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The present perspective review focuses on the role of the precursor state, controlling the dynamical
evolution of elementary processes, whose structure and stability are often difficult to characterize on
quantitative grounds. In particular, such a state depends on the critical balance of weak intermolecular
forces operative at long and intermediate separation distances. In this paper, a complementary problem
has been properly addressed, concerning the suitable formulation of the intermolecular forces involved,
defined in terms of a limited number of parameters and applicable in the whole space of the relative
configurations of interacting partners. Important help to the solution of such a problem has been
provided by the phenomenological method which adopts semi-empirical and empirical formulas to
represent the basic features of the leading interaction components. Such formulas are defined in terms
of a few parameters directly or indirectly related to the fundamental physical properties of the
interacting partners. In this way, the basic features of the precursor state controlling its stability and its
dynamical evolution have been defined in an internally consistent way for several elementary processes,
having apparently different natures. Particular attention has been paid to the chemi-ionization reactions:

Received 16th January 2023, they are treated as prototype oxidation processes for which all electronic rearrangements affecting

Accepted 18th May 2023 stability and evolution of the precursor state, coincident with the reaction transition state, have been
DOI: 10.1039/d3cp00239j characterized in great detail. The obtained information appears to be in the perspective of general
interest for many other elementary processes, difficult to investigate in the same detail since many other

rsc.li/pccp effects mask their basic features.

1. Introduction

Characterization and modeling of intermolecular interactions
is a hot topic of current research (see, for instance, ref. 1-5).
In particular, the proper assessment of the critical balance of
attractive and repulsive interaction components is required to
control all static properties of matter and to define the funda-
mental role of weakly bound precursor states in the dynamical
evolution of elementary processes. Note that from a chemical
point of view, such precursor states define the structure and
energy of pre-reactive adducts. For chemical reactions with low
barriers or barrier-less reactions, such as those considered in
the second part of this perspective-review, the precursor state
plays a direct-crucial role being coincident with the reaction
transition state (TS). In many other cases, it indirectly controls
the TS formation in specific configurations.
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Strongly anisotropic long-range intermolecular forces can
selectively induce in a “natural” way a molecular orientation
degree, even during single collision events occurring at low
kinetic energy. Under such conditions, the capture of reagents
and formation of the precursor state in specific structures favor
in some cases and hinder in others, the dynamical evolution
towards the final states of reactive processes.’ In particular,
trapping and evolution of the precursor state dominate, espe-
cially at low temperatures:” ** they directly affect the reactivity,
determining Arrhenius and anti-Arrhenius behaviors in the
temperature dependence of the processes.**®

Therefore, the complete characterization of the precursor
state features represents a fundamental question to be addressed
adequately in chemistry and many other research fields of
interest in biochemistry, biophysics, drug science, and material
engineering.” An essential starting point is the proper charac-
terization of the intermolecular forces driving its formation and
its subsequent evolution. In particular, for any molecular
dynamics simulation, analytical formulations of the inter-
molecular potential energy represent a basic requirement to
describe static and dynamical properties of systems interacting
under various conditions of applied interest.
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The perturbation theory suggests the partition of the inter-
molecular potential energy and identification of the leading
components at intermediate and large separation distances.™*
In particular, exchange repulsion, dispersion and induction
attractions, charge transfer and electrostatic contributions
are identified as the leading components, whose combination
determines all crucial features of precursor states. In the analysis
of the experimental findings (see below), we have found that it is
appropriate to substitute the combination of exchange repulsion
with dispersion attraction, with a unique component, called van
der Waals (vdW). In this way, the roles of the charge transfer, a
basic contribution of chemical nature, of induction, including
polarization of external electronic clouds, and of the electrostatic
contributions, which play an important role when anisotropic
partners are interacting, have been better emphasized.

We pursued characterization and modeling of the leading
interaction components, operative in several prototypical
weakly bound systems, by performing scattering experiments
and analyzing empirical findings that detail the interactions
driving the collision events.'® The analysis of the experimental
observables represented the starting point of the so-called
phenomenological method, which adopts semi-empirical and
empirical formulas to represent the leading components of the
intermolecular interaction in analytical form. Accordingly,
potential energy surfaces (PES) and related force fields (FFs)
have been formulated in the whole space of the relative con-
figurations of the interacting partners. In some specific cases,
the predictions of the phenomenological method have been
tested and combined with the results of state-of-the-art ab initio
calculations, often permitting improvements and further general-
izations of the method itself (see, for instance, ref. 16 and 17).

More in detail, high-resolution projectile-target elastic and
inelastic scattering experiments have been performed, in the
Perugia laboratory, with two apparatus exploiting the molecular
beam (MB) technique, applied under high resolution condi-
tions both in angle and in velocity.'>'® Integral cross-sections
have been measured as a function of the collision velocity, and
differential cross-sections have been measured as a function of
the scattering angle. In both cases, the modulations of the
observables due to quantum interference effects have often
been resolved. They arise from the wave behavior of involved
partners which undergoes, during each -collision event,
a perturbation by the intermolecular interaction, resulting in
interference phenomena analogous to those of the light that
passes through obstacles. Such quantum effects provide unique
information on the range, strength and anisotropy of the
interaction potential, especially in the case of intermolecular
forces forming weakly bound adducts for collision.™

The analysis of the experimental findings obtained for
several prototype systems suggested an improved Lennard Jones
(IL]) function, which is valid for the representation, under various
conditions, of weak interactions determined by the balance of
some leading components.’>® The basic parameters of the
potential function are as follows: the equilibrium distance (or
bond length), the well depth (or bond energy) and an additional
quantity, related to the partner’s softness (see the Appendix).
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This new potential formulation removes most of the inadequa-
cies of the venerable L] model, reducing the strength of its
excessive short-range repulsion and fully correcting the too
strong long-range attraction. The IL] formulation has also been
extended to systems involving ions and to account for the
molecular orientation effect. The appropriate representation
of the balance of exchange repulsion, dispersion and induction
attractions, provided by the ILJ function, is basic to isolate the
role of charge transfer and of electrostatic effects.

For many weakly bound systems, investigated at a high level
of detail and in an internally consistent way, important semi-
empirical and empirical relationships have also been found,
representing the dependence of global strength of attraction
and repulsion (of formed intermolecular bond length and
energy) on fundamental physical properties of interacting
partners (see ref. 15, 19 and references therein). Such relation-
ships, called correlation formulas (see the Appendix), favored
the discovery of general laws that adopt as scaling factors of
strength and range of the various components such as: electro-
nic polarizability, electric charge, permanent electric multipole,
electron affinity and ionization potential of atoms/molecules
involved. These scaling laws help to represent appropriately
the leading components of the interaction, and particularly the
balance that controls all intermolecular bond features in
the whole space of the configurations accessible to a weakly
interacting complex, and to predict their behavior in unknown
systems.

Therefore, the analysis of the experimental data, combined
with the ILJ formulation and the adoption of scaling laws,
represented the foundations of the above-mentioned pheno-
menological method. Such a method is essential to predict the
behavior of unknown systems with increasing complexity,
suggesting new experiments and the type of new theoretical
calculations that can be used as tests and improvement of the
phenomenological method.

This perspective-review presents an analysis of the funda-
mental features of the precursor state affecting the stereo-
dynamical evolution of some basic elementary processes of
interest in several research fields, that have been the objective
of studies carried out in various laboratories. The first part
(Section 2) focuses on phenomena whose precursor state is
controlled by intermolecular forces that are mostly non covalent.
The selective role of interaction components having a chemical
origin, as the electron/charge transfer (CT), is discussed in the
second part (Section 3), while the role of the precursor state,
determined by the critical balance of intermolecular forces having
both chemical and physical nature, is analyzed in the third part
(Section 4). Particular attention will be paid to recent advances in
understanding the stereo-dynamics of chemi-ionization reactions
(CHEMI), that, being barrier-less processes stimulated by pro-
nounced electronic rearrangements, exhibit a precursor state
coincident with the TS.*® Such reactions are treated as prototype
oxidation processes following a new general theoretical approach
recently proposed by our research group and involve atoms
and molecules reacting with highly excited species formed in
collisions with electrons and/or cosmic rays.”® Therefore, CHEMI
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participate in the balance of elementary processes occurring
under ultra-cold,**® thermal and hyper-thermal temperature
conditions® in several environments of interest for fundamental
and applied research. The highlights on the role of the precursor
state, emphasized by our study of CHEMI, must be considered of
general interest for many other elementary chemical reactions for
which the assessment of the role of this state is partially or fully
obscured. We are also working to obtain for some prototype
CHEM], for which a complete study is favored, the topology of
their stereo-dynamics, that is the detailed dependence of the
reactivity on all quantities controlling their microscopic evolution.
From this study, still in progress, we hope to obtain in perspective
further general information for many other processes that are
difficult to assess directly.

2. Some reference elementary
processes

All the phenomena presented in this section are essentially
controlled by weak interaction components, basically of non-
covalent nature, that dominate at intermediate and large inter-
molecular distances.

2.1. Transport in planetary atmospheres and plasmas

The phenomenological method has been exploited to evaluate
transport phenomena in planetary atmospheres and plasmas,
which are determined by the contributions of several interact-
ing systems, including also those formed by highly unstable
neutral and ionic species and controlling two-body collisions
under a variety of conditions. For instance, the Mars atmo-
sphere is mainly composed of CO, (95.3%), N, (2.7%), Ar (1.6%)
and a small fraction of O, (0.4%) at a total pressure of about
7 mbar. An impact of a shuttle on such an atmosphere generates
plasmas in the proximity of its walls where several chemical-
physical processes are promoted. They involve molecular dissocia-
tions, chemical reactions leading to the formation of other atomic
and molecular species and free radicals, ionization phenomena
with the production of single and multiple charged positive ions
and also negative ions. Therefore, for the determination of the
collision integrals, which are key quantities necessary to evaluate
transport coefficients in the plasma, namely determining diffu-
sion, thermal and charge conductivities and viscosity, it is neces-
sary to know the interaction driving the collision events of many
interacting pairs, that can involve both stable and highly unstable
species. This hard problem has been solved with the adoption of
the phenomenological method. A similar analysis has been
performed also for the Jupiter atmosphere. All details are given
in ref. 21-24 and references therein.

2.2. Supersonic expansions and molecular alignment of gas
phase reactants

Weakly bound adducts, formed by anisotropic vdW interactions
in collisions of faster He and Ne atoms with heavier molecules,
control the stereo-dynamics of elastic and inelastic phenomena
that promote molecular focusing and acceleration, molecular
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relaxation and molecular alignment during the supersonic
expansion leading to the formation of seeded and continuous
molecular beams. A basic role is played by the precursor state
formed in the second part of the expansion, where two-body
collision events (see Fig. 1 for the case of lighter noble gas-heavier
diatomic molecules) dominate. Such collisions occur at different
orbital angular momentum values, that in a classical picture relate
to different impact parameters, and involve the molecule in a
specific initial rotational state. In the formed seeded beams,
molecules are accelerated and rotation relaxed. Moreover, dia-
tomic molecules show the propensity to fly in the “edge on”
configuration, that is having “zero” as helicity state at the end of
the expansion (Fig. 1), they fly preferentially rotating slowly in a
plane parallel to the beam propagation direction.

We investigated in detail the behavior of O, and N, in
continuous beams seeded with He and Ne**’ and found that
such molecules effectively align in the “edge on” configuration
with an average alignment degree comparable to that observed
for other molecules, probed in seeded beams with different
experimental techniques.”®* However, our experiments, per-
formed with an accurate mechanical velocity selection of the
molecules in the formed seeded beams, emphasized a novel
aspect of the phenomenon concerning the pronounced depen-
dence of the alignment degree on the final molecular speed
within the same seeded beam velocity distribution. In particu-
lar, molecules flying in the fast tail of the narrow distribution
are strongly aligned, while those in the slow tail are exhibiting
random orientations (see the upper part in Fig. 1). This
represents an important finding, reflecting basic features of
the weakly interacting atom-molecule precursor state, as, in
particular, its selective dependence on the initial rotational
state of the involved molecule and above all on the orbital
angular momentum values mainly probed during the two-body
collisions.**** Such features directly control molecular accel-
eration and relaxation, promoted by elastic and inelastic colli-
sions, leading to the final speed.

Within a collaboration between Perugia and Trento groups,
it has been also demonstrated, by exploiting simultaneously
spectroscopic and scattering probes, that benzene in seeded
beams shows the molecular propensity to fly like frisbees.**>®

A “simple” mechanical velocity section of the formed con-
tinuous seeded beams has been exploited to sample molecules
at a different rotational alignment degree and then to investi-
gate, within a Perugia-Genoa collaboration, the dependence of
the stereo-dynamics of elementary processes, both in the gas
phase and at the surface, on the molecular alignment.>”™*°
Complementary studies, focused on the stereo-dynamics of
elastic and inelastic phenomena, controlled by precursor states
formed at the gas-surface interphase, are summarized in
Section 2.3. They indicate that the anisotropy of molecule-surface
long-range forces tends to emphasize some selectivity of molecular
collisions.

2.3. Physisorption states

Weak long-range interactions determine the precursor states that
control the microscopic evolution of elementary physical-chemical

This journal is © the Owner Societies 2023
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Fig. 1 Upper part: A schematic representation of the supersonic expansion leading to the formation of a collimated and continuous seeded supersonic
beam. Velocity distribution obtained for a beam of O, seeded in He and alignment degree, defined as the ratio between molecules flying rotating parallel
to the velocity vector, in the "edge on” state, and those rotating perpendicular to it, in the “broadside” state, characterized as a function of the final
molecular speed.?> Lower part: A cartoon emphasizing the role of He—O, collisions, occurring at different orbital angular moment values (or impact
parameters b) determining molecular focusing (high b) molecular bending (intermediate b) and molecular acceleration and relaxation (low b) with the
formation of molecules in low lying rotational states and flying in the “edge on" configuration.

processes occurring at the gas-surface interphase.*’™** Potential
energy surfaces, given in analytical form, have been used to
investigate, by semi-classical molecular dynamics calculations,
the scattering, under a variety of conditions of applied interest,
of gaseous diatomic molecules, such as H,, O,, N, and CO in
well-defined initial vibration-rotation (v;, j;) states, from graphite
surfaces.”*™ The role of the precursor state, whose formation is
controlled by the physisorption potential well arising from the
long-range dispersion forces, has been properly emphasized.
The collision dynamics, dominated by the coupling between
translational and rotational internal degrees of freedom of
molecule, indicates that, at low-medium collision energies, it
can be also affected by the energy exchange with the surface
phonons. The final states (vg jr) of molecules, back-scattered
elastically and inelastically, have been characterized and care-
fully analyzed. The most important results on the collision
stereo-dynamics suggest that after the interaction with the
graphite surface, molecules are back-scattered mainly in a
direction very close to the specular one. Moreover, while v; is
usually preserved, the final jr states, characterized for O,, N, and
CO, exhibit non-Boltzmann distributions with the main peak
nearby jr =j; and a secondary maximum at very high j. These and
other features of rotational distributions suggest a close correla-
tion between the initial rotational configuration of impinging
molecules and the final state achieved after the scattering.
These findings, complementary to those from molecular beam

This journal is © the Owner Societies 2023

experiments (see Section 2.2), cast light on the relevant selectivity
of elastic and inelastic collision events that control the stereo-
dynamics of several elementary processes occurring both in
gaseous and condensed phases for low energy (as those met in
the interstellar medium) as well as for high energy (as those of
interest for aerospace applications). The investigation of further
molecule-surface systems, involving other surfaces, such as
silica,*®*® kept at different temperatures, represents an important
perspective to understand better the selectivity of phenomena,
occurring at the gas-surface interphase and is of great relevance
for plasmas.

2.4. Clusters

In the last years, an important application of the phenomeno-
logical method focused on the formulation of the FF in systems
involving benzene, benzene derivatives, and larger poly-
aromatic hydrocarbons, like coronene (COR). The latter are
important components of the interstellar medium and repre-
sent intermediates in the soot formation. An investigation of
the structure and energy of systems at increasing complexity
has been performed within a Madrid, Coimbra, Lisbon, Barce-
lona and Perugia collaboration.>** Such research provided a
semi-empirical formulation of the multidimensional two-body
PES, tested and improved by the comparison with results of
ab initio calculations. For the smaller clusters, tests of the
predicted interaction and geometry optimizations have been

Phys. Chem. Chem. Phys., 2023, 25, 16176-16200 | 16179
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Fig. 2 Putative global minimum structures of (COR), (upper panel) and of K*(COR),, clusters (lower panel) with n = 1-15. They have been obtained by

exploiting a detailed global optimization study with an evolutionary algorithm (see the text

performed by using the density functional theory at the PBE-
D3(BJ) level (see Table 2 and Fig. 5 of ref. 51), that has been
previously found to be accurate for the description of the
interaction in benzene clusters. The obtained PES have been
used in an evolutionary algorithm, suitable to discover the
leading properties of molecular clusters in their low-lying
structures. In the case of small (COR), clusters, columnar
structures are found to be the most stable up to n = 5, while
for n > 6, various types of multi-stack and hand-shake

16180 | Phys. Chem. Chem. Phys., 2023, 25, 16176-16200

) 51,53

arrangements are characterized as putative global minima
(see the upper panel in Fig. 2).>* The observed arrangements
are relevant pieces of nanostructures and represent the precursor
state of the following nucleation leading to the formation of
carbonaceous particles. It has been also demonstrated that the
nanostructures substantially change if the coronene clusterization
occurs in the presence of an alkaline ion (see the lower panel
in Fig. 2) and, as a consequence, the following nucleation is
affected.> This suggestion is supported by the behavior of flames,

This journal is © the Owner Societies 2023
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where the addition of alkali metal salts promotes the formation of
carbonaceous particles having different sizes (see ref. 53 and
references therein). Related to this topic, an interesting perspec-
tive is the study of the selectivity of multilayer membranes, such
as those formed by graphynes, for separation and storage of
gaseous molecules.> >’

3. The role of the charge transfer

Another important topic of modern research focuses on the
features of the precursor state of elementary processes, deter-
mined by the critical balance of weak intermolecular forces of
physical and chemical nature, that controls their collision
stereo-dynamics. The chemical reactivity is often triggered
by electron-charge transfer phenomena (CT) emerging in the
precursor state, whose strength and selectivity are not trivial to
characterize. Five years ago, we presented a perspective article
in this journal, where the role of the CT in several phenomena
was properly emphasized.>® In the present perspective review,
some basic aspects must be again summarized, especially
stressing those of relevance for the investigations presented
in the next section.

The study of many gas phase elementary processes, in the
absence of the solvent and under single collision events,
directly highlighted the role of the CT (see ref. 58-73 and
references therein). It allowed the assessment of the pheno-
mena controlled by the resonant CT, such as harpooning
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processes between a low ionization potential alkaline metal
and a high electron affinity halogen atom/halogenated mole-
cule, or the Coulomb explosion of some molecular dications,
formed by the absorption of synchrotron light.>®*”* Phenomena
affected by the CT in perturbation limit, such as meta-stability
of other molecular dications’® and structure and stability of
noble gas halides,®”"”> have been also identified. The noble
gas halides provide CT excimers which are the basis of powerful
UV laser development.®®%°

A crucial open question still to be properly addressed is the
planning of experiments probing in detail the CT component in
the perturbation limit, since it is often elusive to advanced
theoretical methods, being indirectly enclosed in other
interaction contributions, such as induction, dispersion and
electrostatic effects. In the past, we investigated in detail the
interaction of high electron affinity open shell fluorine, chlorine
and oxygen atoms with closed shell partners, where the CT just
operates in the perturbation limit."®

The used apparatus, schematized in Fig. 3, is basically the
same as adopted for integral cross section measurements as
a function of the collision velocity.'> A microwave discharge
source has been used to generate the atomic beam, detected by
a mass spectrometer kept in line with the beam direction.
A Stern-Gerlach magnetic selector in Rabi configuration has
been also inserted along the beam path, providing informa-
tion on the electronic state of generated atoms and their
distribution on the accessible spin-orbit levels identified by
the electronic quantum number J. It also permitted the atomic

inhomogeneous
magnet state
analyzer

collimating
slit

mass
spectrometer
detector

Ng
S0

Fig. 3 A schematic view of the apparatus for integral cross section measurements. The measure of the beam intensity, with and without the target gas in
the scattering box, permits obtaining the integral cross section Q value at the selected beam velocity v. Note that the use of several collimating slits is
necessary to achieve the appropriate angular resolution to directly measure the “true” quantum cross section in the laboratory frame, without using any

correction factor.

This journal is © the Owner Societies 2023

Phys. Chem. Chem. Phys., 2023, 25, 16176-16200 | 16181


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp00239j

Open Access Article. Published on 19 May 2023. Downloaded on 1/9/2026 12:13:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

magnetic sublevels populations to be varied in a controlled way.
Cross section experiments, performed by inserting a gas target
into the scattering chamber, resolved the different stabilities of
collision complexes with X and I1 symmetries, which, in the
case of chlorine and fluorine projectile atoms, correspond,
respectively, to their half-filled orbital aligned parallel and
perpendicular to the separation distance with an interacting
partner (see the lower part in Fig. 3).*>"8

In the case of Cl-Kr, cross sections have been measured at
different selector field strengths, controlling different magnetic
sublevel populations of projectile atoms.”* Under such condi-
tions, a modulation of the ‘“glory” quantum interference,
determining an oscillatory pattern over-imposed to the smooth
component of the cross section, has been resolved (see left
panels in Fig. 4).

The analysis of the experimental findings provided both Vy
and Vpy interactions of the collision complex (see right panels in
Fig. 4). Moreover, the application of the phenomenological
method indicates that Vp is a pure vdW interaction, while Vy
is stabilized by an additional interaction component, emerging
at intermediate separation distances. The same method sug-
gests that in the X configuration, additional bond stabilization
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effects arise from the configuration interaction between the
ground neutral and the excited ionic state of the same symme-
try differing for one electron exchange (see right upper panels
in Fig. 4). Therefore, an important (chemical) CT contribution
in the perturbation limit affects the system. The analysis of this
and of many other prototype systems has been basic to obtain
relationships between bond stabilization by the CT and ioniza-
tion potential of the electron donor and the electron affinity of the
electron acceptor. In this way, the strength of the CT stabilization
effect has been related to the energy gap between the two coupled
states and obtained relations represent additional scaling laws
useful to map the transition from vdW to one electron chemical
bond.”"”? More in detail, while F-He and Cl-He, because of the
high energy gap, are essentially vdW systems, He,", Ne,", and Ar,",
affected by the resonant CT (being the energy gap null), are
binding by one electron chemical bond, for which the prototype
system is H,". In this mapping, many systems with a limited
energy gap, such as KrCl, XeF, (NeAr)" and (ArXe)", occupy an
intermediate position.>”°”? All this information has been funda-
mental to rationalize on quantitative grounds, and in an internally
consistent way, most of the experimental findings of reactions
discussed in the next section.
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Fig. 4 Experimental scattering studies performed on the KrCl system. B represents the intensity of the magnetic field in the state selector. The
configuration interaction by the CT is depicted in the right upper panels. Some features of obtained interaction are given in the right lower panels, where
the spherical Vj, the anisotropic V5 interaction components and the bond stabilization V, by the CT are properly defined. In order to emphasize the role of
the interaction anisotropy, blue and red lines (left panel) represent calculated cross sections with only the Vo component and with the complete

interaction, respectively.”*
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The experimental-theoretical investigation of basic features
of the weak intermolecular hydrogen and halogen bond pro-
vided further and innovative details of the role of the CT.
In particular, the phenomenological method suggested how
to carry out, in an internally consistent way, a sequence of high-
resolution scattering experiments, performed under the same
conditions, involving both the systems of interest and reference
cases binding by pure vdW forces. The target has been to probe
both the absolute scale of the interaction and its change along
homologous series of systems.”>’® In this way, we resolved
changes in the quantum interference effects, accompanying the
scattering observables, associated with the role of the CT in
hydrogen bonds and of the CT, polar flattening and ¢ hole on
halogen bonds. The predictions of the phenomenological
method have been tested, and in some cases improved, by
comparing basic experimental findings with results of ab initio
calculations (see ref. 75,76 and references therein). Moreover,
the integrated experimental-theoretical approach addressed
ab initio calculations towards the evaluation of important
details of the electron/charge displacement within the interact-
ing adducts promoted by the intermolecular interactions. This
approach permitted evaluation of the proportionality constant
between the amount of transferred charge and the strength of
the CT component, selectively affecting specific configurations
of the interacting systems. For major details see ref. 19,75 and
references therein. Note that weak intermolecular hydrogen
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and halogen bonds determine the precursor state of nano-
structures of interest in several areas of materials engineering,
biochemistry and chemistry.””””°

4. Chemiionization reactions

An important class of reactions, driven by the balance of
physical and chemical intermolecular forces leading to precur-
sor states, close or coincident with the reaction TS, are chemi-
ionizations (CHEMI), also known as collisional autoionization
or Penning ionization phenomena (see ref. 9-12, 80-107 and
references therein). They were discovered about hundred years
ago by Penning,'® a manager of Philips agency, and such
reactions contribute to the balance of phenomena that occur in
the interstellar medium, plasmas and planetary atmospheres.'%
Such reactions usually involve a neutral species (X*) highly excited
in a metastable state and another atomic/molecular partner M as
reagents.”*** The precursor state, schematized in the upper part
of the Fig. 5 as (X---M)*, can be imaged as formed by a Rydberg
electron whose floppy cloud is wrapping an ionic core, described
as mixing of two limit electronic configurations completely dif-
ferent in energy and coupled by the CT. The reaction is triggered
by the full relaxation of the system in the lowest state through a
vertical transition, and the energy release is sufficient to eject an
external electron with a defined kinetic energy and to form other

_viae  CT

X+M-> XM [X Mo XM —— (X -« M)*+e~ - final ions

~
~

~—+ -

Fig. 5 Upper part: The schematization of chemi-ionization reaction. Lower part: A Ne* (*P) atom, whose excited electron is confined in the 3s atomic
orbital and its ionic core is isoelectronic of a high electron affinity fluorine atom, that approaches to another noble gas partner. The cartoon provides
some insight into the direct and indirect mechanisms that are controlled by pure chemical and chemical-physical forces, respectively. Red and black
arrows indicate the different electronic rearrangements accompanying the two mechanisms, while the green arrows represent possible contributions
from Coriolis and orbital angular momentum couplings (see text and next sections).
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ionic products, such as the associated ion XM", the parent ion M", If the excited species is a metastable helium or neon atom,
usually called the Penning ion, and its fragmentation species.”***  the reaction occurs with all molecules available in nature and

Ne'(*P) e Ng(*S,)

?
o %
Ne*(?P) & *NG(ISO)

configuration interaction
by charge transfer

Ng*(*P)

e(=1/2) ei=1/2)

Fig. 6 Upper part: The electromagnetic trap, formed by collisions of reagents, representing the precursor state of atom—atom CHEMI. Intermediate
part: The internal ionic states coupled by configuration interaction by CT. Lower part: Collisions complex, confined in Hund's cases (a) and (c), according
to the quantum numbers adopted to define the electronic angular momentum couplings. The interatomic distance interval where the system changes
angular momentum coupling schemes, with the transition from [J,Q) to |A,Q) representations, is a region of “confusion” for the angular momentum
coupling where non-adiabatic effects are effective!>’40 (see also below).
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also with Ar, Kr and Xe. In the latter case, prototype atom-atom
CHEMI are promoted, to which we address initially our atten-
tion since they have been the target of several experimental and
theoretical investigations.!!-!*82784,87,88,91-95,97,105,109-113 phejr
full characterization represents the appropriate starting points
to investigate reactions involving molecules. In particular, it is
interesting to emphasize that such metastable atoms exhibit a
change in their nature within the interacting adduct: at a long
separation distance from the partner to be ionized, they behave
like low ionization potential alkali metals, while at short
distances, that is when they disclose their ionic core, behave
like high electron affinity species (see below for important
implications).

Therefore, the proper assessment of the basic electronic
rearrangements, determining structure, stability and reactivity
of the precursor state of CHEMI, is a target of general interest
for the control of the stereo-dynamics of these and many other
elementary processes, including those where such rearrange-
ments are difficult to characterize since they are by other
effects.

4.1. Atom-atom CHEMI

The lower part of Fig. 5 shows the approach of the Ne*(*P)
reagent to another Ng atom. If the precursor state, formed at
low collision energies, is a diatom weakly interacting at a long

B B %

metastable atom electron target atom
beam source 3 energy  pheam source
~ analyzer ~
\
e |electric field
beam () @ beam
monitor monitor
<« ¥
ion mass
analyzer Kr(2Py)
Kr*(Py2)
Ne'(3P,)
Ne'(*P2) )| 3| Ne'(3Py)

18 20 22 24 26 28 30
electron energy (eV)
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separation distance, the perturbed metastable atom can break
the validity of the optical selection rules. The reaction can be
promoted by a virtual photon exchange between reagents,
assuming the character of a photo-ionization process (see ref.
82,83,88, and references therein). On the contrary, if the pre-
cursor state, formed at high collision energies and short
separation distances, is a true molecule, the increased overlap
between the valence orbitals promotes a direct electron transfer
process. In particular, it is stimulated by the CT and classified
as an elementary exothermic oxidation reaction.''®**?

As nuclear processes, also CHEMI, are driven by an optical
potential W defined in eqn (1) as a combination of a real (V)
and an imaginary (I') part.”>®" The real part controls the
dynamical approach of reagents, while the imaginary part, also
known as resonance width, triggers the passage from neutral
reagents to ionic products through an electronic rearrangement
and defines the opacity of the system.

W= Vﬁér (1)

The strength of both the real and imaginary components
varies with the centre-of-mass separation and relative orienta-
tion of interacting partners.

Typical CHEMI are barrier-less reactions of interest in
fundamental research, addressed to assess the coherent control

E_=0.460 eV

co

E_=0.240eV

coll

E_=0.190 eV

col

r ¥ T

E_=0.140eV

coll

16 18 20 22 24 26 28 3.0 32
electron energy (eV)

Fig. 7 A schematic view of the experimental apparatus used in the Perugia laboratory to measure the collision energy (E..;) dependence of partial, total
ionization cross sections and PIES. Plotted PIES refer to Ne*(*P,) + Kr entrance channels leading to the formation of Ne + Kr*(2P,) ionic products.
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of reactivity events at low temperature and to explore the
quantum nature of matter.**°® They are also the target of
applied research, including astrochemistry and cold chemistry,
combustion, flames, plasmas, lasers, electric discharges and
soft ionization processes.'®® However, a unifying and internally
consistent rationalization of these processes is still in progress.

Our contribution to this topic started with the realization of
scattering experiments. The phenomenological method has
been also used to define all basic chemical-physical features
of the precursor-transition state controlling the reaction
dynamics. The predictions of the treatment have been tested
on the experimental observables obtained in our laboratory and
in other laboratories.'*"''07"13

The phenomenological method suggests that the precursor
state, formed by collisions of reagents, represents a sort of
electromagnetic trap, where the quantum confinement of the
system affects all valence electrons rearrangements driving the
reaction.”™® Electronic rearrangements are stimulated by the
fundamental components of the intermolecular forces opera-
tive in the trap, as those promoting electronic polarization,
charge transfer, spin-orbit effects, including their perturba-
tions on the involved open-shell species, and coupling/decou-
pling of angular momentum arising from electronic and other
contributions. The upper part in Fig. 6 emphasizes, in the case
of Ne*(*P) approaching another Ng, the role of the electronic
polarization in the formation of the reaction precursor state.
The intermediate panel indicates that the internal ionic state
formed by reagents in the entrance channel and the state of
ionic products in the exit channel couple through a configu-
ration interaction by the CT of the same type operative in noble
gas halide systems (see Section 3). Moreover, to rationalize the
role of electronic angular momentum couplings, the collision

interaction energy (meV)

|0.0> 160

View Article Online
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complex must be identified as a system rotating at variable
separation distance. In particular, the case of atom-atom
reactions can be confined in proper sequences of Hund’s cases
of rotating diatomic molecules (see lower panel in Fig. 6).'*>*1¢

The apparatus used in our laboratory®"%%100:103,104,111-113
consists of (see Fig. 7) a noble gas beam source, from which
the emerging atoms are excited by collisions with electrons or
the passage through a microwave discharge, and they cross the
molecular beam of the target gas at a right angle. A hemisphe-
rical electron analyzer, that is placed above the crossing region,
provides the so-called Penning Ionization Electron Spectra
(PIES), that define the intensity and kinetic energy of emitted
electrons. The type and intensity of all other ionic products are
provided by a mass spectrometer, located below the crossing
region, from whose detections total, partial ionization cross
sections and branching ratios BRs are obtained.

For krypton and xenon targets measured PIES resolved
the different energetic and probability of reaction channels
opened by spin-orbit levels of Ne*(*P)) reagent and forming Kr"
and Xe*(*P)) ionic products."**""* Fig. 7 illustrates the results
for krypton. The dependence on the collision energy of the peak
position, and of the peak area ratios, provided additional
information on the efficiency change of the active channels.
Therefore, the PIES represents a sort of transition state spectroscopy,
and the origin of this important finding has been also suggested
by many other authors investigating other CHEML®*%* 1t has
been also confirmed by the PIES measured in our laboratory for
the ionization of water, ammonia and hydrogen sulfide by their
collisions with Ne* at a defined kinetic energy.'®®"%""%3
In particular, the two main peaks, observed in CHEMI of water,
relate to the formation of water ions in the ground and in the
first excited state that occurs through different reaction channels

0,0>

] .
40 20> Ne*-Xe

2
PR )|

200 |
| 112,172> 600
100 ‘ +

Ne-Ar

of |
| — 200

interaction energy (meV)

-1004 >

200

1600
1200
800

Ne-Xe"
400

13r2,172> 5

1 2 3 4 5 6 7 8 1 2 3
internuclear distance (A)

5 6 7 8 1 2 3 4 5 6 7 8
internuclear distance (A)

Fig. 8 Adiabatic interaction potentials V|; o) operative in the entrance and exit channels of atom-atom CHEMI (for details on their formulation see ref.
20 and 117). Such potentials correlate the atomic states with their spin—orbit levels, operative at a long internuclear distance, with molecular states of X

and IT symmetry formed at short distances.
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Fig. 9 Upper part: (a) Vertical axes give values of the X character in the entrance (C,) and exit (C,) channels as a function of the internuclear distance R.
The I1 character is defined as a complement to 1 of the T one. All states accessible to the system are indicated by |J,Q) quantum numbers. The entrance
channels are identified by the states of the ionic precursor formed by the Ne*(*P;) reagent (see the Upper part in Fig. 6). For both entrance and exit
channels, the |3/2,3/2) states are not included since they exhibit a pure IT character at all R. Lower part: Cartoon representing the main features of £-%,
IT-I1, £-T1, and I1-X couplings promoted by non-adiabatic effects operative during the collisions. As in Fig. 5, the arrows in the precursor states indicate
the movement of the electrons accompanying the electronic rearrangements.

This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 16176-16200 | 16187


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp00239j

Open Access Article. Published on 19 May 2023. Downloaded on 1/9/2026 12:13:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

whose precursor states are exhibiting different energy and
symmetry.

The ample phenomenology achieved in our laboratory on
the anisotropic behavior of high electron affinity open shell
species, such as the halogen atoms,'>®”%7>7* guggests that
entrance and exit channels of CHEMI represent a unique
manifold of quantum states, which are accessible to the system
during the valence electron rearrangements promoted by the
intermolecular forces. Such rearrangements are accompanied
by adiabatic and non-adiabatic effects''®™'"® that control,
respectively, collision dynamics and reactivity. In particular,
adiabatic effects account for the adiabatic conversion of atomic
quantum states, |J,Q2), where Q defines (see also the lower part
of Fig. 6) the absolute projection J along R, into molecular
states of ¥ and Il symmetry. The adiabatic effects determine
the anisotropic behavior both of the real part of the optical
potential in the entrance channels and of the interaction in the
exit channels."" """ Fig. 8 plots the adiabatic potentials V}; o
referred to as entrance and exit channels of Ne*-Ar, Ne*-Kr and
Ne*-Xe systems. They have been obtained in an internally
consistent way and all details of the potential formulation
and parametrization are given in ref. 20 and 117. The reported
plot permits a useful comparison of strength and anisotropy of
the interaction and also emphasizes the different roles of the
spin-orbit coupling, which changes by more than a factor of ten
when passing from Ar" to Xe" as an ionic product.

Non-adiabatic effects, promoting the passage from entrance
to exit channels, are triggered by specific features of the same
electronic rearrangements. Therefore, real and imaginary
parts of the optical potential must be interdependent and not
independent as usually assumed in the past. Along these guide-
lines, we attempted to formulate also the state-to-state I" compo-
nents. Our analysis suggests the existence of two coefficients,
extracted from the interaction potential formulation, that properly
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link adiabatic and non-adiabatic effects. Such coefficients, labeled
as C, and C), quantify, respectively, the X character degree in
each entrance and exit channel at each separation distance. They
represent marker-tracings of the electronic evolution with its
dependence on the separation distance of interacting partners,
suggesting if the precursor state is confined in the structure of two
separate reagents, in that of a weakly interacting complex, in that
of a formed molecule, or in the transition between two limiting
structures. After all, each marker-tracing is the equivalent of the
indicator in acid-base reactions, since the indicator provides
information on the prevalence of acidic or basic character and
on the equivalence point. Therefore, C, and C), map the adiabatic
passage from atomic to molecular states and also define the
regions where non-adiabatic effects of specific nature emerge.

From the C, behavior, reported in the upper part of Fig. 9 for
selected entrance channels of the prototype Ne*+ Kr CHEMI,
it appears that an important region is the asymptotic one,
where C, assumes 1/3 and 2/3 values. In such regions, the
reagents are so distant that intermolecular forces vanish and no
reaction occurs. The first critical region is where C, starts to
vary, stimulating the reactions of two atoms perturbed by weak
long-range forces. The other two critical regions are where C,
strongly varies and where it assumes 1 or 0, as a constant value.
Here, chemical forces emerge. The precursor state passes from
a diatomic to a molecular structure with a defined electronic
symmetry. In the last two regions a different reaction mecha-
nism, essentially driven by anisotropic CT contributions, arises
and becomes dominant. In the same part of the figure is also
reported the behavior of C,, that defines the corresponding
transition of the system in the exit channels.

Accordingly,** %17 e identified two different reaction
mechanisms:

- Direct mechanism that involves a homogeneous electron
exchange with non-adiabatic coupling terms, called Ay s and

—[1/2,1/2) 5555 —[1/2,1/2)
*_ —1312,1/2) | —112,112) Ne*-Xe — 13212
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Fig. 10 Radial dependence of state-to-state I components, defined in terms of |J,Q) quantum numbers of Ne*(P;,) neutral reagent and of Ar*, Kr* and

Xe™ ionic products in their 2P, electronic states.
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An-n and depicted in the lower part of Fig. 9, on the basis of a
well-defined molecular character of initial and final states.
Such mechanism is mostly triggered by the selectivity of the
configuration interaction by the CT, strongly varying with R
since related to the overlap between valence orbital exchanging
electrons.

- Indirect mechanism that, stimulated by a heterogeneous
electron transfer, is controlled by As_1; and Ap_s non-adiabatic
coupling terms (see again the lower part in Fig. 9). It is basi-
cally promoted by polarization, perturbed spin-orbit couplings
and Coriolis contributions, the latter related to centrifugal
effects depending on the orbital angular momentum that
accompanies any collision event. These interaction compo-
nents generate a mixing of atomic/molecular states of differ-
ent symmetry. Having Ay g and Ap_x a less pronounced
radial dependence with respect to As_s and Ap_p, the indirect
mechanism dominates at large separation distances, where
the critical balance of interaction components of chemical
and physical nature tends to break the validity of the optical
selection rules, and the reaction can transform in a photo-
ionization process (see the lower panel in Fig. 5). The
possibility of a virtual photon exchange between reagents
has been suggested several years ago in pioneering works on
CHEMI.82’83’87

According to our formulation,""” the state-to-state imaginary
I' components are defined as a weighted sum of A5_x/ coupling

View Article Online

PCCP

terms whose relative weights depend on C, and C) coefficients.
Explicit relations are as follows:

F 1 1 = A)_-_);Cx(l - Cy) +AZ—HCXCV
0A0H§A§>
+An-z(1-Cy)(1=Cy) +Ap-n(1—Cy)Cy;
Iy =A4rx(1-C)(1-Cy) + 4z u(1-C,)C,
2’°*§’§>
—Q—An,):cx(l - C},«) +AH—HC.\‘C}¢;
3 3
r 11\ = Az,zz(l - C/\)(] - C‘,) +A):,Hz(l - Cx)Cy
2"ﬂ§‘§>
3 1 3 1
+An-s (ZC" +Z> (1-Cy)+An-n (ZC" +Z) Cy;
r 11\ = Anfz(l - Cy) +Ap-nCy;
adt)
r 31\ — AX—ZCny + AZ—HCX(I - Cy)
°’°H§’§>
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Fig. 11 Calculated state-to-state total ionization cross section for Ne*—

results®” (see text).
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r 3\ = As_s(1 = Cy)Cp + Az_p(1 — Cx)(l — Cy) Results obtained for Ne* + Ar, Ne* + Kr and Ne*+ Xe
2A0H§A§> reactions are given in Fig. 10. The plot provides again a useful
comparison from which it appears that the I' components show
+ An-sCyCy + Ap-nCx(1 = C)); an evident state-to-state dependence and those of Ne*-Xe are
3 3 slightly stronger with respect to the corresponding ones of
r I\ = AZ*ZZ(I - Cy)Cy + AZ*HZ(I — Cx)(l — Cy) Ne*-Ar and I?Ie*—Ifr cases. . .
2lo== Real and imaginary components of the optical potential so
22 . .
formulated allowed us to calculate, as a function of the colli-
3 1 3 1 sion energy E, state-to-state ionization cross sections, and BRs,
Apg_s|=Ci+-|Co+Ap_p|=C+- ) (1 = C)); . . . .

A (4 ot 4> v+ An-m (4 ot 4> ( ) defining, respectively, the absolute and relative reaction prob-
ability of selected channels. The comparison with the experi-

r =Ap-sCy+ Ap-n(1 - C,); o di :
)y 31 - ) mental findings represented an important test of the adopted

22 theoretical methodology.
Calculations of scattering properties have been useful to
r » 33\ © As nCx+ An-n(1 = Cy); show the anisotropy of state-to-state ionization cross sections
22 and to emphasize that while the collision energy variation of
each state-revolved result depends on the real part component
r 20 33\ © As-n(1 = Cs) + An-nCi; of the optical potential, operative along the selected channel,
22 its absolute value is controlled by the imaginary component
3 3 . operative along the same channel.”***

Iy 33\ = AZ_HZ(I —~C)+An-n (ZCX +Z>; Calculated state-to-state total ionization cross sections for
2A1H§§> Ne*-Ar reagents are compared in Fig. 11 with data reported by

Gregor and Siska some years ago,”” measured without state

Iy 33\ =A4n-n selection in a wide collision energy range and indicated here as
2,2~§,§> black points. The statistical average over all entrance channels,
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Fig. 12 State-to-state associative/Penning ratios predicted for Ne*—Ar. The comparison involves results (black points) obtained in old experiments®®
referred to state averaged conditions. Data, more recently measured with Ne*(°P,) beams selected in = 2, 1, 0 quantum states,**'°® are also reported
(open circles) for further comparison (see text).
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accessible in Gregor and Siska’s experiments, provides results The same analysis provides also the associative/Penning

in good agreement with measured values. Similar data have ratios, concerning the relative formation probability as products
113,117

been obtained for Ne*-Kr and Ne*-Xe reagents. of an ionic aggregate (as the associated NeAr") with respect to an
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Fig. 13 Upper panel: The real part V; of the optical potential with its dependence on the intermolecular distance, on the orientation angle 0 of N, and on
the [J,Q) quantum state of Ne*(*P,) reagent. Intermediate panel: The anisotropic interaction potential in the exit channels. Lower panel: A basic
configuration of the precursor state of Ne*(*P,) + N, CHEMI in the collinear configuration of reagents (for more details see ref. 119).
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atomic ion (as the Penning Ar'). It is important to note that
each ratio depends on the position of the potential well in the
exit channel, which acts as trapping of the formed associated
ion, with respect to the region of the entrance channel where
the reaction is effectively triggered. Predicted ratios, reported
in Fig. 12, are consistent with results, measured in Perugia
laboratories in an extended collision energy range,®® and
referred to state averaged conditions (black points). They are
also in agreement with ratios measured in Lausanne by the
Osterwalder group (reported as open circles), adopting beams
of Ne*(*P,) atoms state selected in their [J,Q) quantum
states.''% The detailed comparison is useful to emphasize
again the state-to-state dependence of the associative/Penning
ratio and the correctness of predicted values.

4.2. Atom-molecule CHEMI

Recently, our study focused on the stereo-dynamics controlling
CHEMI of molecules M,"*® and of particular interest are those
involving N, and O, since they determine the chemistry in
space and planetary ionospheres, affecting the transmission of
radio and satellite signals."'® Compared to the atom-atom
reactions, their description is complicated since real and
imaginary parts depend also on the molecular orientation.
Moreover, the associated ion NeM" tends to pre-dissociate if
the M* moiety is formed vibration-rotationally excited.'*>**!

The phenomenological method suggests that an important
structure of the precursor state of the Ne*+ N, reaction must be
that reported in Fig. 13 (lower part), which appears rather
different with respect to that promoting Ne*-Ng CHEMI (see
the upper part of Fig. 6).

In particular, the permanent electric quadrupole moment of
N, determines, with respect to an isotropic Ng atom, a different
polarization of the floppy cloud of 3s electrons on Ne* reagent.
Such polarization controls the selectivity of the CT and also
accounts for a strongly anisotropic electrostatic effect between
the bare Ne' ionic core and the molecular quadrupole.

The extension/generalization of the phenomenological
method permitted us to obtain in analytical form both the real
and the imaginary part of the optical potential.'** Note that for
the formation of the ionic product N," in the ground *Z; state,
that is in the absence of spin-orbit contributions, only two non-
adiabatic coupling terms, Apy and Ay, are effective. However,
such terms must enclose a molecular orientation dependence.
On these grounds, we obtained a real component exhibiting a
marked dependence on the molecular orientation and a limited
dependence on the atomic sublevel involved (see Fig. 13), while
the imaginary components behave in an opposite way (see
Fig. 14)."*' Within the same method, we obtained also the
interaction in the exit channel, reported in Fig. 13.

Important tests of the potential formulation reliability have
been performed comparing predictions with available experi-
mental findings, all summarized in Fig. 15:

- The first comparison, reported in the left upper panel of
such figure, regards the total (elastic + inelastic) integral cross
sections, measured in the Eindhoven laboratory">® with the
resolution of a maximum in the collision velocity dependence.
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Fig. 14 Upper panel: The radial dependence of non-adiabatic coupling
terms Apm and Ajm controlling the direct and indirect reaction mechan-
isms, respectively, for the perpendicular and parallel approach of N, to
Ne*. Intermediate panel: The radial dependence of the imaginary compo-
nent I for the perpendicular and parallel approach of N, to Ne*, including
its dependence on the atomic |J,.Q) quantum state of Ne*(*P,) reagent.
Lower panel: A cartoon of direct and indirect mechanisms for a parallel
configuration of the precursor state. The arrows of different colors indicate
again the different electronic rearrangements accompanying the two
mechanisms (see also Fig. 5 and 9).

Such observable, due to the “Glory” quantum interference
effect, probes in detail the features of the average potential
well depth in the entrance channels, located at about 5.5 A as
shown in the upper panel in Fig. 13;
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Fig. 15 Left panel (a): The long-range behaviour of isotropic (spherically averaged) real part of the optical potential in the entrance channels, compared
with that previously obtained by a multi-property analysis.*>* Left panel (b): Total integral cross sections Q, measured as a function of the collision velocity
v,12% plotted as Qv¥° to emphasize the “glory” interference pattern, compared with calculations, carried out within the semi-classical JWKB
approximation'?* by the present optical potential for Ne*(*P, o) atoms scattered by N,. Right panels: (a) Calculated state-dependent total ionization

cross sections as a function of the collision energy; (b) comparison of calculations with data measure
obtained resolving the different reactivity of Ne*(*P,) and Ne*(*Py) reagents, where thin

Ne*(*Py) reagents; (c) comparison with experimental data*?®

d*2® with a statistical population of Ne*(*P,) and

black and red lines are interpolations of experimental data. Vertical bars represent the experimental uncertainties.

- The second test concerns the comparison in the entrance
channels of the present isotropic interaction component with
that provided thirty years ago by the use of a multi-property
analysis'®** including total (elastic + inelastic) integral and
differential cross sections, probing simultaneously both the
well region and the first part of the repulsion (left lower panel
in Fig. 15);

- The third test focuses on the total ionization cross section
measured, as a function of the collision energy E, both in
Perugia'®® and in Eindhoven laboratories'® (right panels in
Fig. 15), which probe in detail strength and anisotropy of the
optical potential at intermediate and short separation distances.

- The fourth test regards the different dependence on E of
the total ionization cross section for the two spin-orbit levels of
Ne*(*P)) reagent. The larger increase for the °P, state, with
respect to °P,, as observed in Eindhoven experiments'*® and
emphasized by our calculated state-to-state results (see right
panels in Fig. 15), arises from the most pronounced increase, as
R decreases, of the C, marker-tracing for such reagent.

For this reaction, associative/Penning ratios have been mea-
sured in the Perugia laboratory, using effusive beams (upper
panel in Fig. 16)."*” Under such conditions, all reaction channels,
triggered by direct and indirect mechanisms, are effective. In
the Lausanne laboratory, ratios have been measured exploiting

This journal is © the Owner Societies 2023

a beam of Ne*(°P,) atoms, the state selected in their |J,Q)
quantum states, that crosses a seeded beam containing rota-
tionally relaxed N, molecules.>'*® Results measured for the
selected |2,2) entrance channel show the highest ratio.'?®

Our analysis, accounting for the symmetry of atomic and
molecular orbital involved (see lower panel in Fig. 16), empha-
sizes that the most effective configurations for the direct
mechanism are those with the half-filled orbital 2p of the Ne*
atom and N, aligned parallel in the precursor state. Under such
conditions, the produced NeN," associated ion shows the
proper symmetry to stimulate the pre-dissociation, especially
if N, moiety forms in vibrationally excited states, as confirmed
by previous experimental findings."*>'*' However, the pre-
dissociation is hindered if N, in the precursor state is perpen-
dicularly aligned.

The pronounced differences shown in Fig. 16, between
predictions, carried out omitting pre-dissociation (upper panel,
test 1), and observables suggest that a consistent fraction of
associated NeN," ions undergo pre-dissociation as a conse-
quence of the vibrational/rotational excitation of the formed
N," moiety within (NeN,)". As for many other inelastic events,
the possibility of internal degree excitation of nascent N,"
strongly depends on the geometry of the precursor state assu-
med during ionization. The excitation is favoured for collinear
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Fig. 16 Upper panel: Comparison, as a function of the collision energy, between predicted associative/Penning ratio for Ne*(*P,) (red line) and Ne*(*P,)
(black line) reagents and data measured?” using a statistical population of atomic fine levels. Lower panel: Schematic view of precursor state structures
promoting reaction and associated ion formation. Note that while the HOMO orbital of N, from which the electron is removed, does not exhibit any
nodal plane perpendicular to the bond axis (passing for its centre of mass), the half-filled p orbital of Ne* atom exhibits a nodal plane.*'° Therefore, in all
configurations characterized by overlap null between orbitals exchanging the electron, as in the second and fourth cases, the ionization by direct
mechanism is forbidden and the reaction can occur only by an indirect mechanism (see text). Moreover, associate ions are efficiently formed, without

pre-dissociation, only if N, maintains the perpendicular configuration both in the entrance and exit channels.

or near collinear configurations. For the present CHEMI, an
improved agreement with the experimental data is obtained
when assuming that only approaches with orientation close to
the perpendicular configuration are effective for the formation
of the associated ion without pre-dissociation (see test 2 in the
upper panel in Fig. 16). Under such conditions, the predicted
results are also in the right scale of quantum state averaged
data from ref. 105. Moreover, Ne* in the |2,2) quantum state
involves the half-filled atomic orbital aligned perpendicularly
to R. The direct mechanism is forbidden and the reaction occurs
only via an indirect mechanism for which most efficient colli-
sions are those with N, aligned parallel or near parallel to R."*>

16194 | Phys. Chem. Chem. Phys., 2023, 25, 16176-16200

Recently, our interest focused on Ne* + HCI, and Ne*+ HBr
reactions that show a strong stereo-selectivity.">® In particular,
they promote the formation of parent ions in the ground
electronic state, via precursor states having perpendicular con-
figurations, and the formation of parent ions in the first excited
electronic state, via precursor states in parallel configurations.
The latter can trigger also proton transfer phenomena with the
formation of NeH" + X (Cl, Br) products. The different reaction
channels are opened within angular cones exhibiting a different
orientations and acceptance. Major details on the stereo-
dynamics of such atom-molecule reactions have been reported
in a recent paper.*®
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5. Conclusions and perspectives

The present perspective review emphasizes the role of the precursor
state, controlling the dynamical evolution of elementary processes,
whose structure and stability depend on the critical balance of weak
intermolecular forces, of physical and chemical nature, operating at
long and intermediate separation distances. The focus is on the
strength, anisotropy and radial dependence of such forces that
currently are difficult to correctly evaluate on quantitative grounds.
Moreover, molecular dynamics simulations to be reliable require
the use of an internally consistent representation of the force field
in the whole space of the relative configurations of interacting
partners. In the investigations presented in this paper, important
help has been provided by the phenomenological method that
adopts semi-empirical and empirical formulas to represent the
basic features of the leading interaction components. Such for-
mulas are defined in terms of a few parameters, directly or
indirectly related to the fundamental physical properties of the
interacting partners (see the Appendix). Important tests of the
phenomenological method, to be further improved and general-
ized in the next future, have been performed by comparing its
predictions with experimental information, obtained in our and
in other laboratories, and, in some specific cases, with results of
ab initio calculations. Furthermore, the NASA laboratories
recently exploited such a method to determine transport prop-
erties in gaseous mixtures, for temperatures up to some thou-
sands of Kelvin, and of interest in several scientific fields.**°
The possibility to implement the semi-empirical long-range
interactions in ab initio reactive surface (as described in ref. 65
and 131) and the importance of the long-range and spin-orbit
effects on the molecular dynamics have been demonstrated to
give important predictions'*>'** competitive (and probably in
some case more accurate) than completely ab initio heavier
calculations,"**"** especially of interest in ultra-cold regimes.
The possibility of rationalizing in an internally consistent way
phenomena of a rather different nature, through a detailed repre-
sentation of the precursor states controlling their stereo-dynamical
evolution, represents one of the main topics supported by this
perspective-review. The methodology presented, including the
guidelines of its application, is discussed in detail for CHEML
Such reactions, that occur under a variety of conditions in several
environments, can be considered the inverse of electron attach-
ment processes'*® that are of relevance also for plasmas of nuclear
fusion.™®” As stressed above, the obtained results appear to be of
general interest to define the role of the precursor state in the
stereo-dynamics of many other reactive processes, concerning
especially those occurring at low temperatures, that play a central
role in cold chemistry and are difficult to characterize. In particular,
phenomena occurring in interstellar environments, where highly
excited atoms are formed with high probability by collisions with
cosmic rays, can be mentioned as elementary processes of great
relevance from both fundamental and speculative points of view.
The next steps for a further generalization of the methodology,
on which our work is in progress, concern:
- An extended assessment of the relevance of the molecular
alignment/orientation, also known as “molecular polarization”.
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Basic methodologies founded on the use of external strong fields
have been proposed in the past to obtain molecular polarization
(see ref. 138-144 and references therein). At present, such meth-
ods are still in progress to select polar molecules in their internal
states."*>™'*° Moreover, molecular polarization can be also
induced in a “natural way” within sufficiently high electric
field gradients generated by strongly anisotropic intermolecu-
lar forces.””*™*® This phenomenon should emerge especially
during collision events at low temperature, involving ions and
molecules with pronounced permanent electric multi-pole, slowly
rotating and flying at low speed.

- The molecular polarization promoted by anisotropic inter-
molecular forces drives the formation of the precursor state
in specific structures that can favor or hinder the following
evolution towards the final states of elementary processes. This
can be of interest to rationalize opposite temperature depen-
dence, such as Arrhenius/Anti Arrhenius behaviors, manifested
by several phenomena occurring at low temperature.*®

- The selective role of the centrifugal barriers limits the
orbital angular momentum components effectively promoting
the reaction. In particular, such a role has been often invoked to
describe some selectivity in ion-molecule reactions exploiting
capture models,"***71%1347156 byt in a more general vision,
it is expected to control probability, structure and stability of the
reaction precursor states, formed at low kinetic energy and under
specific values of the orbital angular momentum of the collision
complexes. Note also that a recent review suitably emphasizes some
important limitations of the capture models when, in addition to
the basic role of the long-range attraction, important short-range
features of the interaction come into play.*>’

In conclusion, exploiting the favorable case of prototype
CHEMI, we hope to obtain in the near future the full topology
of their stereo-dynamics,'**'*® with guidelines of general interest
for the control of the microscopic evolution of several elementary
processes, more difficult to characterize and of interest in many
other chemical-physics fields. Intriguing results obtained very
recently for CHEMI seem to confirm this possibility.">**°
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Appendix: correlation formulas-scaling
laws
The phenomenological approach, with related scaling laws,

is solidly based on molecular beam scattering experiments
carried out with open and closed shell atoms and molecules
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as projectiles and targets.">*>>*7® The use of high angular and
energy resolution conditions, allowed resolving for many col-
liding systems quantum interference effects in the scattering
that appear as oscillatory patterns over-imposed to smooth
cross-section components.'® The analysis of the experimental
findings associated with systems, where pure vdW interactions
operate, suggested the representation of the equilibrium dis-
tance R,, in the interacting complex and of its binding energy
D,, by correlation formulas, given in terms of polarizability o,
and o, of the partners involved. Specifically:
1 1
oc% + oc%
)

R, = 1.767 - -
(og - o)’

(A1)

where R, is in A and « is in A% and y = 0.095 for all systems,

(A2)

The values of the C;y coefficient have been extracted'®':*62
from the analysis of the average integral cross-section value,
measured in absolute scale for many systems with the same
methodology, and they represent the global dispersion attrac-
tion, Vgisp(R), in the range of R mainly probed by the scattering
experiments. The obtained values for Cir depend on the
balance of several long-range attraction contributions (induced
dipole-induced dipole, induced dipole-induced quadrupole,
induced quadrupole-induced quadrupole, etc.) multiplied by
damping functions f due to the emergence of overlap

effects.®'>1%% Accordingly, it is convenient to define:
. C@ . Cg . C]o CLR
Viisp = —f()(R)ﬁ _fS(R)ﬁ _fIO(R)ﬁ tor =m0 (A3)

Cir values obtained by experiments and accounting for the
effective strength of the attraction in the range of R mainly
probed by the scattering experiments (1.5R,, < R < 2R,,) have
been also represented by the following semi-empirical
formula,'®* where N,; and N,, are effective electron numbers
contributing to the polarizability of each partner:

ol - o

1 I
() )
N(’l Ne2
Numerical coefficients in eqn (A1), (A2), and (A4) have been
obtained on the phenomenological ground.">'®"'** It is of
relevance to note that eqn (A1) reflects the fact that R,,, depends
on the balance between repulsion, represented as a sum of size
contributions of the two partners and given as the cube root of
their polarizability, and attraction, proportional to the product
of polarizabilities (as suggested in eqn (A4)) and that such
equation has been recently confirmed, for symmetric noble gas
dimmers, by a refined quantum mechanical treatment.'®®
Moreover, eqn (A2) indicates that D,, corresponds to approxi-
mately 70% of the attraction in R,, defined by Ciy and its
reduced effect is ascribable to the role of size repulsion.
Such correlation formulas have been also extended to systems
involving neutral partners with completely different structures,

Cir(eV-A%) =157 (A4)
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ions, open shell atoms, and free radicals (see ref. 15 and 19, and
references therein).

The analysis of several experimental findings, coming from
scattering, spectroscopic, transport and ion mobility experi-
ments suggested the adoption of an Improved Lennard Jones
(IL]) formulation of non-covalent interactions,'® where most of
the inadequacies of traditional Lennard Jones model, due to an
excessive repulsion and to a too strong attraction, are removed.
IL] takes the general form:"®

m o (R\"®  n(R) [(R,\"
i alx) awoalx)
where the first and second terms describe the size repulsion
and global attraction, Moreover, n(R) =

R
B4 (R_m
ulates the radial dependence of the attraction. In particular,
p controls the shape of the interaction potential well.

For neutral-neutral systems, for which m = 6, IL] provides at
large R, a dispersion attraction that accounts properly for the
critical balance of the various damped contributions of eqn (A3)
and whose relative strength changes with R:

CLr(R)
— e

ViLi(R) = Dn, (A5)

respectively.

2
) accounts for the falloff of the repulsion and mod-

Vaisp(R) = (A6)
Moreover, the same formulation provides asymptotically the
value of the dipole-dipole C, dispersion coefficient, defined as:

Cs = D,yRS, (A7)

For a detailed comparison between predicted Cs and accu-
rate values from literature, obtained from experimental and
theoretical methods, see ref. 18.

For ion-neural systems, for which m = 4, the leading ion-
neutral induction attraction C, coefficient takes the form:

C4 = DyRyy, (A8)

For ion-ion systems, for which m = 1, according to the
Coulomb law, the leading attraction C; coefficient is formu-
lated as

C, = D,yRy, (A9)

The ILJ function has been also extended to include the
anisotropy of the interaction. The extension has been per-
formed in atom molecule and molecule-molecule systems by
adopting Legendre polynomials and spherical harmonic expan-
sions for Ry, D,, and f quantities (see ref. 5, 16, 122 and
references therein).

For systems affected by electrostatic effects, arising from
permanent charge and permanent electric multipole inter-
actions, related attractive-repulsive components are usually
evaluated by the anisotropic charge distributions associated
with the two interacting partners,* ®!416:17,30-57

Finally, the experimental investigation of several families of
systems discussed in Section 3, affected by CT under various
conditions, suggested the representation of the stabilization
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp00239j

Open Access Article. Published on 19 May 2023. Downloaded on 1/9/2026 12:13:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

contribution by charge transfer Ve by simple formulas. In all
cases Vgr, being dependent on the overlap integral between
orbital exchanging the electron, can be represented as an
exponential decreasing function of the separation distance R,

Ver(R) = Acre 7 (A10)

where both the pre-exponential factor and the exponent depend
on the ionization potential of the electron donor and the
electron affinity of the electron acceptor. Gas phase studies®®”
suggested distinguishing between phenomena controlled by
resonant CT and phenomena affected by CT in the perturbation
limit. In the first case, Vqr takes the form

Ver(R) = fer(R) (A11)

where ficr represents the coupling matrix element by the CT.
This equation applies in the case of resonant charge transfer, as
that promotes harpooning processes.’®’> However, in the case
of phenomena promoted by the CT in the perturbation limit,
as those discussed in Sections 3 and 4, the equation takes the
form58’72

Pex(R)

Ver(R) = B, — Ey|

(A12)

The last equation comes from the concept of bond stabili-
zation by the CT, introduced previously on phenomenological
grounds (see ref. 19, 20, 71, 72, and references therein), whose
role is attenuated by the absolute difference in energy between
the coupled states, reported in the denominator. For details on
the role of Vor(R) on the structure and stability of systems
involving high electron affinity open-shell atoms, see Section 3
and ref. 71,72. For its contribution to the selectivity of CHEMI
see Section 4 and ref. 20, 110 and 117.
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