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Abstract

In this work we propose a formulation of the potential energy surface for the CO2–N2 dimer,

where the intramolecular component is modeled in terms of a many body expansion while the inter-

molecular component is modeled in terms of a recently developed bonds-as-interacting-molecular-

centers approach.

The main advantage of this formulation of the potential energy surface is that of being (a) truly

full dimensional (i.e. all the variations of the dimensions associated with the molecular vibrations

and rotations on the geometrical and electronic structure of the monomers, are explicitly taken

into account with neither bonds nor angles being frozen), (b) more flexible than other popular

formulations and (c) well suited for mobile fitting.

In the paper we give full account of both the formulation of the potential energy surface and

we discuss some implications of the formulation of the interaction for the outcomes of the related

quasiclassical trajectory study of CO2 + N2 collisions. In particular, specific attention has been

given to the fact that a variation of vibrational and rotational energy has a higher (both qualitative

and quantitative) impact on the energy transfer process when a more accurate formulation of

the intermolecular interaction (with respect to that obtained when using the rigid monomer) is

adopted. More specifically, we give evidence of the fact that state-to-state transition probabilities,

cross sections and rate coefficients are affected by the modulation of the intermolecular interactions

associated to vibrations and rotations. This makes the PES better suited for the kinetic modeling

of gaseous mixtures in plasma, combustion and atmospheric chemistry applications.
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I. INTRODUCTION

Carbon dioxide and nitrogen molecules are important components of the Earth and other

planetary atmospheres (in Mars and Venus CO2 and N2 are both major components) [1, 2].

The energy transfer occurring in CO2+N2 collisions, especially those involving vibrational

excitation of the colliding partners, affects the energy balance and influences the complicated

network of processes that determine the chemistry of the atmospheres. In general, for the

study of any gaseous mixture, an accurate description of the energy transfer is required

to build up reliable kinetic models, and a detailed characterization of the exchanges of

energy is fundamental for modeling elementary processes involved in combustion chemistry,

chemistry of plasmas, gases under flow conditions (e.g. in aircraft and spacecraft designing

[3–5]). More recent technological applications focus on carbon capture, where a necessary

step is the separation of CO2 from abundant N2.

In all these cases, what is necessary is an accurate knowledge of the rates and mechanisms

of excitation/relaxation of the internal and translational degrees of freedom of CO2 and N2.

Since it is clearly unconceivable to set up collision experiments covering the entire range

of conditions and of molecular quantum states met in the variety of the applications, for

the rate coefficients and related quantities the only viable approach is their calculation by

means of molecular collisions simulations [6].

To this end a point that has been since long understood is that energy transfer is very

sensitive to the strength and shape of the intermolecular potentials [7, 8], and the accuracy

of transition probabilities, cross sections and rate coefficients is therefore highly dependent

on the detailed knowledge of such interactions. In principle, intermolecular potentials can be

characterized both by molecular beam scattering experiments (see e.g. [8]) and spectroscopic

studies of van der Waals complexes [9]. However, the related inversion of measured data

is neither easy nor direct. One should be able, in fact, to carry out the experiment under

high resolution conditions, make an educated guess of the value of the parameters of a

model potential and then refine it by minimizing the difference between theoretical and

experimental results.

Moreover, energy transfer can be strongly state-specific, since it depends on the quantum

states of the molecules before the encounters, and this must be taken into account in the

many physical situations where rotationally and vibrationally excited CO2 and N2 molecules

3



are involved. In fact, since vibrations and rotations distort the molecular geometry, affecting

both polarizabilities and charge distributions, the intermolecular forces, related to such

properties, are strongly dependent on the quantum states of the interacting monomers and

so are the outcomes of collision events. A suitable intermolecular potential energy surface

should definitely return the variations of the interaction with the internal coordinates of

the molecules. For this reason dimer PESs available in the literature, that consider frozen

monomers, are not fully suitable for modeling the energy transfer [9]. For example, the

intermolecular PES for CO2+N2 should be a nine-dimesional PES. For the same reason

energy transfer in kinetic studies would be better dealt at a state-to-state level of detail by

determining state-to-state rate coefficients (see e.g. [10, 11] for the state-to-state treatment

of gaseous systems).

A way of embodying the above considerations into the practice of dynamical calculations

is to take into proper account the full dimensionality of the long tail of the intermolecular

component of the interaction in view of choosing a suitable set of basis functions in a mobile

fitting approach [12]. Due to the fact that the paper deals with non reactive processes we

focus here on a new flexible semiempirical formulation of the intermolecular component of

the interaction. We adopt here, in fact, a formulation of the intermolecular component

of the interaction tailored to flexibly describe a wide range of stable and unstable config-

urations of the system, thanks to the release of the rigid monomer constraint quite often

adopted for this type of studies. To this end the intermolecular interaction is represented

as a sum of terms accounting for bond–bond (and not atom–atom as usual) contributions,

with a mobile analytical formulation that includes the dependence of the intermolecular

forces on the internal degrees of freedom (stretching and/or bending) of the monomers,

where the parameters are physical quantities (e.g. bond polarizabilities and charges) or

quantities with a well defined physical meaning. The idea of representing the interaction

in terms of bond–bond contributions provides the key requisite for making the potential

energy functional flexible. This idea, applied here for the first time to CO2-N2, has been

recently satisfactorily tested on other systems (see for instance Refs. [13–30]).

In the paper the proposed representation of the PES is described in Section II (with more

details being given in Appendix A). We then discuss in Section III the procedure adopted

to optimize the potential parameters for rigid monomers and to account for the monomer
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deformation. Section IV describes the collision simulations and the state-to-state description

of the vibrational transitions. Finally, Sec. V proposes a careful assessment of the quality of

the PES, showing the main qualitative and quantitative differences between our flexible PES

and the by standard ones, whose accuracy is compromised by the rigid monomer constraint.

Conclusions and perspectives are discussed in Sec. VI

II. THE BOND–BOND REPRESENTATION OF THE PES

The intermolecular potential energy, Vinter, of the two interacting molecules, CO2 and

N2, is formulated as a combination of two effective interaction components:

Vinter = VvdW + Velect. (1)

where VvdW and Velect represent the van der Waals (size repulsion plus dispersion-

attraction) and the electrostatic interaction components, respectively. Velect originates from

the anisotropic molecular charge distributions of the two bodies, which asymptotically tend

to the permanent quadrupole-permanent quadrupole interaction. Both VvdW and Velect de-

pend on the distance R between the centers of mass of the two molecules (say a for CO2 and

b N2), and on the Jacobi angular coordinates Θa,Θb and Φ describing the a−b mutual orien-

tation as well. In the present work we will consider a series of mutual orientations of the inter-

acting molecules, specifically (Θa,Θb,Φ)=(90◦,90◦,0◦),(90◦,90◦,90◦),(90◦,0◦,0◦),(0◦,90◦,0◦),(0◦,0◦,0◦),

(45◦,45◦,0◦) and (60◦,60◦,0◦), which will be referred to as H, X, Ta, Ta, I, S45 and S60.

The van der Waals term, VvdW of Eq. 1, is expressed as a sum of the contributions V i
vdW

of each of the possible bond pairs between the two molecules,

VvdW (R,Θa,Θb,Φ) =
K∑
i

V i
vdW (Ri, θai, θbi, φi) . (2)

where Ri is the distance between the reference points of the two bonds of the i-th pair,

θai, θbi and φi are the related mutual orientation angles, and K = 2 is the number of

all possible CO-N2 bond pairs. The additivity of these interactions contributions comes

from the additivity of bond polarizability components, which sum to give the molecular

polarizability, the fundamental physical quantity of the van der Waals interaction. Moreover,

this representation indirectly accounts for three body effects [31], and in fact each bond
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polarizability component differs from the sum of the free atom contributions.

The V i
vdW terms in the above equation are formulated as an extension and a generalization

of the approach based on the atom-bond pairwise additivity assumption, discussed in Refs

[31, 32] for the case of atom-molecule interactions. It is important to note that each of the

bonds considered here is assumed to be an independent diatomic sub-unit having a definite

polarizability and a given electronic charge distribution of nearly cylindrical symmetry. In

addition, it has been assumed that the reference point for the N2 bond is set exactly at the

geometric bond center while for each CO pair it has been displaced of 0.1278 Å towards the

O-end because in this case the dispersion and the bond centers do not coincide.

The explicit form of V i
vdW is obtained using the Improved Lennard-Jones (ILJ) potential

function [33]:

V i
vdW (Ri, γi)

εi(γi)
= f(xi) =

[
6

n(xi)− 6

(
1

xi

)n(xi)

− n(xi)

n(xi)− 6

(
1

xi

)6
]

(3)

where xi is the reduced distance defined as

xi =
Ri

Rmi(γi)
. (4)

and γi denotes collectively the triple of angles (θai, θbi, φi), which define the mutual ori-

entation of the bonds, while εi and Rmi are respectively the well depth and position of

the corresponding pair interaction. Note that the ILJ function [33] is more realistic than

the original Lennard-Jones(12,6) one, with a much more accurate size repulsion (first term

within the square brackets) and the long range dispersion attraction tail (second term within

the square brackets) [32, 34].

The exponent n in Eq. 3, is expressed as a function of both Ri and γi using the following

empirical equation [32]:

n(xi) = β + 4.0x2i . (5)

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

particles. For the present system β has been set equal to 9 (a value typical of van der Waals

interactions in neutral-neutral systems) for all CO–N2 bond-bond pairs.

The explicit dependence of the ILJ function (see Eq. 3) on the orientation of the interact-

ing bonds can be given by an expansion of εi and Rmi in terms of bipolar spherical harmonics
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AL1L2L(γ). In this way f(xi), the reduced form of the bond-bond potentials (see Ref. [32])

is taken to be the same for all the relative orientations, as already discussed in Refs. [35–38].

This introduction of the angular dependence of the potential parameters provides a faster

convergence of V i
vdW than its direct expansion in terms of radial coefficients [39–41]. For the

purpose of the present work it was found sufficient to truncate the expansion to the fifth

order, as follows:

εi(γ) = ε000i + ε202i A202(γ) + ε022i A022(γ) + ε220i A220(γ) + ε222i A222(γ) (6)

Rmi(γ) = R000
mi +R202

mi A
202(γ) +R022

mi A
022(γ) +R220

mi A
220(γ) +R222

mi A
222(γ) (7)

A method to estimate the εi and Rmi expansion parameters from diatomic (or molecular

bond) polarizability values is illustrated in Appendix A of Ref. [39]. In the present case five

limiting configurations (mutual orientations) of each i bond-bond pair were considered and

namely: Hi(θai=90◦,θbi=90◦,φi=0◦), Xi(θai=90◦,θbi=90◦,φi=90◦), Tai(θai=90◦,θbi=0◦,φi=0◦),

Tbi(θai=0◦,θbi=90◦,φi=0◦), and Ii(θai=0◦,θbi=0◦,φi=0◦) [42]. The method gives the same pa-

rameters for the Xi and Hi geometries. Once εi and Rmi are determined for the five selected

geometries of each i-th bond-bond pair the coefficients εL1L2L
i and RL1L2L

mi can be obtained

by a simple inversion of Eqs. 6 and 7 [39]. In this way a tentative full dimensional PES is

generated and related εi and Rmi parameters can be fine tuned by fitting experimental data

and by comparing model predictions with accurate ab initio electronic structure calculations

(see below).

The Velect term of Eq. 1 has been formulated as a sum of Coulomb potentials as follows:

Velect(R,Θa,Θb,Φ) =
∑
jk

qjaqkb
rjk

(8)

with qja and qkb being point charges (located on the monomers a and b, respectively)

and rjk being the distance between them. This improves its formulation that is not suffi-

ciently well described by the usual expression depending on the product of the molecular

quadrupoles Q (see Eq. 9 of Ref. [39]). In the above given Eq. 8, instead, molecular charge

distributions on each monomer are taken to be compatible with the corresponding calculated

molecular quadrupoles (see below).
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Such formulation of Velect must be used for cases in which the molecular dimensions are

not negligible with respect to the intermolecular distance R [8]. For both monomers a linear

distribution of charges, has been adopted. In the case of CO2 we have adopted the charge

distribution already used in Ref. [22] which consists in five charges which are placed on the

atoms (qO and qC) and on the CO bonds (qCO) respectively. In the case of N2 the molecule

contains three charges which are placed on the two atoms (qN) and on the mid-bond site

(qmb).

For charge values qi (as well as for the corresponding position ri) we took for CO2 the

values reported in Ref. [22] while for N2 we have obtained them from the corresponding

quadrupole moment and equilibrium distance reported in Ref. [43] by using simple geomet-

rical considerations (see Appendix A).

III. THE OPTIMIZATION OF THE PES

The above mentioned adopted values of εi and Rmi (hereinafter called ”predicted”) were

fine tuned by carrying out a comparison with ab-initio estimates of the intermolecular part of

the interaction and an analysis of the second virial coefficient data (see next section). Values

for the case of rigid monomers are given in Table I together with the other parameters used

to formulate the intermolecular potential.

In Fig. 1 the main features of the intermolecular potential Vinter calculated for seven

selected geometries of the interacting system at the CCSD(T) (Coupled Cluster including

Single and Double and non-iterative Triple excitations used by us) level of theory (see next

section), are reported. Although such results will be discussed in more detail later, it is

worth pointing out here that, as shown by the figure, the stability ranking of the investigated

geometries on the bond–bond PES well agrees with that of the ab initio values.

In order to carry out the fine tuning of the parameters of the semiempirical functional

representation of the PES, we followed the procedure already employed in Ref. [22] and we

first investigated the dimer formation for two rigid monomers (with bond lengths and angles

fixed at their equilibrium values). In this perspective, we performed CCSD(T) intermolec-

ular potential calculations for the H, X, Ta, Tb, I, S45 and S60 configurations of the dimer

(see Sec. II), as a function of the distance R of the two monomers. Results are reported

in Fig. 1 where they are compared with the corresponding bond-bond energy profiles. The
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supermolecular CCSD(T) energies were calculated using the MOLPRO package [44] and

corrected using the counterpoise method [45, 46] in order to remove the basis set superpo-

sition error. For all supermolecular calculations the Dunning’s aug-cc-pVTZ basis set [47]

was used together with the bond function set [3s3p2d1f] developed by Tao [48] and placed

on the midpoint of the intermolecular distance R that was varied in the range 2.5–12 Å. In

order to assess the convergence of the supermolecular energies with the basis set, additional

calculations using the aug-cc-pVQZ plus bond functions (see above) basis set were also per-

formed for the usual dimer configurations around their minima. The corresponding results,

compared in Table II with those obtained using the less extended basis set, show deviations

of about 0.1–0.2 meV. The C-O and N2 bond lengths of the linear monomers were set equal

to 1.162 Å [49] and 1.101 Å [43], respectively.

In order to carry out a comparison with the flexible monomer bond-bond potential (to

be described below), several further CCSD(T) calculations were carried out by considering

a maximum variation of 10% in the bond length of one of the two monomers and of 20

degree in the O-C-O bending O-C-O angle. Such small deformations did not alter the single

determinant character [50] of the used wavefunctions and allowed the use of the CCSD(T)

method also for the deformed arrangements. In the case of the CO2 bending, each examined

ab initio profile corresponds to an average over a maximum of three monomer configurations

(the main ones being those associated with the bent monomer when rotating around its main

rotational axis (see Ref.[22] for more details)). The ab initio interaction profiles related to

flexible monomers, reported in the following, have been compared with the results of the

model potential in Figs. 4–8.

NESSUN COMMENTO DERIVANTE DAL CONFRONTO?

In order to introduce into the bond-bond model the dependence of the electrostatic com-

ponent Velect (see Eq. 1) on monomer deformations, the variation of the CO2 and N2 molec-

ular multipole moments with the internal coordinates (and consequently, also that of the

related charge distributions) was introduced. In the CO2 case the molecular multipoles and

the related point charge dependence (see Appendices B and C of Ref. [22]) were used. In the

N2 case, as already done for CO2 in Ref. [22], 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.[43]. In particular the molec-

ular orbitals in the ACPF calculations were all taken to be those natural obtained from the
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complete active space self-consistent field (CASSCF) reference wave functions. Therefore,

the considered active space (CAS) was assumed to distribute 10 electrons in the 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 doubly occupied and excluded from the used

CAS. The Dunning’s aug-cc-pV5Z basis set [47] were employed and the calculations were

performed using the MOLPRO package [44].

As already anticipated, the parameters of the rigid monomers defining the bond-bond PES

were optimized in order to best fit at the same time the measured second virial coefficients

and the ab initio interaction energies. It is worth pointing out here that, given the physical

ground of the procedure, both the number of parameters allowed to vary in the fit and their

interval of variation are rather small. As an example, the long range dispersion attraction

coefficient values, defined as εi · R6
mi were allowed to vary within a 10 % interval of their

initial value (see also Appendix A of Ref. [39]). Moreover, it is also worth pointing out here

that, due to some inter-dependencies, the final best fit values of the adjustable parameters

usually differ only by a few percent from the initial ones (see Table I for εi and Rmi). The

main features (equilibrium distance Re and binding energy De for selected dimer geometries)

of the optimized and already bond-bond PES’s are reported in Table II and it can be seen

that the small variations of the optimized εi and Rmi (see Table I) lead in general to a more

attractive potential. Table II shows also that while optimized and predicted parameter values

are both able to satisfactorily reproduce the relative stability of the limiting configurations

(see Table II), the former are closer to ab initio results.

To further validate the reliability of the rigid rotor PES, second virial coefficient (B(T ))

values, including first quantum correction Bq1(T ) to the classical estimate Bcl(T ) [35]

(B(T ) = Bcl(T ) + Bq1(T )), were also computed. The calculations evidence that quantum

corrections are smaller than 1% even for temperature values as low as 200 K. A comparison

of calculated B(T ) values with experimental measurements [52–55] over the temperature

range 200 < T < 400 K is given in Fig. 2.

The figure shows that both the bond-bond (predicted and optimized) results well agree

among them and with the experimental data in the full range of temperature. This allows us

to emphasize again that even the results obtained with the predicted bond-bond interaction

substantially agree with experimental data, confirming that the optimization process is

just a fine tuning procedure, which does only shift B(T) slightly down in the considered
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temperature range.

For the CO2 monomer deformations the empirical radial dependence of C-O bond po-

larizability α on the bond length r as well as that of the point charges distribution on the

molecular symmetric (and asymmetric) stretching and bending as obtained in Ref.[22] (see

Appendices A, B and C therein for more details) is used.

In the case of the N2 monomer we used the empirical bond length dependence of the

polarizablity α as reported in Appendix B of Ref. [39], which is shown here in the lower

panel of Fig. 3 together with previous ab initio results. In addition, for the N2 permanent

quadrupole dependence on the bond length, an appropriate representation can be obtained

from the analysis of the ab initio results reported in the upper panel Fig. 3. To this end, ab

initio data were fitted using suitable analytical functions providing the radial dependence of

point charges on the N2 bond length r, as shown in detail in Appendix A.

The effect of the symmetric and asymmetric stretching of a single monomer on the dimer

interaction predicted by the adopted potential formulation is illustrated in Figs. 4, 5, 6 and

7 while that of the CO2 bending is shown in Fig. 8. In all cases the plots of the CCSD(T)

values, reported for comparison, confirm the reliability of the bond-bond results.

IV. MOLECULAR DYNAMICS SIMULATIONS

On the above described potential we ran simulations of the CO2–N2 collision processes in

order to test the effect of reactants’ vibrational energy on the value of the vibrational state-

to-state transition probabilities. As mentioned above, the distorting effect of the vibrations

on the molecular geometry of the system and of the related charge distribution is expected

to alter the intermolecular interactions and to affect the outcome of the collision processes.

Adding the intramolecular potentials of CO2 and N2, denoted as Vintra, to the intermolec-

ular potential of Eq. 1, leads to the following formulation of the full dimension total potential

energy:

V (R,Θa,Θb,Φ,q) = Vintra(q) + Vinter(R,Θa,Θb,Φ; q) (9)

where q denotes collectively the internal coordinates of CO2 and N2. It is worth pointing

out here that in Eq. 9 Vinter depends parametrically on q. For the CO2 molecule a many-body

expansion type potential function has been used (see [57]) to represent its Vintra term, while
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for N2 a Morse potential has been adopted similarly to what has been done in Refs. [58, 59]).

In the trajectories, the initial vibrational states of the molecules are explicitly selected,

while the initial rotational states and the relative velocity of the colliding partners are as-

signed by sampling the related Boltzmann distributions. This means that the probabilities

obtained are specific for vibrational states, but thermally averaged over rotation and trans-

lation. This choice leverages on the fact that when a gas out of equilibrium tends to relax

into equilibrium, the various collision-induced energy exchange processes occur with different

time-scales and different rates. This is, indeed, the case of vibration-vibration (V-V) energy

transfers which occur at significantly longer time scales than those necessary to populate

the entire manifold of rotational states establishing a regular Boltzmann rotational distri-

bution. In addition in the present investigation, the rotational temperature Trot is set equal

to the translational temperature T . A time-scale argument justifies also this assumption:

in a gas tending to equilibrium (even when only locally in space), the energy transfer from

other degrees of freedom to translation is in general the slowest process, and, eventually, the

energy allocated in the considered degrees of freedom will tend to be in equilibrium with

the translations.

For a given value of T (and Trot) and for given initial vibrational quantum numbers of

CO2 and N2, the selection scheme of initial conditions of the trajectories can be sketched

as follows: a value for the collision energy sampled from a Boltzmann distribution at tem-

perature T . The values of the initial rotational angular momenta of the two molecules are

selected by sampling a Boltzmann distribution at the chosen rotational temperature Trot,

and giving to the corresponding vectors ja and jb randomly orientation; the initial vibra-

tional states of the two molecules are set according to the specified vibrational quantum

numbers (for the two molecules a and b); initial coordinates and momenta for the relative

motion are generated by assigning to the collision impact parameter b a value chosen in a

range [0,bmax], with bmax, the maximum impact parameter, being a truncation limit; the

initial intermolecular distance is set large enough to make the intermolecular interaction

negligible and the molecules are given a random mutual orientation.

The coupling between rotations and vibrations is neglected in choosing initial conditions

for the trajectories, and determining, after the collision, the final rotational and vibrational

states of CO2 and N2. The vibrational state of the linear CO2 molecule is defined by three

quantum numbers (see below), since one of them, corresponding to the vibrational angular
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momentum, is disregarded. This assumption has been discussed and motivated in a series

of previous works on CO2 [22–24], where it was observed that the bending states with

high rotational energy are unlikely and the energy associated with the vibrational angular

momentum is negligible (see e.g. Ref. [23], where the time evolution of the radial and angular

energy associated with the bending has been considered in typical cases).

According to this scheme, each bunch of trajectories is identified by a temperature T

and (Trot = T ), and by the initial vibrational quantum numbers of the colliding CO2 and

N2 molecules. The corresponding properties are therefore state specific for vibration while

being thermalized for translation and rotation. Bunches of 50000 trajectories were run for

each value of T and for any given set of initial vibrational states by setting the maximum

impact parameter bmax equal to 18 Å(so as to get full account of the effects of the long range

tail of the intermolecular interactions).

Calculations were carried out using the classical chemical dynamics code VENUS96 [60,

61], modified in order to incorporate our potential energy surface and to generate the initial

conditions of the trajectories according to the most appropriate sampling scheme.

The thermal state to state probability Pvw, where v and w represent initial and final

vibrational states of the system (the procedure adopted for determining the final vibrational

is discussed later), has been evaluated by taking the ratio Nvw

Nt
between the number of the re-

lated transition trajectories, Nvw and the total number of trajectories Nt The corresponding

cross section σvw is defined as an integral of the probability Pvw over the interval [0,bmax]

σvw =

∫ bmax

0

2πbPvw(b)db (10)

where the dependence of Pvw on the impact parameter b (opacity function) is given explicitly

and provides us information on how the probability of a transition (or energy exchange)

depends on the short and long range parts of the intermolecular interactions (see Sec. V).

Following this approach, the thermal cross section σvw(T ) for a given transition, averaged

over translational and rotational Boltzmann distributions at temperature T , can be obtained

from the probability Pvw(T ), the fraction of trajectories that lead to the transition v → w,

multiplied by the available circular target area of the collisions. Such area depends on the

maximum distance range bmax in which the intermolecular potential is effective:

σvw(T ) = Pvw(T )πb2max (11)

Pvw(T ) =
Nvw

Nt

(T )
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with Nvw being the number of trajectories leading to the transition and N the total number

of trajectories.

Note that thanks to the fact that the obtained cross section is averaged with respect

to rotations and translations, it is proportional to the corresponding state-to-state rate

coefficient, as from the relationship:

k(T )vw =

(
8kT

µπ

) 1
2

σvw(T ) (12)

where µ is the reduced mass of the CO2 + N2 collision system.

A. Final vibrational state quantization

The outcome of the collision trajectories is a set of classical final states (particle coor-

dinates and velocities) of the CO2 and N2 molecules. As a first approximation, the final

vibrational energies of each vibrational mode of CO2 can be calculated by projecting the

final phase-space vectors into the CO2 normal mode basis vectors (as obtained from the

intramolecular potential energy function Vintra), assuming harmonic motion and separable

vibrational modes. The harmonic vibration frequencies have been obtained from the Hessian

eigenvalues of Vintra calculated at the minimum energy configuration of CO2.

For the N2 molecule, a vibrational quantum number n is deduced from the Einstein-Brillouin-

Keller (EBK) quantization rule [62]. To obtain state-to-state vibrational transition proba-

bilities, the classical normal mode energies of CO2 have to be discretized. Accordingly, the

output of any bunch of trajectories is subject to a data-binning procedure in order to get

corresponding quantum numbers. To the aim of the present work, we adopted a uniform

binning procedure (consisting in rounding to the closest integer the ratio between the energy

content of each vibration mode and the corresponding energy quantum) after rejecting the

values lower than the zero point energy.

It is expected that the harmonic approximation may lead to inaccuracies in the labeling

of the vibrational levels for highly excited states. The energy gap of the harmonic model

with respect to the real system can be roughly estimated by simply comparing the har-

monic vibrational energy levels of a single mode of CO2 with the ones associated to the

corresponding vibrational states of the Morse oscillator. As an example, one finds that the

energy difference for v2 = 11 (symmetric stretching) is about 10% (see Ref. [22]). Moreover,
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it is important to point out here that such deviations do not invalidate the use of the normal

mode harmonic model because the obtained energy values are used as input in the averag-

ing processes over thermal distributions. This means that the assignment of a final classical

state to a quantum one is simply instrumental to the setting of an integration energy grid

for the evaluation of a thermally averaged property.

V. RESULTS OF THE COLLISION SIMULATIONS

The quasiclassical trajectory study of the CO2 and N2 system, carried out both to validate

the intermolecular potential energy function and to assess the importance of accounting for

the effects of the molecular deformations, focused on the following collision processes:

CO2(v1, v2, v3) + N2(n)→ CO2(w1, w2, w3) + N2(m). (13)

In Eq. 13 v1, v2 and v3 and n represent the vibrational quantum numbers for symmetric

stretching, bending and asymmetric stretching of CO2 and for stretching of N2, respectively,

before the collision, and w1, w2, w3 and m are the corresponding quantum numbers after col-

lision. Hereinafter, for the CO2 + N2 system, each initial state will be indicated as (v1, v2, v3)

+ (n), that is with the triple of the vibrational quantum numbers of CO2 and with that of N2.

The search of the effects arising from the deformations of the molecular geometry, gen-

erated by the variation of the internal degrees of freedom and affecting the outcome of

the collisions, has been carried out by comparing macroscopic and microscopic quantities

associated with the molecular encounters. These have been evaluated at a state-to-state

level, as obtained by running the collision simulations, (i) using the full dimensionality

scheme (named “flexible” PES), and (ii) adopting the reduced dimensionality scheme, i.e.

neglecting the effects of vibrations (named “rigid” PES). It is worth emphasizing here again

that in both kinds of calculations the molecules are not frozen and the term rigid means

only that variations of dipole moments and charge distributions as well as their effects on

the intermolecular forces, are not accounted for. In addition, it has also to be said here that

the results commented below aim at presenting some non negligible and intriguing effects

of the features of the proposed PES on the collision results rather than at reporting on the
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outcome of their systematic dynamical and kinetic investigation.

Fig. 9 shows the evolution of the probability Pvw(T ) for the transition (0,0,1) + (0) →

(1,0,1) + (0) as a function of the temperature T , calculated using both the rigid and the

flexible PES. It tells us that, in the low temperature regime (for T up to 1000 K), probabil-

ities computed on the flexible PES are from 3 to 4 times larger than those obtained when

using the rigid potential for running trajectories. Such a difference, although persisting at

higher temperatures, tends to decrease with the increase of T and becomes negligible at

T = 10000 K. This effect can be understood in terms of the different contributions that

collisions occurring at increasing values of the impact parameter give to the value of non

reactive thermalized probabilites (and consequently to cross sections and rate coefficients

which are proportional to them (see Eqs. 11 and 12), quoted in Table III).

To investigate more in detail this effect, we calculated the opacity functions Pvw(b) (see

Eq. 10) shown in Figs. 10, 11 at a single collision energy E = 20 kcal/mol and with nitrogen

rotationally hotter than CO2 (Trot of N2 equal to 5000 and Trot of CO2 1000 K respectively) to

mimic nonequilibrium high rotational excitation conditions. This permitted us to single out

critical differences between the dynamical behaviour of flexible and rigid PESs at different

values of b.

Fig. 10 shows Pvw(b) for the transition (0,0,0) + (0)→ (1,0,0) + (0), where an energy transfer

from rotations and translations to vibrations takes place. It can be seen from the figure that

the structure of the plot is basically bi-modal with a broader maximum at b = 11.9 and a

higher narrower one at b = 17.3. The two peaks are associated with the occurrence of two

different energy exchange mechanisms of long range orbiting-like nature contributing almost

equally to the transition on the two PESs. However, a more meticulous inspection of the

plot singles out a slight shift to lower b of the values computed on the rigid PES that indeed

rationalizes the difference in the energy transfer process singled out in Fig. 9 for Pvw(T ).

On the rigid PES, the opacity function becomes more pronounced than that on the flexible

one, only at shorter impact parameter values (in particular at b < 5 Å), suggesting that

such orbiting-like mechanism could operate also on the rigid PES, though with less impact

on thermal properties.

A similar, even larger, effect can be seen in Fig. 11 that shows the opacity function of the
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transition (0,0,0) + (0) → (0,0,0) + (0), in which the vibrational state does not change and

the energy transfer involves rotations and translations only. In the figure we have again an

essentially bimodal structure here showing a more significant difference both in the highest

b peak (that for the rigid PES is about 15 % lower than for the flexible one) and in lower

b peak (that for the rigid PES is about 30 % higher than for the flexible one). Again, the

plot suggests that such orbiting-like energy transfer mechanism better operates on the rigid

PES at shorter distances than on the flexible PES, determining smaller thermal transition

probabilities.

Further confirmation on the nature of the energy transfer mechanism and on its effect on

Pvw(b) is obtained for the transition (2,0,0) + (0) → (1,2,0) + (0) whose opacity function

values computed on both the rigid and the flexible PES are shown in Fig. 12, in this case

setting Trot equal to 300 K for both molecules. In this case, although the opacity function

has a richer peak structure the overall effect remains the same. The rigid PES has a clear

bias towards an orbiting like inelastic mechanism, again occurring preferentially at slightly

lower (compared with the flexible one) values of b.

The lower value of Pvw(b) computed on the flexible PES at small impact parameters

prompts the question on whether this has a lower propensity than the rigid one to drive

small b collisions to release energy into vibrational modes. In the flexible PES, in fact,

vibrations modulate parametrically the intermolecular forces giving a more realistic (non

rigid) description of the energy transfer channel. Our calculations confirm that there is,

indeed, such effect.

In order to further illustrate the different behaviour of the flexible PES from that of the

rigid one, we show in Fig. 13, the opacity functions of a series of vibrational transitions

induced by collisions of molecules excited in the symmetric stretching, that is with initial

vibrational state (6,0,0) + (0), at collision energy E = 0.2 kcal/mol and rotational tem-

perature Trot = 300 K. The low collision energy value of 0.2 kcal/mol, typical of thermal

velocities, makes the molecules more sensitive to the modulation effect on the intermolecular

interaction potential caused by deformations associated with larger symmetric stretching vi-

brations. The important consideration prompted by Fig. 13 is that the rigid model potential

again overestimates the opacity at low impact parameters with respect to the flexible case.

However, from the reported four pairs of opacity functions, it is apparent the existence of a

well defined interval of impact parameter values, centered around b ∼ 6.5 Å, as singled out
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by the difference of the results obtained on the flexible model with those obtained on the

rigid one. A simple explanation of that difference effect can be traced back to the average

increase of the molecular volume (associated with an outer turning point for collisions) due

to the population of moderately high vibrational levels. This may qualitatively alter the dy-

namics of the collisions, e.g. by enhancing the effect of the repulsive wall and, accordingly,

increasing the low impact parameter values of the opacity function, that the rigid model

misses.

To the end of investigating this type of effects, when associated with asymmetric stretch-

ing, similar calculations were performed by changing the initial CO2 vibrational state from

(6,0,0) to (0,0,6) and increasing the collision energy up to 2 kcal/mol. Typical results are

shown in Fig. 14 and at glance, the mentioned effect looks as persisting. Yet the behaviour

of the rigid and flexible models at low b values, although less pronounced, is opposite to

that shown in Fig. 13 for the symmetric stretching. Indeed, for the asymmetric stretching,

the flexible model, by getting decrease the average volume, correctly yields the expected

higher opacity at low b’s. On the contrary, the rigid model underestimates it. This effect,

in fact, becomes very important when cosidering the opacity of the (0,0,6) + (0) → (2,1,5)

+ (0) transition, that is confined to low impact parameter values (b lower that ∼ 6 Å). This

is not obtained with the rigid model. The results presented in Fig. 13 and 14 tell us that

the flexible PES is clearly able to reproduce the effect of disposing the vibrational energy in

other degrees of freedom during a collision, improving the description of low b collisions in

particular, whereas the rigid model has a clear bias, to channel energy into vibration.

VI. SUMMARY AND CONCLUSIONS

In this paper we present a semiempirical full dimensional PES for the CO2 + N2 system

based on a bond-bond interaction formulation. The main advantage of this approach consists

in accounting explicitly for the effects that deformations due to rotovibrational motion induce

on the structure of the interacting molecules and consequently on the intermolecular forces.

In addition, the accuracy of the proposed PES is ensured by the agreement with ab initio and

experimental data, and by the fact that physical quantities such as bond polarizability and

charge distribution are given as parameters of the potential energy representation. The role

of the intermolecular forces in driving energy transfer processes during bimolecular collisions
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and therefore determining related probabilities, has been investigated in detail. The paper

shows, in terms of quasiclassical trajectories, that molecular deformations affect significantly

the energy transfer processes and related probabilities, cross sections and rate coefficients. In

particular, when using the flexible model, the molecules excited in the symmetric stretching

show to be less efficient in exchanging energy at low impact parameters, with respect to

the rigid case. The opposite occurs when the molecules are excited in the asymmetric

stretching. Accordingly, while the use of the flexible model shows to be necessary for an

improved description of the collision dynamics at low values of b, the rigid model has a clear

bias, negative or positive, to channel energy into vibrations. Therefore, the obtained results

suggest that rigid models of the interactions are unadequate for realistic kinetic models of

gaseous mixtures containing CO2 and N2.
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APPENDIX A - DEPENDENCE OF THE N2 PERMANENT QUADRUPOLE

ON THE MONOMER BOND LENGTH

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

Q(r) = Q(req)+1.8359(r−req)+0.19(r−req)2+0.2496(r−req)3−3.6399(r−req)4+2.2262(r−req)5

(14)
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where Q(req) represents the quadrupole moment at the equilibrium distance req whose values

are reported in Table 1 and all quantities are in atomic units. Such polynomial representation

provides results reproducing the ab initio data illustrated in the upper panel of Fig. 3.

From the above relationships we obtain the molecular charge distribution as

qN =
Q(r)

2( r
2
)2

(15)

and

qmb = −2qN (16)

where qN and qmb are point charges on nitrogen atoms and on the N2 midbond, respectively.
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[7] Kurnosov, A.; Cacciatore, M.; Laganà, A.; Pirani, F.; Bartolomei, M.; Garcia, E.; J. Comp.

Chem., 2014, 35, 722-736.

[8] G. C. Maitland, M. Rigby, E. B. Smith, W. A. Wakeham, Intermolecular Forces; Clarendon

Press: Oxford, 1987.

[9] S. Nasri, Y. Ajili, N.-E. Jaidane, Y. N. Kalugina, P. Halvick, T. Stoecklin, M. Hochlaf, J.

Chem.Phys. 142, 174301 (2015).

[10] Kustova, E. V.; Nagnibeda, E. A. Chem. Phys. Lett. 2012, 398, 111-117.

[11] Kustova, E. V.; Kremer, G. M. Chem. Phys., 2014, 445, 82-94.

[12] G.C. Schatz, Fitting potential energy surfaces in Reaction and Molecular Dynamics, Lecture

Notes in Chemistry, 2000, 15 A. Laganà, A. Riganelli Eds. Springer
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TABLE I. Optimized Rmi (Å) and εi (meV) parameters and (within parentheses) predicted values

estimated for rigid momomers at the equilibrium bond length req (Å) and by considering the

spherical ᾱ and anisotropic ∆α bond polarizabilities values (Å3). Quadrupole moments Q and

point charges qx are in a.u. The charge distributions are composed by five and three charges for

CO2(see Ref.[22] for more details) and N2, respectively. The charge location rx (with respect to

the monomers’ center of mass) and that corresponding to the dispersion center rdisp are in Å.

bond-bond Rmi εi

CO–N2 Hi=Xi 3.52 (3.68) 12.16 (10.74)

Tai 3.91 (4.05) 8.65 (8.09)

Tbi 3.95 (3.92) 8.16 (9.96)

Ii 4.49 (4.27) 4.77 (7.36)

β 9

req rdisp ᾱ ∆α

CO bond

1.162(a) 0.709(b) 1.500(b) 0.853(b)

N2 bond

1.101(c) 0.0 1.796(d) 1.000(d)

Q (CO2) qC (rC) qO (rO) qCO (rCO)

3.162(b) 3.2784(b) (0.0(b)) 0.4098(b) (±1.162(b)) -2.0490(b) (±0.697(b))

Q (N2) qmb (rmb) qN (rN )

-1.115(c) 1.0308(e) (0.0(e)) -0.5154(e) (±0.5505(e))

(a)From Ref. [49]. (b)From Ref. [22]. (c)From Ref. [43]. (d)From Appendix B of Ref.[39].

(e)present work.
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TABLE II. Equilibrium distance (Re) and binding energy (De) for the present rigid monomers

bond-bond and ab initio PESs considering selected geometries of the CO2-N2 dimer (see Fig. 1).

For the bond-bond PES the reported values correspond to those obtained with the optimized and

predicted (in parenthesis) Rmi and εi parameters of Table I. For the ab initio PES the reported

values correspond to those obtained with two different basis set (see text): aug-cc-pVTZ plus bond

functions and aug-cc-pVQZ plus bond functions (in parentheses).

Re (Å) De (meV)

bond-bond H 3.71 (3.84) 8.43 (8.56)

X 3.53 (3.68) 18.22 (16.74)

Ta 3.64 (3.79) 35.60 (31.43)

Tb 4.52 (4.49) 15.60 (17.99)

I 5.52 (5.19) 0.71 (2.46)

S45 4.15 (4.17) 21.38 (21.29)

S60 3.75 (3.86) 27.74 (24.99)

ab initio H 3.44 (3.44) 13.96 (14.19)

X 3.44 (3.44) 19.81 (19.97)

Ta 3.70 (3.70) 40.06 (40.21)

Tb 4.50 (4.50) 19.54 (19.43)

I 5.29 (5.29) 3.43 (3.33)

S45 4.23 (4.23) 21.40 (21.41)

S60 3.84 (3.84) 22.85 (22.93)
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TABLE III. Rate coefficients for the (0,0,0) + (0) → (1,0,1) + (0) vibrational transition as a

function of the temperature, as obtained from the probabilities shown in Fig. 9, applying Eqs. 11

and 12

T (K) k(T ) (cm3 s−1), flexible k(T ) (cm3 s−1), rigid

300 1.847 × 10−12 5.522 × 10−13

500 3.873 × 10−12 1.481 × 10−12

1000 5.793 × 10−12 4.088 × 10−12

5000 4.545 × 10−11 3.392 × 10−11

10000 1.616 × 10−10 1.600 × 10−10
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FIG. 1. Comparison between bond-bond and ab-initio PES for the selected H,X,Ta,Tb,I,S45 and

S60 configurations of the CO2-N2 system (rigid monomers). For each configuration (Θa,Θb,Φ)

represent the Jacobi angular coordinates in degrees. Left hand side panel: present bond-bond

PES. Right hand side panel: present ab initio calculations (see Sec. III).
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green squares) are from Ref. [52–54]; calculations obtained from the bond-bond PES (black solid

and dashed lines) correspond to the optimized and predicted potentials, respectively (see Table II).
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FIG. 3. Lower panel: bond polarizability components α‖ and α⊥ plotted as a function of the N2

internuclear distance r obtained using the approach described in Appendix B of Ref. [39]. Full

squares and circles refer to previous ab initio values taken from Ref.[43] and [56], respectively.

Upper panel: N2 electric quadrupole moment (Q) plotted as a function of r. Full circles refer to

present ab initio values obtained as detailed in the text, while solid lines correspond to analytical

fits (see text and Appendix A). The vertical lines indicate the N2 equilibrium distance.
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FIG. 4. Comparison of the interaction energies for selected dimer geometries of a pair of rigid

monomers (black lines) and of a rigid N2 plus a stretched CO2 (both C-O bonds have been sym-

metrically stretched of 10% with respect to equilibrium) monomer (red dashed lines). Bond-bond

results are plotted in the lower panel while those corresponding to the ab initio calculations are

plotted in the upper panel.
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FIG. 5. Comparison of the interaction energies for selected dimer geometries of a pair of rigid

monomers (black lines) and of a rigid CO2 plus a stretched N2 (the bond length has bee stretched

of 10% with respect to equilibrium) monomer (red dashed lines). Bond-bond results are plotted

in the lower panel while those corresponding to the ab initio calculations are plotted in the upper

panel.
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FIG. 6. Comparison of the interaction energies for selected dimer geometries of a pair of rigid

monomers (black lines) and of a rigid N2 plus a stretched CO2 (the two C-O bonds have been

respectively stretched and shrunk of 10% with respect to equilibrium) monomer (red dashed lines).

In particular the stretched C-O bond is the one lying on the intermolecular separation R and

pointing closer to N2 in the I configuration. Bond-bond results are plotted in the lower panel while

those corresponding to present ab initio calculations are in the upper panel.
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FIG. 7. Comparison of the interaction energies for selected dimer geometries of a pair of rigid

monomers (black lines) and of a rigid N2 plus a stretched CO2 (the two C-O bonds have been

respectively stretched and shrunk of 10% with respect to equilibrium) monomer (red dashed lines).

In particular the stretched C-O bond is the one lying on the intermolecular separation R and

pointing farther to N2 in the I configuration. Bond-bond results are plotted in the lower panel

while those corresponding to present ab initio calculations are in the upper panel.
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FIG. 8. Comparison of the interaction energies for selected dimer geometries of a pair of rigid

monomers (black lines) and of a rigid N2 plus a bent CO2 (the two C-O bonds of monomer a have

been bent of 20o with respect to equilibrium) monomer (red dashed lines). Bond-bond results are

plotted in the lower panel while those corresponding to present ab initio calculations are in the

upper panel.
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FIG. 9. Probability as a function of the temperature for the transition (0,0,1) + (0) → (1,0,1) +

(0), comparison of the trends as obtained using the full flexible PES and the rigid PES.
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FIG. 10. Opacity function P (b) for collisions at energy E = 20 kcal/mol, and rotational temperature

Trot = 1000 K for CO2 and 5000 K for N2, for collisions with initial vibrational quantum state

(0,0,0) + (0) and final state (1,0,0) + (0).
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FIG. 11. Opacity function P (b) for collisions at energy E = 20 kcal/mol, and rotational temperature

Trot = 1000 K for CO2 and 5000 K for N2, for collisions with initial and final quantum vibrational

quantum state (0,0,0) + (0), involving a transfer of rotational energy.
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FIG. 12. Opacity function P (b) for collisions at energy E = 20 kcal/mol, and rotational temperature

Trot = 300 K for CO2 and 300 K for N2, for collisions with initial vibrational quantum state (2,0,0)

+ (0) and final vibrational quantum state (1,2,0) + (0), where an intramolecular energy transfer

occurs.
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FIG. 13. Opacity functions of the indicated vibrational transitions, as obtained by rigid and flexible

potential for collisions with initial vibrational quantum state (6,0,0) + (0), at fixed collision energy

E = 0.2 kcal/mol and rotational temperature Trot = 300 K. CO2 final vibrational states only are

reported in the legend, while N2 remains in its ground vibrational state.
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FIG. 14. Opacity functions of the indicated vibrational transitions, as obtained by rigid and flexible

potential for collisions with initial vibrational quantum state (0,0,6) + (0), at fixed collision energy

E = 2 kcal/mol and rotational temperature Trot = 300 K. CO2 final vibrational states only are

reported in the legend, while N2 remains in its ground vibrational state. The transition (0,0,6) +

(0) → (2,1,5) + (0) is not present in the rigid model.
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