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Four-dimensional potential energy surface (4D-PES) of the atmospherically relevant CO,—N, van der
Waals complex is generated using the explicitly correlated coupled cluster with single, double, and
perturbative triple excitation (CCSD(T)-F12) method in conjunction with the augmented correlation
consistent triple zeta (aug-cc-pVTZ) basis set. This 4D-PES is mapped along the intermonomer
coordinates. An analytic fit of this 4D-PES is performed. Our extensive computations confirm that
the most stable form corresponds to a T-shape structure where the nitrogen molecule points towards
the carbon atom of CO,. In addition, we located a second isomer and two transition states in the
ground state PES of CO,—Nj,. All of them lay below the CO, + N, dissociation limit. This 4D-PES is
flat and strongly anisotropic along the intermonomer coordinates. This results in the possibility of the
occurrence of large amplitude motions within the complex, such as the inversion of Ny, as suggested in
the recent spectroscopic experiments. Finally, we show that the experimentally established deviations
from the C,, structure at equilibrium for the most stable isomer are due to the zero-point out-of-plane

vibration correction. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919396]

. INTRODUCTION

van der Waals (vdW) complexes involving CO, molecules
(CO,-X, X = He, Ar, Kr, Hy, ... )™ were subject of numerous
theoretical and experimental studies given the crucial role
of CO; in atmospheric, planetary (e.g., Mars and Venus),
and environmental media and in a large panel of industrial
applications (such as in agrobusiness, pharmacy, biochemistry,
and material sciences, where it mainly replaces treatments us-
ing hazardous liquids). In the atmosphere, CO, possesses, for
instance, the ability to absorb infrared (IR) light which overlaps
with the thermal emission of Earth leading hence to the global
atmospheric warming. The complexation of CO, to other gases
affects the frequencies of the IR active CO, modes resulting in
a better overlap with the Earth’s emission. More interestingly,
the totally symmetric modes of isolated CO,, which are IR
transparent, become weakly allowed upon complexation and
therefore contribute to the greenhouse effect. From a funda-
mental point of view, CO,—X complexes are prototype systems
for studying characteristics of intermolecular interactions and
molecular dynamics of weakly bound complexes.

N is the most abundant gas in the Earth’s atmosphere
and CO; represents the fourth most abundant gas in dry
atmosphere. The formation of CO,—N; weakly bound complex
in these media was suggested and discussed more than once in
the literature. In 1988, Walsh et al.’ measured the rotationally
resolved spectrum of this complex in the asymmetric stretch
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region of the CO, monomer by diode laser absorption
spectroscopy of a pulsed molecular beam. They deduced a
T-shaped structure for CO,—N,, with O=C=0 as the cross of
the T and the N=N axis pointing toward the carbon atom in
good accordance with the nuclear spin statistics and rotational
constants deduced from their spectra. Ten years later, Gomez
Castano et al.® confirmed the results of Walsh et al. using a
matrix isolation Fourier Transform IR (FTIR) spectroscopy.
In 2010, Frohman et al.” provided the microwave spectrum
of CO,-N; and of its isotopomers using a pulsed-jet Fourier
transform microwave (FTMW) spectrometer. More recently,
Konno et al.® recorded a high-resolution infrared spectrum of
12C180,-1N, isotopologue seeded in a pulsed molecular beam
using a diode laser absorption spectroscopy. They covered the
spectral region in the vicinity of the v; band (2314 cm™)
of isolated '2C'30,. All these experimental works confirmed
the earlier findings of Walsh et al. Theoretically, the most
stable form of CO,—N, complex has been characterized at
the MP2/aug-cc-pVDZ,% MP2/6-311 + G(d),” CCSD(T)/aug-
cc-pVXZ (X =D, T, Q, 5, 6, Complete Basis Set (CBS)),
and CCSD(T)-F12(a/b)/cc-pVXZ-F12 (X = D, T, Q)'° levels
of theory, and the ground potential energy surface (PES)
has been explored using fixed monomer geometries using
the MP4 and CCSD(T)!' methods. Again, these theoretical
works showed that the experimentally determined structure of
Walsh et al. is the most stable isomer of CO,—N>. In addition,
the bonding within this complex is interpreted by a Natural
Bond Orbital (NBO) analysis in terms of “donor—acceptor”
interactions, where molecular nitrogen acts as electron donor
and the carbon dioxide plays the role of electron acceptor.

©2015 AIP Publishing LLC
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In a series of papers, we showed that the CCSD(T)-
F12/augmented correlation consistent triple zeta (aug-cc-
pVTZ) explicitly correlated method is accurate enough to
describe correctly the regions of the vdW intermolecular
interactions, which are sensitive to electron correlation. We
established also that this level of theory is suited to generate
accurate multidimensional PESs of weakly bound dimers
with reduced computational cost.!>'7 At present, we take
advantage of this technique to derive the 4D-PES of the
CO>—N; complex along the intermonomer coordinates. Later
on, we deduced an analytical representation of this 4D-PES.
Our results confirm the occurrence of large amplitude motions
within this complex as suggested after the analysis of the
microwave (u w) spectrum of Frohman et al.’

Il. ELECTRONIC STRUCTURE COMPUTATIONS

Previous theoretical computations dealing with the
CO,-N; complex proved that its electronic wavefunction is
dominantly described by a unique electron configuration.
For such monoconfigurational molecular systems, Coupled
Cluster (CC) methods are the most appropriate for accounting
for electron correlation. Therefore, we will discuss in the
following only the results issued from CC computations.

For electronic structure computations, we used the MOL-
PRO (version 2012.1) suite of programs.'® In all calculations,
the correction of basis set superposition error (BSSE) of Boys
and Bernardi' was taken into account in the description of the
interaction potential

V(R,81,0:,¢) = Eco,n,(R,81,02,0) — Eco,(R, 01,62, ¢)
- ENz(R’ 917 92’ ‘;0)’

where the energies of CO, and N, are calculated in the
full basis set of the complex. The calculations of the
4D-PES were performed using the molecular distances at
r(CO) = 2.21727 ap and r(NN) = 2.106 65 ay (1 bohr = 1 ag
=0.5292 A). These values are slightly larger than the r,
distances computed for the CO,—N, complex at the CCSD(T)-
F12a/aug-cc-pVTZ level of theory (vide infra). They corre-
spond to a roughly estimated ry structure for this complex
allowing closer comparison with experiment.

A. Benchmark calculations: Molecular region

Figure 1 shows the comparison of the interaction poten-
tials for selected angular orientations of CO, with respect to
N,. These potentials were calculated using both standard?’!
and explicitly correlated coupled cluster approaches??> with
and without taking into account the triple corrections for
comparison. We used also several basis sets (aug-cc-pVXZ,
X =D, T, Q) extrapolated then to the CBS limit following
the procedure described by Peterson et al.>* and Feller and
Sordo.?* Within the standard CC computations, the atoms
were described using aug-cc-pVTZ basis set.>>>® For explic-
itly correlated computations, we followed the methodology
established in Refs. 12—17 where the atoms were described by
the aug-cc-pVTZ basis set?>2° and we used the corresponding
auxiliary basis sets and density fitting functions>”?® (i.e., the
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FIG. 1. One-dimensional cuts of 4D-PES for two relative orientations of Ny
with respect to CO, computed at different levels of theory.

default CABS(OptRI) basis sets of Peterson and co-workers
as implemented in MOLPRO).

Figure 1 reveals that the depth of the potential wells
increases by increasing the size of the basis set and that those
computed without considering the triple correction are less
deep than those when this correction is considered. Therefore,
one cannot omit the use of triple excitations for the accurate
description of this complex. Moreover, Figure 1 reveals that
the CCSD(T)-F12a/aug-cc-pVTZ potentials are the closest
to those computed at the CCSD(T)/CBS level, which is
used here as reference. It is worth noting that CCSD(T)-
F12b/aug-cc-pVTZ leads to slightly less deep potentials.
Hence, CCSD(T)-F12a/aug-cc-pVTZ provides an excellent
description of the interaction energies. In addition, the CPU
time and the disk usage for a single point calculation,
reported in the supplementary material,”® confirm the gain
of time and computational efforts that this method permits.
Consequently, we can be quite confident in the accuracy of
the PES obtained using CCSD(T)-F12a/aug-cc-pVTZ. More
generally, these findings join the main conclusions we draw
through the benchmark studies on CO,—CO,'7 and DABCO-
Rg (Rg = Rare gas)'* weakly bound systems.
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B. Asymptotic behavior

In order to investigate the long range interaction of
the CO,—N, system, we have performed the multipolar
expansion®® of the interaction potential. In this long-range
approximation, the interaction energy is expressed as the sum
of electrostatic (E..), induction (Ej,q), and dispersion (Egjs,)
energies. For the case of rigid linear interacting CO, and N,

Edixp =~5_

1 e I
o [TQBTW;/O aayz(zw)agg(ta))dw +

Nay. \ACOy . 2 © o
I 0w + STl [ @D

Here, @ = (2axx + @;;)/3 is a mean polarizability.

In Egs. (1)-(3), @ap, Cap,ys, and E, gys are dipole,
quadrupole, and dipole-quadrupole polarizabilities of the
monomers; Oqp and ®,p,s are the permanent quadrupole
and hexadecapole moments of the monomers; &g, C‘aﬂ,y(g,
and E, g,s denote the imaginary frequency-dependent polar-
izabilities of the monomers. Tensor T,g..., = V4 - - - V,R!is
symmetric in all subscripts and tensor of rank n, T" is propor-
tional to R~""*1_If there are repeated subscripts, the T tensor
is equal to zero. In Egs. (1)—(3), there is a summation over the
repeated Greek indices. Molecular properties used for compu-
tation of multipolar expansion series were calculated at the
CCSD(T)/aug-cc-pV5Z level of theory within the finite-field
approach of Cohen and Roothaan*' and presented in Table I
along with the available experimental and previous theoretical
data. The imaginary frequency-dependent properties for CO,
and N, molecules were computed using the CCSD propagator
method (propagators exact up to the fourth order)* in aug-cc-
pV5Z basis set. The number of frequencies for the numerical
integration was set to 100 to ensure the convergence of the
dispersion coefficient within 0.01%. The calculations were
carried out using Molpro 2012 package.'® The corresponding
results could be found in the supplementary material.?’

Figure 2 presents the one-dimensional cuts of the inter-
action potential along the R coordinate obtained at the
CCSD(T)-F12a level and analytically via the multipolar
expansion (Egs. (1)-(3)). It is notable that the analytical
description of interaction potential for this complex is in
very good agreement with the ab initio results. This long-
range approximation describes well the interaction energy for
the configuration that corresponds to the global minimum
01 =90° 6,=0° ¢ =0° see below) for R > 10 ay, and
for the configuration corresponding to the local minimum
B, =0° 6,=90° ¢ =0° see below) for R >9 ay. The
leading electrostatic term is proportional to the product of
quadrupole moments of CO, and N, molecules and goes as
R73. The leading dispersion interaction varies as R~ and is
proportional to the product of polarizabilities of CO; and N,
molecules. We can conclude that the CCSD(T)-F12a/aug-cc-
pVTZ method performs very well for selected configurations
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molecules, these energies are written as follows:

Egec = éTaﬁy(;@(ng(ayg
e N T C) NS
Eing = _%’I—;rydTﬂev [aggze);v;@? + aﬁé@fﬁz(ag?z] , )
1 . _COy;- =N .
§T(lﬁyTéev /O (@5 ((w)Cp) (iw)
poen(i0) + égi(iw)Egﬂiy(iw))dw] : 3)

at long-range separations which confirms again the validity of
this methodology.'>#317

lll. CO,—N>, GROUND STATE INTERACTION
POTENTIAL

A. Generation of the 4D-potential energy surface

We showed in Sec. II that CCSD(T)-F12a/aug-cc-pVTZ
method allows accurate description, with reduced computa-
tional cost, of both long-range and intermediate-range inter-

TABLE 1. Electric properties of CO, and N, monomers calculated at the
CCSD(T)/aug-cc-pV5Z level and the literature data.

CO, N,
This This
Property work Literature work Literature
0. -3.15 -3.12£0.18 -1.08 —1.04 £ 0.02°
-3.19 £ 0.13¢ -1.13,91.12¢
-3.19f —1.09 + 0.07¢
D, -2.08 -1.7f -6.81 -6.37°
-6.75,4 -6.70°
Axx 12.92 12.99f 10.33 10.24,410.35"
.. 27.11 27.07" 15.14 14.84,415.05"
a 17.65 17.54 + 0.93! 11.93 11.77,911.92"
17.69¢ 11.74)
Cixx.xx 33.93 34.13f 20.20 20.514
Cxzoxz 53.73 54.81f 27.54 27.204
Cozizz 82.26 80.94f 34.82 34.644
Ex xxx -68.62 -68.9f -23.01 -23.42,4 —24.24°
E. .2z 190.16 187.6" 38.25 39.59,439.25¢

2From magnetizability anisotropy measurements.>!
PFrom optical birefringence measurements.>

¢From optical birefringence measurements.32
dTheoretical calculations from Ref. 36.

®Theoretical calculations from Ref. 38.

fTheoretical calculations from Ref. 33.

&From optical birefringence measurements.>’

hRaman depolarization and reactivity data spectroscopy.39
i Experimental results from Ref. 34.

i Experimental value from Ref. 40.
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FIG. 2. R-dependence of the potential energy for the two most stable con-
figurations. These curves are computed using CCSD(T)-F12a/aug-cc-pVTZ
method and multipolar expansion (Egs. (1)—(3)).

actions. Therefore, the ab initio calculations of the 4D-PES of
the CO,—N; complex were carried out at this level of theory.
The 4D-PES of the ground state of CO,—Nj; is mapped along
the Jacobi vdW internal coordinates (R, 6, 85, and ¢, Figure 3).
R is the distance from the carbon atom to the N, center of mass,
0, denotes the enclosed angle between the R vector and the
molecular axis of CO,, 6, represents the angle between the R
vector and the molecular axis of Ny, and ¢ denotes the dihedral
angle between half-planes containing the CO; and N, bonds.
For symmetry reasons, the calculations of the PES were carried
out for angle 6; ranging from 0° to 180° (with a step of 15°),
for angle 8, from 0° to 90° (with a step of 15°), and for angle ¢
from 0° to 90° (with a step of 30°). The grid on R was irregular
where it took 60 values in the 4-30 interval (in bohr). In total,
the grid of configurations consisted of 21 840 non-equivalent
geometries. Here, the monomers were considered as rigid.

Because of the use of scaled F12 triple energy correction
within CCSD(T)-F12 as implemented in MOLPRO, the
CCSD(T)-F12 method is non-consistent.?? To correct for this
non-consistency, the energies were shifted down by the value
of the interaction energy for R = 100 bohr (see Ref. 12 for
more details). Nevertheless, this correction is small for the
present system (i.e., E = 0.016 668 53 cm™").
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FIG. 3. Definition of the coordinate system for CO,—N».

B. Analytical representation of the PES

The functional form of the 4D-PES is developed on a
basis of angular functions

Ny Np min(ly,l5,Nm)

V(R,01,02,¢) = Z Z F/ (R)P}"(cos 61)
I1=00,=0  m=0
X Pl’;’(cos 0,) cos(m), 4)

where 131’" are normalized associated Legendre functions. Both
N, and CO, molecules have a center of symmetry; thus, the
sums over /| and [, are restricted to even values. The expansion
is limited to Ny = 12, N, = 12, N,,, = 6. For each point of the
radial grid, a least-square procedure has been performed to
compute the coefficients of the development on the angular
functions. Then, the radial functions are obtained by cubic
spline interpolation. Outside the range of the radial grid, the
radial functions are extrapolated for shorter distances by

Fi(R) = 777, exp(=y;1,R). 5)

The parameters Tll’"lz and yl':’l were defined by requiring the
continuity of the radial functions and their first derivatives at
R=4a,.

The root mean square (RMS) of the error of the fit was
monitored for each least-square interpolation performed at
each point of the radial grid. The RMS of the error is roughly
proportional to the average potential energy at each point of the
radial grid. At R = 6 a,,, the RMS of the error is 0.93 cm™!, at
R=10a,,itis0.00l cm~!, andat R = 15 a,, itis 0.0006 cm™".
The analytical form of the 4D-PES can be sent upon request.

IV. DESCRIPTION OF THE 4D-PES

In the ground PES of CO,-N,, four stationary points
were found. They are displayed in Figure 4. They correspond
to two minimal structures (denoted as MIN1 and MIN2 in
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FIG. 4. Stationary points on the ground PES of CO,—N, complex.

Figure 4) and two transition states (TS1 and TS2 in Figure 4).
The nature (MIN or TS) of these forms was checked after
geometry optimizations in the C; point group and frequency
computations. These calculations were performed at the
CCSD(T)-F12a/aug-cc-pVTZ level and where all coordinates

J. Chem. Phys. 142, 174301 (2015)

were fully relaxed. The results are listed in Table II. Note
that the intramonomer equilibrium distances remain almost
unchanged upon complexation. Indeed, Table II shows that
the r(CO) and r(NN) in the monomers differ only slightly
from those in the CO,—N, complex. This justifies the rigid
monomer approximation used at present for the generation
of the PES of CO,—N; complex. The main characteristics of
these stationary points and their comparison to previous data
are given in Table III. Strictly speaking, ¢ is not defined when
0, or 6, take the values 0° or 180°. Nevertheless, we will assign
a value for the ¢ angle for consistency with previous works.
The global minimum of the 4D-PES (MIN1) corresponds
to a T-shape structure where the nitrogen molecular axes point
towards the carbon atom of CO,: 6; = 90°, 8, = 0°, ¢ = 90°,
and R = 6.96 a; with a well depth of D, = —325.03 cm™!
(MIN1, cf. Figure 4 and Table II). This finding is in good
agreement with previous theoretical determinations. Indeed,
Table III shows that R value deduced from our 4D-PES is
close to the one computed at the CCSD(T)-F12(a/b)/cc-pVXZ-
F12 and CCSD(T)/aug-cc-pVXZ levels.'” Our R value is also
in good agreement with those determined experimentally.>®
Interestingly, the depth of the potential issued from our 4D-
PES is close to depths computed using the cc-pVXZ-F12 basis
set in connection with the CC explicitly correlated method. In
our recent benchmark investigations of the HCl-He complex,

TABLE II. Spectroscopic parameters of the free monomers and of the CO,—N; complex computed at the
CCSD(T)-F12a/aug-cc-pVTZ level of theory, where all degrees of freedom were relaxed. The w; (in cm™!) are the
harmonic frequencies. Distances are in ag. D is the dissociation energy in cm™!. See Figure 4 for the designation

of the considered CO,—N) structures.

Bond length
Monomer Bond Computed Experimental** Percentage error
CO, rco 2.1956 2.1960 0.02
N, NN 2.0763 2.0673 0.47
Frequencies

Monomer Mode Computed Experimental* Percentage error
CO, ws (0CO) 1351 1388.17 2.66

wp, (0CO) 675 667.40 1.23

was (OCO) 2392 2349.16 1.85
N, w (NN) 2360 2359.61 0.04

CO2—-N;

Frequency MIN 1 MIN 2 TS1 TS2
wgs (0CO) 2393 2392 2392 2390
w (NN) 2361 2360 2258 2359
wy (0CO) 1351 1351 1350 1350
Weop (OCO) 676 674 671 675
wp, (0OCO) 673 674 671 674
w (CNN) 88 44 39 27
w (CN) 61 42 18 ils
Woop 46 17 10 13
Wiorsion 32 10 i35 i22
rco 2.1962 2.1960 2.1961 2.1964
INN 2.0773 2.0777 2.0775 2.0779
Re 6.96 8.42 6.37 9.87
D, (cm™) —325.03 —-159.62 —158.55 -26.63

RIGHTSE LI MN iy
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TABLE III. Characteristics of the stationary points of the 4D-PES of CO,—N, and comparison with previous experimental and theoretical works. See Figure 4

for the designation of the considered CO,—Nj structures.

MIN1 MIN2 TSI TS2
61=90,60,=0, =90 01=0,6,=90, =90 01=0,=¢=90 01=6,=0,¢0=90

Method/Basis set R (bohr) V (cm™h) R (bohr) V (em™) R (bohr) V (em™h) R (bohr) V (em™)

CCSD(T)-F12a/aug-cc-pVTZ 6.98 -321.24 8.47 —158.90 6.42 -163.58 9.93 -30.56

CCSD(T)-F12a/cc-pVDZ-F122 6.96 -325.27

CCSD(T)-F12a/cc-pVTZ-F122 6.95 -325.27

CCSD(T)-F12a/cc-pVQZ-F122 6.95 -328.77

CCSD(T)-F12b/cc-pVDZ-F122 6.98 -318.28

CCSD(T)-F12b/cc-pVTZ-F122 6.95 -325.27

CCSD(T)-F12b/cc-pVQZ-F122 6.95 -325.27

CCSD(T)/aug-cc-pVDZ?2 6.92 -458.18

CCSD(T)/aug-cc-pVTZ? 6.92 -388.23

CCSD(T)/aug-cc-pVQZ* 6.93 —-360.25

CCSD(T)/aug-cc-pV5Z? 6.94 —335.76

CCSD(T)/aug-cc-pV6Z2 6.94 -332.27

CCSD(T)/CBS aug-cc-pVDZ/aug-cc-pVTZ? -367.24

CCSD(T)/CBS aug-cc-pVTZ/aug-cc-pVQZ? —346.26

CCSD(T)/CBS aug-cc-pVQZ/aug-cc-pV5Z* -318.28

CCSD(T)/CBS aug-cc-pV5Z/aug-cc-pV6Z? 6.94 -328.77

CCSD(T)/aug-cc-pVQZP 7.16 -316.70 8.61 -152.30 6.51 -152.50

CCSD(T)/CBSP —-317.00

CCSD(T)/CBS (+MB)"* -321.30

CCSD(T)/final CBS™d -319.20

MP4/aug-cc-pVQZP 6.95 —348.20 8.44 -169.50 6.46 -170.20

MP4/CBSP —-349.90

MP4/CBS (+MB)© —-353.10

MP4/final CBSP¢ —-351.50

MP2/aug-cc-pVDZ® —-290.30

MP2/aug-cc-pVTZf 6.99 -322.82

MP2/6-311+G(d)? 7.09 -205.891

Explh 7.04 -453.00 8.20 -239.00 -284.00

Exp2! 7.04

2All calculations were carried out at the CCSD(T)-F12b/cc-VQZ-F12 optimized geometry. 10

bInteraction energies were extrapolated to the CBS limit!! by a procedure based on the formula proposed by Helgaker et al 4047

“Basis set extended by 3s3p2d1f1g midbond functions (MB) centered in the middle of the intermolecular bond.'!

9The final CBS limit is taken as an arithmetic mean of the CBS and CBS (+MB) limit extrapolated using the aug-cc-pVXZ and aug-cc-pVXZ + MB basis set (X =D, T).!!

“Reference 6.
Reference 7.
EReference 9.

hResults obtained from infrared spectrum in the region of the v3 asymmetric stretch of CO, monomer Ref. 5.
! Reference 8. The geometrical parameters of the T-shaped ground-state structure are determined from 90 - On.mco = 6.85°(3) which represents root mean square of the angle deviation

angle where Oncnco is the angle Ny, —C — O (cm is the center of mass in Ny subunit).?

we showed, however, some deficiencies of these basis sets
for the description of weakly bound complexes.'> The main
difference between CO,—N; and HCI-He is that the bonding
in CO,—-N; is much stronger than in HCl-He resulting in a
potential well ten times larger for CO,—N,. At present, we may
state that the use of cc-pVXZ-F12 basis sets in connection with
CCSD(T)-F12 methodologies is possible for relatively strong
vdW systems. Their application should not be considered as
straightforward. Moreover, Table III shows that the present
dissociation energy is off by ~30% from the experimental
value of Walsh et al.’ This deviation may be related to the
fact that the experiments were performed at v3 asymmetric
stretch of CO, rather than the ground state. Indeed, this induces
changes on the shape of the PES and hence on dissociation
energies. Similar deviations were noticed recently for the
C0O,—CO, complex.'”

MIN2 corresponds to a T-shape structure where one O
atom of CO, molecule points towards the center of mass
of Nj. It is located at 6; = 0°, 6, =90°, ¢ =90°, R = 8.42
ag. This isomer is also of C,, symmetry. The depth of the
potential well associated with MIN2 is D, = —159.62 cm™".
MIN?2 was already identified through the MP4 and CCSD(T)
investigations by Fiser et al.'' and after the analysis of the IR
spectrum of CO,—Nj in the region of the v3 asymmetric stretch
of CO, monomer.’

TS1 is located close in energy to MIN2 and possesses
crossed form (i.e., 6; = 90°, 6, = 90°, ¢ = 90°, and R = 6.37
ag). TS1 was identified in Ref. 5 to be a minimal structure.
Instead, our work shows that it is a transition state that connects
the two equivalent forms of MIN1 after inversion of the N,
moiety. FiSer et al.'' characterized also this TS. In addition,
we locate a linear transition state (TS2) at relatively large
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internuclear distances (6; = 0°, 6, = 0°, ¢ = 90° and R = 9.87
ap). It is lying at 30 cm™! below the CO, + N, dissociation
limit. TS2 has never been found previously. TS2 connects the
two MIN2 equivalent minima. Note that both TS1 and TS2 are
located below the CO, + N, dissociation limit. The inversions
of N, within MIN1 were already noticed in the literature,
whereas we point out the large amplitude motions exhibited
by N, within MIN?2 for the first time.

Figure 5 depicts the bi-dimensional cuts of the 4D-PES
of CO,—N, along two Jacobi coordinates where the other
coordinates were set at their equilibrium values in MINI.
The two stable structures and the two transition states can
be easily identified in the minima and the extrema of the PES,
respectively. Moreover, this figure shows that the interaction
potential between CO, and N is strongly anisotropic and that
the internal bending motion and the intermonomer motions are
coupled mutually. Strong anharmonic resonances are expected
to occur. In addition, the parts of the 4D-PES are flat along
these coordinates. This is related to the weakly bound nature
of the CO,—N, dimer. Consequently, we expect a high density
of rovibrational levels for this complex composed by second
raw elements. Large amplitude motions are also likely to take
place. Such characteristics are common for van der Waals
complexes.

Figure 6 displays the one-dimensional evolution of the
interaction potential vs. the 8, bending coordinate for different
values of 6, angles. For 6, =0° a unique minimum is
found, whereas the potential exhibits three minima when 6,
is larger than ~10°. The triple well potential is symmetric
with respect to the 8; = 90° configuration. This shape of the
PES along the 8; coordinate is close to the one predicted

RIGHTSE LI MN iy

using semi-empirical considerations by Walsh et al. (cf. Figure
5 of Ref. 5). Indeed, these authors established that this triple
well is due to the sum of the distributed multipole potential and
the distributed isotropic dispersion interaction contributions.
More interestingly, this special shape induces “an artificial
non-symmetric equilibrium structure” for MIN1 when the
rovibrational levels are populated as noticed by Frohman et al.”
Indeed, these authors showed that the N=N axis makes an
angle of ~19.2° with the C, axis of the complex. For that
purpose, they used the relation connecting this angle and the
ratio between the experimental nuclear quadrupole coupling
constant of nitrogen in the complex and the value of the nuclear
quadrupole coupling constant of “N in free molecular N,.

-100

-200

Energy (cm-1)

-300

- L - - L P L 1

0 30 60 90 120 150 180

0, (degree)

FIG. 6. Selected one-dimensional cuts of the interaction energy with ¢ and
R relaxed. The value of 6, is indicated for each curve.
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Then, this ry structure served to assign their '>C'°0,—!“N, uw
spectrum. After considering the zero point vibrational energy
correction (~20 cm™!), we estimate a 6, angle of ~20° for the r
structure of CO,—N,, which is in excellent agreement with the
empirical findings of Frohman et al.” For '>C'%0,~'*N,, the
6, deviation from the C,, equilibrium structure is estimated
to be ~6.8° through the analysis of the infrared diode laser
spectrum of this isotopologue.® The larger 6, and ro values
for %0 complex with respect to %0 complex are in line with
the smaller zero point energy (ZPE) for the heavier one and
therefore on the location of the corresponding vibrationless
level on the PES relative to the global minimum.

V. CONCLUSIONS

Using an explicitly correlated methodology, we generated
the 4D-PES of the CO,—N; dimer along the intermonomer
Jacobi coordinates. This PES is strongly anharmonic where
two minimal structures and two transition states were located.
Both minimal structures at equilibrium (i.e., r, structures)
are of Cp, symmetry, whereas the experimentally observed
deviations from these structures are rationalized in terms
of ry structures when ZPE correction is taken into account.
Moreover, we confirm the occurrence of large amplitude
motions, namely, the N, inversion within MIN1 as stated
previously. Also, we expect that N, does such large amplitude
motion within MIN2. TS1 and TS2 are the transition states
connecting both equivalent corresponding minima.

These interesting and specific PES features should result
on unusual pattern of rovibrational levels for CO,—N,. We plan
to present such spectrum, which is obtained using quantum
molecular dynamics based on our highly accurate 4D PES.
We plan also to deduce the cross sections for the CO,
(de-)excitation in collisions with N.
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