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Abstract. The work is focused on the characterization of a long-range
interacting complex in the reaction between atomic oxygen, in its ground
state O(®P) and acrylonitrile CH,CHCN, also known as vinyl cyanide
or cyano ethylene, through electronic structure calculations. Different ab
initio methods have been used in order to understand which functional
provides a better description of the long-range interaction. The results of
the work suggest that B2PLYPD3 gives the best description of the long-
range interaction, while CAM-B3LYP represents the best compromise
between chemical accuracy and computational cost.

Keywords: Ab initio calculations, Astrochemistry, Combustion chem-
istry

1 Introduction

The reaction between atomic oxygen, in its ground electronic state O(P)
and acrylonitrile can be of great interest in several fields, such as astro-
chemistry and combustion chemistry.

The study of planets and moons which share similarities with prim-
itive Earth is fundamental to understand the evolution of the prebi-
otic chemistry in our planet, since the appearance of life has drastically
changed the characteristic of Earth. One of the best candidates for this
purpose is Titan, Saturn’s largest moon as well as one of the few moons
of the Solar System which possess a thick atmosphere.

The presence of acrylonitrile in Titan’s atmosphere has been inferred
by the detection of ionic species using Cassini mass spectrometer , and
later confirmed in 2017 by the first spectroscopic detection of the molecule
by ALMA (Atacama Large Millimeter/submillimeter Array) [3]. The re-

action with atomic oxygen can be a destruction route of acrylonitrile,



even though oxygenated species in the atmosphere of Titan are not abun-
dant [4-6]. This process can be at play also in the Interstellar Medium.

The first detection of acrylonitrile goes back to 1975 towards the
SegrB2 molecular cloud [7]. This represents the first detected molecule
containing a carbon-carbon double bond. Since the first detection, the
presence of acrylonitrile has been revealed in a wide variety of environ-
ments, such as the TMC-1 dark cloud where, in 1983, four rotational
transitions at 3 cm and 1.5 cm have been observed for the first time [8].
An analysis of the excitation of several rotational transitions has been
performed, in 1999, towards the SgrB2(N) hot molecular core [9], while
later in 2008 the CHoCHCN molecule has been detected in the C-rich
star IRC +10216 [10]. The analysis of the relatively high rotational tem-
perature brought the authors to the conclusion that this specie is excited
in the cyrcumstellar envelope by radiative pumping to excited vibrational
states. Later in 2014 A. Lopez- Sepulcre et al. reported a new laboratory
characterization in the 19-1983 GHz range, together with new astronom-
ical detection between 80 and 280 GHz of acrylonitrile in its ground and
vibrationally excited states with the IRAM-30m facilities [11]. A new
analysis of the L1154 prestellar core has been carried out in 2019, where
several N-containing species have been detected for the first time [12].
The inventory of the aforementioned molecules includes small and simple
species such ah CN and NCCN, together with more complex species like
CH3CN, CH2CN, HCCNC and CHyCHCN. A detailed chemical network
has been built involving all the nitrogen bearing species detected in or-
der to understand the isocyanogen formation in the ISM. Moreover, the
reactions of O(3P) with unsaturated hydrocarbons play a key role in com-
bustion science and atmospheric chemistry |13-18], considering the ease
with which this species is formed and the high reactivity. The presence of
nitrogen atoms in several fuels or biomass combustion [19] makes it inter-
esting to investigate the reaction of oxygen atoms with these substrates

In the present work we performed an analysis of the first step of
the reaction of acrylonitrile with atomic oxygen, focusing our interest on
the analysis of different theoretical methods which can be used for the
identification of a van der Waals adduct in the entrance channel.

The presence of a van der Waals adduct can affect the chemical
reactivity of bimolecular recations as already find out in several sys-
tems [20-24].

The title reaction has been already investigated theoretically BY J.
Sun et al. [25] who performed an exploration of the triplet potential en-
ergy surface. An experimental characterization has been performed by H.



P. Upadhyay et al. [26] in a flow discharge tube using the O(*P) chemilu-
minescence titration method. More generally it is reasonable to think that
the formation of a van der Waals adduct is one of the first stages of most
of the reactions. The long-range interaction in the formed complex can
lead to molecular geometries that can promote or hinder the evolution of
the reaction. As a consequence the formation of a van der Waals complex
can strongly affect the rate constants. Unfortunately the identification of
the aforementioned complexes appears to be difficult with mostly used
ab initio methods. In the following sections a comparison between the
results obtained at different levels of theory is presented. In particular
the analysis started with a benchmark work in order to compare different
methods, see next sections for more details, while the last part of the
work is focused on the comparison between two particular level of theory:
B3LYP and CAM-B3LYP.

2 Methods

The investigation of the title system has been performed adopting a com-
putational strategy which has been successfully used in several cases
[27-36]. In particular electronic structure calculations have been per-
formed for the reactants and for the long-range complex on the overall
triplet Potential Energy Surface (PES). In all calculations, the geometries
of the stationary points were treated with two different methods: one for
optimization and another to obtain more accurate energy values. Geome-
try optimizations were performed in order to benchmark several methods:
density functional theory (DFT), with the Becke-3-parameter exchange
and Lee-Yang- Parr correlation (B3LYP) [37,38] combined or not the with
Grimme’s D3BJ [39,40] dispersion (B3LYPD3); Coulomb Attenuating
Method (CAM-B3LYP) [41]; double-hybrid DFT method B2PLYP [42]
combined or not with Grimme’s D3BJ dispersion (B2PLYPD3) and the
long-range corrected functional wB97X [43] also with the inclusion of a
version of Grimme’s D2 dispersion model (wB97XD) [44]. In particular
the aforementioned functional, named CAM-B3LYP (Coulomb Attenuat-
ing Method-B3LYP) represents a new hybrid exchange-correlation func-
tional with improved long-range properties with respect to the B3LYP
[41]. In details, the electron repulsion operator % , which was already
divided into short-range and long-range parts by Tsuneda and collabora-
tors [45] as follows:
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is now implemented using two parameters o and j:
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where 0<a+3<1 together with 0<a<1 and 0<A8<1.

All the above mentioned methods have been used in conjunction with
the correlation consistent valence polarized basis set aug-cc-pVTZ [46].
The same level of theory used for geometry optimization was used to
perform an harmonic vibrational frequency analysis in order to assign
the nature of each identified stationary point (i.e. minimum if all the fre-
quencies are real and saddle point if there is one, and only one, imaginary
frequency). Then for each stationary point for all the employed methods,
a more accurate energy values was computed at coupled cluster level,
including single and double excitations as well as perturbative estimate
of connected triples (CCSD(T)) [47-49]. Finally, energies obtained from
every method were corrected to 0 K by adding the zero-point energy
correction that had been derived from the frequency calculations. All the
calculations were performed using the Gaussian09 software [50|, while the
analysis of the vibrational frequencies was done using Avogadro [51].

Fig. 1: Geometry of the long-range identified complex

3 Results and discussion

The data obtained from electronic structure calculations clearly shows the
formation of a long-range complex as first step of the reaction between
O(®P) and acrylonitrile. The process appears to be exothermic at all the



Table 1: Bond distances, in A, obtained at the different level of calcula-
tions

Dist./ B3LYP | B3LYP- | CAM- | B2PLYP | B2PLYP | wB97X | wB97X
Funct. D3 B3LYP -D3 D
C1-Hs 1.081 1.081 1.080 1.079 1.079 1.082 1.081
C1-Hs 1.080 1.081 1.080 1.079 1.079 1.081 1.081
C1-Co 1.331 1.331 1.324 1.334 1.334 1.325 1.327
Co-H7 1.083 1.083 1.081 1.081 1.081 1.082 1.082
C2-Cs 1.426 1.426 1.428 1.428 1.428 1.435 1.430
Cs-Ng4 1.154 1.154 1.146 1.161 1.161 1.149 1.149
0s-C1 3.643 3.444 3.584 3.634 3.573 3.462 3.601
0s-C> 3.758 3.590 3.735 3.830 3.764 3.615 3.834
0s-Cs 2.996 2.883 3.001 3.131 3.069 2.893 3.171
Os-Ns 2.794 2.787 2.848 2.995 2.954 2.771 3.066

previously cited levels of theory. The structure of the complex shows the
interaction of the oxygen atom with the double bond between C; and
Cq of the CHyCHCN molecule. In tab 1 are reported the bond distances,
expressed in angstroms, obtained at the different level of calculations. The
geometry of the complex with all the atom labels is reported in fig.1. A
comparison between the values of bond distances obtained with the seven
different theoretical methods can bring to the conclusion that there are
no significant differences in the structure of the van der Waals complex
at all the levels of calculation. The main discrepancies can be observed in
the values of distance related to the long-range interaction between the
oxygen atom and the three C atom of the molecule where, however, the
largest deviation is around 0.2 A. In order to have a better comprehension
of the differences between the methods is possible to compare the energies
obtained from the various calculations.

In tab. 2 the energies obtained at the different levels of theory are
reported. In particular the first column reports the electronic energies
computed at the defined level of theory (in kJ/mol), while in the last
column are reported the values obtained by the CCSD(T) calculations
starting from the geometry optimized at the lower level of theory. The
values are corrected at 0 K including the zero point correction obtained
from the harmonic vibrational calculations performed at the same level
of theory used for the geometry optimization. The analysis of the values



Table 2: Energies obtained at the different level of calculations.

Method EREL(Method) EreLccspm)
kJ/mol kJ/mol
B3LYP -3.0 -5.1
B3LYP-D3 -8.0 43
CAM-B3LYP -43 -53
B2PLYP 09 5.7
B2PLYP-D3 24 55
wB97X 76 -4.1
WB97XD -40 57

1.152

1.081
1.080

1.080 ‘ 1.331
1.080 1.324 1.083

1.081

Fig. 2: Bond lengths (A) and angles for the reactant at the B3LYP /aug-
cc-pVTZ (blue) and CAM- B3LYP /aug-cc-pVTZ (green) level of theory.

of energy reported in tab. 2 shows no significant differences in the values
of the CCSD(T) corrected energy, which is usually considered in the con-
struction of the potential energy surface. In particular we can notice that
most of the time the difference is lower than 5 kJ/mol, which is considered
to be the uncertainty associated to accurate calculations.

Since no significant differences can be noticed between the employed
methods we decided to focus our attention on the comparison between the
B3LYP method and CAM-B3LYP, which is presented as an improvement
of the B3LYP in order to include the long-range interaction. In fig 2 and
3 a comparison of the bond distances (in A) and angles (in °) between
the two methods is reported for the reactant (vinyl cyanide) and for the
complex respectively. The results of the B3LYP/aug-cc-pVTZ analysis
are shown in blue while the values derived from the CAM-B3LYP/aug-
cc-pV'TZ calculations are displayed in green.

Also in this case the main differences can be appreciated in the de-
scription of the long-range O-C interaction with deviations lower than 0.1
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Fig.3: Bond lengths (A) and angles for the vdW adduct at the
B3LYP/aug-cc-pVTZ (blue) and CAM-B3LYP/aug-cc-pVTZ (green)
level of theory.

A for the bond distances and of a maximum of 0.6° for the angles. The
analysis of the harmonic vibrational frequencies, reported in tab.3, shows
small differences between the two levels of theory. These differences lead
to a small variation on the zero-point correction which is equal to 0.051064
(Hartree/Particle) at BSLYP /aug-cc-pVTZ and 0.051720 (Hartree/Particle)
at CAM-B3LYP/aug-cc-pVTZ level of theory.

A last comparison between the two methods can be performed con-
sidering the first steps of the reaction, shown in fig. 4. The reaction starts
with a barrierless formation of the previously described complex, MINT,
followed by the formation of the minimum MIN2 in which we can notice
the formation of a chemical bond between C; and O, through a small
barrier, represented by TS1. No particular differences can be noticed in
the values of energy obtained at CCSD(T)/aug-cc-pVTZ level considering
the geometries optimized at B3LYP level (in blue) and at CAM-B3LYP
(in green) level of theory.

4 Conclusions

In the present work we performed a benchmark analysis of the first step of
the reaction between atomic oxygen O(3*P) and acrylonitrile (CH,CHCN)
using different theoretical methods: DFT (with B3LYP and B3LYPD3
functional), double-hybrid DFT (with B2PLYP and B2PLYPD3 func-
tionals) and the long-range corrected functional wB97X and wB97XD. As
far as optimized geometries for stationary points are concerned, all the



Table 3: Harmonic vibrational frequencies (cm-1) of the vdW adduct ob-
tained at the B3LYP /aug-cc-pVTZ and CAM-B3LYP /aug-cc-pVTZ level

of theory.

B3LYP CAM-B3LYP
43.6 42.3
54.1 62.9
75.3 74.8
237.2 242.4
354.5 360.2
585.9 592.6
713.1 725.3
882.7 890.3
1005.3 1019.4
1008.8 1033.0
1113.1 1122.4
1324.1 1333.9
1448.5 1456.9
1672.3 1712.2
2319.8 2386.6
3155.7 3175.6
3171.6 3202.0
3248.8 3269.4

methods seem to provide similar results. In particular, BSLYP functional
appears to be a good compromise between accuracy and computational
cost for the characterization of minima. The analysis of the long-range
interaction can be performed also using the CAM-B3LYP functionals,
which provides better estimate of the interactions than the B3LYP func-
tional but needs lower computational resources than the B2PLYPD3 func-
tional. The best choice for the estimate of the energies appears to be the
use of correlated methods like CCSD(T). A more general conclusion can
be presented concerning the first steps of the reaction mechanism, which
appears to be in agreement with the previous determination by J. Sun et
al. . In particular the oxygen atom starts to interact with the electron
density of multiple bonds in the molecule to form an exothermic addition
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Fig. 4: Schematic representation of the potential energy surface for the
first steps of the attack of the O(3P) atom to the acrylonitrile molecule.
Energies computed at CCSD(T)/aug-cc-pVTZ level with zero-point cor-
rections at BBLYP /aug-cc-pVTZ (blue) and CAM-B3LYP /aug-cc-pVTZ
(green) levels.

intermediate. The comparison with BSLYP and CAM-B3LYP functionals
suggests the possibility to use a combined strategy for the analysis of the
Potential Energy Surfaces which will allow us to locate the long-range
complexes at CAM-B3LYP level to be included in the reaction pathways.
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