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Abstract

This study concerns the importance of the precursor (or pre-reactive) state of elementary physicochemical processes whose
basic features, as structure, stability, and trapping effect of reagents, are controlled by the balance of intermolecular forces
that arise at long range and operate at intermediate and short separation distances. The detailed formulation of such forces,
determining formation probability and dynamical evolution of the precursor state, is of relevance in molecular science
and difficult to be treated by quantum chemistry. Such a problem has been tackled by us exploiting the phenomenological
approach, which employs semi-empirical and empirical formulas to represent strength, range and angular dependence of the
leading interaction components involved. In addition to the study of transport phenomena, part of the attention is addressed
to chemi-ionization (or Penning ionization) reactions for which neutral reagents lead to atomic and/or molecular ions plus
electrons as products. Chemi-ionizations are bimolecular processes occurring in several environments of interest, where a
reagent is a species, formed in excited-metastable electronic states by collisions with energetic electrons or cosmic rays. For
such reactions all crucial electronic rearrangements, affecting stability and evolution of the weakly bound precursor state,
here coincident with the reaction transition state, are characterized with a high detail. The results of the present study are
of interest for many other processes, whose precursor states and their relevant features are difficult to characterize, often
masked by several other effects.
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Phenomenological approach

1 Introduction

The detailed investigation of strength, range, and nature of
the leading components of intermolecular forces is, on gen-
eral ground, of great relevance in modern research, since
these forces control static and dynamical properties of mat-
ter, including the role of weakly bound precursor (pre-reac-
tive) states on the evolution of elementary processes (Spe-
cial Issue 2022a; b; James et al. 2022; Hong et al. 2021a,
b; Ascenzi et al. 2019; Falcinelli et al. 2023a). In particu-
lar, depending on the stability of adducts controlled by the
selectivity of long-range intermolecular forces, the precursor
state of barrier-less reactions, such as chemi-ionizations dis-
cussed below, coincides with reaction transition states (TS),
while in other cases it opens the passage either to the TS of
reactive channels with the lowest barrier or to those of less
favorable channels.

We have characterized the leading interaction com-
ponents, operative in several prototypical systems,
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determining the behavior of the intermolecular potential
at long and intermediate separation distance, by perform-
ing scattering experiments with the molecular beam tech-
nique. The analysis of the experimental observables repre-
sents the starting point of our phenomenological approach
[denoted phenomenological method in Falcinelli et al.
(2023a)], which employs semi-empirical and empirical
formulas to represent the Force Fields (FF) in analytical
form (Pirani et al. 2006; Capitelli et al. 2007). This pos-
sibility, provided for the full range of relative configu-
rations of the interacting partners, is crucial to sharply
decrease running times of molecular dynamics simulations
of elementary processes, covering from cold up to hot tem-
perature conditions: examples are chemical reactivity and
energy transfer in gas phase, either at the gas—solid and
at gas-liquid inter-phases (Falcinelli et al. 2023a; Gisler
and Nesbitt 2012). In the last years, extensive use has
been made of the phenomenological approach to describe
static and dynamical properties of systems of increasing
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complexity and of applied interest (Falcinelli et al. 2023a,
and references therein).

Perturbation theory (Maitland et al. 1987) suggests how
to partition, at sufficiently large separation distances, the
intermolecular potential energy and how to identify the lead-
ing components. In particular, we can identify a covalent (or
molecular) component, directly related to chemical contribu-
tions associated to electronic angular momentum coupling/
decoupling and electron/charge transfer effects, and a non-
covalent (or supramolecular) component (Weinhold 2023),
arising from the combination of induction, electrostatic
and van der Waals contributions, where the latter originate
from the sum of exchange (or size) repulsion and dispersion
attraction. The blend of semi-empirical and empirical for-
mulas provides the dependence of strength and range of the
leading components from the fundamental physical proper-
ties of the interacting partners (Cambi et al. 1991; Cappel-
letti et al. 1991; Pirani et al. 2000). Such dependence often
favors the discovery of universal scaling laws (Pirani et al.
2006; Capitelli et al. 2007), which are fully exploited by the
phenomenological approach. In several cases, its predictions
have been tested on and combined with the results of state-
of-the-art ab initio calculations, often permitting improve-
ments and further generalizations (Alagia et al. 2011a, b;
Cappelletti et al. 2012; Pirani et al. 2019; Nunzi et al. 2020).
The phenomenological approach has been recently applied
(see also below) to define fundamental features of the pre-
cursor or pre-reactive state of important elementary phys-
icochemical processes (Falcinelli et al. 2023a).

In this work, our attention focuses on the role of the
precursor state controlling the dynamics of elementary
processes, such as the transport phenomena, operative in
plasmas, in the planetary atmospheres, and in the interstellar
medium. In these environments, chemi-ionization reactions
(CHEMI) are basic bimolecular processes playing an impor-
tant role. CHEMI processes, discovered several years ago
(Penning 1927), continue to be of relevance in fundamental
and applied research: they provide positive ionic species plus
electrons as products and can be considered the inverse of
electron attachment processes. Such reactions are often trig-
gered by a reagent excited in high energetic states, formed in
collisions with cosmic rays or electrons. Important reagents
are noble gas atoms excited in metastable states: at large
separation distances from the other partner their behavior is
similar to that of alkaline atoms, while at short separation
distances the features of the electronic configuration of its
ionic core, which is often the same of high electron affinity
open shell atoms as halogens, become prominent determin-
ing a transition in their chemical behavior. Moreover, when
CHEMI is described by optical potentials controlling both
the trapping of neutral reagents and the passage from higher
neutral channels to lower ionic ones, metastable precursors
act as transition states of barrier-less reactions.

Penning ionization and electron attachment processes
are relevant in plasmas under several conditions and also
of great interest for nuclear fusion. The dissociative attach-
ment to H,, involving the formation of the unstable interme-
diate molecular ion H; in the ground and excited/Rydberg
states through Feshbach and shape resonances (Celiberto
et al. 2009, 2013, 2023; Capitelli et al. 2006), represents
the key process in the mechanism of H™ yield in volume
negative ion sources, devices designed for the neutral beam
injection in fusion reactors (Bacal 2006). Excited states are
recognized to play a role in the efficiency of the mechanism:
the hypothesis still to be fully demonstrated, to explain the
higher H™ density observed in experiments consists in the
involvement in dissociative attachment of highly excited
Rydberg states of H, (Hassouni et al. 1998; Capitelli et al.
20006). It is also worth mentioning the dissociative recombi-
nation process of CH:r hydrocarbon ions (Chakrabarti et al.
2022), considerably investigated in the literature for their
role in fusion plasmas.

The next section emphasizes some basic aspects of the
phenomenological approach and the following ones sum-
marize its recent applications, also providing indications for
future developments.

2 Foundations of the phenomenological
approach

The starting point of our investigation has been the experi-
ments. In particular, projectile-target scattering experiments
have been performed with two different apparatuses, exploit-
ing the molecular beam (MB) technique (Pirani et al. 2006,
2008), built in the laboratory started by the late professor
G. G. Volpi, to whom this paper is dedicated. Integral and
differential cross sections, measured as a function of colli-
sion velocity and scattering angle, respectively, show modu-
lations of observables, arising from quantum interference
effects; they have been resolved by adopting proper resolu-
tion conditions both in scattering angle and in relative col-
lision velocity. Such effects are due to the wave behavior
of colliding partners, involved in two-body events, where
the intermolecular interaction, originates interference phe-
nomena analogous to those of the light crossing obstacles
(Maitland et al. 1987). Frequency and amplitude of oscil-
lating quantum effects are directly related to range, strength
and anisotropy of weak intermolecular forces operative at
intermediate and large intermolecular distances (Pirani et al.
2006, and references therein).

An Improved Lennard Jones (ILJ) function, useful for
the representation of weak interactions under a variety of
conditions (Pirani et al. 2004, 2008; Alberti et al. 2005), has
been suggested by the analysis of the experimental findings,
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obtained for several prototype systems. ILJ employs only
three basic parameters:

The equilibrium distance r,, (or bond length) of the
interacting system, the well depth & (or bond energy) and
P, related to the partners softness, that defines the shape of
the potential well and its angular dependence (Hong et al.
2021b). The ILJ formulation removes most of the inade-
quacies of venerable LJ potential model, as an excessive
short-range repulsion and a too strong long-range attrac-
tion. In addition, it provides first and second derivatives of
the potential energy in analytical form and this represents a
crucial condition to carry out efficient molecular dynamics
simulations.

The internally consistent investigation of several proto-
type systems suggested important relations representing the
dependence of attraction and repulsion strength, of &, r,, and
p values on fundamental physical properties of interacting
partners (Cambi et al 1991; Cappelletti et al. 1991; Capitelli
et al. 2007). Such relations represent scaling laws of gen-
eral validity (Pirani et al. 2006; Capitelli et al. 2007; Nunzi
et al. 2020), useful to predict basic interaction features in
unknown systems.

The phenomenological approach (Pirani et al. 2006; Capi-
telli et al. 2007; Falcinelli et al. 2023a) is founded on the
analysis of experimental data, combined with the ILJ for-
mulation of the potential energy and with the adoption of
scaling laws for the evaluation of range and strength of the
leading interaction components. Such method is important
since it predicts the behavior of systems of increasing com-
plexity, it suggests new experiments and orients theoreti-
cal calculations for testing the method itself, also, it gives
insight into the nature of the interaction and to improve and
extend the formulation of Force Fields.

3 Transport phenomena

The predictive character of the phenomenological approach
has been fully exploited for the calculation of transport cross
sections, crucial quantities for evaluating transport coeffi-
cients in chemically complex plasmas (Capitelli et al. 2007;
Laricchiuta et al. 2007, 2009a, b, 2019; Bruno et al. 2010;
Colonna et al. 2018), with impact in the fields of thermal
plasmas and aerothermochemistry. For many different tech-
nological applications of plasmas, from switches to plasma
torches, the reliable modeling of devices relies on the accu-
rate thermodynamic and transport characterization of the
plasma, as well as in the fluid dynamic simulation of the
heat load at the surface of space vehicles impacting plan-
etary atmospheres during the (re)entry maneuvers. Here, the
shock formed at the vehicle nose, with the abrupt change in
temperature and pressure conditions, rapidly evolves towards
the formation of a complex plasma through the promotion of
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chemical reactions. The plasma environment is characterized
by the extreme complexity of the chemical network, includ-
ing unstable transient species with high reactivity, e.g., radi-
cals, negative ions and excited states. These chemical spe-
cies, though a minority, can significantly affect or even drive
the plasma evolution; this implies the need to describe, in the
framework of the Chapman—Enskog approach for transport
properties, the collisional behavior in elastic binary encoun-
ters in terms of reduced collision integrals, 62Q“**  The
latter result from the thermal averaging of the different com-
ponents of elastic cross sections, momentum transfer QV(E),
viscosity Q®(E) and so on. Independently from the adopted
scattering approach (classical or quantum based on phase-
shifts), the fundamental information relies on the interaction
potential and the phenomenological approach provides an
accurate, direct and powerful method for the generation of
the potential, based on the knowledge of the physical prop-
erties of the collisional partners: it allows the calculation of
collision integrals with reasonable accuracy for unknown
or poorly investigated systems. The method has undeniable
advantages: (1) being a full-range model allows the descrip-
tion of the short-range e long-range interaction affecting the
collision integral behavior in the high- and low-temperature
regions respectively; (2) it reproduces with high accuracy
the features of the average potential in the case of open-
shell interactions, offering an attractive alternative to the
laborious traditional multipotential approach, associated to
the large number of molecular states which arise in the inter-
action of the partners, predictable with the Wigner—Witmer
rules of angular momentum composition; (3) the method
is apt to the treatment of polyatomic molecules, represent-
ing a spatial (angular) averaging of the potential energy
surface and reducing the interaction to a unidimensional
function depending only on the coordinate of approach; (4)
collision integrals, up to high-orders, are straightforwardly
available as analytical functions in a wide range of reduced
temperatures with errors within a few percentages (Laric-
chiuta et al. 2007); (5) the framework given by the phenom-
enological approach responds to requirements of simplicity
of the procedure, accuracy of the results and completeness
and consistency of the generated database for all the inter-
actions relevant to the plasma system under consideration.
As an example of the exceptionally good performances of
the method, the phenomenological collision integrals for
the interactions of helium with ground state atoms are dis-
played in Fig. 1 together with the accurate results obtained
by Partridge et al. (2001) with a traditional multi-potential
approach.

Another aspect of the phenomenological approach worthy
of note is the flexibility to the description of the physics of
the interaction, and this has been the basis of its extension
to the derivation of transport cross sections for pairs involv-
ing excited states. The assessment of the role of excited
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Fig. 1 Diffusion- and viscosity-type collision integrals for helium-carbon and helium—oxygen interactions (solid lines) phenomenological
approach (markers) multi-potential approach from Partridge et al. (2001)

states in affecting the transport properties of plasmas and
the redesign of the scheme for the transition from the tradi-
tional ground-state to a novel state-to-state approach, is an
important topic in the literature that is gaining new attention
nowadays (Buchowiecki and Szab6 2022; Ding et al. 2023).
It has been also explored in pioneering works (Capitelli and
Ficocelli 1972; Capitelli and Lamanna 1974; Sourd et al.
2007, Laricchiuta et al. 2008). The difficulties described for
the interaction of ground-state species are understandably
worsened when excited species are considered, in fact open-
shell configurations is the norm and the methods in theoreti-
cal quantum chemistry have to describe an increasing num-
ber of electronic terms for the highly excited quasi-molecule.
This explains how important is to show the practicability
of the phenomenological approach also for these systems
(Laricchiuta et al. 2009b). The low-lying excited states of
oxygen and nitrogen atoms and atomic ions, O(3P,1D,IS)
0%(*S,”D,?P) and N(*S,2D,?P) N*(*P,'D,'S), in their sym-
metric (atom—atom) and ion—parent-atom interactions have
been derived using the standard phenomenological approach
with appropriate use of the excited state polarizability and
the number of effective electrons compatible with the excited
configurations, finding results comparing well with those
obtained in the multi-potential approach. It is important to
stress that in the case of these interactions the odd-£-order
collision integrals are significantly affected, at high tempera-
tures, by inelastic excitation exchange (charge exchange for
atom—ion interactions) (Laricchiuta et al. 2009b; Capitelli
et al. 2013); this contribution to the collision integral that
would require a close-coupling calculation can be estimated
accurately within the asymptotic approach (Kosarim et al.
2006). In the case of hydrogen H(n)-H(n), whose transport
significantly affects the plasma properties (Bruno et al.
2007), the peculiarity of the chemical species, connected

to the energy spacing of levels, determines a change in the
nature of the interaction. When excited states are involved,
such a change depends on the progressive approaching of
the collisional partners, passing from the attractive interac-
tion between highly polarizable species in the long range,
to a Coulomb core-core repulsion: it required an adjustment
in the general formulation of the ILJ potential (Laricchiuta
et al. 2009b).

The phenomenological approach has largely impacted
the community working on the transport in plasmas, being
adopted in almost all of the recent publications devoted to
the subject, and its breakthrough nature in the field is testi-
fied by a very recent paper by the NASA (Bellas Chatz-
igeorgis et al. 2022) widely leveraging on the method for the
derivation of a database of collision integrals for the char-
acterization of a non-ionized C/O/H/Si plasma. The system
includes a large number of small organic compounds that
originate from the ablation of carbo-phenolic composites
in the thermal protection systems, designed to be used in
the next-future mission of solar system exploration. In the
NASA paper, the number of effective electrons N, required
in the correlation formulas, is estimated using two differ-
ent criteria, both based on ab-initio electronic structure
calculations, i.e., one relying on the energy of the atomic
orbitals and the other on the atomic radius. Eventually, in
(Bellas Chatzigeorgis et al. 2022) N was determined bas-
ing on the radius approach, however, the analysis showed
that the empirical formula proposed in the phenomeno-
logical approach (Cambi et al. 1991) produced values that
lie between those obtained with the energy and radius cri-
teria, therefore, this represents a further validation of the
method. Considering the case of C,H,, characterized by one
of the largest deviations, for the interaction with Ar atoms
the experimental value for the parameter (Cy)*P =97+ 12
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[eV 10\6] reported in (Cambi et al. 1991) is to be compared
with the theoretical values from the semiempirical formula
(Cambi et al. 1991) and from ab-initio calculations (Bel-
las Chatzigeorgis et al. 2022), that are 103.45 and 91.73,
respectively, thus showing approximately the same absolute
deviation from the experiment. Different sets of potential
parameters derived either using the semiempirical or the
accurate ab initio methods reflect in a discrepancy within
10% in the corresponding collision integrals.

4 The weakly bound precursor state
of elementary processes

Charge transfer effects (CT), with strength and selectivity
not trivial to characterize, often trigger the chemical reac-
tivity (Falcinelli et al. 2023a). The recent investigation of
chemi-ionizations (CHEMI) provides basic information on
nature, structure and stability of the precursor state, here
coincident with reaction transition state (TS). This infor-
mation appears to be of general interest for many other
processes. As stressed in the introduction, CHEMI often
involve as a reagent a noble gas atom, excited in a highly
energetic metastable state with an electronic configuration
np’(n+1)s'. At large separation distances from the other
reagent the chemistry of such metastable atom shows simi-
larity to that of an alkaline atom, while at intermediate and
short distance the behavior of its ionic core np° is emerging,
akin to that of a halogen atom with increased electron affin-
ity. Therefore, the precursor state of such reactions plays a
role whose characterization is of interest for many other pro-
cesses affected by electronic rearrangements and CT opera-
tive in the TS (Falcinelli et al. 2020a, b, 2023Db, c).

Gas phase studies distinguished between phenomena trig-
gered by resonant CT, as the harpooning promoted by col-
lisions of an alkaline (low ionization potential) atom with a
halogenated (high electron affinity) species, and phenomena
affected by CT in perturbation limit, as structure and stabil-
ity of noble gas halides and oxides, which are important
systems for the UV lasers development (Pirani et al. 2000,
2006; Falcinelli et al. 2017). A crucial-open question is the
planning of experiments probing the CT component in the
perturbation limit, since such component is often smeared
by theoretical methods on other interaction contributions.
We performed experiments with high electron affinity open
shell fluorine, chlorine and oxygen atoms scattered by closed
shell partners (Pirani et al. 2006), with any collision event
driven by an interaction affected by CT.

The apparatus, described in detail in several previous
papers (Pirani et al. 2006; Falcinelli et al. 2017, 2023a, and
references therein), exploited a microwave discharge source,
generating the open shell atomic beam analyzed, along its
path, in velocity by a mechanical selector, in intensity by an
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online mass spectrometer detector. The magnetic probe, per-
formed with a Stern—Gerlach magnetic selector, operating
inserted along the beam path, has been important to provide
information on the electronic state of generated atoms, on
the distribution of their spin—orbit levels, identified by the
electronic quantum number J, and also it allowed permitted a
controlled variation of the to vary in a controlled way atomic
magnetic sublevel populations of the atomic beam. The
analysis of collision experiments, carried out introducing
a gas target into the scattering chamber inserted along the
beam path, provided information on the different stability of
collision complexes formed with X~ and IT symmetries. For
the cases involving projectile open-shell halogen atoms that
approach to an isotropic partner, such different symmetries
correspond respectively, to their half-filled orbital aligned
parallel and perpendicular to the separation distance R.

In particular, the detailed analysis of experimental find-
ings provided all basic features of Vy and V|; interactions.
It is found that while Vy; is a pure vdW interaction, while
Vs is stabilized by a chemical component that arises from
a configuration interaction between the ground neutral and
the excited ionic state of the same symmetry, differing for
one electron exchange (Aquilanti et al. 1997; Pirani et al.
2000). Therefore, an appreciable CT contribution stabi-
lizes the system. The experimental findings, obtained under
the same conditions for several systems, suggested the CT
dependence on the ionization potential and on the electron
affinity of the electron donor and of the electron acceptor,
respectively. This dependence represents a further scaling
law (Pirani et al. 2006; Nunzi et al. 2020; Falcinelli et al.
2023a), of relevance to describe the transition from inter-
molecular bonds of different nature.

5 The stereodynamics of prototype CHEMI

Information on electronic rearrangements promoted by col-
lisions of open shell atoms is of interest also for CHEMI.
As indicated in the upper part of the Fig. 2, CHEMI such
reactions are promoted by energetic open shell species (X),
highly excited in a metastable electronic state, colliding with
another atomic/molecular reaction partner M. The (X--M)"
precursor state shows involves a Rydberg electron with
whose a floppy cloud wraps wrapping an ionic core. The
latter is described by two limit electronic configurations,
X*-M and X-M*, different in energy and coupled by CT.
The reaction is triggered by the relaxation of the system in
the lowest state. The energy release stimulates the ejection
of is sufficient to eject an external electron with a defined
kinetic energy. Other products are the associated ion XM™,
the parent or penning ion M* and its fragmentation species
(Brunetti and Vecchiocattivi 1993; Siska 1993).
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Fig.2 (Partially adapted from Fig. 5 of (Falcinelli et al. 2023a))
Upper part: a representation of CHEMI. Lower and intermediate
parts: A Ne"(*P) atom approaches to an Ng partner. The cartoon sug-
gests important details of the direct (intermediate part) and indirect

If X" is a metastable helium or neon atom, the reaction
occurs with all molecules and also with Ar, Kr and Xe, pro-
moting, in the last case, prototype atom—atom CHEMI. They
have been the target of several experimental and theoretical
studies and on them we addressed particular attention to
obtain information of general interest also for more com-
plex processes (Falcinelli et al. 2020a). Figure 2 shows the
Ne'(°P) reagent, whose excited electron is in the “floppy” 3s
orbital and the ionic core (having electronic configuration
2p5) is a fluorine atom with increased electron affinity,
that approaches to another Ng (Noble gas) partner. If the
precursor state, formed at low collision energies, assumes
the structure of a weak interacting diatom, the perturbed
X" tends to break the validity of the optical selection rules.
Under such conditions the reaction can be triggered by a
quantum of energy associated to a virtual photon exchange
between reagents (Miller 1970; Miller and Morgner 1977;
Brunetti and Vecchiocattivi 1993; Siska 1993), becoming
a photo-ionization process (see lower part of the Fig. 2).
Instead, if the precursor state, formed at high collision ener-
gies, is a true chemical molecule, the increased overlap
between valence orbital of reagents stimulates a direct elec-
tron transfer process and CHEMI can be classified (Falcinelli
et al. 2020a) as elementary exothermic oxidation reaction
(see intermediate part of the Fig. 2).

As nuclear processes, also CHEMI are driven by an opti-
cal potential W. In particular, its real component V controls
the dynamical approach of reagents, while the imaginary
component [, or resonance width, defines the “opacity” of

=

)
N\

o

(lower part) mechanisms stimulated by chemical and chemical—physi-
cal forces, respectively. The arrows of different colors indicate the dif-
ferent electronic rearrangements accompanying the two mechanisms.
For major details see below and (Falcinelli et al. 2023a)

e
hv

e o
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the investigated system, since it is triggering the passage
from neutral reagents to ionic products, through valence
electron rearrangements (Falcinelli et al. 2020a). As stressed
above, CHEMI are barrier-less reactions, with TS coinci-
dent with the precursor state, of interest in fundamental
and applied research. In particular, they are of relevance to
properly define the probability of reactivity events at low
temperature (Dulieu and Osterwalder 2018); to evaluate the
relevance of the quantum nature of matter (Arango et al.
20006); to control the hot chemistry in flames and plasmas;
to exploit new soft ionization devices in mass spectrometric
detection (Falcinelli et al. 2020a, b, and references therein).

Scattering experiments have been performed in the
Perugia Laboratory and the phenomenological approach
provided all basic features of the precursor-transition state
(Brunetti and Vecchiocattivi 1993; Falcinelli et al. 2020a, b,
2023a, b). The results of the theoretical treatment have been
tested on the experimental observables obtained in our and
in other laboratories.

The phenomenological approach suggests that the colli-
sions of reagents generate the precursor state caged within, a
sort of electromagnetic trap where the quantum confinement
of the system affects all electron rearrangements promot-
ing the reaction (Falcinelli et al. 2021a, 2023a). Such rear-
rangements depend on the intermolecular forces operative
in the trap, stimulating electronic cloud polarization, charge
transfer, spin—orbit effects, their perturbations on involved
open shell species, and coupling/decoupling of angular
momentum arising from electronic components combined
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with contributions of other nature. Figure 3 emphasizes the
electronic polarization for Ne"(°P) approaching to another
Ng and suggests that the internal ionic state, formed for
collisions of reagents in the entrance channel, and the state
of products in the exit channel, are coupled by CT, as in
F, Cl-Ng systems. Moreover, colliding reagents generate
adducts rotating at separation distance variable. Therefore,
angular momentum couplings accompanying atom—atom
reactions can be represented as proper sequences of Hund’s
cases of rotating diatomic molecules (Falcinelli et al. 2021b).

The apparatus, operative in the Perugia laboratory,
adopts again the MB technique (Brunetti and Vecchio-
cattivi 1993). It exploits a noble gas beam source and the
emerging atoms, excited by a microwave discharge or by

Fig.3 (Partially adapted Ne'(3P)
from Fig. 6 of (Falcinelli

et al. 2023a)) Upper part: the T
electromagnetic trap controlling
precursor state formation of
atom—atom CHEMI. Intermedi-
ate part: internal ionic states

of entrance and exit channels
coupled by CT (Aquilanti et al.
1997). Lower part: collision
complex, confined in the Hund’s
cases (a) and (c), and quantum
numbers adopted to define
electronic angular momentum
couplings. For major informa-
tion on the transition between
different schemes of angular
momentum couplings see
(Pirani et al. 2006; Falcinelli

et al. 2021b)

collisions with electrons, cross at right angle the beam of
the target gas. A hemispherical electron analyzer, put above
the crossing region, is used to measure the Penning Ioni-
zation Electron Spectra (PIES), that define intensity and
kinetic energy of emitted electrons (Brunetti et al. 2013;
Falcinelli et al. 2018). All other ionic products are detected
by a mass spectrometer, from whose signals total, partial
ionization cross sections and branching ratios, are obtained.
For krypton and xenon targets, measured PIES resolved the
different collision energy dependence of the probability of
reaction channels opened by spin—orbit levels of Ne*(3PJ)
reagent and forming Kr* and Xe™ (*P;) ionic products in
specific J states (Falcinelli et al. 2018). PIES measurements
represent then a “sort” of transition state spectroscopy. This

e Ng('So)

"
~ e -
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configuration interaction
by charge transfer
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finding more clearly emerges when the approach of a Ne”
atom to a water molecule at defined collision energy is con-
sidered. The PIES, measured at a defined collision energy
(see Fig. 4), shows two main peaks related to the formation
of water ion in the ground and in the first excited state that
occurs through different reaction channels whose precursor-
transition states are found to exhibit different energy and
structure (Brunetti et al. 2013; Falcinelli et al. 2016).

All valence electron rearrangements promoted by inter-
molecular forces are accompanied by adiabatic and non adi-
abatic effects: they control, respectively, collision dynamics
and reactivity (Falcinelli et al. 2018, 2020a). The adiaba-
tic effects determine basic features of the real potential in
entrance channels and of the interaction in exit channels,
where the configuration interaction by CT dominates (Fal-
cinelli et al. 2020b). The adiabatic potentials V), o, account
for the conversion of atomic quantum states, represented as
17,©°, with Q defining the absolute projection J along R, into
molecular states of X and I1 symmetry.

Adiabatic potentials have been obtained in internally
consistent way for Ne"-Ar, Ne"-Kr and Ne"-Xe systems.
Their comparison, discussed extensively in recent papers
(Falcinelli et al. 2020a, 2023a), is useful to emphasize the
change in the interaction anisotropy and the different role of
the spin—orbit coupling in the exit channels.

Non adiabatic effects, promoting the reactivity through
the I component, are stimulated by the same electronic
rearrangements. Therefore, real and imaginary parts of the
optical potential must be interdependent. The phenomeno-
logical approach provides two coefficients, linking adiabatic

Ne*(3P,,) + H,0 1

(i
3a, lone pair orbital \ i
~ / oL
p _ O~©
€ )qq q
i 2p1r non bonding orbital /
2 " Y (2
ACA)  aiw,, & XCB)
%4 b Y s
o Sn ¢ 1
g ;! W P2V
L M I 1 i .'l-\—Q/ i :\_‘I“. |
0 1 2 3 4 <

electron energy (eV)

Fig.4 PIES measured at a defined collision energy (40 meV). A
depicture of the different symmetry of the precursor states, open-
ing the reaction channels leading to the formation of water ion in the
ground and in the first excited electronic state, is given in the upper
part

and non adiabatic effects (Falcinelli et al. 2020a, b, 2023a).
Such coefficients, labeled as C, and Cy, quantify, respec-
tively, the X character degree in each entrance and each exit
channel at each separation distance. They represent marker-
tracings of the electronic evolution with its dependence on
the separation distance and are the equivalent of indicators
in acid-base reactions useful to indicate their pH character.
For instance, the C, behavior, associated to selected entrance
channels, suggests that at sufficiently large separation dis-
tances, where C, assumes the asymptotic 1/3 and 2/3 values,
the reagents are so separated that intermolecular forces van-
ish and no reaction occurs. A first critical region is where
C, starts to vary, the electronic rearrangements stimulate the
reactions of two atoms perturbed by weak long-range forces.
Other two critical regions are where C, strongly varies and
where it assumes 1 or 0, as constant value. Here chemical
forces emerge and become dominant. The precursor state
passes from a diatomic to a molecular structure, determining
a different reaction mechanism.

Accordingly, we identified (Falcinelli et al. 2018, 2020a):

e A direct mechanism, driven by chemical interactions,
whose Ay_y and Ap_p nonadiabatic coupling terms
depend on the molecular character assumed by initial
and final states.

¢ An indirect mechanism, whose Ay_; and Ap;_s non adia-
batic coupling terms, basically promoted by polarization,
spin—orbit interactions and Coriolis contributions, exhibit
a less pronounced radial dependence respect to Ay, s and
Ap_p- The indirect mechanism dominates at large separa-
tion distances, where weak interaction components can
stimulate a photo-ionization process.

Therefore, state to state imaginary I" components are
defined as weighted sum of A,_,. coupling terms, whose
relative weights depend on C, and C| coefficients (Falcinelli
et al. 2020b).

Internally consistent optical potential formulations have
been proposed for Ne*-Ar, Ne"-Kr and Ne"-Xe, allowing
a critical comparison between predicted and measured
scattering properties. For such reagents, calculated colli-
sion energy dependent state-to-state total ionization cross
sections emphasize their anisotropy and their dependence
on real and imaginary components, operative along each
selected channel (Falcinelli et al. 2020a, b). The statistical
average over all channels provides cross section results in
good agreement with experimental data (Gregor and Siska
1981), measured without state selection. The same analy-
sis gives also state-to-state Associative/Penning ratios, that
is the formation probability of an associated ion (as for
instance NeAr™) respect to an atomic ion (as Ar"). Each
ratio depends on the position of the potential well in exit
channel, trapping the formed associated ion, respect to the
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Fig.5 (Partially adap;ed from Fig. 13 of (Falcinelli et al. 2023a)) The
precursor state of Ne”+ N, CHEMI formed by collisions in the col-
linear configuration

region of entrance channel where the reaction effectively
occurs. Predicted ratios are consistent with state averaged
results, measured in Perugia laboratories (Aguilar-Navarro
et al. 1985). They also agree with ratios measured in Laus-
anne by Osterwalder group (Gordon et al. 2017, 2018; Zou
et al. 2018), using beams of Ne*(3P2) atoms selected in their
I7,Q” quantum states.

Recently, the study focused on CHEMI involving pro-
totype Ne“-diatomic molecules (M) as reagents (Falcinelli
et al. 2021b, 2023c). Their description complicates since
real and imaginary parts depend also on the M orientation
and the associated ion, NeM™, can pre-dissociate if the M™*
moiety forms vibration-rotationally excited.

The permanent electric quadrupole moment of N, deter-
mines structures of the precursor state rather different
respect to that controlling atom—atom reactions (see Fig. 5).

The phenomenological approach provided real and imag-
inary parts of the optical potential for Ne“+ N, CHEMI,
including their dependence on the molecular orientation and
on the atomic sublevel involved. Consistently, the interaction
in the exit channels has been obtained and the role of direct
and indirect mechanisms has been quantified (Falcinelli et al.
2021c, 2023a, b). The proposed treatment reproduces:

e total (elastic +inelastic) integral cross sections, measured
as a function of the collision velocity in the Eindhoven
laboratory with the resolution of a maximum due quan-
tum interference effect in the elastic scattering controlled
by the long-range interaction (Kerstel et al. 1988);

e total ionization cross sections, measured in Perugia and
in Eindhoven laboratories and controlled by the optical
potential at intermediate and short separation distances
(Aguilar et al. 1990; Van den Berg et al. 1987);

e the larger reactivity, at high collision energy, of P,
respect to °P,, because the faster increase of the C,
marker-tracing associated to the precursor state formed
by the 3P0 reagent (Van den Berg et al. 1987).

@ Springer

6 Perspectives and conclusions

The first next target is the extension of the phenomeno-
logical approach to the study of more complex processes,
starting from CHEMI involving hetero-nuclear diatomic
molecule and their comparison with CHEMI of homo-
nuclear cases (Zou and Osterwalder 2020). Chemistry
and physics of CO is of great interest for its peculiar role
since this molecule participates to elementary processes
occurring in several environments, as plasmas, flames and
planetary atmospheres. For Ne”* + CO the construction of
the optical potential, both in the real and imaginary com-
ponents with their dependence on the atomic sublevel and
on the molecular orientation, is in progress. Sequence and
shape of CO HOMO orbital suggest that, differently from
N,, the precursor state at 0° and 180° exhibits pronounced
anisotropy that should be reflected in the optical potential.

The second target concerns the full “topology” of the
reaction stereo-dynamics, controlled by molecular orien-
tation, centrifugal barrier, and capture effects by long-
range attractions. This target is of basic interest not only
for CHEMI but also for myriads of other elementary pro-
cesses (Perreault et al. 2017; Willitsch 2017; Tsikritea
et al. 2022). In particular, the rationalization of non-Arrhe-
nius behavior (De Fazio et al. 2019, 2020; Kurnosov et al.
2017) is of crucial relevance for processes occurring at
low temperature.

Concerning the use of the phenomenological approach
in applications, such as specifically to estimate the col-
lision integrals encountered in calculations of transport
properties, the most attractive envisaged extension is the
systematic treatment of excited state interactions to allow
the full passage to a state-to-state scheme.

Finally, from the general point of view of investiga-
tions of elementary physicochemical processes induced by
intermolecular forces of weak and intermediate strength,
the controlled growth of clusters involving aromatic spe-
cies is of fundamental interest for synthesis and use of
nanostructures (James et al. 2022). Also, clusters of mol-
ecules around inorganic ions represent good candidates for
storage and recovery of gaseous species such as hydrogen
(Garcia-Arroyo et al. 2023).
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