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A complete study of the valence electronic structure and related electronic excitation properties

of cyclopentene in its C ground state geometry is presented. Ionization spectra obtained from
this compound by means of photoelectron spectroscopy (He I and He II) and electron momentum
spectroscopy have been analyzed in details up to electron binding energies of 30 eV using
one-particle Green’s function (1p-GF) theory along with the outer-valence (OVGF) and the

third-order algebraic diagrammatic construction [ADC(3)] schemes. The employed geometries
derive from DFT/B3LYP calculations in conjunction with the aug-cc-pVTZ basis set, and
closely approach the structures inferred from experiments employing microwave spectroscopy or
electron diffraction in the gas phase. The 1p-GF/ADC(3) calculations indicate that the orbital
picture of ionization breaks down at electron binding energies larger than ~17 eV in the

inner-valence region, and that the outer-valence 7a’ orbital is also subject to a significant
dispersion of the ionization intensity over shake-up states. This study confirms further the rule
that OVGF pole strengths smaller than 0.85 foretell a breakdown of the orbital picture of
ionization at the ADC(3) level. Spherically averaged (e, 2e) electron momentum distributions at
an electron impact energy of 1200 eV that were experimentally inferred from an angular analysis
of EMS intensities have been interpreted by comparison with accurate simulations employing
ADC(3) Dyson orbitals. Very significant discrepancies were observed with momentum
distributions obtained from several outer-valence ionization bands using standard Kohn—-Sham

orbitals.

Introduction

Five-membered unsaturated cyclic molecules such as cyclopen-
tene behave like four-membered rings for the ring-puckering
vibration since the two atoms that are linked by the more rigid
double bond merely move together as one single atom.! The
cyclopentene molecule represents therefore a very ideal proto-
type for studying large-amplitude ring-puckering motions in the
gas phase.” Cyclopentene is thus typically the most thoroughly
studied example of a pseudo-four-membered-ring molecule
characterized by a double-minimum potential function describ-
ing low-frequency puckering vibrations. A number of experi-
ments employing far-infrared, > mid-infrared,® '’ Raman,'**
and microwave® 2’ spectroscopy, electron diffraction,® and
various theoretical analyses’®~’ indicate that cyclopentene has
a non-planar equilibrium structure of Cg symmetry, with the
carbon atom opposite to the double bond being tilted out of the
plane of the four other carbon atoms. Cyclic unsaturated
hydrocarbons such as cyclopentene (CsHg) have been widely
used for the making of ordered organic monolayer films on

semiconductor surfaces of crystalline silicon (Si),® * germa-
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nium (Ge),” and diamond (C).*® In view of the practical
importance of cyclo-addition reactions between unsaturated
compounds and semi-conductor surfaces, the main goal of the
present work is therefore to expand our understanding of the
electronic structure (and wavefunction) of cyclopentene and its
relationships with the molecular structure, as well as with its
interplay with related electronic excitation properties.

In a first study at Tsinghua University*’ employing electron
momentum spectroscopy (EMS),*¥° the experimentally in-
ferred electronic structure of cyclopentane was assigned from
an analysis of the angular dependence of electron-impact
(e, 2e) ionization intensities by comparison with theoretical
spherically averaged electron momentum distributions that
were empirically derived from standard (B3LYP) Kohn—-Sham
orbitals. It is here worth reminding again that EMS is parti-
cularly sensitive to the low momentum (large r) part of the
outermost orbital densities that are important in molecular
recognition processes and at the early stages of a cyclo-
addition reaction. Attempts were made in this first study for
extending the band assignment up to the bottom of the inner-
valence region, despite major drawbacks in the modeling such
as the restriction of the analysis to one-electron ionization
lines, and the uncertainties inherent to using Kohn-Sham
orbitals derived from DFT calculations on neutrals molecules
for computing electron momentum distributions that formally
relate to transition amplitudes between neutral and cationic
wave functions.
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Sophisticated quantum mechanical treatments that cope, at
least, with electron correlation and relaxation effects, as well as
with the dispersion of the ionization intensity over shake-up states
arising from configuration interaction effects in the cation! are the
most basic requirements for reliably assigning (e, 2e) ionization
spectra and conduct from these a safe analysis of experimental
electron momentum distributions. A number of theoretical studies
employing one-particle Green’s Function theory®” along with the
third-order algebraic diagrammatic scheme [ADCQR)PY>* have
indeed enlightened the importance of shake-up bands in the outer-

valence ionization spectra of unsaturated compounds, such as
Sle,54 S1fi

polyenes, carbon  clusters, polycyclic  aromatic
hydrocarbons,>®  furane, trans-stilbene,> purine and
pyrimidine,”"™ pyrrole and thiophene,> whereas further ADC(3)

calculations have demonstrated that even saturated hydrocarbons
are subject to a strong breakdown of the orbital picture of
ionization in the inner-valence region.®® Most EMS experiments
so far have nonetheless been interpreted on the assumption of a
one-to-one correspondence between the observed ionization bands
and one-electron ionization processes, and are therefore likely to
undergo substantial revisions in the future. The interested reader is
referred in particular to strong refutations of band assignments
drawn for the ionization spectra of stella-2,6-dione®” or 1,3-
butadiene™ from EMS experiments, which demonstrate that it is
indeed impossible to reliably assign highly congested (e, 2e)
ionization spectra by resorting only to standard Kohn-Sham (or
Hartree—Fock) orbital energies and to the related electron densi-
ties. In contrast with DFT, one-particle Green’s Function theory
also provides a formally exact theoretical framework for inter-
preting electron momentum distributions inferred from EMS
experiments at high electron impact energies, through the interplay
of Dyson orbitals. Recent applications of the 1p-GF/ADC(3)
approach on difluoromethane,” dimethoxymethane®® and water®!
and comparison with DFT results demonstrate indeed that this
many-body Green’s function approach provides overall superior
insights into the experimental momentum distributions.

Experimental studies of the valence electronic structure of
cyclopentene are rather scarce. Besides the (e, 2e) ionization
spectrum recorded by Ren er al.*” at an electron impact of 1200
eV, these comprise only a few photoelectron studies®* employing
He I or He II radiation beams. The available theoretical data
available for this spectra are very limited too,*” and do not go
beyond one-electron ionization energies obtained from HF or KS
orbital energies, under the assumption of Koopmans’s theorem
and a DFT extension of it, and using the outer valence Green’s
function (OVGF) approach.®® The present 1p-GF/ADC(3) study
of the valence ionization spectrum of cyclopentene along with an
analysis of the previously inferred (e, 2¢) electron momentum
distributions on the ground of 1p-GF/ADC(3) Dyson orbitals
enables us to considerably improve, both from a qualitative and
quantitative viewpoint, our understanding of the electronic struc-
ture of cyclopentene and its interplays with electronic correlation
and relaxation effects in ionization experiments.

Theoretical background for ionization phenomena
and electron momentum spectroscopy

The basic principle of EMS*°%%* is an ionization plus

electron scattering process initiated by electron collision, i.e.

a so-called (e, 2e) reaction. The gas phase target molecules are
ionized by impact with a high energy electron beam, whereas
the two outgoing electrons are selected and then detected in
coincidence. The experimental set-up is based on a symmetric
non-coplanar geometry, ie. the two outgoing electrons are
selected at equal energies and polar angles (0; = 0, = 45°)
relative to the incoming electron beam direction. Plots of
differential (e, 2¢) ionization cross section versus the molecular
recoil momentum E are obtained for each resolved ionized
state of the target molecule by monitoring in coincidence the
dependence of the electron impact ionization cross sections
upon the azimuthal angle (¢) between the two outgoing
electrons, which in our experimental set-up varies from —30°
to 30° around the incident beam axis. For a clear knock-down
collision process, the molecular recoil momentum 5 can be in
turn directly related to the momentum of the electron (p)
prior to the ionization process, via 5 = —p. Assuming a binary
(e, 2e) encounter, and thus, a high electron impact energy, a
high momentum transfer and a negligible kinetic energy
transfer to the residual ion, the initial momentum of the
knocked-out electron is indeed related to the azimuthal angle

¢ by50
P\ 112
p = |(2p1cosO — py)* + 4p? sin’ 0'sin’ (§>] (1)

where p; and p, are the momenta of the outgoing and incident
electrons, respectively. Under the assumptions of the
Born, binary encounter, and plane wave impulse
approximations,*®*%:¢4-5 the (e, 2¢) ionization cross sections
are in turn directly proportional to structure factors derived as
the Fourier transforms of Dyson orbitals for the ionization
channels under consideration:

0, = K[lg/w.p)?dQ )

where w and p represent the spin and momentum of the
electron prior to ionization. In the above equation, [dQ
denotes the spherical average over all orientations of the target
molecule. Using spin-space coordinates x = (w, 7), Dyson
spin—orbitals orbitals are defined™®* as partial overlaps be-
tween the initial neutral ground state and final ionized states:

gn(X) :\/N/‘Pﬁ”l(xhxz,...,x/v,l)x -

N
Yo (X1,X2,...,Xy-1,X)dx1dx, ... dXy_g

with N the number of electrons. These spin—orbitals g,(x) can
therefore be regarded as effective orbitals for the holes created
in the cationic states \‘I—‘,,N”}, which account both for ground
state correlation and dynamical relaxation effects, as well as
for the dispersion of the ionization intensity over states relat-
ing to excited (shake-up) electronic configurations of the
cation: by definition, the norm of Dyson orbitals is smaller
than one. Note that the above eqn (2) and (3) provide a

Sformally exact depiction of (e, 2e) cross sections in the high-

energy limit (E, > 1 keV) ensuring the so-called EMS condi-
. 48,49,64,50
tions.

As EMS, one-particle Green’s function (1p-GF) theory>>
enables a direct mapping, and this within an exact many-body
framework, of vertical ionization energies and Dyson orbitals.
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For an N-particle system with a non-degenerate ground state
2y ), the spectral representation of the advanced component
of the one-particle Green’s function has the following
deﬁnition 52a,52b,65

Gjlw)= Y —— 4)
iy @ + IP, —iO*

where IP, represents the ionization potential corresponding to
the N-particle system, and where O denotes a positive
infinitesimal number. It is immediately apparent that the
positions of lines in the ionization spectrum are given from
the location of the poles of the Green’s function in the complex
energy plane.®* The corresponding residues relate to products
of Feynman—Dyson transition amplitudes:

X = (PN W), vn e (N - 1} (5)

The probability for a given ionic state \‘P,i,\/”) is given by

Lo = [ 10N IP =D 11 (6)

which corresponds to the associated pole strength (I",), alter-
natively defined as tr[G(w)] at @ = —1I,. I',, provides also the
factor required to normalize the Dyson orbital related to state
\‘P,ﬂvfl), which is defined as a linear combination of HF
orbitals |¢;), with Feynman-Dyson transition amplitudes as
weight coefficients,32#326:63

1 _ 1 n
89 = =T Wy = Do) ()
Computations

The geometry of cyclopentene has been optimized using the
nonlocal hybrid and gradient corrected Becke-three-parameter
Lee-Yang—Parr functional (B3LYP)***” in conjunction with
Dunning’s correlation consistent polarized valence basis set of
triple-{ quality basis set augmented by a set of diffuse {s, p}
functions on the hydrogen atoms together with a set of diffuse
{s, p, d} functions on the carbon atoms (aug-cc-pVTZ).® This
approach is known to provide equilibrium geometries and
related vibrational properties of quality comparable to that
achieved at the benchmark CCSD(T) theoretical level.® All
HF, DFT, OVGF, CCSD(T) calculations have been per-
formed using GAUSSIAN 98.7° The ADC(3) calculations
have been carried out using the original 1p-GF/ADC(3)
package of programs, interfaced to GAMESS.”! This package
incorporates a band-Lanczos’ “pre”- diagonalisation of the
block matrices pertaining to the 2p-1h shake-on states into a
pseudo-electron attachment spectrum, prior to a complete
block-Davidson diagonalisation”® of the so-reduced ADC(3)
secular matrix. With this diagonalization procedure, all eigen-
values of the ADC(3) secular matrix with pole strengths equal
to (or larger than) 0.005 could be recovered up to electron
binding energies of ~32 eV. The assumption of frozen core
electrons has been used throughout and the full molecular
symmetry point group has been exploited. At the self-consis-
tent field level, the requested convergence on each of the

elements of the density matrix was fixed to 107'°. The 1p-
GF/ADC(3) calculations described in the present work have
been carried out using Dunning’s correlation-consistent polar-
ized valence basis set of double- { quality (cc-pVDZ)™* and
Dunning’s DZP + basis sets (namely, a double-{ basis set with
polarization and diffuse functions).”

The ionization spectra presented in the sequel have
been simulated using as convolution function a combination
of a Gaussian and a Lorentzian with equal weight
(Voigt profile) and a constant full width at half of maximum
parameter (FWHM) of 0.6 eV. The parameter has
been selected in order to enable comparisons with available
experimental data obtained by means of He I and He II
radiation photoelectron spectroscopy.® Spherically
averaged orbital momentum distributions have been generated
from the output of 1p-GF/ADC(3) or DFT calculations
using the MOMAP program by Brion and co-workers,’®
homemade interfaces and GO3-NEMS.%"7 In order to
enable physically meaningful comparisons with the experi-
mental momentum profiles, the consequences of the
finite acceptance angles (A = +0.6° and A¢p = £1.2°) in
our experimental set up on the electron momentum resolution
(Ap ~ 0.1 a.u.) were accounted for by resorting to Monte
Carlo methods.®""®

The measured ionization intensities are not absolute values,
and the related electron momentum distributions need there-
fore to be renormalized onto an absolute scale. In the present
work, all experimental electron momentum distributions have
been rescaled using a constant renormalization factor obtained
by comparing experimental results with ADC(3)/DZP + elec-
tron momentum distributions for the highest occupied mole-
cular orbital (HOMO, 12a’(1)). The rationale here is that this
orbital is very well separated from other valence ionization
bands in PES®® and EMS* electron binding energy spectra
and provides therefore the best reference for a global intensity
rescaling.

Results and discussion
Molecular geometry

The optimized B3LYP/aug-cc-pVTZ molecular geometry of
cyclopentene in its puckered form (Cs, Fig. 1) is compared in
Table 1 with the experimentally available parameters and
results obtained from other molecular orbital calculations.”-%°
In general, our results for the bond lengths and bond angles
are found to be in good agreement with the experimental data
derived from microwave spectroscopy and electron diffraction,
in spite of some experimental uncertainties. Table 1 indicates
nonetheless that the puckering angle ¢ is rather strongly
dependent upon the employed theoretical model and basis
set. The value of 13.6° computed®! at the HF level and without
polarization functions in the basis set, thus without inclusion
of electron correlation and a sufficiently flexible basis set, is
more than doubtful. Molecular mechanics (MM) calculations
employing the so-called orthodontic force model,®* the con-
sistent force field,% the 2nd generation force field by Allinger
(MM2),%* the scaled quantum mechanical force field,® and the
4th generation force field by Allinger (MM4)” lead to
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Fig. 1 Geometric structure of the puckered conformer (Cs) of
cyclopentene.

puckering angles of 19.0°,%¢ 21.4°87 23.0°% 23.4°% and
24.6°,"° respectively. Depending on the employed basis set,
second-order Moller—Plesset perturbation theory (MP2) yields
a slightly larger puckering angle 26.3°.%° On the experimental
side, values of 23.3 & 1, 22.3 + 2 and 29.0 + 2.5° for the
puckering angle were inferred from infrared,! microwave®®?’
and electron diffraction experiments,”® respectively, and a
value of 26° has been reported from far-infrared and Raman
data.’' This comparison corroborates the view that, due to
shortcomings of the employed functional in the asymptotic
region, and limitations of the description of through-space
interactions and steric repulsions, B3LYP calculations may
somehow drive the molecular structure a little too strongly
towards planarity. A further example of the implications of the
shortcomings of DFT in describing non-bonded interactions is
discussed in a comparative study of the molecular structure
and rotational barriers of trans-stilbene using molecular me-
chanics, density functional theory and various many-body
approaches up to the confines of non-relativistic quantum
mechanics.®® The obtained puckering angle (19.4°) presented
in this work compares nonetheless more than favorably (3°
error only) with the results of most experimental determina-
tions of the molecular structure. For the sake of consistency
with many other studies employing electron momentum spec-
troscopy, we have been willing therefore to retain the BALYP/
aug-cc-pVTZ geometry for performing our analysis on cyclo-
pentene.

At the HF/aug-cc-pVTZ level, cyclopentene, in its most
stable puckered form, exhibits a Cg symmetry point goup and

has the following inner and outer valence shell electronic
configurations:

Inner valence shell: {(4a’)? (5a') (3a”)? (6a')? (4a")?},

Outer valence shell: {(7a’)* (8a’)®> (5a")*
(6a”)*(10a")?(11a’)* (7a”)* (12a’)%}.

The corresponding molecular orbitals are displayed in
Fig. 2.

(9a'y?

Valence ionization spectra

The results of our ADC(3) calculations are displayed in Fig. 3¢
and d in the form of spike spectra and convoluted densities of
states, and compared with the He I and He II photoelectron
spectra (PES) by Bieri et al.®* and Wiberg e al.**” in Fig. 3a
and b, respectively. The convolution has been performed using
as spread function a combination of a Gaussian and Lorent-
zian with equal weight, a FWHM parameter of 0.6 eV, and by
simply scaling the line intensities according to the computed
ADC(3) pole strengths. In spite of the neglect of the varying
influence of molecular orbital cross sections, the theoretical
simulations based on ADC(3)/cc-pVDZ and DZP + calcula-
tions nicely reproduce the positions of the one-electron ioniza-
tion and shake-up bands in the He I and He II spectra. Both
simulations exhibit peaks located at 9.13, 12.24, 13.27, 13.86,
16.02, 16.56 17.64, 19.18, and 22.74 eV (see Fig. 3c and d). The
spike and convoluted ADC(3) spectra displayed in Fig. 3
reflect the partition of the valence electronic structure of
cyclopentene into 5 inner-valence levels (Cy) and 9 outer-
valence levels (C,,, Hyg), at electron binding energies above
and below ~17 eV, respectively. A summary of the available
orbital binding energies from the PES and EMS data, as well
as our orbital assignment, are given in Table 2.

The first ionization band located at 9.2 eV in the photoelec-
tron spectra corresponds to the removal of one electron from
the HOMO (highest occupied molecular orbitals) level [12a’
(1)]. This band lies at considerably lower electron binding
energies than the other valence shell orbitals, and is thus very
well isolated and resolved. This was not entirely unexpected
since the 12a’ orbital derives essentially from the localized
1(C—C) double bond contribution (Fig. 2). In addition, it is
immediately apparent from the PES measurements that this
band has a sharp vibrational onset followed by a pronounced
vibrational structure. For most cycloalkenes molecules, the
associated frequency is on the order of 1300-1500 cm™'%*? and
can only be attributed to a localized stretching mode asso-
ciated to the C=C bond.

Table 1 Selected B3LYP/aug-cc-pVTZ optimized geometrical parameters for the Cs conformers of cyclopentene. Bond lengths are in angstroms.

Bond (0) and puckered (o) angles are in degrees

Parameter MM4¢ MP2(full)/6-31G*” B3LYP/aug-cc-pVTZ¢  Microwave spectrum? Gas-phase electron diffraction®
C-C, 1.344 1.340 1.329 1.343 + 0.01

Cr-C; 1.518 1.507 1.508 1.518 1.519

C3—Cy 1.552 1.540 1.549 1.546

0(C1,C,,C5) 111.3 111.5 112.2 111.0 £ 2

0(C,,C5,Cy) 103.6 102.5 103.1 103.0

0(C5,C4,Cs) ) 104.0 105.1 105.6 106.3 104.0

Puckering angle (¢)’ 24.6 26.3 19.4 223+2 29.0 £ 2.5

“ See ref. 79. ? See ref. 80. ¢ Present work. ¢ See ref. 25. ¢ See ref. 29. / Puckering angle is angle between the C3C4Cs plane and the CsC, = C,Cs

plane.
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7a" (2)

11a'(3)

10a" (4) 6a" (5)

3a” (12)

> T~

7a' (9)

da’ (14)

Fig. 2 Molecular orbital contours of cyclopentene in its C; form (B3LYP/aug-cc-pVTZ results).

Fig. 2 indicates the development of rather strong
6(Cy—Cyp) bonding interactions between the out-of-plane
carbon atom C4 and its neighbours, C; and Cs. The corre-
sponding ionization line therefore appears at a much higher
ionization energy (Fig. 3c and d), and is subject to a stronger
vibrational broadening (Fig. 3a), than the n-level associated to
orbital 12a’ (1). Running further towards higher binding
energies, the next 7 orbitals that we encounter (11a’, 10a’,
6a”,9a’, 52" 8a’, 7a’) merely relate to combinations of Cyp, and
H orbitals. The theoretical vertical ionization energies pre-
sented in Table 2 show that although the order of ionization
energies predicted for the 11a’ (3), 10a’ (4) and 6a” (5) orbitals
is dependent upon the employed model of ionization and basis
set, the global energy spreading for the three associated one-
electron lines is merely insensitive to the employed theoretical
level and is of the order of 0.2 eV. According to our simula-
tions, contributions from the four one-electron ionization lines
related to 7a”, 11a’, 10a’ and 6a” orbitals (2-5) combine to
form a sharp band around ~12.24 eV, in agreement with the
photoelectron spectra which exhibit a broad band extending
from 11.5 eV to 13 eV. A weak but discernable shoulder at
11.6 eV in the experimental measurement is to ascribe to the
7a” (2) one-electron ionization line. The calculations predict
that the major components due to the 9a’ (6) and the 5a” (7)
orbitals are separated by ~0.6 eV. The two corresponding
maxima locate at 13.27 and 13.86 eV in the simulated ioniza-
tion spectra, respectively. It seems thus reasonable to associate
the 9a’ (6) component with a maximum at 13.1 eV in the
experimental spectrum, whereas the shoulder around 14.0 eV
seems to correlate with the 5a” (7) one-electron contribution.

In agreement with early but very limited Hartree-Fock
calculations employing the 4-31G basis set,*?” the band at
15.8 eV is assigned at the ADC(3) level to a one-electron state
corresponding to the 8a’ (8) molecular orbital. Through space
and bonding interactions (Fig. 2) associated with o— (or

hyper) conjugation between optimally oriented methylenic
(CH,) groups™ helps to substantially stabilize the 8a’ (8)
orbital, by more than 2.1 eV relative to the anti-bonding
combination of C,, atomic functions in the 5a” (7) orbital.
An other interesting feature within the valence He I and He 11
photoelectron spectra of cyclopentene concerns the weak
structure observed around 16.5 eV, which, by comparison
with the simulated spectra, can be ascribed to two shake-up
states of approximately equal strength (I"' ~ 0.36) associated
to the 7a’ (9) orbital, through the interplay of the 5a”~! 9a’'~!
132”1 (HOMO—6)"! (HOMO-5)"! (LUMO+13) ") elec-
tronic configuration, which locates the shake-up onset in the
outer-valence region at 16.5 eV. Both at the ADC(3)/cc-pVDZ
and ADC(3)/DZP+ levels, the calculations also predict for
this orbital a third and weaker satellite line at 17.3 eV (I' =
0.12) associated to the 4a”~! 9a’~! 13a”*! (HOMO-7)""
(HOMO-5)"! (LUMO + 13) *1) electronic configuration.
Analysis of the LCAO eigenvectors indicates that the two
orbitals [4a” (10), 6a’ (11)] at the top of the inner-valence
region are dominated by C,, contributions with some admix-
ture of C,, and H contributions. The two low-lying inner-
most orbitals 3a” (12) and 5a’ (13) exhibit through-space anti-
bonding interactions and derive merely from contributions of
C,, atomic functions. In contrast, the innermost orbital 4a’
(14) which gives rise to the broad shake-up bands between 25
and 28 eV in the ADC(3) spectra (Fig. 3, Table 2) is the result
of an entirely bonding combination of C, atomic functions.
For the 4a” (10) and 6a’ (11) levels, the orbital picture of
ionization appears to remain valid to some extent, whereas it
breaks down entirely for the innermost 3a” (12), 5a’ (13), and
4a’ (14) orbitals. Indeed, above 21 eV, all the ADC(3) results
predict that the ionization intensity resulting from the inner
valence 3a” (12), 5a’ (13), 4a’ (14) orbitals will severely split
into many lines of individually very limited intensities, because
of final state configuration interaction effects. Whatever the
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Fig. 3 Comparison of the (a) He I and (b) He II photoelectron
spectra of cyclopentene with (¢) ADC(3)/cc-pVDZ and (d) ADC(3)/
DZP+ simulations (convolution performed using a FWHM
parameter of 0.6 eV).

basis set, the theoretical predictions indicate that the most
intense 4a” (10) and 6a’ (11) ionization lines exhibit a pole
strength larger than 0.6 in the energy region comprised
between 17 and 20 eV and are located at ~17.6 and ~19.2¢eV,
respectively, which is in good agreement with the correspond-
ing experimental values (17.0 and 19.0 eV) that can be inferred
from the He II spectrum by Wiberg.®?” Within this energy
region, the reported ADC(3)/DZP + calculations predict that
the total spectroscopic strength which can be recovered
through summation on all identified cationic states for the
3a” (12) and 5a’ (13) orbitals are equal to 0.707 and 0.503,

respectively, whereas the pole strength of the most intense line
is of the order of 0.3 and 0.2, respectively. Thus, the last peak
that is seen in the He II PES measurements near 22 eV can be
reliably assigned to a complex satellite band derived from both
the 3a” (12) and 5a’ (13) orbitals.

The simulated ADC(3) spectra indicate an enhanced shake-
up splitting for the band associated to the 4a’ (14) orbital, the
ionization of which leads to a multitude of states having
extremely low pole strengths (I' < 0.05). One further broad
feature at higher electron binding energies emerge therefore in
the energy region ranging from 25 to 28 eV in the theoretical
ADC(3) spectrum, in agreement with the EMS measurements
(see Fig. 4). The total fraction of ionization intensity that is
recovered at the ADC(3)/cc-pVDZ and ADC(3)/DZP + levels
from the 4a’ orbital is equal to 0.582 and 0.423, respectively. A
shoulder on the high-energy side of the last band (VII)
observed around 25.85 eV is seen in all the experimental
(e, 2e) spectra, together with less pronounced structures
embedded within a long correlation tail, extending from
~28 to ~34 eV [see Fig. 4]. In straightforward analogy with
an exhaustive ADC(3) study®' of the innermost bands of
n-alkanes using the band-Lanczos diagonalization approach
for diagonalizing the associated secular matrices, these struc-
tures and tail are most certainly ascribable to a quasi-con-
tinuum of shake-up and shake-off transitions with particularly
small intensities (I" < 0.005). Indeed, according to a compar-
ison of energies obtained from single-point CCSD(T)/aug-cc-
pVTZ calculations upon the neutral and dication, the vertical
double ionization threshold of cyclopentene in its puckered
conformation lies at ~25.6 eV. All the 2h-1p shake-up states
identified above that threshold are thus intrinsically very much
dependent on the basis set and should rather be regarded as
approximations to unbound states that lie in the continuum,
and which are thus subject to decay via emission of a second
electron. The shake-up fragmentation is further enhanced in
this case because of the very low symmetry (Cs) of cyclopen-
tene, enabling many configuration interactions in the cation.

Overall, it is clear that the expected accuracy for the
ADC(3) calculations is within ~0.3 eV, which a comparison
with the experimental one-electron binding energies shown in
Table 2 confirms, except for orbital 7a”(2) (~0.4 eV discre-
pancy). Similar discrepancies were found for the 7a” orbital of
the norbornene cage compound®® and the 3b; level of the
thiophene cyclic compound.®® The slightly larger discrepancies
presumably may be indicative of strong geometrical relaxation
effects and vibrational complications in a five-membered un-
saturated ring which is subject to rather significant cyclic
strains. At the 1p-GF/ADC(3) level, the impact of diffuse
functions on the one-hole ionization energies is, as usual, very
limited. Specifically, including such functions in the cc-pVDZ
basis set results most generally in shifts of the one-electron
ionization energies by less than 0.04 eV towards higher
electron binding energies (Table 2).

Inspection of Table 2 shows that the calculated pole
strengths remain almost constant (I',, ~ 0.90 £ 0.01) within
the outer-valence region (10-16 ¢V), and indicates that ioniza-
tion processes at binding energies comprised between 10 and
16 eV are qualitatively correctly described by the removal of
one electron from a specific molecular orbital. Therefore,
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Table 2 Assignment of the experimentally available ionization spectra of cyclopentene, using HF, DFT/B3LYP, OVGF and ADC(3) ionization
energies. Binding energies are given in eV. Spectroscopic strengths (or pole strengths I',,) are given in brackets

Level Orbital HF/aug-cc-pVTZ® ADC(3)/cc-pVDZ* ADC(3)/DZP+¢ OVGF/Aug-cc-pVTZ* B3LYP/aug-cc-pVTZ* PES’ PES® PESY EMS‘
1 12a’ 9.267 9.135 (0.907) 9.128 (0.906) 9.267 (0.910) 6.649 9.18 9.20 9.15
2 7a" 12.848 11.955 (0.904) 11.971 (0.904) 11.933 (0.904) 9.308 11.6 11.6
3 1la’ 13.153 12.353 (0.906) 12.374 (0.906) 12.374 (0.910) 9.392 12.0 12.0
4 10a’ 13.250 12.207 (0.901) 12.232 (0.900) 12.260 (0.901) 9.553 122 122 11.95
5 6a” 13.392 12.219 (0.902) 12.259 (0.901) 12.192(0.902) 9.501 12.6 12.6
6 9a’ 14.483 13.230 (0.901) 13.268 (0.901) 13.236 (0.902) 10.384 13.1 13.08
7 5a” 14.943 13.882 (0.895) 13.906 (0.895) 14.009 (0.904) 10.885 14.0 14.0 14.19
8 8a’ 17.225 15.964 (0.877) 15.980 (0.878) 15.945 (0.899) 12.752 158 158
9 707 18277 16.503 (0.374) 16.538 (0.374) 16.659 (0.874) 13.573 16.5% 16.5¢ 16.05

16.689 (0.362) 16.718 (0.361)
17.262 (0.124) 17.283 (0.123)

10 42" 19.642 17.614 (0.678) 17.658 (0.607) 17.757 (0.866) 14.397 17.3%

17.747 (0.128) 18.30

11 6a”  21.377 18.949 (0.103) 19.193 (0.680) 15.651 19.0%  18.75

) 19.145 (0.637)
12 32 25970 22.709 (0.120) 22.737 (0.149) 19.202 22.0° 22.04
22.984 (0.346) 23.004 (0.254) 22.30
13 52 26.182 22.586 (0.222) 22.410 (0.131) 19.284
) 22.621 (0.185) 22.682 (0.204)
14 42" 30.667 26.144 (0.044) 27.059 (0.030) 22.887 26.0 25.85

26.338 (0.040) 27.191 (0.030)

“ This work. © See ref. 62a. ¢ See ref. 62b. ¢ See ref. 62¢. ¢ See ref. 47./ Breakdown of the orbital picture of ionization. Additional ADC(3)/cc-pVDZ shake-up lines: 7a’
21.015 (0.019), 4a” 17.088 (0.044), 4a” 17.754 (0.057), 4a” 18.568 (0.059), 4a” 21.415 (0.013), 4a” 21.486 (0.008); 6a’ 19.495 (0.038), 6a’ 19.925 (0.017), 6a’ 20.601
(0.039), 6a’ 20.697 (0.040), 6a’ 20.879 (0.008); 3a” 20.461 (0.007), 3a” 20.974 (0.007), 3a” 21.054 (0.018), 3a” 21.956 (0.009), 3a” 22.018 (0.028), 3a” 22.171 (0.019), 3a”
22.223 (0.010), 3a” 22.413 (0.023), 3a” 22.614 (0.019), 3a” 22.693 (0.037), 3a” 22.771 (0.050), 3a” 23.385 (0.014), 3a” 23.437 (0.013), 3a” 23.680 (0.010), 3a” 23.796
(0.025), 3a” 23.889 (0.022); 5a’ 21.402 (0.006), 5a’ 21.984 (0.007), 5a’ 22.316 (0.023), 5a’ 22.383 (0.060), 5a’ 22.407 (0.024), 5a’ 22.696 (0.022), 5a’ 22.717 (0.013), 5a’
22.972 (0.019), 5a’ 23.374 (0.005), 5a’ 23.729 (0.017), 5a’ 23.850 (0.010), 5a’ 24.059 (0.063), 5a’ 24.307 (0.006), 5a’ 24.443 (0.053), 5a’ 24.514 (0.019), 5a’ 24.550 (0.033),
5a’ 24.786 (0.005), 5a’ 25.092 (0.005), 5a’ 25.192 (0.005); 4a’ 24.379 (0.007), 4a’ 25.524 (0.005), 4a’ 25.544 (0.006), 4a’ 25.817 (0.020), 4a’ 25.997 (0.007), 4a’ 26.004
(0.013), 4a’ 26.089 (0.012), 4a’ 26.114 (0.021), 4a’ 26.279 (0.025), 4a’ 26.343 (0.006), 4a’ 26.412 (0.017), 4a’ 26.451 (0.008), 4a’ 26.546 (0.007), 4a’ 26.669 (0.007), 4a’
26.691 (0.037), 4a’ 26.804 (0.006), 4a’ 26.818 (0.010), 4a’ 26.848 (0.032), 4a’ 26.914 (0.008), 4a’ 26.928 (0.010), 4a’ 26.941 (0.007), 4a’ 26.976 (0.008), 4a’ 26.991 (0.014),
4a’ 27.039 (0.025), 4a’ 27.086 (0.009), 4a’ 27.145 (0.017), 4a’ 27.206 (0.010), 4a’ 27.227 (0.025), 4a’ 27.260 (0.007), 4a’ 27.310 (0.011), 4a’ 27.315 (0.014), 4a’ 27.440
(0.012), 4a’ 27.520 (0.022), 4a’ 27.621 (0.009), 4a’ 27.677 (0.007), 4a’ 27.771 (0.005), 4a’ 27.780 (0.012), 4a’ 27.943 (0.007), 4a’ 27.974 (0.007), 4a’ 28.084 (0.006).
Additional ADC(3)/DZP + shake-up lines: 7a’ 21.020 (0.025), 4a” 17.109 (0.040), 4a” 18.586 (0.061, 4a” 21.514 (0.016); 6a’ 18.728 (0.009), 6a’ 18.981 (0.076), 6a’ 19.547
(0.023), 6a’ 20.454 (0.007), 6a’ 20.640 (0.005), 6a’ 20.687 (0.029), 6a’ 20.759 (0.043). 3a” 21.048 (0.022), 3a” 21.714 (0.007), 3a” 21.891 (0.010), 3a” 22.519 (0.006), 3a”
22.664 (0.073), 3a” 22.712 (0.021), 3a” 22.785 (0.059), 3a” 22.858 (0.014), 3a” 23.045 (0.011), 3a” 23.403 (0.006), 3a” 23.448 (0.010), 3a” 23.462 (0.017), 3a” 23.540
(0.014), 3a” 23.837 (0.016), 3a” 23.850 (0.014), 32" 23.952 (0.006), 3a” 24.089 (0.007); 5a’ 22.129 (0.016), 5a’ 22.312 (0.012), 5a’ 22.526 (0.006), Sa’ 22.583 (0.075), Sa’
22.646 (0.007), 5a’ 22.823 (0.064), 5a’ 22.934 (0.018), 5a’ 23.004 (0.019), 5a’ 23.133 (0.016), 5a’ 23.874 (0.013), 5a’ 24.040 (0.064), 5a’ 24.062 (0.008), 5a’ 24.154 (0.006),
5a’ 24.434 (0.066), 5a’ 24.662 (0.007), 5a’ 24.784 (0.006), 5a’ 24.816 (0.005), 5a’ 24.837 (0.006); 4a’ 25.580 (0.010); 4a’ 25.791 (0.006), 4a’ 25.826 (0.016), 4a’ 25.827
(0.006), 4a’ 25.846 (0.005), 4a’ 25.882 (0.009), 4a’ 25.914 (0.011), 4a’ 25.929 (0.005), 4a’ 25.981 (0.007), 4a’ 25.994 (0.016), 4a’ 26.073 (0.009), 4a’ 26.097 (0.011), 4a’
26.121 (0.007), 4a’ 26.305 (0.008), 4a’ 26.330 (0.008), 4a’ 26.396 (0.014), 4a’ 26.423 (0.011), 4a’ 26.602 (0.007), 4a’ 26.619 (0.006), 4a’ 26.658 (0.016), 4a’ 26.667 (0.014),
4a’ 26.742 (0.007), 4a’ 26.805 (0.007), 4a’ 26.818 (0.019), 4a’ 26.834 (0.020), 4a’ 26.880 (0.006), 4a’ 26.925 (0.008), 4a’ 26.945 (0.008), 4a’ 26.998 (0.012), 4a’ 27.069
(0.008), 4a’ 27.094 (0.013), 4a’ 27.209 (0.009), 4a’ 27.221 (0.007), 4a’ 27.262 (0.014), 4a’ 27.321 (0.005), 4a’ 27.351 (0.007), 4a’ 27.458 (0.010), 4a’ 27.499 (0.005), 4a’
27.637 (0.006). ¢ Our assignment.

results obtained using the outer-valence Green’s function
(OVGF) approach confirms the empirical rule,’'* that OVGF
pole strengths smaller than 0.85 corroborate a breakdown of
the orbital picture of ionization at the ADC(3) level.

Clearly, standard Kohn—Sham orbital energies can not give
particularly good insights into valence ionization spectra. The
B3LYP orbital energies typically underestimate the corre-
sponding experimental values for the electron binding energies
by 2.3 to 3.3 eV. Such discrepancies are most common with
standard exchange-correlation (XC) functionals. It is known®*
that XC functionals, be they implemented using the local spin
density (LSD) or the generalized gradient approximations
(GDA), do not have the correct Coulombic asymptotic beha-
vior (-1/r) in the large r region. Also, the equivalent of Koop-
man’s theorem in density functional theory (Janak’s
theorem”®) only strictly holds for the highest occupied mole-
cular orbital (HOMO). Despite the so-called meta-Koopmans

theorem”® that relates Kohn—Sham orbital energies to relaxed
ionization energies, we would like to remind, again, that the
DFT formalism does not explicitly account for final-state
configuration interactions leading to the dispersion of the
ionization intensity into shake-up processes. At best, the
DFT formalism can only implicitly account for electronic
correlation and relaxation effects, within the framework of a
one-electron (or quasi-particle) picture of ionization, through a
mapping of Kohn—Sham orbitals onto Dyson orbitals. The
B3LYP functional was certainly not designed to ensure such
a mapping. Nonetheless, this functional has been shown to
enable in general extremely good (but empirical) descriptions
of the experimental electron momentum distributions inferred
from EMS experiments. Specifically, in most EMS investiga-
tions, KS orbitals have been implicitly regarded as very
adequate approximations to normalized Dyson orbitals.
Nevertheless, the success of KS momentum distributions in
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EMS is most certainly the outcome of error cancellations
(neglect of final-state correlation, i.e., relaxation effects on
orbitals versus the too rapid falloff of the DFT exchange—
correlation electronic potential at large distances due to the
self-interaction error), an observation that is worth many
assessments against the results of more reliable many-body
calculations (see further section). Note that, in contrast with
KS orbitals, application of Koopmans’ theorem to the HF
orbital energies leads to overestimations of the experimental
one-electron ionization energies by 1.0 to 2.1 eV, due to the
neglect of electron relaxation and correlation effects.

Momentum distribution

Prior to proceeding to detailed calculations of electron mo-
mentum distributions, it is worth considering ionization spec-
tra obtained through EMS experiments upon cyclopentene.
The valence shell binding energy spectra (BES) of cyclopen-
tene in the range 2-34 eV recorded by Ren ef al.*” at azimuthal
angles equal to ¢ = 1°and ¢ = 8° are shown in Fig. 4a and b,
respectively. The electron density distributions for the com-
plete valence shell of cyclopentene (CsHg) and the correspond-
ing electron binding energy spectra were measured at an
electron impact energy of 1200 eV plus electron binding
energy, using an energy dispersive multichannel (e, 2¢e) electron
momentum spectrometer employing symmetric non-coplanar
geometry. The series of individual Gaussian peaks that were
obtained by Ren et al. through a least-square fitting procedure
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(@) ¢=1° i) :
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Fig. 4 The valence shell electron binding energy spectra (BES)
of cyclopentene in the range 2-34 eV at azimuthal angle ¢ = 1 and
¢ = 8° (EMS result*’).

for convolving and analyzing accordingly their (e, 2e) mea-
surements is also reproduced in these Figures. In Fig. 4,
Gaussian peaks fitted to the individual electronic transitions
are given in the form of dashed lines while their sum is
represented by a solid line. The employed energy values for
locating these Gaussian peaks were inferred from the available
PES measurements.®®> The widths of Gaussian peaks account
both for the EMS instrumental energy resolution and the
Frank—Condon widths of the corresponding bands, again
according to the PES records.®?”°7 Small adjustments in the
position of bands have been made to compensate the asym-
metries of the shapes of the Frank—Condon profiles.

It is now well-established that molecular orbitals with a
p-type profile have vanishing (e, 2e) ionization cross sections at
low electron momenta, i.e., when ¢ = 0°. In contrast, these
orbitals contribute significantly to the (e, 2e) ionization in-
tensities at larger values of ¢, in particular, to those values that
correspond to electron momenta ranging from ~0.5 to ~1.0
a.u. For example, see the momentum distribution associated
to band I (Fig. 5a). Conversely, a s-type orbital yields typically
a maximal electron momentum density at p ~ 0 a.u. (¢ = 0°),
which decays exponentially with increasing electron momenta.
The contribution of these orbitals therefore dominates in the
ionization spectrum recorded at ¢ = 0°, and tends to vanish
from the spectra recorded at larger azimuthal angles.

In Ren’s work,*” seven structures (I-VII) could be identified
in the electron binding energy spectrum of Fig. 4, among
which four bands (I-IV) that could be reliably resolved in the
outer-valence energy region. The vertical ionization threshold
of cyclopentene relates to the HOMO [12a’ (1)] and is located
at 9.15 eV. The three other outer-valence bands are experi-
mentally found at 11.95, 14.19 and 16.05 eV. The first band in
the inner-valence region is seen at 18.30 eV and incorporates
the main lines and shake-up satellites associated to the 4a’ (10)
and 6a” (11) orbitals. The deeper-lying Cy levels could not be
individually resolved, but rather yield broad signals in the
experimental spectra, due to the severity of the shake-up
fragmentation. The new ADC(3) calculations clearly indicate
that the band observed at ~22.3 eV in the EMS measurements

by Ren et al.*’ relates to a complex set of shake-up lines
+ + + » B3LYPlccpVDZ
o6 L - — BA3LYP/DZP+
’ —-—B3LYP/aug-cc-pVTZ
—--~ADC(3)/cc-pVDZ
ADC(3)/DZP+
e Expt. 9.15eV
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Fig. 5 Comparison of experimental and theoretical orbital densities
in momentum space for band I, due to the 12a’ level of cyclopentene.
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Fig. 6 Comparison of experimental and theoretical orbital densities in momentum space for band II, due to the 7a”, 11a’, 10a’, 6a” and 9a’ set of

orbitals of cyclopentene.

originating from the 3a” and 5a’ inner-valence (C,,) orbitals,
whereas the very broad and intense band at binding energies
comprised between 25 and 34 eV is ascribed to shake-off states
associated to ionization of the innermost 4a’ valence level.

In order to compare the experimentally inferred electron
momentum distribution for bands I-VII with spherically
averaged electron momentum distributions derived from all
the 1p-GF/ADC(3) and DFT/B3LYP calculations, we pro-
pose to pursue the discussion of the one-electron (e, 2e)
ionization bands of cyclopentene through simulations of
electron momentum distributions for the {12a” (1)},
{7a" +10a’+ 11a’ +6a” +9a’ (2-6)}, {5a” (7)} and {8a’+7a’
(8,9)} sets of orbitals, ascribed to bands I, I, IIl and IV at 9.2,
12.0, 14.2 and 16.1 eV, respectively (Table 2). For the latter
orbital [7a’ (9)], the retained fraction of ionization intensity
that contributes to band IV was set equal to I';,, = 0.374 +
0.361 = 0.735. Running further toward the more challenging
inner-valence region, we propose the following assignment for
the (e, 2¢) ionization bands at 18.30, 22.30 and 25.85 e¢V: band

(V) = 7a’ (9) [0.123] + 4a” (10) [[', = 0.796] + 6a’ (11)
[Cwor = 0.872]; band (VI) = 3a” (12) [[',, = 0.707] + 5a’ (13)
[T = 0.503]; and band VII = 5a’ (13) [Ty, = 0.186] + 4a’
(14) [T'oc = 0.395]. These bands are thus correspondingly
ascribed to shake-up lines arising from the 4a”, 6a’, 3a”, 5a’,
4a’ (10-14) orbitals (see Table 2). I'y,, denotes here the total
fraction of ionization intensity that could be recovered for the
target orbital, through a summation of the pole strengths of all
identified lines within the energy range of interest.
Spherically averaged ADC(3) momentum distribution pro-
files have been calculated for each resolvable band in the
angular-dependent EMS ionization spectra by summing the
momentum distributions recovered from the associated
un-normalized Dyson orbitals for each identified shake-up line
within the corresponding electron binding range. To fit experi-
mental data and enable consistent comparisons with momen-
tum distributions recovered from wun-normalized Dyson
orbitals, all the momentum distributions generated from KS
orbitals have been correspondingly scaled by a factor equal to
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the above cited total pole strengths I'yo,. The momentum-space
orbital densities experimentally inferred from the angular
dependences of the recorded (e, 2e) intensities for the seven
identified ionization valence bands in Fig. 4 are therefore
compared in Fig. 5-11 with the theoretical profiles generated
at various theoretical levels from 1p-GF/ADC(3) and DFT
calculations, using the band partitioning that has been pro-
posed above on the ground of our ADC(3)/DZP + calcula-
tions. In these figures, we also provide spherically averaged
momentum distributions obtained at the same theoretical
levels from the individual orbitals. These momentum distribu-
tions account for a finite angular experimental resolution
(A6 = £0.6° and A¢p = £1.2°), which implies a momentum
resolution of 0.1 a.u. (one standard deviation) at an electron
impact energy of 1.2 keV.

The experimental and theoretical momentum distributions
for the 12a’ (1) orbital defining the HOMO level of cyclopen-
tene are compared in Fig. 5. This orbital obviously dominantly
relates to the m-chemical bond of cyclopentene (Fig. 2), and its
p-type momentum distribution therefore nicely reflects the
presence of one nodal surface (Fig. 2) that almost exactly
follows the plane defined by the double bond and the adjacent
single bonds. Upon comparing theory with experiment, it is
clear that diffuse functions are essential for quantitatively
reproducing the location of the maximum in the experimental
profile, at ppax ~ 0.65 a.u. In other words, this rather limited
Pmax value characterizing the 12a’ (1) momentum distribution
profile images the rather diffuse nature of this orbital in
configuration (r) space. Very obviously, the B3LYP/aug-cc-
pVTZ Kohn-Sham orbital momentum distribution for the
12a’ (1) orbital leads to a rather pronounced underestimation
of the (e, 2e) cross sections around 0.75 a.u. In contrast, the
agreement between the experimental and ADC(3)/DZP +
Dyson orbital momentum distribution for this level is almost
perfect, except for a slightly more pronounced turn-up of the
(e, 2e) ionization intensities at low electron momenta, which
may be indicative of a partial breakdown of the plane wave
impulse approximation.”® Such a breakdown is likely to occur,
considering the presence in this orbital of a second nodal
surface perpendicular to the ring, and the resemblence of the

0.10
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Fig. 7 Comparison of experimental and theoretical orbital densities
in momentum space for band III, due to the 5a” level of cyclopentene.
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Fig. 8 Comparison of experimental and theoretical orbital densities
in momentum space for band IV, due to the 8a’ and 7a’ set of orbitals.

12a’ (1) orbital with a d-type atomic orbital (Fig. 2). Clearly
therefore, diffuse functions and benchmark many-body treat-
ments are here needed for accurately reproducing the experi-
mental (e, 2e) electronic density distribution associated to the
HOMO in momentum space.

The outer-valence (e, 2e) ionization band II observed
at 11.95 eV encompasses the 7a” (2), 1la’ (3), 10a’ (4),
6a” (5) and 9a’ (6) set of orbitals. The 7a” (2) orbital belongs
to the o-band system but yields a p-type momentum
distribution (Fig. 6a). This is in line with the presence of an
odd number of nodal surfaces and thus, with the antisym-
metric nature of this orbital within the Cs point group of the
molecule. Note in particular that this orbital merely localizes
and emphasizes therefore anti-bonding C—C contributions in
the puckered plane, i.e. the C3C4Cs plane (Fig. 1). The more
strongly localized nature of this orbital yields very naturally
therefore a larger pyax value (~1.0 a.u.). All theoretical
predictions, whatever the employed model and basis set,
provide the expected p-type profile. Note that KS orbitals
yield here vanishing (e, 2e) ionization intensities at small
electron momenta, whereas the (e, 2e) intensities calculated
at these momenta from our Dyson orbitals remain still rather
significant. This difference rather clearly reflects the short-
comings, ie. the too fast decay, of the B3LYP electronic
potential in the asymptotic region.
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Fig. 9 Comparison of experimental and theoretical orbital densities
in momentum space for band V, due to the 7a’ satellite line at 17.3 eV
(I' = 0.12), and to the 4a” and 6a’ set of orbitals of cyclopentene.

The orbital 11a’ (3) dominantly relates to oc y bond
contributions associated with the CH, group that lies opposite
to the double bond (Fig. 2). These 6 i bond contributions
exhibit in turn an out-of-phase relationship. The p-type profile
which characterizes the 1la’ (3) momentum distribution
(Fig. 6b) images therefore the anti-bonding nature of this
orbital, and more specifically the nodal surface that approxi-
mately follows the puckered-plane (Fig. 2). The rather low
Pmax value (~0.83 a.u.) for this profile reflects the more
diffuse nature of the peripheral C—H electron densities, com-
pared with the C—C ones. Again, compared with its B3LYP
Kohn—Sham counterpart, the 11a (3) Dyson orbital momen-
tum distribution yields much larger (e, 2e) ionization cross
sections at the origin of momentum space (Fig. 6b), which
again reflects the shortcomings of standard exchange—correla-
tion functionals in the asymptotic region (r — o0). We also
find that the B3LYP/DZP+ and B3LYP/aug-cc-pVTZ
momentum distributions are almost identical, which makes
us believe that the momentum distributions associated to
the ADC(3)/DZP+ Dyson orbitals should also be close
enough to convergence with respect to further improvements
of the basis set.
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Fig. 10 Detailed comparison of experimental and theoretical orbital
densities in momentum space for band VI, due to 3a” and 5a’ set of
orbitals of cyclopentene.

The more complex momentum distribution displayed in
Fig. 6¢ relates to an orbital 10a’ (4) characterized by the
presence of three parallel nodal surfaces across the five-mem-
bered ring and multiple oc_¢ and oc_y bonding interactions
therefore (Fig. 2). It is thus rather logical to observe within this
electron momentum distribution two maxima of the electron
density at p = ~0.3 a.u.and atp = ~ 1.1 a.u., along with two
minima at 0.0 and ~0.7 a.u. (Fig. 6¢c). All theoretical results
qualitatively agree on the shape of the 10a’ electron momen-
tum distribution profile. Again, the momentum densities at
low momenta (0.0 to 0.7 a.u.) are found to be particularly
sensitive to the employed basis sets and models of ionization.

The EMS momentum distribution related to orbital 6a” (5)
(Fig. 6d) is also a double- p-type profile characterized by two
main components at p ~ 0.33 a.u. and atp ~ 1.2 a.u (Fig. 6d).
Again, the presence of two maxima in the momentum dis-
tributions and the enhancement of the electron densities at
large electron momenta reflects the presence of three parallel
nodal surfaces across the ring. Compared with the 10a’
momentum distribution of Fig. 6c, the stronger depletion of
the relative (e, 2e) ionization intensities at p ~ 0.0 a.u. in
Fig. 6d also images the antisymmetric nature of the 6a” (5)
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Fig. 11 Detailed comparison of experimental and theoretical orbital
densities in momentum space for band VII, due to 4a’ level of
cyclopentene.

orbital with regards to the symmetry plane of cyclopentene in
its C, conformation. The low momentum section is once more
extremely sensitive to the incorporation of diffuse function in
the basis set and to the employed treatment of electronic
correlation and relaxation.

Similar observations can be made for the 9a’ (6) orbital
(Fig. 6e), the momentum density of which gives rise to a strong
contribution at p ~ 0.37 a.u. and to a secondary peak of less
intensity at p ~ 1.16 a.u, in line with the presence of multiple
nodal surfaces across the ring. Again, diffuse functions in the
basis set and the correlation model appear to have a noticeable
impact on the momentum distributions at low electron
momenta, around 0.4 a.u.

Whatever the employed model, the total momentum dis-
tribution computed for this set of one-electron ionization lines
orbitals exhibits also a double-peak distribution, which is
qualitatively consistent with the experimental records. Com-
pared with the global ADC(3)/cc-pVDZ or ADC(3)/DZP +
theoretical momentum distributions for band II (Fig. 6f), the
B3LYP/aug-cc-pVTZ results provides a slightly superior de-
scription of the relative intensity and position of two of the
maxima seen in the measured distribution. This slightly better
agreement with experiment may somehow be artificial, since
all calculations fail to reproduce a turn-up of (e, 2e) ionization
intensities at 0.0 a.u., as well as a fourth peak in the momen-
tum distributions at p ~ 0.6 a.u. These discrepancies may be
due to a breakdown of the PWIA [orbital 6a” (5) bears indeed

again strong similarities with a d-type orbital or a m*-type
orbital], or unusually fast geometrical distortions, and sym-
metry breaking therefore, due to a Jahn-Teller effect and
vibronic interactions originating from the ionization of orbi-
tals with very similar electron binding energies.

Going further towards the next spectral band III produced
by ionization of an electron out of orbital 5a” (7), we observe
an almost perfect agreement between the various theoretical
predictions made for this level (Fig. 7). The 5a” (7) orbital can
be described as an anti-bonding combination of strongly
localized n(CH,) contributions, giving rise to a p-type electron
momentum distribution. Localization of the 5a” (7) electron
density in peripheral C—H bonds yields again a rather limited
value (pmax ~ 0.73 a.u.) for the location of the maximum in
the associated momentum density profile. Very significant
discrepancies are nonetheless seen between all theoretical
calculations and the experimental measurements at momenta
below 0.3 a.u. The analysis on the ground of Dyson orbitals
corroborates therefore the conclusion®” that the discrepancies
between experimental data and theoretical calculations below
0.3 a.u. for the 5a” orbital are not due to a possible uncertainty
in the curve fitting procedures, but more probably the outcome
of strong distorted wave effects.”® This observation is once
more consistent with the fact that the 5a” (7) orbital of
cyclopentene exhibits two perpendicular nodal surfaces, and
can be described as a w*-like or d-like orbital therefore.”® New
EMS measurements on cyclopentene at various impact ener-
gies for the impinging electron are clearly indeed, in order to
further verify the origin of the extremely strong “turn up” of
the (e, 2e) 5a” (7) cross sections in the low momentum region.

The band (IV) that experimentally emerges near 16.05 eV is
due to the outer-valence orbital doublet 8a’ (8) and 7a’ (9). All
calculated (e, 2¢) ionization intensities for this doublet give
almost identical results (Fig. 8). The global electron momen-
tum profile is of the s-type, and reflects the unquestionable
dominance of the (e, 2e) ionization intensities arising from the
7a’ (9) orbital. In excellent agreement with experiment, the
theoretical simulations for this global profile also exhibit a
shoulder at ~0.8 a.u., which can also be traced back to the 7a’
(9) orbital (compare Fig. 8b and c). Indeed, this orbital lies at
the bottom of the outer-valence region, and merely relates
therefore to contributions from C,, and H;s atomic orbitals
associated to the C—H bond, which overlap in an all-bonding
way (Fig. 2). This orbital is therefore subject to a substantial
energy stabilization by virtue of through-space G-conjugation
effects (also referred to a methylenic hyperconjugation effects
in n-alkanes’™). The contribution from the peripheral C—-H
crown of the molecule gives rise to particularly large electron
densities at small values of p in the momentum electron
distribution associated to band IV. The symmetric character-
istics and the strong delocalization of the 7a’ (9) orbital onto
the peripheral C—H crown explain the importance of the peak
at vanishing electron momenta in the associated distribution
of momentum densities. By virtue of electron confinement in
the configuration space, the presence of one closed nodal
surface that approximately follows the carbon backbone
(Fig. 2) also explains the presence of a shallow minimum at
p ~ 0.6 a.u and of a second minor maximum at p ~ 0.89 a.u.
in the momentum distribution computed for the 7a’ (9) orbital
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(Fig. 8b). This latter minimum almost coincides with the
position of the maximum (p ~ 0.5 a.u.) in the p-type electron
momentum distributions (Fig. 8a) that have been computed
for the 8a’ (8) orbital, and takes therefore the form of an
inflection (Fig. 8c) in the global momentum distribution
inferred for band IV (8a’ (8) + 7a’ (9)). This rather low value
for pmax 18 also indicative of a partial delocalization of the 8a’
(8) orbital due to o-conjugation between the CSP carbon atoms
and their H substituents. All employed models yield here
almost identical momentum distributions.

In view of the ADC(3) results, band V at 18.30 eV in the
EMS spectrum of cyclopentene is attributed to the main
ionization lines and a few satellite lines with limited pole
strength I' (most of them smaller than 0.1) that relate to the
highest-lying orbitals within the inner-valence region, namely
the 4a” (10) and 6a’ (11) orbitals. These orbitals exhibit both
two nodal surfaces across the ring (Fig. 2) and their momen-
tum distributions are both of the p-type (Fig. 9a and b).
The (e, 2¢) ionization intensity of the 4a” (10) orbital
strictly vanishes at p ~ 0 (Fig. 9a), in line with the antisym-
metry of the orbital with regards to the mirror plane of
the molecule, whereas the 6a’ (11) orbital produces
minimal but non-vanishing (e, 2¢) ionization intensities at
p ~ 0 a.u (Fig. 9b). Upon examining Fig. 9, it is clear that
the differences between the various models become
almost insignificant when entering the inner-valence region.
Compared with experiment, all calculations correctly predict
a peak at p = 0.74 a.u. The calculations fail again
to quantitatively reproduce a very significant turn-up of
the (e, 2e) ionization intensity at low momenta values
(p < 0.3 a.u.), a feature that may once more be indicative of
a breakdown of the plane wave impulse approximation for
these two levels, an interpretation to relate with the d-like
topologies of the 4a” (10) and 6a’ (11) orbitals, which both
exhibit two perpendicular nodal surfaces (Fig. 2). Note none-
theless that including within band V the contribution of a
rather intense shake-up line [’ = 0.123] at 17.28 ¢V that finds
its origin into ionization of the 7a’ (9) orbital helps to
considerably improves the quality of the prediction made for
the electron distribution recovered for band V: upon including
this satellite, we can indeed predict a slight turn-up of the
(e, 2e) ionization intensities (Fig. 9c). In other words, the
experimental momentum distributions qualitatively corrobo-
rate the presence of a 6> o* " ! satellite in this energy region.

Band VI falls near 22.30 eV, thus in the middle of the inner
valence region of cyclopentene. Upon examining Table 2 and
Fig. 3, it is clear that this band relates to a complex set of
shake-up lines originating from the 3a” (12) and 5a’ (13)
orbitals. The p-type orbital momentum distributions charac-
terizing these orbitals clearly reflect the presence of one unique
nodal surface (Fig. 2). Again, the B3LYP Kohn—Sham orbitals
and the ADC(3)/DZP + Dyson orbitals lead to almost equal
momentum distributions. The results of our calculations for
band VI are compared with experimental records in Fig. 10c.
In this case, the best match with regards to the position of the
maximum (0.5 a.u.) and with the overall shape of the profile is
ensured with the ADC(3)/DZP + results. It is also rather clear
that the inclusion of diffuse functions in the cc-pVDZ basis
sets has almost no impact on the angular dependence of the

(e, 2e) ionization intensities for the KS orbitals associated to
these levels.

The last energy band (VII), which is located at 25.85 eV in
the EMS ionization spectra (Fig. 4), is dominated by a large
number of satellites associated with ionization of the two
innermost valence orbitals, namely 5a’ (13) and 4a’ (14).
Fig. 11a shows that the innermost orbital 4a’ has a “s-type”
momentum distribution (Fig. 11b), which is in line with the all
bonding nature of this molecular orbital (Fig. 2). Among all
presented computations, the best results in predicting the
shape of the experimental profile are again obtained with the
ADC(3)/DPZ+ Dyson orbital.

Despite a very likely loss of ionization intensity in further
unidentified shake-up processes that should contribute to a
correlation tail at much higher electron binding energies,”! it is
nonetheless clear that the BALYP Kohn—-Sham orbitals and
the ADC(3) Dyson orbitals lead to qualitatively very similar
momentum distributions for bands VI and VII, an observation
which corroborates the idea that shake-up states “‘borrow”
their intensity to specific one-electron levels. Diffuse functions
have once more no significant influence on the computed
electron momentum distributions, which reflects the inherently
more strongly localized nature of inner-valence levels.

Conclusions

A thorough theoretical study of the electronic structure and
related Dyson orbital momentum distributions of cyclopen-
tene has been presented, in order to exhaustively interpret
available experimental data obtained using electron momen-
tum spectroscopy. The latter technique is a powerful approach
that combines electron-impact ionization and electron scatter-
ing, and enables therefore detailed experimental reconstruc-
tions of electron densities associated to specific ionization
channels, i.e. orbital densities. As with any ionization experi-
ment, the analysis of the angular dependence of the measured
cross sections is nonetheless subject to many complications,
like electronic relaxation and correlation effects, shake-up and
shake-off processes, vibronic coupling interactions or distorted
wave effects.

To carry out reliable enough analyses of such experiments,
we first reassigned the available (e, 2e) and photo- (He I and
He II) ionization spectra on the ground of thorough Green’s
function calculations of one-electron and shake-up valence
ionization energies, in conjunction with the third-order alge-
braic diagrammatic construction [ADC(3)] scheme. These
calculations enable insight with one-electron binding energies
within an accuracy of a few tenths of an eV, and indicate that
the orbital picture of ionization breaks down at binding
energies larger than ~ 17 eV. Electron momentum distribu-
tions that were experimentally inferred from the angular
dependence of the (e, 2¢) ionization intensities in EMS experi-
ments at an electron impact energy of 1200 eV were then
analyzed on the basis of a band partitioning which is consis-
tent with the computed ADC(3) ionization spectra. In this
analysis, we resorted to a comparison of the experimental
results with spherically averaged (e, 2e) electron momentum
distributions that were computed for each identified ionization
channels or resolvable bands using an adaptation of the
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MOMAP methodology by Brion et al.’® for Fourier trans-
forming to momentum space and spherically averaging the
related Dyson orbitals, taking into account the finite angular
resolution of the (e, 2e) spectrometers for convolving the
momentum distributions. This analysis enabled us to consid-
erably improve, both from quantitative and qualitative view-
points, our understanding of the electronic structure and
related excitation properties of cyclopentene, and the influence
of electronic correlation and relaxation effects on the apparent
shape of orbitals.

The experimental momentum distributions were therefore
found to faithfully reflect the spread and topology of the
underlying molecular orbitals. More specifically, these mo-
mentum distributions have enabled us to demonstrate the
rather strongly localized nature of the electron level associated
to the unique m—bond in the molecule, and conversely identify
from the apparent experimental distributions very specific
fingerprints, at the bottom (16.6 eV) of the outer-valence
region, for o-conjugation effects and delocalization of the
associated (7a’) electron density onto the peripheral C-H
crown. This analysis also confirms the finding that the latter
outer-valence orbital gives rise to a satellite at 17.3 eV that has
sufficient strength (I' = 0.13) for producing sizable enough
fingerprints in the electron momentum distributions recorded
at the top (17.3 eV) of the inner-valence region. In line with the
rather low symmetry point group (Cs) of cyclopentene in its
ground state geometry, which enables many interactions be-
tween excited electronic correlations in the cation, very sig-
nificant differences have been noted for the five outermost one-
electron ionization lines between the momentum distributions
computed from ADC(3) Dyson orbitals and B3LYP
Kohn—Sham orbitals. These discrepancies and a rather strong
dependence towards the presence of diffuse functions in the
basis set rather clearly reflect therefore well-known shortcom-
ings of this functional in the asymptotic region [51/, 510 and
references therein]. The ADC(3) Dyson orbital momentum
distributions still fail to reproduce very significant turn-ups of
the (e, 2¢) ionization intensities recovered from the 5a” and
4a"” +6a’ orbitals. In line with the d-like topology of the
underlying orbitals, we interpret these discrepancies between
theory and experiment as the outcome of a pronounced
breakdown of the plane wave impulse approximation
(i.e. distorted wave effects).
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