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Abstract The main purpose of this work is to reinvesti-
gate the influence of nuclear dynamics in the electronic
ground state of group 6 metal hexacarbonyl compounds
[W(CO)g, Cr(CO)s, Mo(CO)g] on electron momentum
density profiles obtained from experimental orbital recon-
structions employing Electron Momentum Spectroscopy.
We call into question the view (Liu et al. in Chem Phys Lett
497:229, 2010) that thermally induced nuclear displace-
ments associated with the first three triply degenerate 1T,
1Ty, and 1T,, vibrational eigenmodes can be large enough
at or near room temperature (298-310 K) to explain on their
own the unexpectedly large electron densities inferred for
the frontier orbitals of these compounds at low momenta.
In this purpose, we resort to an analysis of populations
over these three vibrational eigenmodes, according to a
description of vibrational excitations employing Maxwell—
Boltzmann statistical thermodynamics. Comparison is
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made with Born—Oppenheimer Molecular Dynamical
(BOMD) simulations over the potential energy surface
associated with the electronic ground state. The role of
nuclear dynamics in the final ionized state, in the form of
Jahn-Teller distortions, is also tentatively investigated.
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1 Introduction

Electron Momentum Spectroscopy [1-4] is a powerful
orbital imaging technique, which enables straightforward
reconstructions of electron momentum distributions asso-
ciated with specific ionization channels (i.e., of orbital
momentum profiles in a one-electron picture of ionization),
according to an angular analysis of intensities in electron
impact (e, 2e) ionization experiments [M + e~ (Ey + &)
— M" + 2e” (Ey/2)] at high kinetic energies (Ey=
1.2 keV or more). The analysis of EMS experiments rep-
resents one of the main research topics of the theoretical
chemistry research group at Hasselt University (Belgium)
since 2000 (see e.g. Ref. [5]). Numerous approximations
are required in this purpose. The first of these is the Born—
Oppenheimer (BO) approximation, in which the coordinate-
space representations of the initial and final states are
products of separate electronic, vibrational and rotational
functions. The corresponding (e, 2e) cross-sections are
thereby obtained as transition amplitudes in between these
states over the electron scattering potential [6, 7], which
involves all electrons and nuclei in the molecular target. Upon
invoking the binary encounter approximation, it is then
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assumed that the momentum lost by the incident electron is
entirely transferred to the ejected ones. Under these condi-
tions, the transition operator depends solely upon the coor-
dinates of the impinging electron and of the two ejected
electrons. This approximation is designed for the kinematic
situation on the Bethe ridge [ 1-4] where the momentum of the
ionized electron is equal in magnitude to the momentum
transferred from the incident to the scattered electron,
ensuring thereby a clean “knock-out” process, a condition
which is best satisfied experimentally by a symmetric non-
coplanar set-up. In the framework of the first Born (or sudden)
approximation, the incident electron is assumed to interact
with the target only once. When the incident electron only
interacts with the ejected electrons and neither affects the
target nor is affected by the target, the impulse approximation
is considered, and a simple relationships prevails between the
azimuthal angle under which the electrons are collected and
the momentum of the ejected electron prior to ionization.
Modeling the incident and outgoing electrons as plane waves
yields ultimately the Plane Wave Impulse Approximation
(PWIA) [1-4], which implies that the energies of the unbound
electrons are so high that their interactions with the residual
ion are negligible. Upon the assumption that all these
approximations are valid (e, 2e), ionization cross-sections for
specific ionization channels in EMS conditions ultimately
relate to spherically averaged and resolution folded structure
factors that are obtained as the square of the Fourier Trans-
form toward momentum space of the relevant Dyson orbitals,
defined [8—11] as partial overlaps between the neutral initial
ground state and final ionized state. A further and most useful
approximation is the target Kohn—Sham approximation [12],
which consists in substituting Dyson orbitals by the relevant
Kohn—Sham orbitals, along with ad hoc or calculated spec-
troscopic pole strengths, in order to account for the flux of
ionization intensity toward shake-up [13] and valence cor-
relation bands [14] at higher electron binding energies. In
many cases, (rescaled) Kohn—Sham orbitals are empirically
known to be excellent approximations to Dyson orbitals
[15, 16]. In practice, however, the interpretation of EMS
experiments is subject to numerous complications such as:
overlap effects in overcrowed ionization bands [17, 18],
conformational mobility [19-21] and (thermally induced)
nuclear dynamics in the electronic initial (neutral) ground
state [22], shake-up processes due to electronic configuration
interactions in the final ionized state [23-26], distorted wave
and post-collision (e.g., rescattering) effects [27-33], and
possibly ultra-fast nuclear dynamics in the final ionized state,
in the form of bond breaking [22] or Coulomb explosion
processes [34-36], as well as Jahn—Teller distortions [37] in
the final ionized state.

Transition metal hexacarbonyls such as W(CO)g,
Mo(CO)¢, and Cr(CO)¢ are important precursors in orga-
nometallic chemistry [38—41]. Because of their high
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volatility and octahedral symmetry, they are also most
useful molecular models for studies of bond formation
between carbonyl groups and metal surfaces. Investigations
of the outermost valence orbitals of these compounds
comprise the ultra-violet [He I, He II] and X-ray photo-
electron experiments by Higginson et al. [42] and various
studies [43—45] employing Electron Momentum Spectros-
copy (EMS). In the EMS studies of Cr(CO)s, Mo(CO)g,
and W(CO)g by Chornay et al. [43], and by Rolke et al.
[44], the measured (e, 2e) ionization cross-sections for the
HOMO were found to be much larger than expected in the
low momentum region, according to standard theoretical
models of (e, 2e) ionization processes in the high energy
limit, and to be largely inconsistent with the nodal char-
acteristics of an uncorrelated (Hartree—Fock) 2t,, orbital at
p = 0. Within the framework of the Plane Wave Impulse
Approximation [1-3], and from symmetry considerations,
the spherically averaged momentum density of the HOMO
of these three compounds is indeed expected to identically
vanish at zero electron momentum, outside of a marginal
contribution arising from finite angular resolution effects,
that is, from experimental limitations in momentum reso-
lution. On the contrary, particularly large “turn-ups” of the
frontier electron densities were experimentally observed in
the low momentum region [43, 44]. Accounting for elec-
tronic correlation in the ground state by means of the target
Kohn—Sham approximation did not improve significantly
the agreement between theory and experiment. This was
expected, since the same symmetry constraints apply
in Hartree—Fock and Density Functional Theories. By
analogy with EMS experiments on atomic targets and
calculations employing the Distorted Wave Impulse
Approximation (DWIA [1-3]) of the Xe 4d, Cr 3d, Ti 3d
and Mo 4d (e, 2e) ionization cross-sections [46], it was
tentatively concluded [43, 44] that these discrepancies
between theory and experiment are due to a breakdown of
the plane wave impulse approximation and distorted wave
effects in the continuum, which are known indeed nowa-
days [47] to be particularly significant when the ionized
molecular orbital has a d-type topology (i.e., two perpen-
dicular nodal planes).

However, the more recent EMS experiments by K. Liu
et al. [45] on W(CO)g at electron impact energies of 1.2
and 2.4 keV gave at first glance quite similar momentum
profiles for the HOMO and led thus on the contrary to the
conclusion that distorted wave and post-collision effects
are too weak to explain the experimentally observed turn-
ups at low electron momenta. Since the target compounds
contain relatively heavy metal atoms, this discrepancy
between theory and experiment was then also thought to be
the outcome of the limitations inherent to a non-relativistic
depiction. Further investigations of scalar relativistic and
spin—orbit coupling effects indicated, however, a very
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marginal influence of these effects upon the computed
momentum distributions [45]. In their ultimate attempt to
reconcile theory with experiment, Liu et al. [45] invoked
large-amplitude structural distortions in the form of wag-
ging or bending motions associated with the three lowest
and triply degenerate vibrational frequencies and the cor-
responding 1T,,, 1Ty, and 1T, eigenmodes (Fig. 1),
regardless of anharmonic effects and of excessive energy
demands resulting from exacerbated electrostatic repul-
sions between strongly polarized C=0 substituents. In their
study, it was simply assumed that thermally induced
nuclear dynamics in the electronic ground state can be
conveniently described by displacing nuclei away from
their equilibrium position, according to so-called normal-
ized vibrational eigenvectors (i.e., to eigenvectors the norm
of which amounts to 1 A2, according to the ADF output for
atomic displacements), and averaging thereby the obtained
momentum distributions for the first three 1T,,, 1T;,, and
1T,, eigenmodes. The main argument by Liu et al. [45] in
support to their approach was that the population of the
vibrational ground state accounts for less than 10 % of the
total vibrational populations of the three lowest eigen-
modes, at an estimated experimental temperature of 310 K,
according to (Maxwell-) Boltzmann statistics. With this
simple depiction of nuclear dynamics in the electronic
ground state, Liu et al. [45] managed to obtain a much
better match between theory and experiment and claimed
therefore the case of the frontier orbital momentum dis-
tributions of W(CQO)g to be understandable in terms of low-
frequency vibrations. However, the extreme crudeness of
their approach makes us believe that it is certainly worth
reconsidering in details whether their analysis can resist
more thorough analyses of thermally induced vibrational
motions in the electronic ground state, and re-evaluate
whether the observed discrepancies between the theoretical
and experimental orbital momentum densities of group
6 metal hexacarbonyls are not at the end of the day
the outcome of still unaccounted physical complications,
such as ultra-fast nuclear dynamics in the final ionized
state, or distorted wave and post-collision effects in the
continuum.

Fig. 1 The three lowest (a)
vibrational eigenmodes of
W(CO)¢ (B3LYP/aug-cc-
pVTZ-PP level): a 59.5 cm™',
b 81.7 cm ™', and ¢ 84.3 cm™'

tA

At this stage, we wish to emphasize that so far an exact
treatment of distorted wave effects for polyatomic systems
remains intractable as it requires a multi-centre expansion
of the continuum states in terms of Coulomb waves
[48, 49]. Rigorous enough theoretical studies of distorted
wave effects are nowadays only tractable for atomic targets
[50], diatomic molecules (e.g., H, [30]), and small mole-
cules such as H,O [51]), the electron densities of which
approach spherical symmetry, which enables slowly con-
verging but highly accurate expansions of their molecular
orbitals in a basis of s, p, d, f, g ... atomic orbitals with
varying exponents but with all the same location on the
central “heavy” (O) atom. Note that highly qualitative
theoretical studies of triple differential cross-sections for
electron impact ionization experiments upon larger poly-
atomic systems (formic acid, methane, tetrahydrofurane,
pyrimidine, ...) using a three-body distorted wave model
have also been reported recently (see [52] and references
therein). A most serious drawback of these latter studies is
that orientational averages of molecular orbitals (OAMOs)
are used to represent the target bound state wave function,
which means that the information associated with the nodal
structure of the orbitals is almost entirely lost in the
modeling of the distorted wave effects. In particular,
OAMOs identically vanish at every point in space, except
if the target bound state has the full symmetry of the
molecular symmetry point group. Clearly, distorted wave
effects from large polyatomic systems are still awaiting a
satisfactory enough theoretical treatment.

The first purpose of the present work is thus to evaluate
whether the structural distortions which were proposed by
Liu et al. [45] are compatible with thermal fluctuations at
or near standard room temperature, that is, at 298 and
310 K, according to Maxwell-Boltzmann (MB) statistics
[53, 54] on vibrational energy levels. The analysis is sup-
plemented by Born—Oppenheimer Molecular Dynamical
(BOMD) simulations [55-57] at the same temperatures of
momentum profiles inferred from vertical (e, 2e) ionization
cross-sections. A main advantage of this approach is that,
by virtue of ergodicity [58], it enables a complete explo-
ration of phase space which is equivalent to an ensemble
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average over all internal degrees of freedom of the system
of interest, such as is computed in Monte Carlo simula-
tions. Born—Oppenheimer Molecular Dynamics is therefore
the most convenient approach for a realistic description of
the intrinsically chaotic nature of nuclear motions in a large
polyatomic system, taking into account non-harmonic
effects (anharmonicities in the vibrational potentials, cou-
plings between vibrations and rotations, couplings between
internal and external rotations due to Coriolis forces, ...) in
the classical approximation. The interested reader is
referred in particular to studies of non-harmonic effects in
infra-red vibrational spectra, obtained by Fourier trans-
forming to the energy domain dipole time-dependent auto-
correlation functions inferred from BOMD simulations
[59-62].

To our knowledge [63], there is no way to precisely
control the temperature with the current experimental (e, 2¢e)
setup which Liu et al. [45] used at Tsinghua University
(Beijing, China) for their experiments on W(CO)yg, a set-up
which employs effusive molecular beams. In contrast with
experiments based on free expansions in supersonic jets, it is
usually assumed that the relatively high pressure in the col-
lision cell ensures a full randomization of molecular
motions, and thermal equilibrium therefore with the envi-
ronment (298 K). Therefore, we wish to consider both the
estimated experimental and standard room temperatures in
our BOMD analysis. At last, the role played by nuclear
dynamics in the final ionized state is also tentatively inves-
tigated. In this purpose, we revise before all (theory section)
how electron momentum distributions may vary in response
to a change in the molecular geometry induced by ionization.

2 Theory

Within the framework of the Born—Oppenheimer, binary
encounter, plane wave impulse and target Kohn—Sham
[KS] (or target Hartree—Fock [HF]) approximations, and
disregarding rotational wave functions, differential (e, 2e)
ionization cross-sections are proportional to the square of a
structure factor F,(p), which is given by [1-3, 64]:

Fo(p) = / 40 X3(0) X,(0) 5,(0) ¢:(7.0). (1)

In the above equation, Q is the set of internal
coordinates  determining the displacements from
equilibrium of atomic nuclei in the molecule, X, (Q) and
X,/ (Q) are the vibrational wave functions corresponding to
the initial (neutral) ground state [} (Q)] and final ionized
state [ "'(Q)] of the molecule, ¢,(7,Q) is the Fourier
transform to momentum space of the target KS or HF
orbital [¢;(7, Q)] in the initial (neutral) ground state, and
S,(Q) is the overlap integral of the electronic wave
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functions for the final ionized state and the electronic
residue left after annihilating an electron from the target
orbital ¢;(¥, Q):

5:(0) = (¥ | ai |¥5), (2)

with a; the relevant annihilation operator, and where N
represents the number of electrons in the target molecule.
Upon carrying integrations over vibrational coordinates,
Eq. (1) can be further reduced to [1, 3, 64]:

where g’ = [dQ X’ (Q) X,(Q) is the usual Franck—

v
Condon factor, and O represent some mean values of
nuclear coordinates that are intermediate between the
equilibrium coordinates of nuclei Qq and Qj, in the initial
neutral ground state and final ionized state, respectively.
Vibrational states are most commonly unresolved in
Electron Momentum Spectroscopy, which enables us to
derive the relevant (e, 2e) ionization cross-sections from
the spherical average:

6B o |3, (0)[ / 49 [¢,(7,0) . (4)

with dQp an infinitesimal element of solid angle associated
with the target electron momentum, and where ’Sn(Q)’2
represents the spectroscopic strength of the electronic
transition [¥) (Q) + le~ — WY~1(Q) + 2e¢7] of interest.

At high enough impact electron energies, it is most
customary to assume a vertical ionization process, in which
case Q= Q,. Due to the long-range character of the
Coulomb force and wave packet nature of the impinging
electron, deviations from a vertical transition cannot be
systematically ruled out in (e, 2e) ionization experiments.
At another extreme, when nuclear dynamics is expected to
compete with (i.e., to be faster than) the (e, 2e) ionization
process, one may thus empirically resort to an adiabatic
depiction, in which case Q = Qy,. Such rare situations may
typically occur with Jahn—Teller distortions associated with
conical intersections, which are known to generally yield a
non-radiative decay of the upper electronic state within the
femtosecond regime [65, 66], that is, within a time scale
which is comparable to the effective time scale inferred
recently in studies of bond dissociation processes [67]
induced by (e, 2e) ionization processes at electron impact
energies around 1.2 keV.

3 Methodology

The geometry optimizations as well as the vibrational and
dynamical analyses which are reported in the sequel have
been performed using Density Functional Theory (DFT)
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[68] in conjunction with the standard hybrid Becke-3-
parameters-Lee—Yang—Parr [B3LYP] functional [69, 70],
or the dispersion-corrected ®B97XD exchange—correlation
functional [71]. Our main motivation for using a disper-
sion-corrected functional is to enable a proper treatment of
non-bonded interactions between carbonyls. In all our
calculations upon group 6 [W, Mo, Cr] hexacarbonyls, use
was made of the aug-cc-pVDZ and aug-cc-pVTZ basis sets
[72, 73] for the carbon and oxygen atoms. Chromium was
also described using the all-electron aug-cc-pVDZ and
aug-cc-pVTZ basis sets. Relativistic effects arising from
the chemically inert cores of Mo and W were accounted for
through the interplay of accurately designed pseudo-
potentials (PPs). Specifically, the Mo atom was described
by the ECP28MDF energy-consistent effective pseudopo-
tential, which was constructed from a multi-state fit of a
fully relativistic Dirac—Fock calculation for the isolated
atom [74], together with the correspondingly adjusted
correlation consistent aug-cc-pVDZ-PP and aug-cc-pVTZ-
PP basis sets. The energy-consistent effective core poten-
tial ECP6OMDF [75] has been adopted for the tungsten
atom in conjunction with its accompanying correlation
consistent aug-cc-pVDZ-PP and aug-cc-pVTZ-PP basis
sets. Although this goes much beyond our present purpose,
it is worth noting that errors arising from the use of these
pseudo-potentials are effectively extremely small and
comparable to the accuracies that can be achieved nowa-
days with modern all-electron ab initio calculations.
Comparison to large basis set, all electron, relativistic
calculations indicate errors of ~0.002 A only in equilib-
rium bond lengths and less than 0.5 kcal/mol in dissocia-
tion energies, due to the pseudo-potential approximation
[76]. Along with standard gradient-corrected hybrid func-
tionals (e.g., B3LYP), effective relativistic small-core
pseudo-potentials are known also to enable insight into
vibrational frequencies within a few cm ! accuracy [77].
For our purpose, the main advantage of these pseudo-
potentials is mainly to enable the computation of analytic
energy gradients and, thus, of molecular dynamical tra-
jectories on accurate enough potential energy surfaces,
which are still to date beyond reach in a fully relativistic
treatment. All DFT calculations presented in this work
were performed by means of the Gaussian09 package of
programs [78].

In this work, we simulate the outcome of EMS experi-
ments upon W(CO)g using a standard (e, 2e) non-coplanar
symmetric kinematical setup at an electron impact energy of
2.4 keV above the vertical ionization energy threshold
(VIE ~ 8.6 eV). According to the characteristics of the
(e, 2e) spectrometer [79] which was employed by Liu et al. at
Tsinghua University (Beijing) [45], the relevant parameters
for the momenta of the impinging and outgoing electrons
amount therefore to py = 0.271105(2400 + VIE)"? au

(lau =1 aal, with ag as the Bohr radius, that is, 0.5292 A)
and p; = p, =9.39135 au, respectively (E, =E, =
1,200 eV). The binary (e, 2e) encounter, plane wave
impulse, and target Kohn-Sham approximations are
invoked in conjunction with calculations employing DFT
and the B3LYP or wB97XD functionals. Deviations from
basis set completeness (BSC) are checked by comparing
results employing the aug-cc-pVDZ-PP and aug-cc-pVTZ-
PP basis sets. It is worth reminding that Kohn—Sham orbitals
and their energies are known to represent valuable approx-
imations to the corresponding Dyson orbitals and (elec-
tronically relaxed) ionization energies produced in CI
(Configuration Interaction) calculations [80, 81], and that,
by virtue of Janak’s theorem [82] or the extended Koop-
mans’ theorem [83], the approximation becomes exact when
considering specifically the HOMO and an (hypothetical)
exact exchange—correlation functional.

Spherically averaged orbital momentum distributions
have been generated from the obtained Kohn—Sham orbi-
tals using the MOMAP program by Brion and coworkers
[84] and homemade interfaces. In line with the study by
Liu et al. [45], and employed (e, 2e) spectrometer therein,
resolution folding of the computed momentum distribu-
tions was made using a Monte Carlo simulation procedure
[85, 86], considering angular resolutions of 0.53° and 0.84°
on azimuthal and polar angles, respectively. For the sake of
consistency with the EMS experiments by Rolke et al. [44],
the following parameters have been retained for the sim-
ulation of the outermost (e, 2e) momentum profiles of
Mo(CO)¢ and Cr(CO)q: Ey = 1,200 eV, A0 = 0.60°, and
A¢p = 1.20°.

In all BOMD simulations, the Bulirsch-Stoer method
was used for the integration scheme [87, 88], along with an
integration step size of 0.2 fs, and using a fifth-order
polynomial fit in the integration correction scheme. The
trajectory step size was set to 0.250 a.u, and atomic coor-
dinates were dumped at time intervals of approximately
1 fs. Thermalization to standard room temperature (298 K)
was ensured by setting the initial rotational energy from a
thermal distribution assuming a symmetric top. The time
average was made on momentum densities computed at
each point of the calculated BOMD trajectory in the MD
run. Runtimes comprised between 1.5 and 1.7 ps, corre-
sponding to time averages over 1,500-1,700 thermally
distorted structures.

In line with equation 4, the influence of nuclear
dynamics in the final ionized state has been tentatively and
phenomenologically investigated upon the assumption
of an adiabatic ionization process, by computing (resolu-
tion folded and spherically averaged) frontier electron
momentum profiles for the target orbitals in the initial
neutral ground state upon nuclei configurations corre-
sponding to all possible equilibrium geometries of the final
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cationic state (Q = QZ)). The approach we consider in this
purpose is therefore the same as that used recently by Chen
XJ and his co-workers [37] for unraveling the outcome of
Jahn-Teller distortions in EMS experiments upon cyclo-
propane, which were found to leave clearly identifiable
fingerprints in the frontier (e, 2e) ionization bands and the
correspondingly inferred electron momentum distributions.
It is worth noting that, by virtue of the equations presented
in section II, such an approach will clearly provide upper
estimates to the changes in momentum profiles due to
vibronic coupling interactions induced by the (e, 2e) ioni-
zation processes. Molecular structures and orbital contours
were drawn using the MOLDEN program [89].

4 Results and discussion

Prior to any further discussion, it is worth considering the
integrated (e, 2e) ionization spectrum of W(CO)¢ recorded
by Liu et al. [45] (Fig. 2). Upon examining this spectrum, it
is clear that the momentum distribution characterizing the
HOMO (2ty,) is free of any unwanted complications related
to band overlaps [18] and that individual Jahn-Teller com-
ponents remain unresolved. Also (Fig. 3), this momentum
distribution is almost insensitive to the employed functional.
Compared with the aug-cc-pVDZ(-PP) basis set, the aug-cc-
pVTZ(-PP) basis set appears to be large enough to ensure
the required saturation of results toward the BSC limit. Our
momentum profiles are also almost identical to results
obtained by Liu et al. [45], according to B3LYP relativistic
calculations coping with scalar relativistic and spin—orbit
coupling interactions at the level of the zero-order regular
approximation (ZORA [90]) using a specifically designed
triple-zeta doubly polarized basis set.

All B3LYP calculations (including frequency calcula-
tions) by Liu et al. [45] were performed upon the MP2
geometry which was optimized by Ehlers and Frenking
[91], using an effective core potential [92] and the (441/
2111/2) valence basis set derived from the minimal Hay—
Wadt (55/5/3) basis set [93] on the tungsten atom and the
6-31G* basis set [94] on carbon and oxygen atoms. This
methodological inconsistency resulted into a rather signif-
icant underestimation of the W—C and C-O bond lengths
by 0.0125 A and 0.025 A, respectively, compared with the
methodologically correct B3LYP values. Since the B3LYP
vibrational calculations by Liu et al. [45] were performed
away from the global energy minimum, they resulted
(Table 1) in much too large values (by ~40 % or more)
for the frequencies characterizing the three lowest and
triply degenerate vibrational eigenmodes (1T,,, 1Ty,
1T,,), compared with experiment—an overestimation
which has in turn most clearly led to further severe errors in
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Fig. 3 Spherically averaged theoretical momentum profiles (without
resolution folding) of the HOMO of W(CO)¢

the computations of vibrational populations. A further
consequence of using a non-stationary point on the
potential energy surface is that nuclear displacements
characterizing normalized vibrational eigenmodes have
also been certainly overestimated. In contrast, our theo-
retical estimates for vibrational frequencies, in particular,
the B3LYP ones, are in remarkable agreement with the
available experimental values [95, 96], as well as with the
results of quasi-relativistic (QR) DFT calculations [97]
employing GGA functionals. Deviations between our
results, the QR-GGA results by Bérces and experiment for
the three modes of interest does not exceed 6 cm ™.
Although vibrations of the order of 60-80 cm ™" are not
uncommon at all in organic and inorganic compounds, Liu
et al. [45] considered these to be indicative of a very
shallow energy minimum on the potential energy surface,
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Table 1 Lowest vibrational frequencies (in cmf') of W(CO)¢

Mode Liu et al.” B3LYP/aug-cc-pVTZ-PP wB97XD/aug-cc-pVTZ-PP GGA + QR" Experimental®
toy 100.3 59.5 63.6 61 & 15¢
[ 1335 81.7 80.8 82.0 £ 3°

the 120.8 84.3 85.9 88.3 & 6'

% From Ref. [45]

" From Ref. [97]

¢ From Refs. [95] and [ 96]

d Raman, solid phase, from overtone combination
¢ IR, gas phase

' Raman, liquid phase

that would therefore permit extremely large atomic dis-
placements, away from the minimum, due to thermal
fluctuations and vibrational excitations in the electronic
ground state, and would provide a convenient way to
describe nuclear dynamics in the electronic neutral ground
state. In support to these assertions, Liu et al. calculated
relative populations for the ground (n = 0) and vibration-
ally (n > 0) excited states, on the ground of (Maxwell-
)Boltzmann statistics [98—100]:

puli) = &) gn()
" exp(e./kT)  exp([n+ 1/2]hv;/kT)’

(5)

with n the relevant vibrational quantum number (n = 0, 1,
2, 3 ...), and g,(i) the multiplicity factor proposed by
Herzberg [101] for triply degenerate vibrations:

&) = 5 (n+ 1)(n +2). (©)

Since the vibrational eigenmodes (i) of interest exhibit
frequencies in the 60—100 cm™! range, and characteristic
temperatures (0; = hv;/k) of the order of 86 to 144 K only,
the Boltzmann approximation can be regarded as valid at
and above room temperature (7 = 298 K). With this
approximation, inversions of relative populations are
observed at around n = 6, 4 and 3 for the 1T,,, 1T,
and 1T,, vibrational modes (Table 2), respectively.

The analysis by Liu et al. [45] simply accounts for
thermal distortions of the molecular structure in the elec-
tronic ground state by arbitrarily displacing atoms
according to so-called normalized vibrational displace-
ments for the first three eigenmodes, and averaging the
ultimately obtained momentum distributions. We remind
that these normalized displacements are nothing else than
vibrational eigenmodes taken from the ADF output, the
norms of which are equal to 1 A2, This approach obviously
neglects anharmonic effects and the excessive energy
penalties resulting from the imposed structural distortions,
because of electrostatic repulsions between strongly
polarized CO substituents, due to bond donation to the

Table 2 Relative population occupations [p,(i)] of the three lowest
vibrational levels of W(CO)g at 298.15 K arising from the first three
eigenmodes (harmonic approximation, Boltzmann statistics, B3LYP/
aug-cc-pVTZ(-PP) results)

Vib. level (n) tou tiu thg

0 1.0000 1.0000 1.0000
1 2.2511 2.0222 1.9973
2 3.3783 2.7262 2.6594
3 4.2250 3.0627 2.9508
4 4.7554 3.0966 2.9467
5 4.9957 2.9223 2.7465
6 4.9981 2.6264 2.4380
7 4.8220 2.2762 2.0868
8 4.5228 1.9178 1.7366
9 4.1480 1.5800 1.4131

group 6 metal (the same considerations on charge transfers
also prevail for Mo(CO)¢ and Cr(CO)g—see natural atomic
charges in Table 3). To quantitatively investigate these
penalties, we refer the reader to Table 4, in which each
listed configuration (o = 0.0, 0.1, 0.2, 0.3 ... 1.0) is the one
obtained by adding to the nuclear coordinates character-
izing the Oy, energy minimum form nuclear displacements
taken to be equal to a times the relevant and so-called
“normalized” eigenmode (see above definition, following
the conventions used by Liu et al. [45]). Calculations at the
B3LYP/aug-cc-pVTZ-PP level (Table 5) of the corre-
sponding anharmonic energy demands and required ther-
mal fluctuations are conclusive enough for refuting the
view that normalized vibrational eigenmodes enable a
consistent description of thermally induced vibrational
motions in the electronic ground state. Indeed, upon con-
sidering the obtained energy values, it is clear that thermal
fluctuations at or near room temperature are consistent with
o factors ranging from ~0.3 to ~0.5, whereas in normal
conditions, a full “normalized” displacement (x = 1) is
thermodynamically unreachable (since the corresponding
energy demands would imply thermal fluctuations ranging

@ Springer
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Table 3 Natural atomic charges

W(CO)2 Mo(CO)2 Cr(CO)

Atom Charge Atom Charge Atom Charge
w —2.26677 Mo —2.12850 Cr —2.55633
C 0.80226 C 0.79384 C 0.87483
C 0.80226 C 0.79384 C 0.87483
C 0.80226 C 0.79384 C 0.87483
C 0.80226 C 0.79384 C 0.87483
C 0.80226 C 0.79384 C 0.87483
C 0.80226 C 0.79384 C 0.87483
¢} —0.42446 (¢} —0.43909 (0} —0.44877
o —0.42446 (¢} —0.43909 (e} —0.44877
o —0.42446 (¢ —0.43909 (¢} —0.44877
¢} —0.42446 (¢ —0.43909 (¢} —0.44877
(¢} —0.42446 (¢} —0.43909 (6] —0.44877
(¢} —0.42446 (¢] —0.43909 (0] —0.44877

* B3LYP/aug-cc-pVTZ(-PP)
® B3LYP/aug-cc-pVDZ(-PP)
¢ B3LYP/aug-cc-pVDZ

from 2,500 to 8,000 K). For the 1T,, mode, a temperature
of about 450 K is required (Table 5) for increasing the
population of the relevant vibrational levels (n = 31, 32)
relative to the vibrational ground state above a significant
enough threshold (100 %). At this temperature, the relative
population of the relevant vibrational levels (n = 70, 71) or
(n = 37, 38) for the 1T}, and 1T,, modes are still below
0.005 and 0.5 %, respectively (Table 5). Clearly, at or near
room temperature, it makes no sense to simply consider
nuclear displacements amounting to a “normalized”
vibrational eigenmode for unraveling the outcome in EMS
expertiments of low-frequency vibrational motions in

tungsten hexacarbonyl, especially for the 1T, and 1T,
modes, because of the high energy demand required by
excitations to vibrational quanta that correspond to
exceedingly large displacements.

Different theoretical models of nuclear dynamics in the
initial state are tested in Figs. 4 and 5 and compared
(Fig. 5) against the experimental electron momentum dis-
tributions inferred by Liu et al. [45] for the HOMO (2ty,
orbital) of tungsten hexacarbonyl. In line with the latter
work, molecular vibrations in the ground state are first
accounted for by averaging the outcome of normalized
(¢ = 1) and rescaled (o = 0.4) nuclear displacements. As
was noted by Liu et al. [45], whereas vanishing (e, 2e)
ionization intensities are expected for the HOMO atp — 0
for the ground state octahedral energy minimum form of
tungsten hexacarbonyls, enforcing normalized nuclear
displacements results into a significant enhancement [i.e., a
turn-up (using the technical jargon in use for 2-3 decades
already in the EMS community)] of frontier momentum
densities in the low momentum region. Note nonetheless
that in our case, the predicted increase of (e, 2e) ionization
intensities at p — 0 when o = 1 is still far from enabling
us to fully reproduce the experimentally obtained
momentum densities in the low momentum region. Results
obtained upon properly rescaled (¢ = 0.4) nuclear dis-
placements for the first three eigenmodes (1T,,, 1Ty,
1T,,) demonstrate that, at room temperature, these
molecular vibrations in the electronic ground state can on
their own certainly not be at the origin of the experimen-
tally observed turn-up in momentum densities at low
momenta. As a matter of fact, there is almost no discern-
able difference in between these latter results and the
momentum profile calculated for the HOMO upon using
the equilibrium geometry of W(CO)g.

Table 4 Anharmonic energy demands and thermal fluctuations associated with distortions associated with the first three normal vibrational
modes of W(CO)gs (B3LYP/aug-cc-pVTZ-PP results, see text for a definition of the scaling factor o)

o by ST [

Energy Energy Energy Energy Energy Energy Energy Energy Energy

(kcal/mol) (em™h (K) (kcal/mol) (em™h (K) (kcal/mol) (em™h (K)
0.0 0.00 0.0 0 0.00 0.0 0 0.00 0.0 0
0.1 0.06 21.0 30 0.06 19.3 28 0.05 16.7 24
0.2 0.13 45.6 66 0.24 82.5 119 0.20 68.7 99
0.3 0.26 91.2 131 0.59 205.4 296 0.46 161.9 233
0.4 0.47 164.6 237 1.18 413.6 595 0.87 305.8 440
0.5 0.79 275.2 396 2.12 741.5 1,067 1.47 513.7 739
0.6 1.24 434.7 625 3.52 1,230.8 1,771 2.29 802.0 1,154
0.7 1.88 657.0 945 5.51 1,928.2 2,774 3.40 1,189.8 1,712
0.8 2.74 957.9 1,378 8.25 2,884.0 4,150 4.86 1,698.6 2,444
0.9 3.87 1,354.3 1,949 11.86 4,149.6 5,971 6.72 2,351.7 3,384
1.0 533 1,864.6 2,683 16.51 5,775.9 8,311 9.07 3,173.3 4,566
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Table 5 Fractional populations of vibrational levels (n) approaching a normalized vibrational displacement (i.e., « = 1), relative to the ground

state (n = 0)
T (K) n tou Relative fraction n tia Relative fraction n [ Relative fraction
E, (cm™") E, (cm™") E, (cm™")

298 31 1,845 7.18 x 1072 70 5,721 261 x 107° 37 3,119 215 x 1074
32 1,904 572 x 1072 71 5,803 1.81 x 107° 38 3,204 151 x 1074

310 31 1,845 1.01 x 107! 70 5,721 751 x 107° 37 3,119 3.82 x 107*
32 1,904 8.14 x 1072 71 5,803 528 x 107° 38 3,204 272 x 1074

320 31 1,845 1.32 x 107! 70 5,721 172 x 1078 37 3,119 6.01 x 107
32 1,904 1.07 x 107! 71 5,803 123 x 1078 38 3,204 433 x 1074

330 31 1,845 1.70 x 107" 70 5,721 375 x 1078 37 3,119 9.20 x 1074
32 1,904 1.39 x 107! 71 5,803 2.70 x 1078 38 3,204 6.70 x 1074

350 31 1,845 2.69 x 107! 70 5,721 1.56 x 1077 37 3,119 2.00 x 1073
32 1,904 223 x 107! 71 5,803 1.15 x 1077 38 3,204 1.49 x 1073

400 31 1,845 6.93 x 107! 70 5,721 295 x 107 37 3,119 9.94 x 1073
32 1,904 5.95 x 107! 71 5,803 226 x 107° 38 3,204 772 x 1077

450 31 1,845 1.45 x 10° 70 5721 291 x 107° 37 3,119 3.46 x 1072
32 1,904 1.27 x 10° 71 5,803 230 x 107° 38 3,204 2.78 x 1072

Born-Oppenheimer Molecular Dynamical simulations 025 Equibrum Geomety ——

of atomic trajectories over the wB97XD/aug-cc-pVTZ 0sid

potential energy surface associated with the electronic 0.2 / HOMO - W(CO), BILYPauy oo pVTZ-PP

ground state of W(CO)s and a time average over the > /

1,500-1,600 thermally distorted structures dumped from ‘% 0.15 J ;

these simulations enables us to account on classical b= f:l ‘\,,_

grounds for the contribution of all 33 vibrational eigen- o \

modes of this compound in an anharmonic depiction as & ']

well as of their coupling with internal and external rota- &

tions, due for instance to Coriolis forces. Increasing the 0.05 4 ‘

temperature from 298 and 310 K does not make in \

practice any observable difference in the ultimately é : _ ﬁ‘:' —

obtained spherically averaged and resolution folded
momentum distributions. When accounting with molecu-
lar dynamics for all vibrational and rotational degrees of
freedom, a significantly stronger turn-up at low momen-
tum is observed in the momentum distribution character-
izing the HOMO (Fig. 5). This turn-up is, however, far to
be strong enough to quantitatively reproduce the experi-
mental profile in this region. Upon scrutinizing in details
the results of our BOMD simulations at or near room
temperature, it appears that the thermally induced struc-
tural distortions which have the most pronounced effect at
low momenta correspond to bending of the W—C-O bond
angles.

Similar remarks can be made regarding the influence of
nuclear dynamics in the initial ground state upon the
momentum profile characterizing the HOMO of Cr(CO)¢
and Mo(CO)g. As our results indicate (Figs. 6, 7), com-
pared with the available measurements, nuclear dynamics
in the initial state is found in both cases to yield a

0 0.5 1 15 2 2.5 3
Momentum (a.u.)

Fig. 4 Study of the consequences of structural distortions along the
three first vibrational eigenmodes of W(CO)g upon the momentum
profile characterizing the HOMO (without resolution folding). See
text and Table 4 for a definition of the scaling factor « (results of
single point calculation results at the B3LYP/aug-cc-pVTZ-PP level)

significant albeit too weak turn-up of the frontier momen-
tum densities at low momenta.

Starting from the vertical ionized state, the adiabatically
relaxed molecular structures of the radical cation of the
M(CO)g compounds (M=Cr, Mo, W) were found by sys-
tematically imposing tiny atomic displacements in the
directions indicated by the vibrational eigenmodes associ-
ated with imaginary frequencies, and releasing thereafter
all symmetry constraints during the geometry optimization
process. Visual inspection along with careful verifications
employing frequency analysis indicate that the molecular

@ Springer
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Fig. 5 Resolution folded (Ey = 2,400 eV, A0 = 0.53°, A¢ = 0.84°)
and spherically averaged theoretical momentum distribution inferred
for the HOMO of W(CO)¢ (¢ = 8.6 eV), taking care of complications
pertaining to nuclear dynamics in the initial state

03p Ralke et al. 1200 eV ~—E—
Equilibrium Geometry B3LYP/aug-ce-pVDZ ——
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=, 0.25 4
=
w
c
o 0.24
=
2 o5
=
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oc 01
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0 0.5 1 15 2 25 3
Momentum (a.u.)

Fig. 6 Resolution folded (Eq = 1,200 eV, AO = 0.60°, A¢p = 1.20°)
and spherically averaged theoretical momentum distribution inferred
for the HOMO of Cr(CO)¢ (¢ = 8.4 eV), taking care of complications
pertaining to nuclear dynamics in the initial state

structure of the radical cation of group 6 metal hexacar-
bonyl compounds can be discussed in terms of two struc-
tures of D3g symmetry, which essentially differ by the
extent of the angle (t) in between the C—M bonds and
the remaining C; rotation axis (Fig. 8). In these structures,
the central metal, carbon and oxygen atoms remain per-
fectly co-linear. The interested reader is referred to Fig. 8
along with Tables 6, 7, 8 for a detailed comparison of these
two structures with that of the neutral compound (of Oy
symmetry), as well as for useful information regarding
adiabatic relaxation energies from the vertical ionized state
(AE.), and changes in frontier orbital energies due to the
lowering of the symmetry point group. We note that
releases of orbital energy degeneracies from the triply
degenerate (T>g) HOMO of the neutral into singly (A;,)

@ Springer
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Fig. 7 Resolution folded (E; = 1,200 eV, Af = 0.60°, A¢p = 1.20°)
and spherically averaged theoretical momentum distribution inferred
for the HOMO of Mo(CO)¢ (¢ = 8.5 eV), taking care of complica-
tions pertaining to nuclear dynamics in the initial state

and doubly degenerate (E,) orbitals upon imposing the D34
structures of the cation do not exceed 0.15 eV. Since these
levels cannot be individually resolved in EMS experiments,
the corresponding momentum profiles have been summed
to unravel the possible outcome of nuclear dynamics in the
final state.

Upon examining Fig. 9, it is clear that final state
dynamics associated with the Jahn-Teller distortions and
release of symmetry constraints induced upon removal of
an electron from the triply degenerate 2t,, orbital of
W(CO)e is also quite likely to induce a turn-up in the
experimentally inferred momentum profiles for the 2t§g]
ionization channel, especially when considering the fron-
tier momentum distribution for the adiabatically relaxed
structure characterized by t = 57.6°. This turn-up arises
because of the admixture of a fully symmetric (A;,) orbital
contribution (Table 8). Here again, this turn-up is on its
own too weak to enable us to quantitatively reproduce
experiment. Assuming a fully adiabatic ionization process,
nuclear dynamics in the final state cannot account for more
than one-third of the experimentally observed (e, 2e) ion-
ization intensities at p — 0. At this stage, it is worth
reminding that such a depiction certainly overestimates the
changes in the momentum densities induced by geometri-
cal relaxation in the final state, during a real, that is, on a
finite time scale, (e, 2e) ionization process. We note also
that, within an adiabatic depiction, a Jahn—Teller distortion
of the molecular structure of W(CO)g into a slightly flat-
tened geometry characterized by t = 53.5° only results in a
barely visible turn-up (Fig. 9) in the low momentum region.
Exactly the same remarks can be made (Figs. 10, 11)
regarding the influence of nuclear dynamics in the final
ionized state upon the momentum profile characterizing the
HOMO of Cr(CO)g and Mo(CO).
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Fig. 8 Main geometrical parameters of the target group 6b metal
hexacarbonyl compounds and of their radical cation

At last, it is worth noticing that on the experimental side
[45], increasing the electron impact energy from 1.2 to
2.4 keV does have a small albeit discernable effect on the
recorded momentum distributions for the HOMO of tung-
sten hexacarbonyl (Fig. 9). Note, in particular, that the

agreement between theory and experiment slightly
improves (beyond the reported statistical error [45]) at low
momenta when resorting to an impinging electron beam
with Ey = 2.4 keV. In view of the d-like topology of the
HOMO, which exhibits two perpendicular nodal planes
intersecting at the location of the heavy metal atom, along
with m-contributions from the CO groups (Fig. 12), it
seems thus quite likely that, in spite of the negative con-
clusions by Liu et al. [45], distorted wave effects do play a
role and converge more slowly upon increasing electron
impact energies, than in the case of isolated atoms, due to
the presence of many (13) scattering interference atomic
centers in a target like W(CO)g. The reader’s attention is
drawn on the fact that, whereas larger relative (e, 2e)
intensities are obtained at low momenta when
Ey) = 1.2 keV, significantly lower relative (e, 2e) intensi-
ties are on the contrary observed for the peak at ~0.9 a.u.,
compared with the results obtained at an impact energy of
2.4 keV. All in all, the experimental frontier momentum
profile of W(CO)s seems thus far from being fully con-
verging when E, increases from 1.2 to 2.4 keV. Note also
that DWIA calculations indicate that, instead of vanishing
as it should by virtue of symmetry constraints, the low
momentum “turn-up” in the (e, 2e) ionization cross-sec-
tions for the 3d level of an atomic target like Ti still
remains very prominent even at Ey = 2.4 keV [44, 46].
Electron impact energies of the order of 10 keV or more
might therefore be necessary for ensuring the convergence

Table 6 Comparison of the molecular geometries and frontier electronic structure of Cr(CO)g in its neutral ground state and lowest ionized

(radical cation) state

Structure 7(°) R[Cr—C]in A R[C-O] in A 0(C;—Cr—C3) in °  0(C3-Cr-C4) in ©  AE%,; (kcal/mol)  Frontier orbitals and
their energies (eV)
O, (neutral) 547 1925 1.148 90.0 90.0 - 7.165 (To,)
D34 (1) (cation) 57.2  2.000 1.133 86.6 934 —8.333 6.583 (A;)
6.736 (Ey)
D34 (2) (cation) 53.6  2.000 1.133 91.6 88.4 —7.096 6.663 (E,)
6.729 (A,)

* Adiabatic relaxation energy from the vertical ionized state

Table 7 Comparison of the molecular geometries and frontier electronic structure of Mo(CO)g in its neutral ground state and lowest ionized

(radical cation) state

Structure 7 (°) R[I\{[O—C] R[Q—O] 0(C;-Mo-Cs) 0(C3-Mo-Cy) AE:,, (kcal/mol) Frontier orbitals and
in A in A in ° in ° their energies (eV)
O, (neutral) 54.7 2.076 1.147 90.0 90.0 - 7.046 (To,)
D34 (1) (cation) 57.7 2.127 1.134 85.8 94.2 —6.056 6.591 (Ay)
6.784 (Eg)
D34 (2) (cation) 53.5 2.127 1.134 91.8 88.2 —4.693 6.699 (E,)
6.771 (Ayp)

* Adiabatic relaxation energy from the vertical ionized state
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Table 8 Comparison of the molecular geometries and frontier electronic structure of W(CO) in its neutral ground state and lowest ionized

(radical cation) states

Structure 7 (°) R[VY—C] R[CO—O] 0(C1-W-C5) 0(C3-W-C,) AE%, (kcal/mol) Frontier orbitals and
in A in A in ° in ° their energies (eV)
Oy, (neutral) 54.7 2.072 1.149 90.0 90.0 - 7.063 (To,)
D3q (1) (cation) 57.6 2.114 1.136 86.1 93.9 —5.531 6.651 (A,)
6.839 (Eyp)
D34 (2) (cation) 53.5 2.114 1.136 91.8 88.2 —4.161 6.753 (Ey)
6.831 (A,)
# Adiabatic relaxation energy from the vertical ionized state
0.25 Liu et al. 1200 eV +—B— 045 Rolke et al. 1200 eV —B—
\ fon 1 ()=57.6 BILYPIaUg e pYL BF / Coton 2 B B VP A  SeBVRE Pp
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’ Z k 14 ! \
N 5 ﬁ%h{ o1 it © b
0.05 1~/ . —
005 - : : : : : 0 : . : i e
0 0.5 1 15 2 25 3 35 [i] 0.5 1 15 2 25 3
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Fig. 9 Resolution folded (E, = 2,400 eV, A0 = 0.53°, A¢p = 0.84°)
and spherically averaged theoretical momentum distribution inferred
for the HOMO of W(CO)¢ (¢ = 8.6 eV), taking care of complications
pertaining to nuclear dynamics in the initial states

0.3

¢ T Roke et al. 1200 eV —B—
/ Cation 1 1{*}=57.2 BiLYP/aug-cc-pVDZ
J Cation 2 1(*)=53.6 B3LYP/aug-cc-pVDZ
HOMO - Cr{COjg" Dy Symmetry
0.25 4 + \
0.2 \

0.15 4 ({|
0.14 , ‘l’
W W]

0 T T T T T
0 0.5 1 1.5 2 25 3

Momentum (a.u.)

Relative Intensity

B

Fig. 10 Resolution folded (E, = 1,200 eV, A0 = 0.60°, A¢
= 1.20°) and spherically averaged theoretical momentum distribution
inferred for the HOMO of Cr(CO)s (e = 8.4 eV), taking care of
complications pertaining to nuclear dynamics in the initial states

of the momentum profiles of W(CO)g, Cr(CO)g, and
Mo(CO)g to the high energy limit [102], at which the plane
wave impulse approximation becomes valid.

@ Springer

Fig. 11 Resolution folded (E, = 1,200 eV, A0 = 0.60°, A¢
= 1.20°) and spherically averaged theoretical momentum distribution
inferred for the HOMO of Mo(CO)g (¢ = 8.5 eV), taking care of
complications pertaining to nuclear dynamics in the initial states

Fig. 12 Contour plot (contour value equal to 0.05) of the triply
degenerate HOMO (2t,5) of W(CO)s (this figure was made using
MOLDEN [89])

5 Conclusions

The origin of the turn-up in the (e, 2e) ionization intensities
which has been experimentally detected [43—45] in EMS
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studies at low electron momenta for the HOMO of group 6
(W, Cr, Mo) hexacarbonyl compounds has been reinvesti-
gated, on the basis of large-scale calculations using the
target Kohn—Sham approximations along with the standard
hybrid B3LYP and dispersion-corrected @B97XD
exchange—correlation functionals. Our study invalidates the
view [45] that the unexpectedly large (e, 2e) frontier orbital
densities that were experimentally inferred in the low
momentum region can be solely explained by nuclear dis-
placements associated with the first three triply degenerate
vibrational eigenmodes of these compounds. Indeed, at
room temperature, an analysis of populations over these
three vibrational eigenmodes (1T, 1Ty, 1T5,) according
to (Maxwell-)Botzmann thermostatistics indicate that these
motions can only account for a very marginal fraction (a
few % at most) of (e, 2e) ionization cross-sections atp — 0.

Two different scenarios invoking nuclear dynamics in
the initial ground state and nuclear dynamics in the final
ionized state have been tested, on the ground of two very
opposite models, assuming a vertical and an adiabatic
depiction of the (e, 2e) reaction process, respectively. Both
dynamics may partly contribute to the turn-up of (e, 2e)
ionization intensities of the HOMO in the low momentum
region, but none of them is on its own sufficient to explain
this very large turn-up. Indeed, simulations employing
Born—-Oppenheimer molecular dynamics demonstrate that,
at or near standard temperatures (7 =298 K or
T = 310 K), thermally induced molecular motions on the
potential energy surface associated with the electronic
ground state can account for, at most, one-third of the
experimentally observed (e, 2e) ionization cross-sections at
p — 0. Also, nuclear dynamics in the final state, in the
form of Jahn-Teller distortions, can also only at best
contribute for about the same ratio to these experimental
cross-sections at or near zero electron momentum. In view
of small but clearly observable differences in between
EMS measurements at electron impact energies of 1.2 and
2.4 keV (Fig. 9), the only possible explanation we are left
with is that both types of dynamical complications as well
as distorted wave and post-collision (rescattering) effects in
the continuum cumulate and yield altogether the experi-
mentally observed turn-ups. Further EMS measurements, at
much larger electron impact energies, with femtosecond
time resolution as well as upon ultra-cooled supersonic
molecular beams, are very much needed therefore for
disentangling all these physical effects in a proper way on
the experimental side. On theoretical side, the present study
also most clearly emphasizes the need of thorough meth-
odological and computational developments for quantita-
tively interpreting molecular EMS experiments upon large
polyatomic systems beyond the plane wave impulse
approximation. At the moment, a promising but still
unexplored solution for investigating distorted wave effects

in these systems consists in a molecular extension [6] of the
BBK (Brauner, Briggs, and Klar) model [103] for the
ionization of atoms.
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