~ D. One-Hole and Shake-Up lonization Energies of the €
spectrum of the cyclic isomer ofsCThis spectrum strongly  Ring. By far and large, many conclusions drawn for the ADC-
differs from that previously calculated for its linear counterpart (3) and OVGF ionization spectra of the fihg straightforwardly
(see Figure 2c of ref 22). Despite the increase of the band gap,apply to the G one. Here also, a comparison of the ADC(3)
the shake-up fragmentation is by far stronger for the cyclic and OVGF results (Table 3) confirm the rule that OVGF pole
isomer of G than for the linear one, because of the much lower strengths less thar0.85 are indicative of a breakdown of the
symmetry (G) of the former species. The obtained ADC(3) orbital picture of ionization. In this case, only the three outermost
results indicate that more than 40% of the inner-valence ionization lines can be safely described as one-electron lines.
ionization intensity of the €ring is lost into satellites with a  The obtained OVGF results also confirm the adequacy of the
pole strength less than 0.005, whereas these lines “only” amountcc-pVDZ basis set.



C, (n=5,7,9,11) Rings

J. Phys. Chem. A, Vol. 106, No. 23, 2002633

TABLE 3: lonization Potentials (in eV) and Pole Strengths (in parentheses) for the Cyclic Isomer of €(C,, Point Group)?

HF/ ADC(3)/ OVGF/ OVGF/ OVGF/ HF/ ADC(3)/
level cc-pvVDZ cc-pvVDZ cc-pvVDZ aug-cc-pVDZ cc-pVTZ level cc-pvVDZ cc-pvVDZ

11a (Z) 9.521 8.804 (0.872) 8.703 (0.895) 8.868 (0.890) 8.862 (0.8p1) 1 (XJa  26.376 22.570 (0.103)

2by (IT) 12.027 11.994 (0.874) 11.903 (0.894) 12.010 (0.887) 12.043 (0.887) 23.078 (0.024)

10a (2) 12.171 11.060 (0.861) 10.831 (0.883) 10.986 (0.878) 10.954 (0.879) 23.166 (0.057)

1z (10) 12.219 12.049 (0.787) 12.022 (0.896) 12.128 (0.888) 12.168 (0.889) 23.330 (0.024)
12.597 (0.083) 23.436 (0.104)

7h (2) 13.441 11.604 (0.062) 11.781 (0.856) 11.928 (0.851) 11.924 (0.851) 23.704 (0.020)
11.989 (0.698) 23.743 (0.049)
13.704 (0.048) 23.936 (0.056)
14.123 (0.020) 24.000 (0.056)

1by (I1) 16.674 14.810 (0.043)  15.054(0.818)  15.185(0.811)  15.113(0.812) 24.034 (0.042)
15.271 (0.039) 24.152 (0.057)
15.369 (0.316) 24.262 (0.034)
15.497 (0.361) 24.807 (0.033)
18.955 (0.044) 26.299 (0.021)

9a () 16.831 15.210 (0.230) 15.155 (0.823) 15.307 (0.817) 15.237 (0.817) ; (Zpa  30.636 26.230 (0.026)
15.321 (0.138) 26.352 (0.024)
15.665 (0.094) 26.398 (0.030)
15.792 (0.198) 26.691 (0.024)
15.985 (0.054) 26.808 (0.047)
16.630 (0.020) 26.856 (0.058)
18.714 (0.042) 27.267 (0.049)
19.993 (0.024) 27.517 (0.020)

6h, (2) 18.970 16.363 (0.031) 16.874 (0.823) 17.024 (0.804) 16.934 (0.804) 27.551 (0.075)
17.040 (0.032) 27.706 (0.076)
17.213 (0.612) 27.811 (0.021)
17.326 (0.028) 43) 31.548 26.809 (0.026)
17.416 (0.031) 27.007 (0.039)
17.457 (0.077) 27.113 (0.056)

8a () 19.157 16.593 (0.039) 16.935 (0.832) 17.082 (0.822) 17.038 (0.835) 27.172 (0.030)
17.276 (0.101) 27.272 (0.086)
17.345 (0.463) 27.474 (0.089)
17.407 (0.097) 27.623 (0.033)
17.599 (0.113) 28.896 (0.028)
17.679 (0.046) 29.491 (0.032)
18.302 (0.025) 5a(%) 34.886 28.950 (0.047)

5b, (%) 23.217 20.211 (0.063) 30.265 (0.035)

a0nly the lines withl" > 0.02 are listed.

20.244 (0.048)
20.875 (0.370)
20.948 (0.026)
20.990 (0.048)
21.287 (0.152)
21.489 (0.020)
21.581 (0.021)

30.497 (0.049)
30.664 (0.070)
30.898 (0.053)
30.979 (0.095)
31.299 (0.020)

Examination of the ADC(3) and OVGF ionization energies tion appears to be significantly less acute than the one which
of the G cyclic species demonstrate that the Koopmans’ occurs in the case of{CThis observation relates to the larger

assignment of the lowest cation state t&A3 state is correct.

symmetry Cy,) of the G ring, which helps to limit the number

According to all results obtained, this state should appear in of permitted initial- and final-state configuration interactions.
the ionization spectrum (Figure 5) as a nicely isolated one- Compared with @(Figure 4b), sharper and better resolved peaks

electron line, at a strikingly low binding energy (#8.80 eV,
at the ADC(3) level), reflecting both the importance of cyclic

therefore quite naturally emerge in the convoluted ADC(3)
ionization spectrum of the cyclic isomer of, QFigure 5b). In

strains and the strong impact of electronic relaxation on statesthis case, the (unrecovered) part of the inner-valence intensity

derived from ionization of &-orbital in a planar structure. Here

relating to satellites with a pole strength less than 0.005 is around

also, ADC(3) indicates permutations among the next four levels 34%. This can be compared with a dispersion into such satellites

(10a, 7bp, 2b;, and 1a) with respect to the Hartred=ock

of 29% of the Gsionization intensity of the linear form of C

energy order. Beyond these levels, all orbitals undergo a For the latter species, despite a lower band gap, the higher

significant breakdown of the orbital picture of ionization. In

symmetry D.h) indeed permits a partial preservation of the one-

this case, the onset of the shake-up bands lies at an electrorelectron picture of ionizatidf in the inner-valence region, in
binding energy near 11.6 eV. The orbital picture of ionization the form of four lines with a pole strength larger than 0.40.

is partially restored at the bottom of the outer-valence region,

E. One-Hole and Shake-Up lonization Energies of the €

in the form of two lines at 17.2 and 17.3 eV with appreciable Ring. Compared with the first term of thes(1 series, G, the

one-electron charactef’ (= 0.61,T = 0.46), which relate to
the 6k and 8a orbitals, respectively. As for thesGing, the

onset of the shake-up band of the iGg has been reduced by
nearly 2 eV to a value of 11.76 eV (Table 4), which is

fragmentation into satellites intensifies with increasing ionization qualitatively in line with the changes observed in the band gap
energies, in particular in the inner-valence region, where the from one species to the other (Table 1). Due to its more
orbital picture of ionization fully breaks down. However, despite pronounced planarity, one can in this case rather easily assess
the larger size of the cyclic{Gpecies, the shake-up fragmenta- the belonging of the nine outermostyCorbitals of this
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TABLE 4: lonization Potentials (in eV) and Pole Strengths (in parentheses) for the Cyclic Isomer of €(C, Point Group)?

HF/ ADC(3)/ OVGF/ OVGF/ HF/ ADC(3)/
level cc-pvDZ cc-pvDZ cc-pvDZ aug-cc-pVDZ level cc-pvDZ cc-pvVDZ

13b (t-x) 9.066 8.605 (0.868) 8.331 (0.888) 8.455 (0.882 10a 19.961 17.778 (0.220)

14a () 9.437 9.170 (0.864) 8.660 (0.884) 8.794 (0.879 17.873 (0.091)

12b (t-0) 10.300 8.965 (0.854) 9.023 (0.877) 9.169 (0.872) 17.904 (0.275)

13a (t-0) 13.439 11.759 (0.020) 12.043 (0.836) 12.175(0.831) 17.932 (0.035)
12.206 (0.655) 18.044 (0.073)

11b (t-0) 13.457 12.135(0.199) 12.051 (0.838) 12.182 (0.833) 18.071 (0.074)
12.223 (0.503) 18.263 (0.022)
13.473 (0.025) 9a 23.119 19.760 (0.024)
14.016 (0.025) 19.900 (0.027)

12a (t-x) 14.115 12.428 (0.055) 12.483 (0.814) 12.600 (0.807) 20.336 (0.030)
12.777 (0.507) 20.366 (0.083)
12.903 (0.040) 20.414 (0.058)
12.951 (0.122) 20.483 (0.062)
13.549 (0.030) 20.595 (0.069)

10b (t-7) 14.132 12.740 (0.101) 12.490 (0.814) 12.604 (0.807) 20.648 (0.068)
12.799 (0.544) 20.666 (0.088)
12.967 (0.040) 7b 23.214 20.378 (0.033)
13.545 (0.025) 20.503 (0.161)
15.294 (0.031) 20.529 (0.065)

1la o) 15.946 13.378 (0.103) 14.150 (0.795) 14.284 (0.789) 20.557 (0.023)
13.685 (0.058) 20.789 (0.094)
13.787 (0.049) 20.846 (0.040)
13.992 (0.028) 20.887 (0.078)
14.528 (0.063) 20.962 (0.021)
14.640 (0.071) 21.061 (0.024)
14.754 (0.042) 8a 26.968 23.068 (0.024)
14.926 (0.066) 23.328 (0.024)
15.059 (0.043) 23.377 (0.024)
15.377 (0.051) 23.724 (0.034)
15.507 (0.132) 23.971 (0.021)
15.616 (0.059) 24.025 (0.026)
16.182 (0.031) 24.212 (0.041)

9b (~x) 16.118 14.045 (0.087) 14.156 (0.806) 14.272 (0.799) 24.280 (0.031)
14.329 (0.357) 6b 28.426 24.275 (0.024)
14.618 (0.106) 24.344 (0.037)
14.782 (0.057) 24.401 (0.025)
14.799 (0.028) 24.436 (0.031)
14.836 (0.026) 24.567 (0.026)
16.455 (0.046) 24.618 (0.026)
17.520 (0.042) 24.680 (0.027)

8b 19.907 17.610 (0.042) 17.548 (0.812 24.779 (0.042)
17.624 (0.155) 25.001 (0.033)
17.696 (0.352) 25.019 (0.036)
17.738 (0.049) 5b 31.418
17.871 (0.080) T7a 31.442
17.889 (0.062) 6a 33.114

17.930 (0.036)

aOnly the lines withI" > 0.02 are listed.

cumulenic ring (Figure 2¢4; Figures 8a-g) to thell- and=-
conjugation band systems. With regard to their dominant out- a sharp and intense peak-a8.0 eV (Figure 6b).
of-plane orientation, the 13b (HOMO), 14a (HOMO-1), 12a,
10b orbitals displayed in Figures 22c;, 8d, and 8e should
rather be related to twisted (t7) levels, whereas the 12b, 13a,
11b orbitals (Figures 8ac) more markedly belong to the*”
(in-plane) band system. By extension, they will therefore be
described as twisted (t¢) levels (Table 4). The two remaining
Cyplevels, 11a and 9b, clearly relate (Figure 8f,g) to¥hend
I1- band systems, respectively.
All theoretical data provide th#B state as lowest cation state,
at a binding energy of 8.61 eV. Notice that this ionization

is seen for the next two orbitals, 14a and 12b, due to the stronger

impact of electronic relaxation on the latter tevel. However,
as for the G cumulenic ring (and unlike the polyynic cyclic

to our convolution (fwhm= 1.1 eV), and result therefore into

Except for the three outermost ionization lines at ionization
energies below 9 eV, with a pole strength larger than 0.8, all
ionization lines have a pronounced shake-up character. The
orbital picture of ionization can nonetheless be partially retained
at higher binding energies, in the form of four ionization lines
emerging clearly from the shake-up background at 12.21 eV
(T = 0.66), 12.22 eVl = 0.50), 12.78 eVl = 0.51) and
12.80 eV [T = 0.54), and relating to the 13a, 11b, 12a, and
10b orbitals, respectively. Beyond these lines, the breakdown
of the orbital picture of ionization can be regarded as complete
threshold is practically the same as that found for the standardbecause the obtained pole strengths do not exceed 0.36. The
Cy ring, an observation which nicely reflects the attenuation of shake-up fragmentation very quickly intensifies with increasing
electronic relaxation and the lower impact of cyclic strains on ionization energies, due to the lower symmetryg)(6f the G
t-or orbitals. Here also, a reordering of the ionization energies ring.

Despite the intensification of the shake-up fragmentation and

the missing contributions of the three innermost orbitals (5b,
7a and 6a), the identified ADC(3) ionization lines fall in very
species), the three outermost lines cannot be resolved accordingvell-resolved sets (Figure 6b), which by their total intensity
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TABLE 5: lonization Potentials (in eV) and Pole Strengths (in parentheses) for the Cyclic Isomer of ¢ (C,, Point Group,

cc-pVDZ Basis Set}

level HF ADC(3) OVGF level HF ADC(3)
13k, (%) 8.963 7.590 (0.858) 7.489 (0.886) 173) 20.181 17.943 (0.061)
3b, (IT) 10.271 10.272 (0.852) 10.053 (0.880) 17.969 (0.049)
23 (IT) 10.320 10.156 (0.860) 10.144 (0.880) 18.014 (0.478)
15a () 11.333 10.096 (0.632) 9.971 (0.852) 18.073 (0.151)
10.619 (0.125) 18.110 (0.039)
11.243 (0.029) 100(%) 20.343 17.917 (0.101)
11.861 (0.037) 18.011 (0.421)
12 (3) 11.363 10.240 (0.777) 9.941 (0.857) 18.051 (0.125)
11.196 (0.030) 18.090 (0.093)
11.288 (0.020) 18.204 (0.036)
2D, (1) 14.182 12.986 (0.399) 12.821 (0.815) 109 22.484 19.593 (0.053)
13.101 (0.027) 19.769 (0.118)
13.255 (0.108) 19.787 (0.027)
13.356 (0.070) 19.876 (0.069)
13.434 (0.078) 19.891 (0.107)
14.245 (0.051) 19.953 (0.035)
14.846 (0.023) 19.981 (0.188)
18.101 (0.026) 20.192 (0.047)
1 (I0) 14.399 12.825 (0.022) 12.842 (0.811) ,9B) 22.554 19.577 (0.029)
13.047 (0.035) 19.859 (0.330)
13.083 (0.343) 19.875 (0.141)
13.141 (0.032) 20.091 (0.123)
13.205 (0.111) 1043) 25.059 21.262 (0.036)
13.312 (0.129) 21.316 (0.044)
14.033 (0.043) 21.740 (0.027)
14.232 (0.031) 21.896 (0.033)
14a () 14.538 12.423 (0.134) 12.797 (0.824) 22.127 (0.112)
12.880 (0.127) 22.217 (0.103)
13.191 (0.411) 22.291 (0.045)
13.599 (0.028) 22.390 (0.073)
14.136 (0.034) 8h(%) 26.770 22.415 (0.038)
11b () 14.686 12.072 (0.109) 12.800 (0.808) 22.750 (0.038)
12.942 (0.060) 23.007 (0.020)
13.270 (0.278) 23.213 (0.070)
13.411 (0.105) 23.316 (0.027)
13.479 (0.129) 23.366 (0.020)
14.363 (0.024) 23.493 (0.046)
14.682 (0.044) 23.516 (0.039)
16.611 (0.021) 23.601 (0.053)
1by (IT) 15.854 13.957 (0.036) 13.928 (0.805) 23.737 (0.058)
14.228 (0.085) 24.090 (0.032)
14.272 (0.105) 24.393 (0.020)
14.317 (0.455) %(%) 29.306
14.699 (0.026) 70(z) 29.364 24.579 (0.020)
14.732 (0.034) 25.245 (0.021)
13a (%) 16.136 14.174 (0.027) 14.056 (0.793) 25.324 (0.069)
14.254 (0.278) 25.664 (0.036)
14.310 (0.083) 25.736 (0.021)
14.749 (0.066) 25.759 (0.030)
14.908 (0.077) 25.912 (0.023)
15.075 (0.031) 25.939 (0.061)
15.126 (0.031) 8a(>) 31.443
15.312 (0.056) 60(>) 31.776 26.991 (0.055)
16.292 (0.029) 27.188 (0.021)
17.130 (0.037) 27.929 (0.027)
27.598 (0.024)
27.739 (0.033)
7a (3) 32.779

2 Only the lines withI" > 0.02 are listed.

and energy distribution rather clearly recall the outermost part isomer of G has been nearly entirely recovered. Like with the
of the HF spectrum (Figure 6a). As a matter of fact, compared C; polyynic ring (and at odds with the ADC(3) ionization spectra
with the G cyclic species, the convoluted shake-up bands remain of the cumulenic @and G rings), the outermost ionization line
much sharper, reflecting an overall weaker energy dispersion (13b,71) is very well separated from the rest of the spectrum
of the computed 2h-1p ionized states. The same observation(Figure 7b), and falls at a strikingly low binding energy (7.6
was made previoustywhen comparing the ADC(3) spectra of V), owing again to the impact of cyclic strains and of electronic
cyclohexane and cyclopentane with that of cycloburemd relaxation on levels aE symmetry in planar species. Here also,
seems therefore to indicate a release of cyclic strains in largeronly three ionization lines with binding energies larger than 10
carbon rings. eV can be safely assigned to one-hole ionized states;(1,3b
F. One-Hole and Shake-Up lonization Energies of the 3b; 71, 2a71). A partial preservation of the orbital picture of
Ring. Except for the contribution of the two innermost orbitals ionization can also be considered for the next two levels; 15a
of &g symmetry, the ADC(3) ionization spectrum of the cyclic and 12b. These relate to orbitals & symmetry, and as such
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As for the linear Gn+1 and cyclic G2 clusters | = 1—-4)
investigated previousl%2® many body effects (correlation,
relaxation, multi-configurational mixing) have a considerable
influence on the vertical ionization spectra of odd-membered
carbon rings. Compared with the linear species, these display
an intrinsically lower propensity to electronic excitations, in the
form of a significantly larger HOMG-LUMO band gap. On
the other hand, the lower symmetry of the,G rings (O =
1-4), G and G in particular, results into many more config-
uration interactions in the cation. The ultimate outcome of these
two opposite factors is overall a severe enhancement of the
shake-up fragmentation of ionization bands, compared with the
odd-membered chains.

Despite the extent of the shake-up contamination, the present
study undoubtedly confirms that structural fingerprints in
ionization spectra could be usefully exploited to discriminate
the cyclic and linear isomers of odd-membereg.& clusters
in plasma conditions. Such spectra could even be used to
indirectly trace very fine details of the molecular structure, such
as the alternation of bond lengths. For instance, the highest
occupied level of the £and G rings relates to a twisted and
nicely delocalizedr-orbital, which is in line with their relatively
high ionization potential. On the other hand, the vertical
ionization threshold of the polyynic and planar carbon rings C
and G corresponds to a rather strongly localized orbital of
o-symmetry, appearing thereby at strikingly low binding ener-
Fi 8. out I hitals of th ina. By order of gies in the ionization spectrum. At last, the extent of cyclic
ir:grlzjer;ir{g eﬁe?;;?(:?cleztg%Lgh/:g-Z)? ) 613%’”(1%"11)[;’0{(1)‘3;;61 ©), ztrains can also be indir_ectly evqluate_d throqgh the energy
10b, (f) 11a and (g) 5aThe HOMO-1 (14a) and HOMO (13b) levels ispersion of sha_ke-up lines, which directly influences the
are displayed in Figures 2and 2g, respectively. apparent broadening of bands.

With regard to the extent of the structural information borne

in these spectra, it would certainly be worth refining the ADC-
undergo much stronger relaxation effects upon ionization than (3) treatment of vertical ionization processes, which relies on a
the two above lyindI-levels, 3k and 2a. As a result, at odds  single-reference ground state wave function. Besides coping with
with the HF eigenspectrum (Figure 7a), the 32, 15a, and multireference effects, one should also put in perspective the
12ty levels are nearly accidentally degenerate in the ADC(3) role played by the higher-order shake-up (3h-2p, 4h-3p,...)
ionization spectrum, and lead therefore to a strikingly sharp and transitions, which are neglected at this level of theory. Inclusion
intense peak near10.1 eV. of diffuse and continuum functions in the basis sets should also

Except from this difference, and despite the severity of the be considered to account more consistently for shake-up
shake-up fragmentation of bands beyond this point, the basictransitions toward Rydberg states, as well as their shake-off
features of the HF electronic structure (Figure 7a) are easily limit. At last, it would also be worth assessing at reliable
recognizable in the ADC(3) ionization spectrum (Figure 7b), theoretical levels the impact of the twistsmfchemical bonds
in the investigated range of electron binding energies. Here also,on electron affinitie$?
upon a comparison with the results obtained for the smallest
odd-membered polyynic carbon clustey, @e band broadening Acknowledgment. The authors acknowledge financial sup-
due to the splitting of lines into shake-up sets appears to beport from the “Bijzonder Onderzoeksfonds” (BOF) of the
more limited, in line with the ide¥ that this splitting provides Limburgs Universitair Centrum. M.S.D is also grateful to the
an indirect measure of structural strains in cyclic compounds. “Fonds voor Wetenshappelijk OnderzoekVlaanderen”, the
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highly versatile and challenging species. Both structurally and
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