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Molecular dynamics calculations of inelastic collisions of atomic
oxygen with molecular nitrogen are known to show orders of magni-
tude discrepancies with experimental results in the range from room
temperature to many thousands of degrees Kelvin. In this work, we have
achieved an unprecedented quantitative agreement with experiments
even at low temperature, by including a non-adiabatic treatment invol-
ving vibronic states on newly developed potential energy surfaces. This
result paves the way for the calculation of accurate and detailed
databases of vibrational energy exchange rates for this collisional
system. This is bound to have an impact on air plasma simulations
under a wide range of conditions and on the development of Very
Low Earth Orbit (VLEO) satellites, operating in the low thermo-
sphere, objects of great technological interest due to their potential
at a competitive cost.

Reactive, inelastic and dissociation processes in molecular collisions
of air species play a crucial role in the accurate modelization of air
plasmas, which include combustion processes, planetary entry
problems,” electrical discharges,® atmospheric kinetics,"* and
plasma medicine.® In these systems, it is common to find strong
non-equilibrium conditions in different molecular degrees of
freedom, which impose the adoption of detailed state-to-state
models’ for the comprehension and control of phenomena of
wide technological interest. In these models, the required input
data may come from experiments and/or from theoretical
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calculations. In the first case it is quite unlikely to extract all the
needed data, considering the large total energy ranges normally
required. As a consequence, detailed computations of (ro)vibration-
ally detailed kinetic data using molecular dynamics methods from
accurate potential energy surfaces (PES), describing the interactions
in the collisions, become utterly necessary. The results of these
calculations can then be compared with the experimental data in
the usually available intervals, in order to assess their accuracy.
Among air species processes, one case of special interest is
represented by the collisions of atomic oxygen with molecular
nitrogen. The quite common presence of atomic oxygen in air
plasmas is due to the fact that the molecular oxygen dissociation
threshold is much lower than that for nitrogen. Atomic oxygen is
also found in the low thermosphere, a region between 90 and
250 km of altitude, which is of great relevance for future satellite
constellations, where UV radiation from the Sun dissociates O,,
so that the most abundant species are precisely O and N,. The
accurate knowledge of their interactions, determining the low
temperature range (300-1000 K) behavior, is urgent, in view of
the development of Very Low Earth Orbit (VLEO) satellites with
air-breathing electric propulsion systems,®** capable in principle
of endless operation without a propellant tank. As a consequence,
a detailed study on O + N, interactions is currently of strategic
importance. The modelling of non-equilibrium operating condi-
tions in shock waves, for instance, is very sensitive to vibrational
relaxation rates, crucial to predict the correct vibrational tem-
perature and relaxation times."* Collisions of O with N,(v) in turn
generate excited N,(v') molecules in an inelastic process, or
NO(V') + N reaction, or N, dissociation. Recent computations of
reaction and dissociation rates appear to be in good agreement
with what is known about these processes,"*™° but the experimental
results for the O + N,(1) — O + N,(0) inelastic process in the 300~
4500 K interval, where the system is mainly characterized by non-
reactive collisions, have not yet been reproduced using theoretical
calculations, which present severe under-estimations (of orders of
magnitude) at room temperature,”>'>'” and important over-'>" or
under-estimations'® at temperatures higher than 1000 K.
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The basic ingredient needed to properly investigate the
elementary processes promoted by collisions is the accurate
characterization of the interaction potentials driving the molecular
dynamics. The evolution of the inelastic scattering processes,
particularly at low temperature, is known to be strongly dependent
on the long range region of the potential, a part of the PES which is
seldom well characterized. Therefore, the present investigation
was initially motivated by the need of an accurate non-reactive PES,
providing the best possible description at long and medium range,
and likely to give a physically meaningful insight on inelastic
collisional events. Such potential in turn should be expressed in a
simple form capable to represent the full space of relative config-
urations of the involved partners. It should furthermore describe
the formation, by two-body collisions, of weakly bound adducts,
representing the precursor states of further basic processes. This
might still be a tough challenge for potentials exclusively based on
ab initio computations: a very high level of theory is required to
evaluate the small interaction energies of weakly non-covalently
bound systems and the number of points required to fully cover all
possible long range regions could easily become prohibitive.

We have thus represented the multidimensional PES for
O(°P))-N,('Z,") in analytical form, by taking into account that at
intermediate and large intermolecular distances R the inter-
action is determined by the balance between van der Waals
(vdw) forces and other contributions, deriving from different
reciprocal alignments of N, molecular axis and of the half-filled
orbitals of O(°P)) atom with respect to R."® J = 2,1,0 represent
the total electronic angular momentum states of the oxygen
atom, which, for a plasma at T > 1000 K, are statistically
populated in a 5:3:1 ratio. In the following, we will use the
shorter notation O(*P) for simplicity. Only O(*P) oxygen atoms
are considered here: all experimental determinations referred
to in the present Communication are indeed obtained in the
absence'®?*! or with a negligible presence® of O('D) atoms.

Strength and anisotropy of the interaction contributions
other than V,gw are mainly dependent on the electrostatic
quadrupole-quadrupole component (V,), arising from the
non-spherical electronic charge distribution of both partners,
and on the selective charge transfer (CT) effects (V) in the
perturbation limit emerging in systems involving high electron
affinity open shell atoms, as is the case for O(*P)."*?* Accordingly,
we have defined the total interaction Vi, as

Vtot = VvdW + Vct + Vel (1)

Particular effort has been addressed to represent each of the
contributions through simple analytical formulae depending
on few and physically meaningful parameters, leading to a
correct representation of the interaction in the full space of the
relative configurations.

Ve is given by the canonical expression of quadrupole-
quadrupole interactions, whereas the sum of the first two
components, Viyaw *+ Vi, has been formulated as the combi-
nation of pair interactions between O(°P) and each N atom of
the N, molecule, described by an Improved Lennard Jones (IL])
function,?* whose details are given in the ESI.{ Zero order
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values of the parameters involved in the ILJ expression have
been estimated from the polarizability of the O atom (0.8 A%)
and the effective component of that of each N atom (0.9 A®)
within N,. According to the ample phenomenology of O(*P)
interacting with closed shell partners,”** two different types of
interaction can be distinguished: the oxygen atom approaching
N, with one of the half-filled p orbitals aligned parallel to the
intermolecular distance R, leading to the formation of the °IT
state (electronic molecular quantum number 4 = 1), and that
with the oxygen atom approaching with the only filled orbital
aligned along R, leading to a *% state (A = 0).>* This diversification
accounts for the contribution of CT, which was found to selectively
stabilize the states of IT symmetry.>®

The zero order parameters were then fine tuned exploiting
the simultaneous comparison of the predicted intermolecular
interaction with the results of ab initio calculations, and its
ability to reproduce experimental total cross sections, leading
to the values reported in Table S1 in the ESI.}

The left panel of Fig. 1 reports the two O(*P)-N,('%,") ground
*TI and first excited *Z (lying asymptotically 28.1 meV above the *I1
state and directly correlating with the excited spin orbit level
*Py>*%) PESs as a function of the intermolecular distance R for
the two limiting orientations (parallel and perpendicular) of the
diatom (at its equilibrium distance) approaching the oxygen atom.

The figure also shows the ab initio energy values obtained at
the CCSD(T)/CBS level of theory. Note that, in the case of the
perpendicular orientation for the °I1 state, ab initio data
provide two non-coincident sets (red circles) for the potential
energies, depending on the two different orientations of the
fully occupied p orbital of the oxygen atom with respect to the
diatom. The two sets are degenerate under the C.,, (parallel)
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Fig. 1 Left panel: Intermolecular potentials for the interaction between
O(P) and N,('=4*") as a function of the distance R between the oxygen
atom and the center of mass of the N, molecule at its equilibrium distance.
Black and red lines are obtained through the present analytical PES and
correspond to the parallel and perpendicular orientations, respectively, of
N2 with respect to the oxygen atom. Symbols, colored accordingly, correspond
to the ab initio calculations carried out at the CCSD(T)/CBS level of theory. Right
panel: Integral cross sections for the O(P) + Nz(lzg*) collisions as a function of
the selected atom beam velocity v. Full circles correspond to experimental data
from the Perugia laboratory,® while curves correspond to calculations on the
present analytical PESs using an IOS approximation: the dotted curve is obtained
by using the IT surface, the dashed one by the *Z PES and the full black line
corresponds to cross sections obtained by averaging the results on the two
PESs according to their statistical 2: 1 population.
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configuration of the system and split in the C,, (perpendicular)
configuration, corresponding to the ®B, and *B; symmetries.
These symmetries in turn correlate with the *A’ and ®4” states of
the more general Cy configuration. Because the difference in
energy between these two kinds of interaction is small and
tends to zero for both small and large R values (and does not
exist in the *T state), we simplified the present model by only
considering an average contribution of the *A’ and *A” states,
collectively indicating it as *IT PES.

Fig. 1 (right panel) reports the experimental total cross
sections Q, measured as a function of the selected velocity v
of projectile O atoms and under single collision conditions with
the target N, molecules.”® The data have been plotted as
Q(v)v*” to emphasize the quantum interference effects, observable
as an oscillatory pattern in the v dependence of the measured Q(v).
The average Q(v) values directly probe the strength of the long
range average dispersion attraction, while the extrema position
and the frequency of the oscillating pattern give unique informa-
tion on the depth and on the minimum location of the potential
well, which occur at intermediate separation distances and are
determined by a critical balance of attraction and repulsion. The
total cross sections calculated on both *IT and *% PESs are also
displayed in the figure, together with their combination, weighted
by the degeneracy ratio 2: 1, according to the statistical population
of the oxygen fine levels in the atomic beam'® (Experimental
and Computational Details in the ESIT). The latter is shown to
reproduce the relevant behavior of the experimental data within
their uncertainty.

The present non-reactive PESs, with the inclusion of the
intramolecular potential for N, (here taken as the Morse potential)
can be used for the calculation of the rates of the inelastic
vibrational relaxation processes involving vibrationally excited N,
molecules at temperatures lower than 10000 K, where the influ-
ence of the reactive channels is still small. The case of the
vibrational relaxation of N,(v = 1) upon collision with O(*P), for
which experimental results in the temperature range 300-4500 K
are available®®?* (details can be found in ESIY), is particularly
intriguing because quasi-classical trajectory (QCT) calculations
performed on most of the existing PESs,"****” available for the *A’
and A" states of this system, are known to underestimate'*?®
the experimental rate coefficients of 1-2 orders of magnitude at
T ~ 2000-4000 K and of 3-4 orders of magnitude at lower
temperature (see Fig. 2). At very low temperatures (less than
500-700 K), QCT calculations are not able to foresee any
probability of V-T energy exchange. This is expected, because
vibrational inelastic energy transfer can be a classically for-
bidden process.>® In short, the classical final vibration is only
slightly different from the initial one for sufficiently low energy
so that the QCT binning becomes unable to detect a small, but
non-zero, result different from the elastic one.’® In order to
avoid this effect, which could affect the results independently
on the PES quality, we used a mixed quantum-classical (QC)
method,**? whereby the N, vibration is described by quantum
mechanics and the other degrees of freedom classically (details are
given in ESIT). We used the QC method also in combination with
Gamallo et al. PES,*® for which QCT calculations are available,™
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Fig. 2 Rate coefficients for vibrational relaxation upon O(3P)—N2(1):g*)(v =1)
collision as a function of temperature. Experimental data by Eckstrom?® (red
down triangles), by Breshears and Bird?! (green up triangles) and by McNeal
et al?? (brown diamonds) are reported together with QCT*® (blue solid line)
and QC (red solid line) V-T rate coefficients computed on Gamallo et al.
PES,2® on Koner et al. PES!®Y by a QCT method associated with a standard
Histogram Binning (dark green dash-dot line with circles) or a Gaussian
Binning procedure (pink dash-dot line with squares), and on the present 11
and 3% surfaces (2: 1 averaged) using a QC method (black dotted line). Rate
coefficients for the non-adiabatic vibro—electronic (V—E) transition between
*TI(v = 1) and *Z(v = 0) calculated according to the LZ approach are shown
using a black dashed-dotted line. The weighted sum of the present V-T and
V-E rate coefficients, representing the total vibrational relaxation rate, is
shown using a solid black line.

allowing for the quantification of the effect of the QC dynamical
treatment over the QCT one, as also reported in Fig. 2 and
Fig. S1 in the ESI.{ As expected, QC and QCT values are close at
T > 3000 K, whereas QC results grow larger than the QCT ones
as temperature decreases.

Fig. 2 also reports the rate coefficients calculated on the
present ground °IT and excited *X PESs averaged according to
their statistical 2:1 population. Rate coefficients calculated
separately on the *IT and on the *T potentials can be found
in Fig. S2 in the ESL.} Only those obtained on the *I1 PES can be
directly compared to those calculated on the A’ and *A” PESs.
The new PESs, and in particular the *II one, provide sensibly
higher (ca. one order of magnitude at T > 2000 K and larger as
the temperature decreases) rate coefficients than Gamallo et al.
PES,?® whereas the standard QCT values calculated with the
recent Koner et al. PES'®'” are up to three orders of magnitude
larger in the 1000-4000 K interval, rapidly dropping down at
lower temperature. Compared to the experimental vibrational
relaxation data, the present results are only slightly smaller in
the range of 3000-4000 K, but the difference, strongly growing
as temperature decreases, rises up to 2-3 orders of magnitude
at T < 3000 K. This behavior and a closer look at the *IT and *%
PESs point out that the reason for such apparent discrepancy
must have a different origin.

As suggested by Nikitin and Umanski,*® the unusually high
vibrational relaxation rates for N,(v = 1) when colliding with O(*P)
at low T are due to the open shell nature of oxygen leading to the
non-adiabatic vibro-electronic (V-E) energy transfer’*> which takes
place at the crossing between the *IT and *% vibronic surfaces.

Phys. Chem. Chem. Phys., 2021, 23,15475-15479 | 15477
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Fig. 3 Potential curves for the O(3P)—N2(1):g*) interaction with N> molecular
axis oriented along the intermolecular distance. In order to determine the
main features between the vibronic states responsible for molecular relaxa-
tion, the molecule is assumed in the first excited v = 1 vibration level for the
31 state, while for the *% state v = 0 is considered.

Indeed, as shown in Fig. 3 for the collinear C,,, configuration,
expected to be the most effective for inelastic events promoted by
vibronic couplings, the *II(v = 1) and the *Z(v = 0) PESs cross at
R. = 2.922 A where the potential energy is E, = 0.1666 eV in the
entrance channel, a value obtained as the difference between the
energy at the crossing E,, 0.4592 eV, and the vibrational quantum of
energy for Ny(v = 1), 0.2926 eV.

The detailed description of the two PESs gives us the
possibility to quantitatively evaluate the V-E contribution to
the vibrational quenching rate, according to the Landau-Zener
(LZ) approach.*®® V-E rate coefficients are reported as a
function of temperature in Fig. 2: they strongly increase with
temperature to reach a plateau at T > 2000 K. At temperatures
lower than 2000 K, the V-E rates are higher than the V-T ones,
and the overall vibrational quenching rate is thus mainly
determined by the vibronic energy transfer process. This is very
clearly indicated by the calculated total relaxation rate (Fig. 2),
obtained as the sum of the V-T contribution and the V-E one,
the latter multiplied by 2/3 as it only occurs on the *IT PES. The
excellent agreement between calculations and experimental
data (Table. S3 and Fig. S3 in ESIY), both at low (where V-E
energy transfer dominates) and high (where V-T rate coefficients
prevail) temperatures, represents a strong indication that the
apparent theory-experiment disagreement is in fact the result of
the neglection of one important physical contribution to the
removal of excited nitrogen molecules. The relative efficiency of
the V-T and V-E processes to the vibrational quenching of
N,(v = 1) at different ranges of collisional energy can be better
appreciated by comparing their corresponding excitation
functions reported in Fig. S4 in the ESI.{ Note that the non-
adiabatic transition between the reactants triplet PESs and the
N,O singlet,* occurring at higher energies (with a threshold
around 1 eV), might be responsible for the slight difference
between the present relaxation rate and experimental data in
the temperature range over 3500 K.

The matching between the calculated and experimental
values of the total relaxation rates prompts us to investigate

15478 | Phys. Chem. Chem. Phys., 2021, 23, 15475-15479
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where the discrepancy between the V-T rate coefficients computed
on the present PES and those available in the literature (Fig. 2)
arises from. To this aim, Fig. 4 reports the potential energy as a
function of the intermolecular distance R for the *A’ and *A” PESs
of Gamallo et al.* 1.7 and the present *I1
for the parallel configuration, the most relevant for the processes
considered here. We recall that *A’ and 34” should be degenerate
for the parallel (collinear) configuration and asymptotically for all
configurations.

Fig. 4 shows that in fact the *A” and ®A’ PESs of ref. 26 only
coincide at long range; the short range divergence probably due
to the interpolation procedure which, by mixing the C..,
collinear points with diverse symmetry non-degenerate neigh-
bouring points (*A” and *4’ differently correlate with the
reactive channels), might spuriously remove the degeneracy.
The qualitative behavior of both PESs however is similar to the
new °I1 surface (falling below and above, respectively) at long
range, with the V-T rates calculated on the A’ slightly larger
(Fig. S1 in ESIf). Both *A4” and ®A’ surfaces at short range are
less repulsive than *TI potential which might be the reason why
the V-T rate coefficients are about one order of magnitude

and those of Koner et a

smaller than the presently computed ones.

The *A” and *A’ PESs of Ref. 16 show the opposite behavior:
they practically coincide at short range (up to R ~ 4.5 A), but
they diverge at long range, where they both present a high early
barrier and a well with a steep attractive side. This repulsive
behavior at long interaction distances might be the reason of
the very large V-T rate coefficients calculated on these PESs.
Similar differences can be found for the perpendicular configu-
ration as shown in Fig. S5 in the ESLT

The present investigation, providing a detailed characterization
of intermediate and asymptotic regions of the O(P)-N, inter-
action, casts light on the presence of crossings between potential
energy surfaces of different electronic symmetries where vibronic
non-adiabatic events are triggered. Although as early as 1972
vibrational-electronic energy transfer was suggested to be crucial

present °M PES (A" and °A’ averaged
3000 g—y—— Gamallo et al. A" PES
E ommem Gamallo et al. °A' PES
i ———— Koner et al. °A" PES
2508 b Koner et al. °A' PES
2000t . .
[ [ L 150
£ Fw ]
<1500 ¢ 100
x AN 50
>1000F .
s 0
500 " \ -505 i 5 b
0 R e e =
2 3 4 o 6 7 8

intermolecular distance R, A

Fig. 4 Behavior of different potential energy surfaces as a function of the
intermolecular distance R for the collinear (or parallel) configuration,
corresponding to the C.., symmetry. The present *IT PES is reported as
a solid black line, the Gamallo et al.?® 3A” and A’ are the red solid and
dashed lines, respectively, and the Koner et al'” *A” and A’ are the blue
solid and dashed lines, respectively.
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for vibrational quenching when oxygen atoms are involved, this
contribution has been neither considered nor evaluated pre-
viously. Therefore, in addition to the canonical vibration-
translation inelasticity, vibration-electronic energy transfers
can also be effectively promoted by collisions. One crucial point
here is that the two types of events emerge in different ranges
of gaseous-mixture temperature. Note that the significance of
these findings is not limited to O(*P)-N, collisions; they are of
broad interest for the control of elastic and inelastic elementary
processes occurring in several plasmas where open shell O
atoms are involved in the collision with many other molecular
partners.
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