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Abstract

Prompted by a comparison of measured and computed rate coe�cients of Vibration-

to-Vibration and Vibration-to-Translation energy transfer in O2 + N2 non reactive

collisions, extended semiclassical calculations of the related cross sections have been

carried in order to rationalize the role played by attractive and repulsive components of

the interaction on two di�erent potential energy surfaces. By exploiting the distributed

concurrent scheme of the Grid Empowered Molecular Simulator we extended the com-

putational work to quasiclassical techniques, investigated in this way more in detail the

underlying microscopic mechanisms, singled out the interaction components facilitating

the energy transfer, improved the formulation of the potential and performed additional

calculations that con�rmed the e�ectiveness of the improvement introduced.

1 Introduction

The focus of the collaborative research carried out by the authors of the present paper is

the theoretical, computational and experimental investigation related to the understanding

of Vibration-to-Vibration (V-V) and Vibration-to-Translation (V-T) energy transfer in gas

phase non reactive collisions of diatomic molecules of atmospheric interest.1�7 Accordingly

the processes considered in this paper are the A2(va, ja) + B2(vb, jb)→ A2(v′a, j
′
a) + B2(v′b, j

′
b)

collisions with vi and ji being the related vibrational and rotational states (primed for �nal

states and unprimed for the initial ones) of diatom i. A shorter notation of these processes

is (va, vb|v′a, v′b) when the focus is on the exchanged vibrational energy content. More specif-

ically, this paper deals with the collaborative work carried out by the authors to the end

of rationalizing (using Potential Energy Surfaces (PES)s of ab initio origin and accurate

dynamical treatments) energy transfer in oxygen and nitrogen molecular collisions occur-

ring with di�erent internal energy content both for quasi resonant and for out of resonance

processes relevant to the development of innovative aerospace technologies.8�12

Such collaborative work leverages on the work�ow based architecture of the synergistic
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GEMS13�21 (Grid Empowered Molecular Simulator) approach in which compute platforms

and applications are shared to the end of handling complex simulations spanning from �rst

principles to measurable quantities. This relies on the fact that the cooperative model of

GEMS allows the complementing of di�erent research experiences and expertise in shared

work�ows. To this end, an existing O2 + N2 PES (GB1) has been borrowed from the litera-

ture22 while a second one (MF1), more recently published,3 has been assembled by combining

high level electronic structure data (obtained both by performing afresh ab initio calculations

and by collecting ab initio data available from the literature) with experimental information

originated from detailed scattering and second virial coe�cient and iteratively optimizing

the value of the parameters of an appropriate functional formulation of the interaction.

Then on both GB122 and the MF13 (there called MF) PESs the rate coe�cients of the

O2 + N2 collision processes were computed. For selected transitions in the thermal energy

range both calculations provided values smaller than the experimental results reported in

literature with deviation of MF1 results being larger (see Ref. 3 for major details). On this

ground it has been suggested that the di�erence between computed and measured data could

be imputed to an inadequacy of the used PESs (though no microscopic evidence was given

on which component of the interaction was responsible for it). Aim of the present paper is to

discuss how the collaborative work carried out within GEMS was able to elucidate the O2 +

N2 molecular mechanisms driving energy exchanges at microscopic level by resorting to the

calculation of more detailed properties. For this purpose, we have exploited the synergistic

features of GEMS to make concurrent use of di�erent PESs (as well as the development

of new ones) and integrate di�erent dynamics treatments (among which the SemiClassical

(SC)23 and QuasiClassical Trajectory (QCT)24 ones) to compute and analyse the collisional

detailed properties of the title system. This has also o�ered us the opportunity of evaluating

when and how the computational means used for computing new data are eligible (from a

balance between accuracy and compute resources demand) for feeding the databases utilized

by the simulators of complex gas phase systems. Moreover, the modularity of the GEMS
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work�ow ful�ls the requests of the Open Science25 project (the present frontier European

project aiming at building EU-wide practices for participating and sharing scienti�c advances

starting already from the design and implementation of basic research activities). After all,

GEMS itself is a shared product of the collaborative distributed computing in molecular

sciences started with the COST actions D2326 and D3727 and further developed within the

acivities of the Chemistry, Molecular, Materials Science and Technologies (CMMST) Virtual

Research Community (VRC)28 and the Computational Chemistry (COMPCHEM) Virtual

Organization (VO),29 to whom the authors of the present paper belong.

In this spirit we undertook the investigation of detailed energy exchange properties re-

ported in this paper with the aim of rationalizing why the computed SC rate coe�cients

are smaller than the experimental ones (see Ref. 3 for details) starting from the goal of

rationalizing why the computed SC rate coe�cients are smaller than the experimental data

for the V-V process O2(va = 11 − 22) + N2(vb = 0) → O2(v′a = va − 2) + N2(v′b = 1) and

why those computed on the less accurate PES (GB1) are closer to the measured values than

those computed on the more accurate (MF1) PES. Such investigation could also help the

rationalization of similar processes for which experimental data are available3 like the V-V

transition O2(va = 1) + N2(vb = 0)→ O2(v′a = 0) + N2(v′b = 1) and the V-T one O2(va = 0)

+ N2(vb = 1) → O2(v′a = 0) + N2(v′b = 0). The investigation consisted �rst in pushing SC

calculations to determine related detailed �xed energy Cross Section (CS) values. Then, the

SC CS calculations were extended over a wide range of energy values in order to �nd out

the conditions in which a PES is more e�ective than another in leading to energy transfer at

higher energies and less e�ective at lower energies. In particular, the paper focuses on the

problem of �nding out to which components of the interaction such inversion is amenable

and how to improve its formulation allowing a better description of energy exchange.

For this purpose extended QCT calculations were performed and energy transfer CSs

and probabilities were computed in order to investigate their dependence on the initial

collision parameters. A detailed analysis of the dependence of state-to-state and state-
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speci�c probabilities on the impact parameter (opacity function) was also performed in order

to understand in what way the di�erent PESs drive the collision into closer intermolecular

distance regions and foster energy exchange. This prompted a correction of the analytical

formulation of the MF PES to make it more �exible (less rigidly bound to the initial de�nition

of intramolecular and intermolecular interaction given in GB1 and MF1) and more suited to

describe energy transfer for molecules coming into closer contact in non reactive systems. In

this way we ended up in providing a new formulation of the MF PES (MF2) that includes

the e�ect of molecular deformations originating from closer contact e�ects. Further QCT

calculations were then performed on MF2 in order to quantify its increased e�ciency in

transferring energy in O2 + N2 collisions.

Accordingly, the paper is articulated in the following sections: In section 2 the structure of

the theoretical and computational machinery selected for reaching the objectives of the paper

are described; in section 3 the outcomes of the extension of both SC and QCT dynamical

calculations carried out on the GB1 and MF1 PESs are analysed to better understand

the V-V and V-T mechanisms; in section 4 the indications obtained on energy transfer

mechanisms and employed to develop the new more �exible MF2 PES on which additional

QCT calculations have been performed are discussed in order to evaluate the gain in e�ciency

in energy transfer; in section 5 some conclusions are drawn.

2 The theoretical and computational machinery

In this section we present the work�owed articulation of the concurrent procedure together

with the formulation of the potential energy surfaces and the techniques used for carrying

out the calculation of the detailed dynamical properties.
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2.1 The work�ow based computational procedure

As already mentioned, in order to single out the role played by the potential energy formula-

tion on non reactive energy transfer mechanisms of the title colliding diatoms, we have tuned

the theoretical and computational machinery of GEMS to sustain systematic investigations

of the role played by the components of the interaction (both at long and short range as well

as at low and intermediate energy) in determining the probabilities and the cross sections

associated with the energy exchange transitions in non reactive O2 + N2 collisions. In this

respect the work�ow based cooperative networked approach of the distributed synergistic

Grid Empowered Molecular Simulator GEMS provided us with the advantage of relying on

• a concerted production and/or collection of high level ab initio electronic structure data

for accumulating su�cient information on the potential energy surface of the system

in the �rst module (INTERACTION);

• a combined use of theoretical and experimental data for the optimization of the pa-

rameters of a semitheoretical analytical formulation of the PES in the second module

(FITTING);

• a simultaneous run of dynamical calculations using di�erent techniques and computa-

tional methods for the evaluation in the third module (DYNAMICS) of probabilities

and cross sections depending on which are the quantities needed;

• an appropriate utilization of statistical tools for assembling theoretical information into

observable quantities in the fourth module (OBSERVABLES) to be used for modeling

and rationalization purposes.

In particular, the INTERACTION module has been used for collecting and/or producing

high level ab initio electronic structure data for an accurate characterization of the key regions

of the O2�N2 interaction. The FITTING module has then been used for determining the

parameters of the functional form adopted for the assemblage of the mentioned MF1 PES
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(already given in Ref. 3) and allowing a detailed comparison with the previously proposed

GB1 PES.22 In particular, the bond-bond procedure30,31 was adopted to formulate the MF1

PES and next to build additional �exibility at close distances. The running of systematic

distributed QCT and SC computations on both MF1 and GB1 PESs, for the evaluation of the

V-V and V-T state-to-state probabilities, has been carried out in the DYNAMICS module.

Next, the e�ciency of the two surfaces in promoting V-V and V-T energy transfer has

been systematically investigated in the OBSERVABLES module by calculating the detailed

scattering properties and developing a rationale for understanding the discrepancies between

theoretical and measured vibrational quenching rate coe�cients by paying special attention

to low energy collisions. Finally, the understanding gained in this way has been exploited

to integrate the MF1 formulation of the PES with a better description of closer interaction

terms. As a result, the analytical expression of a more �exible PES (the already mentioned

MF2) was developed and the execution of the DYNAMICS and OBSERVABLES modules

was reiterated using QCT techniques in order to carry out a detailed analysis of the energy

exchange mechanism.

2.2 The formulation of GB1 and MF1 potential energy surfaces

As already discussed in Refs. 1 and 3, the overall interaction V of a diatom-diatom system

is in general partitioned in an intra and an inter component

V = Vintra + Vinter (1)

in which Vintra is for both GB1 and MF1 formulated as a sum of Morse potentials using a

dissociation energy (De) of 228.4181 kcal/mol, an equilibrium distance (re) of 1.09768 Å and

an exponential parameter (β) of 2.68867 Å−1 for N2 and a dissociation energy of 120.2187

kcal/mol, an equilibrium distance of 1.20752 Å and an exponential parameter of 2.65374 Å−1

for the O2 one.32
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In the GB122 PES, Vinter is formulated as a sum of four atom-atom pair repulsions each

consisting of a term exponentially decreasing with the internuclear distance plus a term

made of an average dipole-dipole attraction (whose C6 coe�cient carries the value available

from the literature of twenty years ago) and a term made by an electrostatic quadrupole-

quadrupole interaction. For MF1,3 Vinter is formulated as a sum of two �e�ective� components

with the �rst one representing the balance between the molecular size repulsion and the

dispersion attraction van der Waals (VvdW ) and the second one representing the electrostatic

contribution due to the permanent multipole (Velect):30,31

Vinter = VvdW + Velect (2)

The VvdW term is formulated as a bond-bond pair-wise interaction (that is more appro-

priate than the traditional atom-atom one) because it leverages on the additivity of the

bond polarizability in contributing to the overall (molecular) one and accounts indirectly for

three body like e�ects.30 This makes the functional representation of the interaction more

�exible (and accurate) and allows a better optimization of its parameters when trying to

reproduce available experimental observables and the interaction energy values of systems

aggregating diatomic molecules and computed using high level ab initio methods. This is

obtained for both the O2 and the N2 diatoms via an iterative use of the INTERACTION

and FITTING modules of GEMS chaining ab initio calculations and the calibration of the

PES on scattering data.

The Velect term can be formulated as an electrostatic interaction associated with an

anisotropic distribution of the molecular charges over the two interacting bodies that asymp-

totically tends to the permanent quadrupole � permanent quadrupole interaction. This for-

mulation is necessary when the intermolecular R distance becomes comparable with the

intramolecular one r. More in detail, for MF1 both VvdW and Velect have been taken de-

pendent on the intermolecular distance R between the centers of mass of molecules a and
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b (let us take a for O2 and b for N2 as illustrated in Figure 1), on the Jacobi angles Θa

and Θb formed by R with the internuclear vectors ra and rb, respectively, and the angle Φ

the dihedral angle formed by the planes (R, ra) and (R, rb) and on the ra and rb moduli

themselves. The formulation adopted for the van der Waals term VvdW is of the Improved

Lennard-Jones (ILJ) type:33

VvdW (R, γ) = ε(γ)

[
6

n(x)− 6

(
1

x

)n(x)

− n(x)

n(x)− 6

(
1

x

)6
]

(3)

often used in its reduced form

f(x) =
VvdW (R, γ)

ε(γ)
(4)

where x is the reduced distance of the two bodies de�ned as

x =
R

Rm(γ)
(5)

and γ denotes collectively the triplet of angles (Θa,Θb,Φ), while ε and Rm are respectively,

at �xed values of γ, the well depth of the interaction potential and the equilibrium value

of R.

The key feature of the ILJ functional form is the adoption of the additional (variable)

exponential parameter n providing more �exibility than the usual Lennard-Jones(12,6) (LJ)

one thanks to its dependence on both R and γ as:33,34

n(x) = β + 4.0 x2 (6)

in which β is a dimensionless parameter depending on the nature and the hardness of the

interacting particles leading to a more realistic representation of both size repulsion (�rst

term in square brackets of Eq. 3) and dispersion/attraction (second term in square brackets of

Eq. 3). For neutral and apolar partners the second term accounts for the role played not only

by the leading dipole-dipole dispersion attraction contribution but also by the damped higher
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order dispersion contributions that include also the angular dependence (see below). The

value of the global resulting contribution is crucial to the end of de�ning the proper binding

energy for each con�guration. Accordingly, for the present system, β has been set equal to

9 as typical of neutral-neutral systems).33 Additional �exibility is obtained by expanding

ε and Rm in terms of the bipolar spherical harmonics AL1L2L(γ). In this way the reduced

form of the bond-bond potential34 takes the same form for all the relative orientations as

discussed in Refs. 35�38 and VvdW convergences much faster than that of its direct expansion

in terms of radial coe�cients31,39�41 both at long and short range. For the purpose of the

present work it was found su�cient to truncate the expansion to the �fth order.

By considering that the mostly probed values of the intermolecular distance R are larger

than the corresponding ra and rb ones, the term Velect of Eq. 2, as done for the N2 + N2

system in Ref. 31, has been formulated as

Velect(R, γ) =
Qa Qb

R5
A224(γ) (7)

where Qa and Qb are, as usual, the diatomic permanent quadrupole moments. Q terms have

been evaluated using ab initio calculations and have been accurately �tted to proper poly-

nomial expressions for both monomers in order to introduce their dependence on ra and rb

(see Appendix). The parameters of the monomers of the MF1 PES were optimized (within a

limited range) to better reproduce the ab initio interaction energies,3 the measured integral

cross sections42 and the second virial coe�cients43,44 starting from initial values estimated

at the equilibrium internuclear distance of the two diatoms out of the corresponding po-

larizability tensor components. It is worth noting here that at the asymptote (R → ∞)

the MF1 formulation provides the value of the average dipole-dipole dispersion coe�cient

C6 = 8.5 ± 0.9 · 102 kcal/mol Å6 that falls in the proper range (C6 = 8.5 · 102 kcal/mol Å6

for O2 + O2 and C6 = 10 · 102 kcal/mol Å6 for N2 + N2 available from the literature45).
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2.3 The dynamical treatments

The indications given in the previous paper3 based on the analysis of the SC rate coe�cients

computed on GB1 and on the more accurate available PES (MF1) showed, as already an-

ticipated in the introduction, that an accurate estimate of the e�ciency of the considered

process and the understanding of the related microscopic mechanisms has to be based on

an extended analysis of more detailed properties (like the cross sections and state speci�c

transition probabilities). As is well known, in fact, state speci�c transition probabilities and

cross sections are more intimately related to the interplay among the interaction components

associated with the various degrees of freedom and with the long range attraction and short

range repulsion.

The dynamical study of the title process was carried out on both GB1 and MF1 PESs

using the previously described SC and, where appropriate, the QCT methods.

For QCT calculations use was made of the VENUS96 popular package.46 The program

integrates the Hamilton equations of the motion for all the nuclei on a given PES. Each

trajectory (or collision) is characterized by a value of the relative diatom-diatom translational

energy Etr and by four quantum-like internal states corresponding to the vibrational va and

the rotational ja states of the O2 molecule and to the vibrational vb and the rotational jb

states of the N2 molecule. The trajectory is also characterized by a set of angles determining

the spatial orientation of both molecules (see Fig. 1 for example, the initial distance between

the center-of-mass of the molecules and the impact parameter b. Once the initial coordinates

and momenta of all the nuclei are calculated from the mentioned parameters, the integration

provides the coordinates and momenta at any time during the collision. The integration is

carried out until the fragments produced by the collision are su�ciently separated. Then out

of the �nal value of the coordinates and momenta, various properties of the system (like, for

instance, the internal energy of the molecules, the relative translational energy, the scattering

angle) are evaluated. In particular, the rotational and vibrational quantum numbers of both

molecules are approximated as follows:
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- First, the rotational quantum number is calculated from the internal angular momenta

(the vectorial product of the coordinates and momenta of the nuclei of the diatom);

- Second, the vibrational quantum number is calculated using a semiclassical method47

based on the integration of the di�erence between the internal energy of the diatom and

the e�ective potential energy for the vibrational motion (that is taken to be given by the

diatomic potential plus the centrifugal term of the diatomic rotational motion associated with

the rotational quantum number previously calculated) in which the limits of the integral are

set at the diatomic turning points of the e�ective potential at the given internal energy;

- Third, the continuous rotational and vibrational quantum numbers calculated in this

way are made discrete by rounding to the nearest integer;

The same semiclassical procedure is used at the begining of each trajectory to calculate

the internal energy (and the related turning points) associated with the values of the initial

rotational and vibrational quantum numbers.

In QCT calculations, a statistically signi�cant sample of trajectories has to be integrated

to the end of determining the dynamical properties of the system. To this end, a Monte Carlo

procedure requires a large set of trajectories randomly selected in the spatial orientation of

the molecules, the phase of the vibrational motion and the spatial orientation of the diatom's

internal angular momentum vector.

For the SC coupled state method (see Refs. 48�50 for a more extended discussion) an

inhouse designed and developed program is used. The program treats molecular vibrations

quantum mechanically by integrating the related time-dependent Schrödinger equations for

the N2 and the O2 diatoms. In contrast, translational and rotational motions of the two

colliding molecules are treated using classical mechanics by integrating the related classical

Hamilton equations. The time evolution of the quantum variables (vibrations) are coupled

self-consistently with the time evolution of the classical variables via the de�nition and

calculation of a time-dependent �e�ective� Hamiltonian (Heff) de�ned as the expectation

value of the interaction potential Vinter(R(t)) (see Eq. 2) over the total wavefunction of the
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quantum subsystem Ψ(ra, rb, t)

Heff =< Ψ(ra, rb, t) | Vinter(R(t)) | Ψ(ra, rb, t) > (8)

where Vinter(R(t)) is evaluated at each time step of the classical �mean� trajectory R(t).

The time evolution of the total wave function is obtained by expanding |Ψ(ra, rb, t)> over

the manifold of the rotationally-distorted Morse wave functions of the two isolated molecules

Φva(ra, t) and Φvb(rb, t) as follows:

Ψ(ra, rb, t) =
∑
va,vb

Φva(ra, t) Φvb(rb, t) exp

[
−iEva + Evb

h̄
t

]
avavb→v′av

′
b
(t) (9)

in which avavb→v′av
′
b
(t) is the state to state amplitude of the vibrational transition from va

and vb (before collision) to v′a and v
′
b (after collision), Evi(t) is the eigenvalue of the vi Morse

wavefunction Φvi(ri, t) corrected by the Coriolis coupling elements Hv′ivi

Φvi(ri, t) = Φ0
vi

(ri) +
∑
v′i 6=vi

Φ0
v′i

(ri)
Hv′ivi

E0
vi
− E0

v′i

(10)

where Hv′ivi
is the following �rst order centrifugal stretching term coupling the rotational

and vibrational motion of the diatom

Hv′ivi
= −j2

i (t)m−1
i (ri)

−3 < Φ0
v′i
|ri − ri|Φ0

vi
> (11)

with ji being the rotational momentum of molecule i whose equilibrium distance is ri, while

Φ0
vi
and E0

vi
are the eigenfunction and the eigenvalue, respectively, of the same Morse oscil-

lator.

In the vibrational state expansion of the total wave function (see Eq. 9) the number of

close coupled states considered in the neighborough of the initial vibrational levels (va,vb) of

a speci�c vibrational transition (V-V and V-T) is varied according to the impact (or transla-
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tional) energy and the density of vibrational states so as to get a basis-set convergence of the

cross-sections. Accordingly, 2N + 18 coupled equations (18 classical Hamilton equations for

the roto-translational motions and 2N quantum Schrödinger equations for the N vibrational

levels of the total wave function expansion) are integrated self-consistently. The number of

vibrational levels, above and below the initial vibrational state of N2 and O2, included in

the wave function expansion depends on the initial vibrational state of both molecules and

on the impact kinetic energy. The higher are the impact energy and the level of vibrational

excitations of N2 and O2, the larger is the number of vibrational states to include (and,

therefore, the larger is the number of coupled wave equations to be integrated). At the

same time the calculations need to be repeated for a set of Nt trajectories (Nt = Nvavb), i.e.

the number of integrated trajectories having the va, vb pair of initial vibrational states and

su�cient to sample adequately the diatomic rotational angular momentum range of initial

values (for both molecules a and b, from 0 to jamax and jbmax respectively) as well as the

diatom � diatom orbiting angular momentum range of initial values (from 0 to lmax).

3 The computational campaign

The �rst iterations of the DYNAMICS module for computing energy dependent more de-

tailed dynamical quantities consisted of extended runs for evaluating the cross sections of

vibrational energy exchange performed on both the GB1 and the MF1 PESs.

3.1 The semiclassical calculation of the cross section

The inhouse semiclassical program integrating the transition amplitude for the generic vi-

brational transition vavb → v′av
′
b was run over the energy and Monte Carlo averaging over

the initial Boltzmann distribution of the rotational energies. The semiclassical cross section
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is de�ned as:

σvavb→v′av
′
b
(U) =

πh̄6

8µIaIb(kBT0)3

∫ lmax

0

dl

∫ jamax

0

dja

∫ jbmax

0

djb
[ljajb]

Nvavb

∑
|avavb→v′av

′
b
|2 (12)

in which [ljajb] = (2ja + 1)(2jb + 1)(2l + 1), U is the classical (i.e. non vibrational) part

of the total energy (U = Etr + Ea
rot + Eb

rot) with Etr being the impact kinetic energy, Ei
rot

and Ii being the rotational energy and the related moment of inertia of molecule i, µ and

l being the reduced mass and the orbital angular momentum, respectively, of the colliding

system and kB the Boltzmann constant. In the same expression T0 is an arbitrary reference

temperature introduced in order to provide the proper dimensionality to the cross section

expression. The Nt total number of trajectories integrated per set of �xed initial conditions

is 2000 (a number large enough to guarantee a reasonable convergence, say about 10-15%, of

the calculated values provided that lmax (or equivalently bmax) is su�ciently large to include

all the events contributing to the energy transfer).

A �rst important dynamical information can be obtained out of the SC calculations from

the dependence of the convergence of σ(bmax) (the value of the integral of Eq. 12 truncated

at di�erent values of bmax (or equivalently of lmax)) from bmax. In order to render graphically

the rate of convergence of the calculated quasi resonant cross sections (transitions for which

the vibrational energy content of reactants and products are almost coincident as is the case

of (19, 0|17, 1)) we plot in Figs. 2 and 3 σ(bbmax) of (19, 0|17, 1) against bmax for increasing

values of U in going from the bottom to the top panel of Fig. 2 and the top panel of Fig. 3.

As shown in the top panel of Fig. 2, the computed SC σ(bmax) values of the transition

(19, 0|17, 1) when U = 0.57, 0.86 and 1.43 kcal/mol converge around 3 Å on both PESs

to about the same value. Much faster is the rate convergence shown in the top panel of

Fig. 3 by the computed SC σ(bmax) values of the same transition when U = 2.86, 5.72 and

11.4 kcal/mol on both PESs though the convergence value is appreciably di�erent between

GB1 results and MF1 results being the former larger than the latter. In contrast, much
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slower is the rate convergence shown in the bottom panel of Fig. 2 by the computed SC

σ(bmax) values of the transition (19, 0|17, 1) for the smallest considered U values (0.21 and

0.29 kcal/mol). i In this case, however, (in contrast to what happens at higher energy) the

GB1 results converge to values appreciably lower than those of MF1.

The shown plots of the SC cross sections computed on both the MF1 and GB1 PESs for

the considered (19, 0|17, 1) V-V energy exchange it is apparent that for collisions occurring

at energy values large enough (larger than 0.86 kcal/mol as shown in the upper panel of

Fig. 2) to experience too little the attractive (longer) range part of the potential to make

the cross section for near resonant transitions largely determined by the short range branch

of the PES. Accordingly, at higher energies the outer nature of the repulsive wall of the

GB1 potential (that is located at an internuclear distance larger than that of MF1) tends

to make the related CS proportionally larger. In contrast, when U gets small (smaller than

0.86 kcal/mol), collisions taking place on MF1 feel for so long the attractive long range and

the binding part of the PES to enhance the V-V energy transfer e�ect with respect to that

of the GB1 PES.

The plots shown in the bottom panel of Fig. 3 for the non resonant transition (19,0|18,1)

are converged with bmax in the investigated interval. They show a faster (than for quasireso-

nant transitions) convergence that denotes a di�erent dynamics based on closer range inter-

action. Moreover, their smaller absolute value is due to the energetic factor of the transition

probability (that contains the term exp(−∆Ev′v) in which ∆Ev′v is the energy di�erence of

the vibrational transition). Such energy di�erence, being larger for out of resonance transi-

tions, makes the related terms smaller.

3.2 The quasiclassical calculation of the probabilities

Thanks to the more distributed nature of QCT calculations (a large number of computational

tasks with smaller memory demand) it has been less expensive in terms of computer time

to carry out massive investigations of the e�ciency of energy transfer in diatom diatom non
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reactive processes by exploiting the concurrent articulation of GEMS. This is of invaluable

help when pushing the calculations to higher vibrational states closer to dissociation (it

is important to emphasize here that the extension to higher vibrational states has also

prompted the adaptation of the bond-bond functional formulation of the MF1 PES for an

accurate description of the stretching of the diatomic bonds up to the dissociation limit as

we shall discuss later) and larger translational energies. This is also of help when extending

the temperature to higher values and when increasing the number and size of atoms (it is

important to recall here the more natural extensibility of QCT approaches to higher energies

and further degrees of freedom) as well as when improving the statistics (it is important to

note here the lower size of the computational tasks when distributing pure classical mechanics

codes that is more congenial with Grid distribution). Such high level of distributivity of QCT

calculations becomes indispensable when tackling more realistic computational simulations in

order to achieve convergence of the calculated values and completeness of the tables of state-

to-state properties when several elementary steps concur to the process, a large manifold of

states intervene and molecular partners are larger.

For what concerns the present paper this has allowed a QCT systematic study of prob-

abilities for a �ne grid and an extended interval of impact parameter values (and therefore

of detailed cross sections) for di�erent PESs and a large number of excited vib-rotational

states and collision energies. After all, this was already a key target of the design of GEMS

since the very beginning26,27 and has, for example, motivated its recent specialization to

cover the last mile of the comparison of virtual and measured signal in the so called last mile

of (single collision) Crossed Molecular Beam experiments51 (provided that one knows the

actual settings of the experimental apparatus). Moreover, this is a signi�cant contribution

to the design and development of Open Science single stream procedures standardizing the

o�er of innovative services on the web51�56 that has motivated the engagement of some of us

into some recent projects of the European Grid Infrastructure (EGI)57 and well �ts to the

Service Oriented Architecture (SOA)58 approaches promoted by the present Horizon 2020
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framework project of the European Union. As a result, we have been able to integrate mil-

lions of trajectories for each set of initial conditions and build plots of state-to-state QCT

probabilities as a function of the impact parameter b (opacity functions) to the end of car-

rying out a detailed analysis of the microscopic mechanisms driving the energy exchange for

the considered processes of the title system. For our computational campaign we set the

initial vibrational and rotational states of N2 equal to zero while the vibrational states of

the O2 molecule were set equal to 13, 19 or 25 with the rotational state increasing from zero

to 120 and the energy varied from 10 to 100 kcal/mol so as to cover a wide range of energy

values after the threshold region where QCT techniques are known to be weaker. Out of

the large mass of computations performed, we plot in Figure 4 only the opacity function for

O2 in the initial 19 (lhs panels) and 25 (rhs panels) vibrational state and ground rotational

state leading to the vibrational states of O2 corresponding to the initial one plus or minus

one or two and summed over �nal rotational states. The corresponding initial vibrational

and rotational states of N2 are zero and lead to the ground �nal vibrational state summed

over all �nal rotational states. Plotted values have been computed on both GB1 (dashed

lines) and MF1 (solid lines) at collisional energy of 52 kcal/mol (top panels) and 92 kcal/mol

(bottom panels).

As apparent from Fig. 4, the QCT energy transfer opacity function calculated on GB1

shows maximum impact parameters signi�cantly larger than those on MF1 (as indicated by

the analysis of Figs. 2 and 3) regardless of the fact that the transition implies single or double

quantum excitation/deexcitation. Moreover, the shape of the opacity function obtained on

the two PESs clearly di�ers. In fact, the GB1 opacity function shows a clear peak moving

from 2.5 Å at 52 kcal/mol to 3 Å at 92 kcal/mol and the probability decreases to less than

0.05 when lowering b. In contrast, the opacity function for MF1 remains almost constant

from b equal zero to b equal to 2.5 Å. This inequivocably con�rms the previously pinpointed

relationship between Vinter and the e�ciency of energy transfer mechanisms: the GB1 PES

acts preferentially with an outer (larger distances) mechanism while the MF1 prefers a more
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internal (shorter distances) one. Though not shown in Fig. 4, at the lowest collision and

vibrational energy, the QCT energy transfer opacity function (when the probability is ap-

preciable) is dominated by small b value collisions on both PESs. From the plots of the

probabilities calculated with the rotationally excited O2 molecule, also not shown here, one

learns that an increase of the initial rotational energy of O2 gradually changes the shape of

the opacity function calculated on the MF1 PES into that of GB1 (lower at small impact

parameters and growing to a maximum at larger ones) although never reaching the high

values of b of the GB1 plots.

4 Enhancing the description of shorter range interaction

in MF potentials

The indications obtained by QCT calculations of a poorer e�ciency of the MF1 PES with

respect to GB1 in transferring energy (despite its higher accuracy in reproducing ab initio

information on the electronic structure of the O2 � N2 system and gas-phase experimental

results), has motivated our further investigations on whether the MF functionals could be

made more e�cient in allowing the interplay between the various degrees of freedom of the

system when the two molecules come to closer contact. Our idea was to build into the

bond-bond formulation of the MF PES a more �exible description of the variation of the

interaction of the colliding bodies to account for the stretching of the diatoms that precedes

dissociation and rearrangement.

4.1 Enhancing the �exibility of the MF PESs for slightly distorted

molecules

In order to incorporate the above mentioned �exibility into the MF PESs, we exploited the

advantage of having formulated the intermolecular interaction in terms of the bond-dipole
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polarizability α(r) and of the electric quadrupole moment Q(r) (with r being, as usual, the

intramolecular distance). The dependence of α(r) and Q(r) of N2 and O2 on r is plotted

respectively in Figs. 5 and 6. In the case of α(r) of N2 we have expressed its dependence

on r using the analytical formula introduced in Appendix B of Ref. 31. The corresponding

expression for O2 is presented here for the �rst time in Appendix. Ab initio estimates of Q(r)

are also given in Fig 6. Like for CO2 (see Ref. 41), multireference ACPF (Averaged Coupled

Pair Functional) calculations were performed as a function of the stretching for the molecular

quadrupole moment by following the guidelines reported in Ref. 59. In particular, the molec-

ular orbitals in the ACPF calculations were all taken to be the natural ones obtained from

the complete active space self-consistent �eld (CASSCF) reference wave functions. There-

fore, the considered active space (CAS) was assumed to distribute 12 and 10 electrons (for

O2 and N2, respectively) in the 14 orbitals indicated as (2, 3, 4)σg(2, 3, 4)σu(1, 2)πu(1, 2)πg.

The 1σg1σu core molecular orbitals were fully optimized, while being constrained to be dou-

bly occupied and excluded from the used CAS. The Dunning's aug-cc-pV5Z basis set60 were

employed and the calculations were performed using the MOLPRO package.61 Proper poly-

nomial expressions capable to intepolate the Q(r) dependence have been then used and their

analytical representation is discussed in Appendix.

To start with the introduction of such additional �exibility we consider here the simple

case of slightly deformed molecules. For two diatomic molecules in the near equilibrium con-

dition one can formulate the Vintra of Eq. 1 using popular formulations of related potentials

like the Morse function (or its generalization as a Bond-Order (BO) polynomial VBO(r)63).

Further �exibility can be introduced in the Vinter component of the bond-bond formulation

of the MF PES (possibly by lowering the value of β of the Improved Lennard Jones ILJ33

functional from 9 to 8 and slightly tuning the other parameters of VvdW and Velect to the end

of improving the representation of the interaction at intermediate and short range).
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4.2 Enhancing the �exibility of the MF PESs for highly distorted

molecules

At closer distances or higher energy the molecules may become signi�cantly distorted. In

order to consider this case, let us start with a slightly deformed molecule (say molecule b)

and a strongly deformed one (say molecule a). In this case it is convenient to introduce a

switching mechanism from the bond-bond representation to a pseudo-atom (pa)-bond one.

Accordingly, the VvdW interaction could be partitioned as pa1-bond + pa2-bond. The pa is

de�ned as a specie having polarizability αpa(r) equal to the average value of α(r)/2. The

two pak can be switched in gradually so as to progressively replace the �bond� representation

of the molecule that modi�es its basic structure when r becomes enough large to evidence

the tendency of the diatom to dissociate and behave as a pair of two separated atoms.

Accordingly, at intermediate values of the internuclear distance a gradual switch from united

to separated atoms formulations for both VvdW and Velect has been introduced by de�ning

them in terms of α(r) and Q(r).

As apparent from Fig. 6, the electric quadrupole Q(r) of N2 tends to vanish as r increases

tending to the corresponding asymptotic separated atoms arrangements whose electronic con-

�guration is symmetric and is associated with the ground state (4S). A di�erent behaviour

is exhibited by the electric quadrupole of O2. In fact while the initial part of the Q(r)

plot increases from a negative value at shorter distances to about zero at about twice the

equilibrium distance, at dissociation ends up by generating two oxygen atoms in the non

spherical 3P symmetry. It has to be pointed out here also that as r gets close in value to

R, the formulation of Velect of Eq. 2 has to be turned into a sum of contributions de�ned in

terms of charge distribution on the molecular frame and the value of Q(r) is crucial for the

de�nition of the dependence of the charge distribution on r (see Appendix).
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Accordingly, the PES can be formulated as:

Vtot =
2∑

i=1

V i
intra(ri) +

2∑
k=1

V k
inter(Rk−bond, θk−bond) + V elect

inter (13)

in which Rk−bond (as shown in Fig. 1) is the distance between pak and the bond center of

mass of the less deformed diatom and θk−bond the related in plane angle. In Eq. 13 the

sum over k involves the two pseudoatom - bond pairs and represents the van der Waals

component of the interaction that is usually formulated by us as an ILJ potential. Please

note that if the energy zero is chosen to correspond with that of the two relaxed molecules

at R =∞, the dissociation energy of both molecules needs to be added to Vtot. The values

of polarizability obtained in this way allowed us to estimate the potential parameters to be

inserted in Eq. 13 in order to formulate V a
inter within a ILJ modelization. In particular, the

value of the ILJ parameters of the two pseudoatom-bond pairs can be obtained using the

relationship αpa equal to the average value of α(ri)/2, while in order to describe the bond

of the less deformed molecule use is made of α(ri) and of its parallel (‖) and perpendicular

(⊥) tensorial components α‖(ri) and α⊥(ri), respectively.

In order to enforce a correct asymptotic behaviour, V i
intra(ri) has been formulated as:

V i
intra(ri) = V i

BO(ri)f(ri) + V i
ILJ(ri)(1− f(ri)). (14)

where V i
BO(ri) can be, as we did in this case (see section 2.2) a Morse potential or, as

mentioned in the previous subsection, a higher order Bond Order polynomial whose higher

power terms allow a better connection of short and long range interaction.63

As to ILJ type potentials for the N2 molecule the following values apply: εo = 0.15

kcal/mol, rmo = 3.60 Å, β = 6.5 were obtained33,64 using the typical polarizability α = 1.1

Å3 of nitrogen65 while for the O2 molecule the following values apply: εo = 0.13 kcal/mol, rmo

= 3.44 Å, β = 6.5 were obtained33,64 using the typical polarizability α = 0.8Å3 of oxygen.65
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The modulation (switching) function f(ri) has been given by the Fermi type formulation:

f(ri) =
1

1 + exp
[

(ri−r∗i )

di

] (15)

with r∗i = 5 Å and di = 0.4 Å (obviously other formulations can be adopted).

4.3 The dynamical outcomes of the MF2 PES calculations

In order to analyze the shape of the new MF2 PES, a graphical analysis of its main features

was carried out and in Fig. 7 some 1D cuts of the MF1 and MF2 PESs are plotted when

the O2 molecule is stretched to 1.8 Å and the N2 molecule is at its equilibrium internuclear

distance. Cuts drawn as a function of R have been plotted for the X (D2d), H (D2h), Ta

(C2v), Tb (C2v) and I (D∞H) arrangements. It is worth pointing out here that two T-

shaped arrangements are considered separately: Ta, where the O2 intramolecular vector ra

is perpendicular to R, and Tb, where N2 diatom vector rb is oriented perpendicularly to R.

As apparent from the �gure, the change in shape of the PES in going from MF1 to MF2 is

dramatic: not only there is a doubling in depth of the well but there is an inversion of the

most stable con�guration between the X and the H arrangement. Moreover, the collinear I

arrangement, in MF1 the least attractive cut of the PES, becomes the third one immediately

after the H and X ones while both T-shaped con�gurations get appreciably more repulsive.

This behavior can be qualitatively explained by considering the change of sign of the O2

quadrupole moment for the stretched molecule (see Fig. 6) which, in turn, at about 1.8 Å

becomes large and comparable (in absolute value) to that of N2 at the equilibrium distance.

This change signi�cantly a�ects the Velect term of the intermolecular potential (see Eq. 7),

especially its sign which becomes negative for the H, X and I arrangements and positive for

the T-shaped ones. Altogether also the spherical average (bottom panel) shifts outwards in

going from MF1 to MF2. Such a dramatic change was expected to have a signi�cant impact

on the dynamical outcomes.
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In order to show a more quantitative comparison of such dynamical e�ect some QCT

calculations were repeated on MF2 for the transition O2(va = 19, 25, ja = 0) + N2(vb = 0,

jb = 0) → O2(v′a = va ± 1, 2, j′a = all) + N2(v′b = 0, j′b = all). The results plotted in

Fig. 8, where QCT cross sections are plotted as a function of the translational energy, show

a clear enhancement of the vibrational energy transfer cross section (up to 30% in particular

cases though, as expected, the e�ect is not linear with collision and/or vibrational energy)

when making the MF PES more �exible. In the same �gure the results obtained on the

MF1 are plotted showing the extent of energy transfer e�ciency regained with the limited

increase of �exibility for MF2 associated with the above considered case of a slightly deformed

molecule interacting with a strongly deformed one. Such a gain has prompted the need for

formulating and computing other contributions of the close diatom-diatom range interaction

of the colliding diatoms. In fact, even more e�ective contributions may come into play when

trying to extend the utilization of the PES to the description of dissociative and reactive

processes.

5 Conclusions

In the work reported in the present paper we have extensively investigated the energy transfer

processes in O2 + N2 collisions of paramount importance for some modern technological

innovations by exploiting the powerful collaborative distributed computing environment of

the Grid Empowered Molecular Simulator of the COMPCHEM Virtual Organization. In

particular our goal was to use concurrently di�erent PESs and dynamics programs to the

end of �nding out whether the disagreement between the available experimental information

on rate coe�cients and their calculated values was due to an inadequacy of the used PES

as surmised in Refs. 3 and 22. Our attention has, therefore, focused, �rst of all, on the

determination of the SC detailed cross section of the V-V and V-T transfer process down to

subthermal energies of the order of 0.2 kcal/mol on the two available PESs so as to single
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out the di�erent roles played by the attractive and repulsive components of the interaction

as energy lowers. The rationalization process was then pushed further into the microscopic

detail by computing quasiclassical state-to-state and state-speci�c probabilities as a function

of the impact parameter at thermal and ultrathermal conditions. Various V-V transitions

were considered to the end of singling out on the considered PESs the features of the small

intermolecular distance regions governing the energy exchange mechanisms. Finally, we built

on the acquired information, the knowledge necessary to design a formulation of the inter-

and intra-molecular interaction useful to describe the deformation of the entrance channel

of the PES to account for exchange and extreme stretching in view of allowing the opening

of channels to reaction and dissociation. The obtained preliminary results suggest that the

molecular deformation (due to an internal energy excitation much larger than 2 eV ), provides

extreme stretching and/or the opening of reactive and/or dissociative channels enhancing so

far the e�cience of energy transfers.
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Appendix - Dependence of bond polarizability and perma-

nent quadrupole on the monomer bond length

The radial dependence of the average bond polarizability ᾱ (in Å3) and relative anisotropy

∆α/ᾱ are de�ned for the O�O bond (for the N�N bond, see the Appendix B of Ref. 31)

by the following empirical equations given in terms of an e�ective bond order n, the bond

length r, and its equilibrium value re:

ᾱ(r) = (0.2666 n+ 1.0666)

{
1 +

1

3

(
r

re

− 1

)
exp

[
1.0219

(
r

re

− 1

)
(1− 0.5386 r)

√
r

re

]}
(16)

where the e�ective bond order reads

n = 2−

0.22925
r

re

+ 0.4585

1 + 1.1604 r2

 exp

[
−1.0772 r

(
r

re

− 1

)]
(17)

and the relative anisotropy reads

∆α

ᾱ
(r) =

1.6739 r3 exp

[
−1.0219

√
r

re

(1.0772 r − 1)

]
{

1.2100 + 0.2100 exp

[
−
(
r

re

− 1

)]}3 . (18)

We note here that the numerical coe�cients in the above equations have not been obtained by

a �tting procedure of ab initio points but they have been calculated from a general relation-

ship given on terms of polarizabilities of the isolated atoms concurring to the bond, numbers

of bonding, non-bonding and total valence electrons and bond order. Such relationship have

been already tested on other bonds.31

The parallel α‖(r) and the perpendicular α⊥(r) bond polarizability components can be

then expressed as

α‖(r) = ᾱ(r) +
2

3
∆α(r) α⊥(r) = ᾱ(r)− 1

3
∆α(r) (19)
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whose behaviors as a function of the O2 internuclear distance are reported in Figure 5.

The radial dependence of the N2 and O2 molecular quadrupole Q(r) is formulated as

QN2(r) = −1.227 + 1.8359(r − re) + 0.19(r − re)
2 + 0.2496(r − re)

3

−3.6399(r − re)
4 + 2.25(r − re)

5 (20)

and

QO2(r) = −0.239 + 2.9102(r − re)− 0.4285(r − re)
2 − 1.3024(r − re)

3 (21)

where the equilibrium distance re values are 1.098 and 1.2075 Å for N2 and O2 respectively,

and Q is in atomic units. Such polynomial representation provides results reproducing the

ab initio data illustrated in Figure 6.

From the above relationships we obtain the molecular charge distribution (to be used

when r is comparable to the intermolecular distance) as

qX =
Q(r)

2( r
2
)2

(22)

and

qmb = −2qX (23)

where qX and qmb are point charges on nitrogen (oxygen) atoms and on the molecule midbond,

respectively.
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Figure 1: Set of coordinates used in the PES functional for the O2 � N2 system.
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Figure 2: SC cross sections calculated on MF1 (solid lines) and GB1 (dashed lines) at
U = 0.21, 0.29 kcal/mol (bottom panel) and 0.57, 0.86, 1.43 kcal/mol (top panel) for the
near-resonant process O2(va = 19) + N2(vb = 0) → O2(v′a = 17) + N2(v′b = 1) plotted as a
function of bmax.
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Figure 3: SC cross sections calculated on MF1 (solid lines) and GB1 (dashed lines) at
U = 2.86, 5.72, 11.4 kcal/mol for (top panel) the near-resonant process O2(va = 19) +
N2(vb = 0) → O2(v′a = 17) + N2(v′b = 1) and for (bottom panel) the non-resonant process
O2(va = 19) + N2(vb = 0) → O2(v′a = 18) + N2(v′b = 1) plotted as a function of bmax.
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and double quantum vibrational deexcitation and excitation of the process O2(va = 19, 25,
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single and double quantum vibrational deexcitation and excitation of the process O2(va =
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